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Most educational programs in the electronics field 
begin with the study of DC electronics. This Heathkit 
Educational Systems program is no exception. 1be 
EB-6101A DC Electronics course presents the basic 
principles in the study of electronics. 

In the Heathkit Educational System's courses, we use 
the convention of electron flow as current flow. 

IV DC ELECTRONICS 

Introduction 

Therefore, current always flows from negative to 
positive unless otherwise specifically stated. 

Later in your studies, the term "hole flow and con
ventional current flow" will be introduced. 

Remember as you read this course that in Heathkit 
Basic Electronics courses, the terms "electron flow" 
and "current flow" are used interchangeably •. 



When you have completed this course, you 
will be able to do the following: 

1. Solve basic electronic problems involv
ing current, voltage, resistance, and 
power. 

2. Explain the relationship between cur
rent, voltage, resistance, and power. 

3. Discuss the relationship between elec
tricity and magnetism. 

4. Using a schematic diagram as a guide, 
construct DC circuits with components 
such as resistors, relays, switches, 
lamps, batteries, and capacitors. 

Course Objectives 

5. Given a wiring diagram of a circuit con
taining components such as resistors, 
relays, switches, lamps, batteries, and 
capacitors, draw an equivalent schema
tic diagram. 

6. Use a multimeter to measure current, 
voltage and resistance. 

7. Describe the construction, operation, 
and purpose of resistors, potentiome
ters, switches, fuses, relays, capacitors, 
inductors, and batteries. 

8. State the basic safety procedures de
signed to protect you and your test 
equipment. 

9. Build and experiment with basic DC 
circuits of your own design. 
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Electronics is the branch of. sdsce that 
studies the behavior of electrons. In fact, the 

. word electronics is derived from the word 
electron. Obviously then, 1o understand 
electronics, we. must first undent.and the 
nature .of the electron. In. this unit, you Will 
see what the electron is, bow it behaves, and 
how you can use it to do work. You will 

Introduction 

also learn how to measure the flow of elec
tions. 

T1l9' Wlit objectives state· exactly what you 
··me· expected to learn from this unit. Study 
tills . list· now and refer to it often as you 
study·the text. 
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When you have completed this unit, you 
will be able to: 

1. Define the following terms: Direct cur
rent (DC), molecule, element, atom, 
proton, neutron, electron, nucleus, ion, 
coulomb, ampere, conductor, insulator, 
valence, current, directed drift, battery,. 
polarity, balanced state, neutral state, 
normal state, electrostatic induction, 
short circuit, open, and compound. 

2. State Coulomb's Law and the effects of 
the behavior of like and unlike charges. 

3. State the electrical charge that is as
sociated with the following: Atom, 
electron, proton, neutron, nucleus, and 
ion. 

1-4 DC ELECTRONICS 

Unit Objectives 
4. Given a simple diagram of Bohr's 

atomic model, identify the three basic 
atomic particles. 

5. Name the three basic parts of an electri
cal circuit. 

6. Given a simple circuit schematic dia
gram, indicate the direction of current 
flow. 

7. Draw a schematic of a circuit using the 
resistor, battery, and conductor 
schematic symbols. 

8. State the correct method for connecting 
an ammeter in a circuit. 

9. .Identify materials most likely to be
come positive or negative ions. 



Composition of Matter 

Controlling the behavior of electrons is what 
electronics is all about. Therefore, an under
standing of the electron is vitally important 
to an understanding of electronic funda
mentals. Electrons are tiny particles which 

. carry the energy to light our homes, cook 
our food, and do much of our work. To un
derstand what an electron is, we must inves
tigate the make--up of matter. 

Matter is generally described as anything 
which has weight and occupies space. Thus, 
the earth and everything on it are classified 
as matter. Matter exists in three different 
st.ates - solid, liquid, and gas. Examples of 
solid matter are gold, sand, and wood. Some 
liquid examples are water. milk, and 
gasoline. Helium, hydrogen, and oxygen, 
are examples of gaseous forms of matter. 

Elements and Compounds 

Elements are the basic building materials 
from which all matter is constructed. Some 
examples of elements are iron, carbon, hy
drogen, and gold. Just over one hundred ele
ments are presently known. Of these, only 
92 occur in nature. These are called natural 
elements. Figure 1-lA lists the names of the 
92 natural elements. In addition, there are 
about a dozen man-made elements that are 
listed in Figure 1-lB. 

As you look around, it becomes obvious that 
there are many more types of matter than 
there are elements. For example, substances 
like salt, steel, water, and protein do not ap
pear in the list of elements. The reason for 

this is that these substances are not ele
ments but compounds. A compound is com
posed of two or more elements. Just as the 
letters of the alphabet can be arranged in 
various combinations to form millions of 
different words, the elements can be ar
ranged in various combinations to form mil
lions of different compounds. For example, 
water is a compound that is made up of the 
elements hydrogen and oxygen. On the 
other hand, sugar is composed of hydrogen, 
carbon, and oxygen and salt is composed 

·of sodium and chlorine. 

T9 better understand how the compound is 
related to its elements, let's investigate the 
structure of a compound with which you 
are familiar - water. Suppose you divide a 
drop of water into two parts. Next. suppose 
you divide each part again and again. After 
a few dozen divisions, you have a drop so 
small that it can be seen only with a micro
scope. If you divide it even further into 

. smaller and smaller particles, you will even
tually get a particle so small that it can not 
be divided further and still be water. This 
smallest particle of water that still retains 
the characteristics of water is called a 

'. molecule. The water molecule can be bro
ken into still smaller pieces but the pieces 
will not be water. Thus, if you break up the 
water molecule, you find that the pieces are 
the elements hydrogen and oxygen. 

Atoms 

The smallest particle to which an element 
can be reduced is called an atom. Molecules 
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-- - Symbol 

1 ....... H 
2 - He 
3 ~ u 
• ~ le 
!S llMltl I 
6 Ollllon c:: 
7 ......... N 
8 Oaygen 0 
9 Fluorine F 

10 - Ne ,, Sodillm Na 

@ 
12 ......... Mg 
13 - N. ,. SiiCICrl SI 
1!S Pllospllol\I$ p 
16 5'111111' s 
17 CNcrir1t Cl 
18 Alglwl A 
19 ,._.,,,. I( 

20 ~ c::a 
21 Sc:Mcli<rn $C 
22 ,.......... li 
23 v...... v 
2'I a--. c::r 
:25 ~ Mn 
a Iron Fe 
27 c- c::o 
211 - Iii 
a CorPer c::u 
30 Zinc Zn 
31 Glliln Ga 

-@ - - SWmbcl 

93 ............. Hp 
94 PlulDniulll Pu 
115 - ""' • CUrit.wn Om 

Figure 1-1 Table of elements. 

THE NATURAL ELEMENTS - -- - ~ -
31! Get'IMnium Ge 63 
33 -· ""' 64 
34 - Se 65 
35 Bromine II< 66 
36 KIJlllOn Kt ,,, 
37 Rullidium RI> ee 
38 Sllontiurn Sr 69 
3t - y '10 
'40 - 2'r 71 ., - ,.. 71 
<C2 ~ Mo 73 ., ,.__ Tc: 7• .. - ~ 7!S 
<IS - All 1'& 
'46 ~ Pd 77 
q -- Ag 78 .. ~ C4 79 ... - In 80 
50 T., Sn 81 
51 -- Sb 82 
S2 T .......... Te 83 
53 - I .. 
54 - xe as 
SS c:e.illln c::s es 
56 8'rium la fJ7 
'51 ..--.... La .. 
58 Cerium c::e 89 
59 ~ Pr 90 
60 Neodymium Mel 91 
61 - Pm 12 
62 Samarium Sm 

THE ARTIFICIAL ELEMENTS - -- - ~ -111 .,._ Bit 101 
98 ~ Cl 102 

• - Es 103 
100 - ""' 104 

- s,..-

..._..... Eu 
~ Gd 
T"'*"" Tb 
l)ysposiln Cr 
Holrlliwn Ho - Er ,_ Tm - 'l'I> ........... LAI - HI 
T ........... Ta 
T""!llllll" w - Re 
Osmium 0. 
lridum Ir 
~ Pl 
Gold ,., _.., Hg 
TNllium ,, 
l..:I Pb - Bi -- Po - N. 
~ An ,,_.... Fr - Ra - "" ,_ Th 
PllllllClinlum I'll 
IJqflium u 

- s,..-
...,_.. .... 
Nollolium Mo 
~ Lt __..,._. Rf 

OXYGEN ATOM 

HYDROGEN 
ATOMS 

are made up of atoms that are bound to
gether. The water molecule is shown in Fig
ure 1-2 as three atoms. The two smaller 
atoms represent hydrogen while the large 
one represents oxygen. Therefore, a 
molecule of water consists of two atoms of 
hydrogen (H) and one atom of oxygen [0). 
This is why the chemical formula for water 
isH20. Figure 1-2 The water molecule. 
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Electrons, Protons, and 
Neutrons 

As small as the atom is, it can be broken 
up into even smaller particles. If you inves
tigate the structure of the atom, you'll find 
that it contains three distinct types of parti
cles; electrons, protons, and neutrons. 
These are the three basic building blocks 
that make up all atoms and, therefore, all 
matter. Electrons, protons, and neutrons 
have very different characteristics. How-

- ever. as far as is known, all electrons are 
exactly alike. By the same token, all protons 
are exactly alike and, in the same manner, 
all neutrons are identical. 

Bohr Model of the Atom 

Figur~ 1-3 shows how electrons, protons, 
and neutrons are combined to form an atom. 
This particular one is a helium atom. Two 
protons and two neutrons are bunched to
gether near the center of the atom. The cen
ter of the atom, which is composed of pro
tons and neutrons, is called the nucleus. De
pending on the type of atom, the nucleus 
will contain from one to about 100 protons. 
Also, in all atoms except hydrogen, the nu
cleus contains neutrons. The neutrons and 
protons have approximately the same 
weight and size. Because they are much 
heavier than electrons, the overall weight of 
the atom is determined primarily by the 
number of protons and neutrons in the nu
cleus. 

Rotating around the nucleus are the elec
trons. Notice that the helium atom has two 
electrons. The electrons are extremely light 
and they travel at fantastic speeds. The atom 
can be compared to the solar system with 
the nucleus representing the sun and the 
electrons representing the planets. The elec
trons orbit the nucleus in much the same 
way that the planets orbit the sun. 

Any picture of an atom must be based on 
assumptions rather than actual observation. 
Figure 1-3 is a very simple model of the 
atom based on these assumptions. Today, 
much more complex models of the atom 
have been proposed. However, all these 
models have several things in common. 
They all assume that the basic structure is 
that of electrons orbiting a nucleus that is 
composed largely of protons and neutrons. 
Thus, the model shown in Figure 1-3 is ade
quate for our purposes even though it may 
be somewhat simplified. This model of the 
atom is called the Bohr model after the man 
who proposed it. 

ELECTRON 
ORBITS 

e=ELECTRON 
P•PROTON 
N•NEUTRON 

Figure 1-3 Bohr model of the helium atom. 
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The Difference Between 
Elements 

At present there are 104 known elements 
although only 92 of these commonly occur 
in nature. The difference between these ele- · 
ments is their atomic structure. Each is 
made up of atoms that contain a unique 
number of protons, electrons, and, with the 
exception of hydrogen, neutrons. Let's look 
at Figure 1-4 to see exactly what we mean. 

The simplest of all elements, hydrogen, is 
shown in Figure 1-4A. It consists of a single 
electron orbiting a single proton. This is the 
only atom that contains no neutrons. Be
cause it is made up of the fewest number 
of particles, hydrogen is the lightest ele
ment. 

Figure 1-4B represents the carbon atom. 
Notice, this atom is made up of 6 electrons 
that orbit a nucleus of 6 protons and 6 neu
trons. 

The heaviest element shown in Figure 1-4 
is copper. It consists of 29 electrons, 29 pro
tons, and 35 neutrons. However, the most 
complex atom commonly found in nature 
is the uranium atom. It has 92 electrons, 92 
protons and 146 neutrons. 

The Balanced Atom 

In the examples shown, you may have 
noticed that the number of electrons is al
ways equal to the number of protons. This 

1-8 DC ELECTRONICS 

is normally true of any atom. When this is 
the case, the atom is said to be in its normal, 
balanced, or neutral state. As you will see 
later, this state can be upset by an external 
force. However, normally the atom is con
sidered to contain equal numbers of elec
trons and protons. 

@ 

HYDROGEN ATOM 
(one electron, one proton) 

® 

CARBON ATOM 
(6 electrons, 6 protons, 6 neutrons) 

© 

COPPER 
(29 electrons, 29 protons, 35 neutrons) 

Figure 1-4 The difference between atoms 
is the number of electrons, pro
tons and neutrons that they 
have. 



1. Anything that has weight and occupies 
space is called _____ _ 

2. Water is composed of two 
called hydrogen and 

oxygen. 

3. A substance that is composed of two 
or more elements is called a 

4. Salt, steel, and sugar are all called com
pounds because they are composed of 
two or more _____ _ 

5. The 92 natural elements can be com
bined in millions of different combina
tions to form all the ----
known to man. 

6. The smallest particle of water that is 
still water is a _____ _ 

7. While the molecule is the smallest par
ticle of a compound, the atom is the 
smallest particle of an _____ _ 

Self-Test Review 

8. Just as a compound is made up of 
molecules, an element is made up of 

9. Since there are only 92 natural ele
ments, there are only 92 different types 
of found in nature. 

10. The three basic building blocks from 
which all atoms are made are 

and 

11. If you compare the atom to the solar 
system, the sun is equivalent to the 
_______ of the atom. 

12. All atoms, except hydrogen, have both 
protons and in their 
nucleus. 

13. A uranium atom has 92 protons and 
______ _,.,lectrons. 
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Electrostatics is the branch of physics deal
ing with electrical charges at rest, or static 
electricity. On the other hand •. electronics 
deals largely with moving electrical charges. 
However, before you can fully understand 
the action of electrical charges in motion. 
you must first have some basic knowledge 
of their behavior at rest. 

The Electrical Charge 

You have examined the structure of the 
atom and learned about some of the charac
teristics of the electron, proton, and neu
tron. However, you have not yet learned the 
most important characteristic of these parti
cles. This characteristic is their electrical 
charge. An electrical charge is a property 
associated with the electron and the proton. 
It is this electrical charge that makes the 
eleptron useful in electrical and electronic 
work. 

The electrical charge is difficult to visualize 
because it is not an object, like a molecule 
or an atom. Rather. it is a property or charac
teristic that electrons and protons have that 
causes these particles to behave in certain 
predictable ways. 

There are two distinct types of electrical 
charges. Because these two types of charges 
have opposite characteristics, they have 
been given the names positive and negative. 
The electrical charge associated with the 
electron has been arbitrarily given the name 
negative. On the other hand, the electrical 
charge associated with the proton is consid
ered to be positive. The neutron has no elec-
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Electrostatics 

trical charge at all. It is electrically neutral 
and, therefore, plays no known role in elec
tricity or electronics. 

The electron revolves around the nucleus 
of the atom in much the same way that the 
earth orbits the sun. You can compare this 
action to that of a ball that is attached to 
the end of a string and twirled in a circle. 
If the string breaks, the ball flies off in a 
straight line. Thus, it is the restraining ac
tion. of the string that holds the path of the 
ball to a circle. In the case of the earth rotat
ing around the sun, it is the gravitational 
attraction of the sun that prevents the earth 
from flying off into space. The gravitational 
attraction of the sun exactly balances the 
centrifugal force of each planet. Therefore, 
the planets travel in more or less circular 
paths around the sun. 

Electrons orbit around the nucleus of the 
atom at a fantastic speed. What force keeps 
them from flying off into space? It is not 

. gravity because the gravitational force 
exerted by the nucleus is much too weak. 
Instead, the force at work here results from 
the charge on the electron in orbit and the 
charge on the proton in the nucleus. The 
negative charge of the electron is attracted 
by.the positive charge of the proton. We call 
this force of attraction an electrostatic force. 

To explain this force, science has adopted 
the concept of an electrostatic field. Every 
charged . particle is assumed to be sur
rounded by an electrostatic field that ex
tends for a distance outside the particle it
self. It is the interaction of the fields sur
rounding the charged particles that causes 
the electron and proton to attract each other. 



Figure 1-SA shows a diagram of a proton. 
The plus sign in the center of the illustration 
represents the positive electrical charge. 
The arrows that extend outward represent 
the lines of force that make up the electro-• 
static field surrounding the proton. Notice 
that the lines are arbitrarily assumed to ex
tend outward away from the positively 
charged particle. Compare this to the elec
tron shown in Figure 1-5B. Here, the minus 
sign represents the negative charge while 
the arrows that point inward represent the 
lines of the electric field. 

® ® 

PROTON ELECTRON 

Figure 1·5 Fields associated with protons 
and electrons. 

Current 1-11 



Law of Electrical Charges 

There is a basic law that describes the action 
of electrical charges. It is called Coulomb's 

. Law after Charles A. de Coulomb, who dis
covered this relationship. 

Quite simply. Coulomb's Law states that: 

1. Like charges repel. 
2. Unlike charges attract. 

Because like charges repel, two electrons 
will repel each other. In a like manner, two 
protons will also repel each other. Figure 
1-6A illustrates how the lines of force inter
act between two electrons. The directions 
of the lines of force are such that the two 
fields cannot interconnect. The net effect is 
that the electrons attempt to move apart. 
That is, they repel each other. Figure 1-6B 

· shows that the same is true of two protons. 
In Figure 1-6C, an electron and a proton are 
shown. Here, the two fields do interconnect. 
As a result, the two charges attract and tend 
to move together. 

These examples show only individual 
charged particles. However, Coulomb's Law 
holds true for concentrations of charges as 
well. In fact, it holds true for any two 
charged bodies. An important part of 
Coulomb's Law is the equation that allows 
you to determine the force of attraction or 
repulsion between charged bodies. The e
quation states that: 

1-12 DC ELECTRONICS 

@ ELECTRONS REPEL 

@ PROTONS REPEL 

© ELECTRON AND PROTON ATTRACT 

Figure 1-6 Action of like and unlike 
charges. 



Where: 

F= the force of attraction between un
like charges or the force of repul
~ion between like charges. 
the charge on one body. 
the-charge on the second body. 
the square of the distance between 
the two bodies. 

While you do not need to work problems 
to determine the force between charges, you 
can see some interesting relationships if you 
examine the equation. If you experiment 
with the equation by substituting some sim
ple arbitrary numbers for q1 , q2 , and d2 , you 
·can determine how the force changes as the 
quantities change. For example, if the value 
of either charge doubles, the force between 
the charges also doubles. If both charges 
double, the force between them increases by 
a factor of four. On the other hand, increas
ing the distance between charges decreases 
the force by the square of the increase in 
distance. If the distance between charges is 
doubled, the force is reduced to one fourth 
its former value. 

The magnitude of the electron's negative 
charge is exactly equal to the magnitude of 
the proton's positive charge. Figure 1-7 de
picts a hydrogen atom consisting of one 
electron in orbit around one proton. Notice 
that the negative charge of the electron is 
exactly offset by the positive charge of the 
proton. Thus, the atom as a whole has no 
charge at all. That is, overall this atom has 
neither a negative nor a positive charge. It 
is electrically neutral. 

Figure 1-7 Hydrogen atom. 

Atoms that are electrically neutral have no 
net charge. Therefore, they neither attract 
nor repel each other. By the same token, 
they are neither attracted nor repelled by 
charged particles such as electrons and pro
tons. We have seen that atoms normally 
contain the same number of electrons (nega
tive charges) as protons (positive charges). 
Since the neutrons add no charge, all atoms 
are normally neutral as far as their electrical 
charge is concerned. However, this normal 

· condition can be easily upset by external 
forces. 

The Ion 

Atoms are affected by many outside forces 
such as heat, light, electrostatic fields, 
chemical reactions, and magnetic fields. 
Quite often the balanced state of the atom 
is upset by one or more of these forces. As 
a result, an atom can lose or gain one or 
more electrons. When this happens, the 
number of negative charges is no longer 
exactly offset by the number of positive 
charges. Thus, the atom ends up with a net 
charge. An atom that is no longer in its neu
tral state is called an ion. The process of 
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changing an atom to an ion is called 
ionization. 

There are both negative and positive ions. 
Figure 1-8 compares a neutral atom of car
bon with negative and positive ions of car
bon. Figure 1-8A shows the balanced or 
neutral carbon atom. Notice that the six 
negatively charged electrons are exactly 
offset by the six positively charged protons. 
The neutrons are ignored in this example 
since they contribute nothing to the overall 
electrical charge. 

Figure 1-SB shows the condition that exists 
when the carbon atom loses an electron. 
Notice that the carbon atom now has a great
er number of protons than electrons. Thus, 
there is one positive charge that is not can
celled by a corresponding negative charge. 
The atom now has a net positive charge and 
is called a positive ion. 

Figure 1-SC shows a carbon atom that has 
picked up a stray electron. In this case, there 
is one negative charge that is not offset by 
a corresponding positive charge. The atom, 
therefore. has a net negative charge and is 
called a negative ion. 

It is important to note that the ion still has 
all the basic characteristics of carbon be
cause the nucleus of the atom has not been 
disturbed. Therefore, an atom can give off 
or pick up electrons without changing its 
basic characteristics. 

Changing atoms to ions is an easy thing to 
do and everything you see around you con-

1-14 DC ELECTRONICS 

tains ions as well as ·atoms. The material 
around you also contains a large number of 
free or sfray electrons. These are electrons 
that have escaped from atoms leaving be
hind positive ions. As you will see later, the 
electrical characteristics of different types of 
material are determined largely by the 
number of free electrons and ions within the 
material. 

@ 

@ 

© 

NEUTRAL ATOM 

POSITIVE ION CAUSED 
BY LOSING .ONE ELECTRON 

FREE 
ELECTRON 

NEGATIVE ION CAUSED 
BY PICKING UP A 
STRAY ELECTRON 

Figure 1-8 Carbon atom and ions. 



Action of Electrostatic 
Charges 

At one time or another you have seen or 
felt the effects of an electrostatic charge. 
One spectacular effect is lightning. Less 
spectacular examples are often seen when 
you remove clothes from a dryer, comb your 
hair, or touch a metal object after scuffing 
your feet on a rug. In each of these cases, 
two different bodies receive opposite elec
trical charges. This occurs when one of the 

. bodies gives up a large number of electrons 
to the other. The body that gives up the elec
trons becomes positively charged while the 
body receiving the electrons becomes nega
tively charged. 

When you comb your hair vigorously with 
a hard rubber comb, your hair gives up elec
trons to the comb. This causes the comb to 
become negatively charged while your hair 
becomes positively charged. That is, the 
comb collects a large number of free elec
trons from your hair. This is an example of 
charging by &iction. 

There are other ways in which an object can 
become charged. For example, the charge on 
the comb can be partially transferred to 
another body simply by touching the comb 
to the uncharged body. When the charged 
comb comes into contact with the un
charged object, many of the excess electrons 
leave the comb and collect on the other ob
ject. If you now remove the comb, the object 
will have a charge of its own. This is called 
charging by contact. 

You can also charge an object by induction 
or electrostatic induction. This method uses 
the electrostatic field which exists in the 
space surrounding a charged body. In this 
way, you can charge an object without actu
ally touching it with a charged body. Figure 
1-9 shows a negatively charged comb placed 
close to an aluminum rod. The excess elec
trons in the comb repel the free electrons 
in the rod. Consequently, the free electrons 
gather at the end of the rod away from the 
charged comb. This causes that ·end of the 
rod to acquire a negative charge. The other 
end of the rod acquires a positive charge be
cause of the deficiency· of electrons. If you 
now touch the negative end of the rod with 
a neutral body, some of the electrons leave 
the rod and enter the neutral body. This 
leaves the rod with a net positive charge. 
Thus, you have induced a positive charge 
into the rod without touching it with a 
charged body. 

ALUMINUM 

ROD~ 

Figure 1-9 Charging by induction. 
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It is also possible to neutralize electrical 
charges. When a glass rod is rubbed with 
a silk cloth, the glass gives up electrons to 
the silk. As a result, the glass becomes posi
tively charged while the silk becomes nega
tively charged. This is shown in Figure· 
1-lOA. If ~e rod is now brought back into· 
contact with the cloth, the negative elec
trons in the silk are attracted by the positive 

® 
Figure 1·10 Charging and discharging a 

glass rod. 
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charge in the glass. The force of this attrac
tion pulls the electrons back out of the silk 
so that the charge is neutralized as shown 
in Figure 1-lOB. Thus, if two objects having 
equal but opposite charges are brought into 
contact, electrons flow from the negatively 
charged object into the positively charged 
object. fhe flow of electrons continues until 
both charges have been neutralized. 

® NEUTRALIZING THE CHARGE 



14. The proton is said to have a positive 
charge, while the electron has a 
_____ charge. 

15. The charges on the electron and the 
proton have opposite ____ _ 

16. The particle in the atom that has no 
electrical charge is the ____ _ 

17. The negatively charged electrons are 
held in orbit around the nucleus by the 
attraction of the positively charged 
----- in the nucleus of the 
atom. 

18. According to Coulomb's Law, unlike 
charges ____ _ 

19. Again, according to Coulomb's Law, 
like charges 

20. According to Coulomb's Law, two elec-
trons should each 
other. 

21. Also, any two positively charged 
bodies should _____ _ 

22. A negatively charged body should be 
attracted by a 
charged body. 

Self-Test Review 

23. An atom has no net charge when it has 
the same number of protons as 

24. Since electrons are negatively charged, 
an atom that picks up an extra elecb:on 
becomes a ion. 

25. On the other hand, an atom that loses 
an electron becomes a 
ion. 

26. One way to produce free electrons and 
positive ions, is to rub a glass rod with 
a silk cloth. The glass rod gives up 
many electrons to the silk cloth. Thus, 
the glass rod becomes-----
charged. 

27. Simultaneously, the silk cloth becomes 
-------charged. 

28. Developing an electrical charge by rub
bing a glass rod with a piece of silk is 
an example of charging by 

29. Charging an object without actually 
touching it is called charging by 
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In electronics, current is defined as the flow 
of electrical charge from one point to 
another. You have already learned some
thing about this. You will remember that 
when a negatively charged body is touched 
to a positively charged body, electrons flow 
from the negatively charged object to the 
positively charged object. Since electrons 
carry a negative charge, this is an example 
of electrical charges flowing. Before an elec
tron can flow from one point to another, it 
must first be freed from the atom. The fol
lowing is a discussion of the mechanism by 
which electrons are removed from an atom. 

Freeing Electrons 

You have learned that electrons revolve 
around the atom's nucleus at vecy high 
speeds. Two forces hold the electron in a 
precarious balance. The centrifugal force of 
the electron that thrusts it away from the 
nucleus is exactly offset by the attraction of 
the protons in the nucleus. This balanced 
condition can be upset vecy easily so that 
the electron is dislodged from its orbit. 

Not all electrons can be freed from the atom 
with the same ease. Some are dislodged 
more easily than others. To see why, you 
must study the concept of orbital shells. It 
has been proven that electrons orbit the 
atom's nucleus according to a certain pat
tern. For example, in all atoms that have two 
or more electrons, two of the electrons orbit 
relatively close to the nucleus. The area in 
which tliese electrons travel i.s called a 
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Current Flow 

shell. The shell closest to the nucleus con
tains two electrons. This area can support 
only two electrons and all other electrons 
must orbit in shells further from the nuc
leus. 

A second shell somewhat further from the 
nucleus can hold up to eight electrons. 
There is a third shell that can contain up 
to 18 electrons and a fourth shell that can 
hold up to 32 electrons. The first four shells 
are illustrated in Figure 1-11. Although not 
shown, there are also additional shells in 
the heavier atoms. 

2nd SHELL 
UP TO 8 
ELECTRONS 

4th SHELL 
UP TO 32 3 rd SHELL ELECTRONS 

UP TO 18 
ELECTRONS 

Figure 1-11 Arrangement of orbital shells 
in an atom. 

It is possible to predict the number of elec
trons in each shell using the equation 2N2 

where N is the number of the shell. For ex
ample, in the third shell there may be as 
many as 2 x (3)2 or 18 electrons. 



Of partiCular importance in the study of 
electronics is the outer electron shell of the 
atom. Hydrogen has one electron in its outer 
shell while helium has two. In this case. the 
outer shell is the first. and only. shell. For 
atoms that have three to ten electrons. the 
outer shell is the second shell. Regardless 
of which shell it happens to be. the outer 
shell is called the valence shell and elec
trons in this shell are called valence elec
trons. 

"Electrons are arranged in such a way that 
- the valence shell never has more than eight 

electrons. This may be confusing since the 
third shell can contain up to 18 electrons. 
The following example shows why both 
statements are true. 

An atom of argon contains 18 electrons -
2 in the first shell. 8 in the second_ shell. 
and 8 in the third shell. It might seem that 
the n~ heavier element. potassium. would 
have 9 electrons in its third shell. However,. 
this would violate the valence rule stated 
above. Actually. what happens is that the 
extra electron is placed in a fourth shell. 
Thus the 19 electrons are distributed in this 
manner - 2 in the first shell. 8 in the second 
shell. 8 in the third shell. and 1 in the fourth 
shell. Notice that the outer or valence shell 
becomes the fourth shell rather than the 
third. Once the fourth shell is established 
as the valence shell. the third shell can fill 
to its full capacity of 18 electrons. 

The valence electrons are extremely impor
tant in electronics. These are the electrons 

that can be easily freed and used to perform 
work. To understand why the valence elec
trons are easy to free, consider the structure 
of an atom of copper. Figure 1-12A shows 
how the electrons are distributed in the vari
ous shells in the copper atom. Notice that". 
the valence shell contains only one electron. 
This electron is further from the nucleus 
than any of the other electrons. From 
Coulomb's Law you know that the force of 
attraction between charged particles de
creases dramatically as the distance be
tween the particles increases. Therefo~e. the 
valence electrons experience less attraction 
from the nucleus. For this reason. these 
electrons can be easily separated from the 
atom. 

Since you are only concerned with the val
ence electrons. the atom can be depicted in 
the simplified form shown in Figure 1-12B. 
Figures 1-12C and 1-12D use this simplified 
form to illustrate one way in which a va
lence electron can be freed. Here. two cop
per atoms are shown as they might appear 
in a copper wire. Each valence electron is 
held in orbit by the attraction of the nucleus. 
However, the force of attraction is quite 
weak because the orbits are so far from the 
nucleus. If these two atoms are close to
gether, the electrons in the valence shells 
may be closer to each other than either elec-

. tron is to its nucleus. At certain points in 
their orbits, the two electrons may come 
very close together. When this happens the 
force of repulsion between the two electrons 
is stronger than the force of attraction 
exerted by the nucleus. Thus. one or both 
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2 ELECTRONS 8 ELECTRONS 
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-,/ FREE ELECTRON 

00 
Figure 1·12 Freeing an electron from a 

copper atom. 
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of the electrons may be forced out of orbit 
to wander as a free electron. Notice that 
when the electron leaves, the atom becomes 
a positive ion. 

As the free electron wanders around the 
atomic structure, it may be eventually cap
tured by another positive ion or it may come 
close enough to other valence electrons to . 
force them from orbit. The point is that 
events like these occur frequently in many 
types of material. Thus, in a piece of copper 
wire containing billions and billions of 
atoms, there are bound to be billions of free 
electrons wandering around the atomic 
structure. 

Conductors and Insulators 

The importance of the valence electrons 
cannot be emphasized too strongly. Both the 
electrical and chemical characteristics of 
the elements depend on the action of th~ 
valence electrons. An element's electrical 
and chemical stability are determined to a 
great extent by the number of electrons in 
the valence shell. You have seen that the 
valence shell can contain up to eight elec
trons. Those elements that have valence 
shells that are filled or nearly filled tend to 
be stable. That is, they tend to maintain 
their atomic structure rather than give up 
or accept electrons. 

For example, the elements neon, argon, 
krypton, xenon, and radon have 8 electrons 
in their valence shell. The valence shell is 



·completely filled and., as a result, these ele
ments are so stable that they resist any sort 
of chemical activity. They will not even 
combine with other elements to form com- . 
pounds. Furthermore, atoms of these ele
ments are very reluctant to give up elec
trons. Because they do not react with other 
elements, these elements are called inert 
gases. 

Elements that have their valence shells al
most filled also tend to_ be stable, although 
they are not as stable as those whose valence 
shells are completely filled. These elements 
strive to fill their valence shell by capturing 
free electrons. Consequently, elements of 
this type have very few free electrons in 
their atomic structure. 

Substances that have very few free electrons 
in their atomic structure are called 
insulators. In addition to certain elements 
that act as insulators, there are many com
pounds that exhibit the same characteristic. 
Thus, they act as insulators also. By oppos
ing the production of free electrons, these 
substances resist certain electrical actions. 
Insulators are important in electrical and 
electronics work for this reason. The plastic 
material on electrical wires is an insulator 
that protects you from electrical shock. 

· Elements in which the valence shell is al
most empty behave quite differently than 
insulators. Elements that have only one or 
. two electrons tend to give them up very eas
ily. For example, copper, silver, and gold 
each have one valence electron. In these ele
ments, the valence electrons are easily re
moved. Consequently, a bar of any one of 
these elements has a great number of free 
electrons. 

Substances that have a large number of free 
electrons are called conductors. In addition 
to silver, copper, and gold, some other good 
conductors are iron, nickel, and aluminum. 
Notice that all of these elements are metals. 
Most metals are good conductors. Conduc
tors are important because they act as cur
rent paths and allow electrical current to 
move from one place to another. 

Some elements have four electrons in their 
·valence shell. Silicon and germanium are 
examples of elements whose valence shell 
is half filled. Elements of this type are 
neither good conductors nor good in
sulators. Because of this, these elements are 
called semiconductors. Later in your 
studies you will learn more about semicon
ductors. However, in this course the discus
sions will be limited to conductors and in
sulators. 
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The Battery 

Current flow is the movement of free elec
trons from one place to another. Thus, to 
have current flow you must first have free 
electrons. You have learned that valence 
electrons can be separated from atoms 
thereby resulting in the formation of free 
electrons and positive ions. This occurs 
when you comb your hair or rub a glass rod 
with a silk cloth. However, to perform a use
ful function, you must free tremendous 

' numbers of electrons and concentrate them 
in one area. This requires more sophisti
cated techniques. One device for doing this 
is the ordinary battery. There are many dif
ferent types of batteries. Figure 1-13 shows 
two familiar examples. These are the dry 
cell, or flash-light battery, and the wet cell, 
or automobile battery. 

Figure 1·13 Types of batteries. 
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While these two types of batteries are quite 
different in construction, they do have sev
eral points in common. Both have two ter
minals or poles to which an electrical cir
cuit can be connected. In addition, both em
ploy a chemical reaction that produces an 
excess of electrons at one terminal and a de
ficiency of electrons at the other. The termi
nal at which the electrons congregate is 
called the negative terminal. It is indicated 
by the minus sign in Figure 1-13. The other 
terminal, indicated by a plus sign, has a de
ficiency of electrons and is called the 
positive terminal. Because the battery has 
terminals that are polarized, it has a specific 
effect on the movement of electrons through 
a conductor. The following discussion 
examines that effect. 

Random Drift and Directed 
Drift 

A conductor is a substance that contains a 
large number of free electrons. These free 
electrons do not stand still. Instead, they 
drift about in random motion. Figure 1-14A 
shows a small section of a conductor con
taining many free electrons. At any instant, 
the free electrons move randomly through 
the conductor. This is referred to as random 
drift. This occurs in all conductors but it 
has little practical use. To do work, the free 
electrons must be forced to drift in the same 
direction rather than at random. 



NEGATIVE 
CHARGE 

® 
Figure 1·14 Comparison of random and di

rected drift. . 

You can influence the drift of electrons so 
that all or most electrons move in the same 
direction through the. conductor. This is 
done by placing electrical charges at oppo
site ends of the conductor. Figure 1-14B · 
shows a negative charge placed at one end 
of the conductor while a positive charge is 
placed at the other. The negative charge re
pels the free elecirons while the positive 
charge attracts them. As a result. all of the 
free electrons move or drift in the same gen
eral direction. The direction of movement 
is from the negative charge to the positive 
charge. 

Here, the application of the electrical 
charges at the ends of the conductor changes 

@ 

random drift to directed drift. The directed 
drift of free electrons is called current flow 
because electric current is flowing through 
the conductor. If the electrical charges 
shown in Figure 1-14B are small in mag
nitude, the flow of electrons will quickly 
cancel both charges and only a momentary 
current will flow. However, if the two elec
trical charges are maintained by the chemi
cal action of a battery. the current will flow 
for quite some time. Therefore, it can be said 
that a battery can maintain a continuous 
current through a circuit for an extended 
period of time. 
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Copper wire is a good example of a conduc
tor. Figure 1-15 shows a length of copper 
wire connected between the terminals of a 
battery. When this is done, heavy current 
flows from the negative terminal of the bat
tery to the positive terminal. Recall that the 
negative terminal is a source of free elec- · 
trons. An electron at this point is repelled 
by the negative charge and is attracted by 
the positive charge at the opposite terminal. 
Thus, the electrons flow through the wire 
as shown. When they enter the positive ter
minal of the battery, they are captured by 
positive ions. The chemical reaction of the 
battery is constantly releasing new free elec
trons and creating positive ions to make up 
for the ones lost by recombination. 

It should be pointed out that in practice you 
never connect a conductor directly across 
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the terminals of the battery as shown in Fig
ure 1-15. The heavy current would quickly 
exhaust the battery and could cause the bat
tery to rupture or explode. This is an exam
ple of a "short circuit" and is normally 
avoided at all cost. This example is shown 
here merely to illustrate the concept of cur
rent flow. 

BATTERY 

Figure 1-15 Current flows from the nega
tive terminal to the positive 
terminal of the battery. 



30. Since electrons carry electrical charges, 
current can also be defined as the flow 
of _____ _ 

31. When an electron is dislodged from an 
atom, the atom becomes a positive 

32. Electrons in the outer shell of an atom 
are called electrons. 

33. The difference between conductors and 
insulators results from the number of 
electrons in their shell. 

34. The ease with which an electron can 
be dislodged from an atom depends 
largely on the of elec
trons in the valence shell. 

35. Elements that have only one or two 
electrons in their valence shell nor-
mally are good ____ _ 

Self-Test Review 

36. Elements with four electrons in their 
valence shell are called: 

37.' Elements with 6 or 7 valence electrons 
make good 

38. In a battery, the terminal with the defi
ciency of electrons is called the 

terminal. 

39. When a battery is connected to a con
ductor, electrons will always flow from 
the terminal to the 
_____ terminal. 

40. The flow of electrons through a con-
ductor is called ____ _ 
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In its simplest form, an electric circuit con
sists of a power source, a load, and conduc
tors that connect the power source to the 
load. Often the power source is a battery. 
The power source provides the force neces
sary to direct the flow of electrons. As you 
will see in the next unit, this force is called 
voltage. Power sources produce voltage by 
creating a positive charge at one terminal 
and a negative charge at the other. 

The load is generally some kind of electrical 
device that performs a useful function. It 
might be a lamp that produces light, a motor 
that produces physical motion, a horn that 
produces sound, or a heating element that 
produces heat. Regardless of the type of load 
used, it performs a useful function only 
when electric current flows through it. 

The third part of the circuit is the conductor 
that connects the power source to the load. 
It provides a path for current flow. The con
ductor may be a length of copper wire, a 
strip of aluminum, or the metal frame of an 
automobile. 

Figure 1-16 shows an electric circuit con
sisting of a battery, a lamp, and.connecting 
copper wires. The battery produces the 
force [voltage) necessary to cause the di
rected flow of electrons. The force de
veloped by the battery causes the free elec
trons in the conductor to flow through the 
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lamp in the direction shown. The free elec
trons are repelled by the negative charge 
and are attracted by the positive charge. 
Thus, ilie electrons flow from negative to 
positive. The negative and positive charges 
in the battery are constantly being re
plenished by the chemical action of the bat
tery. Therefore, the battery maintains a cur
rent flow for a long period of time. As the 
electrons flow through the lamp, they heat 
up the wire within the lamp. As the wire 
becomes hotter, the lamp emits light. The 
lamp will glow as long as a fairly strong cur
rent is maintained. 

BATTERY 

DIRECTION OF J 
CURRENT FLOW 

Figure 1-16 Simple electric circuit. 

You know from your experience with 
flashlights that a battery cannot maintain a 
constant current flow forever. As time pas
ses, the chemical reaction within the battery 
slows down, and eventually, the battery 
produces no current at all. At this time, it 
is said to be dead, or run down. For this 
reason, it is necessary to add a component 
to your simple electrical circuit. 



The circuit in Figure 1-16 can be made 
much more practical by adding a control. 
In this case, the control is a switch that pro
vides an easy way to start and stop current 
flow. Since some type· of control is neces
sary, it can be said that a practical elemen
tary circuit ~nsists.·of four parts; the power 
source, the load, the conductor, and the con
trol. 

Figure 1-17 shows the circuit after the 
switch has been added. For simplicity, a 
"knife" switch is shown. It consists of two 

- metal contacts to which conductors may be 
connected, a metal arm that can be opened 
and closed, and a base. Current does not 
flow through the base of the switch because 
it is made from an insulator material. Cur
rent can flow only through the arm and then 
only if the arm is closed. 

Figure 1-17A shows the switch in a closed 
position. With the switch cfosed, there is 
a path for current flow from the negative 
terminal of the battery through the switch 
and lamp to the positive terminal. The lamp 
lights because current flows through it. 

When the switch is opened, as shown in 
Figure 1-17B, the path for current flow is 
broken or open. Thus, the lamp does not 
glow because there is no current flowing 
through it. 

BATTERY 

SWITCH 

®CLOSED 

BATTERY 

LAMP 

Figure 1-17 Circuit with switch. 
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While simple circuits can be drawn as 
shown in Figures 1-16 and 1-17, it is very 
difficult to draw complex circuits in this 

PICTORIAL SCHEMATIC 
SYMBOL 

manner. For this reason. the schematic dia- c ®I ONDUCTOR I 
gram was developed. A schematic diagram 
is a drawing in which symbols are used to 
represent circuit components. The first step · 
to understanding the schematic diagram is 
to learn the symbols used to represent the 
various components. 

Figure 1-18 compares the schematic symbol 
with the pictorial representation of the cir
cuit components used up to this point. The 
conductor is represented by a single line. 
The picture of the battery is replaced by a 
series of long and short lines. The long line 
represents the positive terminal while the 
short line represents the negative terminal. 
The same symbol can be used regardless of . 
the type of battery. The symbols for the 
lamp. switch, and resistor are also shown. 
Resistors are discussed in detail in Unit 3. 
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Figure 1·18 Pictorial representations com-· 
pared with the schematic 
symbols. 



In Figure 1-19 several schematic symbols 
are combined to form a schematic diagram. 
Figure 1-19A is the schematic diagram for 
the pictorial drawing shown earlier in 
Figure 1-17A while Figure 1-19B is a 
schematic diagram of the pictorial shown in 
Figure 1-17B. 

The circuit shown in Figure 1-19 is the 
schematic diagram of a flashlight. It is also 
the diagram for the headlight system in an 
automobile. In fact it can represent any sys
tem which contains a battery, a lamp, and 
a switch. If the lamp is replaced with a 
motor, the circuit becomes that of the starter 
system in a car. In this case, the switch is 
operated by the ignition key. Other circuits 
which operate in a similar manner are a 
doorbell and an automobile horn. In the first 
case, the bell is the load while the switch 
is operated by a push button at the door. 

In the second case, the horn is the load and 
the switch is located on the steering wheel. 

® 
=..BATTERY 

SWITCH 
(CLOSED) 

.=_BATTERY 

; ~ • ® SWITCoH---

(OPEN) 

Figure 1-19 Schematic diagram of a simple 
circuit. 
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41. A simple electric circuit consists of a 
connected to a 

42. The is a device in a cir-
cuit that performs some useful func
tion. 

43. Since most circuits are not expected to 
operate continuously. the current is 
turned on and off by some kind of 

44. The schematic diagram differs from a 
pictorial presentation in that the com
ponents are drawn as 

45. Shown in Figure 1-20 are four different 
schematic symbols. Identify each one. 

A. 
B. 
c. 
D. 
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Figure 1-20 Identify these symbols. 

46. In a battery symbol. the short line at 
one end represents the 
terminal. 

47. Figure 1-19 shows a complete electrical 
circuit. When the switch is closed. 
electrons flow from the 
terminal of the battery through the 
lamp to the terminal. 



Current is the flow of electrons from a nega
tive to a positive charge. To measure current 
flow, you must measure the number of elec
trons flowing past a point in a specific 
length of time. Before you learn how current 
is measured, you must first learn how the 
unit of electrical charge and the unit of cur
rent are defined. 

The Coulomb 

· You have seen that the charge on an object 
is determined by the number of electrons 
that the object loses or gains. If the object 
loses electrons, the charge is positive. How
ever, an object that gains electrons has a 
negative charge. In order to measure the 
magnitude of the charge, you must have a 
unit of measure. 

The unit of measure for electrical charge is 
called the coulomb. The coulomb is equal 
to a charge of 6.25 x 1018 electrons. For 
those who are not used to expressing num
bers in this way, the number is: 

6,250,000,000,000,000,000. 

An object that has gained 6.25 x 1018 elec
trons has a negative charge of one coulomb. 
On the other hand, an object that has given 
up 6.25 x 1018 electrons has a positive 
charge of one coulomb. 

Measuring Current 

Powers of Ten and Scientific 
Notation 

A word about powers of ten and scientific 
notation may be helpful at this point. The 
number 6,250,000,000,000,000,000 can be 
expressed as 6.25 x 1018• This number is 
read "six point two five times ten to the 
eighteenth power." The expression "ten to 
the eighteenth power" means that the deci
mal place in 6.25 must be moved 18 places 
to the right in order to convert to the deci
mal number. This is done because it is 
easier to write and remember 6.25 x 1018 

than it is to write and remember 
6,250,000,000,000,000,000. 

This shorthand method of expressing num
bers is known as powers of ten, or scientific 
notation. It is often used in electronics to 
express very large and very small numbers. 
Very small numbers are expressed by using 
negative powers of ten. For example, 3.2 x 
tcr8 is scientific notation for the number 
0.000000032. Here, "ten to the minus eight 
power" means "move the decimal place in 
3.2 eight places to the left." To be sure you 
have the idea, look at the following exam
ples of both positive and negative powers 
often: 

Positive Powers of Ten 

7.9 x to'= 79,000 
9.1 x tc8 = 910,000,000 
1.0 x 1012 = 1,000,000,000,000 
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Negative Powers of Ten 

7 .9 x 10-4 = 0.00079 
9.1 x 10-8 = 0.000 000 091 
1.0 x 10-12 = o.ooo 000 000 001 

If after studying these examples you do not · 
. understand this system of numerical nota
tion, read Appendix A at the end of this text. 
It is a programmed instruction sequence de
signed to teach powers of ten and scientific 
notation in much greater detail. 

The Ampere 

The unit of measurement for current is the 
ampere. The ampere indicates the rate at 
which electrons move past a given point. 
As previously mentioned, 1 coulomb is 
equal to 6.25 x 1018 electrons. An ampere 
is equal to 1 coulomb per second. That is, 
if 1 coulomb (6.25 x 1018 electrons) flows 
past a given point in one second then the 
current past that point is equal to 1 ampere. 
Coulombs indicate numbers of electrons; 
amperes indicate the number of electrons 
per second or the rate of electron flow. 

When 6.25 x 1018 electrons flow through 
a wire each second, the current flow is 1 
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ampere. If twice this number of electrons 
flows through a conductor each second, the 
curren:. is 2 amperes. This relationship is 
expressed by the equation: 

amperes = coulombs 
seconds 

H 10 coulombs flow past a point in two sec
onds, then the current flow is 5 amperes. 

The name ampere is often shortened to amp 
and is abbreviated A. Many times the am
pere is too large a unit to use to conve
niently specify a rate of current flow. In 
these cases metric prefixes are used to de
note smaller units. The milliampere (m.A) 
is one thousandth (.001) of an ampere. The 
microampere JJ.(A) is one millionth (.000 
001) of an ampere. In other words, there are 
1000 milliamperes or 1,000,000 microam
peres in an ampere. 

You convert amperes to milliamperes by -
multiplying by 103• Thus 1.7 amperes is 
equal to 1.7 x 103 milliamperes. You can 
also convert amperes to microamperes by 
multipJ.ying by 106 • Therefore, 1.7 amperes 
is equal to 1.7 x 106 microamperes. 

For those who need it, a more detailed ex
planation of metric prefixes is given in Ap
pendix A at the end of this text. 



The Ammeter 

The ammeter is a device for measuring cur
rent flow. The name ammeter is a shortened 
form of the name ampere meter. Figure 1-21 
shows an ammeter. It has a pointer that 
moves in front of a calibrated scale. In this 
figure, the scale is calibrated from o to 1 O 
amperes. The movement of the pointer is 
proportional to the amount of current flow
ing through the meter. Therefore, an accu
rate indication of the amount of current 
flowing in a circuit is obtained by reading 
the position of the pointer on the ammeter 
face. The meter is presently displaying a 
reading of just over 6 amperes. 

SCALE 

POINTER 

Figure 1·21 Ammeter. 

·Figure 1-22A shows a circuit in which an 
unknown amount of current is flowing. You 
can measure the current in this circuit by 
inserting an ammeter into the circuit as 
shown in Figure 1-22B. Notice that the 
schematic symbol for the ammeter is a circle 
with the letter A. Before the ammeter can 
measure current, it must be connected to the 
circuit in such a way that the current you 
wish to measure flows through the meter. 
To do this, the ammeter is connected in 
series with the circuit elements. Inciden
tally, a circuit like the one shown in Figure 
1-22B is called a series circuit. A series 
circuit has only one current path. That is, 
the cu":Ient flows through all the elements 
in one continuous loop. 

® ~ 
CURRENT ? =::!) 

+ @ 
....._ __ --' A "'"+ __ ___. 

Figure 1-22 Measuring current. 
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The maxim.um current that an ammeter can 
safely measure is indicated by the highest 
number on the scale. The highest current 
that the ammeter in Figure 1-21 can safely 
measure is 10 amperes. This is called its full 
scale reading. Many ammeters are much 
more sensitive. Some have a full scale read
ing of 1 milliampere. Others provide a full 
scale reading with only 50 microamperes 
flowing through them. 

Ammeters are delicate instruments and can 
be destroyed if the current applied greatly 
exceeds the full scale reading of the meter. 
For this reason, you must exercise some pre
cautions when using the ammeter. 

To protect yourseli and the ammeter, there 
is a definite procedure that you must .follow 
when using an ammeter. The first step is 
to select an ammeter that can safely measure 

· the current in the circuit. You must be sure 
that the amount of current in the circuit 
does not exceed the maximum rating of your 
meter. As mentioned above, if you exceed 
the current rating, the meter may be dam
aged. 

The second step is to remove power from 
the circuit under test. In battery powered 
circuits this is done by removing the battery 
or by disconnecting one of the battery leads. 
The purpose ·of this step is to protect your-
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self from electrical shock as you connect the 
ammeter. 

The third step is to break the circuit at the 
point where you want to measure the cur
rent: The circuit must be broken in order 
to connect the ammeter in series with the 
rest of the circuit. 

Fourth, the ammeter is connected to the cir
cuit while observing polarity. The ammeter 
has two terminals labeled negative and posi
tive. Current must flow through the amme
ter from the negative terminal to the positive 
terminal. Thus, the wire from the negative 
terminal of the battery must lead to the 
negative terminal of the ammeter. If the am
meter is connected backwards, the pointer 
will attempt to deflect backwards. This may 
damage the meter. 

Observing polarity simply means that the 
negative terminal of the ammeter is connected 
to the conductor that leads to the negative 
terminal of the battery. Naturally, the positive 
terminal of the ammeter is connected to the 
conductor that leads to the positive side of the 
battery. 

Finally, power is reapplied to the circuit and 
a current rea,ding is obtained from the amme
ter scale. Figure 1-23 illustrates this step-by
step procedure. 



t ~ t ~ l ~ \ 'I'' 
x M 

® CIRCUIT IN WHICH CURRENT 
IS TO BE MEASURED. 

® REMOVE POWER BY DISCON-
NECTING ONE SIDE 

© BREAK CIRCUl:r A~ POINT 
WHERE CURRENT IS TO BE 

OF BATTERY. 

..._ ___ --< A .. + ___ _. 

@ CONNECT t-TER, OBSERVE 
POLARITY. 

Figure 1-23 Procedure for measuring cur
rent. 

------

MEASURED. 

I' ..._ ___ -_, A lo+ ____ _. 

© RESTORE POWER AND READ 
CURRENT. 
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48. If an object has an excess of 6.25 x 1018 

electrons. it has a negative charge of 
one ____ _ 

49. An object that has given up 6.25 x 1018 

electrons has a (positive/negative) 
charge of one coulomb. 

50. If one coulomb per second flows 
through a conductor, the current in the 
conductor is one ____ _ 
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Self-Test Review 

51. The milliampere is one-thousandth of 
an ampere while the microampere is 
ona - of an ampere. 

52. The ammeter must be connected in 
----- with the circuit being 
tested. 

53. The positive lead must be connected to 
the wire that leads to the----
side of the battery. 



The following is a summary of the impor
tant points discussed in Unit 1. ff you have 
a question on any point presented here, re
read that portion of the text that covered 
that particular point. 

Matter is anything which has weight and oc
cupies space. 

All matter is composed of one or more of 
the elements. 

A compound is a substance composed of 
two or more elements. The smallest particle 
of a compound is a molecule. A molecule 
consists of two or more atoms bound to
gether. 

The atom is the smallest particle into which 
an element can be divided. There are 92 dif
ferent types of atoms occurring in nature. 
Another dozen or more have been artifi
cially made by man. 

Atoms are composed of electrons, protons, 
and neutrons. The nucleus contains protons 
and neutrons. Electrons orbit the nucleus. 

The type of atom is determined by the 
number of electrons, protons, and neutrons. 

Electricity is a property that electrons and 
protons have which causes them to behave 
in certain predictable ways. 

The electron has a negative electrical 
charge. 

The proton has a positive electrical charge. 

Summary 

An electrostatic field surrounds every 
charged particle. Coulomb's Law describes 
the action of charged particles. It states that 
like charges repel, while unlike charges at
tract. 

An atom has a neutral charge when it con
tains the same number of electrons and pro
tons. An atom which has a net electrical 
charge is called an ion. 

Electrical charges can be produced in cer
tain materials by friction. 

An electrical charge can be partially· trans
ferred f;.·om a charged object to an uncharged 
object by touching the two objects together. 

An electrical charge can be induced into a 
neutral object by bringing a charged object 
near it. 

In its simplest form, a circuit consists of a 
power source, a load, and conductors that 
connect the power source to the load. 

In electronics, current is defined as the flow 
of electrical charge from one point to 
another. 

Before an electron can participate in current 
flow, it must be freed from its atom. 

The centrifugal force of the orbiting electron 
is exactly offset by the attraction of the posi-
tive charge in the nucleus. · 

Electrons are distributed in shells. The outer 
shell is called the valence shell and valence 
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electrons are important in electronics be
cause they can be freed to contribute to cur
rent flow. The number of valence electrons 
determines if an element is a conductor or 
an insulator. 

A conductor is a substance that has a large 
number of free electrons. 

An insulator is a substance that has very few 
free electrons. 

Most metals are good conductors. 

A battery is a two-terminal device that pro
duces an excess of electrons at one terminal 

·and a deficiency of electrons at the other. 

Free electrons normally drift around in a 
random pattern. However, they can be 
forced to flow in a desired direction. Cur-
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rent flow is the directed drift of free elec
trons. Electrons flow from negative to posi
tive charges. 

A schematic diagram uses symbols to repre
sent electronic components. 

The unit of electrical charge is the coulomb. 
The coulomb is equal to 6.25 x 1018 elec
trons. 

Current is the rate at which electrons flow 
past a point. The ampere is the unit of cur
rent. The ampere is equal to one coulomb 
per second. A microampere is one millionth 
of an ampere. 

A device for measuring current is the amme
ter. The ammeter must be connected in 
series with the circuit under test. Polarity 
must be observed when connecting an am
meter to a circuit. 
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In the previous unit, you learned that a bat
tery produces a force that causes electrons 
to flow in a closed circuit. You did not learn 
very much about 'the force.except that it re
sults from electrical charges at the battery 
terminals. That is, the force is produced by 
an excess of electrons at one terminal and 
a deficiency of elecb"ons at the other. This 
force is called an electromotive force. Liter
ally, electl"omotive force means the force 
that moves electrons. The unit of measure 
of this force is the volt. In fact the terms 

Introduction 

electromotive force and voltage are fre
quently used interchangeably although, 
strictly speaking, they do have slightly dif
ferent meanings. 

In this unit, you will learn about voltage or 
electromotive force in detail. You will also 
learn several ways in which this force is 
produced and used. Furthermore, you will 
learn how voltage is measured and several 
important laws concerning v.oltage. 
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When you have completed this unit, you 
will be able to: 

1. Define the following terms: Electromo
tive force (EMF), potential difference, 
voltage, volt, cell, primary cell, second
ary cell, voltage drop, voltage rise, 
ground, short, open, battery, alternat
ing current (AC), triboelectric effect, 
thermoelectric effect, piezoelectric ef
fect, and photoelectric effect. 

2. List six different ways that electromo
tive force can be produced. 

3. Describe the proper method for con
necting a voltmeter to a circuit and 
measuring voltage. 

4. Determine the output voltage from bat
teries connected in series aiding, series 
opposing, parallel, or series parallel 
configurations. 
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5. Given the magnitude and polarity of 
the two charges, state whether a poten
tial difference exists between them. 

6. Given the magnitude and polarity of 
the two charges, state the direction of 
electron movement between them. 

7. Name the factors that determine the 
voltage and current capacity of a cell. 

8. Given a list of applications, match 
them with the effect produced by an 
EMF. 

9. Name the three main parts of a cell. 

10. State the output voltage of a dry cell 
and a wet cell. 

11. State the relationship between a volt· 
age rise and a voltage drop. 



You've already learned that current will not 
flow in a circuit unless an external force is 
applied. In the circuits discussed in the pre
vious unit, this force was provided by bat
teries. The battery does this by changing 
chemical energy to electrical energy and 
separating negative charges (electrons) from 
positive charges (ions). These charges pro
duce the force or pressure that causes elec
trons to flow and do work. This force is 
given several different names that are used 
more or less interchangeably. In the follow
ing sections you will learn about the three 
most popular names and see what each 
name implies. 

Electromotive Force (EMF) 

One popular name for electrical force is 
electromotive force which is abbrevi
ated EMF or emf. This name is very descrip
tive since it literally means a force that 
moves electrons. Thus, EMF is the force or 
pressure that sets electrons in motion. 

You will recall that Coulomb's law states 
that like charges repel while unlike charges 
attract. The battery, by chemical action, pro
duces a negative charge at one terminal and 
a positive charge at the other. The negative 
charge is simply an excess of electrons 
while the positive charge is an excess of 
positive ions. If a circuit is connected across 
a battery as shown in Figure 2-lA, a path 
for electron flow exists between the battery 
terminals. Free electrons are repelled by the 
charge on the negative terminal and are at-

Electrical Force 

tracted by the charge on the positive termi
nal. The two opposite charges exert a pres
sure that forces the electrons to move. That 
is, the force or pressure results from the at
traction of the unlike charges. To sum
marize, EMF is the force that sets electrons 
in motion in a closed circuit. 

J 
EMF CAUSES ELECTRONS TO FLOW 
IN CLOSED CIRCUIT 

® + 

-~ 
POTENTIAL FOR CURRENT FLOW 
EXISTS EVEN THOUGH THERE IS 
NO CURRENT 

Figure 2-1 EMF and potential difference. 
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Potential Difference 

Another name for electrical force is poten
tial difference. This name describes the 
characteristics of EMF in an open circuit. 
EMF is the force that causes electrons to . 
move as shown in Figure 2-1A. However, 
consider the situation shown in Figure 2-1B. 
Here, electrons cannot flow because the 
switch is open. Nevertheless, the battery 
still produces the same electrical pressure 
or force as before. Thus, the potential for 
producing current flow exists even though 
no current is presently flowing. As used 
here, potential means the possibility of 
doing work. If the switch is closed, current 
flows, the lamp lights, and work is done. 
Therefore, whether a battery is connected 
to a circuit or not, it has the potential for 
doing work. 

Actually, any charge has the potential for 
doing work. For example, a charge can move 
another charge either by attraction or repul
sion. Even a single electron can repel 
another electron. If one electron moves as 
the result of the action of another electron, 
some small amount of work is done. In the 
battery, you are concerned with two differ
ent types of charges rather than a single 
charge. The electrons at the negative termi
nal are straining to rush to the positive ter
minal and cancel out the positive charge 
there. In the same way, the positive ions at 
the other terminal are straining to draw the 
electrons. We call this force potential 
difference. It is the potential for doing work 
that exists between two different charges. 

CONDUCTOR 

,_...,,.,...,,.,...,.......,.....,,,.....,.....,....~/. 

,,_ ................................................. ~i-® CHARGE A 
ONE MILLION 

. EXCESS ELE~TRONS 

CHARGE B 
ONE 'MILLION TOO 
FEW ELECTRONS 

A 

ONE MILLION 
ELECTRONS FLOW 

TO CANCEL CHARGES 

8 

@ 
CHARGE A 

TWO MILLION 
EXCESS ELECTRONS 

CHARGE B 
TWO MILLION TOO 
FEW ELECTRONS 

A 

Figure 2-2 Static charges have the potential for doing work. 
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TWO MILLION 
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TO CANCEL CHARGES 
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The amount of work that can be done must 
be related in some way to the characteristics 
of the charges. You can better understand 
this point by considering some static 
charges. Figure 2-2A shows a small negative 
charge separated from a small positive 
charge. Now, assume that charge A has an 
excess of one million electrons while charge 
B has a deficiency of one million electrons. 
If a conductor is connected between the two 
charges, electrons will flow from the nega
tive to the positive charge. The work done 
here is the moving of electrons. To cancel 
the two charges, one million electrons must 
flow from charge A to charge B. 

Now consider what happens if the mag
nitude of the two charges is doubled as 
shown in Figure 2-2B. Here charge A has 
an excess of two million electrons while 
charge B has a deficiency of two million 
electrons. If a conductor is connected be
tween the two charges, then two million 
electrons will rush from charge A to charge 
B. Thus, twice as much work is done. 

However, the magnitude of the charges is 
not the important consideration. It is the dif
ference between the two charges that is im
portant. Figure 2-3 illustrates that no work 
can be done if both charges have the same 
polarity and magnitude. 

In Figure 2-3A two charges are shown. Each 
is the result of an excess of ten million elec
trons. How much work is done if these two 
charges are connected by a conductor? The 
answer, of course, is that no work is done. 
Because the two objects have exactly the 

same charge, no electrons can flow from one 
to the other. Thus, there is no potential for 
doing work. Figure 2-3B shows that the 
same is true for equal positive charges. 

NO ELECTRONS FLOW BECAUSE 
THE TWO CHARGES ARE EQUAL 

CHARGE A 
EXCESS OF TEN 

MILLION ELECTRONS 

® 
CHARGE B 

EXCESS OF TEN 
MILLION ELECTRONS 

NO ELECTRONS FLOW BECAUSE 
THE TWO CHARGES ARE EQUAL 

CHARGE A 
DEFICIENCY OF TEN 
MILLION ELECTRONS 

® 
CHARGE B 

DEFICIENCY OF TEN 
MILLION ELECTRONS 

Figure 2·3 No potential for doing work 
exists between equal charges. 

The potential to move electrons exists be
tween any two unlike charges. That is, when 

· two charges are different, electrons will 
• flow from one charge to the other if given 

the chance. Charges can differ in two ways. 
First, they can be of opposite polarity. This 
simply means that one is positive and the 
other is negative as shown in Figure 2-2. 
Second, . they can have different mag
nitudes. For example, Figure 2-4A shows 
two charges that have the same polarity but 
different magnitudes. Charge A is more 
negative because it has more excess elec
trons than charge B. 

Voltage 2 



If a conductor is connected between the two 
charges as shown in Figure 2-4B, electrons 
will flow from the greater negative charge 
to the less negative charge. The number of 
electrons will be exactly the right amount 
to equalize the two charges. In this example, 
charge A originally has three million excess 
electrons while charge B has an excess of 
only one million electrons. To equalize the 
two charges, one million electrons will flow 
from charge A to charge B. Electron flow 
ceases as soon as the two charges become 
equal. Notice that the direction of current 
flow is from the more negative charge to the 
less negative charge. 

8 e 
CHARGE B CHARGE A 

EXCESS OF THREE 
MILLION ELECTRONS 

> EXCESS OF ONE 
MILLION ELECTRONS 

® 
"ONE MILLION 

ELECTRONS FLOW 

ea::--

CHARGE A 
EXCESS OF TWO 

MILLION ELECTRONS 

® 

CHARGE B 
EXCESS OF TWO 

MILLION ELECTRONS 

Figure 2-4 A potential exists between two 
charges of the same polarity if 
they have different magnitudes. 
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Figure 2-SA shows two positive charges of 
different magnitudes. A potential exists 
here because one charge is greater than the 
other and electrons will flow if given the 
chance. Figure 2-SB shows a conductor con
necting the two charges. Notice that elec
trons flow from the less positive (more nega
tive) to the more positive potential. Again, 
the number of electrons that flow is the 
amount necessary to exactly balance the two 
charges. 

CHARGE A 
DEFICIENCY OF THREE 

MILLION ELECTRONS 

> 
CHARGE B 

DEFICIENCY OF ONE 
MILLION ELECTRONS 

® 

ONE MILLION 
ELECTRONS FLOW 

c 

CHARGE A 
DEFICIENCY OF TWO 
MILLION ELECTRONS 

--@ 

® 

CHARGE B 
DEFICIENCY OF TWO 
MILLION ELECTRONS 

Figure 2-5 Electrons flow from the less 
positive to the more positive 
charge. 



Figure 2-6 shows five terminals at various 
levels of charge. Since no two are of the same 
magnitude and polarity. a difference of poten
tial exists between any two terminals. Conse
quently, if a conductor is placed between any 
two terminals, electrons will flow until those 
two charges are balanced. Notice that termi
nal C has no charge. It contains the same 

® @ © 

number of electrons as protons. Nevertheless, 
if terminal C is connected to any other termi
nal, electrons will still flow. If it is connected 
to one of the negative terminals, electrons 
will flow into terminal C. If it is connected to 
one of the positive terminals, electrons will 
flow from terminal C. Remember that elec
trons always flow from the more negative to 
the more positive terminal. 

@ ® 

8 8 
BALANCED 

Cf> @ 0 
EXCESS OF EXCESS OF ONE DEFICIENCY DEFICIENCY 

THREE MILLION MILLION OF ONE MILLION OF THREE 

ELECTRONS ELECTRONS ELECTRONS MILLION 
ELECTRONS 

Figure 2-6 Five levels of charge. 
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Voltage 

Another term that is often used interchange
ably with EMF and potential difference is 
voltage. Strictly speaking, there is a differ
ence between voltage and EMF. Voltage is 
the measure of EMF or potential difference. 
For example, the battery in your car has an 
EMF of 12 volts. The EMF supplied by wall 
'outlets is 115 volts while that required by 
~ost electric stoves is 220 volts. A large 
screen color TV receiver produces an EMF 
at one point which may be 25,000 volts or 
higher. High tension power lines often have 
a difference of potential as high as 500,000 
volts. 

The unit of measure for EMF or potential 
difference is the volt. At this point, it is dif
ficult to visualize exactly how much EMF 
constitutes one volt. However, as you work 
with electronics, this point will become 
clearer. One volt is the magnitude of EMF 
that will cause one unit of energy to move 
one coulomb of charge from one point to 
another. 

The metric unit of energy is the joule. This 
unit is equally difficult to visualize since 
it is defined in other unfamiliar terms such · 
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·as newtons. However, joules can be ex
pressed in the more familiar English units. 
For example, one joule is equal to 0.738 
foot-pounds. A foot-pound is the amount of 
work required to lift one pound a distance 
of one foot. Thus, a joule is approximately 
the amount of work required to lift 3/4 of 
a pound one foot off the ground. 

Using this information, let's return to the 
volt. One volt is the EMF required to cause 
one joule (or 0.738 foot-pounds) of work to 
:move one coulomb of charge (6.25 x 1018 

electrons) from one point to another. To 
look at it another way, when the movement 
of one coulomb of charge between two 
points produces one joule (or 0.738 foot
. pounds) of work, the EMF between the two 
points is 1 volt. Later on, after you have 
studied resistance, the volt will be defined 
the volt in terms of current and resistance. 
It will be much easier to visualize then. 

The abbreviation of volt is V. Thus, 1.5 volts 
is abbreviated 1.5 V. As with amperes, met- · 
ric prefixes are attached to indicate smaller 
and larger units of voltage. Thus, one mil
livolt equals 1/1000 volt, while one micro
volt equals 1/1,000,000 volt. Also, one 
kilovolt equals 1000 volts while one 
megavolt equals 1,000,000 volts. 



1. Electrons are repelled by negative 
charges and are attracted by 
_____ charges. 

2. The general name given to the force 
that moves electrons is ----
_____ and is abbreviated EMF. 

3. A battery that is not connected to a cir
cuit retains the ability to move elec
trons. In this case, the battery's EMF 
is referred to as differ
ence. 

4. Charges can differ in two ways. There 
can be a difference in or 
a difference in ____ _ 

5. Figure 2-6 shows five terminals each of 
which is at a different potential or state 
of charge. The greatest difference of po
tential exists between terminals A and 

Self-Test Review 

6. Refer again to Figure 2-6. H a conductor 
is connected from charge A to charge 
E, electrons will flow 
fromAtoE. 

7. In Figure 2-6, terminal C is more posi-
tive than terminals and 

8. In Figure 2-6, charge B is more 
(Positive/negative) charge A. 

9. Again in Figure 2-6, if a conductor is 
connected from A to B, electrons will 
flow from terminal to 

10. In Figure 2-6, charge D and E are both 
positive but charge is 
more positive. 

11. E is measured in volts. Thus, voltage 
is a measure of potential difference or 
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EMF is produced when an electron is forced 
from its orbit around the atom. An electric 
pressure exists between the free electron 
and the resulting positive ion. Thus, any 
form of energy that can remove electrons 
from atoms can be used to produce an EMF. 
In no case is energy actually created. It is 
simply changed to electrical energy from 
other forms. For example, a battery converts 
chemical energy to electrical energy while 
a generator converts mechanical energy to 
electrical energy. 

There are six common methods of produc
ing EMF. Each has its own applications. The 
following section contains discussions of 
these methods. 

Magnetism 

This is the most widely used method of pro
ducing electrical power. At present, it is the. 
only practical method that can produce 
enough electrical power to run an entire 

. city. Well over 99 percent of all electrical 
· power available today is produced by this 
method. 

The method for producing an EMF with 
magnetism is quite simple. When a conduc
tor is moved through a magnetic field, an 
EMF is produced. This is called magne
toelectricity. The force of the magnetic field 
and the movement of the conductor provide 
the energy necessary to free electrons in the 

· conductor. If the conductor forms a closed 
loop. then the electrons will flow through 
the conductor. If the conductor does not 
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Producing EMF 

form a closed loop, a potential difference 
is still present. 

The basic requirements for producing an 
EMF using this method are a magnetic field, 
a conductor, and relative motion between 
the two. Figure 2-7 illustrates how this is 
done. Here, the magnetic field is produced 
by a permanent magnet. The field is rep
resented by the lines drawn from the north 
to the south poles of the magnet. If a con
ductor is moved up so that it moves across 
the field as shown in Figure 2-7 A, electrons 
flow in the direction indicated. The same 
effect can be obtained if the conductor is 
held still and the magnet is moved down. 
All that is required is relative motion be
tween the magnetic field and the conductor. 

Figure 2-7B shows that electrons flow in the 
opposite direction if the relative motion is 
reversed. When the conductor is moved up 
and down in the magnetic field, the direc
tion of electron flow changes each time the 
motion reverses. In generators. a reciprocal 
motion like this occurs. Thus, the current 
produced alternately flows in one direction 
then the other. This is known as alternating 

. Cm-rent or simply AC. 

In power generating stations the reciprocal 
motion occurs 60 times each second. Thus, 
the power supplied to your home is often 
referred to as 60 cycle AC. This is an alter
nating current that goes through the for
ward-and-reverse current cycle 60 times 
each second. In this course, you will not be 
concerned with alternating current although 
you will learn about magnetism in some de
tail later. 



PERMANENT 
MAGNET 

Figure 2-7 Electricity from magnetism. 

Chemical 

@ 

The second most popular method of gener
ating an EMF is by chemical means some
times called electrochemistry. Automobile 

® 

CONDUCTOR 

and flashlight batteries are two examples of 
producing an EMF through chemical action. 
There are many chemical reactions that will 
transfer electrons to produce an EMF. Some 
of these will be discussed in more detail 
later in this unit. 
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Figure 2-8 illustrates how a basic battery or 
cell is made. A glass beaker is filled with 
a solution of sulfuric acid and water. This 
solution is called the electrolyte. In the elec
trolyte, the sulfuric acid breaks down into 
hydrogen and sulfate. Because of the chemi
cal action involved, the hydrogen atoms · 
give up electrons to the molecules of sulfate. 
Thus, the hydrogen atoms exist as positive 

® 

@POSITIVE 
HYDROGEN IONS 

8NEaATIV 
SULFATE IONS 

COPPER 
(GIVES UP 

ELECTRONS) 

Figure 2-8 Electricity from chemicals. 
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ions while the sulfate molecules act as nega
tive ions. Even so, the solution has no net 
charge since there are the same number of 
negative and positive charges. 

Next, two bars called electrodes are placed 
in the solution. One bar is copper while the 
other is zinc. The positive hydrogen ions 
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attract the free electrons in the copper. This 
causes the copper bar to give up electrons 
to the electrolyte. Thus, the copper bar is 
left with a net positive charge. @ 
The zinc reacts with the sulfate in much the 
same way. The sulfate molecules have a 
negative charge. Thus. positive zinc ions are 
pulled from the bar. This leaves the zinc bar 
with a surplus of electrons and a net nega
tive charge. 

If a conductor is connected between the zinc· 
and copper bars, electrons will flow from 
the negative to the positive terminal. Be
cause current flow is always in the same di
rection, the current flow is called direct cur
rent or DC and the EMF supplied by the bat
tery is referred to as a DC voltage or volts 
DC. Compare this to the AC voltage pro
duced by magnetism in Figure 2-7. 

Friction 

The oldest known method for producing 
electricity is by friction. Some examples of 
this were discussed in the previous unit. 
Rubbing a glass rod with silk, as shown in 
Figure 2-9A, results in friction between the 
two materials. This produces a positive 
charge on the glass rod and a negative 
charge on the silk as shown in Figure 2-9B. 
Different materials can also produce a 
charge. Figure 2-9C shows that fur rubbed 
on a hard rubber rod becomes positively 
charged while the rubber becomes nega
tively charged. 

@ 

© 

FUR 

Figure 2·9 Electricity from friction. 
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. You have probably experienced this 
phenomenon yourself many times. When 
you scuff your feet across a nylon or wool 
rug, your shoes. develop a charge that is 
transferred to your body. When you touch 

· a neutral object such as a metal door knob 
or another person, a discharge occurs. Fre
quently, there is a tiny arc between your 
finger and the neutral body. The arc is the 
visible movement of electrons between two 

·objects. 

In many cases, static electricity produced by 
friction is troublesome or annoying. How
ever, there is a device used in physics labo
ratories that uses friction to develop very 
high voltages. It is called the Van de Graff 
generator and some models produce 10 mil
lion volts or more. Producing electricity 
from friction is called the triboelectric 

·effect. 

Light 

Light energy can be converted to electrical 
energy in large enough quantities to provide 
limited amounts of power. A familiar exam
ple of this is the solar cells frequently used 
on spacecraft. Although solar cells are rela
tively expensive, recent scientific advances 
have significantly reduced their cost. In fact, 
solar cells are already used in applications 
such as microwave towers in remote loca
tions. 

Figure 2-10 shows how one type of solar
or photocell is constructed. It consists of a 
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photosensitive material sandwiched be
tween two plates that act as electrodes. A 
photosensitive material is one that develops 
a charge when it is subjected to light. Some 
substances that behave in this way are 
cesium, selenium, germanium, cadmium, 
and sodium. When the photosensitive mate
rial is struck by light, some of its atoms ab
sorb the light energy and release electrons. 
This is known as the photoelectric effect. 

..----•VOLT AGE 

LIGHT 

TRANSLUCENT 
WINDOW 

SELENIUM --"' 

IRON----' 

DEVELOPED 
HERE 

Figure Z-10 Electricity from light. 

In Figure 2-10, light passes through the 
translu':ent window and strikes the 
selenium alloy underneath. Some of the 
selenium atoms give up electrons and a 
charge develops between the two plates. 
When exposed to sunlight, a single cell can 
provide a fraction of a volt charge and de
liver a few milliamperes of current. When 
used as a power source, hundreds of the 
cells may be connected so that they produce 
larger voltage and current levels. 



Pressure 

A small electrical charge develops in some 
materials when they are subjected to pres
sure. This is referred to as the piezoelectric 
effect. It is especially noticeable in sub
stances such as quartz, tourmaline, and 
Rochelle salts, all of which have a crystal
line structure. Figure 2-11 illustrates how 
the charge is produced. In the normal struc
ture, negative and positive charges are dis
. tributed so that no overall charge can be 
measured. However, when the material is 
subjected to pressure, electrons leave one 
side of the material and accumulate on the 
other side. Thus, a charge develops. When 
the pressure is relieved, the electrons are 
again distributed so that there is no net 
charge. 

This effect is put to good use in crystal 
microphones, phonograph pickups, and 
precision oscillators. In all of these exam
ples, the crystals are subjected to varying 

~C:.:...11± .... +c::'. +:;;;;;+::::::+:;;;;;;;-+ ~==------~ 
~ VOLTAGE 

PRESSURE 

Figure 2-11 Electricity from pressure. 

pressure. The pressure can be supplied by 
sound waves travelling through the air as 
is the case with the microphone, or, as with 
the phonograph pickup, some type of direct 
pressure can be applied. At any rate, the 
voltage produced is very small and it must 
be amplified before it is used. 

Heat 

As with most other forms of energy, heat 
can be converted directly into electricity. 
The device used to do this is called a 
thermocouple. A thermocouple consi.sts of 
two dissimilar metals joined together. A 
typical example of these metals is copper 
and zinc. 

You have seen that copper will readily give 
up electrons. This is especially true when 
the copper is heated. As shown in Figure 
2-12, the free electrons from the copper are 
transferred to the zinc. Thus, the copper 
develops a positive charge while the zinc 
develops a negative charge. 

Since more heat will cause more electrons 
to transfer, the charge developed is directly 
proportional to the heat applied. This char
acteristic allows the thermocouple to be 

· used as a thermometer in places that are too 
hot for conventional thermometers. A spe
cific voltage across the thermocouple cor
responds to a specific temperature. There
fore, the voltage can be measured and com
pared to a chart to find the corresponding 
temperature. The process by which heat is 
converted directly to electricity is called 
thermoelectric effect. 
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Figure 2-12 Electricityfromheat. 

Effects of EMF 

You have learned that an EMF can be pro
duced by light, heat, magnetism, pressure, 
and chemical activity. It is interesting to 
note that the reverse is also true. That is, 
an EMF can be used to produce light, heat, 
magnetism, pressure, and chemical activity. 

The electric light is an example of light pro
duced by electricity. Current flowing 
through the light's filament causes it to 

. glow. The light is a result of the EMF ap
plied to the circuit. Here, the electrical ener
gy is converted to light. 

The toaster and electric stove are examples 
of electricity producing heat. In. both of 
these, current flowing through the heating 
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elements produces a great amount of heat. 
In these instances, the energy applied to the 
components is given off as heat. 

Whenever current flows through a wire, a 
magnetic field is produced. This field sur
rounds the wire and can be put to many 
practical uses. Some examples of these uses 
are motors, loud speakers, and solenoids. 

Recall that a crystal produces a voltage 
when it is bent or twisted. The reverse is 
also true. When a voltage is applied to a 
crystal, the structure bends or twists. It can 
therefore be said that an EMF can produce 
pressure. 

Finally, you already know that an EMF can 
be produced by chemical activity. It is also 
possible to produce chemical activity by ap
plying an EMF to some materials. An exam
ple of this is the electrolysis of water. When
an electric current flows through water, the 
water is broken down into its component 
parts of hydrogen and oxygen. Electroplat
ing is another example of chemical activity 
caused by electricity. Here, ions of the plat
ing material are removed from a solution 
and "plated" on the desired surface by the 
application of an electrical potential. 



Self-Test Review 

12. The most widely used method to pro- 19. Match each of the following applica-
duce an EMF is the ef- tions of electricity with the effect that 
feet. causes it: 

A:m2lication Effect 
13. In order to produce an EMF with mag-

netism, you must have a magnetic field 1. battery __ A. magnetoelectric 
a conductor, and relative 2. generator __ B. piezoelectric 
between the two. 3. crystal C. thermoelectric 

microphone __ D. electrochemical 
14. In a battery, the solution that reacts 4. thermocouple __ E. photoelectric 

with the metal electrodes is called the 5. solar cell __ 

20. Match each of the following with the 
effect produced by the E.i\.fF. 

15. Another device that can produce an 
EMF is the solar cell. It utilizes the AR12lication Effect 

effect to produce a volt-
age. 1. flashlight __ A. heat 

2. automobile B. chemical 

Electricity produced by 
cigarette activity 

16. lighter __ c. light 
is attributed to the triboelectric effect. 3. electroplating __ D. pressure 

4. electromagnet -- E. magnetism 
17. Producing an EMF through pressure is 5. crystal 

called the earphones __ 

effect. 6. lightbulb _ 
7. toaster __ 

18. The thermocouple converts 8. motor __ 
to electricity. 9. electrolysis of water __ 
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One type of battery or cell was discussed 
in the previous section. It consisted of zinc 
and copper electrodes inserted into an elec
trolyte of suliuric acid and water. This sec
tion presents the construction and operation 
of several more common types of batteries. 
But first, you should know the difference 
between a battery and a cell. 

A cell is a single unit that contains negative 
and positive electrodes immersed in an 
electrolyte. A battery is a combination of 
two or more electrochemical cells. Thus, 
what you call a flashlight battery is really 
a cell since it contains only one unit for pro
ducing an EMF. In spite of this technical 
definition the word battery is loosely used 
to describe a single cell. 

There are two basic types of cells. One type 
can be recharged and is called a secondary 
cell. The other type, called a primary cell, 
can not be recharged. No matter which type 
of cell you examine, they all store energy 
in a chemical form that can be released as 
electricity. 

Dry Cell 

Figure 2-13 shows the components of a 
flashlight battery or dry cell. The positive 
terminal is the steel top at the end of the 
carbon electrode. The negative terminal is 
the zinc can or container that holds the rest 

. of the cell. A plastic jacket protects the zinc 
container and insulates the negative termi
nal from the positive terminal. 
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Figure 2-13 Construction of the dry cell. 

Even though this type of cell is referred to 
as a "dry cell," it is not dry on the inside 
but contains a moist electrolyte paste. A 
wax seal closes off the open end of the zinc 
container. This prevents any paste from ooz
ing out when the battery is turned upside 
down or placed on its side. Thus, this type 
of cell can be used in any position without 
the electrolyte escaping. 

The electrolyte used in this cell is a solution 
of ammonium chloride and zinc chloride. 
The electrolyte gradually dissolves the zinc 
by stripping away positive ions. This pro
cess leaves behind an excess of electrons . 
Thus, the remaining zinc acts as the nega
tive electrode. If it were not for the carbon 



rod, the electrolyte would develop a posi
tive charge by virtue of the positive ions 
pulled from the zinc. However, the positive 
charge is neutralized by electrons pulled 
from the carbon rod. Thus, the carbon rod 

· developes a deficiency of electrons resulting 
in a positive charge. 

The cell just described is ref erred to as the 
Lelanche cell and it produces just over 1.5 
volts when new. As it is used, the chemical 
action slows and the voltage output gradu
ally decreases. Because this type of cell can-

. not be recharged, it is considered a primary 
cell. Furthermore, because the paste gradu
ally dries out, the dry cell slowly loses its 
ability to produce an EMF. This occurs even 
if the battery is not in use. For this reason, 
the dry cell must be used within about two 
years of the time it is manufactured. That 
is, it has a shelf life of about two years. . 

The voltage produced by this type of cell 
is determined strictly by the types of mate
rial used as the electrodes and the electro
lyte. Thus, the voltage is determined by the 
chemical reaction and not the size of the 
cell. For this reason, a small pen light cell 
produces the same voltage as a much larger 
D cell. However, since the larger battery has 
larger electrodes and a greater volume of 
electrolyte, it can deliver a greater amount 
of electrons per period of time. In other 
words, the larger battery has a higher cur
rent rating. The size D cell can deliver 50 
milliamperes of current for approximately 
60 hours. A small penlight cell becomes 
exhausted much sooner at the same current. 

-Lead-Acid Battery 

The primary disadvantage of the dry cell is 
that it cannot be recharged. Other cells, 
called secondary cells, can be recharged. 
The most popular of the secondary cells is 
the lead-acid battery. In this type of cell, a 
reversible chemical reaction takes place. It 
is this reaction that produces EMF between 
the battery terminals. 

In Figure 2-14A you see a typical lead-acid 
battery. The positive electrode consists of 
a plate of lead dioxide (Pb02) and the nega
tive electrode is a plate of spongy lead (Pb) 
are submersed in a solution of sulfuric acid 
CH2S04) and water (H20). 

The sulfuric acid in the solution separates 
into positive hydrogen ions (H+) and nega
tive sulfate (804-) ions. (Here the H+ indi
cates that the hydrogen has lost 1 electron 
while the so4 -indicates that the sulfate has 
gained 2 electrons.) While this is happen
ing, the lead plate begins to give up elec
trons and form Pb++ positive ions. Some 
of the negative sulfate ions in the solution 
combine with the positive lead ions on the 
surface of the negative electrode and form 
a coating of lead sulfate. The electrons given 

· up by the lead plate travel through the con':" 
ductor to the positive electrode. 

Meanwhile, the atoms on the surface of the 
lead dioxide plate give up negatively 
charged oxygen ions co-) into the solution. 
The loss of the electrons that the oxygen car
ries into the solution gives the lead dioxide 
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Figure 2-14 The basic lead-acid cell. 
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plate an overall positive charge. That is, 
Pb+++ ions are formed on the surface of 
the plate. Again, as with the negative elec
trode, some of the negative sulfate ions com
bine with the positive lead ions to form a 
coating of lead sulfate on the positive elec
trode. However, this does not completely 
neutralize the charge of the lead ions. In 
fact, each of the lead ions on the plate is 
still Pb+ +. It is this positive charge that at
tracts the electrons from the negative elec
trode through the conductor. 

The negatively charged oxygen ions in the 
solution now combine with the positively 
charged hydrogen ions that resulted from 
the separation of the sulfuric acid and form 
water (H20). As the cell discharges, the 
amount of water increases while the amount 
of acid decreases. 

This entire process can be reversed by re
versing the ion flow through the battery. 
This is done by connecting a source of DC 
voltage greater than that produced by the 
lead-acid cell as shown in Figure 2-14B. 
However, during the recharging process, . 
some of the oxygen and hydrogen in the sol
ution will escape into the air. Since hydro
gen in its pure form is highly explosive and 
oxygen aids combustion, you should be ex
tremely careful when charging a lead-cell 
battery. 

The amount of EMF produced by a cell is 
determined by the chemical reaction that 
occurs within the cell. The lead-acid cell 
just described produces an EMF of about 2.1 

volts. Cells made of other materials will pro
duce different voltages. 

The amount of current that a cell can deliver 
is determined by the size of the cell or, to 
state it more correctly, by the physical size 
of the electrodes and the amount of sulfuric 
acid in the solution. 

The Nickel-Cadmium 
(NICAD) Battery 

The plates or electrodes in the nickel
cadmium battery are made of nickel powder 
heat bo:::ided to a metal screen. This results 
in an extremely porous plate that is then 
impregnated with electrically. active mate
rials. It is the active materials that actually · 
produce the EMF. The active material in the 
positive plate is nickel hydroxide while the 
active material in the negative plate is cad
mium hydroxide. 

A typical nickel-cadmium battery is shown 
in Figure 2-15. It consists of a number of 
positive and negative plates, each forming 
a cell, held apart by a separator. The filler 
cap is removed to place the potassium hy
droxide and· distilled water electrolyte into 
the battery. This cap also serves as a safety 
valve in the event that there is a pressure 
buildup inside the battery during charging. 

The electrodes in the NICAD battery become 
positive or negative through electron/ion 
transfer in essentially the same manner as 
in other batteries. Therefore, the actual 

Voltage 2-23 



chemical reaction within the battery is not 
as important as certain unique characteris
tics of the NICAD battery. 

First, the NICAD battery is completely 
sealed and rechargeable. This means that 
during charging no explosive gasses escape 
as with the lead-acid battery. This feature 
makes the battery safer and greatly increases 
the potential uses. 

Second, unlike the other batteries discussed 
thus far, the NICAD's voltage remains rela
tively constant throughout most of its dis
charge period. Only when the battery is al
most completely discharged does the volt
age begin to drop off significantly. 

Finally, charging and discharging the 
NICAD battery involves little or no change 
in the concentration of the electrolyte. This 
is because the electrolyte does not react 
with the battery but. rather, acts only as a 
conductor of ions and electrons. For this 
reason, the plates do not deteriorate as do 
those in a lead-acid battery. This increases 
the useful life of the battery. 
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To achieve full benefit from a recharge< 
NICAD Battery. All of the cells should firsi 
be completely discharged. Then, when the 
battery is recharged, all of the cells will 
charge at a uniform rate. Once fully re
charged, the charge will last for a longer 
period of time. 

Despite all of its advantages, the expense of 
the NICAD battery is a limiting factor in 
some applications. 
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Figure 2-15 Large nickel-cadmium cell 
wiing liquid electrolyte. 



21. A cell or battery is a device which 
stores energy in form. 

22. A battery is composed of two or more 
____ _.,.,onnected together for a 
specific current and voltage rating. 

23. The main parts of a cell are its two elec
trodes and an 
which separates them. 

24. A secondary cell is one that can be 

25. The dry cell is a (Primary/Secondary) 
cell. 

26. When new, the dry cell produces an 
EMF of about volts. 

27. In a lead-acid battery, the positive.plate 
is lead dioxide while the negative plate 
is pure ____ _ 

Self-Test Review 

28. The lead-acid cell produces an EMF of 
approximately volts. · 

29. In the lead-acid cell, recharging re
verses the. chemical reaction and con
verts the lead-sulfate and water back to 
_____ acid and lead. 

30. One advantage of the ----
battery is that it can be used in any po
sition. 

31. To create a lead-acid battery with an 
output of 6.3 volts you need 
_____ lead-acid cells. 

32. In the same way, a 12.6 volt battery 
must consist of cells con-
nected in a series aiding configuration. 
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Cells can be connected together to increase 
either the voltage or current rating. There 
are four different ways that cells or batteries 
can be connected. These are series aiding, 
series opposing, parallel, and series parallel. 
Each of these configurations has its qwn ad
vantages and uses. The following is a dis- · 
.cussion of these configurations. 

Series Aiding Connection 

The 12-volt automobile battery consists of 
six cells connected together so that the indi
vidual cell voltages are additive. In the 6-
volt battery, three cells are connected in the 
same way. This arrangement is called a 
series aiding connection and is shown in 

Connecting Batteries 

Figure 2-16A as it occurs in a three-cell 
flashlight. 

The ce!ls are connected so that the positive 
terminal of the first cell connects to the 
negative terminal of the second; the positive 
terminal of the second cell connects to the 
negative terminal of the third; and so on. 
This type of connection forms a single cur
rent path through all three cells. Thus, it 
is called a series connection. It is an aiding 
connection because the EMF of each cell 
moves current in the same direction. Hence, 
the cells aid each other in current move
ment. Since the individual EMF of each cell 
is 1.5 volts, and the cells aid each other, 
the overall EMF is 4.5 volts. The schematic 
drawing for this connection is shown on the 
right of Figure 2-16A. 
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Figure 2·16 The series aiding connection. 
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Figure 2-16B shows a different type of cell 
in a series configuration. AB before, the volt
ages add together because the cells work to
gether or aid one another in current move
ment. That is, the negative terminal of the 
first cell connects to the positive terminal 
of the next and so on. Thus, the three 1.5 
volt cells provide a total EMF of 4.5 volts. 
The schematic symbol for this configuration 
is shown on the right of Figure 2-16B. 

With the series aiding connection, the total 
voltage across the battery is equal to the sum 
of the individual values of each cell. How
ever, the current capacity of the battery does 
not increase. Since the total circuit current 
flows through each cell, the current capacity 
is the same as for one cell. 
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Series Opposing 
Connections 

The series aiding connection just discussed 
is extremely important and is widely used. 
The series opposing connection of cells is 
just the opposite. It has little practical use 
and is usually avoided. It is mentioned here 
because an inexperienced person may inad
vertently connect cells in this way. The 
series opposing connection of two cells is 
shown in Figure 2-17A. Notice that the two 
cells are connected in series, but the like 
terminals of the cells are connected to
gether. Here, the cells provide EMF in oppo
site directions with the result that the two 
voltages cancel each other and the overall 
EMF is O volts. Because the two voltages 
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Figure 2-17 The series opposing connection. 
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cancel, this arrangement cannot produce 
current flow. 

Figure 2-17B shows another example of a 
series opposing connection. Here three cells 
are connected in series but cell number 2 
is connected backwards. Consequently, its 
voltage is subtracted from the voltage of the 
two cells connected series aiding. The tot.al 
voltage for cells 1 and 2 is O volts. This 
leaves the output voltage of cell 3. There
fore, the total output of the three cells is 
only 1.5 volts. 

Parallel Connection 

You have learned that the series aiding con
nection of cells increases the output voltage 
but not the current capabilities of the cells. 
There is a way to connect cells so that their 
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Figure 2·18 The parallel connection. 
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current capabilities add together. rms is 
called a parallel connection and is shown 
in Figure 2-18A. Here, like terminals are 
connec~ed. That is, all the positive terminals 
are connected together as are all of the nega
tive terminals. 

Figure 2-18B shows why the current 
capacities of the cells are added together. 
Notice that the total current through the 
lamp is the sum of the individual cell cur
rents. Each cell provides one third of the 
total current. Thus, the total current capac
ity is three times that of any one cell. How
ever. connecting cells in this way does not 
increase the voltage. That is, the total volt
age is the same as that for any one cell. H 
1.5-volt cells are used, then the total voltage 
is 1.5 volts. 

-l -1 -1 0 
CELL 3 

1.sv 
1.SV +[ +r +-[ 0 

..... _.....,,, ~ 



Series-Parallel Connection 

When both a higher voltage and an in
creased current capacity are required, cells 
can be connected in series-parallel. For ex
ample, suppose you have four 1.5-volt cells 
and you wish to connect them so that the 
EMF is 3 volts and the current capacity is 

CELL 2 1 

1.SV 

CELL 4 

1.sv 

Figure 2-19 The series-parallel connection. 

twice that of any one cell. This is achieved 
by connecting the four cells as shown in Fig
ure 2-19. To get 3 volts, connect cells 1 and 
2 in series. However, this does not increase 
the current capacity. To double the current 
capacity, you must connect a second series 
string (cells 3 and 4) in parallel with the 
first. The result is the series-parallel ar
rangement shown. 

+ 
3' 
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To be certain that you have the idea, consid
er the following example. Suppose that you 
have a number of identical 1.5 volt cells 
from which you want to construct a battery 
with an EMF of 4.5 volts and current capac
ity tliree times that of the individual cells. 

CELLS 
1.sv 

CELL 8 
1.SV 

CELL 9 
1.SV 

·Figure 2-20 shows that nine cells are re
quired. Cells 1, 2, and 3 are connected in 
a series string to provide 4.5 volts. However, 
to achieve the higher current, three of these 
strings are connected in parallel. 

1.s,![ 1.s![ 1.s![ L .. .r ... r ... I 4.SV 

+ ... r ... r ... I r 4.5' 
13 r· I9 

Figure 2-20 Nine cells connected in series parallel. 
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33. Four cells, each having an EMF of 2.1 
volts, can be connected in a series aid
ing configuration to produce an EMF 

34. 

35. 

of :volts. 

When connecting cells in the series 
aiding connection, the negative termi
nal of one cell is connected to the 
_____ terminal of the next. 

If three 1.5 V batteries with a maximum 
current capacity of 100 milliamperes 
are connected series aiding, the result
ing battery will have an EMF of 
----- volts and a current ca-
pacity of _____ milliam.peres. 

36. If, in a series string of four 1.5 V bat
teries, one battery is connected back
wards, the total circuit voltage will be 
-~---volts. 

3 7. If two identical batteries are connected 
series opposing, the output voltage will 
be volts. 

38. Thus, if a single cell bas a current ca
pacity of 1/4 amp, then three of the 
cells in parallel will have a current ca-
pacity of amp. 

Self-Test Review 

39. If five 2.1 V cells are connected in 
parallel the total output voltage is 
_____ volts. 

40. In -a series-parallel configuration, the 
current capacity is determined by the 

of series strings con
nected in parallel. 

41. If you have a number of identical 1.5 
V cells each with a current capacity of 
200 milliamperes, to construct a 7.5 V 
battery you would need-----
cells connected in ____ _ 

42. If you have a string of batteries identi
cal to the one described in the previous 
question, to obtain a current capacity 
of 800 milliamperes you would have to 
connect of these strings 
in parallel 

43. To construct the configuration de
scribed in the preceding question you 
would need a total of ----
cells. 

Voltage 2-31 



Voltage Rises and Voltage Drops 

In electronics and electrical work there are 
two kinds of EMF or potential difference. 
Both are expressed in volts but they have 

· somewhat different characteristics. One 
type of EMF is called a voltage rise. The 
other is called a voltage drop. The following 
sections discuss voltage rises and drops in 
detail. 

Voltage Rise 

You know that a battery provides an EMF 
or voltage. It does this by chemically p10-
ducing an excess of electrons at the negative 
terminal and an excess of positive ions at 
the positive terminal. When a load is con
nected across the battery, electrons flow 
through the load. Each electron that leaves 
the negative terminal is replaced by an elec
tron from the battery. At the positive termi
nal, each electron arriving from the load 
cancels one positive ion. However, for each 
ion that is cancelled, the battery produces 
a replacement ion. Thus, the voltage be
tween the two terminals remains constant 
even though electrons are constantly flow
ing from the negative terminal and into the 
positive terminal. 

· Energy is required to move the electrons 
through the load. The battery gives each 
electron the energy required to make the 
trip. & you know, the energy (in joules) is 
related to the EMF of the battery (in volts) 
and the number of electrons moved (in 
coulombs). 
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The energy comes from the chemical reac
tion within the battery that is converted to 
electric::il energy. This energy has a capacity 
to do work, and the amount of work is deter
mined by the voltage of the battery. After 
all, it is the EMF or voltage of the battery 
that causes the electrons to flow in the first 
place. The battery is a source of EMF. This 
type of EMF is referred to as a voltage rise. 
Thus, in an electrical circuit a voltage rise 
is an EMF that is provided by a voltage 
source. 

Earlier, several different types of voltage 
. sources were presented. As previously 
stated, the two most common are the 
generator and the battery. However, solar 
cells and thermocouples also produce an 
EMF and may be considered as voltage 
sources. Any EMF introduced into a circuit 
by a voltage source is called a voltage rise. 
Thus, a 10 V battery has a voltage rise of 
ten volts. 

Voltage Drop 

Electrons that leave the negative terminal of 
a battery have been given energy by the bat
tery. As the electrons flow through the load, 
they give up their energy to the load. Often, 
the energy is given up as heat. However, if 
the load is a light bulb, both heat and light 
are given off or, in the case of a motor, the 
energy is given off as heat and motion. The 
point is that the electrons release to the cir
cuit the energy given to them by the battery. 



Since the energy introduced into the circuit 
is called a voltage rise, the energy removed 
from the circuit by the load is called a volt
age drop. A voltage drop is expressed in 
volts like a voltage rise. In fact, the same 
equation expresses the relationship between 
volts, joules, and coulombs in both cases. 
The equation is: 

volts = 
joules 

coulombs 

Using this equation, you can determine the 
· voltage drop across a load if you know the . 

energy consumed by the load (in joules) and 
the number of electrons flowing through the 
load (in coulombs). For example, assume 
that a light bulb releases 10 joules of energy 
in one second when a current of two am
peres flows through it. With a current of two 
amperes, two coulombs flow through the 
bulb each second. Using the above equation, 
you can determine the voltage drop: 

volts = 
joules 

coulombs 

volts 

volts 

= 10 joules 
2coulombs 

= 5 

Thus, the voltage drop of the light bulb is 
5 volts. It is important to realize that this 
voltage exists between the two terminals of 
the bulb and that it can be measured with 
a voltmeter. In fact, the meter cannot tell 
the difference between a voltage rise pro
duced by a battery and a voltage drop pro
duced by a load. This is the reason that a 

-battery and a light bulb may both· have a 
rating of 12 volts. In the case of the battery 
it means that the battery supplies 12 volts. 
This is a voltage rise. However, for the light 
bulb, it means that a voltage drop of 12 volts 
is required to make it work. 

One difference between a voltage drop and 
a voltage rise is that the voltage drop occurs 
only when current flows through the load. 
A battery, on the other hand, has a voltage 
rise whether or not it is connected to a cir
cuit. 

Voltage Drops Equal Voltage 
Rises 

Figure 2-21A shows a 10 V battery with a 
light bulb connected across it. The battery 
provides a voltage rise of 10 volts. As elec
trons flow through the lamp, a voltage drop 
develops across it. Since the lamp consumes 
the same amount of energy as the battery 
provides, the voltage drop across the lamp 
is equal to the voltage rise across the battery. 
That is, the voltage drop is 10 volts. 

In Figure 2-21B, two light bulbs are con
nected in series across a 10-volt battery. 
Each bulb drops part of the 10 volts sup
plied. H the two lamps are identical, each 
will drop half of the supplied voltage as in
dicated in Figure 2-21B. H the two lamps 
are not identical, one bulb will drop more 
voltage than the other. However, the sum 
of the voltage drops will always equal the 
sum of the voltage rises. 

Voltage 2-33 



I-: ~ ® 10V 10V 

~ 
I 

VOLT AGE RISE = VOLTAGE DROP 

+ 
@ 10V 

L SV 

J 
VOLTAGE RISE : VOLTAGE DROPS 

Figure 2-21 The voltage drops are equal to 
the voltage rises. 

To be certain that you have the idea, consid
er the example shown in Figure 2-22A. 
Here, three batteries are connected series 
aiding across a single lamp. The sum of the 
voltage rises is equal to 12 volts. Hence, the 
lamp, since it is the only load, must drop 
12 volts. 

Now look at Figure 2-22B. In this case, two 
4.5 V batteries are connected in series with 
three identical lamps. The total voltage rise 
in the circuit is 9 V. Since the lamps are 
identical, each drops one-third of the ap
plied voltage or 3 V. Once again, the sum 
of the voltage rises equals the sum of the 
voltage drops. 

2-34 DC ELECTRONICS 

4V 

r''~ 
4V .=_ 

~11-

+ 
4.SV-=-

4V 

av 

.. 
I 

12V ® 
I .. 

@ 

Figure 2·22 The sum ol the voltage drops 
equals the sum of the voltage 
rises. 



Self-Test Review 

-
44. In any circuit in which current is flow- 48. Since current flow is caused by a volt-

ing, there are two types of EMF. One age rise, a voltage drop cannot exist un-
is called a voltage rise while the other less there is an accompanying voltage 
is called a voltage 

45. Any device which produces EMF is a 
49. If the voltage rise in a circuit is 10 volts, 

voltage source and can provide a volt- then the voltage drop will also be 

age (rise/drop). 
volts. 

50. No matter how many loads are con-

46. As with all forms of EMF, the voltage nected across a 10 volt battery. the 

rise is measured in sum of the voltage drops must equal 
volts. 

47. Unlike the voltage rise, a voltage drop 51. If two identical lamps are connected in 
is present across a load only when · series across a voltage source, each will 

is flowing through the drop of the applied volt-
load. age. 
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One of the most important points in the 
study of electricity and electronics is the 
concept of ground. Originally ground was 
just what the name implies - the earth. In 
fact, in some countries the name earth is 
used instead of ground. Earth is considered 
to have zero potential. Thus, ground or earth 
can be used as a reference point to which 
voltages, either positive or negative, are 
compared. 

Many electrical appliances in your home are 
grounded. This is especially true of air con
ditioning units, electric clothes dryers, and 
washing machines. Often this is done by 
connecting a heavy wire directly to a cold 
water pipe that is buried deep in the earth 

. (ground). In other cases, a third prong on 
the power plug connects the metal frame 
through a third line in your house wiring 
to ground. The purpose of this is to protect 
you in case a short circuit develops in the 
appliance. It also places the grounded metal 
parts of different appliances at the same po
tential so that you are not in danger of re
ceiving an electrical shock from a difference 
in potential between two appliances. This 
type of ground is sometimes called earth 
ground. The schematic symbol for earth 
ground shown in Figure 2-23A. 

In some electronic equipment, the zero re
ference point, or ground point, is the metal 
frame or chassis on which the various cir
cuits are constructed. In your automobile, 
the chassis or metal body of the automobile 
is considered as ground. If you look closely 
at the straps leaving the battery you will see 
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Concept of Ground 

that one connects directly to the metal frame 
of the car. This point is considered to be 
ground as is every other point on the metal 
frame. When working on pieces of equip
ment like these, all voltages are measured 
with respect to this chassis ground. In a 
schematic, chassis grounds are depicted as 
shown in Figure 2-23B. In many instances, 
the schematic symbols shown in Figures 
2-23A and 2-23B are used interchangeably. 

® ,,\,, 

© ~ 

Figure 2-23 Ground reference. 

There is another method of reference or 
ground used in electronics. For example, a 
certain point in a circuit is called ground 
although no point on the circuit connects 
to earth in any way. In this case, ground 
is simply a zero reference point within· an 
electronic circuit called a circuit ground. 
Usually, in a piece of electronic equipment 
the various circuit grounds are connected 
together. At any rate, all voltages measured 
within the circuit are measured with respect 
to circuit ground. The schematic symbol for 
a circuit ground is shown in Figure 2-2 3C. 



In electronics, ground is important because 
it provides you with a reference. This, in 
turn, enables you to use and measure both 
negative and positive voltages. Up to now 
you have studied only with relative voltages 
between two points. For example, a 6 V bat
tery has an EMF between its two terminals 
of 6 volts. You have not yet learned to think 
of this as + 6 volts or - 6 volts but rather 
simply 6 volts. 

However, the concept of ground allows you 
to express negative and positive voltages. 

- Remember ground is merely a reference 
point that is considered zero or neutral. H 
you assume that the positive terminal of a 
6 V battery is ground. then the negative ter
minal is 6 volts more negative. Thus, the 
voltage at this terminal with respect to 
ground is - 6 volts. 

On the other hand, if you assume that the 
negative terminal of the battery is ground, 
then the positive terminal with respect to 
ground is + 6 volts. Notice that the battery 
can produce -6 volts or + 6 volts depend
ing on which terminal you assign as a 
ground or reference. 

The schematic symbol for earth ground is 
once again shown in Figure 2-24A. Figure· 
2-24B shows how it is used in a circuit. 
Point A is at ground or zero potential. Now, 
since this is a 10 V battery, point B is at 
a plus 10 volt potential with respect to 
ground. We say that point B is ten volts 
above ground or that the voltage at this 
point with respect to ground is + 10 volts. 

J_ 

® 
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Figure 2·24 The polarity of the voltage de
pends upon the connection to 
ground. 
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Figure 2-24C shows why it is so important 
to have a ground or reference. Here the same 
battery is shown but with the positive termi
nal connected to ground. In this case, the 
positive terminal is the zero volt point in 
this circuit. Because the negative terminal 
is ten volts more negative, the voltage at· 
point A with respect to ground is -10 volts. 
Thus, we can use the battery as a +10 volt 
source or as a -10 volt source depending 
on which terminal is connected to ground. 

Another example is shown in Figure 2-24D. 
Here two batteries are connected in series, 
with the ground connection between them. 
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Thus, the zero reference is at point B. Since 
the top battery has an EMF of 10 volts, the 
voltage at point C with respect to ground 
is + 10 volts. The lower battery has an EMF 
of 6 volts. Because the positive terminal is 
connected to ground, the EMF at point A 
with respect to ground is -6 volts. 

Remember, voltage is always the measure 
of the potential difference between two 
points. Thus, in Figure 2-240, when you 
speak of the voltage at point A, what you 
really mean is the voltage between point A 
and ground. 



52. The common point in any circuit that 
acts as a zero reference is called 

53. If a piece of electronic equipment is 
grounded to a metal pipe driven deep 
into the earth or through the third 
prong in its plug, this type of ground 
is sometimes called 
ground. 

54. Some electronic devices use their 
frame as a reference point. In this case, 
the reference is referred to as a 
------1sr .... ound. 

Self-Test Review 

55. In any circuit, the ground acts as a 
_____ point. 

56. A 12 V battery becomes a +12 volt 
source when the termi-
nal is connected to ground. 

57. On the other hand, the same battery be
comes a -12 volt source when the 
-----terminal is connected to 
ground. 

58. When you say that the voltage at point 
A is + 12 volts, you mean that + 12 
volts of EMF exists between point A 
and ____ _ 
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The device most often used for measuring 
voltage is the voltmeter. There are many dif
ferent types of voltmeters in use today. 
Some use a mechanical meter movement 
like the one shown in Figure 2-25A. Here 
the voltage is read from a scale behind the 
moving pointer. Another type, called the 

@ 

FiPre 2-25 Typical Meters 
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Measuring Voltage 

digital voltmeter, is extremely popular. It is 
shown in Figure 2-25B. Here the voltage is 
read from a numeric display. This type of 
meter is usually more accurate and always 
easier to read. Generally speaking, it is also 
more expensive. 

® 



Regardless of the type of voltmeter. certain 
precautions must be taken to ensure accu
rate readings. To begin with. voltage is al- · 
ways measured between two points. The 
schematic symbol for the voltmeter is 
shown in Figure 2-26A. Notice that one of 
the leads is marked negative while the other 
is marked positive. As with the ammeter 
discussed earlier. polarity must be observed 
when using the voltmeter. This means that 
the negative lead must be attached to the 
more negative of the two points across 
which the voltage is to be measured. 

Fortunately, the voltmeter is much easier to 
use than the ammeter. When using the volt
meter, the circuit under test need not be bro
ken nor disturbed in any way. To measure 
the voltage between two points, simply 
touch the two leads of the voltmeter to the 
two points. However, remember tha~ you 
must observe polarity. 

Figure 2-26B shows how the voltmeter is 
connected to measure the voltage drop 
across the lower lamp. Notice that the nega
tive lead is connected to the more negative 
point. Also note that the meter is connected 
directly across the lower bulb. In this case, 
the meter is measuring a voltage drop. If the 
switch is opened so that current flow stops, 
the voltage drop disappears and the meter 
reading falls to zero. 

Figure 2-26C shows a different circuit with 
the meter connected to measure the voltage 
rise of the battery at the bottom of the illus
tration. Once again, polarity is observed and 
the meter is connected directly across the 

component. Here, the meter is used to mea
sure a voltage rise rather than a voltage 
drop. Therefore, the voltage remains con
stant when the switch is opened. Notice that 
the voltage rise does not depend on current 
flow. 

® 

®+ 

© 

Figure 2-26 Connecting the voltmeter. 

A couple of precautions must be taken when 
using a voltmeter. First, you should always 
make certain that the voltage you are going 
to measure is not higher than the meter can 
measure. If it is, the high voltage may dam
age the meter. Also, you should be certain 
the meter is on the proper range. For exam
ple, you should not attempt to measure 100 
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volts with the meter set to the 1 volt range. 
This, too, may damage the meter. When you 
are unsure of the value of VOJ.tage to be mea
sured, you should make your first measure
ment with the meter on a high range. This 
will prevent the unknown voltage from 
pegging the meter. 

For your own safety there are some other 
precautions that you must observe. You 
should hold the meter leads only by the in
sulated portions. Otherwise, you may re
ceive an electrical shock. 
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As you have seen, in most electronic de
vices voltages are measured with respect to 
ground. Therefore, when working on elec
tronic equipment, it is a good idea to con
nect one lead to ground and leave it there. 
This way only one hand is required to make 
voltage measurements. The other hand can 
be held away from the equipment. This 
greatly reduces your chances of receiving an 
electrical shock. · 



59. The device used for measuring voltage 
is the _____ _ 

60. If a voltmeter is connected across a 
voltage source then the EMF measured 
represents a voltage ____ _ 

Self-Test Review 

61. When the meter is connected across a 
load, the EMF measured represents a 
voltage ____ _ 

62. As ".vhen using an ammeter, when you 
use a voltmeter you must observe 
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The following is a point-by-point summary 
of Unit 2. If you are in doubt about any of 
the facts given here, you should review the 
appropriate portion of the text. 

EMF is the force that moves electrons. This 
force is a natural result of Coulomb's law. 

Potential difference is another name for the 
same force. It represents the potential for 
moving electrons. 

EMF or potential difference exists between 
any two charges that are. not exactly alike. 
A difference of potential exists between any 
uncharged body and any charged body. An. 
EMF exists between two unequal positive 
charges, between unequal negative charges, 

. and between any negative charge and any 
positive charge. 

Voltage is the .unit of measure of EMF or 
potential difference. The unit of voltage is 
the volt. One volt is equal to one joule of 
energy or work per coulomb of transferred 
charge. 

The joule is the metric unit of work and is 
equal to 0.738 foot pounds. 

The millivolt is 1/1000 volt. The microvolt 
is 1/1,000,000 volt. The kilovolt is 1000 
volts. The megavolt is 1,000,000 volts. 

EMF can be produced in several different 
ways. The most common method uses mag
netism and mechanical motion. Other 
methods use chemical reactions, friction, 
light, pressure, or heat. 
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Summary 

A cell is an electrochemical device that con
tains negative and positive electrodes sepa
rated by an electrolyte. 

A battery is a combination of two or more 
cells. 

There are two basic types of cells - the pri
mary cell and the second8ry cell. The pri
mary cell cannot be recharged. The second
ary cell can be recharged. 

The dry cell uses a paste-like electrolyte and 
can be used in any position. · 

The wet cell uses a liquid electrolyte. 

The most common type of dry cell uses an 
electrolyte of ammonium chloride and zinc 
·chloride. The positive electrode is carbon 
and the negative electrode is zinc. It pro
duces an emf of about 1.SV when new. It 
is a primary cell. 

The most common type of wet cell is used 
in the lead-acid battery. This is the type of 
battery used in almost all automobiles. 

The electrolyte is sulfuric acid and water. 
The positive electrode is lead dioxide and 
the negative electrode is pure lead. It pro
duces an emf of about 2.1V. It is a secondary 
cell which can be recharged repeatedly. 

The voltage produced by a cell is deter
mined by the chemical reaction and not by 
the size of the cell. However, current capac
ity is determined by the size. 



When two or more cells are connected in 
a series aiding configuration, the individual 
voltages add. Thus, a 6 volt battery can be 
formed by connecting four 1.5 volt cells in 
the series aiding arrangement. 

When two cells are connected in a series 
opposing configuration, the voltage pro
duced by one cell is subtracted from that 
produced by the other. This connection is 
norm.ally avoided. 

When two or more cells are connected in 
_ parallel, the output voltage is the same as 

that for any one cell. That is, the voltages 
do not add. However, the current capacity 
does increase. 

Cells can be connected in a series-parallel 
arrangement so that both the voltage and the 
current capacity increase. 

A voltage can exist at two different points 
in a circuit: where it is produced and again 
where it is used. A voltage that exists be
cause EMF is being produced is called a 
voltage rise. A voltage that exists because 
energy is being used is called a voltage drop. 

A voltage rise can exist with or without cur
rent flow. A voltage drop exists across a 
component only when current flows 
through the component. 

If one joule of energy is consumed by a load 
when one coulomb of charge flows through 
it. then the voltage drop across the load is 
one volt. 

· In a circuit in which current is flowing, the 
sum of the voltage drops is equal to the sum 
of the voltage rises. 

Ground is the name given to the point in 
a circuit that is used as the zero reference. 
Often this is the metal chassis or frame of 
the electronic device. 

Voltages may be negative or positive with 
respect to ground. A battery can be con
nected as a negative voltage rise or as a posi
tive voltage rise depending on how it is con
nected to ground. 

The device used to measure voltage is called 
the voltmeter. 

Voltage is measured between two points 
that have a difference of potential. 

You must observe polarity when connecting 
a voltmeter to a circuit. 

The voltmeter is connected across the volt
age rise or voltage drop to be measured. 

·Thus, you need not break the circuit under 
test when measuring voltage. 

A short offers no opposition to current flow. 
If a short is placed across a component, all 
current will pass through the short and no 
current will pass through the component. 
The voltage drop across a short is zero. 

. An open offers infinite opposition to current 
flow. In a series circuit, the voltage mea
sured across an open is equal to the voltage 
rise in the circuit. 
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In this unit, you will study resistance. Resis
tance is the name given to that property of 
any substance that causes it to oppose cur
rent flow. All materials have this property 
to some extent. Some materials such as glass 
and rubber offer a great deal of opposition 
to current flow. They allow almost no cur
rent to flow through them. Thus, they are 

Introduction 

said to have a very high resistance. Other 
materials such as silver and copper offer 
very little opposition to current flow. There
fore, they have a very low resistance. 

This unit deals with the characteristics of 
resistance. It describes what resistance is, 
how it is measured, and how it is used. 
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When you have completed this unit, you 
will be able to: 

1. Define the following terms: Resistivity, 
resistance, conductance, ohm, thermis
tor, potentiometer, I.DR, positive tem
perature coefficient, negative tempera- · 
ture coefficient, specific resistance, and 
rheostat. 

2. Name four factors th.at determine the 
resistance of a substance and state the 
relationship th.at these factors have to 
the resistance of a substance. 

3. State the difference between a conduc
tor and an insulator, in terms of resis
tance. 

4. Given the gauge and type of wire, cal
culate the resistance of a length of wire. 
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Unit Objectives 

5. Determine a resistor's value and toler
ance by examining its color code. 

6. Determine a resistor's power rating by 
examining its size. 

7. Calculate the total resistance of resis
tors in series, parallel, and series
parallel configurations. 

8. State the effects of connecting resistors 
in series and parallel, in terms of cir
cuit resistance. 

9. Describe the correct method for using 
an ohmmeter. 

10. State the relationship between resis
tance, current, and voltage. 

11. Name three types of fixed resistors. 



If a short length of copper is connected 
across a battery, a great deal of current will 
flow - so much, in fact, that the battery 
will quickly discharge. If the same length 
of rubber is connected across the same bat
tery, no measurable current will flow. Obvi
ously, then copper and rubber have very dif
ferent characteristics in regard to current 
flow. 

The difference in these two materials stems 
from their atomic structure. In copper, there 
are a great number of free electrons drifting 
aimlessly through the spaces between the 
atoms. When an EMF is applied, these elec
trons are free to move and current flow re
sults. In rubber, the situation is different. 
Here, very few electrons drift freely between 
the molecules. Therefore, an EMF can cause 
very few electrons to move. The result is 
little or no current flow. 

Copper offers little opposition to current 
flow while rubber offers a great deal of op
position. This opposition to current flow is 
called resistance. The resistance of copper 
is very low while the resistance of rubber 
is very high. The resistance of a material is 
determined largely by the number of free 
electrons in the material. 

The Ohm 

The unit of measurement for resistance is 
the ohm. This unit is named for Georg 
Simon Ohm, a German physicist who dis
covered the relationship between voltage, 
current, and resistance. 

Basic Concepts 

An ohm may be defined in several differ~nt 
ways. Originally, the ohm was defined as 
the resistance of a column of mercury that 
is 106.3 centimeters long and 1 square mil
limeter in cross sectional area. Once the 
ohm was defined in this way, it allowed 
anyone with the proper equipment to con
struct a 1 ohm standard. Unfortunately, this 
particular standard makes the resistance of 
an ohm hard to visualize. 

It may be helpful to think in terms of some
thing with which you are more familiar. A 
length of number 22 insulated copper wire 
that is 60 feet long has a resistance of about 
one ohm. 

The most common way to define the ohm 
is in terms of voltage and current. One ohm 
is the amount of resistance that will allow 
one ampere of current to flow in a circuit 
to which one volt of EMF is applied. Stated 
another way, if one volt causes one ampere 
of current in a circuit then the resistance 
of the circuit is one ohm. Figure 3-1 illu
strates these three ways of defining the ohm. 

The Greek letter omega (fl) is commonly 
used to represent the ohm. Thus, 1 ohm may 
be written 1 . n. Also, one thousand ohms 
may be written as 1000 n, 1 kilohms, or as 
1 kn. Finally, one million ohms may be 
written as 1,000,000 n. 1 megohms, or a 
1Mfi. 

In electronics, the letter R is used to repre
sent resistance. Therefore, in the shorthand 
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of electronics the statement "the resistance 
is ten ohms" may be written as an equation: 

"R = 100." 

r 
106.3 

RESIST AN'CE OF COLUMN 
OF MERCURY WITH 
DIMENSIONS SHOWN 

,.., .. ___ 60 FEET ---"'I 

I 
NUMBER 22 

COPPER WIRE 

RESISTANCE OF 60 FEET 
OF NUMBER 22 COPPER WIRE 

• 

RESISTANCE WHICH ALLOWS 
ONE AMPRERE TO FLOW WHEN 
EMF IS 1 VOLT 

Figure 3-1 The ohm. 
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Resistivity 

You cannot directly compare the resistances 
of two substances because their resistances 
will vary with their shape, size, and temper
ature. However, every substance has a prop
erty called specific resistance or resistivity 
that can be compared directly if all other 
characteristics are alike. 

For wire, the resistivity is defined as the re
sistance of a one-foot length of wire. This 
one foot length must be exactly 0.001 inch 
(1 mil) in diameter and its temperature must 
be exactly 20 degrees centigrade. These re
quirements standardize the shape, size, and 
temperature of substances being compared 
so that any difference in resistance is caused 
solely by the material's atomic structure. 

· The resistivity of several substances is 
shown in Table 3-1. Notice that silver has 
the lowest resistivity while copper is a close 
second. At the bottom of the list are glass 
and rubber. Silver and copper are the best 
conductors while glass and rubber are two 
of the best insulators. 

As you have seen, both conductors and in
sulators are important in electronics. Con
ductors have many free electrons so they 
conduct current very easily. Thus, they are 
used to carry current from one place to 
another. Most metals such as silver, copper, 
gold, aluminum, tungsten, zinc, brass, . 
platinum, iron, nickel, tin, steel, and lead 
are good conductors. 



RESISTIVITY 
SUBSTANCES IN OHMS/MIL FOOT 

Silver 9.9 
Copper 10.4 
Gold 15.3 
Aluminum 17.0 
Tungsten 33.8 
Iron 58.0 
Steel 100.0 
Conslawlan 295.0 

Glass 101111 

Rubber 10-

· Insulators, or nonconductors, are sub
stances that have few free electrons. There
fore, they have very high values of resistiv
ity. These substances are used to prevent 
electrical conduction. Most wires are coated 

· with an insulator so that they do not acci
dentally short out when used to carry elec
tricity. Some examples of insulaton? are 
glass, rubber, plastic, mica, and dry air. 

To summarize, it is the resistivity of a mate
rial that determines if the material is a con
ductor or an insulator. Resistivity is the re
sistance of a specific size and shape of a 
material at a specific temperature. 

Conductance 

Sometimes it is more convenient to think · 
in terms of how well a material conducts 
·current rather than in terms of how well it 
opposes current. Because of this, a property 

·called conductance is often used. Conduc
tance is the opposite of resistance. It is de-

fined as the ease with which a substance 
allows current to flow. Mathematically, con
ductance is the reciprocal of resistance. This 
means that conductance is equal to the 
number 1 divided by the resistance. Or 
stated as an equation: 

Conductance = 
1 

Resistance 

The letter G is used to represent conduc
tance. Therefore, the equation can be writ- · 
ten: 

G 
1 = R 

The unit of conductance is the mho, pro
. nounced "moe:" Notice that this is ohm 
spelled backwards. The mho is the recip
rocal of the ohm. Therefore, 

mhos = 
1 

ohms 

A substance with a resistance of 1 ohm has 
a conductance of 1 mho. However, a resis
tance of 2 ohms in a substance results in 
a conductance of 1/2 or 0.5 mhos and if the 
resistance is 1000 ohms or 1 kilohm, the 
conductance is 0.001 mhos or 1 millimho. 

In most cases it is more convenient to think 
in terms of ohms (resistance) rather than in 
terms of mhos (conductance). Therefore, 
discussions in this course will be related to 
resistance. However, it is important to re
member the mho because a key characteris
tic of the vacuum tube and the field-effect 
transistor is given in mhos. 
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Factors Determining 
Resistance 

The most important factor in determining 
resistance is the resistivity of a material. 
However, three other factors also contribute· 
to a substance's resistance. These are the 
length, cross-sectional area, and tempera
ture of the material. This is why these three 
variables are carefully defined when deter
mining resistivity. The followiD:g is a more 
detailed discussion of each of these factors. 

Length. 

A 60-foot length of number 22 ( #22) insu
lated copper wire has a resistance of about 
1 ohm. A 120-foot length of the same wire 
has a resistance of approximately 2 ohms. 
Thus, if you double the length of the wire, 
the resistance also doubles. In other words, 
the resistance of a conductor is directly 
proportional to its length. In fact, with any 
material, the greater the length, the higher 
will be the resistance. The reason for this 
is that the electrons must travel further 
through the resistant medium. Thus, if the 
length doubles, the resistance doubles; if the 
length triples, the resistance triples; and so 
forth. 

Cross-Sectional Area. 

The cross-sectional area of a conductor is 
determined by its thickness or diameter. As 
you know, good conductors have a large 
number of free electrons. In fact, the more 
free electrons available per unit of length, 
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the better the conductor. Obviously then, a 
large diameter conductor has more free elec
trons per unit of length than a small diame
ter conductor of the same material simply 
because of its increased size. Therefore, 
large diameter conductors have less resis
tance than smal1 diameter conductors. 

All other things being equal, the resistance 
of a substance is inversely proportional to 
its cross-sectional area. If the cross-sectional 
area doubles, the resistance drops to one 
half its former value. Also, if the area triples, 
the resistance drops to one third of its previ
ous value. 

Temperature. 

With most materials, the resistance changes 
when the temperature changes. With 
changes in length and cross-sectional area, 
you know exactly how the resistance will· 
change because changes in these factors af- . 
feet all materials in the same way. However, 
with changes in temperature, this is not the 
case. Not all materials change resistance in 
the same direction or by the same amount 
when temperature changes. 

In most materials, an increase in tempera
ture causes an increase in resistance. Mate
rials that respond in this way are said to 
have a positive temperature coefficient. If 
a material has a positive temperature coeffi
cient, its resistance increases as temperature 
increases and decreases as temperature de
creases. 



A few substances. such as carbon, have a 
negative temperature coefficient. This 
means that their resistance decreases as 
temperature increases. There are also mate
rials whose resistance does not change at 
all with changes in temperature. These ma
terials are said to have a zero or constant 
temperature coefficient. 

In most elementary circuits, the temperature 
coefficients of the components are not criti
cal and are simply ignored. However, in 
some circuits the temperature coefficients 
are important, and they must be considered 
in the design. 

A device called a thermistor uses the effect 
of temperature on resistance to great advan
tage. A thermistor is a special type of resis
tor that changes resistance when its temper
ature changes. Such devices normally have . 
a negative temperature coefficient. In many . 
thermistors, the resistance value can drop 
to one half its former value for a temperature 
rise of 20 degrees centigrade. Thermistors 
are often used in temperature sensing cir
cuits and as protective devices. 

Resistance of Wire 

You can determine the resistance of a length 
of copper wire from the information in 
Table 3-2. The first column of this table 
shows the gauge· of the wire. This is the 
common reference used when speaking of 
wire. For example, wire can be referred to 
as 22 gauge or #22 wire. The diameter of 

OHMS PER 1000 FT 
NUMBER DIAMETER AREA.IN 

INMILS CIRCULAR MILS COPPER• COPPER• 
68"F 167"F 

0000 460 211,600 .049 .0596 
000 410 167.800 .0618 .0752 
00 365 133,100 .078 .0948 
0 . 325 105.500 .09B3 .1195 

1 289 83.690 .1239 .151 
2 258 66.370 .1563 .190 
3 229 52,640 .1970 .240 

• 204 41,740 .2485 .302 

5 182 33,100 .3133 .381 
6 162 26.250 .395 ."81 
7 1'44 20.820 .498 .606 
8 128 16,510 .628 .764 

9 114 13,090 .792 .963 
10 102 10.380 .999 1.215 
11 91 8.234 1.260 1.532 
12 81 6.540 1.588 1.931 

13 72 5,178 2.003 2..'44 
14 64 4.107 2.525 3.07 
15 57 3,257 3.184 a.87 
16 51 2.583 4.016 4.88 

17 45.3 2,048 5.06 6.16 
18 40.3 1,624 6.39 7.77 
19 35.9 1,288 8.05 9.79 
20 32.0 1,022 10.15 12.35 

21 28.5 810 12.8 15.6 
22 25.4 642 16.1 19.6 
23 22.6 510 20A 24.8 
24 20.1 404 25,7 31.2 

25 17.9 320 32.4 39.4 
26 15.9 254 40.8 49.6 
27 14.2 202 51.5 62.6 
28 12.6 160 64.9 78.9 

29 11.3 126.7 81.8 99.5 
30 10.0 100.5 103.2 125.5 
31 8.93 79.7 130.1 158.2 
32 7..95 63.2 164.1 199..5 

33 7.08 50.1 207 252 
34 6.31 39.8 261 317 
35 5.62 31.5 329 400 
36 5.(11) 25.0 415 sos 

'ST 4.45 19.8 523 636 
38 3.96 15.7 660 802 
39 3.53 12.5 832 1012 
40 3.15 9.9 1049 1276 

Table 3-2 Wire gauge chart. 
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each wire in this chart is 1.123 times as large 
as the diameter of the succeeding wire. This 
is more obvious when you look at column 
two of the chart. 

Column two lists the diameter of each gauge 
wire in mils. A mil is equal to .001 inches. 
H you look at #000 (pronounced "three 
aught") wire. you see that it has a diameter 
of 410 mils. Now if you multiply 410 mils 
times 1.123 you get the diameter of the next 
larger size wire-460 mils for #0000 wire. 

Column three contains the cross sectional 
area of each wire in circular mils. A circular 
mil is the area of a circle with the diameter 
oflmil. 

Columns four and five list the resistances 
of 1000 ft of a given gauge of wire. Column 
four contains the resistance of the wire at 
68 degrees F. while in column five. the re
sistance values are given at 167 degrees F. 
For example, 1000 ft of #9 wire has a resis
tance of .792 ohms at 68 degrees F and .963 
ohms at 167 degrees F. 

H you want to determine the resistance of 
a specific length of copper wire, you use the 
formula: 

Length of wire R . f ooo ft f · 
1000 

x eslS. o 1 o wue 

For example. the resistance of 150 ft of #15 
copper wire at 67 degrees F is: 

Not all wire, however, is copper. Since each 
type of material has its own resistivity, you 
must adjust your resistance calculations ac
cording to the types of wire that you are 
using. You can do this by using the conver
sion factors given in Table 3-3. 

If you look at this table, you see that the 
conversion factor for aluminum is 1.59. This 
means that resistance of aluminum wire is 
1.59 times as great as the resistance of the 
same amount of copper wire. Therefore, if 
you use the calculations from the previous 

_problem you see that the resistance of 150 
ft of #15 aluminum wire is; 

.48 ohms x 1.59 = .76 ohms 

In this way, you can determine the resis
tance of any of the types of wire shown in 
Table 3-3. 

AUJMINUM 1.59 
BRASS 4.40 
GOLD 1.38 
IRON 6.67 
LEAD 12.76 
NICHROME .60.00 
NICKEL 7.73 
PLATINUM 5.80 
SILVER 0.92 
STEEL. 8.62 
TIN 8.2 
TUNGSTEN 3.2 
ZINC 3.62 

Table 3-3 Ratio of resistance of metals as 
compared to copper. 12!!1! x 

1000 
3.184 ohms/1000 ft = .4so--
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1. All substances oppose the flow of cur
rent to some extent, therefore, all sub-
stances have some _____ _ 

2. If an EMF of 1 volt causes a current 
of 1 ampere, then the resistance of the 
material through which the current is 
flowing is _____ _ 

3. is defined as the resis-
tance of a one mil-foot section of a par
ticular material at 20 degrees C. 

4. Substances with very low resistivity 
values are good (Conductors/ 
Insulators). 

5. Materials such as glass, rubber, mica, 
and dry air have (Low/High) resistivity 
values. 

6. The ease with which a substance al
lows current to flow is called 

Self-Test Review 

7. The greater the length of a material, the 
_____ the resistance will be. 

8. The greater the cross sectional area of 
a wire, the the resistance 
of the wire will be. 

9. If the resistance of a material increases 
when the temperature increases, the 
material is said to have a ____ _ 
temperature coefficient. 

10. If the resistance of a material decreases 
as the temperature increases, the mate
rial is said to have a tem
perature coefficient. 

11. A special type of resistor which uses 
the temperature coefficient to good ad
vantage is called a-----
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A resistor is an electronic component that 
has a certain specified opposition to current 
flow or resistance. Of course. other types of 
components also have some resistance but 
the resistor is designed specifically to in
troduce a desired amount of resistance into 
a circuit. 

Wire-Wound Resistors 

You have seen that copper has a resistivity 
of about 10 ohms per mil-foot. You can wrap 
a one foot length of 1 mil diameter copper 
wire on an insulated form and attach leads 
as shown in Figure 3-2A. This gives you a 
10 ohm wire-wound resistor. The process 
for producing practical wire-wound resis
tors is a little more involved but the idea 
is the same. 

The resistance wire used is generally made 
from a nickel-chromium alloy, called ni
chrome, that is about 60 times as resistive 
as copper. The form on which the wire is 
wound is often a ceramic tube. After the 
leads are attached, the form and wire are 
covered with a hard protective coating. This 
type of resistor is often used in high current 
circuits where relatively high amounts of 
power must be dissipated. The resistance 
range can vary from less than an ohm to sev
eral thousand ohms. The wire--wound tech
nique is also used to produce precise value 
resistors. Such precision values are often re-
quired in meter circuits. 
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® 
WIRE-WOUND 

Resistors 

CERAMIC FORM 

METAL 
CONNECTOR 

PROTECTIVE 
NONCONDUCTING 

COATING 

CARBON AND 
BINDER MIXTURE 

@ CONNECTING WIRE 

CARBON-COMPOSITION 

© -NV'-
SCHEMATIC SYMBOL 

Figure 3-2 Types of resistors and their 
schematic symbols. 

Carbon-Composition 
Resistors 

The element carbon is neither a good con
ductor nor a good insulator. Instead. it falls 
in-between and is called a semiconductor. 
This makes carbon ideal as a material for 
resistors. By combining carbon granules and 
a powdered insulating material in various 
proportions production of a wide range of 
resistor values is possible. 



Figure 3-2B shows the construction of th.is 
type of resistor. Granules of carbon and a 
binder material are mixed together and 
shaped into a rod. Wire leads are inserted 
and the package is sealed with a noncon
ductive coating. 

Carbon-composition resistors are inexpen
sive and, at one time, were the most com
mon type used in electronics. Generally, 
they are used in low current circuits where 
they are not subjected to great amounts of 
heat. Values can vary from 10 ohms or less 
to 20 megohms or more. 

Incidentally, all resistors share the same 
schematic symbol. The schematic symbol 
for the resistor is shown in Figure 3-2C. 

Deposited-Film Resistors 

Another type of resistor th.at is presently the 
most popular type is the film-type resistor. 
The construction of a film-type resistor is 
shown in Figure 3-3. In these devices, a re
sistance film is deposited on a nonconduc
tive rod. Then the value of resistance is set 
by cutting a spiral groove through the film. 
This changes the appearance of the film to 
that of a long, flat ribbon spiralled around 
the rod. The groove sets the length and 
width of the ribbon so th.at the desired resis
tance value is achieved. Several metal-film 
types are available. One uses a nickel
chromium (nichrome) film on an aluminum 
oxide rod while another uses a tin-oxide 
film on a glass rod. Carbon-film is used 
when precision resistors are required. 

Figb.re 3-3 Deposited film resistor. 

Resistor Ratings 

Resistors have three very important ratings: 
resistance (in ohms), tolerance (in percent) 
and wattage (in watts). If you know what 
to look for, these ratings can usually be de
termined by examining the resistor. The fol
lowing explains each of these ratings in 
more detail. 

Resistance. 

You have already learned about resistance 
in some detail. You know that resistance is 
determined by the length, the cross-sec
tional area, and the resistivity of a material. 
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It is possible to identify the resistance of any 
resistor. With wire wound resistors, the 
value is normally written somewhere on the 
resistor. However. with carbon-composition 
and film resistors the value is usually indi
cated by color bands. 

Figure 3-4 shows the color code normally 
used on resistors. As you can see, there are 
four bands on the resistor. The code is read 
starting with the band closest to the end of 
the resistor; band 1. The color of band 1 cor
responds with a number from O to 9 as indi
cated in column 1 of Figure 3-4. This is the 
first digit of the resistor's nominal value. 

Band 2 also represents a number from O to 
9 and is the second digit of the resistor's 
nominal value. Thus, if the colors of the first 
two bands are red-red. the first two numbers 
of the resistor's value are 22. 

·The third band on the resistor is the multi
plier band. The number indicated in the 
first two bands is multiplied by the corre
sponding value given in column 3 of Figure 
3-4. For example, a red-red-red color code 
is the number 22 multiplied by 100 or 2200. 
This means that the resistor has a nominal 
value of 2200 n. 

COLOR BAND 1 BAND 2 BAND 3 BAND 4 
FIRST NUMBE SECOND NUMB MULTIPLIER TOLERANCE 

BLACK o 
BROWN 1 
RED 2 
ORANGE 3 
YELLOW 4 
GREEN 1---..;;:;._--1 

BWE 
VIOLET 
GRAY 
WHITE 
GOLD 
SILVER 

6 
7 
8 
9 

Figure M Color code for resistors. 
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0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 
10 

100 
1000 

10,000 
100,000 

1,000,000 
10,000,000 

100,000,000 
,000,000,000 

0.1 
0.01 



Some resistors have·five color bands. If this 
is the case, the first three bands represent 
numbers and the fourth band is the multi
plier band. In carbon resistors the fifth band 
is a failure rate specification. 

The fourth band shown in Figure 3-4 is the 
tolerance band. It is discussed in the next 
section. 

Tolerance. 

The resistance of any-resistor is rarely the 
exact value indicated on the resistor. It 
would be extremely difficult and expensive 
to produce resistors of exact values. For this 
reason, resistors have a tolerance rating. In 
the color code, different colors indicate vari
ous tolerance ratings. For example, a 1,000 
ohm resistor may have the toleranc~ of ± 
10 percent. Ten percent of 1000 is 100. 
Therefore, the actual value of the resistor 
can be anywhere from 900 ohms (1000 
100) to 1100 Ohms (1000 + 100). 

Tolerances of ± 5 percent, ± 10 percent, 
and ± 20 percent are common for carbon 
composition resistors. Precision resistors 
often have a tolerance of - 1 percent or less. 
Generally, the lower the tolerance, the more · 
the resistor costs. 

Wattage. 

Wattage rating refers to the maximum 
amount of power or heat that the resistor 

can dissipate without burning up or sig
nificantly changing value. As shown in Fig
ure 3-5, the larger the physical size of the 
resistor, the more power it can dissipate and 
the h~gher the wattage rating. 

Carbon composition resistors generally have 
fairly low wattage ratings. Ratings of 2 
watts, 1 watt, 1/2 watt, and 1/4 watt are the 
most common. Wire wound resistors can 
have much higher wattage ratings. A rating 
as high as 250 watts is not too uncommon 
for a wire wound resistor. 

118 watt---! 1--- 0.145 

mm 
1/4 watt---! 1--0.25 

============~111111------====---= 
1/2 watt--/ f--o.375 

==llDJ1==== 
2 watt --1 0.688 J..--

Figure 3·5 Dimension in inches of carbon 
composition resistors. (Cour
tesy Allen-Bradley) 
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Variable Resistors 

The volume control on your TV receiver or 
radio is an example of a variable resistor. 
Variable resistors are resistors whose values 
can be changed in one way or another. As 
with fixed resistors, variable resistors can 
be constructed of many different materials. 

Figure 3-6A illustrates the construction of 
a variable carbon resistor. Figure 3-6B 
shows the rear-view of the inside of this de
vice. A flat, circular strip of carbon is 

mounted between the two end terminals. A 
contact that moves along the resistance ele
ment connects to the center terminal. This 
arm is attached to a moveable shaft. If the 
arm is moved in a clockwise direction as 
shown by the arrow, the resistance between 
terminals 1 and 2 increases because the 
amount of resistive material between these 
two terminals increases. Notice that, simul
taneously, the resistance between terminals 
2 and 3 decreases. This happens because the 
amount of resistive material between these 
two terminals decreases. This type of vari
able resistor is called a potentiometer or 
simply a pot. A potentiometer has three ter
minals. 

TERMINALS 

® 
@~ © 

2 

© 1~3 
POTENTIOMETER 

Figure 3-6 Variable resistors. 

3-16 DC ELECTRONICS 

© 

MOVEABLE 
ARM 

TERMINALS 



A slight variation of this arrangement is 
called a rheostat. A rheostat has only two 
terminals. Thus, this arrangement can be 
changed to a rheostat by removing or not 
using either terminal 1 or terminal 3. Notice 
that the resistance between terminals 1 and 
2 can still _be varied without terminal 3. 
However, without the third terminal the 
flexibility of the device is greatly reduced. 

Wire-wound potentiometers are also com
mon. Many have the same outward appear
ance as the potentiometer shown in Figure 
3-6A. However, the internal construction is 

slightly different. As shown in Figure 3-6C,. 
resistance wire is wound around an insulat
ing core. A contact arm moves along the bare 
wire changing the resistance between the cen
ter and outside terminals. Figure 3-6D shows 
the schematic diagram of a potentiometer. 

Another type of variable resistor is shown in 
Figure 3-6E. This type is sometimes called a 
sliding contact resistor. It is used in high
power applications where the resistance value 
must be initially set or occasionally reset. 
The resistance value is changed by moving 
the sliding contact along the bare resistance 
wire. The Figure also shows the schematic 
diagram of the variable resistor. 
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12. A resistor is an electronic component 
designed to introduce a specific and 
desired amount of into a 
circuit. 

13. The schematic symbol for the resistor 
is ____ _ 

14. One type of wire used in wire wound 
resistors is an alloy of nickel and 
chromium called ____ _ 

15. Wire-wound resistors generally have 
relatively low resistance values but can 
have high ratings. 

16. Because it is extremely expensive to 
make resistors of exact values. resistors 
have a rating. 

17. Because of their relatively small phys
ical size, carbon composition resistors 
are limited to relatively low 
-----applications. 
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Self-Test Review 

18. With carbon-composition and deposi
ted-film resistors. the resistance values 
are generally indicated by 

around 
the resistor. 

19. The rating is usually in-
dicated by the physical size of the resis
tor. 

20. Potentiometers. rheostats, and slide
wire resistors are examples of 
_____ resistors. 

21. The is a variable resistor 
that has only two terminals while the 
-----has three terminals. 

22. The symbol for the variable resistor is? 



Connecting Resistors 

. Resistors are often connected in series, in 
parallel, and in series-parallel combina
tions. In order to analyze and understand 
electronic circuits, you must be able to com
pute the total resistance of resistor net
works. 

Resistors In Series 

As mentioned earlier, a series circuit is one 
in which the components are connected end 
to end as shown in Figure 3-7 A. Notice that 
the same current flows through all compo-

- nents or, to state it another way, there is 
only one current path through the circuit. 
The current in the circuit must flow through 
all three resistors ·one after the other. There
fore, the total opposition to current flow is 
the total resistance of the three resistors. 

An example is shown in Figure 3-7B.· Here. 
three resistors are connected in series. The 
total resistance is called RT and is the resis
tance across the entire series circuit. RT is 
found by adding the individual resistor 
values together. That is: 

RT = 10 n + 20 n + 30 n 

RT =600 

The three resistors in series present the 
same opposition to current flow as a single 
60 ohm resistor. 

® 
R 

1 

ONE 
_ CURRENT 

~:: __ _, 

Ra 

@ 
R •100. 

1 

RT•eon R2•2on 

~·~ 
R

3
•aon 

© 

·TEJ 
@ 

R •7son 
3 

Figure 3-7 Resistors in series. 
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This example used three resistors. However, 
the same principle holds true for any 
number of series resistors. Thus, in Figure 
3-7C a 1 kn resistor in series with a 5 kn 
resistor has a total resistance of 6 kn or 6000 
0. The circuit shown in Figure 3-7D uses 
six resistors. Some of the values are given: 
in kilohms while others are given in ohms. 
To avoid confusion, you can convert all 
values to ohms. R1, R3, and Rs are aheady 
expressed in ohms. R2 is equal to 1 kO or 
1000 0. ~is 1.2 kn or 1,200 0. And Rt; 
is 3.3 kn or 3300 0. Thus, the total resis
tance RT is found by adding: 

RT = 5000 + 10000 + 7500 + 12000 
+ 6000 + 33000 

RT = 7350 0 or 7.35 kO 

Resistors in Parallel 

In parallel circuits, components are con
nected across each other so that there are 
two or more paths for current flow. Figure 
3-BA is an example of a parallel circuit. 

To see how resistors in parallel afiect a cir
cuit, you can add a switch, 81, in series with 
R2 so that you can switch R2 in and out of 
the circuit. The resulting circuit is shown 
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in Figure 3-8B. With 81 open, a given 
amount of current flows through R1 • The 
amount of current is determined by the re
sistance of R1 and the applied voltage. Be
cause there is only one path for current 
flow, the current through R1 is the total cir-. 
cuit current. 

® R2 

TWO 
CURRENT 

s1 PATHS 

°l 
® _J 

R1 R2 

Figure 3-8 Resistors in parallel. 



Now see what happens when the switch is 
closed. The current through Rt remains un
changed since neither the resistance of Rt 
nor the applied voltage has changed. How
ever, an additional current path is now 
available through resistor R2. As a result, 
current now flows through R2. Thus, the 
total current provided by the battery in
creases. ff R2 has the same resistance as Ri, 
both resistors will off er the same amount of 
opposition to current flow. Thus, the cur
rent through Rt, will equal the current 
through R2. In this case, the current pro
vided by the battery doubles when R2 is 
switched in parallel with Rt. 

Regardless of the resistance of Rt and R2, 
the total current provided by the battery al
ways increases when R2 is placed in parallel 
with Rt because a second current path is 
created. Obviously then, the total opposi
tion to current flow, or total resistance, de
creases since more current now flows. Thus, 
when one resistor is placed in parallel with 
another, the total resistance decreases. As
suming that Rt and R2 are equal, when the 
switch is closed the total current doubles. 
Thus, the total resistance has dropped to 
one half its former value. 

There is a simple formula for finding the 
total resistance of two resistors in parallel. 
The formula is: 

Figure 3-8C shows an example of a parallel 
circuit where the value of the resistors is 
not equal. Here a 15 ohm resistor (Rt) is in 
parallel with a 10 ohm resistor (R2). You can 
find the total resistance, RT. in the following 
way. 

RT = R1 x R2 
Ri + R2 

RT 
15.0 x 10.0 

= 15.0 + 10.0 

RT 
150.0 ---
25.0 

RT = 6.0 

The two resistors in the circuit connected 
in parallel have the same effect on current 
flow as that of a single 6 .0 resistor. The 
total resistance calculated for a parallel cir
cuit is also referred to as equivalent resis· 
tance or effective resistance. 

Figure 3-80 shows another example. Here 
a 1 kn resistor is in parallel with a 9 kn 
resistor. 

1000 n x 9000 n = 1000.0 + 9000.0 

= 9,ooo.ooo n 
10,ooon 

RT = 900.0or.9k.O 
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The product over sum formula is normally 
used when two resistors are in parallel. 
However, it can also be used with three or 
more resistors. For example, Figure 3-9A 
shows four resistors in parallel. Using the 
formula, an equivalent resistance for Ri and 
Rz can be found. Then, using the formula 
again, an equivalent resistance for Rs and 
Rt can be found. Finally, the formula can 
be applied to the two equivalent resistances 
so that the total resistance can be found. 
However, this method involves using the 
formula three different times to find the re
sistance of a single circuit. 

There is a more efficient method for cal
culating total resistance when more than 
two resistors are connected in parallel. The 
formula is: 

Using this formula for the circuit shown in 
Figure 3-9A, you can find the total resis
tance (RT): 

1 
RT = ------------------------~ .01 o + .01 o + .0025 o + .0025 o 

1 
RT=----

.0250 

RT =400 

3-22 DC ELECTRONICS 

Figure 3-9B shows an example using only 
three resistors. Again, to find RT. 

1 
RT = ------------

.002 o + .002 o + .004 o 
1 

RT=----
.0080 

RT = 1250 

@ 

® 
R •250Q 

3 

Figure 3·9 Compute the total resistance. 



Equal Resistors In Parallel 

Sometimes two or more resistors that have 
the same value are placed in parallel. There 
is a simple rule that covers this situation. 
When all the resistors in parallel have the 
same'value, the total resistance can be found 
by dividing that value by the number of re
sistors in parallel. More simply, this rule 
states that: 

VALUE OF ONE RESISTOR RT = ~~~~~~~~~--~--~ 
NO. OF RESISTORS IN PARALLEL 

LikewiSe, when three resistors of the same 
size are connected in parallel, the total resis
tance is one third the value of one resistor. 
Thus, in Figure 3-lOB: 

In Figure 3-lOC: 

RT = 3300 
3 

RT = 1100 

16kn 
RT=-

4 

2on. 2on. 

®.Ry•? 330 .n 330ll. 3300 

© R•? 
T 16kll. 16kn 16ktl 16k.0 

Figure 3-10 When all resistors have the 
same value, RT equals a single 
resistor value divided by the 
number of resistors in parallel. 

Series-Parallel Connections 

In many circuits, a parallel branch is con
nected in series with one or more resistors 
as shown in Figure 3-1 lA. Even so, the total 
resistance is easy to calculate using the for
mulas shown earlier. The first step is to 
compute an equivalent resistance for the 
parallel branch. Then this equivalent resis
tance is added to the series resistance 
values. 
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Figure 3·11 Simplifying the series parallel 
circuit. 

For example, you must first find the equiva
lent resistance for the parallel network 
made up of R2 and Ra. Let's call this equiva
lent resistance RA. Using the formula for a 
two resistor parallel branch, you find: · 

RA 
R2 x Ra - R2 +Ra 

RA 
2000 x 3000 

= 2000 + 3000 

RA 60,0000 - 5000 

RA = 1200 
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Now you substitute RA for the parallel net
work as shown in Figure 3-llB. You can 
do this because RA has the same effect on 
the current flow through the circuit as the 
parallel branch that it replaces. Once you 
have the circuit in this simplified form, you 
use the formula for finding the total resis

. tance in a series circuit. 

RT = 1000 + 1200 + 3000 

RT = 5200 

The circuit shown in Figure 3-12A is an ex
ample of a more complex series-parallel cir
cuit. In order to determine the total resis
tance of this circuit, you must first simplify 
the circuit. 

You may have difficulty determining where 
to begin the simplification process, espe
cially when you first start doing these types 
of problems. An easy way to determine 
where to start is to trace the current flow 
through the circuit. When you reach the 
point where the current path divides for the 
last time, you've arrived at your starting. 
point. 

In Figure 3-12A you can see that the current 
path splits for the last time at the branch 
made up of resistors Ri .and Ra. 



® 

® R1 "1200 RA= 800. 

~ 
R4=200Q __; 
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1tr=6000 

Figure 3·12 Complex series-parallel cir
cuit. 

The first step in determining the equivalent 
resistance of the circuit is to determine the 
resistance of the parallel network that is 
made up of R2 and R3• This is done using 
the two resistor parallel network formula. 
This resistance will be RA. 

R _ RzXRa 
A - Rz +Ra 

4000 x 1000 
RA = 4000 + 1000 

= 40,0000 
5000 

Now look at Figure 3-12B. Here, you add 
the value of RA to R1 in order to find the 
resistance of the one leg of the branch 
formed by resistors R1 , R2, and Ra. The resis
tance of this leg is called Re, and you find: 

Rn = 800 + 1200 

Ra = 2000 

Now, determine the equivalent resistance of 
the parallel network made up of Re and~ 
as shown in Figure 3-12C. This time you 
use the equation for resistors having the 
same value in parallel. This resistance is 
called Re. The resistance is: 
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VALUE OF ONE RESISTOR formula for total resistance in a series circuit 
Re = NUMBER OF RESISTORS IN PARALLEL to determine total circuit resistance. 

2oon 
Re= 2 

Re = 1oon 

Finally, you have the circuit shown in Fig
ure 3-120. Re is in series with resistors Rs 
and Rs. In this simplified form, you use the 
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RT = 1000 + 2000 + 3000 

Rt = soon 



Measuring Resistance 

The device that is used to measure resis
tance is called an ohmmeter. If you are 
working with a meter movement type ohm
meter, the resistance value is read from a 
scale on the meter's face. A typical ohmme
ter scale is shown in Figure 3-13A. Natural
ly. if you are using a digital ohmmeter, the 
resistance value is indicated with a numeri
cal display. Most digital displays are similar 
to the one shown in 3-13B. 

® 

@ 

Figure 3·13 Ohmmeter displays. 

When using an ohmmeter. resistance is 
measured simply by connecting the meter 
probes to either side of the component or 
components being tested. This is shown in 

Figure 3-14. Unlike when using voltmeters 
and ammeters, the components under test 
should be removed from the circuit 
whenever possible. If it is not possible to 
remove the component from the circuit, you 
should ensure that power is not applied to 
the component or circuit under test. 

Figure 3-14 Using an ohmmeter. 

It is possible to check components other 
than resistors with an ohmmeter. In fact, an 
ohmmeter can be used to test almost any 
component for resistance, as well as shorts 
or opens. 

As you know, everything around you, in
cluding the air you breathe has a certain 
amount of resistance. Conductors pose very 
little opposition to current flow. Therefore, 
it is said that conductors have little resis
tance. Measuring the resistance of a conduc
tor in a circuit, it is often times virtually 
impossible to obtain a resistance reading. 
Thus, if you get an extremely high resis-
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tance- reading when checking the resistance 
of a conductor it is usually indicative of an 
electrical problem called an open. That is, 
at some point the conductor has separated 
and you are actually measuring the resis
tance of the air in the space between the 
conductor ends. For all practical purposes, -
the air presents an infinite opposition to 
current flow in this example .. 

At other times, you will discover an ex
tremely low resistance where you expect to 
find a relatively high resistance. When this 
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occurs, especially if the resistance is almost 
0 ohms, you have probably encountered a 
short. The short offers almost no opposition 
to current flow. That is, a short bridges a 
component or components and provides an 
alternate current path for circuit current. At 
any rate. the ohmmeter can be very useful 
in finding shorts. 

This is a brief description of the ohmmeter 
and its basic function. You will learn more 
about the ohmmeter when you perform the 
experiment "Using the Ohmmeter" in your 
Student Workbook. 



Desk-Top Experiment 1 
Resistive Circuits 

Introduction 

This experiment is intended to help you un
derstand and implement the equations and 
rules governing the determination of total 
resistance in series, parallel, and series
parallel cireuits. This experiment, also 
builds on the knowledge that you have 
gained in previous units, and you will be 
expected to tie together that material with 
the material presented in Unit 3. Remember 
this as you perform this experiment because 
you may find it necessary to reference mate
rial from previous units. 

Objectives 

1.. To use specific equations and solve for 
total resistance in series, parallel, and 
series-parallel circuits. 

2. To determine the effects of shorts and 
opens on various series and parallel 
circuits. 

Procedure 

1. In the space provided, draw a circuit 
consisting of a 5 V battery connected 
in series with two 1000 n resistors. De
sign the circuit so that the current flows 
in a counterclockwise direction 
through the circuit and use a switch as 
a control. Label the switch and resistors 
using appropriate designations. 

2. What is the total resistance of this cir
cuit? 

_____ n 

3. With the switch closed, the voltage 
drop across each resistor is: 

_____ v. 

4. What is the approximate resistance of 
the switch when it is closed? 

_____ !} 

5. What is the approximate resistance of 
the switch when it is open? 

_____ !} 

6. If a short occurs across one of the resis
tors, what is the measurable resistance 
of the circuit? 

_____ !} 
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Discussion 

In a series circuit, the total resistance of the 
circuit is determined by adding the value 
of the individual resistances in the circuit. 
Thus, the resistance of the circuit is 2 kn. 

. As you know from Unit 2, all voltage ap
plied to a circuit will be dropped at some 
point in the circuit. Since both resistors are 
of equal resistance, 2.5 V -is dropped across 
each resistor. 

When the switch is open it acts exactly like 
an open in the circuit. It prevents current 
from flowing in the circuit. Therefore, the 
resistance of an open switch is considered 
to be infinite. Conversely, when a switch is 
closed it acts as a short and does not inter
fere with current flow through a circuit. The 
resistance measurement across a closed 
switch is approximately O ohms. Finally, if 
a short develops across one of the resistors 
in the circuit, the resistor is effectively re
moved from the circuit. This means that the 
measured resistance of the circuit will be 
1ooon. 

Procedure (Cont'd) 

7. If an ohmmeter is connected to points 
A and B in Figure 3-15, what value will 
the ohmmeter indicate? ______ {} 

8. ff resistor Ri opened, the resistance of 
the circuit (increase/decreases). 
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9. With R1 open, what is the resistance of 
the circuit? 

_____ n 

10. ff R2 shorted the resistance of the cir
cuit (increases/decreases). 

11. What is the resistance of the circuit 
with R2 shorted? 

_____ n 

Discussion 

You can use any of the parallel circuit equa
tions to solve the circuit shown in Figure 
3-15. No matter what method you use, the 
total resistance of the circuit is 500 n. Open
ing any resistor in the circuit is the same 
as removing that resistor from the circuit. 
Therefore, if resistor R1 is open, the resis
tance of the circuit will increase. On the 
other hand, shorting across any resistor in 
a parallel circuit will, in effect, bypass the 
entire circuit. Thus, a short across R2 re
moves the entire branch from the circuit. 
This results in a resistance measurement of 
O ohms across the branch. 

A • 

Figure 3-15 A typical parallel resistive cir
cuit. 



Procedure (Con't} 

12. In the circuit shown in Figure 3-16, 
what is the resistance measured be
tween points A and B? 

______ n 

13. What is the total resistance of the cir
cuit shown in Figure 3-16? 

___ ..;__ __ n 

14. H a short develops across resistor Ri. 
what is the total resistance of the cir
cuit? 

______ n 

15. H R1 is open, what is the total resistance 
of the circuit? 

_____ n 

16. H resistor Ra is open, what is the resis
tance measured between points A and 
C? 

______ n 

17. What is the resistance measured be
tween points A and C if a short devel
ops across resistor Ra? 

______ n 

B C . ~. 
R

3 
soon 

Figure 3-16 A series parallel circuit. 

Discussion 

The resistance of the circuit shown in Fig
ure 3-16 is the sum of the resistance of the 
parallel branch made up of resistors R1 and 
Rz and the series resistor Ra. The resistance 
is l kfi. In effect shorting across resistor R1 
removes the parallel branch from the cir
cuit. This leaves the resistance of Ra as the 
only measurable resistance between points 
A and C. On the other hand, opening R1 re
moves it from the circuit. In this case, the 
resistance of the circuit increases because 
it is now made up of resistor R2 in series 
with resistor Ra. H you open resistor Ra. the 
total resistance of the circuit becomes infi
nite. 

Since all of the current through the circuit 
must travel through Ra. an open at this point 
is measured and results in an open of the 
entire circuit. Finally, if resistor Ra is short
ed, the resistance of the circuit is the resis
tance of the parallel branch consisting of re
sistors R1 and R2• Thus, there is a decrease 
in overall circuit resistance. 
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23. In order to determine the total resis
tance of the circuit shown in Figure 3-
17. you must first calculate the effec
tive resistance, RA. of the branch made 
up of resistors 
--~----•and __ ~~~ 

24. RA equals _____ n. 

25. To further simplify the equation you 
next add the values of resistors _____ ,, 

and 
_____ ,,to find Rs. 

26. Rs is equal to _____ n. 

27. Substituting Rs into the circuit, you 
now solve for the parallel branch, Re. 
using the equation ____ _ 
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Self-Test Review 

28. Re is equal to _____ n. 

29. Finally, RT is equal to _____ n. 

R ·2on R -1s.n 
1 3 

Figure 3-17 Circuit for problems 23-29. 



The following is a point to point summary 
ofUnit3. 

Resistance is the opposition to current flow. 
All materials offer some opposition to cur
rent flow although some materials are more 
resistive than others. 

The unit of measurement of resistance is the 
ohm. The ohm can be expressed in terms 
of voltage and current. It is equal to the 
amount of resistance which will allow one 
ampere of current to flow when an emf or 
1 volt is applied. The Greek letter omega, 
n, is the symbol used to represent the ohm. 

Resistivity is defined as the resistance of a 
one mil-foot length of a material at 20 de
grees centigrade. A mil-foot is a one foot 
length of wire which is one thousandth of 
an inch in diameter. The resistivity deter
mines if a material is an insulator or a con
ductor. 

Most metals have a very low resistivity and 
are, therefore, good conductors. Some exam-

. ples are silver, copper, aluminum, nickel, 
iron, lead, and gold. Other materials have 
values or resistivity billions of times higher 
than those of metals. These materials are 
good insulators. Examples are glass, rubber, 
mica, and plastics. 

The resistance of a material is determined 
not only by its resistivity but also by its size 
and shape. The resistance of a conductor is 
directly proportional to the length of the 
conductor and inversely proportional to its 
cross sectional area. 

Summary 

Temperature also affects resistance to some 
extent. If the resistance of a material in
creases with temperature, the substance is 
said to have a positive temperature coeffi
cient. If the resistance decreases with tem
perature the substance is said to have a 
negative temperature coefficient. 

There are three popular types of fixed resis
tors. These are: carbon-composition, wire
wound, and deposited-film. Wire-wound re
sistors generally have relatively low resis
tance values but they can have high power 
ratings. Deposited-film resistors are the 
most common type of resistors in use today. 
They can be made more precise than com- · 
position resistors and they are cheaper than 
wire-wound resistors. 

The resistance, tolerance, and wattage of 
most resistors can be determined by phys
ical examination of the resistor. With many 
wire-wound resistors, this information is 
written on the body of the resistor. With the 
composition and film resistors, the resis
tance and tolerance are indicated by color 
bands. The wattage rating is indicated by 
the physical size of the resif:tor. 

Not all resistors have a fixed value; some 
are variable. A resistor whose value can be 
changed is called a potentiometer if it has 
three terminals,· or a rheostat if it has only 
two terminals. 

Resistors can be connected in series, in 
parallel, or in series parallel combinations. 
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When connected in series their resistance 
values add. Thus, if two 1000 0 resistors 
are connected in series, the total resistance 
is 20000. 

When resistors are connected in parallel, 
the total resistance decreases. This occurs 
because the resistors connected in parallel 
offer additional current paths in the circuit. 
Since more current can flow through these 
paths, the effect on the circuit is a decrease 
in total resistance. Thus, if two 1000 0 resis
tors are connected in parallel, the total resis
tance becomes 500 0. 

The device used for measuring resistance is 
the ohmmeter. Most ohmmeters have a non
linear scale with O at one end and infinity 
at the other. A range switch is provided so 
that a wide range of resistance values can 
be accurately measured. A zero adjust is 
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also included on most meters. This control 
must be readjusted each time the range is 
changed. 

All electronic components have some resis
tance value. The light bulb works only be
cause of the resistance of its filament. It is 
the current forced through this resistance 
that produces the heat which causes the fila
ment to glow. The fuse is another example. 
Here a fragile length of resistance wire is 
designed to bum in two when the current 
rating is exceeded. 

The thermistor is a special type of resistor 
whose resistance value changes with tem
perature. The light dependent resistor, or 
photoconductive cell, is a resistor whose 
value changes when exposed to light. Both 
of these devices are used as control ele
ments in electronic circuits. 
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Ohm's law is the most important and basic 
law of electricity and electronics. It defines 
the relationship between the three funda
mental electrical quantities: current, volt
age, and resistance. Fortunately, the re
lationship between these three quantities is 

Introduction 

quite simple. Several implications of this re
lationship have already been discussed in 
the previous units. Therefore, some of the 
information presented in this unit will not 
be entirely new to you. 
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When you have completed this unit, you 
will be able to: 

1. Define the folloWing terms: power, 
watt, dissipation, and horsepower. 

2. State Ohm's law. 

3. Depending on the unknown quantity, 
use one of the three power equations 
to determine the power dissipated in 
a circuit. 

4. Select the proper equation and calcu
late the current in any simple circuit 
in which two of the following quan
tities are known: voltage, resistance, 
power. 

5. Select the proper equation and calcu-
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Unit Objectives 

late the voltage in any simple circuit 
in which two of the following quan
tities are known: current, resistance, 
power. 

6. Select the proper equation and calcu
late the resistance of simple circuit in 
which two of the following quantities 
are known: voltage, current, power. 

7. . Select the proper equation and calcu
late the power dissipated in any simple 
circuit in which two of the following 
are known: voltage, current, resistance. 

8. Describe how a voltmeter can be used 
to measure current. 

9. State the three equation forms of Ohm's 
law. 



Ohm's law defines the way in which cur
rent, voltage, and resistance are related. You 
examined this relationship to some extent 
in the previous units. Now, you will 
examine it more closely and in a systematic 
way. 

Determining Current 

Ohm's law states that current is directly 
proportional to voltage and inversely pro-

- portional to resistance. Figure 4-lA helps 
illustrate this point. The voltage source is 
the battery. As you know, voltage is the 
force that causes current to flow. Therefore, 
the higher the voltage applied to the circuit, 
the higher the current through the circuit. 
Conversely, a decrease in the applied volt
age will result in a decrease in circuit cur
rent. This assumes that the circuit · resis
tance, or opposition to current flow, re
mains constant. 

® \ 

VOLTAGE-=. RE$1STANCE 

LCURRENT; 

® 
E=10VOLTS-=. 

R=5 OHMS 

Figure ~1 Current is determined by volt
age and resistance. 

··~- . ·-·····---·· 

Ohm's Law 

However, the amount of current through a 
circuit is also determined by the resistance · 
of the circuit. As you know, resistance is 
the opposition to current flow. Assuming 
that the voltage is constant, an increase in 
resistauce results in a decrease in current 
flow. On the other hand, lowering the resis
tance brings an increase in current. 

These facts can be summarized by a single 
formula: 

current = 
voltage 

resistance 

Or, stated in terms of the units of current, 
voltage, and resistance: 

volts 
amperes = ohms 

When used in formulas, letters of the al
phabet can be used to represent current, 
voltage, and resistance. Resistance is rep
resented by the letter R. Voltage may be rep
resented either by the letter V (for voltage) 
or the letter E (for EMF). In this course, the 
letter E is used to represent EMF or voltage. 
Current is represented by the letter I. While 
this may seem a little illogical, this conven
tion is used throughout electronics. If you 
substir.ite the letters I, E, and R for the quan
tities current, voltage, and resistance respec
tively, the formula for current becomes: 

E 
I = -

R 

The formula may be used to find current 
in any circuit in which the voltage and resis
tance are known. 
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Figure 4-lB shows a circuit in which the 
values of voltage and resistance are given. 
To determine the current you substitute the 
known values into the formula: 

I 
E 

= 
R 

I = lOV 
50 

I = 2A 

Notice that dividing 5 0 into 10 V gives you 
the final answer of 2 A. Anytime you divide 
ohms into volts the answer is expressed in 
amperes. Thus, the current in the circuit 
shown in Figure 4-lB is 2 amperes. 

Figure 4-2A shows another circuit in which 
the quantities E and R are given. Solving 
for I, you find that the current is: 

I 
E 

=-
R 

I 
200V =-
500 

I = 4A 

Look what happens to the current if you 
double the applied voltage as shown in Fig
ure 4-2B. 

I 
E 

=-
R 

I 
400V 

=5o0 
I =SA 
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® 
E=200 V-=-

L1=?_J 

® 
E=400 V-=-

L1=?_J 

© 
E=200 V-=-

L1=?_) 

1=!.. 
R 

I= 200 VOLTS 
R =50 OHMS 50 OHMS 

R=SOOHMS 

I= 4 AMPERES 

I:.!. 
R 

I= 400 VOLTS 
50 OHMS 

l::: 8 AMPERES 

I.,.!_ 
R 

I= 200 VOLTS 

R=100 OHMS 100 OHMS 
I= 2 AMPERES 

Figure 4-2 Current is directly proportional 
to voltage and inversely propor
tional to resistance. 

·Notice that when the voltage is doubled, the 
current also doubles. You should expect 
this because the change current is directly 
proportional to the change voltage. 

Return to Figure 4-2A. What happens if you 
double the resistance and hold the voltage 
constant? This situation is shown in Figure 
4-2C. The current becomes: 

I 
E 

=-
R 

I -~ - 1000 

I = 2A 



Thus, when you double the resistance, the 
current is reduced to one-half its former 
value. Again, you should expect this since 
current is inversely proportional to resis
tance. That is, as the resistance increases, 
the current decreases. 

Consider another example. How much cur
rent flows through a 3 kfi resistor when it 
is connected across a 9 V battery? 

The easiest way to solve this problem is to 
convert 3 k.O to 3000 0. Thus: 

I 
9V 

30000 

I =.003 A 

You will recall that 0.003 amperes is 
another way of saying 3 milliamperes or 3 
m.A. Because resistance values are often 
given in kilohms, it is convenient to be able 
to work problems without converting 
kilohms to ohms. In current problems, when 
volts are divided by kilohms, the result is 
expressed in milliamperes. 

For example, how much current flows when 
a lamp with a resistance of 2.4 k.O is con
nected across a 120 V line? The current in 
milliamperes is: 

I E 
=-

R 

I 
120V 

= 2.4k.O 

I =50mA 

You can check this by converting 2.4 kO to 
2400 ohms and solving as you did earlier: 

I E 
=-

R 

I 
120V = 24000 

I = .05A 

Remember that 0.05 A is the same as 50 mA. 

Resistance is often given in megohms or 
MO. For example, what is the current when 
a 5 MO resistor is connected across a 2 5 V 
battery? You can convert 5 MO to 5,000,000 
n and solve for current in amperes: 

25V 
I =-----5,000,0000 

I = 0.000005 A 

This is 5 m.icroamperes or 5 µA. Thus, when 
you divide volts by megohms the answer is 
in m.icroamperes. That is: 

I E 
=-

R 

I 25V 
=-

SMO 

I = 5 µA 

is: 
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If R is given in ohms. you can think of the 
equation as: 

amperes = volts 
oh.ms 

However. if R is given in kiloh.ms, you 
should think of the equation as: 

mill
. volts 
iamperes = kilohms 

Finally, if R is given in megohms, we can 
think of the equation as: 

volts microamperes = 
megohms 

Finding Voltage 

You have seen that the formula for current 
is: 

By transposing this equation, you can 
develop a formula for voltage. Transposing 
simply means changing the equation from 
one form to another. Since you are inter
ested in finding voltage, you must change 
the formula so that E is on one side of the 
equation by itself. This is easy to do if you 
remember a basic algebra rule for transpos
ing equations. The rule states that you can 
multiply or divide both sides of the equa
tion by any quantity without changing the 
equality. The current equation is: 
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Multiplying both sides by R you have: 

Notice that R appears in both the numerator 
and the denominator of the fraction on the 
right side of the equation. You will recall 
from basic mathematics that the two R's in 
the fraction can be cancelled like this: 

Ix R 
Exit =--r 

This leaves: 

Ix R = E 

You can reverse the position of the two 
sides of the equation without changing the 
equality. Reversing the position. you find 
the basic equation for voltage: 

E =Ix R 

In other words, voltage is equal to current 
times resistance. Generally, the times sign 
( x) is omitted so that the formula is written: 

E =IR 

Figure 4-3A shows a circuit in which the 
resistance and current are known. To find 
the voltage: 



E =IR 

E = 0.5 A x 125 0 

E = 62.5 V 

Notice that multiplying amperes times 
ohms results in an answer given in volts. 

Figure 4-3B shows a slightly different prob
lem. Here, you want to find the voltage drop 
across R1 . This voltage is represented as ER,. 

· You know from the information given in the 
Figure that R1 is 20 0 and that the current 
through R1 is 2 A. Consequently, the voltage 
drop across Ri is: 

ER, =Ix R1 

ER, = 2A x 200 

ER, = 40 volts 

In Figure 4-3C, the values of the resistors 
in the circuit as well as the amount of circuit 
current are given. Here, you want to deter
mine the battery, or source, voltage. To find 
the battery voltage you must multiply the 
total resistance (RT) times the current. This 
is done because in a series circuit all of the 
current flows through each individual resis
tor. The total resistance is calculated by 
adding the two series resistances. Thus: 

RT = 1.2 kO + 3.3 kO 

RT = 4.5k0 

® 
E=? R= 125 OHMS 

R
1

=20 OHMS 

© I f ., ..... OHMS 

Ez? -TL lo1mAJ f•2•3.3k OHMS 

@ R=6.8M OHMS 

i 
1=21.1-A 

I 

Figure 4-3 Finding voltage. 
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Once you know the total resistance, it is 
easy to compute the voltage using the Ohm's 
Law formula. Thus: 

E = 1 mA x 4.5 kn 

E = 4.SV 

Figure 4-30 shows a partial schematic in 
which the resistance is given in megohms, 
the current is given in microamperes, and 
the voltage drop is unknown. In order to 
find the voltage drop across R, simply multi
ply: 

E =Ix R 

E = 2 µ.A x 6.8 MO 

E = 13.6V 

Finding Resistance 

You can transpose the current formula or 
the voltage formula to get a resistance for
mula. For example, the voltage formula is: 

E =IR 

.Dividing both sides by I, you get: 
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~_IR 
I - I 

The I's in the fraction on the right cancel: 

So the formula becomes: 

E - = R I 

By changing the position of the terms in the 
resistance formula you gee: 

E R =
I 

This indicates that resistance is equal to 
voltage divided by current or: 

ohms = volts 
amperes 

Using this formula, you can find the resis
tance in any circuit in which the voltage and 
current are known. Figure 4-4A shows such 
a circuit. Solving for R, you find that: 

R =f 
R = 1iY. 

4.8A 

R = sn 

Figure 4-4B shows another example. Here 
the current is given in milliamperes while 



the EMF is expressed in volts. When mil
liamperes are divided into volts the answer 
is given in kilohms. Thus: 

R =f 
R = 1!..Y. 

Sm.A 

R =3kfi 

This can be easily proven by converting 5 
mA to 0.005 A and solving for R: 

E R =
I 

15V 
R = 0.005A 

R =30000 

Finally, in Figure 4-4C, you must find the 
value of the resistance that drops 6 ·v when 
the current is 2 µ.A. When mic::roamps are 
divided into volts the result is given in 
megohms. Thus: 

R=f 
R = ..!Y_ 

2p.A 

R =3MO 

Once again this can be proven by converting 
2 µ.A to 0.000 002 A and dividing: 

E R =
I 

R = 6V 
0.000002A 

R = 3,000,000 0 

® 
E=24V R=? 

® 
E•15V -=::. A=? 

L1•5mA_j 

© 

Figure 4-4 Finding resistance. 
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Summary (Ohm's Law) 

Ohm's law may be expressed by three differ
ent formulas: 

E 
I = R 

E =IR 

R =~ 
I 

In Figure 4-5A the three quantities are 
placed in a diagram in a way that may help 
you to remember these three equations. To 
use the diagram, cover the quantity for 
which you wish to find the equation. For 
example, in Figure 4-SB you cover the quan
tity I because you want to find current. The 
remaining two symbols represent the for
mula used to find the unknown. Notice that 
the remaining quantities are: 

Hence: 

E 
R 

Figures 4-5C and D show how to find the 
formulas for resistance and voltage. 

A few other equally handy diagrams are 
shown in Figure 4-6. These diagrams are 
variations of the diagrams presented in Fig
ure 4-5. They indicate how the quantities 
are grouped with and without metric pre
fixes. In Figure 4-6A no metric prefixes are 
used with any of the quantities. In any 
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Ohm's law problem, if two of the quantities 
are given in the units shown in Figure 4-6A 
then the third quantity is given in the third 
unit. For example, if resistance is given in 
ohms while voltage is given in volts, then 
current will be in amperes. 

In Figure 4-6B, EMF is still given in volts. 
However, current is given in n;iilliamperes 
while resistance is given in kilohms. It is 
important to remember that these three 
quantities go together. This Will help you 
to check problems as you solve them. Thus, 
if resistance is given in kilohms while EMF 
is given in volts, the current will be in mil-

. liamperes. Or, if current is in milliamperes 
while resistance is in kilohms, the resulting 
EMF is in volts. 

{fiJ 
@. E ··-@ 

R 

R•-
1 

Figure 4-5 The three forms of Ohm's Law. 



Figure 4-6C shows that a similar relation
ship exists between volts, microamps, and 
megohms, For example, if IMF is given in 

Figure 4-6 How the metric prefixes are related. 

volts and cunent is given 'm m.icroampetes, 
resistance is in megohms. 

© 
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Desk-Top Experiment 2 
Ohm's Law 

Introduction 

The purpose of this experiment is to in
crease your understanding of Ohm's Law as 
it applies to series and parallel circuits. You 
will be presented with a number of circuits . 
and, given two quantities, be expected to de
termine the third. You will use Ohm's Law 
in concert with the rules that you learned 
in the first three units to thoroughly analyze 
the circuits in this experiment. 

Objectives 

1. To implement Ohm's Law and solve for 
the unknown quantities in a series cir
cuit. 

2. To determine the unknown quantities 
in a parallel circuit. 

3. To analyze a series-parallel circuit. 

Procedure 

1. 

2. 

Determine the current through the 
series resistive circuit shown in Figure 
4-7. 

I=-----A. 

Using the current value calculated in 
step 1, determine the voltage drop 
across resistors Rl, R2, and Ra. 

ER, =-----V. 
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3. 

4. 

E1t.i = _____ v. 

ER:i = _____ v. 

Add the three voltages calculated in 
step 2 together. Does the sum of these 
three voltages equal the applied volt
age? 

What law does the results achieved in 
step 3 confirm? 

10V 

R3 = soon. 

Figure 4-7 A series resistive circuit. 

Discussion 

When using the Ohm's Law formulas it is 
necessary to know two quantities in order 
to determine the third. In order to calculate 
the circuit current, you must first determine 
the total circuit resistance, RT. Once you 
know this, substituting the correct values 
into the current formula you find that the 
circuit current is 10 mA. 



In step 2 you once again use Ohm's Law. 
However, this time you used the voltage for
mula to calculate the voltage drop across the 
three resistors in the circuit. When this was 
done you added these voltages and found 
that their total equaled the applied voltage. 
This confirms Kirchhoff's Voltage Law. In 
any circuit, the sum of the voltage rises will 
equal the sum of the voltage drops. 

Procedure (Cont.) 

5. Look at the series circuit shown in Fig
ure 4-8. Here you are given the value 
of R2, the voltage drop across R1 , circuit 
current, and applied voltage. Deter
mine the value of resistors R1 and Ra. 

R1 = ______ n. 

Rs=-____ n. 

10V 

Figure 4-8 Determine the unknown resis
tance. 

Discussion 

You can begin to solve this problem either 
by determining the resistance of R1 or R3• It 
is a relatively easy matter to determine the 
resistance of R1• Just substitute the known 
values into the Ohm's Law formula. With 
ER at 2 V and I at 20 mA, the value of R1 is 
100 n. 

Calculating the resistance of R1 is relatively 
straight forward. However, finding the value 
of R3 requires a bit of thought. You know 
from your study of resistance in Unit 3 that 
resistance in a series circuit is additive. That 
is, the total resistance of a series circuit is 
equal to the sum of the individual resistors 
in the circuit. It stands to reason, that if you 
know the total resistance and the values of 
two of the resistors in the circuit then you 
can determine the unknown resistance R3 
using the variation of the resistance formula: 

To use this formula, however, you must 
know the value of RT. Here again, you use 
the Ohm's Law formula for resistance with 
the known circuit current value, 20 mA, and 
the applied voltage, 10 V. 

Once the total circuit resistance is deter
mined, it is a matter of simple subtraction 
to determine the value of R3 • 
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Procedure (Cont.) 

6. Figure 4-9 is an elementary parallel cir
cuit. It is drawn somewhat different 
than you are accustomed to seeing. In 
this case, the positive side of the power 
supply is shown at the left-hand side 
of the schematic while the ground is 
shown on the right. Current flow in this 
instance is from right to left as indi
cated by the anow under Ra. At any 
rate, the values of the three resistors in 
the circuit are given as well as the cur
rent through R3• Using Ohm's Law. de
termine the applied voltage, total cur
rent, and the current through R1 and 
R2. 

E= V. 

h= mA. 

.Ia.= mA. 

IR:= mA. 

+?V R2 = soon 

---Rv3~=.,..~ 
1mA 

Figure 4-9 Solve for total current and ap
plied voltage. 
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Discussion 

As you know, in a parallel circuit the volt
age is constant. Therefore, if you can deter
mine the voltage across any resistor in Fig
ure 4.:9, you can determine the voltage 
dropped across the parallel branch. Since 
both the value of R3 and the current through 
R3 is known, it is a simple matter to find 
the voltage drop across R3 • The voltage 
dropped across R3 is also the applied volt
age in the case of this basic parallel circuit. 

h can be determined in two ways. From 
your study of current in Unit 1, you know 
that current in a parallel is additive. You 
can determine the total current by calculat
ing tho current through each resistor and 
then adding these values. Since IR, and IR: 
are also asked for, this way will save you 
a few steps. 

However, you can also calculate the total 
current by dividing the applied voltage by 
RT. In this case it is first necessary to use 
the equations you learned in Unit 3 to deter
mine the total resistance. Now you can use 
Ohm's Law to calculate IT. In both cases. 
his4mA. 

In the next section of this experiment, you 
will analyze a series-parallel circuit. It is 
somewhat more complex than the circuits 
with which you have already worked. The 
easiest, and most reliable, way to determine 
the unknown values in this or any other cir
cuit is to pick a starting point and then de
termine everything that you can about the 
individual components. If you become 
stuck at any point, move on to another com
ponent. 



Procedure (Cont.) 

7. Determine all of the unknown voltage, 
current, and resistance values for the 
circuit shown in Figure 4-10. The fol
lowing lists all of the known and un
known values. Fill in the appropriate 
blanks. 

EA = ___ v. R3 = soon. 

h = A. E~ = v. 

RT = 0. I~ = A. 

R1 = 1000 n. R4 = a. 

ER.= v. ER..= V. 

IR. = lmA. IR.. = A. 

R2 - 1000 n. 

E~ = .5 v. 

I~ = A. 

R2 =1ooon 

ER2 = .5V 

Figure 4--10 Circuit for step 7. 

Discussion 

h is actually given in the circuit diagram. 

It is the same as IR. since R1 is a resistor 
that is in series with the rest of the circuit. 

In the circuit shown in Figure 4-10, there 
are two possible starting points, R1 or R2 , 

since two quantities are given for each of 
these resistors. In either case, the unknown 
values ER. and I~ are determined by using 
the appropriate Ohm's Law formulas. 

Once you have determined the current 
through R2. you use your knowledge of cur
rent behavior in parallel circuits to deter
mine the current through resistors ~ and 
R.. Once the current is known, simply apply 
Ohin's Law to ~ and determine the voltage 
drop across this resistor. 

The final resistor, ~. poses no problem 
once all of the other values in the parallel 
branch are known. Since you already know 
E~, your understanding of voltage in series 
and parallel circuits will enable you to de
termine ER... From this point, it is simply 
apply Ohm's Law to find the resistance of 
R.. 

Once you have determined the unknown 
values for the individual components, you 
can apply the rules for resistive circuits to 
calculate RT which is 1.5 kO and the rules 

. for voltage in series and parallel circuits to 
find EA, 1.5 V. 

Incidentally, when you do a problem of this 
type always check your answers. To do this, 
take the unknown values that you have 
found and put them in the Ohm's Law for
mulas. If the answers that you get from this 
procedure match the given values, then 
your calculations are probably correct. 
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Summary 

Although Ohm's Law is in itself a powerful 
tool to be used in analyzing circuits, it be
comes much more valuable when combined 
with other rules governing the behavior of 
voltage, current, and resistance in the cir
cuit. In each section of this experiment, you 
applied variations of the Ohm's Law for
mula to determine different circuit un-
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knowns. However, in each instance it was 
demonstrated that an understanding of cur
rent, voltage, and resistance rules was also 
necessary to completely understand the cir
cuits. 

Remember that Ohm's Law can be applied 
either to entire circuits or individual com
ponents within the circuits. When com- · 
bined with other rules, it becomes easy to 
analyze DC circuits. 



Self-Test Review 

1. Ohm's law defines the relationship be- 7. Using Ohm's Law, calculate the voltage 
tween the three fundamental electrical drop across a 120 n resistor when the 
quantities: cu:..Tent through the resistor is 0.5 A. 

,and 

2. The Ohm's Law formula for current is 

8. When current is in microamperes, re-
I= sistance is in: 

3. Using this formula, determine how 
much current flows through a 10 n re-
sistor when 5 V are applied? 

9. Ohm's Law formula used to determine 
resistance is: 

4. When the EMF is given in volts and R= 
the resistance is given in kilohms, then 
the current is in: 

10. What value resistor develops a voltage 
drop of 12 volts when a current of 0.75 
amperes flows through it? 

5. If the EMF is given in volts and the re-
sistance is given in megohms, then the n. 
current is in: 

11. If resistance is given in megohms and 
the EMF is given in volts, the current 

6. According to Ohm's Law: will be in: 

E= 

Ohm's Law 4-19 



In addition to the three basic electrical 
quantities (current, voltage, and resistance), 
there is a fourth quantity. This quantity is 
called power. Power is defined as the rate 
at which work is done. In other words, 
power refers to the amount of work done 
in a specific length of time. The use or loss 
of power in a circuit is called dissipation. 

Work and Power 

In an earlier unit, you learned that a joule 
is equal to the amount of work done by one 
volt of EMF in moving one coulomb of 
charge. Notice that time does not enter into 
this definition. Thus, the same amount of 
work is done whether the charge is moved 
in one second or in one hour. 

Unlike work, power is related to time. 
Therefore, power is the measure of joules 
of work per unit of time. The unit of power 
is the watt. It is named in honor of James 
Watt who pioneered the development of the 
steam engine. The watt is equal to one joule 
per second. When you think of the power 
used by a circuit, it is in terms of the number 
of watts dissipated by the circuit. 

The English unit of work (the foot-pound) 
is easier to visualize than the joule. If one 
pound is lifted a vertical distance of one foot 
then one foot-pound of work is done. The 
joule is equal to 0.738 foot-pounds. There
fore, the watt is equal to 0.738 foot-pounds 
of work per second. 

The unit of mechanical power in the English 
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Power 

system is the horsepower. One horsepower 
is equal to 550 foot-pounds per second. In 
other words, if 550 pounds are raised one 
foot in one second then one horsepower is 
expended. In terms of watts, the horsepower 
is equal to 746 watts. Or, stated another 
way, the watt is equal to 11746 or 0.00134 
horsepower. 

Power, Current, and Voltage 

You have learned that the watt is equal to 
one joule per second. That is, the watt is 
the work done in one second by one volt 
of EW in moving one coulomb of charge. 
If one coulomb of charge flows in one sec
ond then the current is one ampere. Thus, 
one watt is the amount of power used in 
a circuit when one ampere of current flows 
as the result of one volt of applied EMF. 

Power is directly proportional to both cur
rent and voltage. The formula for power is: 

power = current x voltage 

Or, stated in terms of the units of the three 
quantities: 

watts = amperes x volts 

The symbol P is used to represent power 
in equations. Thus, the formula for power 
is: 

p =IE 



As with Ohm's law, there are two other use
ful forms of this equation. The first ex
presses voltage in terms of current and 
power. It is found by rearranging the equa
tion: 

p =IE 

Dividing both sides by I: 

p _IE 
I - I 

Cancelling the two I's on the right side: 

Changing the position of the terms on both 
sides of the equation: 

p 
E =

I 

This states that voltage (in volts) is equal 
to power (in watts) divided by current (in 
amperes). 

Another useful form of the equation is: 

p 
I = -E 

See if you can derive this formula from the 
original power formula given above. 

To summarize, power, voltage, and current 
are related by the following formulas: 

p =IE 

E - p 
- I 

The following problems show you how to 
solve for power using the formulas just pre
sented. 

What is the power dissipated in a circuit 
in which an EMF of 50 V is applied and 
a current of 3.2 A flows? 

P = IE 

P = 3.2A x 50V 

P = 160W 

How much current flows through a 75 W 
light bulb which is connected across a 120 
V power line? 

I 
p 

=-
E 

I 
75W 

=--
120V 

I = 0.625A 

What is the voltage drop across a light bulb 
· that dissipates 60 W when the current 

through the bulb is 0.5 A? 

E =f 
I 

E 
60W = 0.5A 

E = 120V 
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Power Dissipation 

In resistors and most other electronic com
ponents, power is dissipated in the form of 
heat. In some cases, this heat is a desired 
result. For example, the purpose of the resis- . 
tance element in a toaster, heating pad, and 
electric stove is to produce heat. However, 
in most electronic devices, the heat produc
ed by resistors or other components repre
sents wasted power. Remember, all power 
used in a circuit must be supplied by the 
power source. This includes the power lost 
in the heating of resistors or other compo
nents. Since power costs money, circuits are 
designed in such a way as to use the mini
mum amount of power to perform a task. 

Since resistors dissipate power, there must 
be some formula for power that involves re
sistance. Actually, there are two such for
mulas. One expresses power in terms of 
voltage and resistance. The other expresses 
power in terms of current and resistance. 
These equations are derived in the follow
ing manner. 

First, consider how P can be expressed in 
terms of E and R. The basic formula for 
power is: 

P =Ix E 

However, from Ohm's law you know that: 

E 
I =

R 

Thus, you can substitute: 
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E 
R 

for I in the basic power equation. When this 
is done, the equation becomes: 

Or: 

E 
P =Ex -

R 

This formula is used when you want to find 
the power but only the voltage and resis
tance are known. For example, how much 
power is dissipated by a 22 n resistor if the 
voltage drop across the resistor is 5 V? 

p E2 

R 

p = 
(5V)2 
220 

p 25V 
= 

220 

p = l.136W 

How much power is delivered to a 16 0 cir
cuit by a 12 V battery? 

p =E2 
R 

p (12 Vl2 
= 160 

p 144V 
=-

160 

p =9W 



In some cases. only the current and resis
tance are known. By combining the basic 
power formula with one of the Ohm's law 
formulas. you can derive an equation in 
which P is expressed in terms of I and R 
Recall that the basic power formula is: 

P =Ix E 

From Ohm's law you know that E = IR. 
Thus, you can substitute IR for E in the 
power formula. The equation becomes: 

P =I x IR 

This is the formula that you use when you 
wish to find power and only current and 
resistance are known. For example. how 
much power is dissipated by the circuit 
shown in Figure 4-1 lA? 

p = I2R 

P == (0.5 A)2 x 40 0 

P - .25A x 400 

P == lOW 

How much power is dissipated by R1 in Fig
ure 4-1 lB? 

P = (2A)2 x 100 

P = 4A x 100 

P = 40W 

® 4on 

@ 

Figure 4-11 Finding power when Rand I 
are known. 
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You can verify that the above equations are 
correct by working a sample problem three 
different ways. For example, consider the 
circuit shown in Figure 4-12. The current 
and voltage are given so you can use the 
formula P = IE to calculate power. Thus: 

P = IE 

P =O.SA x 6V 

P = 3W 

E=6V - R=12tl 

-\._l=O.SA_J 

Figure 4-12 Power can be found using 
either of the three power for
mulas. 

Or, since voltage and resistance are given, 
you can use the formula: 

_E2 
p -R 

- m..Yf p :- 12.n 

36V 
p = 12.n 

P = 3W 

4-24 DC ELECTRONICS 

Or, since current and resistance are given, 
you can use the formula: 

P =PR 

P = (0.5 A)2 x 12 0 

P = 0.25 A x 12 0 

P = 3W 

Notice that you get the same result regard
less of the power equation that you use. 

Deriving More Equations 

Earlier you learned that the basic power 
equation (P = IE) can be rearranged to form 
current and voltage equations. These are: 

E =p 
I 

I 
p 

=-
E 

In much the same way, the equation: 

E2 
P=

R 

can be arranged to form an equation for volt
age. That is: 



Multiplying both sides of the equation by 
R.youfind: 

The two R's on the right cancel: 

Thus: 

p x R =E2 

Now you can eliminate the exponent by tak
ing the square root of both sides of the equa-
tion: ·' 

VPxR='VP 

Or: 

VPxR =E 

Notice that this equation expresses voltage 
in terms of power and resistance. 

This equation allows you to solve circuit 
problems like the one shown in Figure 4-13. 
Here, the resistance and power are given but 
the voltage is unknown. The voltage is cal
culated by: 

E = VPR 

E = V3W x 12000 

E =60V 

P=3 WATTS 

R=12oon 

Figure 4-13 Finding voltage when resis
tance and power are known. 

Note: If you are unfamiliar with the tech
nique used to find the square root of a 
number, refer to Appendix Bat the end of 
this text. 

In the same way, the equation P = 12R can 
be converted to a current equation. That is: 

Dividing both terms by R and letting the R's 
on the right side cancel: 

This leaves: 

p JZ1'_ 
R - lt 

p 
- = 12 R 
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Taking the square root of both terms: 

fl= I 

Thus, current can be expressed in terms of 
power and resistance. 

By rearranging the equations: 

P = 12R 

and: 

equations for R can be obtained. The deriva
tion is left to you but the final equations 
are: 

Twelve very important formulas have been 
discussed in this unit. Figure 4-14 is a wheel 
diagram that may help you to remember 
these equations. The inner circle contains 
the four basic units: power, current, voltage, 
and resistance. The outer circle lists the 
three formulas for determining each quan
tity. For example, the three formulas for re
sistance are: 

R =~ 
I 

R 
E2 
p 
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Figure 4-14 Wheel diagram for finding the 
proper equation for current, 
voltage, resistance, and power. 

Using this diagram, you can quickly find the 
proper formula for any problem in which 
two of the quantities are known. 

While it is not necessary to memorize these. 
12 equations, you should memorize the 
basic Ohm's law and power formulas as 
soon as possible. That is, you should 
memorize these two equations: 

E = IR 

P = IE 

If you know these two formulas, you can 
derive any of the other formulas with some 
mathematical manipulations. Until you be
come more familiar with these equations, 
use the diagram shown in Figure 4-14 as an 
aid. 



12. In addition to current, voltage, and re
sistance, a fourth important electrical 
quantity is: 

13. Power is a measure of 
per second. 

14. The unit of power that is equal to work 
accomplished at a rate of 1 joule per 
second is called a: 

15. One horsepower is equal to: 

watts. 

16. The formula that indicates that power 
is directly proportional to both current 
and voltage is: 

17. How much power is dissipated by a re
sistor which drops 3.2 V when a cur
rent of O. 75 A flows through it? 

_____ watts. 

Self-Test Review 

18. The basic power formula expressed in 
terms of power and voltage becomes: 

I=-----

19. Voltage can be expressed in terms of 
power and current as: 

E= 

20. In a problem in which I and R are 
known but P is unknown, the proper 
equation for finding P is: 

P= 

21. If power and voltage are known, the 
formula for finding resistance is: 

R= 

22. Calculate the resistance of the heating 
element in a 1000 W, 120 V toaster? 

23. The current through the toaster in the 
previous problem is: 

______ A. 
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nie following is a point by point summary 
of this unit. 

Ohm's law defines the relationship between 
the three fundamental electrical quantities. 
It describes how current, voltage, and resis
tance are related. 

Formulas are used to define the relation
ships between the three fundamental elec
trical quantities. In these formulas, the letter 
I is used to represent current; E is used to 
represent voltage; and R is used to represent 
resistance. 

The current formula states that current is 
equal to voltage divided by resistance. 
Stated as an equation: 

E 
I = -R 

The unit of current in the Ohm's Law equa
tions depends on the units of voltage and 
resistance. Assuming that EMF is expressed 
in volts, the current will be in amperes if 
the resistance is in ohms. However, the cur
rent will be in milliamperes if the resistance 
is in kilohms. Finally, the current will be 
in microamperes if the resistance is in 
megohms. 

The voltage formula states that voltage is 
equal to the current multiplied by the resis
tance. That is: 

E =Ix R 

E is expressed in volts when I is in amperes 
and R is in ohms. E is also in volts when 
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Summary 

I is in milliamperes and R is in kilohms. 
Finally, E is in volts when I is in micro
amperes and R is in megohms. 

The resistance formula states that resistance 
is equal to voltage divided by current. That 
is: 

E 
R - I 

Assumi.ng that E is given in volts, R will 
be in ohins when I is in amperes. However, 
R will be in kilohms when I is in milliam
peres. Finally, R will be in megohms when 
I is in microamperes. 

While it is handy to remember which of the 
metric prefixes go together when solving 
Ohm's law problems, it is not absolutely es
sential. If you will convert .all quantities to 
volts, ohms, and amperes, you can solve any 
Ohm's law problem without worrying about 
metric prefixes. 

Power is defined as the rate at which work 
is done. The unit of work is the joule while 
the unit of power is the watt. The watt is 
equal to one joule per second. 

Expressed in English units, the watt is ap
proximately equal to three-fourths of a foot
pound of work per second. The horsepower 
is equal to 7 46 watts or about three-fourths 
of a kilowatt. 

The watt can also be expressed in terms of 
current and voltage. The watt is the amount 
of power expended when one volt of EMF 
causes one ampere of current. 



The letter P is used to represent power in 
equations. Power is equal to voltage multi
plied by current or: 

P =Ix E 

Power can also be expressed in terms of cur
rent and resistance or in terms of voltage 
and resistance. 

Ohm's Law 4-29 



 
 
 

This page is left blank intentionally 
 



Unit 5 
Magnetism 



Contents 

Introduction . . . . . . . . . . . . . . . . . . . . . . 5-3 Induction . . . . . . . . . . . . . . . . . . . . . . . 5-24 

Unit Objectives . . . . . . . . . . . . . . . . . . . 5-4 Magnetic and Electromagnetic 
Applications . . . . . . . . . . . . . . . . . . . . 5-32 

The Magnetic Field . . . . . . . . . . . . . . . 5-5 
Summary . . . . . . . . . . . . . . . . . . . . . . . 5-44 

Electricity and Magnetism ........ 5-14 

5-2 DC ELECTRONICS 



Electricity and magnetism are inseparable. 
In any study of electricity or electronics, the 
effects of magnetism must be considered. 
Electric currents produce magnetic fields 
and magnetic fields can produce electric 

Introduction 

currents. Electricity and magnetism. are 
often considered to be two different aspects 
of a more general effect called the elec
tromagnetic phenomenon. 
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When you have completed this unit, you 
will be able to: 

1. Define the following terms: Field, per
manent magnet, temporary magnet, 
flux lines, ferromagnetic, paramagne-. 
tic, diamagnetic, permeance, perme
ability, artificial magnet, natural mag
net, flux density, field intensity. reluc
tance, ampere tum, magnetic induc
tion, residual magneti$m, retentivity, 
alternator. and de generator. 

2. List the four basic characteristics of 
flux lines. 

3. State the left-hand rule for conductors, 
coils, and generators. 
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Unit Objectives 

4. Name the common factor that links 
electricity and magnetism. 

5. List the four factors that determine the 
amount of EMF induced in a conductor 

· and state how they relate to the in
duced EMF. 

6. List the four basic parts of a simple DC 
generator. 

7. State the right-hand motor rule. 

a. List ten electrical or electronic devices 
that use magnetism in one form or 
another and explain how they work. 

9. State Faraday's law of magnetic induc
tion. 



In science, action-at-a-distance is explained 
in terms of fields. For example, you have 
seen that a charged particle can attract or 
repel another charged particle simply by 
coming close to it. This happens because a 
region of electrical influence extends out
side each particle. This region of influence 
is called a field. An elecbical field made 
up of lines of force is said to exist around 
every charged particle. 

The field concept is also used to explain 
why certain metals can attract other metals. 
Everyone knows that a magnet attracts small 
pieces of iron or steel. A region of influence 
extends outside the magnet into the sur
rounding space. In this case, the region is 
called a magnetic field and is said to be 
made up of magnetic lines of force. Thus, 
a magnet is a piece of material that has a 
concentrated magnetic field surrounding it. 

Magnets 

Magnets may be classified in several differ
ent ways. First, they can be classified ac
cording to the method by which they obtain 
their magnetic field. The first known mag
nets were natural magnets, called magne
tites or lodestones. These materials in their 
natural state are surrounded by a magnetic 
field. 

Artificial magnets can be created from natu
ral magnets. For example, if soft iron is rub
bed repeatedly over a piece of lodestone, a 
magnetic field is transferred to the iron. 

The Magnetic Field 

Another type of artificial magnet is the elec
tromagnet. Its magnetic field is produced by 
an electric current. The electromagnet will 
be discussed in much greater detail later .. 

Magnets can also be classified by their 
shape. Thus, there are horseshoe magnets, 
bar magnets, and ring magnets. 

Some materials readily retain their magnetic 
fields for long periods of time. These are 
called permanent magnets. Other materials 
quickly lose their magnetism and are called 
temporary magnets. Both of these types are 
widely use in electronics. 

Finally, magnets are classified by the type 
of material used in their construction. Some 
examples of these are metallic magnets or 
ceramic magnets. Often this is carried even 
further and magnets are named according 
to the alloy from which they are made. Two 
popular classifications are Alnico (an alloy 
of aluminum, nickel, and cobalt) and Cunife 
(an alloy of copper, nickel, and iron). 

The two ends of a magnet have different 
characteristics. One end is called a south (S) 
pole while the other is called a north (N) 
pole. One reason for choosing these names 
is that a bar magnet will align itself in a 
north-south direction if allowed freedom of 
movement as shown in Figure 5-1. The 
north (N) pole of the magnet is defined as 
that end which points toward the north pole 
of the Earth. 
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~TH 
POLE 

Figure 5-1 If allowed to swing freely, the 
magnet aligns itself in a north
south direction. 

The magnet lines up in this way because 
the Earth itself is a huge magnet. As shown 
in Figure 5-2, it has its own magnetic field, 
which influences any magnet on Earth. This 
fact has been used for centuries by mariners 
and explorers who rely on the magnetic 
compass. The compass itself is nothing 
more than a tiny magnet balanced on a pin 
so that the needle rotates freely. 

Magnets tend to align in a north-south direc
tion because of a fundamental law of mag
netism. This law states that like poles repel 
while unlike poles attract. Figure 5-3 illus
trates this point. Thus, the north geographic 
pole in Figure 5-2 is labeled S while the 
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MAGNETIC 
FIELD 

NORTH 
GEOGRAPHIC 

POLE 

SOUTH 
GEOGRAPHIC 

POLE 

Figure 5-2 The Earth's magnetic field. 

~ UNLIKE POLES 
ATTRACT 

LIKE POLES 
REPEL 

Figure 5-3 Action of like and unlike poles. 



south geographic pole is labeled N. In this 
way, the north end of a magnet is attracted 
to the north geographic pole while the south 
end of the magnet points to the south geo
graphic pole. To see why magnets behave 
in this way, you must consider the nature 
of the magnetic lines of force. 

Lines of Force 

To explain a magnetic field, scientists 
proved that lines of magnetic force called 
flux lines surround a magnet. Figure 5-4A 
shows the flux lines as they might appear 
around a bar magnet. While these lines are 
invisible, their effects can be demonstrated 
in several different ways. One of the most 

.dramatic demonstrations is illustrated in 
Figure 5-4B. Iron filings are sprinkled 
evenly over a piece of paper. When the 
paper is placed over the magnet, the filings 
align so that the effects of the lines of force 
are clearly visible. 

There are several basic rules and character
istics of flux lines that you should know. 
Four of the most important are: 

1. Flux lines have direction or polar
ity. The direction of the flux lines 
outside the magnet are arbitrarily 
assumed to be from the north pole 
to the south pole. This direction 
is often indicated by arrowheads 
as shown in Figure 5-4A. 

IRON FILINGS 

® 

Figure 5-4 Line of force surround the mag
net. 

2. The lines of force always form 
complete loops. This may not be 
obvious from Figure 5-4A, but 
each line curves back around the 
body of the magnet to form a com
plete loop. 

3. Flux lines cannot cross each 
other. This is the reason that like 
poles repel. Lines that have the 
same polarity can neither connect 
nor cross. When one field intrudes 
into another as shown in Figure 
5-5A, the lines repel and the mag
nets tend to move apart. 
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Figure 5-5 Similar direction flux lines 
repel; opposite direction flux 
lines attract and join. 

4. Flux lines tend to fonn the smal
lest possible loops. This explains 
why unlike poles attract. Lines 
that have opposite polarity can 
link up as shown in Figure 5-SB. 
Then the loops attempt to shorten 
by pulling the two magnets 
together. 

Magnetic Materials 

Of the 92 natural elements, only three re
spond readily to magnetic fields. These are 
iron, cobalt, and nickel. All three are metals 
and they have atomic numbers of 26, 27, 
and 28 respectively. Each has two valence 
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electrons so that their chemical and electri
cal characteristics are quite similar. In addi
tion to these elements, there are dozens of 
alloys that have magnetic characteristics. 
Substances, like these that readily respond 
to magnetic fields, are called ferromagnetic 
substances. Ferromagnetic materials are 
strongly influenced by magnetic fields. 

Most substances are classified as para
magnetic. These are substances ·that are at
tracted only slightly by a strong magnetic 
field. Generally, the force of attraction is so 
tiny, that these materials are considered to 
be non-magnetic. Substances such as air, 
aluminum, and wood are paramagnetic in 
nature. 

Technically speaking, there is one other 
classification called diamagnetic. 
Diamagnetic materials are slightly repelled 
by magnetic fields. However, here again, the 
force of repulsion is so tiny that these mate-. 
rials are generally considered non-magnetic. 
Examples of diamagnetic materials are bis
muth, quartz, water, and copper. 

The characteristic that determines if a sub
stance is ferromagnetic, paramagnetic, or 
diamagnetic is called penneance or per
meability. Permeability refers to the ability 
of various materials to accept or allow mag
netic lines of force to exist in them. Air is 
considered the standard with a permeability 
of 1. Other substances are given a permea
bility rating lower or higher than one de
pending on their magnetic characteristics. 
Iron is about 7000 times more effective in 



accepting flux lines than is air. Con
sequently, iron has a permeability of about 
7000. 

Table 5-1 lists the relative permeabilities of 
several different substances. Notice that 
those substances that have values of per
meability less than 1 are diamagnetic and 
are slightly repelled by flux lines. Those 
having values slightly greater than 1 are 
paramagnetic and are slightly attracted by 
flux lines. Finally, those having per-

MATERIAL PERMEABILITY 

BISMUTH 0.999833 
WATER 0.999991 
COPPER 0.999995 
AIR 1.000000 
OXYGEN 1.000002 
ALUMINUM 1.000021 
COBALT 170. 
NICKEL 1000. 
IRON 700.0. 
PERMALLOY" 100,000. 
SUPERMALLOY"* 1,000,000. 

meabilities much higher than 1 are fer
romagnetic and are strongly attracted by 
flux lines. 

The permeability of materials can be com
pared to conductance in an electrical cir
cuit. Recall that conductance indicates the 
ease with which a material or circuit allows 
current to flow. In much the same way, per
meability is the ease with which a material 
accepts lines of flux. 

CHARACT:RISTIC ACTION 

DIAMAGNETIC SLIGHTLY REPELLED 
DIAMAGNETIC SUGHTL Y REPELLED 
DIAMAGNETIC SLIGHTLY REPELLED 
PARAMAGNETIC NON-MAGNETIC 
PARAMAGNETIC SUGHTL Y ATTRACTED 
PARAMAGNETIC SLIGHTLY ATTRACTED 
FERROMAGNETIC STRONGLY ATTRACTED 
FERROMAGNETIC STRONGLY ATTRACTED 
FERROMAGNETIC STRONGLY ATTRACTED 
FERROMAGNETIC STRONGLY ATTRACTED 
FERROMAGNETIC STRONGLY ATTRACTED 

"PERMALLOY-AN ALLOY OF 17% IRON, 4% MOLYBDENUM, 79o/o NICKEL 
*"SUPERMALLOY-AN ALI-OY OF 1S°k IRON, 5% MOLYBDENUM, 79% NICKEL 

Table 5-1 Relative permeabilities of materials. 
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Figure 5-6A shows a permanent magnet sur
rounded by its lines of flux. Notice that 
these lines of flux form symmetrical loops 
around the magnet. Figure 5-6B shows how 
the flux lines are distorted when a piece of 
iron is brought near the magnet. Since iron 
has a high permeability, it can support lines 
of flux much more easily than the surround
ing air. Consequently, a large number of the 
flux lines pass through the iron bar. At the 
same time, the lines attempt to contract to 
the smallest possible loops. This attracts the 
iron bar to the magnet. 

® 

® 

Figure 5-6 The flux lines pass through iron 
more easily than they do 
through air. 
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Theory of Magnetism 

While it is difficult to explain exactly what 
magnetism is, a theory has been developed 
that explains the observed phenomenon. As 
with the basic theories of electricity, this 
one starts with the electron. You have seen 
that the electron orbits the nucleus of the 
atom in much the same way that the Earth 
orbits the sun. It also appears that the elec
tron ·spins on its axis as shown in Figure 
5-7 A in much the same way that the Earth 
does. 

® ELECTRON 

ROTATION OF ELECTRON MAGNETIC FIELD 

® @ 

ELECTROSTATIC FIELD ELECTROMAGNETIC 
FIELD 

Figure 5-7 The electron's role in magne
tism. 



You have also seen that the electron has an 
electrostatic field as shown in Figure 5-7B. 
It appears to be a fact of nature that a moving 
electrical charge produces a magnetic field. 

It is theorized that the electron is also sur
rounded by a magnetic field. The magnetic 
field is produced by the spinning charge 
and exists as a number of concentric circles 
around the electron as shown in Figure 
5-7C. The direction of the magnetic field de
pends on the direction of spin of the elec
tron. 

At any given point, the electrostatic field is 
at right angles to the magnetic field. These 
combined fields at right angles are often 
called an electromagnetic field. Figure 5-7D 
shows the complete picture of the electron 
and its associated fields. 

As you know, iron, nickel, and cobalt are 
the only natural magnetic elements. Each of 
these elements has two valence electrons. 
In other substances, the electrons that spin 
in a given direction tend to pair off with 
electrons of opposite spin. This means that 
the electrons have opposite magnetic char
acteristics that tend to cancel. However, in 
iron, nickel, and cobalt the two valence 
electrons have the same spin direction. Con
sequently, their magnetic fields do not can
cel; they add. Thus, an atom of iron, nickel, 
or cobalt has a net magnetic field. 

Small groups of these atoms tend to form 
tiny permanent magnets called magnetic 
domains. When not in the presence of a 
magnetic field, these domains are arranged 

haphazardly as shown in Figure 5-8A. Be
cause the domains are turned at odd angles, 
the net magnetic effect is zero. A piece of 
metal such as this can be magnetized by 
subjecting it to a strong magnetic field. As 
shown in Figure 5-8B, this causes all the 
domains to align in the same direction. With 
all the domains aligned in a common direc
tion, the entire piece of metal becomes a 
magnet. 

DOMAINS IN A 
MAGNETIZED METAL 

Figure 5-8 Alignment of magnetic do
mains. 
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There are several experiments that seem to 
verify the domain theory. The first is shown 
in Figure 5-9A. If a bar magnet is cut into 
several pieces, each piece becomes a com
plete magnet having both a north and a 
south pole. Figure 5-9B shows another ex
periment. When the magnet is hit with a 
hammer, the domains are jarred back to a 
random pattern and the overall magnetic 
field is lost. Figure 5-9C shows that the same 
thing happens when the magnet is heated. 
The heat energy causes the domains to vib
rate enough to rearrange themselves in a 
random pattern. 

DEJDEJ 
® 

@ 

Figure 5-9 These experiments seem to ver
ify the domain theory of mag
netism. 
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1. The region of influence around a mag
net is called a 

2. The individual lines of force in a mag
netic field are called 

3. A magnet is a device that is surrounded 
by a _________________ ~ 

4. A lodestone is an example of a 
______ magnet. 

5. Man-made magnets are referred to as 
----------------magnets. 

6. A magnet is one that 
loses its magnetism very quickly. 

7. If allowed to swing freely, a magnet 
will align itseli so that its ________ _ 
pole points toward the north pole of the 
Earth. 

8. A common device that works on this 
principle and is used to indicate direc-
tion is called a _____ ~ 

9. A basic rule of magnetism is that like 
poles while unlike poles 

10. A material that is readily magnetized 
is called--------------

11. A material that is only slightly attracted 
by a very strong magnetic field is classi-
fied as ____ _ 

Self-Test Review 

12. A material that is slightly repelled by 
a strong magnetic field is classified as 

13. The three elements in nature that are 
·naturally magnetic are -----
-------•and _____ _ 

14. The property that determines a mate
rial's magnetic characteristic is called 
permeance or _____ _ 

15. Permeability is defined as the ease with 
which a substance will accept 
_____ lines. 

16. A commonly accepted theory of mag
netism assumes that the magnetic field 
iE initially caused by the------
spinning on its axis. 

17. In naturally magnetic elements, the two 
electrons in the valence shell spin in 
the (same/different) direction. 

18. The result of the electron spin in iron, 
cobalt, and nickel is that these atoms 
have a net field. 

19. These magnetic atoms tend to bunch 
together in tiny groups called 

20. When the domains in a piece of metal 
become aligned, the metal becomes a 
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Electricity and Magnetism 

Electricity and magnetism are closely re
lated. The electron has both an electrostatic 
field and a magnetic field. This may lead 
you to the conclusion that a charged object 
should have a magnetic field. However, this 
is not the case, since the magnetic field of 
about half the electrons will be opposite that 
of the other half. Nevertheless, the electron 
plays an important part in magnetism. It can 
be forced to produce a magnetic field in sub
stances that are normally considered non
magnetic such as copper and aluminum. 

The key to creating a magnetic field electri
cally is motion. Motion is the catalyst that 
links electricity and magnetism. Anytime a 
charged particle moves, a magnetic field is 
produced. If a large number of charged par
ticles are moved in a systematic way, a us
able magnetic field is formed. You have 
learned that current flow is the systematic 
movement of large numbers of electrons. 
Thus, current flow, since it consists of a 
large number of charged particles moving 
in a systematic way, produces a magnetic 
field. 

Current Flow and Magnetism 

When current flows through a wire, a mag
netic field is developed around the wire. 
The field exists as concentric flux lines as 
shown in Figure 5-10. While this field has 
no north or south pole, it does have direc
tion. The direction of the field depends on 
the direction of current flow. The arrow 
heads on the flux lines indicate their direc-
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tion. This does not mean that the flux lines 
are moving in this direction. It simply 
means that they are pointed in this direc
tion. 

DIRECTION 
OF 

CURRENT 

DIRECTION 
OF 

CURRENT 

Figure 5-10 Flux lines exist as concentric 
circles around a current carry
ing conductor. 

The direction of the flux lines can be deter
mined if the direction of current flow is 
known. The rule for determining this is 
called the left-hand magnetic-field rule or 
the left-hand rule for conductors. It is illus
trated in Figure 5-11. 



Simply stated, if you grasp the conductor 
in your left hand with your thumb pointing 
in the direction of current flow through the 
conductor, your fingers now point in the di
rection of the flux lines. 

Study Figur-e 5-11 until you understand this 
rule. Try this rule on the two conductors 
shown in Figure 5-10. 

LEFT-HAND 

FINGERS IN DIRECTION 
OF FLUX LINES 

Figure 5·11 Left-hand magnetic field rule. 

In explaining some aspects of electromag
netism, it is helpful to show current flow 
in a third dimension. To do this, two new 
symbols are necessary. Figure 5-12A shows 
current flowing into the page. H the wire 
is viewed from the end, the tail of the arrow 
appears as a cross as shown in Figure 5-12B. 
This cross is used to represent current flow
ing into the page. H the same wire is viewed 
from the other end, the head of the arrow 
appears as a round dot as shown in Figure 
5-120. The dot is used to represent current 
flowing out of the page. 

ARROW INDICATING 
DIRECTION OF 
CURRENT FLOW 

© 

~ 

® 
WIRE 

~ 
CROSS REPRESENTS 
TAIL OF ARROW 
POINTING INTO 
THE PAGE 

@ 

8' 
DOT REPRESENTS· 
HEAD OF ARROW 
POINTING OUT 
OF PAGE 

Figure 5-12 Developing two new symbols 
to represent current flow in a 
third dimension. 

In Figure 5-13, these new symbols are used 
to show how opposite and similar currents 
establish magnetic fields. In Figure 5-13A, 
opposite currents are shown. Using the left
hand rule, you can verify the direction of 
the two magnetic fields. Since the fields 
point in opposite directions, they tend to 
repel each other. Figure 5-13B shows that 
the opposite situation exists when the two 
currents flow in the same direction. Here, 
the fields point in the same direction. This 
tends to draw the two fields together. Thus, 
they are free to connect and reinforce one 
another. 

As long as the conductor is a straight piece 
of wire, the magnetic field produced is of 
little practical use. Although it has direc-
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tion, it has no north or south pole. Also, 
unless the current is extremely high, the 
magnetic field has little strength. However, 
by changing the shape of a length of wire, 
you can greatly improve its magnetic char
acteristics. 

+@+· 

Figure 5·13 Opposite currents cause fields 
that repel; currents in the same 
direction cause fields that add 
and attract. 

Figure 5-14 shows two views of a short 
piece of wire twisted into a loop. Sim.ply 
forming the loop helps the magnetic charac
teristics in three ways. First, it brings the 
flux lines closer together. Second, it concen-
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trates the majority of the flux lines in the 
center or core of the loop. Third, it creates 
north and south poles. The north pole is the 
side where the flux lines exit the loop; the 
south pole, the side where they enter the 
loop. Thus, this loop of wire has the charac
teristics of a magnet. In fact, this is an exam
ple of a simple electromagnet. 

® 

Figure 5·14 Flux lines around a loop of 
wire. 



The Electromagnet 

Electromagnetism is used in many different 
electronic devices. In its simplest form, the 
electromagnet is nothing more than a length 
of wire wrapped in coils as shown in Figure · 
5-15. When current passes through the wire, 
a magnetic field is established. Because the 
turns of wire are very close together, the flux 
lines of the individual turns reinforce one 
another to produce a strong magnetic field. 
The more turns in a coil, the more flux lines 
there will be to add together. Furthermore, 
as more current flows through the coil, more 
flux lines are created resulting in a 
strengthened magnetic field. Consequently, 
the strength of the magnetic field is directly 
proportional to both the number of turns in 
the coil and the amount of current through 
the coil. 

The magnetic field around the coil has the 
same characteristics as the magnetic field 
around a permanent magnet. However, one 
difference is that the field around the. coil 
exists only when current flows through the 
coil. Another important difference is that 
the strength of the magnetic field around the 
coil can be varied by changing the amount 
of current flowing through the coil. 

You have learned about two ways to in
crease the strength of the magnetic field 
around an electromagnet. One way is to in
crease the current. Another is to increase the 
number of turns. However, a third method 
is the most dramatic of all. It involves the 
addition of a bar of ferromagnetic material, 
called a core, to the center of the coil. 

Figure 5-15 Magnetic field around a coil. 

If you insert an iron core into the coil shown 
in Figure 5-15, the strength of the magnetic 
field increases dramatically. The reason for 
this is that the iron core is much more 
permeable than air. Consequently, the iron 
core can support many times more flux lines 
than air. Most electromagnets are made by 
winding many turns of wire around a bar 
of ferromagnetic material such as iron. 

Often, it is helpful to know the polarity of 
an electromagnet. This can be determined 
if the direction of current through the coil 
is known. The rule used for doing ·this is 
called the left-hand rule for coils and is il
lustrated in Figure 5-16. 

This rule states that if you grasp the coil 
with your left hand in such a way that your 
fingers are wrapped around it in the same 
direction that current is flowing, your 
thumb will then point toward the north pole 
of the magnet. 

Remember that current flows from negative 
to positive. In Figure 5-16A, the current 
flows up the back side of the coil and down 
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the front side. If the fingers are wrapped in 
this direction, the thumb points to the left. 
Thus, the left end of the electromagnet is 
the north pole. In Figure 5-16B, the coil is 
wrapped in the opposite direction and the 
north pole is on the right. 

Using this same procedure, the direction of 
current flow can be determined if the north 
pole is known. Assume that you know the 
north pole is on the right but you do not 
know the direction of current. Simply grasp 
the coil in the left hand with the thumb 
pointing toward the north pole of the coil. 
Your fingers now point in the direction of 
current flow. 

® 
N 

@ 

+ 

FINGERS IN DIRECTION 
OF CURRENT FLOW 

s 

N 

Figure 5·16 Left-hand rule for coils. 
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Magnetic Quantities 

In your study of electricity, you use electri
cal quantities such as voltage, current, resis
tance, c.onductance, and power. In much the 
same way, the study of magnetism requires 
that you learn several magnetic quantities. 
Of particular importance are the magnetic 
quantities: flux, flux density, magnetomo
tive force, field intensity, reluctance, and 
permeability. 

While the definitions of these quantities are 
straight forward, the units of measure for 
these quantities often become confusing. 
The reason for this is that three different 
systems of measurement have been used 
over the years. The first is the English sys
tem that uses the familiar inches, ounces, 
and pounds. The other two systems are 
based on metric units. One is called the cgs 
system. Cgs stands for centimeter, gram, and 
second. The other system based on metric 
units is the mks system. Mks stands for 
meter, kilogram, and second. In the follow
ing discussion, the English units are used 
because this is probably the system with 
which you are most familiar. At the end of 
this section, the English units are compared 
with the metric units. 

Flux. The complete magnetic field of a coil 
or a magnet is known as its flux. Thus, the 
flux is the total number of lines of magnetic 
force. The Greek letter phi (411) is used to 
denote flux. In the English system, flux is 
measured in lines. A coil or magnet that pro
duces 1000 lines of force has a flux of 1000 
lines or 1 kiloline (4' = 1 k lines). 



Flux Density. As the name implies, flux 
density refers to the number of flux lines 
per unit of area. In the English system the 
unit of area is the square inch. Thus, flux 
density is expressed as the number of lines 
per square inch. The letter ~ is used to rep
resent flux density. If a coil with a cross sec
tional area of two square inches has a flux 
of 1000 lines then the flux density is 1000/2 
or 500 lines per square inch (8 = 500 lines/ 
in2). 

Magnetomotive Force (MMF or mmf). Mag
netomotive force is the force that produces 
the flux in an electromagnet or coil. As you 
have seen, this force is directly proportional 
to the number of turns in the coil and the 
amount of current flowing through the coil. 
For this reason, the unit of MMF is the am
pere-tum or amp-turn. This is the amount 
of force developed by one turn of wire when 
the current flow is one ampere. 

To determine the MMF, multiply the 
number of turns in a coil by the current 
through the coil. For example, a coil having 
50 turns and a current of 2 amperes has a. 
magnetomotive force of 50 x 2 = 100 am
pere turns. 

Field Intensity or Magnetizing Force. While 
MMF is a useful term, it is limited in appli
cation because it does not take into consid
eration the length of the coil. Tb.us, a coil 
with 50 turns may be 1 inch long or 10 
inches long and still have the same MMF. 
However, it is obvious that the magnetic 

field in the 1 inch long coil is concentrated 
in a much smaller space than the field in 
the larger coil. 

Field intensity takes into consideration not 
only the MMF but also the length of the coil. 
It is expressed as ampere-turns per inch and 
is represented by the letter H. To determine 
the field intensity of a coil, divide the MMF 
of the coil in ampere-turns by the length of 
the coil in inches. For example, if a 2-inch 
coil has an mmf of 100 ampere turns, then 
the field intensity is 100/2 or 50 ampere 
turns per inch (H = 50- amp-turns/in). Field 
intensity is sometimes called magnetizing 
force. You should be careful, however, not 
to confuse this term with magnetomotive 
force. 

Permeability. You have already leamed 
about this characteristic. You will recall that 
permeability is the ease with which a mate
rial can accept lines of force. It can also be 
thought of as the ability of a material to con
centrate a large number of force lines in a 
small area. For example, a 1-inch column 
of soft iron can hold hundreds of times more 
flux lines than a comparable column of 
aluminum. The Greek letter mu (IJ.) is used 
to represent permeability. 

Reluctance. The opposite or reciprocal of 
permeability is called reluctance and is rep
resented by the letter R. Reluctance is gener
ally defined as an opposition to flux. Thus, 
a material with high reluctance is reluctant 
to accept flux lines. Since reluctance is the 
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reciprocal of permeability, it may be ex
pressed by the equation: 

R = 1 
.... 

For example, soft iron has a permeability 
of 2700. Thus, it has a reluctance of 1/2700. 
Since air has a permeability of 1, it has a 
reluctance of 1/1 or 1. Flux lines tend to fol
low the path of least reluctance. 

Ohm's Law for 
Magnetic Quantities 

Three of the above quantities are related by 
an equation that is very similar to the Ohm's 
law equation. In fact, these three magnetic 
quantities can be compared to the electrical 
units of current, voltage, and resistance. In 
this analogy, current corresponds to mag
netic flux (cl»). You will recall that flux is 
produced by magnetomotive force (MMF). 
Consequently. MMF corresponds to voltage. 
Finally, the opposition to flux is called reluc
tance (R). which is analogous to resistance. 
Flux, MMF, and reluctance are related by the 
equation. 

This states that the magnetic flux developed 
in a core material is directly proportional 
to the magnetomotive force applied to the 
material and inversely proportional to the 
reluctance of the material. Because of the 
similarity of this equation to the Ohm's law 
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equation discussed earlier, this is often 
called the Ohm's law for magnetic circuits. 

Comparison of Units 

& previously stated, there are three systems 
of measurement in common use. The most 
familiar is the English system. However, the 
metric system is becoming increasingly 
popular. Unfortunately, the units for the 
various magnetic quantities are different in 
each system. A comparison of these units 
is given in Table 5-2. 

In the English system, flux is measured in 
lines or kilolines; flux density is measured 
in kilolines per square inch; MMF is mea
sured in ampere-turns; and field intensity 
is measured in ampere-turns per inch. 

The cgs system introduces, four new terms: 
maxwell, gauss, gilbert, and oersted. The 
maxwell is equal to one line of force or flux. 
The gauss is equal to 1 maxwell per square 
centimeter. The gilbert is equivalent to 
0.796 ampere-turns or, stated another way, 
the ampere-tum is equal to about 1.25 gil
berts. Finally, the oersted is equal to 1 gil
bert per centimeter. 

In the mks system, the unit of flux is the 
weber. The weber is equivalent to 108 or 
100,000,000 lines of force. Flux density is 
expressed as webers per square meter. As 



with the English system, the mks unit of 
MMF is the ampere-tum. Finally, field in
tensity is expressed as ampere-turns per . 
meter. 

TERM DESCRIPTION SYMBOL ENGLISH 
UNITS 

TOTAL LINES LINES OR 
FLUX OF FORCE • KILOUNES 

LINES PER KILOUNES 
FWXDENSITY UNIT AREA ~ 

IN2 

TOTAL FORCE 
AMPERE· MAGNETOMOTIVE THAT PRODUCES MMF 

FORCE FLUX TURN 

AELD INTENSITY, FORCE PER AMPERE· 
OR MAGNETIZING UNIT LENGTH H TURN 

FORCE OFFLUXPATH IN 

Table 5-2 Comparison of magnetic units. 

This table ignores permeability and reluc
tance because neither has a unit of measure
ment assigned to it in any of the three sys
tems. 

CGSUNITS MKS UNITS 

1 MAXWELL• 1 LINE 1WEBER•100,000.000UNES 

1MAXWEU.. WEBER 
1GAUSS=- -

CM2 M2 

1 GILBERT•0.796AMP'TURN AMPERE· TURN 
1 AMP-TURN• 1.25 GIL.SERT 

10ERSTED• 1GILBERT AMPERE-TURN 
CM M 
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21. When an electrical charge moves. a 
_____ field is produced. 

22. The common factor that links magne-
tism and electricity is ____ _ 

23. The direction of the :magnetic field 
around a wire can be determined by the 
_____ magnetic field rule. 

24. To apply the left-hand rule. you grasp 
the wire in your left hand with your 
_____ pointing in the direction 
of current flow. 

25. Your now point in the 
same direction as the flux lines. 

26. The magnetic field produced around a 
conductor is relatively weak and al
though it has direction, it does not have 
north or south ____ _ 

27. A strong :magnetic field can be de
veloped by winding a conductor in the 
form of ____ _ 

28. To increase the strength of an elec-
tromagnet, a 
----- is added to the core of 
the magnet. 

29. The coil with current flowing has many. 
of the characteristics of a magnet, and 
is sometimes called an ____ _ 

5-22 DC ELECTRONICS 

Self-Test Review 

30. Using the left-hand rule for coils. when 
you grasp the coil in your left hand 
your fingers point in the direction of 

31. Again using the left-hand rule for coils, 
your thumb should point toward the 
___________ of the coil. 

32. Since iron is a ferromagnetic material, 
it has a much higher value of 
_____ than air. 

33. The quantity that defines the total mag
netic field or the total lines of force in 
kilolines is called ____ _ 

34. In the English system. a quantity that 
refers to lines per square inch is called 

35. In the English system. the unit of MMF 
is the _____ . ______ _ 

36. In the English system. field intensity is 
measured in 
_____ per inch. 

37. A material that is reluctant to accept 
flux lines is said to have a high 

38. The most common analogy used to 
compare electrical and magnetic quan
tities compares current, voltage, and re-
sistance to 

and re-
spectively. 



39. Match the following English units with 

their cgs counterparts. 

A. lines - 1. oersted 
gilbert B. Kilo lines/in2 _ 2. 

C. amp-tum __ 3. maxwell 
D. amp-tumfm - 4. gauss 

40. Match the following English units with 
their mks counterparts. 

A. lines - 1. weber/m2 

B. Kilo lines/in2 _ 2. amp-tum 
C. amp-tum __ 3. amp-tumlm 
D. amp-turn/in - 4. weber 

41. Match the following magnetic quan
tities With their English units. 

A. flux --
B. flux density _ 
C. field intensity _ 
D. magnetomotive 

force_ 

1. Kilo lines/in2 

2. amp-tum 
3. amp-tum/in 
4. lines 
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Induction may be defined as the effect that 
the magnet has on the iron bar without any 
physical contact between them. Earlier, you 
saw that a charged body can induce a charge 
in another body simply by coming close to 
it. This is possible because an electrostatic 
field surrounds every charged body. Thus,· 
the field of a charged body can affect 
another body without the two bodies actu
ally touching. This is an example of elec
trostatic induction. 

Magnetic Induction 

Another type of induction is called ~et· 
ic induction. Everyone knows that a magnet 
can affect objects from a distance. A strong 
magnet can cause a compass needle to de
fleet even at a distance of several feet. A 
magnet can also induce a magnetic field in 
a previously unmagnetized object. For ex
ample, a magnet placed near a piece of iron 
can cause the iron to become magnetized: 
in other words, to become a magnet. 

Figure 5-17 shows a bar of soft iron close 
to a permanent magnet. Notice that part of 
the magnetic field passes through the iron 
bar. This happens because of the high per
meability of the iron. Magnetic lines of force 
enter the left side of the iron and exit on 
the right. This magnetic field causes the 
magnetic domains in the iron to line up in 
one direction. Thus, the piece of iron itself 
becomes a magnet. 
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S PERMANENT N 
MAGNET 

Induction 

Figure 5·17 Magnetic induction. 

In the iron bar, the south pole must be on 
the left since this is the end where the flux 
lines enter the iron. The north pole is on 
the right since the flux lines exit at this 
point. Notice that the north pole of the per
manent magnet is closest to the induced 
south pole of the iron bar. Because these op
posite poles attract, the iron bar is attracted 
to the magnet. Therefore, the attraction of 
a piece of iron by a permanent magnet is 
a natural result of magnetic induction. 

When the piece of iron ·is removed from th~ 
magnetic field, most of the magnetic do
mains return to random positions. However, 
a few of the domains will remain aligned 
in the north-south direction. Thus, the iron 
bar retains a weak magnetic field even after 
it is removed from the influence of the per
manent magnet. 

The magnetic field that remains in the iron 
bar is referred to as residual magnetism.. 
The ability of material to retain a magnetic 
field even after the magnetizing force has 
been removed is called retentivity. Soft iron 
has a relatively low value of retentivity. 



Thus, it retains little residual magnetism. 
Steel has a somewhat higher value of reten
tivity. Therefore, its residual magnetism is 
also higher. Some materials, such as alnico, 
have a very high value of retentivity. In 
these materials, the residual magnetic field 
is almost as strong as the original magnetiz
ing field. 

Electromagnetic 
Induction 

Electromagnetic induction is the action that 
causes electrons to flow in a conductor 
when the conductor moves across a magnet
ic field. Figure 5-18 illustrates this action .. 
When the conductor moves up through the 
magnetic field, the free electrons are pushed 
to the right end of the conductor. This 
causes an excess of electrons at the right end 
of the conductor and a deficiency of elec
trons at the other end. The result is a poten
tial difference that develops between the 
two ends of the conductor. 

The potential difference developed in the 
conductor exists only while the conductor 
is moving through, or cutting, the flux lines 
of the magnet. When the conductor moves 
out of the magnetic field, the electrons re
turn to their original positions and the po
tential difference disappears. The potential 
difierence also disappears if the conductor 
stops in the magnetic field. Thus, there must 
be relative movement between the conduc
tor and the magnetic lines of flux before a 
potential difference develops in the conduc
tor. 

DIRECTION 

'

OF CONDUCTOR 
MOTION 

Figure 5·18 Electromagnetic induction. 

Motion is essential to electromagnetic in
duction. Some outside force must be ap
plied to the conductor in order to move it 
through the magnetic field. This mechanical 
force is converted to an electromotive force 
(EM:F) by electromagnetic induction. In 
other words, an EMF is induced into the 
conductor. The potential difference across 
the conductor is called an induced EMF or 
an induced voltage. 

The amount of EMF induced in a conductor 
is determined by four factors: 

1. The strength of the magnetic field. The 
stronger the magnetic field, the greater 
the number of lines of flux in the field 
per unit area. If the magnetic field has 
a great number of lines of force, then 
the moving conductor can cut a great 
number of · lines. The greater the 
number of lines cut for a given time 
period, the greater the induced EMF. 
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2. The speed of the conductor with re
spect to the field. As a conductor 
moves through a magnetic field, it cuts 
the magnetic lines of force. Increasing 
the conductor's speed through the field 
results in a greater number of lines of 
flux being cut for a given time period. 
This results in an increase in the EMF 
induced in the conductor. 

3. The angle at which the conductor cuts 
the field. This might be a bit harder to 
visualize than the previous two state
ments. If one conductor moves perpen
dicular, or at right angles, to the mag
netic lines of force, it will cut a 
maximum number lines of force per 
second and produce a maximum EMF. 
This movement is shown in Figure 5-
18. An identical conductor moving at 
the same speed but at an angle other 
than perpendicular to the field will cut 
less lines of force in the same time and 
therefore produce a smaller EMF. Inci
dentally, a conductor moving parallel 
to the field crosses no lines of flux and 
therefore has no EMF induced in it. 
This is shown in Figure 5-19. 

4. The length of the conductor in the 
field. A longer conductor must be 
coiled in order for it to fit into the mag
netic field. Each loop in the coil cuts 
the field. Thus, the lines of flux are cut 
a greater number of times per second 
resulting in a greater induced voltage. 
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Figure 5-19 No voltage is induced when 
the conductor moves parallel 
to the flux lines. 

All four of these factors are a ·natural conse
quence of a basic law of electromagnetic in
duction. This law is called Faraday's law 
and it states: 

The voltage induced in the conductor 
is directly proportional to the rate at 
which the conductor cuts the magnetic 
lines of force. 

In other words, the more flux lines cut per 
second, the higher the induced EMF. 

The polarity of the induced EMF can be de
termined by another of the left-hand rules. 
This one is called the left-hand rule for 
generators and is illustrated in Figure 5-20. 
It involves the thumb and the first two fin
gers of the left hand. The thumb is pointed 
in the direction that the conductor is mov
ing. The index or forefinger is pointed in 
the direction of the magnetic field: from 



north to south. Now, the middle finger is 
pointed straight out from the palm at a right 
angle to the index finger. The middle finger 
now points to the negative end of the con
ductor. This is the direction that current 
flows if an external circuit is connected 
across the two ends of the conductor. 

CONDUCTOR 
MOTION 

Figure 5-20 Left-hand rule for generators. 

The AC Generator 

Electromagnetic induction is important be
cause it is this method used to produce the 
EMF that supplies virtually all of the electri
cal power used in the world today. It is the 
most efficient way kn.own for producing 
electricity. 

Figure 5-21 shows an elementary electric 
generator. This device converts mechanical 
energy into electrical energy through elec
tromagnetic induction. Mechanical energy 

is required to establish relative motion· be
tween the magnetic field and the conductor. 
Either the magnet or the conductor can be 
rotated. For this explanation, assume that 
the conductor rotates in a counterclockwise 
direction. Notice that the conductor is 
shaped like a loop and is called an arma
ture. When the loop or armature rotates, one 
half moves up through the field near the 
south pole while the other half moves down 
through the field near the north pole. 

Figure 5-21 The AC generator. 

If you apply the left hand generator rule to 
the side of the loop nearest the south pole, 
you find that the polarity of the induced 
voltage is negative at point A and positive 
at point B. Applying the same rule to the 
conductor near the north pole, you find that 
the induced voltage is negative at point C 
and positive at point D. Notice that these 
two induced voltages are connected series 
aiding. A voltmeter connected across points 
E and F will measure the sum of the two 
induced voltages. 
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Figure 5-22A shows the nature of the volt
age that is induced into the armature. To 
see how this voltage is produced, you must 
follow the armature through one complete 
revolution. In each case, you must consider 
the voltage at point A with respect to the 
voltage at point B. 

Figure 5-22B shows the armature at 90° in
crements. At 0°, the sides of the armature 

· are moving parallel to the lines of flux. 
When this happens, no flux lines are cut, 
and there is no induced voltage at this time. 
However, as the armature rotates, the loop 
begins cutting the lines of flux and a voltage 
is induced. Point A becomes positive with 
respect to point B. You can prove this by 
implementing the left-hand generator rule. 

The voltage continues to rise until it reaches 
its maximum value at 90° of rotation. The 
voltage is maxim.um at this point because 
the armature is cutting the flux at a right 
angle. Thus, it cuts the maxim.um number 
of lines per second at this time. Once past 
90°, the voltage begins to decrease because 
fewer lines per second are being cut. At 
1800, the induced voltage is again zero be
cause the armature is moving parallel to the 
lines of force. 

As the loop passes 180° and starts cutting 
the lines again, a voltage is induced once 
more. However, this time point A becomes 
negative with respect to point B. Again. you 
can prove this by applying the left-hand 
generator rule. The maximum negative volt
age is produced at 2700 when the armature 
is once again cutting the lines of force at 
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right angles. As the armature heads back to
ward its starting point, the voltage begins 
to decrease toward O. At 360°, the armature 
is back where it started and the induced 
vol~ge is again zero. 

.ONE CYCLE OF A 
SINE-WAVE VOLTAGE 
IS INDUCED FOR EACH 
REVOLUTION OF THE ARMATURE 

Figure 5-22 Generating a sine-wave. 

The voltage waveform shown in Figure 
'5-22A is called a sine-wave. One cycle of 
the sine-wave, consisting of a positive and 
negative voltage swing, is produced for each 
revolution of the armature. If a load is con
nected across the armature between points 
A and B, current will flow through the load. 
For the first half cycle, current flows from 
point B through the load to point A. How
ever, during the next half cycle, current 
flows in the opposite direction from point 
A through the load to point ·B. Thus, during 



each cycle, the current reverses direction -
flowing in one direction half of the time and 
flowing in the opposite direction the other 
half of the time. This type of current flow 
is called alternating current and is ab
breviated AC. 

'The voltage supplied to your home, office, 
or place where you work is an AC voltage. 
The armature of the generator at the plant 
that provides your power rotates 60 times 
each second. Thus, the voltage supplied by 
these power stations goes through 60 cycles 
like the one shown in Figure 5-22A each 
second. Most of the appliances in your 
home require 115 volts at 60 cycles. 

The AC generator is often called an alter
nator because it produces alternating cur
rent. The simple machine shown here 
would not produce useful power because 
there is only a single turn of wire in the 
armature. In a practical alternator, hundreds 
of turns are wound into an armature that 
can produce considerable power. 

The DC Generator 

The AC generator or alternator can be con
verted to a DC generator. A device called 
a commutator is used to convert the AC 
voltage produced by the rotating loop into 
a DC voltage. The commutator is a cylinder 
shaped conductor. Two insulators are used 
to separate one half of the cylinder from the 
other half. Opposite sides of the armature 
are permanently connected to the opposite 

sides of the commutator. Thus, the com
mutator rotates with the armature. Figure 5-
23A shows how the commutator connects 
to the armature. 

Brushes are used to make contact with the 
rotating commutator. They are stationary 
and rest against opposite sides of the com
mutator. The brushes are made of a conduct
ing material so that the EMF produced by 
the armature is transferred to the brushes 
through. the commutator. In tum, wires are 
connected to the brushes so that the EMF 
can be transferred to an external circuit. 

® 

INSULATORS 

COMMUTATOR 
BRUSH 

TO EXTERNAL 
CIRCUIT 

PERMANENT 
MAGNET 

Figure 5·23 The DC generator. 
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The complete DC generator is shown in Fig
ure 5-23B. Notice that it has four basic parts: 
a magnet to produce the magnetic field; an 
armature or loop that produces the EMF; a 
commutator that converts the induced EMF 
to a DC voltage; and the brushes that transfer 
the DC voltage to an external circuit. 

Figure 5-24 illustrates the operation of the 
DC generator. At 0°, 180°, and 360°, the sides 
of the armature are moving parallel to the 
flux lines and O volts is produced. You will 
recall, that this same situation exists with 
the AC generator. At 90° and 270°, the sides 
of the loop are cutting the flux lines at right 
angles and maximum voltage is produced. 
However, unlike the alternator the voltage 
is positive at point A with respect to point 
Bat both 900 and 270°. Here's why: 

Since the brushes are stationary and the 
commutator is rotating, each brush is alter
nately connected to opposite sides of the ar-

mature. When the magnetic field is in the 
direction shown, the side of the loop that 
is moving up through the field produces a 
negative voltage at the commutator. At the 
same time, the side of the loop moving 
down through the field produces a positive 
voltage at the commutator. Notice that the 
brush on the right is always connected to 
the side of the armature that is moving up 
through the field. Consequently, this brush 
is always positive. Thus, if an external cir
cuit is connected across A and B, current 
always flows in the same direction. 

The nature of the induced EMF is shown 
in Figure 5-24B. This is called a pulsating 
DC voltage - DC because the current al
ways flows in the same direction and pul
sating because the level fluctuates. A pulsat
ing DC voltage like this one is of little use 
in this form. However, as you will see in 
a future unit, this type of voltage can be 
smoothed out to form a constant DC voltage. 

114 REV 112 REV 3/4 REV 

~----------------------------------------------------· 

® 

A 

o• 
I 

@! 
I 
I 
I 

INDUCED: 
EMF 1 

I 

B + 
A 

eo0 

I 

-B 
A 

Figure 5-24 Operation of a OC generator. 
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42. The effect of one body on another body 
without physical contact between them 
is called: 

43. When a charged object is brought close 
to a neutral object and the neutral ob
ject develops a charge of its own, this is called __________ _ 

44. In much the same way, when a perma
nent magnet induces a magnetic field 
in a previously unmagnetized object, 
this is called 

45. The magnetic field that remains after 
the magnetizing force has been re
moved is called magne
tism. 

46. The ability of a material to retain a mag
netic field after the magnetizing force 
has been removed is called 

4 7. The action that causes electrons to 
move in a conductor when the conduc
tor moves across a magnetic field is 
called 

48. In a generator, the stronger the magnet
ic field, the (stronger/weaker) will be 
the induced EMF. 

49. The faster the relative motion in a 
generator, the (stronger/weaker) the in
duced EMF will be. 

Self-Test Review 

50. The longer the conductor in the field, 
the (stronger/weak.er) the induced EMF 
will be. 

51. The induced EMF is maximum when 
the conductor cuts the magnetic field 
ata angle. 

52. The polarity of the induced EMF can 
be determined by the left-hand rule for 

53. Using this rule the of the 
left-hand is pointed in the same direc
tion that the conductor is moving. 

54. The finger is pointed in 
the same direction as the flux lines. 

55. If the middle finger is now pointed 
straight out from the palm at a right 
angle to the index finger, it will be 
pointing at the (negative/positive) end 
of the conductor. 

56. A device that uses electromagnetic in
duction to convert mechanical energy 
to electrical energy is called a 

5 7. An AC generator is called an alternator 
because it produces an ----
current EMF. 

58. An AC generator produces a voltage 
waveform called a wave. 

59. In a DC generator, a is 
used to convert the AC voltage to a pul
sating DC voltage. 
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Magnetic and Electromagnetic 
Applications· 

You have already seen two important appli
cations of electromagnetism - the alternator 
and the DC generator. It would be difficult 
to list all of the other applications of mag
netic and electromagnetic devices. How
ever, you can examine the operation of some 
of the more common applications. 

Relay 

The relay is one of the simplest, and most 
useful, electromagnetic devices. Figure 5-25 
shows how the relay operates. When the 
switch is closed, current flows from the bat
tery through the relay coil. The current 
develops a magnetic field in the core that 
attracts the armature (moving contact), pul
ling it down. This closes the contacts con
necting the generator to the load. 

When the switch is opened, the current 
through the relay coil stops. This allows the 
magnetic field to collapse. The spring pulls 

. the armature up opening the contacts and 
disconnecting the generator from the load. 

The relay is used when it is desirable to 
have one circuit control another. Notice that 
in Figure 5-25 there are two complete and 
separate circuits. Because the relay circuit 
is electrically isolated from the generator 
circuit, it can act as a protective device.· The 
relay can be used to open and close high
voltage or high-current circuits and, at the 
same time, expose you to relatively little 
voltage and current in the coil circuit. It is 
also useful for remote control where the 
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switch is located at one point and the other 
circuit components are located at a distance. 
Also, a relay with several contact arms can 
open and close several circuits at once. 

~GENERATOR 1 !LOAD 

SWITCH 
. S1 

Figure 5-25 The relay. 

"""-coN~ACTS 

RELAY 
COIL 

CORE 

An interesting variation of the relay is the 
door bell shown in Figure 5-26. When the 
switch is closed, current flows from the 
negative side of the battery through the 
switch, the breaker contacts, the two relay 
coils, and back to the positive side of the 
battery. The current flow through the relay 
sets up a magnetic field that attracts the soft
iron armature pulling it down. This pulls . 
the hammer down causing it to strike the 
bell. The lower breaker contact is attached 
to the armature. Consequently, when the 
coils energize, the current path for the coil 



is broken. Thus, the relay de-energizes and 
releases the armature. The spring pulls the 
armature and the hammer upward. This 
closes the breaker contacts and once again 
completes the path for current flow through 
the relays. The operation repeats itself many 
times each second. Thus the bell rings as 
long as the circuit is energized. 

BREAKER 
CONTACTS 

+ 

Figure 5·26 The door bell. 

Reed Switch. 
and Relay 

Figure 5-27 A shows a magnetic reed switch. 
It consists of two contacts in a sealed glass 
container. The contacts are made of a fer
romagnetic material and are normally open. 
However, when a magnet is placed next to 
the reed switch as shown in Figure 5-27B, 
the contacts close. The reason for this is that 
a magnetic field is induced into each con
tact by the flux lines from the magnet. Thus, 
each contact becomes a tiny magnet having 

the polarity shown. At the point where the 
two contacts are closest, opposite poles 
exist. These poles are attracted to each other 
closing the contacts. The reed switch allows 
you to control a circuit by changing the po
sition of a permanent magnet. A practical 
application of this device will be shown 
later. 

Figure 5-27C shows that the contacts can 
also be controlled with the field from an 
electromagnet. When the electromagnet is 
wound directly on the reed switch, the de
vice is called a reed relay. 

f'A\ FERROMAGNETIC GLASS 
~ CONTACTS COVER 

® 

© 

11--

Figure s.27 Reed switch and reed relay 
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Record Pickup 

Electromagnetic principles are used in 
many types of recording and playback 
equipment. The pickup cartridge used in 
the tone arm of many record players is an 
electromagnetic device. Figure 5-28 shows 
the construction of a cartridge called a mov
ing-coil or dynamic pickup. Here, a magnet
ic field is produced by the permanent mag
net. A tiny coil is placed in this magnetic 
field. The core on which the coil is wound 
is attached to the stylus or needle. The coil 
is held in place by a flexible grommet. 

FLEXIBLE 
GROMMET 

TO 
AMPLIFIER 

Figure 5-28 Simplified diagram of a mag
netic pickup cartridge. 

As the needle slips down the spiral groove 
on the record, it vibrates in response to the 
variations in the groove. These variations in 
the groove correspond to the audio tones re
corded there. Thus, the needle vibrates at 
the same rate as the audio tones. Because 
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the coil is connected to the needle, it also 
vibrates at this rate. The tiny movements of 
the coil in the magnetic field cause a minute 
EMF to be induced into the coil. The in
duced EMF also varies at the audio rate. 
This EMF can be amplified and used to 
drive a loudspeaker so that the original 
audio tone is reproduced. 

Loudspeaker 

Loudspeakers are used in all types of audio 
equipment. Most loudspeakers use a mov
ing coil and a permanent magnet. A cutaway 
diagram of a loudspeaker is shown in Figure 
5-29. A permanent magnet establishes a 

VARYING 
CURRENT 

FROM 
AMPLIFIER 

Figure 5-29 The loudspeaker. 
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strong stationary magnetic field. A coil that 
is free to move is placed in this magnetic 
field. A current that varies at an audio rate 
is then passed through the coil. The varying 
current establishes a varying magnetic field 
around the coil. The varying magnetic field 
of the coil is alternately attracted and repel
led by the stationary field of the permanent 
magnet. Thus, the coil moves back and forth 
at the same rate as the varying current. The 
moving coil is attached to a large cone or 
diaphragm. As the coil vibrates. the cone 
also vibrates setting the air around the cone 

. in motion at the same rate. This reproduces 
the original sound. 

Magnetic Tape 

The tape recorder uses electromagnetic 
principles to record electronic signals on 
magnetic tape. The device that actually 
"writes" the signal on the tape and later 
"reads" it back is called a record-playback 
head. It is nothing more than a coil with 
a ferromagnetic core. Figure 5-30A illus
trates its operation in the record mode. 

Notice that a tiny air gap exists between the 
two ends of the core. When current is ap
plied to the coil, a magnetic field is concen
trated in this gap. A length of plastic tape, 
covered with a ferromagnetic substance 
such as iron oxide, is pulled past the air 
gap. The magnetic field surrounding the air 
gap penetrates the tape magnetizing the fer
romagnetic coating at this point. If the cur
rent applied to the coil varies at an audio 

rate, then the magnetic field across the air 
gap varies at the same rate. The magnetic 
field alters the magnetic domains on the sur
face of the tape. Consequently, the magnetic 
pattern "written" on the tape corresponds 
to the original audio signal. 

® RECORD 
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@ PLAYBACK 
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VARYING 
EMF 

TO AMPLIFIER 

Figure 5-30 Tape record playback head. 
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To play back the tones recorded on the tape, 
the process is reversed as shown in Figure 
5-30B. The tape is pulled past the air gap 
so that the core is subjected to the magnetic 
patterns on the tape. The changing magnetic 
field induces a tiny EMF into the coil wind
ings. When this EMF is amplified and ap
plied to a loudspeaker, the original audio 
tones are reproduced. 

DC Motor 

Earlier, you saw that a generator converts 
mechanical energy to electrical energy. A 
motor does just the opposite; it converts 
electrical energy to mechanical energy. Fig
ure 5-31 illustrates the principle that tnakes 
this possible. Here a current carrying con
ductor is shown in a magnetic field. This 

DIRECTION, 
OF 

CURRENT FLOW 

Figme 5-31 DC motor theory. 
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is not an induced current; it flows because 
the conductor is connected across a battery. 
Because of the current, a magnetic field 
develops around the conductor in the direc
tion sh~. This can be verified by the left
hand rule for conductors that was discussed 
earlier. 

The magnetic field around the conductor in
teract$ with the field of the permanent mag
net. Notice that on one side of the conductor 
the two magnetic fields have the same direc
tion and they add thus producing a strong 
magnetic field. On the other side of the con
ductor, the two magnetic fields have oppo
site ·directions. Thus, they tend to cancel 
leaving a weak resultant field at this point. 
As you can see, the flux lines are more 
numerous on one side of the conductor than 
on the other. Thus, on one side, the lines 
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are bent and forced very close together. 
These lines have a natural tendency to 
straighten and move farther apart. However, 
the only way they can do this is to push 
the conductor out of the way. Thus, a force 
develops that pushes the conductor in the 
direction shown. 

There is a rule used to determine the direc
tion that the conductor. will move in the 
magnetic field. It is called the right-hand 
motor rule, and is illustrated in Figure 5-32. 
Using the right-hand (not the left), point the 
index finger in the direction of the field of 
the permanent magnet. Point the middle 
finger in the direction of current flow 
through the conductor and at a right angle 
to the index finger. Point the thumb straight 
up and at a right angle to both the index 
and middle finger. The thumb now points 
in the direction that the conductor will 
move. Applying this rule you can see how 
a simple DC motor operates. 

RIGHT HANO RULE 
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Figure 5-32 Rule for motor action. 

A simplified diagram of the DC motor is 
shown in Figure 5-33. Notice the similarity 
to the DC generator described earlier. How
ever, there are two important differences. 
With the generator, the armature is turned 
by an outside mechanical force. Here the ar
mature turns because of the motor action 
just discussed. In the generator, a DC voltage 
is produced at the brushes. Here, an external 
DC voltage from a battery is applied to the 
brushes. 

Current flows through the armature as indi
cated by the arrows. Applying the right
hand motor rule to the side of the armature 
near the south pole of the magnet, you find 
that the conductor tends to move up. If you 
apply the same rule to the side near the 
north pole, you find that this side tends to 
move down. Thus, the armature rotates in 
a counterclockwise direction. After one half 
cycle of revolution, the two sides of the ar
mature reverse positions. Nevertheless, cur-

PERMANENT 
MAGNET 

Figure 5·33 The DC motor. 
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rent still flows in the same direction 
through the side closest to the south pole. 
Whichever side of the armature appears at 
this point, the resulting motion is always 
up. The upward force at the south pole and 
the downward force at the north pole cause 
the armature to constantly rotate. 

The simple motor shown here is not practi
cal because a single loop of wire is used as 
an armature. Real motors use hundreds of 
turns of wire so that a very strong twisting 
motion, or torque, is developed. 

s, 

+~"'---VV.~-N.lld".....--0 

Figure 5-34 Elementary DC motor control. 

DC Motor Control 

It is possible to operate a DC motor using 
a switch to turn it on and off. However, 
there are time when you will want to vary 
the speed or direction of the motor's rota
tion. When this happens, it is possible to 
use resistors of variable resistors to accom
plish this. 

Figure 5-34 shows the simplest DC motor 
control circuit. The DC motor is shown as 
a circle with an M inside. This is the 
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schematic symbol for a DC motor. Switch 
S1 controls the power to the circuit. Ulti
mately, this switch determines whether or 
not the motor is running. Resistor R1 is a 
series limiting resistor. This resistor pre
vents excessive current through the circuit 
when the motor is operating without a load. 
It is good practice to have a current limiting 
resistor in the circuit when a motor is con
nected in series with a power source. The 
actual control in the circuit is variable resis
tor R2. 

When R2 is adjusted to its maximum resis
tance, the voltage drop across the motor, 
and therefore the current through the motor, 
is severely restricted. This results in the 
motor turning at a low speed. As the resistor 
is adjusted for less resistance, the motor 
speeds up. In this way, you can control the 
speed of a DC motor. 

You might assume that, even with R2 ad
justed to its maximum value, the motor 
would begin rotation the instant switch S1 
is closed. This, however, is not the case be
cause one of the fundamental laws of phys
ics states that "Bodies in motion tend to stay 
in motion and bodies at rest tend to stay 
at rest". In order to start rotating and come 
to operating speed, the motor must over
come two quantities: inertia and friction. 

Friction can be defined as the resistance to 
relative motion between two objects in con
tact. In other words, any time two objects 
come in contact, they tend to hold each 
other in place. In a DC motor, there are a 



number of points of contact: among them, 
the contact between the brushes and the 
commutator. 

Inertia is the property of an object by which 
it remains at rest unless acted upon by some 
external force. Inertia is the result of the 
mass of an object. The greater the mass, the 
greater the force necessary to overcome the 
inertia. Anyone who has tried to push a stal
led automobile will readily understand this 
concept. 

_ It takes a certain amount of energy to over
come the properties of friction and inertia 
in a DC motor. For this reason, a given 
amount of voltage must be applied to the 
motor before it develops enough torque, or 
twisting motion, to begin turning. This volt
age is called the offset voltage. In a well de
signed DC motor control circuit, torque and 
inertia are compensated for by using compo. 
nent values that ensure that the voltage ap
plied to the motor always meets or exceeds 
the value of the offset voltage. 

Incidentally, once the inertia and friction 
are overcome and the motor is running, you 
can decrease the voltage applied to the 
motor and still keep it operating. 

There may be times when you must change 
a motor direction. Figure 5-35A shows a 
motor control circuit consisting of a poten
tiometer, switch, limiting resistor, and DC 
motor. In this figure, the wiper on the poten
tiometer is centered. That is, the resistance 
between point A and B equals the resistance 
between points B and C. At point B, the volt-

age is 10 volts positive with respect to one 
power supply and 10 volts negative with re
spect to the other. In this configuration, cur
rent flows from the + 10 V supply to the 
-10 V supply. No current flows through the 
motor." This is the null position. The motor 
will move in neither direction. 

® 

® 
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Figure 5.35 DC motor direction and speed 
control. 

As the potentiometer is moved from its cen
tered position, current begins to flow 
through the motor. This is shown in Figure 
5-35B. Notice here that there is much less 
resistance between the -10 V supply and 
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ground than there is between the -10 V and 
+ 10 V supplies. Therefore, the current 
flows from left to right in the illustration. 

When the potentiometer is adjusted in the 
other direction, current begins to flow from 
right to left as shown in Figure 5-35C. In · 
this instance, the motor direction has 
changed along with the direction of current 

· flow through the motor. 

Besides changing direction, the potentiome
ter can be used to vary the speed of the 
motor. The same problems with inertia and 
friction occur with this control as did with 
the elementary control shown in the preced
ing example. 

Meter 

The same motor action described in the sec
tion on DC motors is used in the moving
coil meter movement. Figure 5-36 shows a 
simplified diagram of this device. Like the 
motor, it has an armature that is free to move 
in the field of a permanent magnet. How
ever, in the meter movement, the motion is 
restricted by one or more springs. 

When current flows through the coil, it es
tablishes a magnetic field the strength of 
which is directly proportional to the cur
rent. The motor action causes a torque to 
develop and the coil tries to rotate. How
ever, the restraining springs prevent the coil 
from turning more than about 90°. 
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A pointer is attached to the coil. As the coil 
rotates, it moves the pointer in front of a 
graduated scale. The markings on the scale 
can indicate volts, amps, or ohms depend
ing on the type of meter in which the move
ment is used. The more current that flows, 
the farther the coil rotates, and the farther 
the pointer moves across the scale. As the 
pointer moves, a reading is taken from the 
graduated scale. This reading is directly 
proportional to the amount of current that 
flows through the coil. This type of meter 
movement is commonly used in ammeters, 
voltmeters, and ohmmeters. 
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Figure 5-36 The moving-coil meter move
ment. 

Computer Memories 

Computers use a variety of electromagnetic 
devices to store information. One device 
that has been used to store information is 
the core memory where information is 



stored on small magnetic cores. These cores 
are tiny little doughnut-shaped pieces of fer
rite material that can be magnetized in 
either of two directions. 

As shown in Figure 5-37, wires are strung 
through the holes in the cores. By applying 
current to these wires in the appropriate di
rection, the cores can be magnetized in a 

. certain pattern. A clockwise magnetic field 
can arbitrarily be called 1 while a coun
terclockwise field can be called o. The cir
cuitry inside the computer interprets pat
terns of l's and O's. 

0 1 0 1 

Figure 5-37 Four cores of a computer 
memory. 

Because of the way in which they are mag
netized, the cores in Figure 5-37 have the 
pattern 0101. Numbers, letters of the al
phabet, and punctuation marks can be en
coded using patterns of l's and O's. For ex
ample, one popular computer code uses 
seven digit patterns. The letter A is rep
resented by 1000001; the number 6 by 
0110110; and the question mark (?) by 
01111111. Thus, if you are willing to use 
enough cores, the entire contents of this 

course can be stored in a core memory using 
seven digit patterns of 1 'sand O's. 

Magnetic Deflection of 
Electron Beams 

You have learned that a current carrying 
conductor is deflected or moved by a mag
netic field. However, it is not the conductor 
that is deflected but the electrons traveling 
through the conductor. Since the electrons 
are confined to the conductor, it also moves. 

In some cases, streams of electrons are not 
confined to a wire but travel through space. 
Such a beam can be deflected in the same 
way as the electrons in a current carrying 
conductor. There are many practical appli
cations of this principle. The most familiar 
of these is the TV picture tube shown in 
Figure 5-38. 

ELECTRON 
BEAM 

Figure 5-38 Magnetic deflection of the 
electron beam in a TV picture 
tube. 
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In the .picture tube, a device called an elec
tron gun produces a narrow beam of elec
trons that is fired at the TV screen. Wherev
er the beam hits the phosphor on the screen, 
light is given off. By moving the beam over 
the entire surface of the screen and varying 
the beam's ~tensity, a picture is produced. 

To do this, two magnetic fields are used to 
deflect the beam. One moves the beam back 
and forth across the screen over 15,000 
times each second. The other moves the 
beam up and down the screen 30 times each 
second. The result is that 30 complete pic
tures consisting of about 500 lines each are 
drawn each second. 
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The horizontal deflection coils are sl\own 
in Figure 5-38. When current flows in one 
direction through these coils, a magnetic 
field having the direction shown is produc
ed. Using the right-hand motor rule, you can 
see that this field deflects the beam toward 
point A. If the direction of the field is re
versed, the beam deflects toward point B. 
To deflect the beam in a vertical direction, 
vertical deflection coils are placed on the 
sides of the picture tube. This principle is 
used in radar sets and TV cameras as well 
as TV receivers. 



60. The relay produces a 
------ that closes the contacts 
of a switch. 

61. The relay circuit is electrically 
------from the circuit that it 
controls. 

62. In the moving-coil record-player pick
up, a voltage is developed by having 
a moving-coil vibrate in a stationary 

63. In the loudspeaker, a speaker cone is 
made to vibrate by applying a varying 
current to a 

64. The record-playback head used in tape 
recorder uses a varying current which 
establishes a varying magnetic field 
that aligns the 
______ on the tape. 

Self-Test Review 

65. The rule that is used to determine the 
direction that a current carrying con
ductor will move when the conductor 
is placed in a magnetic field is called 
the rule 
for motors. 

66. Uslng this rule, the forefinger should 
point in the direction of the magnetic 
field, while the middle finger points in 
the direction of current flow through 
the conductor and points 
in the direction that the conductor will 
move. 

67. A uses this technique to 
deflect a pointer in front of a scale. 

68. The TV receiver uses this same tech
nique to deflect an 
-----back and forth across the 
face of the picture tube. 

69. In some computer memories, small 
magnetic doughnut shaped devices 
called are used to store 
information. 

Magnetism 5-43 



Action-at-a-distance is explained in terms of 
a field. Because a magnet can affect objects 
at a distance, it is said to be surrounded by 
a magnetic field. The field is assumed to be 
made-up of lines of force called flux lines. 

Magnets have north and south poles. Arbi- · 
trarily, the flux lines have been assigned a 
direction so that they leave the magnet at 
the north pole and enter the magnet at the 
south pole forming complete loops. The flux 
lines cannot cross each other and tend to 
form the smallest possible loops. 

Like magnetic poles repel; unlike poles at
tract. 

All materials are classified as either fer
romagnetic, paramagnetic, or diamagnetic. 
Ferromagnetic materials are strongly at
tracted by magnetic fields; paramagnetic 
materials are only slightly attracted; and 
diamagnetic materials are slightly repelled. 
Generally, paramagnetic and diamagnetic 
materials are considered to be non-magnet
ic. 

When an electrostatic charge moves, a mag
netic field develops. The electron spins on 
its axis, producing a magnetic field. In most 
atoms, electrons with opposite spins pair off 
so that their magnetic fields cancel. How
ever, in iron, nickel, and cobalt the two val
ence electrons spin in the same direction 
and thus their fields add. 

In ferromagnetic materials the magnetic 
atoms bunch in groups called domains. The 
domains are arranged haphazardly and their 
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Summary 

fields cancel. However, when subjected to 
a magnetic field. the domains align in the 
same direction creating a magnet. 

Magnetism and electricity are closely re
lated. Current flow produces a magnetic 
field and a moving magnetic field can pro
duce current flow. 

The direction of the magnetic field caused 
by current flow can be determined by the 
left-hand rule for conductors: This rule 
states: Grasp the conductor in your left hand 
with the thumb pointing in the direction of 
current flow. Your fingers now point in the 
direction of the flux lines. 

The magnetic. field around the conductor 
can be strengthened and concentrated by 
winding the conductor as a coil. The result 
is called an electromagnet and it posesses 
many of the characteristics of a permanent 
magnet. 

The north pole of the electromagnet can be 
determined by the left-hand rule for coils. 
It states: Grasp the coil in your left hand 
with your fingers wrapped around it in the 
direction of current flow. Your thumb now 
points toward the north pole of the coil. 

Several magnetic quantities are important. 
Permeability is the ease with which a sub
stance accepts lines of force. Its reciprocal 
is called reluctance. Flux is the total lines 
of force around a magnet. Flux density re
fers to the number of flux lines per unit of 
area. Magnetomotive force is the force that 



produces the flux in a coil. Field intensity 
is the amount of MMF per unit of length 
of the coil. 

When one body has an electrostatic or mag
netic field, it can induce a change in another 
body without actually touching the other 
body. This is called induction. 

A magnet can induce a :magnetic field into 
a ferromagnetic body without touching it. 
This is called magnetic induction. When the 
magnet is taken away, a magnetic field will 
remain in the ferromagnetic body. This is 
called residual magnetism. The ability of a 
substance to retain a magnetic field after the 
magnetizing force has been removed is 
called retentivity. 

When a conductor moves across a magnetic 
field, an EMF is induced in the conductor. 
This is called electromagnetic induction. 

The magnitude of the induced EMF is pro~ 
ortional to the rate at which the conductor 
cuts the magnetic lines of force. The more 
lines per second that are cut, the higher the 
induced EMF. 

The polarity of the induced EMF can.be d~ 
termined by the left-hand rule for 
generators. Using this rule, the thumb is 
pointed in the direction that the conductor 
is moving. The index finger is pointed in 
the direction of the flux lines (from north 
to south). If the middle finger is now placed 
at right angles to the thumb and index 
finger, it points in the direction in which 
current will flow through the conductor. 

A device that uses electromagnetic induction 
to convert mechanical energy to electrical 
energy is called a generator. A generator may 
produce AC or DC voltage depending on how 
it is constructed. An AC generator iS called 
an altemator. The DC generator uses commu
tators and brushes to convert AC to DC. 

There are many other devices that use mag
netic or electromagnetic principles. 

The relay uses an electromagnet to close 
switch contacts. 

The record pickup uses a magnet and mov
ing coil to convert stylus vibrations into 
voltage variations that can be amplified. The 
loudspeaker uses a similar arrangement to 
convert these amplified voltage variations 
back to sound. 

The tape recorder uses an electromagnet as 
a record head. Current variations are a~ 
plied to the electromagnet. This creates cor
responding magnetic patterns on a length of 
tape. In the playback mode, the head con
verts to a tiny generator. The magnetic varia
tions on the tape induce tiny voltage 
variations into the coil. These voltage varia
tions are amplified, and applied to the 
loudspeaker where they are converted back. 
to sound. 

The motor converts electrical energy to 
mechanical energy. Current is passed 
through a coil, producing an electromagn~ 
tic field. This field interacts with a perm.a-
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nent magnet's field. As a result, the coil is 
forced to move. By proper design, a constant 
circular motion is achieved. 

The meter works on the same principle as 
the motor. Here the movement of the coil 
is restricted by springs. A pointer attached 
to the coil moves in front of a scale indicat
ing the current through the meter. 

Electromagnetism is also used to deflect the 
electron beam in TV receivers, TV cameras, 
and radar indicators. 
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The direction of movement of the coil in 
the motor or meter, or the direction of de
flection of the electron beam can be deter
mined by the right-hand motor rule. Using 
this rul'9, the thumb, index finger, and mid
dle finger of the right hand are held at right 
angles to each other. If the index finger is 
pointed in direction of the magnetic field 
and the middle finger is pointed in the di
rection of electron flow, the thumb will 
point in the direction in which the conduc
tor (or electron beam) will move. 
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This . unit deals with electrical measure
ments. In this unit you wW learn about the 
construction and operation of the most com
monly used electrical measuring instrument 
- the volt-oh:m-milJiammeter (VOM). & 
the name implies, this inatJwnent is used 
to measure voltage, resistance, and current 

Introduction 

The heart of this instrw:nent is a moving-coil 
meter movement lib the one discussed in 
the previous unit on magnetism. In this 
unit. you will leam much more about this 
type of meter movement and see how it can 
be used to measure current. voltage, and re
sistance. 
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When you have completed this unit you 
will be able to do the following: 

1. List six parts of the moving-coil meter 
movement and explain the purpose of 
each. 

2. Demonstrate how the ammeter, voltme
ter, and ohmmeter should be connected 
to a circuit under test. 

3. Given the full scale deflection and the 
meter resistance. calculate the proper 
value of shunt required to increase the 
current capability to a given value. 

4. Given the full scale deflection and the 
meter resistance, calculate the series 
dropping resistance required to in
crease the voltage capability to a given 
value. 

5. Draw the schematic diagrams of a sim
ple series ohmmeter and a simple 
shunt ohmmeter. 

6. Define and calculate meter sensitivity 
for a given meter movement. 
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Unit Objectives 

7. Explain how a single meter movement 
can be used in a VOM to indicate cur
rer.t, voltage, and resistance. 

8. Define voltmeter loading and explain 
how its effects can be minimized. 

9. Name the components used to increase 
the range of a voltmeter and an amme
ter. 

10. State at what point on a meter scale the 
most accurate readings are obtained. 

11. State the purpose of the "ZERO OHMS" 
variable resistor in an ohmmeter. 

12. Name the three components that make 
up the most basic ohmmeter. 

13. State how an ammeter can introduce an 
error when it is used to measure cur
rent. 

14. Define the term parallax. 



The heart of the volt-ohm-milliammeter 
(VOM) is the meter movement. The most 
popular type of meter movement is the per
manent-magnet, moving-coil movement dis
cussed in the previous unit. This device is 
also called the d'Arsonval movement after 
its inventor Arsene d'Arsonval. The first 
version, introduced in 1882, is called a gal
vanometer. It is quite delicate and some
what crude. In 1888, Edward Weston in
troduced an improved version of the device 
that is similar to the designs used today. 

Construction 

Figure 6-1 shows the construction of a meter 
movement. Several important parts are 
listed. In the following section, each of these 
is discussed in detail starting with the per
manent magnet. 

PERMANENT 
MAGNET 

SPIRAL 
SPRING 

SCALE 

RIGHT 
RETAINING 

PIN 

ZERO ADJUST 
SCREW 

SOFT-IRON COUNTER 
CORE WEIGHTS 

Figure 6-1 Permanent-magnet, moving-
coil meter movement. 

The Meter Movement 

Figure 6-2 shows the permanent magnet sys
tem. A horse shoe magnet produces the sta
tionary magnetic field. To concentrate the 
magnetic field in the area of the moving coil, 
pole pieces are added to the magnet. These 
are made of soft iron and have a very low 
reluctance. Consequently, the lines of flux 
tend to concentrate in the area shown. In 
addition, a stationary soft-iron core is 
placed between the pole pieces. Enough 
space is left between the pole pieces and 
the core so that the moving coil can rotate 
freely in this space. As you can see, the pole 
pieces and core restrict most of the flux to 
the area of the moving coil. 

HORSESHOE MAGNET 

SOFT IRO,. 
CORE 

POLE PIECES 

Figure 6-2 The permanent magnet. 

Figure 6-3 shows how the moving coil fits 
around the soft-iron core. The coil consists 
of many turns of extremely fine wire on an 
aluminum frame. The aluminum frame is 
very light so that little torque is needed to 
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move it. The two ends of the coil connect, 
through other circuitry, to the leads of the 
ammeter, voltmeter, or ohmmeter. 

STATIONARY 
SOFT IRON 

OCORE 

1r PIVOT 
}l. POINT 

Figure 6-3 The moving coil. 

Figure 6-4 shows the details of the pointer 
· assembly. The pointer is attached to the 
moving coil so that it moves when the coil · 
moves. Counter-weights are often attached 
to the pointer so that a perfect balance is 
achieved. This makes the pointer easier to 
move and helps the meter to attain the same 
accuracy in all positions. A well balanced 
meter will read the same whether held verti
cally or horizontally. 

Retaining pins on either side of the move
ment limit the distance that the pointer and 
other rotating parts can move. Two spiral 
springs at opposite ends of the moving-coil 
force the pointer back to the zero position 
when no current is flowing through the coil. 
In most movements, the spiral springs are 
also used to apply current to the moving 
coil. The two ends of the coil connect to 
the inner ends of the spiral spring. The outer 
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end of the rear spring is fixed in place. How
ever, the outer end of the front spring con
nects to a zero adjust screw. This allows you 
to set the pointer to exactly the zero point 
on the scale when no current is flowing 
through the coil. 

The moving coil, pointer, and counter
weight rotate around a pivot point. To hold 
the friction to an absolute minimum, 
jeweled bearings are used at this point just 
as they are in a fine watch. 

SPIRAL 
SPRING 

°" RIGHT 
RETAINING 

PIN 

Figure 6-4 The pointer assembly. 

Operation 

Now that you have an idea of how the meter 
is constructed, look at the meter's operation. 
In the previous unit you learned that a con
ductor is deflected at a right angle to a sta
tionary magnetic field if current flows 
through the conductor. This is the principle 



of operation of the DC motor. You also 
learned a rule. called the right-hand motor 
rule. that describes this action. Figure 6-5 
illustrates this rule and the motor action 
that causes the meter to deflect. An end 
view of one turn of the moving-coil is 
shown. Current is forced to flow through the 
coil so that current flows "out of the page" 
on the left. Applying the right hand rule to 
the coil at this point, you find that the coil 
is forced up on the left and down on the 
right. This causes the pointer to move up 
scale or in the clockwise direction. 

The amount of torque produced by this tiny 
"motor" is proportional to the magnitude of 
the current that flows through the moving 
coil. The more current, the greater the tor
que. and the farther the pointer is deflected. 

Figure 6-5 can be used to illustrate an im
portant characteristic of the d' Arsonval 

MAGNETIC 
FIELD 

RESULTING t 
MOTION 

OF 
CONDUCTOR 

meter movement. You assume that the cur
rent is always flowing in the same direction 
through the moving coil. That is. a direct 
current, DC. is applied to the coil. This 
movement will work fine as long as the cur
rent is direct. However, the movement will 
not respond properly to an alternating cur
rent, AC. Each time the current reverses, the 
coil will attempt to reverse its direction of 
deflection. If the current changes direction 
more than a few times each second, the coil 
cannot follow the changes. Thus, AC must 
not be applied to this type of meter move
ment. 

Notice also that if you allow current to pass 
through the coil in other than the direction 
shown in Figure 6-5, the pointer will deflect 
in the wrong direction. This indicates that 
this type of movement is polarity sensitive. 
This means that current must flow through 
the movement in one specific direction in 

FULL SCALE 
DEFLECTION 

I 
MOVING COIL 

POLE PIECE POLE PIECE 

CURRENT 
FLOW 

I 

CURRENT 
OUT 

Figure &-5 Motor action of the moving coil. 

N 
CURRENT 

IN 
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order to assure proper operation. If the 
meter movement is connected improperly, 
it deflects in the wrong direction and possi
bly damage the movement. 

Meter movements are rated according to the 
amount of current needed to produce full
scale deflection. For example, a 50 micro
ampere meter movement deflects full scale 
when 50 microamperes of current flows 
through it. The 50 µ.A meter movement is 
one of the most commonly used types of 
d'Arsonval movements. The 100 µ.A and 
200 µ.A movements are also popular. 

Taut-Band Movement 

An important variation of the d'Arsonval 
movement is the taut-band meter move
ment. Figure 6-6 is a simplified diagram that 
shows the construction of this type of move
ment. The moving coil is suspended by two 
tiny stretched metal bands. One end of each 
band is connected to the moving coil while 
the other end is connected to a tension 
spring. The springs keep the bands pulled 
tight. The bands replace the pivots, bearing, 
and spiral springs used in the conventional 
d'Arsonval movement. This not only 
simplifies the construction of the meter, it 
also reduces the friction to practically zero. 
Consequently, the taut-band movement can 
be made somewhat more sensitive than the 
movement discussed earlier. Taut-band in
struments with 10 µ.A movements are avail
able. 
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TENSION 
SPRING POINTER 

Figure 6-6 Taut-band meter i;novement. 

The taut-bands serve several purposes. 
First, they suspend the coil in such a way 
that the friction is nearly zero. When current 
is applied, the coil rotates and the bands 
are twisted. When current is removed, the 
bands untwist returning the pointer to the 
zero position. The bands also serve as the 
current path to and from the coil. 

The taut-band movement has several advan
tages over the original d'Arsonval move
ment. As you have seen, it is generally more 
sensitive. It is also more rugged and durable. 
Mechanical shocks simply deflect the ten
sion springs which can then bounce back 
to their original positions. The instrument 
remains more accurate for the same reason. 
Because of these advantages, the taut-band 
movement is quite popular. 



1. The permanent-magnet, moving-coil 
meter movement is often called the 
----- movement after its in-
ventor. 

2. In this movement, a stationary magnet
ic field is provided by a ------

3. Pole pieces and a soft-iron core are 
used to concentrate the magnetic field 
in the air gap through which the 

rotates. 

4. Attached to the coil is a-----
which rotates in front of a scale. 

5. Two spiral springs are used to return 
the pointer to the posi
tion when no current flows through the 
coil. 

Self-Test Review 

6. A rule that tells you which way the coil 
will rotate is called the -----· 
_____ motor rule. 

7. This type of meter movement will indi
cate properly only when the applied 
current is: 

(DC/AC} 

8. A meter that uses thin metal bands to 
replace the pivots, jeweled bearings, 
and spiral springs is called the 
_________ type. 

9. In the meter movement described in 
question 8, less is re-
quired to cause full scale deflection. 
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The meter movements discussed in the pre
vious section are basically current meters. 
That is, they deflect when current flows 
through them. In each case, the moving coil 
consists of many turns of extremely fine 
wire. Current is carried to the coil through 
the fragile spiral springs or the taut-bands· 
of the movement. Because of the delicate na
ture of the coil and the springs or bands, 
care must be taken not to feed excessive cur
rent through the movement. The current 
necessary for full-scale deflection will not 
harm the movement, but a 100% overload 
might. The coil may burn out; the spring 
may be damaged; or the aluminum needle 
may be bent if driven too hard against the 
right retaining pin. 

Care must also be taken to observe polarity 
when using the meter movement. A reverse 
current will cause the needle to deflect 
backwards. If the current is too great, the 
needle may be bent when it strikes the left 
retaining pin. 

Measuring Current 

The rules for using the ammeter were dis
cussed in Unit 1. Here is a brief review of 
these rules. 

First, the ammeter must be connected in 
series with the current that is to be mea
sured. This means that the circuit under test 
must be broken so that the ammeter can be 
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The Ammeter 

inserted. At times, this can be difficult to 
do and, for this reason, is considered the 
prime disadvantage of the ammeter. 

Second, polarity must be observed when 
connecting the meter. This means that the 
ammeter should be connected so that it de
flects up scale. The terminals of most meters 
are marked with - and +. Connect the 
meter so that current flows into the - termi
nal. 

Third, you must not exceed the current rat
ings of the meter. Therefore, you should 
have some idea of the amount of current that 
you. will be measuring before you connect 
the meter to the circuit. Too much current 
may damage the meter's pointer or burn out 
the moving coil. 

Increasing the Range 
of the Ammeter 

Each meter movement has its own current 
rating. This is the amount of current that 
will cause full-scale deflection. For exam
ple, an inexpensive meter movement may 
have a current rating of 1 mA. To obtain 
a usable reading, the current through the 
movement cannot be more than lmA. By it
self, the movement has a single usable range 
ofOtotmA. 

Obviously, this meter movement would be 
much more useful if it could measure cur
rents greater than 1mA as well as those less 



than lmA. Fortunately, there is an easy way 
to convert a sensitive meter movement to 
a less sensitive current meter. This is done 
by connecting a small value resistor in 
parallel with the meter movement. The re· 
sistor is called a shunt. Its purpose is to act 
as a low resistance path around the mova. 
ment so that most of the current flows 
through the shunt and only a small amount 
flows through the movement. 

Figure 6·7 A shows a 1 mA meter movement 
connected across a low resistance shunt to 
form a higher range ammeter. The range of 
the meter depends on how much current 
flows through the shunt. In Figure 6-7B, the 
current applied to the ammeter is 10 mA. 
However, only 1 mA of this flows through 
the meter movement. The other 9 mA flows 
through the shunt. Thus, to convert the 1 
mA movement to a 0-10 mA meter, the 
shunt must be chosen so that 9/10 of the 
applied current flows through the shunt. 
Once this is done, the full scale position on 
the scale indicates 10 mA since this is the 
amount of current that must be applied ha. 
fore full scale deflection is reached. 

If the value of the shunt is made smaller 
thus allowing a greater portion of the cur
rent to flow through the shunt, the meter 
can indicate even higher values of current. 
Figure 6-7C shows the requirements neces
sary to measure 100 mA. Here 99 mA or 99 
percent of the current goes through the 
shunt. Thus, the resistance of the shunt 
must be much smaller than the resistance 
of the meter movement. 

METER MOVEMENT 

® c:J + 

SHUNT 

+ 

+ 

Figure 6--7 Increasing the current range of 
the ammeter. 

Computing the 
Shunt Resistance 

To determine the proper value of the shunt 
resistor, you must first know something of 
the characteristics of the meter movement. 
In an earlier example, you saw that full scale 
deflection required 1 mA. However, you 
must also know either the resistance of the 
meter movement or the voltage dropped by 
the movement when the current is 1 mA. 
Of course, if you know one, you can com
pute the other using Ohm's Law. 
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The resistance value of the meter movement 
is usually given in the manufacturer's litera
ture, catalog, or operating instructions. 
Often it is printed right on the meter move
ment itself. If you assume that a 0-1 mA 
movement has a resistance of 1000 n or 1 
k.O, then 1 mA of current causes a voltage 
drop across the meter movement of: 

E =IR 

E=lmAxlk.O 

E = .001 A x 1000 0 

E=lV 

H you refer to Figure 6-7, you will see that 
this is the voltage developed across the 
meter movement in each of the examples 
shown. Since the shunt resistance is con
nected in parallel with the meter movement, 
this same voltage must be developed across 
the shunt. This means that in the example 
shown in Figure 6-7B, the 9 mA current 

· must develop 1 V across the shunt. Using 
Ohm's Law, you can now compute the value 

! of the shunt since you now know the cur
·. rent through the shunt and the voltage 
' dropped by the shunt. Thus, the value of 
the shunt should be: 

E 
R = I 

R =_ty_ 
9mA 

1V 
R = .009A 

R = 1110 
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This is the resistance necessary to shunt 9 
mA around the meter when a total current 
of 10 mA is flowing in the circuit. However, 
the shunt works equally well when the 
movement is indicating half-scale or 0.5 
mA. Again, the voltage across the meter can 
be calculated by Ohm's Law: 

E =IR 

E = 0.5 mA x 1 kO 

E = 0.0005 A x 1000 0 

E = 0.5V 

Since the voltage across the meter is the 
same as that across the 111 ohm resistor, 
the current through the shunt is: 

E 
I = R 

I 0.5 V 
= 1110 

I = .0045 A or 4.5 mA 

As you can see, nine-tenths of the current 
still flows through the shunt while only 
one-tenth flows through the movement. 
Thus, the movement indicates 0.5 mA when 
5 mA of current flows in the circuit. ThE 
meter scale is marked off O through 10 rathei 
than O through 1, and a 111 ohm resisto 
is connected across the meter movemen1 
This converts the circuit to a 0-lOmA CUJ 

rent meter. 



Interestingly enough, you can find the value 
of shunt required in another way. Refer once 
again to Figure 6-7B. You know that 9 mA 
must flow through the shunt so that only 
1mA flows through the meter movement. In 
order for the shunt to conduct 9 times as 
much current as the meter, its resistance 
must be only 1/9 that of the meter resistance. 
Now since the meter resistance is 1000 0 
the shunt resistance must be: 

10000 
9 

111 n 

Try applying these two methods to the situ
ation shown in Figure 6-7C. Once again the 
current through the meter movement is 1 
mA. Thus, the voltage drop across the move
ment and across the shunt is still 1 V. This 
allows you to compute the value of the 
shunt: 

E 
R =

I 

1V 
R =99mA 

1V 
R = .099A 

R =10.10 

You arrive at this same answer by reasoning 
that the shunt resistance must be 1/99 that 
of the meter resistance since the shunt con
ducts 99 times as much current. Thus, the 
shunt resistance must be: 

10000 10.10 
99 

Here's another example. Figure 6-8A shows 
a 0-50 µA meter movement with a resistance 
of 1800 ohms. What value shunt is required 
to construct a 0-1 mA meter? Figure 6-BB 
shows the current distribution. Notice that 
1mAor1000 µA of current flows through 
the circuit. However, only 50 µA can flow 
through the meter movement. The remain
ing 950 µA must flow through the shunt. 
Since you know the resistance of the meter 
movement (1800 0) and the current through 
it (50 µA), you can compute the voltage 
across it: 

E =IR 

E = 50 µ.Ax 18000 

E = 0.00005 A x 1800 0 

E = 0.09V 

Because the shunt is in parallel with the 
meter movement, this same voltage is de
veloped across the shunt. Thus, you can 
compute the shunt value: 

Rs 
E =y 

Rs = 0.09V 
950 µ.A 
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Rs 
0.09V = 0.00095A 

Rs =94.70 

® 

® .. 
1mA 

~ I 

Figure 6-8 Find the value of Rs. 

As before, you can anive at this same an
swer by reasoning that 95% of the current 
flows through the shunt. This means that 
95% or 19 times as much current flows 
through the shunt as through the meter 
movement. Because the shunt conducts 19 
times as much current, the resistance of the 
shunt must be 1/19 that of the meter move
ment. Thus the shunt resistance must be: 

18000 
94.70 

19 
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Ammeter Accuracy 

Every meter movement has a certain accu
racy associated with it. The accuracy is 
specified as a percentage of error at full 
scale deflection. Accuracies of ± 2% or 
± 3% of full-scale are common for good 
quality instruments. Figure 6-9 illustrates 
what is meant by ± 3% of full scale. The 
scale shown is a 100 mA current scale. Re
member, the meter accuracy refers to full 
scale deflection. At full scale, ± 3% equals 
±3 mA. For this meter, a current of exactly 
100 mA would cause the meter to indicate 
anywhere from 97 mA to 103 mA. Another 
way to look at it is that a meter reading of 
exactly 100 mA might be caused by an ac
tual current of from 97 mA to 103 mA. 

3mA=:t6'1(, 
3mA=:t30'I(, 

~ ' 40 50 60 
3mA= :t3'1(, 

1 

Figure 6-9 Meter accuracy of ± 3%. 



As you can see, ± 3% accuracy means that 
the reading may be off by as much as ± 3 
mA at full scale. More importantly, it means 
that the reading may be off by as much as 
± 3 mA at any point on the scale. This may 

. result in serious errors when readings are 
taken from the low end of the scale. For ex
ample, when the meter indicates 50 mA, the 
actual current may be anywhere from 47 mA 
to 53 mA. Thus, at half-scale the accuracy 
is no longer ± 3%; it is now ± 6%. By the 
same token, for an indicated current of 1 O 

mA, the actual current may be anywhere 
from 7 mA to 13 mA. Here, the accuracy 
is only ± 30%. 

Because meter accuracy is specified in this 
manner, the accuracy gets progressively 
worse, as you move down the scale. For this 
reason, current measurements will be most 
accurate when a current range is selected 
that results in a near full scale deflection 
of the meter. The nearer full scale, the more 
accurate the reading will be. 
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10. The ammeter is a device for measuring 

11. Because many current meters measure 
currents less than 1 ampere, they are 
often called ammeters or 
______ ammeters. 

12. The ammeter must always be con-
nected in with the cir-
cuit under test. 

13. When inserting an ammeter into a cir-
cuit under test, must be 
observed. 

14. A resistor placed in parallel to the 
meter movement in order to increase 1 

the meter's range is called a 
______ resistor. 

15. Refer to Figure 6-8. The voltage drop 
across the meter movement is ______ v. 

16. If you want to extend the range of the 
movement shown in Figure 6-8 to 10 
mA, mA of current must 
flow through the shunt resistor. 
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Self· Test Review 

17. Because the meter's shunt parallels the 
meter movement, V is 
dropped across the shunt. 

18. The resistance of the shunt must be 
(more/Jess) than the resistance of the 
movement. 

19. Using Ohm's Law, you find that the 
proper value of the shunt must be 
_____ ohms. 

20. The accuracy of an ammeter refers to 
the percentage of error at 

deflec-
tion. 

21. A 100 mA ammeter with an accuracy 
of ±2% of full scale will read with 
± mA of the actual cur
rent at any point on the scale. 

22. A reading of 50 mA may be caused by 
a current of mA to 
_____ mA. 

23. Consequently, at 50 mA the accuracy 
of the meter is not ± 2% but 
±-----%· 



The basic meter movement can be used to 
measure voltage as well as current. In fact 
every meter movement has a certain voltage 
rating as well as a current rating. This is 
the voltage that causes full scale deflection. 
Of course, the voltage rating is determined 
by the current rating and the meter resis
tance. For example, a 50 f.L.A meter move
ment that has a resistance of 2000 a deflects 
full scale when connected across a voltage 
of: 

E =IR 

E = 50 f.L.A x 2000 0 

E = 0.1 V 

That is, the meter movement alone can be 
used to measure voltages up to 0.1 volt. 
Thus, the meter scale can be calibrate4 from 
0 to 0.1 volt. However, if the meter move
ment is connected across a much higher 
voltage such as 10 volts, it may be damaged 
because the increase in voltage will cause 
a corresponding increase in current. Obvi
ously, to be practical, there must be a way 
to extend the voltage range of the basic 
meter movement. 

Extending the Range 

You have seen that a 50 f.L.A, 2000 0 meter 
movement can withstand a voltage of 0.1 V 
without exceeding full scale. To extend the 
range, you must ensure that the voltage 
across the meter does not exceed 0.1 volt 

The Voltmeter 

when the meter movement is connected 
across a higher voltage. To do this, you con
nect a resistor in series with the meter 
movement as shown in Figure 6-10. The re
sistor is called a multi.plier because it multi
plies the range of the meter movement. 

The purpose of the multiplier resistor is to 
limit the current that flows through the 
meter movement. For example, in the volt
meter shown in Figure 6-10, the current 
through the meter movement must be lim
ited to 50 µ.A. Another way to look at it is 
that the multiplier must drop all the voltage 
applied to the voltmeter except the 0.1 V 
allowed across the meter movement. For ex
ample, if the range is to be extended to 10 
V, then the multiplier must drop 10 V - 0.1 
V = 9.9V. 

+ 

TEST PROBES 

r---------, 
I MULTIPLIER 
I RESISTOR 

I 
I 
I 
I 
I 
I 
I 

Figure 6-10 A voltmeter is formed by con
necting a multi.plier resistor in 
series with a microammeter. 

Calculating the Multiplier 

You have seen that the value of the multi
plier must be high enough to limit the cur
rent to the full-scale current rating of the 

Electrical Measurements 6-17 



meter movement for any applied voltage. If 
you keep this in mind. you can easily calcu
late the required value of the multiplier for 
any voltage range. 

Assume that you want to convert the 50 µ.A. 
2000 0 meter movement to a 10 V voltmeter 
by adding a multiplier resistor in series. Ob
viously. a current of only 50 µA must flow 
when the voltmeter is connected across 10 
V. Thus. the total resistance of the voltmeter 
must be: 

lOV 
50µ.A 

Rtow = 200,000 0 

However, the meter movement itself has a 
resistance of 2000 0. Thus. the multiplier 
must have a value of 200,000 0 - 2000 .0 
= 198,0000or198 kn. 

This means that the basic 50 µA, 2000 .0 
meter movement caii now measure 0 to 10 
volts because 10 volts must be applied to 
cause full-scale defiection. From a voltage 
standpoint, the multiplier resistor drops 
99% of the applied voltage. That is, for an 
applied voltage of 10 volts, the multiplier 
drops: 

E =IR 

E = 50 µAx 198,0000 

E = 9.9V 
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This leaves 0.1 volt to be dropped across 
the meter. Because the total voltmeter resis
tance is 100 times larger than the meter re
sistance, the range of the meter is multiplied 
by 100. Of course, the meter scale should 
now be calibrated from Oto 10 V. 

To be sure you have the idea, determine the 
value of multiplier required to convert the 
same meter movement to a 0-100 V voltme
ter. This time, the multiplier must limit the 
current to 50 µ.A when 100 V is applied. 
Thus, the total resistance of the voltmeter 
must be: 

Rtotal = 

Rtotal = 

Eron-scale 
IEu11-sca1e 

lOOV 
50µ.A 

Rtotal = 2,000,000 0 or 2 MO 

Here again, 2000 0 are supplied by the 
meter movement. Thus. the value of the 
multiplier must be: 

RmwUplier = RtotaJ. - Rmeter 

RmulUplier = 2,000,000 .0 - 2000 0 

RtotaI = 1,998,0000or1.998 MO 

Notice that 1.998 MO is extremely close to 
2 M.O. The difference is so slight that you 
probably would not notice any difference in 
deflection regardless of which value was · 
used. In this case. a standard value 2 MO 



resistor would probably be used instead of 
the 1.998 MO value which is not easily ob
tained. 

Multiple-Range 
Voltmeters 

A practical voltmeter has several ranges. 
One arrangement for achieving multiple 
ranges is shown in Figure 6-11. Here, the 
voltmeter has four ranges that can be 
selected by the range switch. Again, the.SO 
µA. 2000 0 meter-movement is used. On the 
0.1 V range, no multiplier is required since 
this is the voltage rating of the meter move
ment itself. 

On the 1 V range, R1 is switched in series 
with the meter movement. The value of R1 

is given as 18 kn . Using the procedure out
lined earlier, verify that this is the proper 
value multiplier required. 

METER MOVEMENT 

0.1V 

10V 

100V 

t---------' RANGE SWITCH .______, 

Figure 6-11 Multi-rangevoltmeter. 

Notice that on the 10-volt and 100-vQlt 
ranges, the multiplier values computed ear
lier are switched in series with the meter 
movement. 

Figure 6-12 shows another arrangement that 
is sometimes used when several ranges are 
required. On the 0.1 V range, no multiplier 
is required. On the 1 V range, an 18 kn mul
tiplier is switched in series with the meter 
movement. Up to this point, the arrange
ment is similar to that shown in Figure 6-11. 
However, here the similarity ends. On the 
10 V range, R2 is switched in series with 
R1 . Thus, the total resistance in series with 
the meter movement is 18 kO + 180 kn= 
198 kn. Notice that this is the same value 
of multiplier used on the 10 V range in Fig
ure 6-11. The only difference is that in Fig
ure 6-11 a single 198 kn resistor is used 
while in Figure 6-12 two resistors having 
a total resistance of 198 kn are used. 

On the 100 V range, Ra is switched in series 
with R1 and R2. Thus, the total multiplier 
resistance is 18 kn + 180 kn + 1.8 MO 
= 1.998 MO. You will recall that this is the 
exact multiplier value that was computed 
earlier for the 100 V range. 

Figure 6-12 Here the multiplier resistors 
are connected in series. 
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Sensitivity 
(Ohms per Volt) 

An important characteristic of any voltme
ter is its sensitivity. Sensitivity can be 
thought of as the amount of current required 
to produce full scale deflection of the meter 
movement. For example. a 50 p.A meter 
movement is more sensitive than a 1 mA 
meter movement because less current is re
quired to produce full scale deflection. 

However. sensitivity is more often defined 
in another way. Sensitivity is normally ex
pressed in ohms per volt (also written ohms/ 
volt). The more sensitive the meter is, the 
higher the ohms-per-volt rating will be. The 
sensitivity in ohms per volt of any voltmeter 
can be determined simply by dividing the 
full-scale current rating of the meter move
ment into 1 V. That is: 

Sensitivity = 1 v 
lfull IC8le 

Thus, the sensitivity of a voltmeter that uses 
a 50 p.A meter movement is: 

lV 
Sensitivity = 

lfu)l IC8le 

Sensitivity = 1 v 
sop.A 

Sensitivity = 20,000 ohms per volt 
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This means that on the 1 V range, the volt
meter has a total resistance of 20,000 ohms. 
You can prove this by referring back to Fig
ures 6-11or6-12. On the 1 V range, the mul
tiplier has a value of 18 k.O and the meter 
movement has a resistance of 2 k.O. Con
sequently, the total resistance is 20,000 n. 

The sensitivity is determined solely by the 
full-scale current rating of the meter move
ment. Thus, it has the same sensitivity re
gardless of the range used. Consequently. on 
any range, the voltmeters shown in Figure 
6-11 and 6-12 have a resistance of 20,000 
0 x V; where Vis the selected full-scale 
voltage range. Thus, on the 10 V range, the 
total voltmeter resistance is 20,000 0 x 10 
= 200,0000. 

Here's another example. What is the sen
sitivity of a voltmeter that uses a 1 mA meter 
movement? Remember, sensitivity is deter
mined by dividing the full-scale current into 
1 V. That is: 

Sensitivity = 1V 
ltun scale 

1V 
Sensitivity = -1mA 

Sensitivity = 1000 ohms per volt 

What is the total resistance of this voltmeter 
on the 5 V range? The resistance would be 
10000 x 5 = 5 lcO. 



Loading Effect of Voltmeters 

An unfortunate aspect of test equipment is 
that in measuring an electrical quantity you 
change the quantity that you are attempting 
to measure. When measuring voltage. you 
must connect a voltmeter across the circuit 
under test. Since some current must flow 
through the voltmeter. the circuit behavior 
is modified somewhat. Often the effects of 
the voltmeter can be ignored. especially if 
the meter has a high ohms/volt rating. How
ever, if the voltmeter has a low ohms/volt 
rating or the circuit or component under test 
has a high resistance, the effects of the meter 
cannot be ignored. 

Consider the circuit shown in Figure 6-13. 
Here two 10 kn resistors are connected in 
series across a 6 V battery. Since the resis
tors are the same value, each drops orie half 
of the applied voltage or 3 V. Thus, you 
would expect a voltmeter to indicate a read
ing of 3 volts if it were connnected across 
either resistor. However, if the voltmeter has 
a low ohms/volt rating, the actual reading 
may be very inaccurate. 

6V-==-

~-sv 
1 

Figure 6-13 R2 drops 3 volts. 

+ R . 
1 

10k 

6V -=-

+ R1 
ER1•4V 10k 

6V -=- + 
~A=2V RA=5ktl 

l4ooµAJ-

Figure 6-14 The 1000 ohms-per-volt meter 
loads down the circuit causing 
an inaccurate reading. 

Figure 6-14A shows the same circuit with 
a low-sensitivity voltmeter connected 
across R2. The voltmeter has a sensitivity 
of 1000 ohms/volt. Since you expect the 
voltage across R2 to be about 3 volts, the 
voltmeter is on the 0-10 volt range. Thus, 

its resistance lRM) is 1000 0 x 10 = 10,000 
0. Because RM is in parallel with R2, the 
total resistance is reduced. The parallel re
sistance (RA) of the meter and R2 can be 
computed as you learned earlier: 

R _R2xRM 
A -~+RM 

R _ 10,0000 x 10,000 0 
A - 10,000 0 + 10,000 0 

R _ 100,000,000 0 
A - 20,0000 

RA =50000or5kn 
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Therefore, the circuit shown in Figure 
6-14A reduces to the circuit in Figure 6-14B. 
Notice how this upsets the operation of the 
circuit. The total series resistance of R1 and 
RA is now only 15 kn instead of 20 kn. this 
allows more current to flow: 

E 
I = 

R 

6V 
I = 15,000!l 

I = 0.000400 A or 400 µ.A 

Thus, the current increases from its previ
ous value of 300 !LA to a new value of 400 
µ.A. The voltage distribution also changes 
since R1 is now larger than RA. The voltage 
dropped by RA is: 

ER" = 0.0004 A x 5000 n 

The voltage dropped by R1 increases to: 

ER, =Ix R1 

E1ti = 0.0004 A x 10,000 .n 

ER, =4 V 

Thus, instead of reading 3 V as you would 
expect, the meter measures only 2 V across 
R2. This is an inaccuracy of 33%. This effect 
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is called loading. The meter is loading ~own 
the circuit causing the voltage across R2 to 
decrease. The loading effect becomes 
noticeable when the resistance of the meter 
approaches that of the resistor across which 
the meter is connected. For example, if the 
resistance of the meter is 10 times that of 
R2, then the loading effect becomes barely 
noticeable. 

Figure 6-15 shows the same circuit with a 
20,000 ohms/volt meter connected across 
R2. On the 10 V range, the resistance of the 
meter is 20,000 n x 10 n or 200,000 n or 
200 kn. Here, the equivalent resistance of 
RM and R2 in parallel is: 

-~XR2 
RA - RM+R2 

200 kn x 10 kn 
RA= 

200 kn + 10 kO 

R _ 2000MO 
A - 210kfi 

RA == 9524 nor about 9.52 kn 

Notice that RA is very close to the value of 
R2. Therefore, the circuit operation is only 
slightly upset. The current increases only 
slightly to about: 

E 
I = -R 

&V 
I - 10k0 + 9.52k0 

I = 0.000307 A or 307 p.A 



The voltage across R1 rises to about: 

ER, =Ix R1 

ER, = 0.000307 A x 10,000 0 

ER, =3.07V 

Meanwhile, the voltage across R2 decreases 
slightly to: 

FR,. = 0.000307 A x 9524 Q 

Thus, instead of indicating 3 V, the meter 
indicates 2.93 V. The inaCCUl'acy is so small 
that it probably would never be noticed. The 
loading effect is minimized by using a volt
meter whose resistance is much higher than 
the resistance across which the voltage is 
to be measured. 

Figure 6-15 The 20,000 ohms-per-volt 
meter gives a much more accu
rate reading. 
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24. In the voltmeter, the range is extended 
by adding a resistor in (parallel/series) 
with the meter movement. 

25. This resistor is called a ----
resistor. 

26. The purpose of this resistor is to limit 
the current to the full-scale current rat
ing of the--------~-----

27. If you want to use a 100 f,LA, 1000 a 
meter movement in a 10 V voltmeter, 
a current of 100 f,LA should flow 
through the movement when the volt
meter is connected across 
______ volts. 

28. Thus, the total resistance of the voltme
ter in question 27 must be 
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Self-Test Review 

29. Since the meter movement in the volt
meter from question 27 has a resistance 
of 1000 0, the value of the multiplier 
resistor should be n. 

30. The sensitivity of the voltmeter dis
cussed in the previous questions is 
-----Ohms per volt. 

31. Thd sensitivity or ohms-per-volt rating 
of a voltmeter is important since it de
termines the amount of ----
effect the meter will have on the circuit 
under test. 

32. To minimize the loading effect, the 
ohms-per-volt rating should be as 
(higbllow) as possible. 



The basic meter movement can be used to 
measure resistance. The resulting circuit is 
called an ohmmeter. In its most basic form, 
the ohmmeter is nothing more than a meter 
movement, a battery, and a series resistance. 

Basic Circuit 

Figure 6-16 show.s the basic circuit of the 
ohmmeter. The idea behind the ohmmeter is 
to force a current to flow through an un
known resistance and then measure the cur
rent. For a given voltage, the current is deter
mined by the unknown resistance. That is, the 
amount of current measured by the meter is 
an indication of the unknown resistance. 

METER 
MOVEMENT 

SERIES 
RESISTANCE 

TEST PROBES 

' UNKNOWN 
RESISTANCE 

(Rx> 

Figure 6-16 The basic ohmmeter. 

The purpose of the battery is to supply an 
EMF to force current through the unknown 
resistance. The meter movement measures 
the resulting current. The test probes have 

The Ohmmeter 

long leads and they simplify the job of con
necting the ohmmeter to the unknown resis
tance (Rx). Fixed resistor R1 limits the cur
rent through the meter to a safe level. Vari
able resistor R2 is called the ZERO OHMS 
adjustment. Its purpose is to compensate for 
the decrease in battery potential due to use 
or battery aging. 

Scale Calibration 

In ohmmeters of this type, the 0 n indica
tion appears on the right side of the scale 
or at full scale deflection. The reason for this 
is shown in Figure 6-17 A. Here, the two test 
probes are shorted together. Thus, the un
known resistance (Rx) between the probes 
is equal to 0 n. In this case, the meter should 
deflect full scale to the 0 n marking of the 
scale because the resistance between the 
probes is minimum allowing maximum cur
rent to flow through the meter circuit. 

Full scale deflection for this meter is caused 
by a current of 50 JJ.A. In order for the 
1.5 V battery to force 50 iJ.A of current 
through the circuit, the total circuit resis
tance must be: 

RT = 1.SV 
.OOOOSA 

RT =30,0000 
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FULL SCALE DEFLECTION 
EQUALS 0 OHMS 

\0 

© 

Figure 6-17 Calibrating the ends and center of the scale. 
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The meter's resistance is 2000 0 while Rt 
is 22,000 0. Thus. R2 , a variable resistor, 
must be set to exactly 6,000 0 in order to 
insure a current of exactly 50 µA. 

You may wonder why R2 isn't a fixed 6,000 
0 resistor or better yet why Rt isn't a fixed 
28,000 0 resistor. The reason is that the bat
tery voltage will change as the battery dis
charges or ages. If the battery voltage drops 
to 1.45 volts then, to achieve full scale de
fiection, the circuit resistance must also de
crease. The variable resistor must be reset 
be to: 

1.45V 
RT= 

.00005A 

RT = 29,000 .0. 

In this case Rz must be reset to 5000 .0. to 
compensate for the lower voltage. R2 is 
called the ZERO OHMS adjust. Changing 
this resistance to "zero the ohmmeter" is the 
first step in every resistance measurement. 

You know that full scale defiection corre
sponds to an unknown resistance Rx of O 
.0.. Thus. the scale is marked Oat this point. 
Now. what about the left side of the scale, 
no deflection? 

Figure 6-17B illustrates this condition. Here 
an open circuit exists between the two test 
probes. This corresponds to an infinite re
sistance. No current nows through the meter 
movement and the pointer rests at the left 
side of the scale. Consequently, this point 
on the scale is marked with the infinity sym
bol (oo) Thus, you have a scale with 0 .0. on 
the right and infinite .0. on the left. 

Now, look at what resistance is represented 
by 1/2 scale defiection. The pointer defiects 
to the center of the scale when the current 
is exactly 25 µA. This amount of current 
is .caused by a total resistance of: 

RT= 1.SV 
25 µ.A 

1.5V 
.000025A 

RT =60,0000 

Since the :a;ieter, Rt. and R2 have a combined 
resistance of only 30,000 0, the unknown 
resistance Rx supplies the other 30,000 .0.. 
That is, the meter defiects to half scale, 25 
µA, when the unknown resistance has a 
value of 30 kO. Consequently, the 1/2 scale 
point is marked 30 k as shown in Figure 
6-17C. 
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® 30k 

Rx"60kQ 

@ 

1/3 SCALE 

2/3 SCALE 

30k 
60k.::.---t-~ 

Figure 6-18 Calibrating for 1/3 and 2/3 scale deflection. 

Using this same procedure, you can deter
mine the amount of meter deflection for any 
value of Rx. Figure 6-18 illustrates that 1/3 
full scale indicates an Rx of 60 kO while 
2/3 full scale indicates an Rx of 15 kO. You 
can verify this by proving that 1/3 of 50 J.LA, 
or 16.66 J.LA, flows in the circuit shown in 
Figure 6-18A. Furthermore, you can verify 

·that 2/3 of 50 J.LA or 33.33 J.LA flows in the 
circuit shown in Figure 6-18B. 

If you determine the position of enough 
points on the scale, the scale will take the 
form shown in Figure 6-19. There are two 
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important differences between this scale 
and the ones used for current and voltage. 
First, on the ohm's scale, the zero indication 
is on the right side of the scale. Second, the 
scale is non-linear. For example, the entire 
lower end of the resistance scale is devoted 
to a range of only 30 kO; that is, from 0 to 
30 kO. However, notice that the second 30 
kO, from 30 kn to 60 kn, takes up less than 
1/4 of the scale. Finally. the markings are 
squeezed closer together on the left side of 
the scale. On ammeters and voltmeters the 
scale is linear. That is, the scale is marked 
off in equal increments of current or voltage. 



\ 
INFINITE 
OHMS ON 

LEFT 

KILOHMS 

60 30 20 

NON LINEAR 
SCALE 

Figure 6-19 The ohm.meter scale. 

I 
0 OHMS 

ON RIGHT 

Creating Higher Ranges 

A single range ohmmeter is of limited use. 
For this reason, multi-range ohmmeters 
have been developed. Two techniques have 
evolved for creating additional ranges. Both 
techniques are used in some ohmmeters. 

~-N 
X10 15V 

R3 
21okn 

Figure 6-20 Creating higher resistance 
ranges. 

Figure 6-20 shows how a higher resistance 
range can be implemented. First, a switch 
is added so that you can select either of the 
two ranges. Second, a higher voltage battery 
is added. Finally, a higher value series resis
tor is· included in the circuit. To increase 
the range by a factor of 10, both the voltage 
and the total series resistance must increase 
by a factor of 10. 

When the switch, 81 , is in the position 
shown, the meter operates exactly like the 
one shown earlier in Figures 6-17 and 6-18. 
However, when 81 is switched to the x 10 
position, the 15 volt battery is switched in 
series with R3 , Rt. R2 , and the meter. The 
higher voltage does not cause excessive cur
rent through the meter since the series resis-

. tance has been increased by the addition of 
R3. Notice that the total resistance in the cir
cuit is now 300 kn. Thus, when the leads 
are shorted together, the current is still: 

E 
I = -R 

15V 
I = 

300kn 

I =50 p.A 

The right side of the scale still represents 
O 0. However, half-scale deflection, that oc
curs when 25 µA moves through the circuit, 
now occurs when the total resistance is: 

15V 
RT= 25µA 

RT =600kn 
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Of this, the meter, R1 , R2, and R3 supply 300 
kfl. Therefore, the unknown resistance Rx 
must be 300 kn. This means that the center 
of the ohmmeter scale now represents 300 
kfl instead of 30 kO. The range has been 
increased by a factor of 10. 

Of course, this technique cannot be carried 
much further because increasing the range 
by an additional factor of 10 would require 
a 150 volt battery. Fortunately, the range de
scribed above is sufficient for general pur
pose use. It can measure resistance values 
up to several megohms. Resistors larger than 
this are rarely used in most electronic appli
cations. 

Creating Lower Ranges 

The basic ohmmeter can also be modified 
to measiire lower values of resistance. This 
is done by switching a small value shunt 
resistor in parallel with the meter and its 
series resistance. 

Refer to Figure 6-21. With switch St in the 
position shown. the ohmmeter operates 
exactly like the one shown earlier in Figure 
6-17. However, when the position of St is 
changed, R3 is connected in parallel with 
the series combination of the meter, Rt. and 
Ra. The value of Ra is 300 n or 1 percent 
of the combined series resistance of Rt. R2 , 

and the meter (30,000 0). Therefore, 99 per
cent of the current flows through Ra and 
only 1 percent flows through the meter cir
cuit. 
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1.5V 

Figure 6-21 Creating lower resistance 
ranges. 

Recall that 25 µ.A of current is required for 
half-scale deflection of the meter. Determine 
the value of Rx that will cause this amount 
of current to flow through the meter. The 
resistance of the meter circuit is now about 
300 n. H an unknown resistance Rx of 
300 n is now connected between the probes, 
the current from the battery becomes: 

1 
1.5V 

= 6000 

I =2.5mA 

However, 99% of this current or 2.475 mA, 
flows through R3. Only 1 % or 25 µ.A flows 
through the meter movement. Thus, half
scale deflection now represents an un
known resistance of 300 n instead of 30 kfl. 
Using this technique, lower ohmmeter 
ranges can be created. 



Shunt Ohmmeter 

The ohm.meters discussed up to this point 
are called series ohmmeters because the un
known resistance is always placed in series 
with the meter movement. A series ohmme
ter can be recognized by its "backwards" 
scale. That is, O ohms is on the right while 
infinite ohms is on the left. 

Another type of ohmmeter is called a shunt 
ohmmeter. Figure 6-22 illustrates the basic 
circuit of the shunt ohmmeter. This instru
ment gets its name from the fact that the 
unknown resistance is placed in parallel, or 
shunt, with the meter movement. This com
pletely changes the characteristics of the 
ohmmeter. For example, notice that when 
an open (infinite ohms) exists between the 
probes, 50 .,..A of current flows through the 
meter movement. This produces full scale 
deflection. Consequently, infinite ohms are 
on the right side of the scale or at full scale 
deflection. This is just the opposite of the 
series ohmmeter. 

When the probes on the shunt ohmmeter are 
shorted together, the meter movement is 
shorted out. This produces no deflection. 
Thus, O ohms is on the left. 

Recall that with the series ohmmeter, the 
half-scale reading was 30,000 n for the 50 
.,..A, 2000 0 meter movement. However, 
with the shunt ohmmeter, this t<;»o is differ
ent. Here, 25 ,...A of current flows through 
the meter movement when Rx is the same 
resistance as the meter movement. Thus, 
half-scale deflection on the shunt ohmmeter 
is marked 2000 n. 

The shunt ohmmeter has some disadvan
tages. For one thing, the battery discharges 
any time the ohmmeter is turned on. This 
is not the case with the series ohmmeter. 
It draws current from the battery only when 
measuring a resistance. 

In addition, the meter movement in the 
shunt ohmmeter is more easily damaged if 
the meter is inadvertently connected across 
a voltage source. In the series meter, the 
28,000 n in series with the meter movement 
limits the current. Even so, you should 
never connect either type of ohmmeter to 
a live circuit. 

Finally, because the half-scale reading of the 
shunt ohmmeter is much less than that of 
the series ohmmeter, it is more difficult to 
accurately measure high resistance values 
on the shunt meter. However, it is easier to 
read low resistance values on the shunt 
meter for the same reason. 

-=- 1.5V 

Figure 6-ZZ The shunt ohmmeter. 
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33. A device used to measure resistance is 
called an ____ _ 

34. In its most basic form the ohmmeter 
consists of a 
-----a and a 
resistance connected in series. 

35. Generally, the series resistance in the 
ohmmeter consists of two parts: a fixed 
resistor that limits the current through 
the meter to a safe value and a variable 
resistor called the 
_____ adjust. 

36. The purpose of the variable resistor in 
the series ohmmeter is to compensate 
for different values of ----
voltage. 

37. In the series ohmmeter, 0 appears on the 
_____ side of the scale. 

38. If a 100 µ.A meter movement and a 9 
V battery are used in a series ohmmeter 
circuit, when the leads are shorted to
gether and the meter reads o ohms or 
full-scale deflection, the total resis-
tance in the circuit is ____ _ 
ohms. 
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Self-Test Review 

39. In the meter described in question 38, 
what value of unknown resistance Rx 
causes half-scale deflection? 

40. Thus, the half-scale point on the meter 
scale should be marked ----
ohms. 

41. Using the type of ohmmeter described 
in question 38, it would be somewhat 
impractical to cr~ate a higher resistance 
range since this would require a 
_____ Vbattery. 

42. You can convert your ohmmeter to a 
lower resistance range simply by con
necting a small-value resistor in 
_____ with the meter and series 
resistance. 

43. 1'o obtain a half-scale reading of 900 
n, a value of shunt is chosen that will 
conduct o/o of the current 
in the circuit. 

44. In this meter, a value of approximately 
----- ohms is required for the 
shunt. 

45. An ohmmeter, no matter what type, 
should never be connected to a 



Generally, the voltmeter, ammeter, and 
ohmmeter are combined into a single instru
ment called a multimeter. It is much easier 
to carry a single instrument than it is to 
carry 3 separate meters. Since many of the 
component parts are contained in most 
types of meters there are cost duplications. 
Therefore, a single meter movement, with 
range and function scales, to perform the 
various functions of the voltmeter, ammeter, 
and ohmmeter would be a considerable sav
ings, when compared to the cost of 3 sepa
rate meter movements. There is also the ad-

Multi meters 

ditional cost of other duplicated electronic 
components and 3 separate chassis. The 
most serious disadvantage of the single mul
timeter, when compared to 3 separate met
ers, is that only one measurement can be 
monitored at any given time. 

Basic Circuit 

A schematic diagram of a basic ·multimeter 
is shown in Figure 6-23. This meter has 

FUNCTION 
..-------~-~--~~----, SWITCH 

CURRENT 

Rs 198k VOLTS 
10V . 

100V Rs OHMS 
2 

3 LO n 1.SV R7 22k 

RANGE
4 ~H R ek ,,..1------.. SWITCHHI n 8 

s, s8•1 
6 82 

1mA 

Rs 1050 

Figure 6-23 The multimeter. 
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three DC voltage ranges, two ohmmeter 
ranges, and three current ranges. Function 
switch S2 determines if the multimeter is 
to act as an ammeter, a voltmeter, or an 
ohmmeter. Range switch S1 determines the 
range of the meter. 

When used as a voltmeter, S2 must be 
placed in the VOLTS position and S1 must 
be placed in one of the voltage range posi
tions: 1 V, 10 V, or 100 V. As the circuit 
in Figure 6-23 is drawn, the multimeter is 
set up to measure DC voltages up to 1 V. 
Compare the voltmeter section of this meter 
with the multi-range voltmeter shown ear
lier in Figure 6-11. Notice that the two volt
meters are virtually identical. 

The ohmmeter portion of the multimeter 
bas only two ranges. On the LO 0 range, 
B1 supplies the current that causes the meter 
to deflect when S2 is the OHMS position 
and a resistance is connected between the 
two test probes. In the HI 0 position, a 
higher voltage battery and a larger value 
series resistor are used to increase the resis
tance range. The ohmmeter portion of the 
multi.meter is exactly like the two range 

·ohmmeter shown earlier in Figure 6-20. 

When function switch S2 is placed in the 
CUR.KENT position, the two test probes are 
connected directly to opposite ends of the 
meter movement. When the range switch S1 
is placed on one of the current ranges, a re
sistor is placed in parallel (shunt) with the 
meter movement. On the 1 mA range, 
50 p.A must flow through the meter move
ment when 1 mA flows through the circuit 
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under test. Thus, 950 p.A must flow through 
the shunt Ra. Since 19 times as much cur
rent flows through Ra as through the meter 
movement, Ra's resistance must be 1/19th 
that of the meter movement. 

R _ 20000 
a- 19 

Ra=105fi 

Using the same line of reasoning, the value 
of R2 must be about 1 O ohms. 

Electronic Multimeter 

All of the meters discussed up to this point 
are Classified as electrical meters. They con
sist of a meter movement, precision resis
tors, and a battery for the ohmmeter. How
ever, there is another family of meters called 
electronic meters. These contain electronic 
circuits that can amplify small voltages and 
currents. These instruments use devices 
such as transistors and integrated circuits 
that you have not learned about yet. For this 
reason, their circuitry will not be discussed 
in this course. 

Generally, the electronic meter is used in 
the same way as the electrical meter. How
ever, one important difference is that the 
electronic meter has a much higher resis
tance than the electrical meter. For example, 
a good electrical meter has a sensitivity of 
~o.ooo ohms/volt. Thus, on the 10 volt 
range, its resistance is 20,000 n x 10 = 
200 kn. By contrast, most electronic meters 
have a resistance of 10 or 11 M.O on all DC 
ranges. Consequently, the electronic multi
meter has very little loading effect on most 
circuits. 



Measurement Inaccuracies 

When using a multimeter, there are several 
ways in which inaccuracies can slip into 
your measurements. Some of the causes of 
inaccurate measurements have already been 
discussed. Voltmeter loading is a good ex
ample. This error is minimized by using a 
voltmeter that has a high resistance com
pared to the resistances under measure
ment. 

In somewhat the same way, the ammeter in
troduces an error when it is used to measure 
current. Since the ammeter has a certain 
amount of resistance, it increases the overall 
circuit resistance when it is connected in 
series with the circuit. Of course, this re
duces the current flowing in the circuit. As 
a result, the ammeter indicates a value of 
current lower than the actual current in the 

· circuit without the meter connected. To 
minimize this error, an ammeter with a very 
low value of resistance must be used. The 
lower the ammeter resistance with respect 
to the circuit resistance, the smaller the 
error will be. 

If the resistance value of the ammeter is 
known, its loading effect can be predicted 
and taken into consideration so that a more 
accurate interpretation of the reading can be 
made. Often the resistance of the ammeter 
is given in the manufacturer's literature. If 
this value is not given, the value can be de
termined using the procedure shown in Fig
ure 6-24. 

First, the ammeter is set to the desired 
range. Next, it is connected in series with 
a variable resistor and a voltage source as 
shown in Figure 6-24. R1 is then adjusted 
for full scale deflection of the meter. Vari
able resistor R2 is now added to the circuit 
as shown in Figure 6·24B. R2 is adjusted 
until the meter reads exactly one-half scale 
deflection. At this time half the current 
flows through R2 and half flows through the 
meter. Thus, the resistance of R2 must be 
equal to the resistance of the meter. There
fore, you can determine the resistance of the 
meter by removing R2 from the circuit and 
measuring its value with the ohmmeter sec
tion of the multimeter. 

® 

® 

AMMETER 
OR 

METER 
....-~-e~.A,---~-- MOVEMENT 

/ 

AMMETER 
OR 

METER 
MOVEMENT 

/ 

Figure 6-24 Finding the resistance of an 
ammeter or meter movement. 
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You may wonder why you do not simply 
measure the resistance of the ammeter di
rectly with an ohmmeter. On high current 
ranges, this can be done if a separate ohm
meter is available. However, when the am
meter is set to a low current range, the ohm
meter may produce enough current to harm 
the ammeter. Earlier, you saw that the resis
tance of a meter movement is an important 
factor in designing meter circuits. The tech
nique outlined above can be used to deter
mine the resistance of any meter movement 
as well as that of an ammeter. 

Aside from loading errors, the prime source 
of measurement inaccuracies is the toler
ance of the components that make up the 
meter. The meter movement may have an 
inaccuracy of ± 2% or ± 3% of full scale. 
Furthermore, multiplier and shunt resistors 
may have a tolerance of 1 %. Adding these 
inaccuracies, a typical multimeter may have 
an overall accuracy of ± 3% to ± 4% for DC 
voltage and current ranges. 

Another error that can creep into measure
ments is caused by improperly reading the 
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meter. The most common error is that 
caused by parallax. Figure 6-25 illustrates 
what is meant by parallax. In Figure 6-25A, 
the scale is viewed from directly in front 
of the meter. Viewing "straight on" like this, 
the meter indicates exactly 5 volts. If you 
move slightly to the right of the meter, the 
needle appears to point to the left of 5 volts 
as shown in Figure 6-25B. Also, if viewed 
from the left of center, the needle appears 
to point to the right of 5 volts as shown in 
Figure 6-25C. Obviously then, for a correct 
reading, you should always read the scale 
"straight on" from directly in front of the 
meter. However, because you have two eyes, 
one eye will be to the right of center while 
the other will be to the left of center. To 
prevent errol'$ in reading the meter, you 
should close one eye, and read the· scale 
"straight on" with the other eye. Some met
ers have a mirror on the scale to help elimi
nate parallax errors. With one eye closed, 
the needle you align with the reflection of 
the needle in the mirror. This ensures that 
your open eye is placed directly in front of 
the needle. 



@VIEWED STRAIGHT ON 

@ VIEWED FROM RIGHT 

© VIEWED FROM LEFT 

Figure ~25 Errors can be caused by parallax. 
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Desk· Top Experiment 3 
Designing a Multimeter 

Introduction 

In this unit you have learned about meters 
and their design. In this experiment. you 
will use what you have learned to design 
a multimeter of your own. This experiment 
will guide you step-by-step through the de
sign procedure. Feel free to use the book as 
a reference if you must. However, it is better 
to do as much as you can without the aid 
of the text. 

Objectives 

1. To implement what you have learned 
about ammeters, voltmeters. and 
ohmmeters to design a multimeter. 

2. To use what you have learned about 
Ohm's Law and DC circuits to deter
mine the correct resistance values nec
essary to make an ammeter, ohmmeter, 
and voltmeter using a minimum 
amount of components. 

Procedure 

1. Figure 6-26 shows the schematic dia
gram for your multimeter. In this fig
ure, label the terminals on the function 
switch according to their use; volts, 
current, or ohms. 

2. Label the resistors in the ammeter sec
tion of the multimeter Ri. R2, and R3 • 
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Use R1 for the highest range and R3 for 
the lowest range. 

3. Now, label the resistors in the voltme
ter section R.i. Rs, and Rs. Ri should 
be in the lowest range while Rs is in 
the highest range. 

4. In the ohmmeter section, label the fixed 
resistor in the low range R7 and the 
fixed resistor in the high range Ra. The 
zero adjust resistor should be labeled 
R.g. 

-
Discussion 

On switch S2, you should have labeled ter
minal 1, current; terminal 2, volts; and ter-. 
minal 3, ohms. The resistors should be 
labeled in the following manner: 

Ammeter Voltmeter Ohmmeter 
Range Range Range 

100 mA R1 1 v Rt LO R7 
10 mA Ra 10 v Rs HI Rs 
1 mA R3 100 v R«; 

The zero adjust resistor, Rg, is the only vari
able resistor in the schematic and it is lo
cated in the ohmmeter section of the 
schematic. 

If you had a problem identifying any section 
of this schematic or in labeling any of the 
resistors, return to the appropriate sections 
of the unit and review the material on these 
sections. 



10V 

Figure 6-26 Multimeter for Desk Top Experiment 3. 

Procedure (Cont.) 

5. Using the appropriate procedure. deter
mine the value of the shunt resistors 
used in the ammeter section of the mul
timeter. The values are: 

Ri = ______ Q. 

Rz= ____ __.Q. 

Ra= ______ n. 

6. 

FUNCTION 
1 SWITCH 

S2 

3 

Once again, using the appropriate pro
cedures, calculate the values of the re
sistors used in the voltmeter section of 
the multimeter. The values are: 

Rt=-----0. 

Rs=-----0. 

Re=-----0. 

Electrical Measurements 6-39 



7. 

8. 

In the ohmmeter section, fixed resistor 
R7 is 30 k.O. What is the value of Rs 
assuming that the 1.5 V battery is actu
ally supplying 1.5 V? 

Rs= ____ __.n. 

In order to increase the range of the 
ohmmeter by a factor of 10, what value 
resistor must be used for ~ and how 
large a battery must be used for B2? 

Re= ____ __.n. 

B2=-----V. 

Discussion 

Th~ shunt resistors for the ammeter are con
nected in parallel with the meter movement. 

. The meter will indicate maximum deflec
tion when 25 µ.A of current flows through 
the movement. All other current must flow 
through the shunt resistor. Therefore, the 
highest current range should have the smal
lest of the three shunt resistors. In this case, 
the resistance of R1 is 2.5 n. The other shunt 
resistors have substantially more resistance 
with R3 having the greatest resistance. 

Incidentally, although it is possible to find 
a 2.5 n resistor suitable for use in the meter, 
short sections of high resistance wire such 
as nichrome can be substituted for an ex
tremely low value resistor. 
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In the voltmeter section of the multimeter, 
the multiplier resistors are connected in 
series with the meter movement. These re
sistors drop most of the voltage applied to 
the circuit and also limit current through 
the circuit. ~ in the 1 V range is a 30 kO 
resistor. The other multiplier resistors must 
be proportionately larger since they are used 
in higher voltage ranges and must, therefore, 
drop a larger portion of the voltage under 
test .. 

Using a 30 kO fixed resistor for R7 , it is nec
essary that the value of Rn be 20 kO. Of 
course, R9 is only 20 kn when battery B1 
is supplying 1.5 V. As B1 ages or is used 
and its voltage decreases, R!1 is adjusted to 
compensate for this. Because of component 
tolerances, it is good practice to select a 
potentiometer whose midrange value is 20 
kn. 

In order to increase the resistance range by 
a factor of 10, it is necessary to increase both 
the resistance of the entire ohmmeter circuit 
as well as the voltage applied to the circuit 
by a factor of 10. When calculating Ra. how
ever, you must remember that R7 is in series 
with this resistor when the ohmmeter is 
switched to the high range. 

Procedure (Cont.) 

9. What is the ohms per volt rating of the 
voltmeter used in your multimeter? 

-----ohms/volt. 



10. Why is it necessary to ensure that the 
function switch and the range select 
switch are both set for measuring the 
same quantity before using your multi
meter? 

11. What is the minimum voltage required 
from battery B1 to ensure proper opera
tion of the ohmmeter on the LO range? 

_____ v. 

· 12. Assuming that you have properly con
structed the multimeter, what is the 
probable cause if after adjusting the 
zero ohms control you cannot get the 
pointer to travel the zero position? 

Discussion 

As with any other meter, the ohms per volt 
rating is calculated by dividing 1 V by the 
current rating of the meter movement. In 
this case, the meter is rated at 40 kn/volt. 

If both switches in the meter are not set to 
measure the same quantity, serious damage 

may occur to the meter movement or other 
components. For instance, if the range 
switch is left on anything other than current 
and the function switch is set to measure 
current, all the meter circuitry is bypassed 
and the meter is connected directly to the 
two probes. 

The ohmmeter will operate properly as long 
as you can adjust R.g to compensate for 
changes in the battery voltage. Assuming 
that the lowest resistance to which Ro is ad
justable is zero ohms, the circuit will oper
ate as long as the battery can maintain 
25. p.A of current through R7 and the meter 
movement when the probes are shorted to
gether. With R.g removed from the circuit, 
the total resistance of the circuit is 40 kn. 
It is necessary to apply 1 V to 40 kO. to main
tain 25 p.A of current flow. If the battery 
voltage drops below 1 V, the meter will not 
operate properly. 

The answer to the question in step 12 is de
rived from the information given about step 
11. If battery voltage drops below 1 V, it is 
not possible to maintain the necessary cur
rent through the meter movement .to assure 
full-scale deflection when zeroing the 
meter. Therefore, the probable cause of the 
problem described is a weak battery. 
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46. Generally, the voltmeter, ohmmeter, 
and ammeter are combined in a single 
unit called a--~~~ 

47. In the multimeter shown in Figure 6-
23, Rt. Rs. and R& are used in the 
-----meter portion of the mul-
timeter. 

48. Rt. R5 , and R& are called----
resistors. 

49. Again in Figure 6-23, R7, Ra, R.g, and 
the two batteries are used in the 
_____ meter portion of the mul-
timeter. 

50. Ra is called the 
_____ adjustment. 
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Self· Test Review 

51. In Figure 6-23, R" R2, and R3 are used in 
the section of the mul-
timeter. 

52. These are called ____ resistors. 

53. Multimeters that have transistors or in
tegrated circuits in addition to the . 
meter movement circuits are called 
_____ meters. 

54. The advantage of the electronic meter 
is that it has a very (high/low) resis
tance. 

55. 'This means that it generally has less 
effect than electrical 

meters. 



The most popular type of meter movement 
is the d' Arsonval meter movement. It con
sists of a permanent magnet and a moving
coil. When current flows through the coil, 
a magnetic field develops that interacts with 
the perm.anent magnet's field. The coil ro
tates as described by the right-hand motor 
rule. The amount of rotation is proportional 
to the current. 

The main parts of the d'Arsonval meter 
movement are the moving-coil, the perma
nent magnet, the scale, pivots, bearings, 
springs, retaining pins, counter weights, 
and a zero adjust mechanism. 

A variation of the d'Arsonval movement is 
the taut-band movement. In this device, thin 
metal bands replace the pivots, jeweled 
bearings, and spiral springs. This makes a 
more sensitive and more rugged movement. 

A 50 µA movement can be used to measure 
a much higher current value by connecting 
a small value resistor, called a shunt, in 
parallel with the movement. To determine 
the proper value of shunt, you must know 
the resistance of the meter movement. If the 
resistance of the meter movement is 1000 
0, the current range can be doubled by con
necting a 1000 0 resistor in parallel with 

· the meter movement. In the same way, if 
the shunt is to carry 9 times as much current 
as the meter movement, then the shunt re
sistance must be one-ninth that of the meter 
movement. 

The accuracy of a meter movement is 
specified as a percentage of error at full 

Summary 

scale deflection. If a 100 mA meter has· an 
accuracy of ± 3%, then the reading may be 
off by as much as ± 3mA at any point on 
the scale. 

A current operated meter movement can be 
used to measure voltage. A 1 mA, 1000 0 
meter movement indicates full scale when 
the applied voltage is: 

E = Ix R 

E = lmAXlk.n 

E = 1 V 

To extend the voltage range, a voltage drop
ping resistor, called a multiplier, is con
nected in series with the meter movement. 
To ext~d the range of the above meter to 
10 V, the multiplier must drop 9 V when 
the current is 1 mA. Thus, its value must . 
be: 

E 
R =

I 

R = _!Y_ 
lmA 

R = 9k.n 

The sensitivity of a meter movement is 
given in ohms per volt. It is determined by 
dividing the full-scale current reading into 
1 V. Thus, a 1 mA meter has a sensitivity 
of: 

1V 
1 mA = 1000 ohms/volt. 
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The ohms per volt rating is important be
cause it indicates the loading effect of a volt
meter. The higher the sensitivity, the less 
the loading effect will be. 

The series ohmmeter consists of a battery, 
a meter movement, and a resistance all con
nected in series. Zero ohms is indicated by 
full scale deflection while infinite ohms are 
indicated by no deflection. The internal 
series resistance of the ohmmeter circuit 
must be such that it allows full scale current 
to flow when the test leads are shorted to
gether. Thus, a 50 µA meter movement and 
a 4.5 volt battery require an internal resis
tance of: 

E R= I 
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R = 4.5 V 
SOµA 

R =90k.O 

A multimeter is a combination voltmeter, 
ohmmeter, and ammeter built into a single 
case. A single meter movement is used. To 
measure voltage, multiplying resistors are 
switched in series. 

To measure current, shunt resistors are 
switched in parallel. To measure ohms, in 
some instances a battery and zero ohms ad
just are switched in series with the meter 
movement. The ohmmeter may also have a 
resistor in shunt with the meter movement. 
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The purpose of this unit is to expand your 
knowledge of basic DC circuits. After a brief 
review of series and parallel circuits, you 
will be introduced to some new applica-

Introduction 

tions of these circuits. Next you will study 
an entirely new circuit called a bridge. Fi
nally, you will learn about several new 
analytical tools for evaluating circuits. 
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When you have completed this unit, you 
will be able to: 

1. Define the following terms: Bleeder 
current. series dropping resistor, volt
age divider, bridge network. linear cir
cuit, and bilateral circuit. 

2. Given the current and voltage require
ments for the separate loads, calculate 
the values of the resistors in a voltage 
divider. 

3. Given the values of the resistors in a 
bridge network. determine whether or 
not the bridge is balanced. 

4. Name three applications for a bridge 
circuit. 
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Unit Objectives 

5. Analyze a simple network by using the 
superposition theorem. 

6. Analyze a simple network by using 
Thevenin•s theorem. 

7. Analyze a simple network by using 
Norton's theorem. 

8. Calculate unknown currents and volt
ages in a simple network by using 
Kirchhoff's law. 

9. Convert· a Thevenin equivalent circuit 
to a Norton equivalent circuit. 



Throughout your study of electronics, you 
will see certain circuits repeated over and 
over again. Some of the most used circuits 
are the easiest to understand. You have al
ready studied the characteristics of several 
types of simple circuits. These include the 
series circuit, the parallel circuit, and the 
series-parallel circuit. The next section re
views the characteristics of these circuits. 
Later, you will learn about some more ad
vanced concepts. 

Series Circuit 

In a series circuit, the current flows through 
the components consecutively. That is, the 
current flows along a single path and the 
components are located one after another 
along this path as shown in Figure 7-1. In 
such a circuit, you may wish to find the cur
rent, the voltage dropped by a resistor, or 
the Pt:>wer dissipated by any resistor. 

+ 

. Err.•1SV -=-

Figure 7·1 The series circuit. 

Since there is only one current path in a 
series circuit, the current is the same 
through all of the resistors in the circuit. 

Simple Circuits 

This current is determined by dividing the 
total resistance into the applied voltage. The 
total resistance, RT, in a series circuit is 
equal lo the sum of the individual resis
tances: Thus, in Figure 7-1: 

RT = 10 k.O + 5 k.O + 15 k.O 

Once the total resistance is known, the cur
rent can be determined: 

E 
I =RT 

15V 
I = 30kn 

15V 
I = 30,0000 

I = 0.0005 A or 0.5 mA 

Since the current is the same through all 
resistors, the voltage drop across any one 
resistor can be determined by multiplying 
the total current times the value of that re
sistor. For example, the voltage across Riis: 

E~ =Ix R1 

E~ = 0.0005 A x 10,000 Q 

E~=SV 
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In the same way ER:z is: 

ER:z =Ix R2 

ER:z = 0.0005 A x 5000 fl 

ER:z = 2.5 V 

ERa =Ix~ 

ERa = 0.0005 A x 15,000 fl 

ERa = 7.5V 

The voltage drops across the three resistors 
have been calculated out so that another im
portant characteristic of the series circuit 
can be illustrated. The applied voltage ET 
is equal to the sum of the voltage drops. 
That is: 

Er = ER:z + ER:z + ERa 

Er= 5V + 2.5V + 7.5V 

Er= 15V 

Finally, the power dissipated by any resistor 
is equal to the current times the voltage drop 
across the resistor. Thus, the power dissi
pated by Rt is: 

PRi =Ix ER:z 

PRi = 0.0005 A x 5 V 

PRi = 0.0025 W or 2.5 mW 
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Review the above equations until you can 
compute any of the electrical quantities in 
the circuit. 

Parallel Circuit 

A simple parallel circuit is shown in Figure 
7-2. In a parallel circuit, the voltage applied 
to each branch is the same. That is, the volt
age mrasured across any resistor in the 
parallel branch equals the voltage applied 
to the branch. Thus, in Figure 7-2 the volt
~ge is the same across each resistor: 

Er = E1ti = ER:z = ERa = 15 V 

That is, 15 Vis dropped across each resistor. 

+ -=-Ey•15V R •10k0· 
1 . 

R •SkO. 2 . R8 •15k0. 

- T It ,t t 
R1 f2 I •1- l >- RS 

Figure 7-2 The parallel circuit. 

To find the current through any resistor in 
the parallel branch according to Ohm's Law, 
you must divide the voltage by the resis
tance value of that resistor. For example, the 
current through Rt is: 

E 
l1ti = R;: 

15V 
1Ri = lOkfi 



15V 
Iv = 

·"'!. 10,0000 

IR, = 0.0015 A or 1.5 mA 

Also, IR:& is: 

AndIRsis: 

E 
IR:& = R2 

IR:& 
15V 

50000 

IR:& =3m.A 

E 
IR:& = R; 

15V 
Iv -

•"IJ 15,0000 

I~ =lm.A 

Since different current flows through each 
resistor in the parallel branch, the total cur
rent is the sum of the branch currents: 

IT= 1.5m.A + 3m.A + lmA 

h = 5.5m.A 

You can also determine the total current by 
dividing the total resistance CRT) into the ap
plied voltage. To find the total resistance, 
you must use the equation for parallel cir
cuits: 

1 
1 1 1 

10,000 o + 5,ooo o + 15,ooo o 

1 
.0001 o + .0002 o + .00006661 o 

RT =27270 

Using this value of RT, you can determine 
that the total current is: 

E 
h =RT 

15V 
IT = 27270 

IT = 0.0055 A or 5.5 mA 

Notice that this agrees with the value com
puted by adding the individual branch cur
rent. 

The power dissipated in any resistor can be 
found by multiplying the current through 
the resistor by the voltage dropped by the 
resistor. For example, the power dissipated 
byR1 is: ' 

PR, = 0.0015 A x 15 V 

PR, = 0.0225 W or 22.5 mW 
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Series-Parallel Circuit 

Often a circuit has both series and parallel 
current paths as shown in Figure 7-3A. To 
compute electrical quantities in this type of 
circuit, you must first simplify the circuit 
by redrawing it as shown in Figure 7-3B. 

Notice that the two parallel resistors, R2 and 
~. are replaced with an equivalent resis
tance, RA. The value of RA is determined 
using the equation: 

2000 0. x 2000 0. 
RA = 2000 0. + 2000 0. 

R _ 4,000,000 0. 
A - 4,0000. 

RA = 1000 0. or 1 le.fl 

The resulting circuit shown in Figure 7-3B 
can now be handled like any other series 
circuit 
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® 
30V -=-

® 
30V 

Figure 7-3 The series parallel circuit. 



llefer to Figure 7-4A. for questions 1-5. 

1. In a series circuit. the is 
the same at all points in the circuit. 

2. In the series circuit shown in Figure 
7-4A, the total resistance is 

3. The current in the circuit is 

4. The voltage drop across R1 is 

5. The power dissipated by R5 is 

llefer to Figure 7-4B for questions 6-9. 

6. In a parallel circuit, the ----
is the same across all branches. 

7. In the parallel circuit shown in Figure 
7-4B, the current through R1 is 

8. The total current, IT. in the circuit 
shown in Figure 7-4B is ____ _ 

9. The power dissipated by Ra is 

Self-Test Review 

® 
1ov-=-

Figure 7-4 Review problems. 
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One of the most useful series-parallel cir
cuits is the voltage divider. It is frequently 
used at the output of a power supply to pro
vide a number of output voltages that are 
distributed to different circuits. 

The design of a voltage divider is compli
cated by the current drawn by the load. If 
you could ignore the load current, the de
sign of the voltage divider would be ex
tremely simple. For example, let's suppose 
you have a 30 V power supply and that you 
want to obtain output voltages of + 15 volts 
and + 30 volts. Figure 7-5A shows a circuit 
that appears to perform this function. Since 
Rl and Rz are the same size, each drops one
half of the applied voltage. When a voltme
ter is placed across R1 , it will indicate + 15 
volts. Thus. the top of R1 is at + 15 volts 
with respect to ground. Naturally, the top 
of Rz is at + 30 volts with respect to ground. 
Thus, the circuit appears to meet the re
quirements set above. However, if you 
examine the circuit more closely, you find 
that the above conditions exist only under 
the no load condition. 

aov-=-

® 
. UNLOADED 

aov-=-

@ 
LOADED 

Figure 7-5 Simple voltage divider. 
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. Voltage Dividers 
When you attempt to use the + 15 volts at 
the top of R1 to drive a load, an interesting 
thing happens as shown in Figure 7-5B. 
Here a 1 kO load, RL, is connected across 
the +15 volt supply. Notice that RL is in 
parallel with R1• Thus the equivalent resis
tance of R1 and RL in parallel is: 

RT = 1,000 n x 1,000 n 
1,ooon + 1,ooon 

1,000,ooon 
2,ooon 

RT =5000 

The resistance from the top of R1 to ground 
decreases from 1 kO to 500 0. R2 is now 
twice as large as this equivalent resistance. 
Consequently, R2 drops 2/3 of the applied 
voltage while the equivalent resistance of Rl 
and RL drops only 1/3. That is, R2 drops 20 
V while R1 and RL in parallel drop only 10 
V. Thus, the voltage from the top of Rl to 
ground 'decreases from +15 V to +10 V. 
When a load is connected across the di
vider, the divider no longer fulfills the re
quirements that were originally specified . 

The point of all of this is that in order to 
design a workable voltage divider, you must 
consider the current that flows through the 
load. To illustrate this point, assume you 
have three loads that must be driven from 
a single 12 V power supply. Again, assume 
that the first load requires + 12 V at 1 A, 
the second load requires 8 V at 0.6 A while 



the third load requires 4 Vat 0.2 A. Figure 
7-6 shows what the circuit looks like. 

-=-12V 

Figure 7-6 Designing the voltage divider. 

Three resistors are used to develop the three 
desired voltages. The values of the three re
sistors, however, are not given. In order to 
design the circuit, you must determine the 
values required for these resistors. As you 
have learned, the value of any resistor can 
be determined by Ohm's Law if you know 
the current through the resistor and the volt
age developed across it. If you analyze Fig
ure 7-6 closely, you will see that enough in
formation is given to allow you to find the 
resistor values. 

Look at R1• The current through R1 is given 
as 0.2 A. This is the only current in the cir
cuit that is not flowing through one of the 
loads. This current is called the bleeder cur
rent and R1 is called the bleeder resistor. 
Because the bleeder current does not flow 
through any of the loads, its value is not 
critical. A circuit of this type is generally 
designed so that 10 percent of the total cir
cuit current is bleeder current. For example, 
in Figure 7-6 the total current drawn from 
the supply is 2 A. Therefore, a bleeder cur
rent of 0.2 A is selected. 

Once you determine what the bleeder cur
rent will be, you can determine the value 
of R1• The current through R1 is 0.2 A and 
the voltage across R1 is 4 V. Therefore: 

R1 =200 

The required value of R2 can be determined 
by using a similar procedure. The current 
through R2 is the sum of the 0.2 A bleeder 
current through R1 and the 0.2 A through 
load 3. Therefore, the current through R2 is 
0.4 A. The voltage at the bottom of R2 is 
+ 4 V while that at the top of R2 is + 8 V. 
Consequently, the voltage across R2 is 4 V. 
Therefore: · 

Finally, look at Ra. The current through Ra 
is the sum of the 0.6 A through load 2 and 
the 0.4 A ~ugh R2 • Thus, the total current 
through Ra is 1 A. The bottom end of Ra 
is at +8 V while the top of Ra is at +12 
V. Therefore, the voltage across Ra is 4 V. 
Using Ohm's Law, you find that the value 
of Ra is: 

Ra = 
4V 
1A 

Ra =40 
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Using this procedure. you can design a volt
age divider for one or more loads. All you 
need to know is the source voltage and the 
voltage and current requirements of each 
load. 

To summarize, the step by step procedure 
is as follows: 

1. Arbitrarily select a bleeder current that 
is about 10 percent of the total current 
in the circuit. 

2. Using the bleeder current and the low
est voltage required by a load. compute 
the value of the bleeder resistor. 

3. Using the total current through each 
resistor, and the voltage dropped by the 
resistor. determine the resistance 
values required. 

A special form of voltage divider that 
is frequently used in electronics con
sists of a resistor in series with a load 
of some type. The resistor is called a 
series dropping resistor. Its purpose is 
to ensure that the load is operated at 
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its proper voltage and current rating. 
For example, consider the problem of 
using a 5 V relay in a system that has 
a 12 V power source. 

Assume that the relay is designed to 
operate at 100 m.A. The solution is to 
connect a resistor in series with the 
relay coil so that the current is limited 
to 100 mA. Also, since the relay must 
operate at 5 V, the series resistor must 
drop: 12 V - 5 V = 7 V. Thus, the 
size of the resistor must be: 

R=E 
I 

7V R= 
lOOmA 

R =700 

Dropping resistors are often found in series 
with relays, light bulbs, motors, or other 
electronic devices. The series dropping re
sistor and its load form a very simple volt
age divider. 



10. The total current demanded by the 
three loads shown in Figure 7-7 is 
_____ mA. 

11. In Figure 7-7, Ri is called the 
_____ resistor. 

12. If you want a 50 mA current through 
R1 , what is the proper resistance value 
ofR1? 0. 

13. In the circuit described thus far, the 
current through R2 is -----
m.A. 

14. The voltage drop across R2 is _____ v. 

15. What is the proper resistance value of 
R2? 0. 

16. The current through Ra is 
_____ m.A. 

17. The voltage drop across Ra is 
_____ volts. 

18. What is the proper resistance value of 
Ra? 0. 

Self-Test Review 

19. If a relay coil has a resistance of 1. kO 
and is designed to operate with a cur
rent of 10 mA, what is the voltage at 
which the relay is designed to operate? _____ v. 

20. If this relay is to be used in a system 
where the only voltage available is 24 
volts, the series dropping resistor used 
with the relay must drop V. 

21. Since the current through the resistor 
must be 10 mA, the resistor value re-
quired is 0. 

LOADS 
SY 
50mA 

LOAD2 
10V 
100mA 

LOAD 1 
20V 
300mA 

Figure '1·7 Find the values of R1 , R2 , and 
Ra. 
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Desk· Top Experiment 4 
Voltage Dividers 

Introduction 

You have just learned about a couple of volt
age dividers that are commonly used DC cir
cuits. Designing these circuits requires a 
little thought and a thorough knowledge of 
series and parallel circuits and Ohm's Law. 
When necessary, use the following guide to 
help you design your circuit. 

1. Select a bleeder current that is about 
10% of the total circuit current. 

2. Using the bleeder current and the low
est voltage required by a load, compute 
the value of the bleeder resistor. 

3. Using the total current through each re
sistor, and the voltage dropped across 
each resistor, determine the resistance 
values required for the divider's resis
tors. 

Take your time and try not to use the text 
unless absolutely necessary. 

Objectives 

1. To design voltage divider circuits with 
both single and multiple loads. 

2. To use Ohm's Law and the rules gov
erning series and parallel circuits to de
sign voltage dividers. 

3. Apply some of what you have learned 
about motor control circuits. 
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Procedure 

1. Design a voltage divider so that you can 
operate a 12 V DC motor from a 24 V 
. power supply. The motor draws 10 mA 
of current. Draw the circuit in the space 
provided below and label all voltage, 
current, and resistance values. 

2. Is it possible to add a control to this 
circuit so that you can vary the motor's 
speed? 

If so, redraw the circuit below showing 
the control. 



Discussion 

It is possible to design a voltage divider for 
use with the motor simply by adding a 
series dropping resistor in the circuit with 
the motor. This circuit is shown in Figure 
7-SA. To determine the value of the series 
dropping resistor, use the current that the 
motor draws, since this is the total current 
in a series circuit, and the voltage not 
dropped by the motor. The resistance value 
is: 

@ 

24V 

@ 

24V 

12V 
Rt= 10m.A 

Rt= 1.2 kn 

12V ,__,._.... 
R1 •1.2kfi 

• 10mA 

10mA 

= 

-

Figure 7·8 Voltage dividers using a series 
dropping resistor. 

An elementary motor control circuit can be 
designed simply by adding a variable resis
tor in series with the rest of the circuit as 
shown in Figure 7-SB. When this is done, 
the motor will operate at its maximum 
speed when the variable resistor is adjusted 
to zero ohms. As the resistance of the vari
able resistor increases, the speed of the 
motor decreases. 

Procedure (Cont.) 

3. You have available a 24 V DC power 
supply. Design a voltage divider circuit 
that will operate with two 6 V lamps 
that draw 3 mA and a 12 V motor that 
draws 10 mA of current. Draw the cir
cuit in the space provided below and 
include the appropriate voltage, cur
rent, and resistance values. 
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Discussion 

This voltage divider was a bit more difficult 
to design than the divider given in the ex
ample in the text. In fact, there are a number 
of different ways that this divider can be 
designed. Two of these are shown in Figure 
7-9. 

Since each of the lamps requires 6 V, they 
can be connected in series resulting in a 12 
V requirement for the two lamps. This 
works out well since the motor also requires 
12 V. In this case, all of the loads can be 
connected in parallel across the bleeder re
sistor as shown in Figure 7-9. 

Using a bleeder current of 1.3 mA and a 
voltage drop of 12 V, the appropriate resis
tance calculated for R2 is 9230 .0. R1 must 
also drop 12 V, but the current through R1 

consists of the combined currents through 
the loads plus the current through the 
bleeder resistor. Therefore the resistance of 
R1 is significantly lower than the resistance 
of R2 • The resistance of R1 is 839 .0. Since 
the loads require only 12 V, R1 is a series 
dropping resistor for the parallel branches 
of the circuit. 

Figure 7-9B shows another possible config
uration for the given components. Here, the 
two lamps are in parallel and connected 
across the bleeder resistor. Meanwhile, a 
second resistor is added which ensures that 
the voltage drop across the motor is 12 V. 
The remaining 6 V delivered by the supply 
is dropped across R1 . You may have noticed 
that the total current for this configuration 
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is somewhat greater than the total current 
needed by the circuit in Figure 7-9A. 

® 

24V-=-

@ 

R2 
9230.Cl 

f R1 f 17.6mA · 
svL40.n -1omA 

24V-=- v[R2 l7.6mA 12 
1578..Cl 6mA -
I Rs 11 s 

SV~50.Cl ~A 

Figure 7-9 Voltage divider for Desk-Top 
Experiment 4. 



24Y 

Flpre 7-10 Voltage divider with a variable 
power supply. · 

Figure 7-10 is a variation of Figure 7-9B. 
Notice that the resistor values for R2 and R3 

remain the same but that resistor R1 has 
been replaced with a variable resistor. This 
circuit_ haS one big advantage over the two 
circuits previously discussed. In this cir
dlit, components can be added or removed. 
The variable resistor can be adjusted to com
pensate for any component changes. 
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Another type of series-parallel circuit that 
is widely used is the bridge circuit. In its 
simplest form, the bridge circuit is made up 
of four resistors connected as shown in Fig
ure 7-11A. The circuit bas two input termi
nals and two output terminals. In DC appli
cations, the input terminals are connected 
to a DC voltage source such as a battery. 
Often a meter is connected across the output 
terminals as shown in Figure 7-11B. 

@ 
+ 

® 
INPUTS 

VOLTMETER 
OR 

CURRENT 
METER 

Figure '1-11 The bridge circuit. 

Balanced Bridge 

Before looking at .some of the ways that 
bridge circuits can be used, you should first 
investigate the characteristics of a bridge 
circuit. A bridge circuit may be either 
balanced or unbalanced. A balanced bridge 
circuit is one in which the voltage measured 
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Bridge Circuits 

between the two output terminals is 0 V. 
If the circuit shown in Figure 7-11B is 
balanced, a voltmeter or current meter 
connected across the output terminals, as 
shown, will indicate zero. 

An example of a balanced bridge is shown 
in Figure 7-12A. Notice that R1 is the same 
value as ~. Thus, the voltage at point A 
with respect to ground must be one half the 
applied voltage or + 10 volts. The voltage 
at point B is also + 10 volts for the same 
reason. Therefore, point A is at the same 
potential as point B. No potential difference 
exists between the two points and a 
voltmeter connected from point A to point 
B will read O V. Furthermore, an ammeter 
would also read O p.A since no current can 
flow unless there is a difference in potential. 
Notice that the bridge is balanced when all 
four resistors have the same value. 

Figure 7-12B shows that a balanced 
condition can exist even when all the 
resistors have different values. Here you can 
determine the voltage at point A if you 
know the current through R2 (IA). 

30V 
IA -1k0 + 2k0 

IA = 0.01 A or 10 mA 



® 

20V-=-

@ 

aov-

+ -'e 

Figure '1·12 The balanced bridge. 

Now the voltage across R2 can be deter
mined: 

E~ = 0.01 A x 2000 n 

Thus, the voltage at point A with respect 
to ground is + 20 volts. 

Using a similar procedure, the voltage at 
point B can be determined. You will find 
that it is also + 20 V. Thus, there is no differ
ence of potential between points A and B. 
Consequently, the bridge is balanced. 

If you examine Figure 7-12B carefully, you 
will see that R2 is twice the value of R1 and 
that R... is twice the value of R3 • R1 and R2 

form a voltage divider that determines the 
voltage at point A. R3 and ~ form a divider 
that determines the voltage at point B. As 
long as the ratio between R1 and R2 is the 
same as the ratio between R3 and ~. the 
bridge is balanced. Expressed as an equa
tion, the bridge is balanced when: 

Notice that this equation d~scribes both of 
the examples shown in Figure 7-12. 

Unbalanced Bridge 

Figure 7-13A shows a variation of the basic 
bridge circuit. Here ~ is replaced with a 
potentiometer. If ~ is set to the same value 
as the other three resistors, 200 n, the bridge 
is balanced. Both point A and point B are 
+ 15 V with respect to ground. 

The balanced condition can be upset by 
changing the resistance of ~. For example, 
in Figure 7-13B, ~ is reset to 400 0. The 
voltage at point A remains at + ~5 volts 
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since the values of Ri and R2 are unchanged .. 
However, the voltage at point B changes. 
Because ~ is now twice as large as Ra. it 
drops twice as much voltage as Ra. Thus, 
~ now drops 20 V while Ra drops only 10 
V. Consequently, the voltage at point B is 
+ 20 V with respect to ground. The bridge 
is no longer balanced because a difference 
of potential exists between points A and B. 
Because point B is more positive than point 
A, current flows through the voltmeter from 
point A to point B as shown. A voltmeter 
connected in this way indicates a 5 V 
difference of potential. 

® 

= 
@ 

R1 200.n 

SOY-=- A•+15V 

© 
30V-=-

B•+15V 

B•+2ov 

Figure 7·13 Unbalancing the bridge. 
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Figure 7·13C shows that the bridge can also 
be unbalanced· by making the value of ~ 
smaller than the value of Ra. Here Ra 
develops only 10 V. Hence, the voltage at 
point_B is only +10 V. Thus, current will 
flow in the opposite direction through the 
meter. 

Wheatstone Bridge 

Now that you have an understanding of how 
the bridge circuit operates, its time to 
examine some typical applications. The first 
practical application of the bridge circuit 
was the wheatstone bridge. The wheatstone 
bridge is a device for measuring resistance. 

+ 1.SV O 

-=- Al&----1-1"+ 
TEST 
LEADS 

500 

···@750 
0 1k 

Figure 7-14 Wheatstone bridge. 



A simple wheatstone bridge is shown in Fig
ure 7-14. Ri and R2 are fixed matched preci
sion resistors. Rs is a 1 kn potentiometer 
whose resistance is varied using a calibrated 
dial. At any setting, its value can be read 
directly from the dial. Rx is the unknown 
resistance that you want to measure. It is 
connected between the two test leads that 
form a part of the bridge. The meter is a 
very sensitive current meter called a gal
vanometer. Unlike the ammeters discussed 
earlier, the galvanometer can measure cur
rent flow in either direction. The center of 
the galvanometer scale is zero. Current flow 
in one direction is indicated by deflection 
to the left of center while current flow in 
the opposite direction is indicated by de
flection to the right of center. 

To see how the bridge can be used to mea
sure resistance, assume that a 210 0 resistor 
is connected between the test leads. Re
member R1 and R2 form a voltage divider 
that determines the voltage at point A. Since 
Ri and R2 are equal, the bridge will be ba
lanced only if values Rx and Rs are also 
equal. Thus, Rs is set so that the gal vanome
ter reads exactly zero. At this point the 
bridge is balanced so Rs must equal Rx. The 
value of the unknown resistance can be read 
directly from the calibrated dial of Rs. This 
gives you a simple method for finding the 
value of the unknown resistor. 

This simplified bridge can measure resis
tances up to 1 kO. In actual bridges, Rs is 
replaced with a device called a decade resis
tor box. By setting rotary switches, any 

value of resistance from a fraction of an ohm 
to several megohms can be placed in the 
circuit. Thus, the bridge can be used to 
measure a wide range of resistances. 

Self-Balancing Bridge 

Another interesting application of a bridge 
circuit is shown in Figure 7-15. Here, the 
four resistors are replaced by two poten
tiometers. The voltage is measured from the 
center taps of these two variable resistors. 
Also, the meter is replaced by a small DC 
motor (M). The motor turns on whenever 
the bridge is unbalanced. 

R1 
12n s..---------t 

\ 
3-WIRE. 
CABLE '---+--+-

ECHANICA 
GEAR 
TRAIN 

Figuer 7-15 Self-balancing bridge. 

This circuit is called a self-balancing bridge 
and can be used for controlling motion at 
a distance. For example, if you have an 
antenna on a roof and you want to tum the 
antenna from ground level, this can be done 
with a self-balancing bridge. The motor and 
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R2 are located on the roof with the antenn.8:·· 
R1 and the power supply are located at 
ground level. The two circuits are connec
ted by the 3-wire cable. 

If you assume that the circuit is initially ba
lanced with the arms of both potentiometers 
set at the center position and you wish to 
change the position of the antenna, you sim
ply unbalance the bridge circuit by moving 
the arm of R1• This allows current to flow 
through the motor causing the motor to tum. 
The motor is connected through a gear train 
to the antenna. Thus, as the motor turns, 
the antenna also turns. The motor is also 
connected to the arm of the potentiometer 
R2. The motor turns until the arm of R2 is 
at the same relative position as the arm of 
R1. This rebalances the circuit and the motor 
stops turning. This circuit allows you to 
control the position of a remote antenna 
simply by setting the arm of a potentiome
ter. 

Temperature Sensing Bridge 

If one of the resistors in a bridge circuit is 
replaced with a thermistor, the bridge can 
be used as a temperature sensor. Figure 7-16 
shows a temperature sensing bridge. 

Rt and Rs are 1 kO resistors. At O degrees, 
the thermistor also has a resistance of 1 k.O. 
If R2 is set to 200 0, the fourth arm of the 
bridge also has a resistance of 1 k.O. 
Consequently, the bridge is balanced and no 
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current flows through the 50 µ.A meter 
movement. Thus, the O µ.A point on the 
meter scale can be labeled O degrees. 

As the temperature increases, the resistance 
of the thermistor decreases. This upsets the 
balanced condition and causes current to 
flow through the meter. The more the 
temperature increases, the more current 
flows through the meter. Thus, the current 
is an mdication of . the temperature. The 
meter scale is marked off in in degrees 
rather than microamperes. Therefore, the 
temperature can be read from the face of the 
meter. 

Rt is included to provide a means of calibra
ting the high end of the scale. For example, 
you may want the upper limit of your "ther
mometer" to be 100 degrees. In this case, 
the thermistor is exposed to a temperature 
of 100 degrees and Rt is adjusted so that 
50µ.A of current flows through the meter 
movement. This causes full scale deflection. 
Thus, the point of full-scale deflection can 
be labeled 100 degrees. 

THERMISTOR 
1knAT 

0 DEGREES 

Figure 7-16 Temperature sensing bridge. 



22. A bridp fi.ircuit bu two input 
ten:DiDa1- ~ two 

. terminals. 

23. A bridge circuit is said to be balanced . 
when the voltqe across the two output 
terminals is ___ _ 

24. When the voltage across the output 
terminals is anytbiJll other than zero, 
the bridge is said to be ___ _ 

Self-Test Review 

25. The bridge circuit shown in Figure 
. 7·1 lA will be if all four 
resiatols have the same value . 

28~ Actually, the circuit will be balanced 
any time the following equation is 
satisfied. 

-----------------~------------------~···-



Many series-parallel circuits can be 
analyzed using the techniques described 
earlier. However, more complex circuits 
cannot always be analyzed by such simple 
methods. Often a circuit will have several 
interconnected series-parallel branches and 
two or more voltage sources. Several 
techniques have been developed to help 
analyze circuits of this type. These 
techniques are generally grouped together 
under the name "network theorems." 

A network is simply a circuit made up of 
several components such as resistors. Thus, 
the series-parallel circuits discussed earlier 
can be called networks. A network theorem 
is a logical method for analyzing a network. 
One of the most useful tools for analyzing 
a network is Kirchhoff's Law. 

One form of Kirchhoff's law was discussed 
earlier. It states the relationship between the 
voltage rises and the voltage drops around 
the closed loop in a circuit. Recall that the 
sum of the voltage drops is equal to the sum 
of the voltage rises. This fact is ref erred to 
as Kirchhoff's Voltage Law. 

The voltage law is deceptively simple. At 
this point it is almost self-evident. 
Nevertheless, this law is a powerful tool 
when used properly. Look at the following 
discussion. 

Kirchhoff's Voltage Law 

The voltage law can be stated in several 
different ways. Up to now, it has been 
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Kirchhoff's Law 

stated: around a closed loop, the sum of the 
voltage drops is equal to the sum of the 
voltage rises. Figure 7-17 A illustrates this 
law. 

© T 
3V 

10V-=- t 
7V 

1 
POINT A 

@ 
E9+ 0 1ov:-

Figure 7-17 Kirchhoff's voltage law. 

Another way of saying the same thing is: 
·around a closed loop, the algebraic sum of 
all the voltages is zero. It becomes apparent 
that this statement is true when you trace 
around the loop shown in Figure 7-17B. 
Notice that this is the same circuit shown 
in Figure 7-17A. To keep the polarity of the 
voltages correct, it is helpful to establish a 
rule for adding the voltages. A convenient 
3-part rule is: 



1. Choose which direction you prefer to 
trace the circuit. Either clockwise or 
counterclockwise will work equally 
well. 

2. Trace around the circuit in the chosen 
direction. If the positive side of a 
voltage drop, or voltage rise, is 
encountered first, consider that voltage 
drop, or rise, to be positive. 

3. If the negative side of a voltage drop, 
or voltage rise, is encountered first, 
consider that voltage drop, or rise, to 
be negative. 

For example starting at point A in Figure 
7-17B, trace counterclockwise as shown 
recording each voltage encountered. The 
first voltage is Es. Because the positive side 
of the battery is encountered firs~, the 
voltage is recorded as + 10 V. Next ERz is 
encountered. This is recorded as - 7 V 
because you arrive at the negative side of 
the resistor first. ER,. is recorded as - 3 V 
for the same reason. Thus, the sum of the 
voltages are: 

+ 10 v - 7 v - 3 v = 0 v 
Or stated as an equation: 

Es - ERz - ER,. = O V 

As you can see, the sum of the voltage drops 
around the loop is zero. 

In this example, the loop was traced in the 
counterclockwise direction. However, trac
ing in the clockwise direction, you '11 find 
that the sum is still zero. 

Using Kirchhoff's Law 

Look at the circuit shown in Figure 7-18A. 
Assume that you wish to find the current 
at all points in the circuit and the voltage 
dropped by each resistor. If you attempt to 
solve this problem using only Ohm's Law, 
you run into insurmountable difficulties. 
However, if you use Kirchhoff's Law with 
Ohm's Law, the solution can be easily 
found. 

® 
E1 -

30V-

R1 120 
POINT A ER 

@ 
E1 + 

30V --~.1 
1 

~ 40 
~ POINT B 

2 -+ 
+Rae-+~ 
- 80 •/. -=··· 

R1 120 ~ 40 © .+ 1.,..,2~.__._ _ _,avvv 

.":. ~)~: 0::. 
11•1 AMP 12 •2 AMP 

Figure 7·18 Using Kirchhoff's Law. 
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The first step in applying Kirchhoff's Law 
is to assume a direction for current flow 
through each loop. It makes no difference 
if the assumed direction is incorrect. With 
the batteries connected as shown it appears 
that the loop currents will be in the direc
tion shown by the arrow in Figure 7-18B. 
Let's assume that this is the direction of cur
rent flow. 

The second step is to mark the polarity of 
the voltage drops across the resistors. You 
do this by marking negative polarity where 
current enters the resistor and positive po
larity where cunent leaves the resistor. 
Using this procedure, with the assumed di
rection of current flow, the polarity of volt
age drops are marked as shown in Figure 
7-18B. 

The third step is to write an equation for 
each loop using Kirchhoff's Voltage Law. To 
do this, you start at a given point tracing 
around the loop in the assumed direction 
of current flow. You record each voltage rise 
and voltage drop following the procedure 
outlined earlier. Finally, you assume that 
the sum of all voltage drops and rises is 
equal to zero. 

Starting at point A in Figure 7-18B, the 
equation is: 

Notice that E1 is positive because its posi
tive terminal is encountered first. In the 
same way, the voltage drops across Ra and 
R1 are negative since their negative termi-
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nals are encountered first. The sum of the 
three terms are equal to zero in accordance 
with Kirchhoff's Law. 

Using this same procedure an equation is 
developed for the loop through which 12 

flows. H you start at point B and follow the 
direction of current flow, the equation be
comes: 

+ E2 - ER: - ER: = 0 

At this point you have two equations that 
describe the operation of the circuit. They 
are:. 

Ei - ER: - ER.i = .o 

Notice that each equation contains a voltage 
rise and two voltage drops. The value of the 
voltage rises, E1 and E2, are given in Figure 
7-18. Substituting 30 volts for Ei and 26 
volts for E2 the equations become: 

30 V - ER: - ER.i = 0 

26 V - ER: - ER: = O 

The next step is to manipulate these equa
tions using Ohm's Law and some of the 
other values given in Figure 7-18. You can 
start with the equation: 

30 V - ER: - ER.i = <> 



The term ER,. is the voltage drop across R1. 
Since this voltage drop is caused by Ii 
through R1 , using Ohm's Law: 

Thus, the terms R111 can be substituted for 
ER,. in your equation. The equation becomes: 

30 V - ER, - Rlli = O 

The term ER, is the voltage drop across Ra. 
It is caused by currents 11 and 12• Thus: 

Once again substituting, the equation be
comes: 

Next, you substitute the values of R3 and 
Rl: 

You eliminate the parentheses by multiply
ing the - 6 times each term within the 
parentheses: 

Combining -6011 and -12011 you have: 

30V - 18011 - 6012 = O 

At this point, it is convenient to have the 
voltage rise on one side of the equation and 
the voltage drops on the other. You do this 

by subtracting 30 V from both sides of the 
equation. This leaves: 

- 180ii - 6.0h = - 3ov 

Leave this equation for a moment and go 
back to the equation for the second loop. 
Recall that the equation is: 

26 V - ER, - ER.t = O 

If you manipulate this equation as you did 
the first. the steps look like this: 

Substitute values of Ra and R2 : 

26 v - 6 OCI1 + hl - 4o12 = o 

Remove the parentheses: 

Combine 12 terms: 

26 v - 6o11 - 10 o 12 = o 

Subtract 26 V from both sides: 

- 6011 - 10012 = -26V 

Thus, your two original equations are now: 

-18011 - 6.012 = - 30V 

- 6o11 - 10n12 = - 26 v 
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Up to this point you have manipulated the 
two equations using what you know about 
Ohm's Law and some basic algebra. Now, 
it is time to solve for the unknown values, 
11 andl2. 

Notice that each equation has two un
knowns, 11 and 12. The solution to either o~ 
these equations depends on the other equa
tion. In other words, to solve either equa
tion, you must use both equations. Equa
tions of this type are called simultaneous 
equations. There are several methods for 
solving simultaneous equations. One of the 
easiest methods involves cancelling or elim
inating one of the unknowns. This method 
works for two reasons: 

1. You can do almost anything you like 
to one side of an equation as long as 
you do the same thing to the other side. 
For example, you can add, subtract, 
multiply, or divide both sides of an 
equation by a number without chang
ing the equality. 

2. You can add two simultaneous equa
tions together without upsetting the 
equality. 

Consider your two simultaneous equations 
again: 

- 18011 - 6012 = - 30V 

- 6011 - 10012 = - 26V 

At this point, you want to eliminate one of 
the unknowns from the equations. To do 
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this, you can add the equations but first you 
must manipulate one of the equations so 
that one of the terms will drop out when 
the addition talces place. You can do this 
by multiplying both sides of the second 
equation by - 3 so that your equations now 
become: 

- 18011 - 6012 = -30V 

+ 18011 + 30012 = + 78V 

Notice that by multiplying the bottom equa
tion by - 3, you have changed the term con
taining 11 in the bottom equation to the same 
magnitude, but opposite sign, as the term 
containing 11 in the top equation. Now, if 
you add the two equations, the 11 terms can
cel: 

- 18011 - 6012 = -30V 

+ 18011 + 30012 = + 78V 

o + 24o12 = + 48 v 

Thus, you end up with a single equation: 

+24012 = + 48V 

Now, you can solve for 12 by dividing both 
sides of the equation by 24 0: 

+48V 
12 - +240 

12 =2A 

This positive current value tells you that 
your assumed direction of current flow is 
correct. If the current value had been nega-



tive, then you would know that your as
sumed current flow direction was incorrect. 

Now you can find 11 by substituting + 2 A 
for 12 in either of the above equations. That 
is: 

- 18011 - 6012 = - 30V 

Substitute + 2 A for 12: 

- 18 o Ii - 6 o ( + 2 A) = - 30 v 

-18011 - 12V= - 30V 

Add 12 V to both sides: 

- 18011 = - 18V 

Divide by -18 0; 

-18V 
11 = -180 

11 = +1 A 

Thus, the currents in the circuit are as 
shown in Figure 7-18C. Once the currents 
are known, the voltage drops can be deter
mined using Ohm's Law. When computing· 

. the voltage drop across Ra. remember that 
both It and 12 flow through the resistor. 
Thus: 

E1t, = Ra (11 + 12) 

E1t, = 60(1A + 2A) 

E1t, = 60 (3 A) 

E1t, = 18V 

Verify that the other voltage drops shown 
in Figure 7-18C are correct. 

Kirchhoff's Current Law 

Another form of Kirchhoff's Law involves 
current rather than voltage. Kirchhoff's cur
rent law can be stated in several different 
ways. One form states that in parallel cir
cuits, the total current is equal to the sum 
of the branch currents. Stated another way, 
the current entering any point in a circuit 
is equal to :fue current leaving that ·same 
point. 

Figure 7-19 illustrates that these are simply 
two different ways of saying the same thing. 
Two branch currents of 1 A each are flowing 
in the circuit. Thus, the total current is 2 
A. Now look at point A. Notice that 2 A 
flow into this point. Consequently, 2 A must 
flow out of this point. One-half of the cur
rent flows through Rt while the other half 
flows through R2• Once again, an important 
law is simply common sense. Nevertheless, 
this law can be used in much the same .way 
as the voltage law to evaluate networks. 
However, because Kirchhoff's voltage law is 
generally easier to use, the current law will 
not be used in this unit. 

• - 1 Rt 

~A-I 

' POINT A 

Figure 7-19 The current leaving point A is 
equal to the current entering 
point A. 
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27. Figure 7-20 shows another network 
that can be solved using Kirchhoff's 
Voltage Law. Two loops are shown. 
Start at point A and trace clockwise 
around the first loop. The equation for 
this loop is: 

- + + 

I \ 
POINT A POINT B 

Figure 7·20 Solve with Kirchhoff's Law. 

28. Substituting the known values from 
Figure 7-20 into the equation, the equa
tion becomes: 

29. Simplify the equation by getting rid of 
the parenthesis. The equation is now: 

30. Combining like terms the equation be
comes: 

31. Move 20 V to the right side of the equa
tion and it becomes: 

32. Starting at point Bin Figure 7-20 and 
tracing in a counterclockwise direc
tion, the equation is: 
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33. Substituting the values given and the 
unknown currents, the equation be
comes: 

34. Getting rid of the parentheses, the 
equation is: 

35. Combining like terms, you get: 

36. Moving 28 V to the right side of the 
equation you get: 

37. Change the equation in the previous 
problem so that the I1 term in the equa
"tions will cancel when the equations 
are added. The second equation be
comes: 

38. Now, add your two equations. The re
sult is: 

39. Solving for I2 you find that 12 -

40. Use the value of 12 and solve your first 
equation. 11 = 

41. Now that you know 11 and I2, solve for 
the following: 

ER,. = 

E1ti = 

E1ti = 



Superposition Theorem 

The superposition theorem is the most logi
cal of the network theorems and it is widely 
used in physics, engineering, and even 
economics. It is used to analyze systems in 
which several forces act simultaneously to 
cause a net effect. It gives you a simple logi
cal method for determining the net effect. 

The logic behind the superposition theorem 
is that the net effect of several causes can 
be determined by finding the individual 
effect of each cause acting alone and then 
adding all the individual effects together. 
For example, suppose you have two 
batteries that are both forcing current to 
flow through a resistor. The net current can 
be determined by finding the individual 
current caused by each battery and then 
adding the individual currents together. 

In more formal terms, the superposition 
theorem states: In a linear, bilateral net
work containing more than one voltage 
source, the current at any point is equal to 
the algebraic sum of the currents produced 
by each voltage source acting separately. 

A linear circuit is one in which the current 
is directly proportional to the voltage. If the 
voltage doubles, so does the current. Bilat
eral means that the circuit conducts equally 
well in either direction. The resistive net
works that you have been studying are both 
linear and bilateral so they lend themselves 
to the superposition theorem. 

The easiest way to see how this theorem 
works is to consider an example. Figure 7-
21A is a series circuit containing two 
voltage sources and two resistors. The 50 
V battery attempts to force current in a 
counterclockwise direction while the 75 V 
battery attempts to force current in a 
clockwise direction. The problem is to find 
the net current in the circuit. 

® R1 
1on .---__,....,...,..._ __ .... 

E1 J le2 
sov - -=-1sv 

T....___¥.,,_. ____.T 

® 

R2 
1sn. 

50V ..=_ 

'(__2A-

© 
E1 1 SHORT 

.CIRCUITED 

E2 
-SHORT 

CIRCUITED 

Figure 7-21 Using the superposition 
theorem. 
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The first step is to consider only the current 
produced by the 50 V battery. To do this, 
you must mentally short circuit the 75 V 
battery. This leaves the circuit shown in 
Figure 7-21B. Here the current is: 

E 
I =RT 

50V 
I = 250 

I =2A 

This current flows in the counterclockwise 
direction as shown. 

Next you must consider the curren,t pro
duced by the 75 V battery. Again, you men
tally short circuit the 50 V battery as shown 
in Figure 7-21C. The current is: 

I = 
75V 
250 

I =3A 

This current flows in the clockwise direc
tion as shown. 

As you can see, the 50 V battery attempts 
to force 2 A in the counterclockwise direc
tion. Simultaneously, the 75 V battery at
tempts to force 3 A of current in the clock
wise direction. Obviously then, the net cur
rent is 1 A in the clockwise direction. 
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Now, consider a slightly more complex net
work. Figure 7-22A shows the circuit that 
you analyzed earlier using Kirchhoff's Law. 
The superposition theorem can also be used 
to find the currents in the various parts of 
this circuit. 

® 
e, -

-1.25A--< 
R3 E2 

30V- 0.8333A 60. HORTED 

l 

© Ri 
12n. 

1 A E2 
E r1 .08333 t >-3.25A -

R -
SHORTED 2.1667 aA. -26V 

l 

Figure 7-22 Applying the superposition 
theorem to a more complex 
network. 



The first step is to red.raw the circuit as 
shown in Figure 7-22B. Here you are inter
ested in the current produced by E1. There
fore, E2 is shorted. The total resistance in 
this circuit is: 

RT =120+ 40 x 6ll 
40+60 

RT =120+ !!.!! 
100 

RT =14.40 

Thus, the total current produced by E1 is: 

30V 
I = 14.40 

I =2.08333A 

With this amount of current, the voltage 
drop across Ri is: 

E~ =I XR1 

E~ = 2.08333 A x 12 0 

This leaves 5 V across R2 and Ra. Thus, the 
current through R2 is: 

I~ 
E~ 

=-
R2 

I~ 
sv 

=-
40 

I~ =1.25A 

And, the current through R3 is: 

IR,, 
ER,, 

=-
R3 

IR,, = 0.8333 A 

The currents produced by E1 are as shown 
in Figure 7-22B. 

Next, consider the currents produced by E2 

with E1 shorted. The circuit is shown in Fig
ure 7-22C. Here the total resistance is: 

RT =4 o+ 120 x 60 
120 +so 
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Thus. the total current is: 

I E2 
T =Ry 

ly =3.25A 

With this current. the voltage drop across 
·~is: 

E~ =3.25A x 4fi 

This leaves 13 V across Rt and Ra. Thus. 
the current through Rt is: 

E~ 
I~ =

R1 

13V 
I~ = i2ii 

I~ = 1.08333 A 
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Also, the current through R3 is: 

Ea:. 
=-

13V 
= sn 

=2.1667 A 

Thus. the currents produced by E2 are as 
shown in Figure 7-22C. 

The· ji.na1. step is to superimpose the two cir
cuits. In Figure 7-228, the current through 
Rt is 2.0833 A flowing to the left. In Figure 
7-22C. the current through R1 is 1.0833 A 
flowing to the right. Obviously then, the net 
current is 1 A to the left. Combining the 
other individual currents in the same way. 
you find the net currents are as shown in 
Figure 7-22D. Also, if you refer back to Fig
ure 7-18C. you will see that these are the 
same values computed earlier using Kirch
hoff's law. 



In the following questions. you will use the 
superposition theorem to analyze the circuit 
shown in Figure 7-23A. 

42. When you short out E2 you get the cir
cuit shown in Figure 7- 23B. What is 
tlte total resistance of this circuit? _____ n. 

@ 

® R1 R2 
an 8Q 

A'?- >--?-- . y Rs 
2ov- ? an. 

~ 

© 

Figure 7-23 Analyze this network using 
the superposition theorem. 

Self-Test Review 

43. Therefore, the total current in the cir
cuit is 
_____ A. 

44. The current through R2 is 
_____ A. 

45. Likewise, the current through Ra is 
_____ A. 

46. To determine the current produced by 
E2 you redraw the circuit as shown in 
Figure 7-23C. Here the total resistance 
is ____ _ 

4 7. Therefore the total current is 
_____ amperes. 

48. This entire current flows 'through R2 

but is split evenly between R1 and Ra. 
Thus, the current through Ra is 
_____ A. 

49. Now, the net current through R1 is 
____ A to the (left/right). 

50. The net current through R2 is 
____ A to the (right/left). 

51. The net current through Ra is 

-----A· 
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Another important and powerful tool for 
simplifying and analyzing networks is 
Thevenin's theorem. Unlike the laws and 
theorems discussed earlier, the reasons why 
Thevenin's theorem works are not all that 
obvious. Fortunately, you can use this 
theorem without understanding why it 
works. 

This theorem allows you to replace any two
terminal network of voltage sources and re
sistors, no matter how they are intercon
nected, with a single voltage source in series 
with a single resistor. A two-terminal net
work is simply a network that has two out
put terminals. For example, a two-terminal 
network such as the one shown in Figure 
7-24A can be replaced by an equivalent cir
cuit like that shown.in Figure 7-24B. 

@ 

® 

E1.:... 

R2 E2 
....__,,...,.,,._ __ --1111----e-a<s 

RTH 

ETH~A 

T .... ____ 08 

Figure 7-24 Complex networks can be rep
resented by a single source 
(Era) in series with a single re
sistor (RTH). 
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Thevenin's Theorem 

More formally, Thevenin's theorem states: 
Any network of resistors and voltage 
sources, if viewed from any two terminals 
in the network, can be replaced with an 
equivalent voltage source CEni) and an 
equivalent series resistance (llm). Of 
course, there are definite _rules concerning 
the values assigned to ETH and RTH. 

Perhaps the best way to understand this 
theorem is to consider an example. Figure 
7-25A shows a circuit that can be easily 
analyzed using Ohm's Law. In this example, 
R3 is the load while the remaining circuitry 

· is considered to be the source. Use Ohm's 
law to determine the current through Ra. Do 
not read further until you have calculated 
the value of Ia,. Now let's find the same cur
rent using Thevenin's theorem. 

The first step is to mentally disconnect the 
load Ra from the rest of the circuit as shown 
in Figure 7-25B. Notice that the circuit to 
the left of terminals A and B now has the 
same general form as those circuits shown 
in Figure 7-24A. Thus, this two-terminal 
network can be replaced with a "Thevenin 
equivalent" like the one shown earlier in 
Figure 7-24B. The only problem is to find 
the proper value of Em and RTH. 

Em is the voltage that can actually be mea
sured between points A and B when R3 is 
disconnected as shown in Figure 7-25B. 
This is called the open circuit voltage. Re
member, it is the voltage between points A 
and B when the load is disconnected from 
these points. The circuit to be "thevenized" 



® 
E1 -

24v:;::" 

CIRCUIT TO BE THEVENIZED 

© 
E1 

SHORTED 

© 
40 

Ey~--cA-.... R3 

av~ 40 

B 

Figure 7·25 Using Thevenin's thetirem. 

is the original circuit less the load. Since 
Et. Ri. and R2 now form a series circuit, the 
voltage between points A and B can be eas
ily computed. First, you find the circuit cur
rent: 

I E 
=RT 

24V 
I = 180 

I =1.333A 

Notice that the voltage between points A 
and B is the voltage drop across Ri or ER:i. 
This is the Thevenin voltage. Thus: 

Em= 1.333A x 60 

Em= 8V. 

Now, determine the value of R"IH. R"IH is the 
measurable resistance between terminals A 
and B when the voltage source is shorted. 
Using an ohmmeter, check the resistance be
tween points A and B with the voltage 
source shorted. This measures the Thevenin 
resistance. When Et is shorted as shown in 
Figure 7-25C, the resistance between points 
AandBis: 

120 x 60 
Rm =120+60 

Rm =40 
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How come the parallel network equations 
are used to solve a circuit that is apparently 
connected in series? Look again at Figure 
7-25C. Imagine an ohm.meter connected be
tween points A and B. With a short across 
Ei. the battery in the ohmmeter acts as a 
voltage source for the circuit. Now, imagine 
a battery connected between points A and 
B. As you can see, if this is the case then 
resistors Rt and R2 form a parallel branch. 

Thus, the network shown in Figure 7-25B 
can be represented by the Thevenin equiva
lent shown in Figure 7-250. Now, reconnect 
Ra between Terminals A and B as shown 
in Figure 7-25E. Notice that the series-paral
lel network has been redrawn as a series 
equivalent circuit. That is, the portion of the 
circuit consisting of Rt and R2 has .the same 
relationship to R3 as a single 4 .0 equivalent 
resistance. At any rate, now that you have 
simplified the circuit and have a series cir
cuit, the current through Ra can be easily 
determined: 

E 
I =RT 

sv 
I = 8.0 

I =lA 

The current through Ra is 1 A. This should 
be the same value that you computed using 
Ohm's Law. 

You may wonder why Thevenin's theorem 
is used at all on an elementary circuit such 
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as the one shown in Figure 7-25A. After all, 
you can find E~ and I~ using only Ohm's 
Law. However, there are times when this 
theorem is extremely valuable even with 
simple circuits like this one. Suppose, for 
e:xclmple, that you had to compute E~ and 
I~ for 100 different values of R3 • Using only 
Ohm's Law, you must compute 100 differ
ent series-parallel problems. Using Theve
nin's theorem, you still work one hundred 
problems. However, because the Thevenin 
equivalent is the same for all problems, the 
problems are the comparatively simple 
series circuit type rather than the more com
plex series-parallel type. 

Thevenin's theorem also allows you to solve 
complex networks that cannot be analyzed 
using only Ohm's Law. For e:Xample, Figure 
7.,.26A shows the circuit that you have al
ready analyzed using Kirchhoff's Law and 
the superposition theorem. Now, try Theve
nin's theorem to see if you arrive at the same 
answers. 

First, find the current through R3• You do 
this by thevenizing the entire circuit except 
for R3• Thus, the first step is to remove R3, 

the load, from the circuit by opening points 
A and B. The resulting circuit is shown in 
Figure 7-26B. Notice that in this circuit, Et 
tries to force current counterclockwise 
while E2 tries to force current clockwise. In 
effect, these batteries are connected in a 
series opposing configuration and the net 
voltage causing current flow is: 



Er= 30V- 26V 

The total resistance is: 

RT= 120 + 40 

Thus. the current is: 

4 V + 16 0 = 0.25 A 

in the counterclockwise direction. Verify 
that the voltage drops across Rl and Rz are 
the polarity and magnitude shown. 

@ © R2 R1 R2 
4Q 

Ci=J ~ 
ETH • 27V .=. E2 

LB J26V 

' 

Figure 7·26 Using Thevenin's theorem. 

You can now determine Era. This can be 
done in two ways. You can look at the cir
cuit to the right or to the left of points A 
and B. Starting at points A and B and look
ing to the left, you see the circuit shown 
in Figure 7-26C. Since 30 V is supplied to 
the circuit and 3 V is dropped across R1 , 

the remainder must be dropped between 
points A and B. Notice that the voltage be
tween A and B is 30 V - 3 V = 27 V. Thus, 
looking at the circuit in this way _you deter
mine that V TH is 27V. 

You may wonder what value of Era you will 
find if you look to the right of terminals A 
and Bas shown in Figure 7-26D. Notice that 
the polarity of the voltage drop across R2 

is the same as the polarity of E2• The voltage 
is 1 V + 26 V = 27 V. In both cases. the 
value of En1 is the same. 

® @ RTH: 
30 
~ A! ETH:l rn· ]Ra RTH= 2 

27V f 40 so 
j 
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Next. you find RTH by determining the resis
tance between points A and B when the two 
voltage sources are short circuited. Looking 
at the circuit from points A and B, you can 
see that there are two parallel current paths 
through resistors R1 and R2 as indicated in 
Figure 7-"26E. This circuit can be redrawn 
as shown in Figure 7-26F. Now. it can easily 
be seen that the resistance between points 
A and B is the value of R1 and R2 in parallel. 
Thus: 

RTH - R1 x R2 
- R1 + R2 

12.n x 4.0 
RTH = 12.n + 4.0 

RTH =3.0 
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Thus, the Thevenin equivalent is the' circuit 
shown in Figure 7-26G. 

The final step is to reconnect Rs to points 
A and B and then determine the current: 

I 
E 

=RT 

I 
27V 

=go 

I =3A 

This agrees with your earlier findings for the 
current through Ra. 



Desk-Top Experiment 5 
Thevenin's Theorem 

Introduction 

In this experiment, you will use Thevenin's 
Theorem to analyze a bridge circuit that 
consists of 4 resistors and a DC motor. The 
following list of steps will help you when 
you are thevenizing each circuit. 

1. Mentally remove the load from the cir
cuit. 

2. Find the current through the circuit 
that remains once the load is removed. 
In effect. removing the load presents 
you with an entirely new circuit. 

3. Use the current through the circuit to 
determine viH. This is done by using 
Ohm's Law to determine the voltage at 
the circuit outputs. 

4. Mentally short the circuit's voltage 
source then determine the circuit's re
sistance as it would be measured from 
the outputs. This is RiH. 

Objectives 

1. To gain experience using Thevenin's 
Theorem to analyze DC circuits. 

2. To increase your understanding of how 
a bridge circuit operates and how it can 
be used as a motor control circuit. 

Procedure 

1. Using what you know about Theve
nin's Theorem, analyze the circuit 
shown in Figure 7-27. First, draw the 
appropriate current paths on the figure. 

10V 

Figure 7·27 Circuit for Desk-Top Experi
ments. 

2. In order to determine EiH, you must 
first know the current through and the 
voltage dropped by the various compo-
nents in the circuit. Therefore, calcu-
late the following: 

IR..i = A. IRs = A. 

ER..i = v. ERs = v. 

I~= A. IR. = A. 

E~= v. ER.= v. 
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3. Now, using the calculations from step 
2 and the circuit diagram, determine 
the Thevenin voltage between points A 
andB. 

Era= v. 

4. Determine the Thevenin resistance, 
Rm, for the circuit in Figure 7-27. 

Discussion 

To make the explanation somewhat easier 
to understand, the circuit shown in Figure 
7-27 is redrawn as shown in Figure 7-28. 
If you compare this with Figure 7-27 you 
will see that the current flows in the direc
tion shown. In this case, the Thevenin volt
age is the algebraic sum of the voltage drops 
between points A and B. That is, the Theve
nin voltage is the algebraic sum of either 
the voltage drops across R1 and R2 or across 
~ and R&. Note that the polarity of the volt
age drops across the resistors is opposite. 
Thus, the sum of either of the resistor pairs 
is 1.6 V. 

When solving for RTfi, you must first men
tally short out the voltage source. This is 
done pictorially in Figure 7-29A. Notice that 
the circuit now consists of two parallel 
branches in series with one another. This 
is once again redrawn in Figure 7-29B for 
simplicity. R™, therefore, is 1166.660. 
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D 

Figure 7-28 Finding V™. 

® 

@ R1 R2 

1kn 1kfi 

A B 

R3 R4 

1kn 2kfi 

Figure 7-29 Finding R™. 



Procedure (Cont.) 

5. In the space provided, draw the Theve
nin equivalent of the original bridge 
circuit given in Figure 7-27. 

6. Assuming that the DC motor has a re
sistance of 50 n. calculate the load cur
rent. IL and the load voltage EL. 

EL=-____ v. 

ETH 
1.66V 

1166.66Q 

Figure 7·30 Thevenin equivalent circuit. 

Discussion 

The Thevenin equivalent for the circuit 
shown in Figure 7-27 is given in Figure 
7-30. Here, the Thevenin voltage becomes 
the source voltage and the Thevenin resis
tance is connected in series with the load. 
Note that the Thevenin voltage and resis
tance are constant values for a given circuit. 
They are independent of the load. 

Using Ohm's Law and the values given, it 
is easy to determine a load current of - 1.37 
mA. This current through a 50 n load pro
duces a load voltage of 0.068 V. 
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In the following questions, you will analyze 
a circuit step by step using Thevenin's 
theorem. The appropriate illustrations for 
this analysis are in Figure 7-31. 

52. When finding the current flow through 
Rs in Figure 7-31, the first step is to 
disconnect the 
from the circuit. 

53. This leaves the circuit shown in Figure 
· 7-31B. The net voltage in the circuit is 

Bi - E1 = -----

54. Because the total resistance is 16 ohms, 
the net voltage causes a current of 
-----A. 

55. In this circuit, the current flows in a 
_____ direction. 

56. Ri and R2 each drop _____ v. 

57. Examining the circuit on the left side 
of terminals A and B, you find that Em 
is V. 

58. Examining the voltage in the circuit to 
the right of terminals A and B, you find 
that Em is V. 

In order to determine Rm. you short out the 
voltage· sources and end up with the circuit 
shown in Figure 7-31C. 

59. FromFigure7-31C,Rm= _____ .a. 
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60. The current in the Thevenin equivalent 
circuit shown in Figure 7-31D is 
_____ A. 

61. The voltage drop across R3 in the 
Thevenin equivalent is V. 

® 
I 

e, 1 

2ovT~------........ .--~---~ 
® 

© 

@ 

Figure 7-31 Solve for I1ta using Thevenin's 
theorem. 



Using Thevenin's theorem, you found that 
a circuit like that in Figure 7-32A can be 
represented by the equivalent circuit shown 
in Figure 7-32B. Norton's theorem gives you 
a slightly different way of representing the 
same circuit. Thevenin's theorem uses an 
equivalent voltage source (Era) in series 
with an equivalent resistance CRTH)· On the 
other hand, Norton's theorem uses an equi
valent current source (IN) in parallel with 
an equivalent resistance (RN). Thus, the cir
cuit in Figure 7-32A can also be represented 
by the Norton equivalent shown in Figure 
7-32C. 

® 
R1 

1on 

20Vr--
R2 A 

10.Cl 

B 

Norton's Theorem 

Current Sources and 
Voltage Sources 

At this point, some words of explanation are 
in order. The idea of a voltage source is easy 
to visualize. An ideal voltage source is a de
vice that produces the same output voltage 
regardless of the current drawn from it. As 
used in most electronic devices, a battery 
can be considered a nearly ideal voltage 
source. 

@ 
RTH 
s.n 

ETH_[ 

J\N 0 
A 
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Figure 7-32 Comparing Norton's and Thevenin's equivalent circuits. 
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A large 12 V battery will produce an output 
of approximately 12 V whether the load cur
rent is 0 A, 1 A or even 10 A. The reason 
for this is that the resistance of the battery 
is very low compared to the load resistance 
connected to it. An ideal voltage source has 
an intemal resistance of o n. In most elec
tronic devices, the internal resistance of the 
battery or power supply is negligible com
pared to other circuit resistances. Thus, a 
battery can generally be considered as a 
nearly ideal voltage source. In Thevenin's 
theorem, Era is considered to be an ideal 
voltage source having O n resistance. Thus, 
you represent the voltage source with a 
short when determining Rm. 

The idea of a current source is similar .. 
Whereas a voltage source has a certain volt
age rating, the current source has a certain 
current rating. An ideal current source will 
deliver its rated current regardless of the 
value of the load resistance connected 
across it. Figure 7-32 illustrates this point. 
The voltage source {ETH) in Figure 7-32B 
produces exactly 10 V regardless of what re
sistance value is connected across terminals 
A and B. In the same way, the current source 
in Figure 7-~2C produces 2 A regardless of 
the resistance value connected across termi
nals A and B. 

A current source can be visualized as a volt
age source with an enormously high inter
nal resistance .. Consider, for example, the 
circuit shown in Figure 7-33A. Here a 10-
volt battery is shown in series with a 1 Mn 
resistor. If points A and B are shorted, the 
current in the circuit is: 
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10V I=----
1,000,0000 

I =10 ,..A 

If a 10 n resistor is placed across A and B, 
the current will still be 10 µA for all practi
cal purposes. Even a 1 kn resistor would 
not cause a noticeable drop in current. 
Thus, this circuit acts as a 1 O µ.A current 
source depicted in Figure 7-33B. Of course, 
this is not an ideal current source because 
if a large enough resistance is placed be
tween points A and B the current will de
crease. An ideal current source would have 
an infinite resistance and the current output 
would be constant regardless of the load re
sistance. 

® 
I Mn 

..-----NV---Q I A 

••• T.__ _____ 
0 

@ 
A 
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Figure 7-33 The current source. 



Notice that the symbol for the current 
source is a circle with an arrow. In this 
course, the arrow will point in the direction 
of electron flow through the current source. 

Finding the Norton 
Equivalent 

Norton's theorem allows you to represent 
a .circuit containing voltage sources and re
sistors as a current source, IN, in parallel 
with an equivalent resistance, RN. Thus, al
though an ideal current source is impossible 
to build, you can represent the most elemen
tary or the most complex circuit as an ideal 
current source and a parallel resistor. As 
with Thevenin's theorem, there are strict 
rules that tell you what the value of IN and 
~ must be to represent a specific circuit. 

The value of the current source CIN) is equal 
to the current that flows through the termi
nals of the network when they are shorted. 
As an example, refer back to Figure 7-32A. 
The first step in converting this circuit to 
its Norton equivalent is to short terminals 
A and B to determine the short circuit cur
rent. Notice that doing this will short out 
R2. Thus, the total resistance in the circuit 
is the 10 0 or the resistance of Rt· Con
sequently, the value of the current source 
is: 

The size of the parallel resistor,~. is equal 
to the resistance between terminals A and 
B with the voltage sources shorted. Thus, 
in Figure 7-32A, the resistance is that of Rt 
and R2 in parallel or 5 ohms. Notice that 
the method for finding the resistance value 
is the same in both Thevenin's and Norton's 
theorems. The difference is that in the case 
of Norton's theorem the resistor is placed 
in parallel with the current source. Using 
these rules, the circuit in Figure 7-32A re
duces to the Norton equivalent in Figure 
7-32C. 

With nothing connected between terminals 
A and B, the entire 2 A flows through RN. 
However, if a load resistor is connected 
across terminals A and B, the current will 
split between RN and the load resistor. The 
amount of current that each resistor con
ducts is inversely proportional to its resis
tance. H the load resistor has the same value 
as RN, each will pass 1 A. H the load resistor 
is larger, it will pass proportionately less 
current. 

Figure 7-34A is the circuit that you have 
evaluated with each of the network 
theorems. To illustrate Norton's theorem, 
use it and solve for the current through Ra. 
Since you are interested in the current 
through Ra, you want to find a Norton equi
valent for the circuit that connects to R3 • 
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Figure 7-34 Using Norton's theorem. 

First, to find the current source, IN. you 
must imagine a short circuit across termi
nals A and B as shown in Figure 7-34B. The 
current from B to A caused by E1 is: 

30V 
I = 12ii 

I = 2.5A 
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Also, E2 causes a current to flow from B to 
A: 

I E2 =-
R2 

I 
26V 

=-
40 

I = 6.5A 

Thus, the total calculated current from B to 
A is 2.5 A + 6.5 A = 9 A. This is the value 
of the current source, IN, as shown in Figure 
·1-34C. 

· Next you find the shunt resistance CRN) by 
mentally shorting E1 and E2 and measuring 
the resulting resistance. Obviously, the re
sistance is equal to Ri and R2 in parallel. 
Thus: 

~ = 120 x 40 
120 + 40 

480 
~ = 

160 
or30 

Thus, the circuit shown in Figure 7-34A can 
be redrawn as shown in Figure 7-34C. 
Notice that everything except R3 has been 
reduced to IN and RN. 



Finally, you can find the current through 
~ by determining how the 9 A from the 
current source is distributed between RN 
and ~. Obviously, RN will draw more of 
the current since it is smaller. In fact, RN 
will draw twice as much current since it is 
one-half the size of Ra. Thus, two-thirds of 
the current will flow through RN while only 
one-third will flow through Ra. The current 
through RN is 2/3 x 9 A = 6 A while that 
through ~ is 1/3 x 9 A = 3 A. A handy 
equation for finding the current through ~ 
is: 

la, = 
~ XIN 

RN+~ 

Ia, 
3 

X9A = -3+6 

Ia, 
3 

= - X9A 
9 

Ia, = 3A 

This equation is used to determine the cur
rent distribution between the two resistors, 
~and Ra. While this equation is especially 
useful when applying Norton's theorem, it 
can be used to determine the current distri
bution between any two parallel resistors. 

This procedure ends when you find that 3 
amps of current is fiowing through R3• Ear
lier, you solved this same problem in other 
ways and arrived at the same answer. 

Norton-Thevenin 
Conversions 

It may have occurred to you that there are 
striking similarities between Norton's 
theorem and Thevenin's theorem. Norton's 
theorem represents a circuit as a current 
source and a shunt resistor, while Theve
nin's theorem represents the same circuit as 
a voltage source in series with a resistor. 
Since a given circuit can be represented in 
either form, there must be some way of con
verting directly from a Norton equivalent to 
a Thevenin equivalent and vice versa. 

Figure 7-35A shows a two-terminal network 
that can be represented as the Thevenin 
equivalent shown in Figure 7-35B or as the 
Norton equivalent in Figure 7-35C. You can 
convert the Thevenin form directly to the 
Norton form simply by applying Norton's 
theorem to the Thevenin equivalent circuit. 
H you short points A and B, the current will 
be: 

IN= 
En1 
Rn1 

IN= 
6V 
40 

IN= 1.5A 

Next, you find RN by shorting out Era and 
measuring the resistance between points A 
and B. Obviously, RN will be the same as 
Rm. Thus, you derive the Norton equivalent 
shown in Figure 7-35C. 
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rigme 7 .. 35 Norton-Thevenin conversions. 

C.Onversion in the opposite direction is just 
as easy. You simply apply Thevenin's 
theorem to the Norton equivalent. The open 
circuit voltage between A and B is: 

Era= 1.SA x 4!1 

Era= 6V 
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Now. to find RTH. you must know how to 
handle a current source. Recall that an ideal 
voltage source has no resistance and, thus, 
is replaced with a short when finding RTH 
or.~. However, as you have seen, an ideal 
current source has infinite resistance. Thus, 
when finding RTH or ~. a current source 
is considered an open circuit. Thus, if you 
open the current source. the resistance be
tween points A and Bis 4 !l. As before: 

To summarize, you can convert from the 
Thevenin form to the Norton form by apply
ing two simple equations: 

and: 
~ =RTH 

LikeWise, you can convert from the Norton 
form to the Thevenin form by applying the 
equations: 

and: 

The other thing you must remember is that 
in the Thevenin form RTH is in series while 
in the Norton form~ is in shunt. 



62. With Norton's theorem. a two-terminal 
network is represented by a 
-----source and an equivalent 
resistance. 

63. The equivalent resistance, ~. is al
ways in (series/parallel) with the cur
rent source. 

64. Whereas an ideal voltage source has no 
resistance, an ideal current source has 
_____ resistance. 

65. The value of the current source is the 
current that flows through the output 
termina)s when they are (shorted/ 
open). 

66. The size of RN is determined by the 
same method used to find RTH with 
_____ theorem. 

Use Norton's theorem to solve for the cur
rent through Ra in the circuit shown in Fig
ure 7-36A. 

67. The first step is to short out R3 and 
determine the current from point A to B 
as shown in Figure 7-36B. The current 
produced by E1 is A. 

68. The current caused by Ei is 
_____ A.. 

69. The value of the cmrent source {IN) is 
_____ A. 

10. The value of RN is _____ Q. 

Self-Test Review 

71. The circuit may be redrawn as shown 
in Figure 7-36C. Now you can deter
mine the current through Rs by using 
the equation: 

I~=-----

72. The cmrent through Ra is 
_____ A. 

73. It is sometimes useful to be able to con
vert &om a Norton equivalel)t to a 
Thevenin equivalent. This is done by 
using the two equations -----and ____ _ 

74. You can convert from a Thevenin form 
to a Norton form by using the two equa-
tions: · and ____ _ 

® 

® 

© Rs 
sn 

Figure 7·36 Solve for I~ by using Norton's 
Theorem. 
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In a series circuit, the total resistance is 
found by adding the individual resistance 
values: 

Also in a series circuit. the current is the 
same at all points in the circuit and the sum 
of the voltage drops is equal to the applied 
voltage. 

In parallel circuits, the total resistance is 
less than that of any branch. With two bran
ches: 

With more than two branches: 

1 

Again in a parallel circuit, the voltage is the 
same across all branches and the total cur
rent is the sum of the branch currents. 

Simple series-parallel circuits can usually 
be reduced to simpler forms by combining 
resistors using one or more of the above for
mulas. 

A voltage divider is used to produce two 
or more output voltages from a common 
higher voltage. 
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Summary 

A series dropping resistor is used to control 
the value of current and voltage applied to 
a load. 

A bridge circuit generally consists of four 
resistances connected together so that there 
are two input terminals and two output ter
minals. Resistor values can be selected so 
that the bridge is balanced. In this condi
tion, the voltage between the two output ter
minals is o V. The bridge can be used with 
a meter to measure resistance or tempera
ture. 

Kirchhoff's Law provides a way of analyzing 
circuits that cannot be analyzed using 
Ohm's Law alone. Kirchhoff's Voltage Law 
states to.at the sum of the voltages around 
a closed loop is o. When a circuit has two 
or more loops. an equation can be written 
for each loop .. The equations can then be 
combined in such a way that only one un
known is left. The unknown quantity can 
then be determined. 

Kirchhoff's Current Law states that the cur
rent entering a point is equal to the currents 
leaving that point. It too can be used to 
analyze complex circuits. 

The superposition theorem gives you a logi
cal way for· analyzing circuits that have 
more than one voltage source. The effect of 
each voltage source is considered one at a 
time with all other voltage sources shorted 
out. The individual effects are then com
bined to determiile the net effect of all volt
age sources. 



Thevenin's theorem is a handy tool for 
analyzing networks because it allows you 
to represent a complex two-terminal net
work as a single voltage source in series 
with a single resistor. 

Norton's theorem is equally handy because 
it allows you to represent a complex two
terminal network as a single current source 
in parallel with a single resistor. 
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Inductors and capacitors are generally con
sidered to be AC devices. However, they do 
have 'some important DC characteristics 

Introduction 

-
which you should know about. This unit 
will serve as an introduction to these com
ponents. 
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When you have completed this unit, you 
will be able to: 

1. Define the following terms: Induction, 
inductance, counter EMF, capacitance, 
RC time constant, RL time constant, 
farad, henry, self induction, steady
state condition, transient-state condi
tion, and dielectric. 

2. Identify the schematic symbol for the 
inductor and the capacitor. 

3. State the three physical factors that de
termine capacitance. 

4. Name two factors that will increase the 
inductance of an inductor. 
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Unit Objectives 

5. State how to determine the direction of 
an EMF that is induced in a conductor. 

6. Given the values of resistance and in
ductance, determine the RL time con
stant for a circuit. 

7. Given the values of resistance and 
capacitance, determine the RC time 
·constant for a circuit. 

8. Calculate total capacitance in series, 
parallel, and series-parallel. 

9. ·Calculate total inductance in series, 
parallel, and series- parallel. 



In an earlier unit on magnetism, you learned 
two rules that are quite important to the 
study of inductance. First, you learned that 
when current flows through a conductor, a 
magnetic field builds up around the con
ductor. Second, you found that when a con
ductor is subjected to a moving magnetic 
field, a voltage is induced into the conduc
tor. These two rules form the basis for a 
phenomenon called self-induction. 

Self-Induction 

Before you learn about self-induction, you 
must first differentiate between two condi
tions that can exist in any DC circuit. The 
first is called the steady-state condition 
while the other is called the transient-state 
condition. Up to this point, you have con
sidered only the steady-state condition. 

Most DC circuits reach the steady-state con
dition within a fraction of a second after 
power is applied. In this condition, the cur
rent in the circuit has reached the value 
computed by Ohm's Law. That is, the cur
rent in the circuit equals the voltage applied 
to the circuit divided by the resistance of 
the circuit. However, because of other char
acteristics of the circuit, the current does 
not reach the steady-state value instantane
ously. There is a brief period called the 
1ransient time in which the current builds 
up to its steady-state value. Thus, the tran
sient condition exists for an instant after 
power is applied to a circuit. 

Inductance 

In circuits containing only resistors, the 
transient condition exists for such a short 
period of time, that it can be detected only 
with sensitive instruments. However, if in
ductors or capacitors are used in the circuit, 
the transient condition may be extended so 
that it is readily apparent. 

During the transient time, when the current 
is changing from zero to some finite value, 
the phenomenon called self-induction oc
curs. Recall that a magnetic field builds up 
around any conductor when current flows 
through that conductor. Also, when a mov
ing magnetic field crosses a conductor, a 
~oltage is induced into the conductor. Keep
ing these two facts in mind, consider what 
happens during the transient time in the DC 
circuit shown in Figure 8-1. When $ 1 is 
closed, current begins to flow and a magnet
ic field builds up around the conductor as 
shown. However, the magnetic field does 
not just suddenly appear, it must build up 
from the center of the wire. If you look at 
a cross section of the wire as shown in Fig
ures 8-1B and 8-tC, you see illustrated the 
gradual expansion of the magnetic field. 

As the magnetic field expands from the cen
ter of the wire, its lines of force cut across 
the wire. This fulfills the requirements for 
inducing a voltage into the wire; the relative 
motion between a magnetic field and a con
ductor. Thus, the sequence of events is as 
follows: 

1. The switch is closed. 
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Figure 8-1 Self-induction. 

2. Current begins to flow through the 
wire. 

3. A magnetic field begins to build up 
around the wire. 

4. The moving magnetic field expanding 
from within the wire induces a voltage 
into the wire. 

RELATIVE 
MOTION OF 
CONDUCTOR 

' 
GENERAL 
DIRECTION 
OF FIELD 

/' 

"-. 
INDUCED EMF 

OR DIRECTION 
OF INDUCED 

CURRENT 

Figure 8-2 Left-hand generator rule. 
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By using the left-hand generator rule dis
cussed earlier, you can determine the polar
ity of the induced voltage and the direction 
of the induced current. Figure 8-2 shows the 
left-hand generator rule again to refresh 
your memory. Remember, the index finger 
points in the direction of the magnetic field, 
the thumb points in the direction of relative 
motion, and the middle finger points in the 
direction of the induced voltage or current. 

In Figure 8-3A, the tail of the arrow indi
cates that current is flowing into the page. 
From the left-hand rule for conductors you 
know that the direction of the magnetic field 
is counterclockwise around the wire. Con
sequently, on the right side of the wire the . 
general direction of the field is as shown · 
in Figure 8-3A. Also, as the magnetic field 
expands outward on the right, the relative 
motion is the same as if the conductor had 
moved to the left. Apply the left-hand rule 
by pointing your thumb and forefinger as 
shown. Notice that your middle finger 



which indicates the direction of the induced 
current points out of the page. Thus, the in
duced current flows in the opposite direc
tion to the original current. 

Figure 8-3B shows that the same result is 
found if the left-hand rule is applied to the 
left side of the conductor. While it is true 
that the general direction of the field is re
versed at this point, the relative motion of 
the conductor is also reversed so that the 
induced current still flows out of the page. 

Figure 8-3C shows the relationship of the 
original current and the induced current. 
The original current induces a lower reverse 
current. These currents flow in opposite di
rections and the net result is that the origi
nal current is initially less than can be ac
counted for by Ohm's Law. That is, at least 
when power is first applied, there is more 
opposition to current flow than just the re
sistance of the circuit. 

The induced current is caused by an in
duced EMF. The induced EMF attempts to 
force current counter to the original current. 
For this reason the induced EMF is often 
called a counter EMF. 

The counter EMF exists during the period 
of time that the magnetic field is expanding. 
Thus, it exists from the time that the switch 
is closed until the instant that the current 
reaches its steady state. As stated previ
ously, in DC circuits the period that it takes 
for the current to build to its steady state 
is called transient time. It is during transient 
time that the counter EMF occurs. 

RELATIVE 
MOTION 

OF CONDUCTOR 
(THUMB) 

GENERAL 
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OF FIELD 

ORIGINAL 
CURRENT 
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OF ORIGINAL 

CURRENT 

---t~• RELATIVE 

@ 

MOTION 
OF 

CONDUCTOR 

Figure 8-3 Determining the direction of the 
induced current. 
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In DC circuits, a transient condition also 
exists when the switch is reopened. When 
the circuit is broken, the original current at
tempts to stop flowing. This causes the mag
netic field to collapse. As the field col
lapses, it again induces an EMF into the 
conductor. Using the left-hand rule, you can 
determine the direction of the resulting in
duced current. Refer to Figure 8-3A again. 
The general direction of the magnetic field 
remains the same. As the fi~ld collapses in
ward, the conductor is cut by the flux lines 
as they move to the left. Thus, the relative 
motion is the same as if the conductor were 
moving to the right. Applying the left-hand 
rule, you find that the induced current is 
now in the same direction as the original 
current. 

Of course, current cannot flow in an open 
circuit. Nevertheless, an EMF is induced 
that attempts to keep current flowing in the 
same direction. In some cases, the induced 
EMF is high enough to ionize the air be
tween the switch contacts causing an arc or 
spark. In very high current circuits, the arc
over caused by the induced EMF can actu
ally damage the switch contacts. 

The process by which the induced EMF is 
produced is called self-induction. The effect 
of self-induction is to oppose changes in 
current flow. If the original current attempts 
to increase, self-induction opposes the in
crease. If the original current attempts to de
crease, self-induction opposes the decrease. 
Self-induction may also be defined as the 
action of inducing an EMF into a conductor 
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when there is a change of current in the 
conductor. 

Inductance 

Inductance is the ability of a device or cir
cuit to oppose a change in current flow. In
ductance may also be defined as the ability 
to induce an EMF when there is a change 
in current flow. Induction and inductance 
are easily confused, therefore it is necessary 
to discuss the difference between them. 

Induction is the action of inducing an EMF 
when there is a change in current. Obvi
ously then, induction exists only when a 
change in current occurs. Inductance is dif
ferent. It is the ability to cause an induced 
voltage when a change in current occurs. If 
a circuit, or device, has this ability, it has 
it with or without current flow. Thus, in
ductance is a physical property. Like resis
tance, inductance exists whether current is 
flowing or not. 

The unit of measurement for inductance is 
the henry (H). It is named in honor of Joseph 
Henry; a nineteenth century physicist who 
did important research in this area of sci
ence. A henry is the amount of inductance 
that causes EMF of 1 V to be induced into 
a conductor when the current through the 
conductor changes at the rate of 1 A per sec
ond. In most electronic's applications, the 
henry is an inconveniently large quantity. 
For this reason, the quantities mUJihenry 
(mH) and microhenry (µH) are more com
monly used. 



The symbol for inductance is L. Thus, the 
statement "the inductance is 10 milli
henrys" can be written as an equation: 

L = lOmH 

Inductors 

Because a magnetic field forms around any 
conductor when current flows through it, 
every conductor has a certain value of in
ductance. However, with short lengths of 
wire, the inductance value is so small that 
it can be measured only with very sensitive 
instruments. Many times in electronics, a 
specific amount of inductance is required 
in a circuit. A device that is designed to 
have a specific value of inductance is called 
an inductor. 

Inductors come in a variety of values from 
microhenries to several henries. The con
struction of the inductor is extremely sim
ple. It consists of a length of wire coiled 
around some type of core. For this reason, 
the inductor is often called a coil. 

Figure 8-4 shows why the inductance of a 
wire increases when the wire is wound into 
a coil. In Figure 8-4A. a single loop is 
shown. As the magnetic field expands or 
contracts, it cuts this single turn of wire and 
a small value of counter EMF is induced. 
Figure 8-4B shows what happens when two 
loops are wound together. Notice that the 
field is twice as strong and that both turns 
are cut by the entire field. Since both the 

® 

® 

@____, 

Figure 8-4 The inductor. 
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field strength and the number of turns are 
doubled. the induced EMF increases by a 
factor of 4. Thus, the inductance is four 
times as great. Figure 8--4C shows three 
turns that produce a field strength three 
times as high as before. Now, three times 
the number of flux lines cut three times the 
number of turns. Thus, the inductance and 
the induced EMF increase by a factor of 3 
x 3 or 9. These examples show that the in
ductance of the coil varies as the number 
of turns squared. 

Another way to dramatically increase the 
inductance is to wind the coil on a core ma
terial that has a high permeability. For ex
ample, a coil wound on a soft iron core will 
have many times the inductance of an air
core coil. 

Figure 8--4D shows the schematic symbol for 
the air-core inductor while Figure 8--4E 
shows the symbol for the iron-core inductor. 
Although not indicated by the symbols, 
every inductor has a certain amount of resis
tance because the wire from which it is con
structed has resistance. 

Time Constant of an Inductor 

You have learned that current does not rise 
to its maximum value instantly when an in
ductance is present in a circuit. The tran-. 
sient time depends on the value of the in
ductance and the value of any series resis
tance. For a given value of resistance, the 
time required for the current to build to its 
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maximum value is directly proportional to 
the value of inductance. The higher the in
ductance, the greater the amount of time re
quired for the current to reach maximum 
value. On the other hand, for a given value 
of inductance. the time is inversely propor
tional to the resistance. The larger the resis
tance, the shorter the transient time. 

Mathematically, this relationship can be ex
pressed with the equation: 

T=UR 

In a circuit that consists of a 5 mH inductor 
and a 1 kO resistor, the time constant is: 

.005H 
T = 10000 

T = .000005 seconds or 5 µ.s 

For this circuit, 5 µ.s is the length of time 
that it takes for the current through the in- · 
ductor to reach 63.2% of its maximum 
value. During each succeeding time con
stant, the current increases another 63.2% 
of the remaining difference between the pre
sent value and its maximum value. 

H the maximum current through the circuit 
is 100 A. the current after one time constant 
is: 

100 A x .632 = 63.2 A 

and the current must increase another 36.8 
amperes before it reaches maximum value. 



During the second time constant, the cur
rent increases by 63 .2% of the remaining 
36.8 A. The calculations look like this: 

36.8 A x .632 = 23.25 A 

·The 23.25 A is the amount of increase in 
current that occurs during the second time 
constant. To determine the current through 
the circuit after two time constants, you 
must add the second current increase to the 
preceding current increase. Now: 

63.2 A + 23.25 A = 86.45 A 

This is the current through the inductor 
after two time constants. 

During each succeeding time constant, the 
current continues to approach its maximum 
value. Theoretically, the current thro~gh the 
circuit never reaches its maximum value. 
However, for all practical purposes after five 
time constants the current through the in
ductor is considered to be at its maximum 
value. 

Later, you will be introduced to time con
stant curves as a method of determining the 
percent of current or voltage after a given 
time constant. 

Inductors in Combination 

Inductors, like other components, can be 
connected in series, parallel, or series-paral
lel combinations. No matter what the com-

bination, there are times when it is neces
sary to determine the total inductance of a 
circuit. The next two sections explain how 
this is done. 

Inductors in Series 

If two inductors, each with 100 windings, 
are connected in series, they have the same 
overall effect on the circuit as one inductor 
with 200 windings. As the number of wind
ings increases, the amount of inductance in 
the circuit increases. The inductance of the 
inductors is additive. That is, the induc
tance of any number of inductors in series 
can be determined by using the formula: 

As you can see, inductors in series are 
treated mathematically the same as resistors 
in series. The total inductance is equal to 
the sum of the individual inductances. 

Inductors in Parallel 

A single inductor in a circuit will have a 
given amount of inductance or opposition 
to a change in current flow. H another in
ductor of the same size is placed in parallel 
with the first inductor, the amount of induc
tance in the circuit decreases. The reason 
for this is relatively simple. Each of the in
ductors still opposes the change in current 
through the circuit. However, because there 
are now two current paths, there is an over
all decrease in opposition to current flow. 
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The formulas used to determine inductance 
in parallel are essentially the same equa
tions used to determine resistance in paral
lel. They are: 

or: 

1 

1 1 1 Li-=-+-+,_+ .... 
L1 L2 ~ 

or, for equal inductances in parallel: 

Value of one inductor 
Li- = Number of inductors in parallel 
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Inductors in Series-Parallel 

If a nu:nber of inductors are connected in 
a series-parallel circuit, the total inductance 
is calculated in the same way as the total 
resistance in a resistive circuit. First, the in
ductance of any parallel inductors is deter
mined. Then, this is added to the induc
tance of any portion of the circuit in series 
with the parallel inductance. If you have 
any difficulty understanding this concept, 
refer back to the discussion of ·resistors in 
series-parallel given in Unit 3. 



1. In a DC circuit, the normal or 
----- condi

tion exists after the current has reached 
its maximum value. 

2. In a DC circuit, the time between when 
the switch is closed and the time that 
the current reaches its maximum value 
is called the time. 

3. During this time, the current is increas
ing and a---------
is building up around the conductors 
in the circuit. 

4. The EMF induced by the changing 
magnetic field tries to push current 
through the conductor in the (same/ 
opposite) direction. 

5. The EMF induced in a DC circuit is 
sometimes called a EMF. 

6. When the switch is reopened, the mag
netic field collapses and induces an · 
EMF which (aids/opposes) the original 
current. 

7. The induced EMF always tends to op-
pose any in current. 

8. The action of inducing an EMF when 
there is a change in current is called 

Self-Test Review 

9. The ability or physical characteristic of 
a conductor or coil to oppose a change 
in current is called ____ _ 

10. The unit of measurement for induc-
ta:rice is the ____ _ 

11. One henry is the value of inductance 
which will induce an EMF of one 

when the current 
changes at the rate of one ampere per 
second. 

12. A device designed to have a specific 
inductance is called an ____ _ 

13. The length of time required for the cur
rent in a circuit to reach its maximum 
value is determined by both the 
-----and the in 
the circuit's components. 

14. The length of time that it takes for cur
rent to reach its maximum increases if 
the increases. 

15. The length of time that it takes for the 
circuit current to reach its maximum 
increases if the resistance 
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Capacitance is the property of a circuit or 
device that enables it to store electrical ener
gy by means of an electrostatic field. A de. 
vice especially designed to have a certain 
value of capacitance is called a capacitor. 
The capacitor has the ability to store elec
trons and release them at a later time. The 
number of electrons that it can store for a 
given applied voltage is determined by the 
capacitor's capacitance. 

Capacitors 

In the early days of electronics, the word 
condenser was used instead of capacitor. 
However, today the word condenser is 
rarely used except in special cases. An auto
mobile mechanic may still call the capacitor 
in an ignition system a condenser but the 
more correct and accepted term is capacitor. 

Figure 8-5 shows the principle parts of a 
capacitor. These are two metal plates that 
are separated by a nonconducting material 
called a dielectric. Often metal foil is used 

. for the plates while the dielectric may be 
paper. glass. ceramic. mica, or some other 
type of good insulator. 

The actual construction of the capacitor 
looks quite different from that shown in Fig
ure 8-5. For example. Figure 8-6 shows how 
a paper dielectric capacitor is constructed. 
Two thin sheets of metal foil are separated 
by a sheet of paper. Additional sheets of 
paper are placed on the top and bottom of 
the foil sheets. Then the sheets are wound 
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Capacitance 

into a compact cylinder. Leads are attached 
to each of the foil sheets. Finally, the entire 
unit is sealed into a permanent package by 
the addition of a wax or plastic case. 

METAL 
PLATES 

LEAD 

LEAD 

Figure 8-5 The capacitor. 

PAPER 

DIELECTRIC 

Figure 8-6 Construction of the paper 
capacitor. 



Charging the Capacitor 

One characteristic of the capacitor is its abil
ity to store an electrical charge. Figure 8-7 
illustrates the charging action. For simplic
ity the capacitor is shown as two metal 
plates separated by an air dielectric. In Fig
ure 8-7 A the capacitor is not charged. This 
means that there are the same number of 
free electrons in both plates. Naturally then, 
there is no difference of potential between 
the two plates and a voltmeter connected 
across the plates will indicate 0 volts. No 
current is flowing in the circuit because 
switch 81 is open. 

Figure 8-7B shows what happens when 81 

is closed. With 81 closed, the positive ~ermi
nal of the battery is connected to the upper 
plate of the capacitor. The positive charge 
of the battery attracts the free electrons in 
the upper plate. Thus, these electrons flow 
out of the upper plate to the positive termi
nal of the battery. At the same instant, the 
positive upper plate of the capacitor attracts 
the free electrons in the negative plate. 
However, because the two plates are sepa
rated by an insulator, no electrons can flow 
to the upper plate from the lower plate. 
Nevertheless, the attraction of the positive 
charge on the upper plate pulls free elec
trons into the lower plate. Thus, for every 
electron that leaves the upper plate and 
flows to the positive terminal of the battery 
another electron leaves the negative termi
nal and flows into the bottom plate. 

®:c-< s1 

- .... ~ .,....__, + ~- .,..._ I 

- 8 1 2~::7 OV r··· A- V--J - - ..... _.,... ""1- .,..._ 

::..; . I CAPACITOR 

CURRENT FLOWS 
UNTIL CAPACITOR 

CHARGES 

R1 
w~----_, 

FREE ELECTRONS 
ENTER THIS PLATE 

© 

r~ELECTRIC -=- 10V 1~ uu .FIELD 

R 1 

Figure 8-7 Charging the capacitor. 
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As the capacitor charges, a difference of po
tential begins to build up across the two 
plates. Also, an electric field is established 
in the dielectric material between the plates. 
The capacitor continues to charge until the 
difference of potential between the two 
plates is the same as the voltage across the 
battery. In the example shown. current 
flows until the charge on the capacitor 
builds up to 10 V. Once the capacitor has 
the same EMF as the battery, no additional 
current can flow because there is no longer 
a difference of potential between the battery 
and the capacitor. 

It should be emphasized again that although 
current flows in the circuit while the 
capacitor is charging, current does not Bow 
through the capacitor. Electrons flow out of 
the positive plate and into the negative 
plate. However, electrons cannot flow 
through the capacitor because of the insulat
ing. dielectric. Moreover, if electrons did 
flow through the dielectric, the capacitor 
would not develop a charge in the first 
place. It would simply produce a voltage 
drop in the same way as a resistor. 

Figure 8-7C shows that once the capacitor 
is charged, the switch can be opened and 
the capacitor will retain its charge. A good 
capacitor can retain a charge for a long 
period of time. 

Discharging the Capacitor 

Theoretically, all of the energy stored in a 
capacitor can be recovered. Thus, a perfect 
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capacitor will dissipate no power. It simply 
stores energy and later releases the energy. 
While a perfect capacitor cannot be built, 
you can approach this condition. The act 
of storing the energy is called charging the 
capaGitor. The act of recovering the energy 
is called discharging the capacitor. 

® 

PATH OF 
.CHARGING 

CURRENT 

+ 

SCHEMATIC 
SYMBOL FOR THE 

CA~ACITOR 

PATH OF 
DISCHARGING 

CURRENT 

Figure 8-8 Discharging the capacitor. 



Figure 8-8 illustrates the charge and dis
charge cycle. In Figure 8-SA, the arm of S1 

is positioned so that capacitor C1 is placed 
directly across the battery. Notice the 
schematic symbol that is used to represent 
the capacitor. A current flows as shown; 
charging the capacitor to the applied volt
age, 10 V. 

When the arm of S1 is moved to its other 
position, as shown in Figure 8-SB, this re
moves C1 from across t.J:ie battery and places 
Ci across resistor R2. When this happens, 
the free electrons on the negative plate rush 

through R2 to the positively charged plate. 
The flow of electrons continues until the 
two plates are once again at the same poten
tial. At this time, the capacitor is said to 
be discharged and current flow in the circuit 
stops. 

. As the capacitor discharges, the voltage 
across it decreases. When completely dis
charged the voltage across the capacitor is 
once again O volts. At this time all the ener- · 
gy which was initially stored has been re
leased. The power consumed by R2 is pro
vided by the battery with Ci acting as a tem
pc;>rary storage medium. 
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16. That property of a circuit or device 
which enables it to store energy by 
means of an electric field is called 

17. A device designed to have a certain 
value of capacitance is called a 

18. The capacitor consists of two 
---------- separated 
by an insulator. 

19. The insulator in a capacitor is called 
a-----

20. When a battery is connected across a 
capacitor, electrons flow from one plate 
of the capacitor to the ----
terminal of the battery. 
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21. At the same time, electrons flow from 
the terminal of the bat-
tery to the other capacitor plate. 

22. Current will flow in the circuit until 
the capacitor becomes completely 

23. When completely charged, the voltage 
across the capacitor is equal to the volt-
age across the ____ _ 

24. H the capacitor is disconnected from 
the battery and connected across a re
sistor, it will through the 
resistor. 

25. The discharge will continue until the 
EMF across the capacitor is 
_____ volts. 



Because of its ability to store an electrical 
charge and its relatively low cost, in many 
fypes of electronic equipment the capacitor 
is used more often than any other type of 
component except the resistor. Thus, it is 
important that you learn as much as possi
ble about these devices. 

Unit of Capacitance 
Capacitance is a measure of the amount of 
charge that a capacitor can store for a given 
applied voltage. The unit of capacitance is 
the farad, abbreviated F. This unit of mea
sure gets its name from Michael Faraday; 
a scientist who did a great amount of re
search with capacitance. 

One farad is the amount of capacitance that 
will store a charge of one coulomb of elec
trons when an EMF of one volt is applied. 
The farad is an extremely large value of 
capacitance. For this reason, the unit micro
farad, µF, meaning one millionth of a farad, 
is more often used. Even the microfarad is 
frequently too large. In these cases the unit 
micro-microfarad, µ.µF, is used. The more 
modem name for the micro-microfarad is 
the picofarad, pF. 

To summarize, the farad is the amount of 
capacitance that will store one coulomb of 
charge when one volt is applied. The micro
farad is one millionth of a farad. The 
picofarad is one millionth of a microfarad 
or 

1 
1,000,000,000,000 

Capacitors 

of a farad. Using powers of ten, the micro
farad is 10-5 farad while the picofarad is 
10-12 farad. 

There is a formula that expresses capaci
tance in terms of charge and voltage. The 
formula is: 

C=g 
E 

C is the capacitance in farads; Q is the 
charge in coulombs; and E is the EMF in 
volts. 

Factors Determining 
Capacitance 

Capacitance is determined by three factors: 

1. The area of the capacitor's plates. 

2. The spacing between the plates. 

3. The nature of the dielectric. 

This is illustrated in Figure 8-9. Figure 8-9A 
shows a capacitor made up of two 1-inch 
square plates separated by 0.001 inch of air. 
The air acts as the dielectric in this case. 
Such a device has a capacitance of 225 pF. 
Using this capacitor as a reference, see what 
happens when the area of the plates, the 
spacing of the plates, or the nature of the 
dielectric changes. 
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C"'225pF 

0.,01=·===--===;::::;;;;::~======~~# 
AIR DIELECTRIC C•450pF 

© 

@ 
_l 

T 
0.001• 

C"22.SOOpF 

CERAMIC WITH 
DIELECTRIC 
CONSTANT 
OF 100 

Figure 8-9 Factors that determine capaci
tance. 

Figure 8-9B illustrates what happens when 
the area of the plates is doubled but all other 
factors remain the same. If a voltage source 
is applied to this capacitor, there is a larger 
plate area to hold electrons that come from 
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the source as well as a larger plate area to 
supply electrons to the positive side of the 
source. This means that there is now twice 
as much area in which the electrostatic field 
can exist. As a result, the capacity or capaci
tance of the device doubles. The capaci
tance value is now 450 pF. Thus, capaci
tance is directly proportional to the area of 
the plates. As the plate area increases, the 
capacitance also increases. 

Figure 8-9C shows that the capacitance can 
also be doubled by reducing the spacing be
tween the plates to one half its former dis
~ce. The path of the electrostatic lines of 
force is reduced by one-half. This doubles 
the Strength of the field which, in turn, dou
bles the capacitance. Thus, capacitance is 
inversely proportional to the spacing be
tween the plates. As the space between the 
plates decreases, the capacitance increases. 

Finally, Figure 8-9D shows that the capaci
tance can be greatly increased by changing 
the dielectric. By its nature, air is a very 
poor dielectric. Most insulators support 
electrostatic lines of force more easily than 
air. The ease with which an insulator sup
ports electrostatic lines of force is indicated 
by its dielectric constant. Air is used as a 
reference. It is arbitrarily given a dielectric 
constant of 1. Most insulators have a higher 
dielectric constant. For example, a sheet of 
waxed paper has a dielectric constant of 
about 3. This means that a sheet of 0.001 
inch waxed paper placed between the plates 
would triple the capacitance of the example 
capacitor. 



Some typical dielectric constants for com
mon types of insulators are given in Table 
8-1. 

Material Dielectric Constant (K) 

Air 1 
Vacuum 1 
Waxed Paper 3-4 
Mica 5-7 
Glass 4-10 
Rubber 2-3 
Ceramics 10-5000 

Table8-t 

The capacitance value of the capacitor 
shown in Figure 8-9D can be increased by 
a factor of 100 simply by using an insulator 
with a dielectric constant of 100. Thus, 
capacitance is directly proportional to the 
dielectric constant. As the dielectric con
stant increases, the capacitance of the 
capacitor also increases. 

There is a formula that combines the three 
facters just discussed. It is: 

C = 0.225 K ( ~ ) 

In this formula, C is the capacitance in 
picofarads; K is the dielectric constant; and 
A is the area (in square inches) of one plate; 
and d is the distance (in inches) between 
the two plates. 

Types of Capacitors 

Capacitors are available in many different 
shapes and sizes. However, all capacitors 
can be placed in one of two categories: vari
able and fixed. The next section discusses 
these two categories in more detail. 

Figure 8-10 The variable capacitor. 

Variable Capacitors 

Figure 8-10 shows the construction of an 
air-dielectric variable capacitor. The capaci
tance value of this type of capacitor can be 
changed by rotating the shaft. The capacitor 
plates are attached to the shaft. As the shaft 
is turned, the rotating plates change posi
tion in relation to the stationary plates. The 
rotating and stationary plates are electrical
ly connected and each forms one plate of 
the capacitor. The rotating plates and sta-
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tionary plates mesh together but do not 
touch. By moving the shaft, the area of the 
plates across from each other can be 
changed from maximum when fully meshed 
to minimum when fully open. As you have 
seen, this changes the capacitance of the de
vice. 

Fixed Capacitors 

Most fixed capacitors are constructed as 
shown earlier in Figure 8-6. They consist 
of alternate layers of metal foil (plates) and 
insulators (dielectric). 

Capacitors are often named for the material 
used as their dielectric. Thus, there are 
paper, ceramic, mica, and electrolytic 
capacitors. Sometimes capacitors are classi
fied according to their shape. Thus, there 
are disc capacitors and tubular capacitors. 

One of the most popular types of fixed 
capacitor is the electrolytic capacitor. Its 
construction is illustrated in Figure 8-11. 
Sheets of metal foil are separated by a sheet 
of paper or gauze that is saturated with a 
chemical paste called an electrolyte. The 
electrolyte is a good conductor and there
fore the paper is not the dielectric. Actually, 
the dielectric is formed during the manufac
turing process. A DC voltage is applied 
across the foil plates. As current flows, a 
thin layer of aluminum oxide builds up on 
the plate that is connected to the positive 
side of the DC voltage source. As shown in 
Figure 8-11C, the oxide layer is extremely 
thin. Because the oxide is a fairly good in-
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sulator it acts as a dielectric. The upper foil 
becomes the positive plate; the oxide be
comes the dielectric; and the electrolyte be
comes the negative plate. Notice that the 
. bottom layer of foil simply provides a con-
nection to the electrolyte. 

@ 

© 

ELECTROLYT 
PAPER 

FOIL 

POSITIVE 
PLATE 

Figure 8-11 The electrolytic capacitor. 



Recall that capacitance is inversely propor
tional to the spacing between plates. Be
cause the oxide layer is extremely thin, very 
high values of capacitance are possible with 
this technique. While most other capacitors 
have capacitances below 1 J.LF, the electro
lytic capacitor may have capacitance values 
ranging from about 5 J.LF up to thousands 
of microfarads. 

Because of its construction, the electrolytic 
capacitor is polarized. This means that the 
capacitor has a negative and a positive lead. 
When connected in a circuit, the positive 
lead must be connected to the more positive 
point. As shown in Figure 8-11B, the posi
tive lead is marked on the electrolytic 
capacitor. At other times, the marking on 
the capacitor may indicate the negative 
lead. 

CAUTION must be exercised when working 
with polarized capacitors. 

When proper polarity is NOT observed, a 
polarized capacitor may explode. When a 
capacitor explodes it can cause extensive 
damage to your circuit, but more impor
tantly it is very dangerous to you and any
one who is nearby. An exploding capacitor 
sounds like a gun shot and has the same 
devastating results if anyone is in the line 
of fire. 

Always check capacitors for polarity mark
ings and proper installation, prior to apply
ing power to a newly constructed circuit. 

An important characteristic of the electro
lytic, or any other capacitor is its voltage 
rating. The voltage rating indicates the 
maximum voltage that the capacitor can 
withstand without the dielectric breaking 
down or arcing over. With electrolytic 
capacitors this value is generally printed on 
the capacitor along with its capacitance 
value. 
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26. The unit of capacitance is the __ . 

27. One farad is the amount of capacitance 
that will store a charge of one 
----- when an EMF of one 
_____ is applied. 

28. Because the farad is so large, the units 
----- (meaning millionth of a 
farad) and (meaning 
millionth of a millionth of a farad) are 
used. 

29. A formula that expresses capacitance 
in terms of charge and EMF is C = 

30. One of the factors that determines 
capacitance is the of the 
two plates of the capacitor. 

31. The larger the area, the (higher/lower) 
the value of the capacitor will be. 
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32. Another factor is the be-
tween the plates of the capacitor. 

33. The greater the distance between the 
plates, the (higher/lower) the value of 
capacitance. 

34. The third factor that determines capaci-
tance is the nature of the ____ _ 

35. The higher the dielectric constant, the 
(higher/lower) the capacitance will be. 

36. One form of variable capacitor employs 
rotary plates that are meshed with sta
tionary plates. This type of capacitor 
uses as a dielectric. 

37. In the electrolytic capacitor, the 
----- is a very thin layer of 
aluminum oxide. 

38. Because of its unique construction, the 
electrolytic capacitor is ____ _ 



When a capacitor is connected across a DC 
voltage source, it charges to the applied 
voltage. If the charged capacitor is then con
nected across a load, it will discharge 
through the load. The length of time re
quired for a capacitor to charge or discharge 
can be computed if certain circuit values are 
known. 

There are two factors that determine the 
charge or discharge time for a capacitor. 
These are the value, or capacitance, of the 
capacitor and the value of the resistance 
through which the capacitor must charge or 
discharge. The time that it takes for the 
capacitor to charge or discharge is directly 
proportional to both resistance and capaci
tance. To understand the relationship be
tween resistance, capacitance, and time, 
you must consider the idea of an RC time 
constant. 

A time constant is the time required for a 
capacitor to charge to 63.2 percent of the 
applied voltage. If the capacitor is being dis
charged, a time constant is the length of 
time required for the EMF stored in the 
capacitor to drop by 63.2 percent. 

The time constant can be expressed as an 
equation: 

T=RxC 

Here Tis the time constant expressed in sec
onds; R is the resistance in ohms; and C is 
the capacitance in farads. As mentioned ear
lier the farad is too large a value to be practi
cal and capacitance is most often expressed 

RC Time Constants 

in microfarads. In the above equation, if C 
is in microfarads and R is in ohms, then T 
will be in microseconds. If C is in micro
farads and R is in kilohms, then Twill be 
in milliseconds. Finally, if C is in micro
farads a.Bd R is in megohms, then T will be 
in seconds. 

Some examples may help illustrate this. 

If C = 1 JJ..F and R = 100 O; then: 

T=RxC 

T = 100 0 x 1 jJ.F 

T = 100 JJ..S 

If C = 1 JJ..F andR = 10 k.O; then: 

T=RxC 

T = 10 k.O x 1 JJ..F 

T = 10ms 

If C = 1 jJ.F and R = 2 MO; then: 

T=RxC 

T=2M0x 1JJ..F 

T= 2s 

As you study these examples, remember 
that the time constant (T) is not the time 
required to fully charge or discharge the 
capacitor. Rather, it is the time required to 
charge the capacitor to 63.2 percent of the 
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applied voltage. To see how a capacitor 
charges. consider the following example. 

Figure 8-12 shows a 1 µ.F capacitor con
nected in series with a 1 Mn resistor. Thus. 
the time constant. R x C. is 1 second. In
itially, the capacitor is completely dis
charged and the voltage across it is O volts. 
When the arm of the switch is moved up 
so that the 100 V power supply is connected 
to the R-C network. the capacitor attempts 
to charge to the level of the applied voltage. 
However. the capacitor does not charge in
stantaneously. It takes a ·specific amount of 
time that depends on the circuit capacitance 
and resistance. In fact. it takes 5 time con
stants before the capacitor is considered to 
be fully charged. The time constant of the 
circuit is: 

T=RxC 

T=lMfiXlµ.F' 

T = lsecond 

Thus, after 1 second, which is the time con
stant, the capacitor will have charged to 
63.2 percent of the applied voltage or to 63.2 
volts. 

Figure 8-13 shows two curves that are help
ful when working with time constants. 
Curve A shows how a capacitor charges. In
itially. the capacitor charges rapidly. charg
ing to 63.2 percent of the applied voltage 
during the first time constant. However. as 
time passes, the capacitor begins to charge 
more slowly. 
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During the second time constant, the 
capacitor charges to 63.2 percent of the re
maining voltage. In the example, the re
maining voltage after 1 time constant is 100 
V - 63.2 V = 36.8 V. Now. 63.i percent 
of 36.8 V is about 23.3 V. Thus, at the end 
of the second time constant, the voltage on 
the capacitor has risen to: 

63.2 v + 23.3 v = 86.5 v. 
This is 86.5 percent of the applied voltage. 

During the third time constant. the capacitor 
once again charges to 63.2 percent of the 

· remaining voltage. Therefore. after 3 time 
constants, the capacitor has charged to 95 
percent of the applied voltage. Once again. 
during the 4th time constant the capacitor 
charges to 63.2 percent of the remaining 
voltage. Thus, after 4 time constants, it has 
charged to 98.2 percent; and. finally. after 
5 time constants to more then 99 percent 
of the source voltage. 

For most purposes. the capacitor is consid
ered fully charged after five time constants. 
You may recognize this mathematical prog
ression from the previous discussion of in
ductors. The percentages on the curves 
shown in Figure 8-13 are the same with in
ductors. Therefore, this Figure can be ap
plied to current calculations with inductors. 

Because of its shape, curve A is called an 
exponential curve. The capacitor does not 
charge at the same rate each second but, 
rather, it charges at a rate governed by a 
power of a given factor. The capacitor. then, 
is said to charge exponentially. 



Curve B of Figure 8-13 shows the rate at 
which the capacitor discharges. At the first 
instant the capacitor is fully charged. Dur
ing the first time constant, the voltage drops 
by 63.2 percent to 36.8 percent of its original 
value. During the second time constant, the 
voltage drops an adclitio:hal 63.2 percent or 
to only 13.5 percent of its original value. 
The voltage drops to about 5 percent at three 
time constants and to only 1.8 percent after 
four. After five time constants, the charge 
is less than 1 percent of its original value. 
For all practical purposes, the capacitor is 
considered fully discharged after five time 
constants. 

In Figure 8-12A the capacitor is charged to 
approximately 100 Vin 5 seconds. Figure 
8-12B shows the capacitor being discharged. 
According to curve B, the charge on the 
capacitor will be: 

100 v initially; 

36.8 volts after 1 time constant (1 sec
ond); 

13.5 volts after 2 time constants (2 sec
onds); 

5 volts after 3 time constants (3 sec
onds); 

1.8 volts after 4 time constants (4 sec
onds); 

0.7 volts after 5 time constants (5 sec
onds). 

As you can see, 0.7 Vis such a small fraction 
of the original 100 V that, after five time 
constants, the capacitor can be considered 
as discharged. 

S1 1MQ 

® ( 
+ 

100V -=- 1 µ.F 
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S1 1MO 

® r (' + 
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~~ 

Figure 8-12 Working with time constants. 
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Desk-Top Experiment 6 
Time Constants 

Introduction 

Thus far in this unit you have learned about 
both inductive and capacitive time con
stants. You have studied a bit about the re
lationship between inductance, capaci
tance, and current flow in a DC circuit. It 
is now time for you to take a closer look 
at these relationships. 

Objectives 

1. To learn to calculate both inductive 
and capacitive time constants. 

2. To observe these relationships by con
structing your own time constant 
curves. 

Procedure 

1. Figure 8-14A shows an inductor con
nected in series with a resistor. What 
is the LR time constant for this circuit? 

_____ s. 

2. What is the maximum current through 
this circuit? 

-----A 
3. How long will it take for the current 

through the circuit to reach its 
maximum value? 

_____ s 
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4. In Figure 8-15. plot the current through 
the inductor against ~e time for the 
first 5 time constants after the circuit 
shown in Figure 8-14A is turned on. 

5. Again. in Figure 8-15. plot the current 
through the inductor shown in Figure 
8-148 for the first 5 time constants. 

6. When switch S1 is as shown in Figure 
8-14B, what is the direction of current 
flow in the circuit?_, ____ _. 

7. According to Kirchoff•s Law, the sum 
of the voltage drops in a circuit will 
equal the sum of the voltage rises. After 
1 time constant what is the voltage 
dropped across the resistor in Figure 
8-14A? 

_____ v 

Where is the remainder of the applied 
voltage dropped in this circuit after 1 
time constant? ____ _ 

Discussion 

In the circuit shown in Figure 8-14A, the 
time constant is .1 seconds. This is calcu
lated using the formula: 

Since it takes 5 time constants for the cur
rent through the circuit to reach its 

maximum value, it takes .5 seconds for the 
current in the circuit in Figure 8-14 to reach 
its maximum value of 1 A. 

Figure 8-16 contains the current curves for 
the circuit in Figure 8-14A and 8-14B. When 
switch S1 is positioned as shown in Figure 
8-14A, the current through the circuit is in
itially O A. This is because at the first instant 
the inductor offers maximum opposition to 
a change in current flow. Thus, the current 
is initially O A. However, the current gradu
ally increases until after 5 time constants 
it is equal to 99.3% of the maximum circuit 
current. 

When switch S1 is moved to the position 
shown in Figure 8-14B, the current in the 
circuit will continue to flow in the coun
terclockwise direction for 5 time constants. 
This happens because the inductor opposes 
a change in current. As the lines of force 
collaps'l across the inductor, an EMF is pro
duced that moves current in a counterclock
wise direction. This current curve is also 
shown in Figure 8-16. 

You can determine the voltage drop across 
the resistor once you know the current 
through the circuit after 1 time constant. In 
this case, the voltage drop across the resistor 
is 6.32 V. The remainder of the voltage ap
plied to the circuit is dropped across the 
inductor. To be more specific, the inductor 
produces 3.68 V of counter EMF after 1 time 
constant. This counter EMF acts like an ad
ditional voltage source connected in a series 
opposing configuration with the 10 V bat
tery. 
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CURVE FOR SUPPLY 
• 632A VOLT AGE CONNECTED 

Figure B-16 

CURVE FOR SUPPLY 
VOLTAGE DISCONNECTED 

Procedure (Cont.) 

8. In the space provided, draw a circuit 
with an RC time constant of .2 seconds 
for the capacitor charge and .5 seconds 
for the capacitor discharge. Use a 200 
kn resistor, in the charging portion of 
the circuit and a 10 V battery as a volt
age source. 

9. What is the current through the charg
ing portion of the circuit after 3 time 
constants? 

____ m.A 
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10. Does current flow through the circuit 
in the same direction when the switch 
is in the charge and discharge posi-
tions? · 

11. In Figure 8-17 A, plot the voltage across 
the capacitor in the charge circuit. In 
Figure 8-17B plot the current through 
the charge circuit. 

Discussion 

Your circuit should look something like the 
circuit shown in Figure 8-18. Since you 
know the value of the resistor in the charge 
path and the length of the time constant, 
you manipulate the RC time constant for
mula and get: 

c T = R 

c .2 s = 200k.O 

c = 1.,..F 

10V-=- 1 µ.F 

200k0. 

Figure 8-18 Circuit for steps 8 to 11. 

Now that you have the value of the capacitor 
used in the circuit, once again manipulate 
the RC time constant formula and verify the 
discharge circuit: 

T R=
C 

R= ~ 
1 µ.F 

R =500kn 

The maximum current through the charging 
portion of the circuit is .05 mA. 

The current in the discharge circuit flows 
in the opposite direction of the current in 
the charge circuit. Remember, current does 
not flow through a capacitor. Thus, the only 
way for a capacitor to discharge is in the 
opposite manner to its charge path. 

Figure 8-19A shows the voltage curve for 
the capacitor in the charge circuit. Notice 
that as time increases, the voltage across the 
capacitor increases. In Figure 8-19B, you see 
that as time increases, the current through 
the circuit decreases. With an inductor, just 
the opposite occurs. When voltage is ap
plied to an inductor initially the current is 
O and the voltage across the inductor is 

·maximum. 

Looking again at Figure 8-19 you see that 
when the voltage is minimum the current 
is maximum. For this reason, it is said that 
current leads voltage in a capacitive circuit. 
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In an inductive circuit, voltage is maximum 
when current is minimum. Therefore, it is 
said that current lags voltage in the inductive 
circuit. The relationship between voltage and 
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current in capacitive and inductive circuits 
is extremely important and you will cover 
it in greater detail in your study of AC elec
tronics. 
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39. The time required for a capacitor to 
charge or discharge is determined by 
the value of the and the 
value of any through 
which it must discharge. 

40. The time that it takes to charge a 
capacitor to 63.2 percent of the applied 
voltage is referred to as a ____ _ 

41. The formula for computing the time 
constant is T = -----

42. In a circuit, if R is in megohms and C 
is in microfarads, T · will be in 

43. On the other hand, if R is in kilohms 
and C is in microfarads, T will be in 

44. If R is in ohms and C is in microfarads, 
Twill be in ____ ~ 

45. Refer to Figure 8-20A. The RC time 
constant for this circuit is ----
s. 

46. Assume the capacitor is fully discharged. 
In Figure 8-20A, the charge on the ca
pacitor will be V after 1 time 
constant. 

47. After 0.4 seconds, the charge on the 
capacitor will be V. 

48. For all practical purposes, the voltage 
across the capacitor will be 10 volts 
after time constants. 

-~~-~~····--------~·····--

Self-Test Review 

49. In Figure 8-20B, the total resistance in 
the discharge path is-----

50. The discharge time constant for Figure 
8-20B is s. 

51. After 1 second, the charge on the 
capacitor will be V. 

52. The voltage will drop to 0.5 volts after 
_____ s. 

® 
10V-=- r R2 c

1 

1 t·· r~· 

® 

Figure S.20 Solving time constants. 
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Capacitors in Combination 

Like other electronic components, capaci
tors can be connected in a variety of config
urations. Thus, you should know how 
capacitors behave when connected together 
in different ways. Although the quantities 
differ, you will recognize the formulas used 
to calculate capacitance values. 

Capacitors in Parallel 

Figure 8-21A shows the dimensions of the 
225 pF capacitor discussed earlier. In Figure 
8-21B, two of these capacitors are connected 
in parallel. Of the three factors that deter
mine capacitance, only one has changed. 
The dielectric constant and the spacing be
tween the plates are the same as before. 
However, the effective area of the two plates 
has increased. In fact the area has doubled. 
Recall that capacitance is directly propor
tional to the area of the plates. Therefore, 
since the total area of the plates has dou
bled, the total capacitance is twice that of 
the single capacitor. 

This shows that connecting capacitors in 
parallel is equivalent to adding the plate 
areas. Consequently, the total capacitance is 
equal to the sum of the individual capaci
tance values. If three capacitors are con
nected in parallel, the total capacitance, (Gr) 
is found by adding the individual values: 

If C1 = 5 p.F, C2 = 10 p.F, and C3 = 1 p.F; 
then CT = 16 µ.F. Notice that capacitors in 
parallel add like resistors in series. 
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Figure 8·21 Connecting capacitors in 

parallel increases capacitance. 

Capacitors connected in parallel will all 
charge to the same voltage. Remember the 
voltage is the same across every section of 
a parallel network. 

Capacitors In Series 

Figure 8-22 compares a single 225 pF 
capacitor with two 225 pF capacitors con
nected in series. As shown, this is equiva
lent to doubling the thickness of the dielec
tric. That is, two series capacitors act like 
a single capacitor that has a dielectric thick
ness equal to the sum of the individual 
dielectric thickness. Since capacitance is in
versely proportional to the spacing between 
the plates, doubling the thickness of the 
dielectric cuts the total capacitance value to 
one half that of the single capacitor. 



l t 1 r·~-g.· ······"'-""""'=-=" 
® 

112.SpF 

Figure a.22 Connecting capacitors in 
series decreases capacitance. 

The total capacitance of a group of series 
capacitors is calculated in the same way as 
the total resistance of parallel resistors. Or 
stated more simply, capacitors in series 
combine in the same way as resistors in 
parallel. The total capacitance of two 
capacitors in series can be calculated by the 
fm:mula: 

Notice that this equation has the same form 
as the equation for calculating two resistors 
in parallel. 

When more than two capacitors are con
nected in series, the following formula is 
used: 

1 
1 1 1 cT=-+-+-c + ... 

C1 C2 3 

Here again, the equation has the same form 
as the one shown earlier for calculating total 
resistance in parallel circuits. 

Figure 8-23 shows two capacitors connected 
in series across a 12 V battery. An interest
ing thing about capacitors in series is the 
way in which the applied voltage is distri
buted across the capacitors. If both 
capacitors have the same value, then the ap
plied voltage is distributed evenly between 
the two. In Figure 8-23A, each capacitor 
charges to one half the applied voltage or 
to6V. 

®1 
12V...::.. 

T 

Figure 8-23 Voltage distribution across 
capacitors in series. 
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However, when the capacitors have differ
ent values an interesting thing happens. The 
smaller capacitor charges to a higher voltage 
than the larger capacitor. In Figure 8-23B, 
Ci is twice as large as C1. Therefore C1 
charges to twice the voltage. Since the total 
voltage across both capacitors must be 12 
volts, C1 milst drop 8 volts while ~ drops 
only 4 volts. 

To understand why the voltage is distri
buted in this way, you must recall an earlier 
equation that expressed capacitance in 
terms of charge and voltage. The equation 
is: 

Where C is capacitance in farads, Q is the 
charge in coulombs, and E is in volts. This 
equation can be rearranged: 
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E =~ 

In this form, the equation states that the 
voltage across the capacitor is directly pro
portional to the charge on the capacitor but 
inversely proportional to the size of the 
capacitor. In Figure 8-23B, the two 
capacitors are in series. Consequently. the 
charging current is the same at all points 
in the circuit. For this reason, the two 
capacitors must always have equal charges. 
Since the charges are equal, the voltage is 
determined solely by the value of the 
capacitor. Furthermore, since the voltage is 
inversely proportional to the capacitance 

· ·value, the smaller capacitor charges to a 
higher voltage. 



53. The formula for determining the total 
capacitance of three capacitors in 
parallel iS-----

54. If the three capacitors in parallel are all 
6 ..,F, the total capacitance is 

55. If three 6 ..,F capacitors are connected 
in series, the total capacitance is 

Self-Test Review 

56. The formula used to determine the total 
capacitance in series is ____ _ 

57. When two capacitors having different 
values are connected in series, the 
(smaller/larger) capacitor will charge to 
the higher voltage. 
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When current flows thro~gh a conductor a 
magnetic field builds up around the con
ductor. As the magnetic field builds up, a 
voltage is induced into the conductor. The 
induced voltage opposes the applied voltage 
and is called a counter EMF. The process 
by which the counter EMF is produced is 
called self-induction. 

Counter EMF is always of a polarity that op
poses changes in current. It opposes the in
crease in current that occurs when power 
is applied to a circuit. It also opposes the 
decrease in current that occurs when power 
is removed. The ability of a device to oppose 
a change of current is called inductance. 
The unit of inductance is the Henry. 

A device designed to have a specific induc
tance is called an inductor. The inductor 
consists of turns of wire wrapped around 
a core. The greater the number of turns and 
the higher the permeability of the core, the 
greater will be the value of the inductance. 

The capacitor consists of two metal plates 
separated by an insulator called a dielectric. 
It has the ability to store an electrical charge. 
This ability to store a charge is called 
capacitance. When connected to a voltage 
source. the capacitor charges to the value 
of the applied voltage. If the charged 
capacitor is then connected across a load, 
it will discharge through the load. 

The unit of capacitance is the farad; al
though the microfarad and the picofarad are 
more commonly used. Three factors deter
mine the value of a capacitor. They are: the 
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Summary 

area of the plates, the spacing between the 
plates, and the dielectric constant. 

There are many different types of capaci
tors. They are generally classified by their 
dielectric. The most popular types are air, 
paper, mica, ceramic, and electrolytic. 

The length of time required for a capacitor 
to charge is determined by the capacitance 
and the resistance in the circuit. A time con
stant is the length of time required for a 
capacitor to charge to 63.2 percent of its ap
plied voltage. The formula for finding the 
time constant is: 

T=RxC 

The time constant chart is used when work
ing with time constants. It shows the man
ner in which capacitors charge and dis
charge. It plots the number of time constants 
against the percent of the applied voltage. 

Capacitors may be connected in series or in 
parallel. When connected in parallel, the 
total capacitance is equal to the sum of the 
indiviC.ual capacitor values. The formula is: 

CT = C1 + C2 + C3 + ... 

When connected in series, the total capaci
tance is determined by the following for
mula: 
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Appendix A 

Scientific Notation 

In electronics, it is common to deal with both very large and very small 
numbers. An example of a very large number is the speed at which 
electricity travels. It travels at the speed of light which is approximately 
1,000,000,000 feet per second or about 300,000,000 meters per second. As 
for very small numbers, consider the size and weight of an electron. It is 
believed that the electron has a diameter of approximately 0.000 000 000 
0022 inch and a weight of about 0.000 000 000 000 000 000 000 000 0009 
gram. Sometimes, we perform arithmetic with numbers such as these. To 
simplify such arithmetic, a shorthand method has been developed to 
express numbers. This shorthand method is called scientific notation. 
The following programmed instruction sequence will serve as an intro
duction to scientific notation. 

1. As mentioned above, scientific notation is a shorthand method of 
expressing numbers. While any number can be expressed in sci-
entific notation, this technique is particularly helpful in expres-
sing very large and very numbers. 

2 . (small) Scientific notation is based on a concept called powers of 
ten. Thus, in order to understand scientific notation we should 
first learn what is meant by powers of . 

3. (ten) In mathematics, a number is raised to a power by multiplying 
the number times itself one or more times. Thus, we raise 5 to the 
second power by multiplying 5 times itself. That is, 5 to the 
second power is 5 x 5 - . 

4. (25) Also, 5 to the third power is the same as saying 5 x 5 x 5 = 
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5. (125) Thus, 5 can be raised to any power simply by multiplying it 
tlmesitselftherequirednumberoftimes. For example, 5 x 5 x 5 x 
5 = 625. Consequently, 5 raised to the power is 
equal to 625. 

6. (fourth) The above examples use powers of five. However, any 
number can be raised to a power by the technique of multiplying it 
times it.$elf the required number of times. Thus, the powers of two 
would look like this: 

2 to-the second power equals 2 x 2 = 4 

2 to the third power equals 2 x 2 x 2 = 8 

2 to the fourth power equals 2 x 2 x 2 x 2 = 16 

2 to the fifth power equals 2 x 2 x 2 x 2 x 2 = 32 

2 to the sixth power equals 2 x 2 x 2 x 2 x 2 x 2 = ---

7. (64) In mathematics, the number which is raised to a power is 
called the base. If 5 is raised to the third power, 5 is considered the 

------· 

8. (base) The power to which the number is raised is called the 
exponent. If 5 is raised to the third power, then the exponent is 3. 
In the same way. if 2 is raised to the sixth power, then 2 is the base 
while 6 is the ------

9. (exponent) There is a shorthand method for writing "2 raised to 
the sixth power." It is: 
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2• 

Notice that the exponent is written as a small number at the top 
right of the base. Remember this number is the base while this 
number is the exponent. + I 

2• .. . 

Therefore in the example 34 , 3 is the ______ while 4 is the 



10. (base, exponent) The·number 34 is read "3 raised to the fourth 
power." It is equal to: 

3 x 3 x 3 x 3 = 81. 

The number 46 is read 

11. ( 4 raised to the sixth power) Scientific notation uses powers of ten. 
Several powers of ten are listed below: 

102 = 10 x 10 = 100 

103 = 10 x 10 x 10 = 1000 

104 = 10 x 10 x 10 x 10 = 10.000 

105 = 10 X 10 X 10 X 10 X 10 = 100.000 

106 = 10X 10X 10X10X 10X 10=-------

12. (1,000,000) Multiplication by 10 is extremely easy since all we 
have to do is ad·d one zero for each multiplication. Another way to 
look at it is that multiplication by ten is the same as moving the 
decimal point one place to the right. Thus, we can find the equiva~ 
lent of 102 by multiplying 10 x 10 = 100; or, simply by adding a o 
after 10 to form 100; or by moving the decimal point one place to 
the right to form 10.0. = 100. In any event. 102 is equal to ...,, 

13. (100) There is a simple procedure for converting a number ex
pressed as a power of ten to its equivalent number. We simply 
write down a 1 and after it write the number of zeros indicated by 
the exponent. For example, 106 is equal to 1 with 6 zeros after it. In 
the same way 1011 is equal to 1 with zeros after it. 

14. (11) This illustrates one of the advantages of power of ten. It is 
easier to write and remember 1021 than its equivalent number: 
1,000.000.ooo,ooo,ooo,ooo,ooo. Try it yourself and see if it isn't 
easier to write 1()3$ than to write its equivalent number of: 
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15. (1 oo.ooo.ooo.ooo.ooo.ooo.ooo,ooo,ooo.ooo.000.000). In the above 
examples. we converted a number expressed in powers of ten to its 
equivalent number. Now let's see how we convert in the opposite 
direction. Remember the number must be expressed using 1 O as 
the base with the appropriate exponent. The exponent is deter-
mined simply by counting the zeros which fall on the right side of 
the 1. Thus, 1,000,000 becomes 106 because there are 6 zeros in the 
number. In the same way . 10,000,000,000 is expressed as 

. 

16. (1010) To be sure you have the right idea, study each of the groups 
below. Which group contains an error? 

Group A Group B Group C 
106 = 1.000,000 1000 = 103 107 = 10,000,000 
102 = 100 10,000 = 104 109 = 1,000.000.000 
109 = 1.000.000.000 100 = 102 1011 = 10.000.000.000 

17. (Group C) There are two special cases of powers of ten which 
require some additional explanation. The first is 101

• Here the 
exponent of 1 O is 1. If we follow the procedure developed in Frame 
13 we find that 101 = 10. That is. we put down a 1 and add the 
number of zeros indicated by the exponent. Thus 101 = 

18. (10) The other special case is 10°. Here the exponent is O. Once 
again we follow the procedure outlined in Frame 13. Here again 
we write down a 1 and add the number of zeros indicated by the 
exponent. However, since the exponent is 0, we add no zeros. 
Thus, the equivalent number of 10° is 1. That is 10° = 

19. (1) Any base number with an exponent of 1 is equal to the base 
number. Any base number with an exponent of O is equal to 1. 
Thus, X1 = and X0 = 
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20. (X. 1) In the examples given above, the exponents have been 
positive numbers. For simplicity the plus sign has been omitted. 
Therefore, 102 is the same as 10+2• Also, 106 is the same as 

----· 

21. (10+6) Positive exponents represent numbers larger than 1. Thus, 
numbers such as 102, 101, and 1015 are greater than 1 and require 

exponents. 

2 2 • (positive) Numbers smaller than 1 are indicated by negative expo
nents. Thus, numbers like 0.01, 0.0001, and 0.00001 are expressed 
as negative powers of ten because these numbers are less than 

2 3. (1) Some of the negative powers of ten are listed below: 
10-1 = 0.1 
10-2 = 0.01 
10-3 = 0.001 
104 = 0.0001 
10-s = ______ ,. 

24. (0.00001) A brief study of this list will show that this is simply a 
continuation of the list shown earlier in frame 11. H the two lists 
are combined in a descending order, the result will look like this: 
106 = 1.000.000. 
105 = 100,000. 
104 = 10,000. 
103 = 1,000. 
102 = 100. 
101 = 10. 
10° = .1. 
10-1= 0.1 
10-2= 0.01 
10-3= 0.001 
10-4= 0.0001 
10-5= 
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25. (0.00001) We can think of the negative exponent as an indication 
of how far the decimal point should be moved to the left to obtain 
the equivalent number. Thus, the procedure for converting a nega
tive power of ten to its equivalent number can be developed. The 
procedure is to write down the number 1 and move the decimal 
point to the left the number of places indicated by the negative 
exponent. For example, 10-t becomes: 

0.0001. ·or 0.0001 ...__., 
Notice that the -4 exponent indicates that the decimal point 
should be moved places to the _____ _ 

26. (4, left) Up to now we have used powers of ten to express only 
those numbers which are exact multiples of ten such as 100, 1000, 
10,000, etc. Obviously. if these were the only numbers which 
could be expressed as powers of ten, this method of writing 
numbers would be of little use. Actually, any can 
be expressed in powers-of-ten notation. 

2 7. (number) The technique by which this 1s done can be shown by an 
example. If 1,000,000 can be represented by 106. then 2,000,000 
can be represented by 2 x 106• That is, we express the quantity as a 
number multiplied by the appropriate power of ten. As another 
example, 2,500,000 = 2.5 x 106• Also, 3,000,000 = 

------·· 

28. (3 x 106) In the same way, we can write 5,000 as 5 x 1a3. Some 
other examples are: 
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200 = 2 x 102 
1500 = 15 x 102 

22,000 = 22 x 1a3 
120,000 = 12 x 104 

1,700,000 = 17 x 10S 
9,000,000 = -·---



2 9. (9 x 101>) By the same token, we can convert in the opposite 
direction. Thus, 2 x 105 becomes 2 x 100,000 or 200,000. Also, 2.2 
x 1<>3 = 2.2 x 1000 = 2,200. And, 66 x 104 = ------

30. (660,000) You may have noticed that when we use powers of ten 
there are several different ways to write a number. For example. 
25,000 can be written as 25 x 1<>3 because 25 x 1000 equals 
25,000. However; it can also be written as 2.5 x 104 because 2.5 x 
10,000 equals 25,000. It can even be written as 250 x 1o:z since 250 
x 100 = 25,000. In the same way, 4.7 x 104, 47 x 1<>3. and 470 x 
102 are three different ways of writing the number _______ ,. 

31. (47 ,000) Numbers smaller than one are expressed as negative 
powers of ten in much the same way. Thus, .0039 can be expressed 
as 3.9 x 10-3 , 39 x 10-•. or .39 x 10-2• Also, 6.8 x 10-s. 68 x 10-6, 

and .68 x 1 o-.t are three different ways of expressing the number 

3 2. (.000068) As you can sea.there are several different ways in which 
a number can be written as a power of ten. Scientific notation is a 
way of using powers of ten so that all numbers can be expressed in 
a uniform way. To see exactly what scientific notation is, consider 
the following examples of numbers written in scientific notation: 

6.25 x 1018 

3~7 x 1<>6 

4:0 x 102 

6.8 x 10-4 

3.9 x 10-.i 

2.2 x 10-12 

Notice that the numbers range from a very large number to an 
extremely small number. And yet, all these numbers are written in 
a uniform way. This method of writing numbers is called scien
tific------
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3 3. (notation) The rules for writing a number in scientific notation are 
quite simple. First, the decimal point is always placed after the 
first digit on the left which is not a zero. Therefore, the final 
number will appear in this form: 6.25, 7.3, 9.65, 8.31, 2.0 and so 
forth. It must never appear in a form such as: .625, 73, 96.5, .831 or 
20. Thus, there is always one and only one digit on the 
------ side of the decimal point. 

34. (left) The second rule involves the sign of the exponent. If the 
original number is greater than 1, the exponent must be positive. If 
the number is less than 1, the exponent must be negative. Thus, 
67 ,000 requires a positive exponent but 0.00327 requires a 
------exponent.· 

3 5. (negative) Finally, the magnitude of the exponent is determined 
by the number of places that the decimal point is moved. For 
example, 39,000.0 is expressed as 3.9 x 104 because the decimal 
point must be moved 4 places in order to have only one digit to the 
left of it. Using this rule, 6,700,000,000 is expressed as ~.7 x 

------· 

36. (109) The number 0.00327 is expressed as 3~27 x 10-3• Here the 
decimal point is moved 3 places in order to have one digit which is 
not zero to the left of the decimal. Likewise 0.00027 is expressed as 
2.7 x . 

3 7. (10-•) To be sure you have the idea look at the groups of numbers 
below. Which of the following groups contains a number that is 
not expressed properly in scientific notation? _____ _ 

Group A Group B Group C 
6.25 x 1018 1.11 x 1011 6.9 x 1010 

3.75 x 10-9 -3.1 x 102 3.4 x 101 

4.20 x 101 -3.1 x 10-2 39.5 x 102 

7.93 x 10° 2.00 x 102 6.0 x 104 
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38. (Group C) The number 39.5 x 102 is not written in scientific 
notation because there are two digits on the left side of the decimal 
point. The minus signs in Group B may have confused you. Al-
though, it has not been mentioned, negative numbers can also be 
expressed in scientific notation. Thus, a number like -6,200,000 
becomes -6.2 x 106. All the rules previously stated hold true 
except that now a sign is placed before the 
number. 

39. (minus) Small negative numbers are handled in the same way. 
Thus -0.0092 becomes -9.2 x 10-3 • The minus sign before the 
number indicates that this is a negative number. The minus sign 
before the exponent indicates that this number is less than 

-
40. (1) Listed below are numbers which are converted to scientific 

notation. Which one of these groups contains an error? 
. 

Group A Group B Group C 

2,200 = 2.2 x 103 119,000 = 1.19 x105 119 = 1.19 x 1a2 
32,000 = 3.2 x 10" 1,633,000 = 1.633X 106 93 = 9.3 x 101 

963,000 = 9.63 X 105 937,000 = 9.37 X10" 7.7 = 7.7 x 10° 
660 = 6.6 x 1a2 6,800 = 6.8 x1D3 131.2 = 1.312 x 1a2 

41. (Group B) 937,000 converts to 9.37 x 105 and not to 9.37 x 104 • 

Which of the groups below contains an error? 

Group A Group B ·Group C 
0.00037 = 3.7 x 10-..e 0.44 = 4.4 x 10-1 .37 = 3.7 x 10-1 

0.312 = 3.12 x 10-1 0.0002 = 2.0 x 10-..t .0098 = 9.8 x 10-3 

0.068 = 6.8 x 10-2 0.0798 = 7.98 x 10-2 .00001 = 1.0 X 10-5 

0.0092 = 9.2 x 103 0.644 = 6.44 x 10-1 0.0075 = 7.5 x 10-3 
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42. (Group A) The final number in group A requires a negative expo· 
nent. Which of the groups below contains an error? 

Group A Group B Group C 

3,700,000 = 3.7 X106 9440 = 9.44 x 103 20 = 2.0 x 101 

-5,500 = -5.5 X103 -110 == -1.1 x 102 0.02 = 2.0 x 10-2 

0.058 = 5.8 x10-2 0.0062 == 6.2 x 10-t -200.000 = -2.0 x 105 

-0.0034 = -3.4X 10-3 -0.0123 = -i.23 x 10-2 -0.000200 = -2.0 x10-4 

43·. (Group B) 0.0062 is equal to 6.2 x 10-3• Match the following: 

1. 16 a. 1.6 x 10-3 

2. .0016 b. 1.6 x 104 
3. 160,000 c. 1.6 x 10° 
4. 1.6 d. 1.6 x 101 

5. .016 e. 1.6 x 10-2 

6. 16,000 f. 1.6 x 10$ 

44. ( 1-d, 2·a, 3.f, 4·C, 5-e, 6-b ). Another concept that goes hand in hand 
with powers of ten and scientific notation is metric prefixes. 
These are prefixes such as mega and kilo which when placed 
before a word change the meaning of the word. For example, the 
prefix kilo means thousand. When kilo and meter are combined 
the word kilometer is formed. This word means 1000 meters. In 
the same way, the word kilogram means grams. 

45. (1,000) Since kilo means 1,000 we can think of it as multiplying 
any quantity times 1000 or 103. Thus, kilo means 103. Another 
popular metric prefix is mega. Mega means million. Thus a mega· 
ton is one million tons or 106 tons. In the same way one million 
volts is referred to as a volt. 

46. (mega) One thousand watts can be called a kilowatt. Also one 
million watts can be called a 

47. (megawatt) A kilowatt is equal to 103 watts while a megawatt is 
equal to watts. 
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48. (106) Often it is conv~nient to convert from one prefix to another. 
For example, since a megaton is 106 tons and a kiloton is 103 tons, a 
megaton equals 1000 kilotons. And, since a me~aton is one 
thousand times greater than a kiloton, the kiloton is equal to .001 
megaton. Now, consider the quantity 100,000 tons. This is equal 
to 100 kilotons or megatons. 

49. (0.1) Kilo is often abbreviated k. Thus, 100 kilowatts may be 
expressed as 100 k watt. Mega is abbreviated M. The.re fore 1 O 
megawatts may be expressed as watts. 

50. (lOM) The quantity 5 k volts is 5 kilovolts or 5000 volts. Also, 5 M 
volts is 5 megavolts or volts. 

51. (5,000,000] There are also prefixes which have values less than 
one. The most used are: 

milli which means thousandth r.001) or 10-3 , and 
micro whicn means millionth r.ooo 001) or 10-6 • 

One thousandth of an ampere is called a milliampere. Also, one 
thousandth of a volt is called a ------

52. (millivolt) If a second is divided into one million equal parts each 
part is called a microsecond. Also, the millionth part of a volt is 
called a------

53. (microvolt} One volt is equal to 1000 millivolts or 1,000,000 mic
rovolts. Or, 1 volt equals 103 millivolts and 106 microvolts. Ex
pressed another way, 1 millivolt equals .001 volt while 1 mic
rovolt equals .000001 volt. Thus, 1 millivolt equals 10-3 volts 
while 1 microvolt equals volt. 

54. (10-6) Powers of ten allow us to express a quantity using 
whichever metric prefix we prefer. For example, we can express 
50 millivolts as 50 x 10-3 volts simply by replacing the prefix 
milli with its equivalent power of ten. In the same way 50 mic-
rovolts is equal to 50 x volts. 
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55. (10-6) When writing abbreviation for the prefix milli the letter 
small m is used. A small m is used to distinguish it from mega 
which used a capital M. Obviously, the abbreviation for micro 
cannot also be m. To represent micro the Greek letter µ. (pro-
nounced mu) is used. Thus, 10 millivolts is abbreviated 10 m volts 
while 10 microvolts is abbreviated 10 µ. volts. Remember. m 
means 10-3 while µ. means 

56. (10-6) Match the following: 

1. Mwatt a. 10-3 watts 

2. k watt b. 10-1 watts 

3. mwatt c. 500 x 10-3 watts 
. 

4. µ.watt d. 106 watts 

5. .5 watt e. .5k watts 

6. 500 watts f. 1D3 watts 

7. 500,000 watts g. .5 M watts . 

8. .00005 watts h. .05 k watts 

9. 50 watts i. 5 m watts 

10. .005 watts j. 50 µ.watts 

57. (1-d, 2-f, 3-a, 4-b, 5-c, 6-e, 7-g. 8-j, 9-h, 10-i) Additional aspects of 
powers of ten, scientific notation, and metric prefixes will be 
discussed later. 
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Finding The Square Root Of A Number 

The easiest way to find the square root of a number is to use a calculator 
which has a square root key. If your calculator does not have a square root 
key, you may still be able to compute square roots using a procedure 
described in the instruction manual supplied with your calculator. For 
those without a calculator, a slide rule is the next easiest method. Tables 
or logarithms may also be used. In spite of all these aids, you may on some 
occasion find it necessary to use the old-fashioned, long-hand method of 
computing the square root of a number. The following programmed 
instruction sequence explains this method of computing square roots. 

1. The square root of a given number is the number which when multi
plied by itself equals the given number. For example, the square root 
of 25 is 5 because 5 x 5 = -------

2. (25) The symbol which is used in mathematics to indicate that the 
square root is to be taken is the radical sign (v' ). Thus, 
v"25 = . 

3. (5) Some examples are so simple that we intuitively know the an
swer. For example, . v'9 == 3, "100 = 10, \/64 = 
------· 

4. (8) However, when the number is very long such as 53,545.96 the 
square root is found by a long (but relatively simple) procedure. Let's 
find the square root of the number by using this procedure. 

The first step is to write the number in groups of two digits starting at 
the decimal point. For example, if we were taking the square root of 
6,314.313 we would group the digits like this: 

63 14 . 31 30 

However, in our example the number is 53,545.96. Therefore, the 
number is written in groups of two digits like this: . 

5. (5 35 45 . 96) Notice that 5 must be written by itself in this 
example because there are an odd number of digits to the left of the 
decimal point. Since we are taking the square root of this number, it 
should be placed under a radical sign like this: ------
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6. ( 5 35 45 . 96) We are now ready to find the first number in 
the answer. We do this by examining the first group of numbers on 
the left. In this case, the "group" consists of the single number 5. On 
the line above the 5, we place a number which when multiplied by 
itself will come close to equalling, but will not exceed 5. In this case 
we use 2 because 2 x 2 = 4. This is as close as we can get to 5 without 
exceeding 5. Thus, the first digit in the answer is------· 

7. (2) Our work to this point looks like this: 

2 
v's 35 45 . 96 

Next we multiply 2 by itself and place the product under 5 and 
subtract. Thus, our work becomes: 

2 
v's 35 45 . 96 

4 

1 

At this point, the next group of two digits is brought down and 
placed beside the 1. The next two digits are------

8. (35) Thus, our work looks like this: 

2 
Vs 35 45 . 96 

4 

1 35 --------------------------
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-------------------------The next step is to double the number above the radical sign and 
place the result in front of the 135 like this: 

2 
v'5 35 45 . 96 

4 

ifi35 

Notice that a space is left here 
for another number. The second digit of the answer is now computed 
and placed above the second group of numbers. This number is 
found by trial and error. For example, let's guess that the next digit is 
4. We place the new 4 ~and here. 

2 4 
v'5 35 45 . 96 

4 
4 4 h 35 

To check our guess, we multiply this digit times this number and 
place the product here. -

v'5 35 45 96 

4 
44 /1 35 

1 76 

Notice that the product (176) is larger than 135, this tells us that otir 
guess is too high. Thus, we must erase the numbers shown above 
because they are incorrect. Then we must make a new guess for the 
second digit of the answer. This new guess should be 
______ than the first guess. 

lowerlbigher 
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9. (lower) Let's try 3 as the second digit of the answer. Thus. our 
problem becomes: · 

2 3 
v5 35 45 96 

Now we multiply 3 times 43 and place the product under the 135. If 
the product is smaller than 135 we subtract: 

2 3 
V5 35 45 96 

4 
4 3 /1 35 

1 29 

./'6 
This_n_u_m.;;;.be-rtells us that our guess is correct. If this number is greater 
than 43, our guess is too low. On the other hand we saw in Frame 8 
what happens if our guess is too high. Thus, at this point, we know 
that the first two digits in the answer are------

10. (23) In the next step we bring down the next two digit group of 
numbers so that our work looks like this: 

2 3 
\15 35 45 96 

A 
4 3 11 35 

1 29 
I 6 45 

-------------------------
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-------------------------~ 

11. 

As before the number above the radical sign (23) is doubled to 46. 
This 46 is placed in front of the 645. A space is left open after the 46 
for the next trial answer: 

2 3 
v's 35 45 96 

4 
..iL/135 

1 29 

46 \ I 6 45 
space 

We guess at the third digit in the answer and place our guess above 
the third group of numbers and in front of the 46 on the bottom line. 
By trial and ·error you will soon fmd that the proper number for this 
third digit is------

(1) Thus, the problem becomes: 

2 3 1 
v'5 35 45 96 

4 
4 3 f 1 35 

1 29 
4 6 1 I 6 45 

Next, we multiply 1 x 461, place the product under 645, and sub- . 
tract: 

2 3 1 
v'5 35 45 96 

4 
4 3 f 1 35 

1 29 
4 6 1 I 6 45 

4 61 
1 84 

The next step is to bring down the final group of two numbers so that 
the number on the bottom line becomes ------· 
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12. (1 84 96) The decimal point in the answer is alw.ays immediately 
above the decimal point in the number under the radical sign. Thus, 
by placing the decimal point in the answer our work looks like this: 
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2 3 1 
v5 35 45 

4 

~ 
1 29 
~ 45 

4 61 

t 
96 

__/i 84 96 

To fmd the next digit of the answer, we double our partial answer 
(231) to get 462. We place this number ~ front of the 

1 84 96 leaving a space for our trial number: 

2 3 1 
v5 35 45 96 

4 
4 3 f 1 35 

1 29 
4 6 1 I 6 45 

4 61 
4 6 2 + /1 84 96 

space 

Again by trial and error, we find that the final digit must be 



13. (4} Thus. we place 4 in the answer and after the 462. Next we multiply 
4 x 4624 so that our final work looks like this: 

2 3 1 4 
Vs 35 45 96 

4 
43 /t 35 

1 29 
461 I 6 45 

4 61 
4624 I 1 84 96 

1 84 96 
0 

Notice that the answer comes out even. This tells us that the square 
root of 53.545. 96 is exactly ------

14. (231.4} We Can easily prove this by multiplying 231.4 by itself. 

Thus: 231.4 
·x 231.4 

925 6 
2314 

6942 
4628 

53,545.9,6 
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Step 3. 

To be sure you have the idea, an additional example is given below. 
Study each step carefully starting with Step 1 and ending with Step 
23. 

Step 2. Select first digit of answer so 
that when this number is multiplied 
by itseH, the product is equal to 
or slightly less than this number. 

I 
'7 
~MJ;----~~~4~9....___ 

Square this number . ./49 Step 1. 

and place result~ 6 2\ 
Step 5. 

Start at the 
decimal point and 
arrange the digits 
in groups of two. 

Step 4. Subtract and place answer here. 

Bring down next two 
digit group. 

Step 7. Place trial number 

Step 6. Double this----- 7 . 4 ...... ---...;_-----
number and v'ss 20 

here and here. 

place results 
49 

here·-----... 

Step 8. Multiply this number 
by this number. 7 4 
~ V~55,,,,,..-___,,2=0,.--~~~4~9· 

~ 49 

Step 9. 

144 I 6 20......, 
5 76 ~tep 10. If this number 

~ is larger than 
/' this number, 

Place product~ erase the trial number in 
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Step 14. Pkce decimal point in answer:\. 

v'ss 20 
49 

144 I s 20 
,5 76 

44 

49 

Step 13. Bring down next two 
digit group. 

Step 11. Subtract and place difference here. 

Step 12. If difference is larger than this number. 
erase the trial number in St~p 1, select a 
larger trial number and repeat steps 7 through 12. 

Step 15. Double this number and 
place result here. 

7 
v'ss 

49 

4 
20 

144/: ~~ 

Step 16. Place trial 
number here and here. 

3~-
49 

__ ...,7_4---~4~9 
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Step 17. Multiply this number by this number. 

7 4 3 
v'ss 20 49 

49 
144 I 6 20 

5 76 
148 3 I 

Step 19. If · number is larger than this · 
number, erase the trial number in Step 16, select a smaller trial 
number and repeat steps 16 through 19. 

Step 21. 

7 
v's5 

49 
144 I 6 

5 

If difference is larger than 
number, erase the trial number in 
Step 16, select a larger trial 
number, and repeat Steps 16 
through 21. 

4 
20 

20 
76 
44 
44 

Step 23. Check your final answer by 
squaring it. The result 

. 3 
49 

49 
49 

0 

\ 
Step 22. 

should be the original number. 

74.3 
74.3 

2229 
2972 
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5520. 49 

Step 20. Subtract and 
place dif
ference here. 

If difference is 
0, the answer is 
complete and it is 
the exact square 
root of the number. 
If difference is 
not 0, additional 
accuracy ·can be obtained 
by bringing down 00 and 
continuing with the procedure. 
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AC generator, 5-27 
Ammeter, shunt, 6-11 
Ampere, 1-32 
Ampere turn, 5-19 
Atom, 1-5 
Atom, Bohr model of, 1-7 

Balanced bridge, 7-18 
Batteries, 2-20 
Batteries, parallel connection, 2-28 
Batteries, series aiding, 2-26 
Batteries, series opposing, 2-27 
Battery, lead acid, 2-21 
Battery, schematic symbol, 1-28 
Bleeder current, 7-11 
Bleeder resistor, 7-11 
Bohr model of atom, 1-7 
Bridge, balanced, 7-18 
Bridge, circuits, 7-18 
Bridge, self-balancing, 7-21 
Bridge, unbalanced, 7-19 
Bridge, Wheatstone, 7-20 

Capacitance, 8-14 
Capacitance, factors determining, 8-19 
Capacitance in combination, 8-34 
Capacitors, electrolytic, 8-22 
Capacitors, schematic symbol, 8-16 
Capacitors, series and parallel, 8-34 
Capacitors, timing purposes, 8-25 
Capacitors, types of, 8-21 
Carbon composition resistors, 3-12 
Cell, Lelanche, 2-21 
Cell,primary,2-20 
Cell, secondary, 2-20 
Cgs,5-21 

Charging by contact, 1-15 
Charging by friction, 1-15 
Charging by induction, 1-15 
Chemical production of voltage, 2-13 
Coil, left-hand rule, 5-26 
Color code chart, resistor, 3-14 
Commutator,5-29 
Compound, 1-5 
Conductance, 3-7 
Conductor rule, 5-17 
Core memory, 5-40 
Coulomb, 1-31 
Coulomb's Law, 1-12, 
Counter EMF, 8-7 
Current Bleeder, 7-11 
Clirrent flow, 1-22 
Current, Kirchoff's Law, 7-29 
Current, Ohm's Law, 4-5 
Current source, 7-45 

DC generator, 5-29 
DC motor, 5-36 
Density, flux, 5-19 
Deposited film resistors, 3-13 
Diamagnetic, 5-8 
Dielectric, 8-14 
Dielectric constant, 8-20 
Dividers, voltage, 7-10 
Domains, magnetic, 5-11 
Drift, Random and Directed, 1-22 
Dropout current, relay, 5-63 
Dry cell, 2-20 

Electrochemistry,2-13 
Electrolytic capacitor, 8-22 
Electromagnet,5-17 
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Electromagnetic field, 5-5 
Electromagnetic induction, 5-25 
Electromotive force, 2-5 
Electron, 1-7 
Electron,free,1-14 
Electron,stray,1-14 
Electron,valence,1-19 
Electrostaticfield, 1-10 
Electrostaticforce,1-10 
Element table, 1-6 
Elements, 1-6 
EMF,2-5 
EMF, counter, 8-7 

Farad,8-19 
Faraday's law, 5-26 
Ferromagnetic, 5-8 
Field, 5-5 
Field, electromagnetic, 5-5 
Field, electrostatic, 1-10 
Field intensity, 5-19 
Flux, 5-18 
Flux density, 5-19 
Flux lines, 5-7 
Foot pound, 2-10 
Free electron, 1-14 
Friction, charging by, 1-15 
Friction, voltage produced by, 2-15 

Generator, AC, 5-27 
Generator, DC, 5-29 
Generator, left-hand rule, 5-26, 5-27 
Ground, 2-36 

Heat, voltage produced by, 2-17 
Henry,8-8 

1-4 INDEX 

Inaccuracy, measurement, 6-34 
Induced voltage, 5-25 
Inductance, 8-8 
Induction, charging by, 1-15 
Induction, electromagnetic, 5-25 
Induction, magnetic, 5-24 
Induction seH-, 8-5 
Inductor, 8-9 
Inductor time constant, 8-10 
Ion, 1-13 
Ionization, 1-14 

Joule, 2-10 

Kirchhoff's current law, 7-29 
Kirchhoff's law, 7-25 
Kirchhoff's voltage law, 7-24 

Left-hand rule for conductors, 5:14 
Left-hand rule for generators, 5-27 
Light, voltage produced by, 2-16 
Lines of flux, 5-7 
Loading, voltmeters, 6-21 
Loudspeaker, 5-34 

Magnetic domains, 5-11 
Magnetic field rule, 5-5 
Magnetic field rule, left-hand, 5-14 
Magnetic induction, 5-24 
Magnetic tape, 5-35 
Magnetic unit table, 5-21 
Magnetics,C>hms'la'W'for,5-20 
Magnetism, 2-12 
Magnetism, theory of, 5-10 
Magnetism, voltage produced by, 2-12 
Magnetizing force, 5-19 



Magneteolectricity, 2-12 
Magnetomotive force, 5-19 
Magnet, 5-5 
Matter, 1-5 
Measurement inaccuracies, 6-34 
Memory,core,5-40 
Meter accuracy, ammeter, 6-14 
Meter construction, 6-5 
Meter Movement, 6-5 
Meter movement, taut-band, 6-8 
Meter movement, theory of 6-5 
Microampere, 1-32 
:Mks, 5-21 
mmf,5-19 
Model, of atom, Bohr, 1-7 
Molecule, 1-6 
Motor, DC, 5-36 
Motor rule, right-hand, 5-37 
Multimeters,electrical,6-34 
Multimeters,electronic,6-34 
Multiplier, resistor for voltmeter, 6-21 

Negative temperature coefficient, 3-9 
Network theorem, Kirchhoff's current law, 
7-29 
Network theorem, Kirchhoff's voltage law, 
7-24 
Network theorem, Norton's theorem, 7-45 
Network theorem, Norton-Thevenin conver
sions, 7-49 
Network theorem, Superposition theorem, 
7-31 
Network theorem, Thevenin's theorem, 7-36 
Neutron, 1-7 
Norton's theorem, 7-45 
Norton-Thevenin cc;mversions, 7-49 
Nucleus, 1-7 

Ohm, 3-5 
Ohmmeter, series, 6-25 
Ohmmeter, shunt, 6-31 
Ohm's law, current, 4-5 
Ohm's law, power, 4-20 
Ohm's law, resistance, 4-10 
Ohm's law, voltage, 4-8 
Ohm's law for magnetics, 5-20 
Ohms per volt, 6-20 
Open circuit voltage, 7-36 
Orbital shells, 1-18 

Parallax, 6-36 
Parallel connection of batteries, 2-28 
Parallel resistance, 3-20 
Parallel resistors, current distribution, 7-6 
Paramagnetic, 5-8 
Permeability, 5-19 
Photoelectric effect, 2-16 
Piezoelectric effect, 2-17 
Positive temperature coefficient, 3-8 
Potential difference, 2-6 
Potentiometer, 3-16 
Power,4-20 
Power, Ohm's law for, 4-20 
Power transfer theorem, maximum power,· 
4-22 
Powers of ten, Appendix A 
Pressure, voltage produced by, 2-17 
Primary cell, 2-20 
Proton, 1-7 

RC time constant, 8-25 
Record pickup, 5-34 
Reed relay. 5-33 
Reluctance, 5-19 
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Resistance, Ohm's law, 4-10 
Resistance, parallel, 3-20 
Resistance, series, 3-19 
Resistance, series-parallel, 3-23 
Resistance,specific,3-13 
Resistivity,3-6 
Resistor,bleeder,7-11 
Resistor, carbon composition, 3-15 
Resistor, color code, 3-14 
Resistor, deposited film. 3-13 
Resistors, 3-12 
Resistors, parallel current distribution, 7-6 
Resistors, wattage, 3-15 
Resistors, wire-wound, 3-12 
Retentivity, 5-24 
Rheostat, 3-17 
Right-hand motor rule, 5-37 

Schematic symbols, 1-28 
Scientific notation, Appendix A 
Secondary cell, 2-20 
Self-balancing bridge, 7-21 
Self-induction, 8-5 
Semiconductors, 1-21 
Sensitivity, ohms per volt, 6-20 
Series aiding.batteries, 2-26 
Series opposing batteries, 2-27 
Series-parallel connection, batteries, 2-29 
Series-parallel resistance, 3-23 
Series resistance, 3-19 
Shell, orbital, 1-18 
Shell,valence,1-19 
Shunt,6-11 
Sine wave, 5-28 
Speaker.loud, 5-34 
Steady state condition, 8-5 
Stray electron, 1-14 
Superposition theorem, 7-31 

MS INDEX 

Table of elements, 1-6 
Table of magnetic units, 5-21 
Tape,magnetic,5-35 
Taut-baud meter movement, 6-8 
Temperature coefficient, 3-9 
Theory of magnetism, 5-5 
Thermister, 3-9 
Thermoelectric effect, 2-17 
Thevenin's theorem, 7-36 
Time constant, RC, 8-25 
Time, transient, 8-5 
Transfer theorem, maximum power, 4-22 
Transient condition, 8-5 
Transient time, 8-5 

Unbalanced bridge, 7-19 
Unit table, magnetic, 5-21 

Valence electrons, 1-19 
Valence rule, 1-19 
Valence shell, 1-19 
Voltage, 2-10 
Voltage divider, 7-10 
Voltage drop, 2-33 
Voltage from chemical action, 2-13 
Voltage from friction, 2-15 
Voltagefromheat, 2-17 
Voltage from light, 2-16 
Voltage from magnetism, 2-12 
Voltage, induced, 5-26 
Voltage, Kirchhoff's law, 7-26 
Voltage, Ohm's law, 4-8 
Voltage rise, 2-33 
Voltage source, 7-45 
Voltmeter, loading, 6-21 
Voltmeter, multiplier resistor, 6-19 



 
Wattage, resistor, 3-15 
Wheatstone bridge, 7-20 
Wire-wond resistor, 3-12 
Work, 4-20 
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