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1
To understand electrical relationships in circuits and 
components, you must also understand mathematics. 
Mathematics—math, for short—helps you visual-
ize how electricity and electrical circuits work. The 
math that follows is basic and is offered mainly as 
a refresher to those who may be out of practice in 
working with numbers.

ADDITION
Addition unites, or puts together, two or more things 
that are often represented by a symbol called a num-
ber. (Numbers are also called integers and digits.) The 
number obtained by adding two or more numbers 
is the sum, or total. The character for addition is the 
plus sign (+).

The first step in addition is to arrange the num-
bers to be added in vertical columns, such as those 
in Table 1. In numbers with more than one digit, the 
column on the right is the ones column. This column 
contains a one-digit number: 1, 2, 3, 4, and so on up 
to 9. The next column to the left of the ones column 
is the tens column. It is the tens column because the 

TABLE 1
Numbers Arranged in Vertical Columns  

of Hundreds, Tens, and Ones

 Hundreds Tens Ones

 100 10 1

 200 20 2

 300 30 3

 400 40 4

 500 50 5

 600 60 6

 700 70 7

 800 80 8

 900 90 9

digits, or numbers, in this column are 10 or multiples 
of 10, as 20, 30, 40, and so on up to 90. The next col-
umn to the left is the hundreds column. The digits 
in this column are 100 or multiples of 100 up to 900.

This columnar arrangement continues to the 
left in thousands, ten thousands, millions, billions, 
and so on. For example, the number 8,649 can also 
be expressed as having nine ones, four tens, six hun-
dreds, and eight thousands.

Regardless of the sizes of the numbers, to add 
them correctly, the last digit to the right in each 
number should be placed directly under the other 
in a vertical column. For example, to add 14, 7, 121, 
and 2,390, they should be arranged as—

  14
  7
  121
  2,390.
Notice that the numbers line up—are flush—

with the right-hand ones column. Put another way, 
the numbers are flush right. Also notice that as long 
as the numbers are flush right, they may be written 
in any order. For example, the previous four numbers 
can be written as—

  7
  2,390
  14
  121

or in any other order and the correct answer can be 
obtained. Remember, however, that the numbers 
must be flush with the right-hand column.

Always begin by adding the numbers in the 
right-hand, ones column first. If the sum can be ex-
pressed by one digit, from 0 to 9, write it under the 
column. If, on the other hand, the sum contains more 
than one digit, (10 or more), write the right-hand 
digit of the sum under the column added, and add 
(or carry) the remaining digits to the next column 
on the left. For example, if the sum of the column is 
23, write 3 under the column, and add 2 to the sum 

Basic Mathematics
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11

2The Nature of Electricity

Matter is anything that has mass or weight and oc-
cupies space. Mass is the quantity of matter that a 
substance contains. It is related to weight, but, unlike 
weight, mass is independent of external conditions 
such as buoyancy of the atmosphere or acceleration 
caused by gravity. For example, an object on earth 
may weigh 24 grams, but the same object on the moon 
weighs only 4 grams. Because the earth’s gravity is 
six times that of the moon, the object weighs six times 
more on the earth than it does on the moon. How-
ever, if an object on earth has a mass of 24 grams, it 
has a mass of 24 grams whether it is on the moon or 
anywhere else in our universe. 

Matter is electrical in nature. The three forms of 
matter are solids, liquids, and gases. Matter is made 
up of elements and combinations of elements. An ele-
ment is an individual substance not made up of other 
elements or substances. For example, the element 
copper is not made up of other substances. An ele-
ment consists of only one kind of atom. Atoms make 
up the smallest substance within an element and are 
the fundamental building blocks of our universe. 

About 100 elements occur naturally, but chem-
ists and physicists have created more in nuclear labo-
ratories, so that 115 have been identified at this time. 
Future experiments may yield even more. In any case, 
elements combine chemically to form materials found 
in everyday life. For example, the elements sodium 
and chlorine combine to form sodium chloride, which 
is ordinary table salt. 

As stated earlier, an atom is the smallest unit of 
an element. When the atoms of an element combine 
with themselves or with other elements, they form a 
molecule. For example, oxygen, which has the chemi-
cal symbol of O, naturally occurs as a molecule, the 
symbol of which is O2. An oxygen molecule is ab-
breviated as O2 to indicate that it is composed of two 
atoms of oxygen. Similarly, a molecule of sodium 
chloride, or table salt, is abbreviated as NaCl—so-
dium is Na and the chloride molecule is Cl. NaCl 

means that a sodium atom and a chloride molecule 
combine to form a molecule of table salt. 

Sometimes elements merely mix together and do 
not combine chemically. Such a combination is a mix-
ture. Examples of mixtures are natural gas, steel, brass, 
and air. Air, for example, is a mixture of several gases, 
such as nitrogen, oxygen, and carbon dioxide. These 
gases do not react chemically; so, they are a mixture. 

ATOMS 
As mentioned earlier, the atom is the smallest divi-
sion of an element. An atom consists of a heavier part 
called the nucleus and very small particles revolving 
around it called electrons. The nucleus is the central 
region of an atom, composed of protons and neutrons 
and containing almost all of the mass of the atom. The 
mass of an electron is very small; indeed, an electron’s 
mass is only 9.1 × 10-28 grams.  9.1 × 10-28 means 9.1 
with the decimal point shifted 28 places to the left. 
Thus, the mass of an electron is very small indeed. 
Besides being very light in mass, an electron exhibits 
a quality that is called a negative charge. Usually, we 
simply say that electrons are negatively charged.

The nucleus of the atom contains particles 
called protons and neutrons. These particles are about 
1,845 times heavier than the electron. The proton ex-
hibits an opposite and equal relation to the electron 
and has a positive electrical charge. Neutrons have 
no electrical charge—that is, they are neutral. Other 
particles and forces exist in the nucleus,  and nuclear 
scientists spend a great deal of time studying them.

When two or more atoms unite chemically and 
the properties of the separate elements are changed, 
a compound is produced. The smallest unit of a com-
pound is the molecule, which, as mentioned previ-
ously, contains two or more atoms.

Atoms have different amounts of electrons, pro-
tons, and neutrons. Indeed, it is the different number 
of electrons, protons, and neutrons that account for 
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3Galvanic Cells and Batteries

Electrical and electronic circuits require a source of 
voltage to function. Current does not flow unless a 
source of electrical pressure acts on the circuit com-
ponents. Direct current (DC) sources include electro-
chemical devices such as galvanic cells and batteries. 
Although solid-state devices are another source of 
DC, they are discussed in another section. Many de-
vices deliver voltage, including electrochemical cells, or 
batteries, photovoltaic cells, and thermoelectric devices. 
Each of these devices produces DC voltage that can 
deliver current to components and equipment.

GALVANIC CELLS
An electrochemical, or galvanic, cell is built by using 
the proper chemicals and two dissimilar materials 
immersed in, or surrounded by, the chemicals. A 
conductor or an electronic device is attached to each 
end of the dissimilar materials. The place where 
the connections are made is called a terminal. One 
terminal has a negative charge and the other has a 
positive charge. The negative terminal has an excess 
of electrons, and the positive terminal has a lack, 
or deficiency, of electrons. This situation sets up an 
energy difference between the two terminals, which 
is called potential or potential difference. 

If an external path or a component is connected 
to the terminals, the potential causes the free electrons 
and corresponding holes to move through the external 
path or component. The holes flow from the positive 
terminal to the negative terminal of the cell. This move-
ment of holes in one direction is referred to as current.

A device consisting of a single-positive and a 
single-negative terminal along with activating chemi-
cals is referred to as a cell. A cell is the smallest unit 
of this type of device. A typical cell contains sulfuric 
acid as its electrolyte and two dissimilar terminals 
made of lead and a lead compound. This cell is a 
lead-acid cell. It produces a voltage of about two volts. 
(An electrolyte is a chemical that, when dissolved 

in water, dissociates into positive and negative ions, 
thus increasing its electrical conductivity. An ion is 
simply a positively- or negatively-charged atom.) 

BATTERIES
A battery is made up of several galvanic cells con-
nected in series to produce a voltage higher than that 
of one cell. (Connecting an electrical device or circuit 
in series means that current can travel only in a single 
path. Also, the current is the same throughout the 
device or circuit.) The kind of electrical charge at a 
cell or battery’s terminal determines the terminal’s 
polarity. A terminal’s polarity is either positive or 
negative, depending on whether its electrical charge 
is positive or negative. That is, if the terminal’s elec-
trical charge is positive, the terminal is said to have 
positive polarity. Conversely, if the terminal’s charge 
is negative, it has negative polarity.

A common lead-acid battery is an automobile 
battery. Typically, such a battery consists of six 
galvanic cells connected in series to produce a volt-
age at its terminals of 12 volts DC. One terminal is 
positive (+) while the other is negative (-).

Strictly speaking, a battery is formed only 
when two or more cells are connected. However, it 
is customary to call a single cell a battery. Although 
not strictly correct, this manual follows conventional 
usage and also refers to a single cell as a battery.

Construction of Batteries
Many years ago, humans discovered that if a person 
placed two different metals in a liquid so that they 
did not touch each other, and if the liquid reacted 
chemically with the metals, a potential difference, 
or voltage, was set up between the metals. This ar-
rangement is a cell. For example, a lead-acid cell is 
made with a lead plate and another plate with lead 
peroxide pressed into its grids. The negative plate 
is the lead plate, and the positive plate is the lead 
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4Ohm’s and Power Laws

CIRCUITS
A circuit is a complete path in which current will flow. 
The path is from one battery terminal, or another 
source of voltage, back to the other battery terminal. 
The three elementary circuits are simple, series, and 
parallel. A simple circuit consists of a single path 
from one terminal of a source of electricity, through 
one electrical device, and back to the terminal of the 
electricity source. For example, one simple circuit 
consists of a battery, a light bulb, and a conductor 
such as copper wire. Current flows from the nega-
tive terminal of a battery, through the copper wire 
and light bulb, and back to the battery’s positive 
terminal. A series circuit consists of a single path 
from the battery or source of voltage through two 
or more electrical devices back to the other terminal 
of the battery. A parallel circuit consists of two or 
more complete and separate paths for current flow.

Incidentally, circuits often contain resistors. 
Resistors are electrical devices that oppose the flow 
of electricity through a circuit. Besides the actual 
electrical component that is called a resistor, other 
devices in a circuit create resistance when they con-
vert electrical energy into another form. For example, 
an incandescent lamp creates resistance as it converts 
electrical energy to light, and an electric heater cre-
ates resistance as it converts electric energy to heat.

OHM’S LAW
Ohm’s law states that the strength or intensity of an 
electrical current (I) is directly proportional to the 
electromotive force (E) and inversely propor tional 
to the resistance (R) of the circuit. Ohm’s law relates 
voltage, which is the electrical pressure that causes 
the current flow; current, which is the rate at which 
electrons flow; and resistance, which is the opposition 
that a circuit offers to the flow of electrons.

Ohm’s law can determine the amount of cur-
rent that will flow in a circuit. In this case, use I = E/R to 
find the current in amperes. To determine the amount 

of resistance, in ohms, in a circuit to limit current to 
a given value, use, R = E/I.  Finally, to determine the 
voltage needed to create a flow of current through 
a given resistance, use E = IR. When two variables 
(voltage, current, or resistance) are known, Ohm’s 
law provides an easy way to find the third by select-
ing the Ohm’s law equation that has the unknown 
on the left side. 

A drawing is available for finding the appropri-
ate Ohm’s equation to solve a problem. Called the 
Ohm’s law wheel (fig. 7), it shows how to select the 
correct equation. For example, if values for E and 
R are known, then it shows that I = E/R. Similarly, if 
values for I and R are known, then the wheel shows 
that E = IR.

E

RI

POWER LAW
As you recall, besides Ohm’s law, the power law is 
available to determine the power a circuit is capable 
of producing. Like Ohm’s law, the power law also 
consists of three variables; voltage, E or V, measured 
in volts; current, I, measured in amperes; and power, 
P, measured in watts. In equation form, the power 
law is P = EI, or P = VI. To determine the amount of 

Figure 7 Ohm’s law wheel
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5Conductors and Insulators

CHARACTERISTICS OF MATERIALS
Various materials exhibit various electrical properties. 
For example, materials such as aluminum, copper, and 
silver have low resistance. Consequently, they make 
good conductors of electricity. Thus, they are often 
braided or drawn to make wire, or cable, for connecting 
electrical components. Connecting wire should have 
low resistance so that little of the available voltage 
is lost while the equipment is operating. Therefore, 
resistance of wires and cables should be as low as 
economically possible. Economics is an important fac-
tor. For example, silver has less resistance—is a better 
conductor—than copper or aluminum; however, silver 
is much more expensive, so it is seldom used.

Another consideration is that one conductor 
should not make contact with another conductor at 
a different voltage, or potential. A short circuit can 
develop, which is a malfunction. To prevent short 
circuits, insulating materials cover conductors at 
various points in the circuit. Rubber or plastic thick 
enough to be effective is one material that can coat 
wires and cables to prevent short circuits and the 
damage they cause.

Also, some wire and cable not only have plastic 
insulation for protection, but also an outer metal clad-
ding, or coating. This cladding may be solid alumi-
num sheathing or braided copper. In either case, the 
cladding protects the cable or wire from mechanical 
damage—that is, it protects the cable when it is struck 
or crushed by an outside force such as a dropped tool, 
people stepping on it, or similar forces. 

Figure 19 shows several insulated wires. The 
300-ohm ribbon line at the top is often used to connect 
an antenna to a television set. The 72-ohm double-
wire transmission line is used in various gauges to 
conduct alternating current in households, industrial 
plants, offices, and so on. Coaxial cable has many uses. 
It is called coaxial because several wire conductors 
are bundled around each other to form a single, 
although thick, wire. Hookup wire is used to wire 

electrical components together in equipment such 
as amplifiers and other electronic devices. Magnet 
wire is a copper conductor that is insulated with 
thin enamel or enamel-like coating. Prior to making 
a connection with it, this coating must be scraped 
away from the wire. Magnet wire gets its name from 
its use as windings in electromagnets, transformers, 
motors, and generators. Its insulation must be thin 
so that it can be wound several times around a core: 
thick insulation would not allow it to be wound an 
adequate number of times. So, instead of a plastic 
coating, varying grades of enamel or varnish are 
baked onto magnet wires to provide good insulat-
ing properties.

(72 OHMS)

TRANSMISSION LINES

MAGNET WIRE

(300 OHMS)

COAXIAL CABLE

HOOKUP WIRE

Figure 19 Examples of insulated wires
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6Properties and Characteristics of Magnetism

A close relationship exists between electricity and 
magnetism. Therefore, it is important to learn about 
magnetism and its relation to electronics. 

MAGNETS AND MAGNETISM
A magnet is a piece of iron or steel that attracts other 
bits of iron or steel. Magnetism is the force that occurs 
when a magnet attracts iron. Magnetism also occurs 
when electricity moves through a conductor. Put 
another way, magnets and certain electrical devices 
exhibit magnetism. Magnetism is responsible for 
the operation of generators, magnetos, motors, volt-
meters, relays, and many other important devices.  

Magnetism can transform electrical energy 
into mechanical energy and mechanical energy into 
electrical energy. For example, an electric motor 
transforms electrical energy into mechanical energy 
because electricity turns a shaft in the motor. Then, 
when the shaft is connected to another device, such 
as a pump, it performs mechanical energy, or work. 
On the other hand, a generator transforms mechani-
cal energy into electrical energy. For example, when 
a device that provides power, such as a diesel en-
gine, is hooked up to a generator to make it turn, the 
generator makes, or generates, electricity.

HISTORY 
Over 2,000 years ago, humans discovered that a type 
of naturally-occurring iron ore possessed the pecu-
liar property of being able to attract small pieces of 
iron. The Greeks named this iron ore, which was a 
form of iron oxide, magnetite. Later, ancient explor-
ers found that an elongated piece of magnetite, if 
suspended by a string, would always point in the 
same direction. People then began to navigate us-
ing magnetite as a compass. Because it led early 
explorers in their travels, they called it lodestone, 
which means way stone, in the sense that the stone 
led the way. Today, lodestone is important mainly 

because of its historical interest; nevertheless, it 
was the beginning of humankind’s knowledge of 
magnetism. It was not until the 1800s, however, that 
scientists began to investigate and to discover the 
properties of magnetism.

EARTH AS A GIANT MAGNET
The earth is a huge magnet and is surrounded by a 
magnetic field. The earth has magnetic poles and geo-
graphic poles (fig. 20). Because the earth’s magnetic 
axis does not quite coincide with the geographic 
axis, the magnetic and geographic poles are not at 
the same place on the surface of the earth. This fact 
is important to those who plot courses or find direc-
tions when traversing the earth. This difference in 
the location between the magnetic pole, or magnetic 
north, and the geographic pole, or true north, is the 
angle of declination, or magnetic deviation. 

Magnetic deviation varies from place to place 
on the earth. Because declination varies, geographers 

NORTH
MAGNETIC

POLE

NORTH
GEOGRAPHIC
POLE

SOUTH
MAGNETIC
POLE

SOUTH
GEOGRAPHIC

POLE

LINES OF
FORCE

Figure 20 Earth’s poles and magnetic lines of force
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7Induction Principles and AC Generators

ALTERNATING CURRENT
Alternating current (AC) is current that periodically 
reverses its direction of flow in a circuit and constantly 
changes its strength, or amplitude. One source of alter-
nating current is an AC generator, which is an alterna-
tor. The current occasionally reverses its direction of 
flow in a circuit because the terminals of the alternator 
are constantly reversing their polarity. That is, a ter-
minal of the AC generator is positive at one instant, 
negative the next instant, then positive, then negative, 
and so on. During the time that one terminal is positive, 
the other terminal is negative. When the terminals of the 
alternator reverse their polarity, the direction of current 
flow in the circuit also reverses, because conventional 
current always flows from positive to negative.

When current changes its direction of flow, the 
strength, or amplitude, of the current also changes. 
Current strength falls to zero at the instant the rever-
sal in direction of flow occurs. This phenomenon is 
similar to a person’s traveling due east and deciding 
to change direction. The person must come to a stop, 
at least momentarily, before he or she can travel due 
west. Similarly, the strength of alternating current 
changes from zero to a maximum in one direction, 
then falls to zero and rises to a maximum in the other 
direction, and returns to zero again. This action is 
repeated as long as current is flowing.

DIRECT CURRENT
Direct current (DC), on the other hand, flows in one 
direction; its strength, or amplitude, remains constant. 
When a circuit is connected to a battery, the current 
flows from the positive terminal of the battery through 
the circuit to the negative terminal of the battery in one 
direction. To reverse the current’s direction through 
the circuit, the battery terminals must be reversed. 
Reversing the battery terminals is the only way to 
reverse the current’s direction through the circuit. 
The positive terminal of a battery remains positively 
charged; it never becomes negative. Moreover, a bat-

tery’s negative terminal never becomes positively 
charged. Likewise, the connecting wire that leads to 
the positive terminal of the battery is positive.

The two most important sources of DC current 
are batteries and DC generators. Each has a positive 
and a negative terminal, which are usually marked 
plus (+) for positive and minus (–) for negative.

ELECTRIC AND MAGNETIC FIELDS
Magnetic devices include such equipment as relays, 
motors, and transformers. Because they are magnetic 
devices, they are usually discussed in terms of their 
magnetic fields. On the other hand, conventional 
electrical devices, such as radio circuits and the like, 
are usually discussed in terms of their electric fields. 
Further, just as magnetic devices have magnetic fields 
and magnetic lines of force, conventional electrical 
devices have electric fields and electric lines of force. 
Electric lines of force exist whenever a difference in 
potential occurs, such as around the terminals of a 
battery, or around power lines.

Moreover, if an atomic particle, such as an elec-
tron or proton, is charged, electric lines of force are 
associated with it, too. If the particle is an electron, it 
is negatively charged. In this case, the lines go out of 
the particle (fig. 39A). If the particle is a proton, it is 
positively charged, and the lines go into the particle 
(fig. 39B). 

Particles with unlike charges—that is, one 
has a positive charge and the other has a negative 
charge—are attracted to each other. This fact leads to 
the expression, “unlike charges attract.” Electric lines 
of force, just as magnetic lines of force, always tend 
to travel the shortest route possible, and the shortest 
distance for the lines is between two unlike charges 
(fig. 39C). Thus, they attract.

On the other hand, when particles with like 
charges are brought together, they tend to repel—that 
is, “like charges repel.” Like charges repel because 
the lines around the charges collide head on and 
therefore oppose each other (fig. 39D).
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8Electrical Components, Impedance, and Power

RESISTORS
Although several materials resist the flow of electric 
current, most circuits require a specific resistance 
to operate properly. For example, electronic ampli-
fiers, control circuits, instrumentation loops, and 
similar devices require resistors of a fixed value. 
When electricity flowing in a circuit encounters a 
resistor, the resistor reduces the voltage to a specific 
and required amount. Resistors provide the correct 
operating voltage to a component or to another part 
of the circuit. In short, resistors create voltage drops 
where they are wired into the circuit. 

Resistors are made from (1) a special wire, (2) 
a mixture composed of conductive and nonconduc-
tive materials termed a composition, or (3) a thin 
membrane, or skin, called film. Figure 46 shows a 
wire-wound resistor, a composition resistor, and the 

TERMINALS

NICHROME
WIRE

CERAMIC
TUBE

PIGTAIL LEADS
(TERMINALS)

WIRE-WOUND RESI STOR

COMPOSITION RESISTOR

SYMBOL FOR RESI STOR

15 Ω

symbol for a resistor, which is used in schematics 
(drawings) of circuits. Also shown is the Greek letter 
Ω (omega), which stands for ohms. The resistor in 
figure 46 is a 15-ohm, or 15-Ω, resistor. 

Wire-Wound Resistors
Wire-wound resistors consist of high-resistance wire 
wound on a ceramic spool or tube. Wire-wound 
resistors give off a large amount of heat; so, they 
are used in well-ventilated circuits. Manufacturers 
often employ Nichrome wire in wire-wound resis-
tors because of its high resistance. A wire-wound 
resistor’s value in ohms depends on the length of 
the wire wound on the tube, the diameter of the 
wire, and the grade of Nichrome wire. Resistance 
in wire-wound resistors is usually given as ohms per 
mil-foot. Thus, the longer the wire and the heavier, 
or thicker, its gauge, the higher is its resistance. 

As mentioned earlier, wire-wound resistors 
give off heat and heat speeds up oxidation. Nichrome 
wire not only has high resistance, but also it resists 
oxidation. That is, Nichrome wire does not readily 
combine with oxygen in the air and oxidize. Just 
as rust damages or destroys an iron or steel object, 
oxidation can damage or destroy the wire on a 
wire-wound resistor. Therefore, iron wire is not 
satisfactory for resistors because it rapidly oxidizes.

Wire-wound resistors can handle large amounts 
of power and can be made to relatively close toler-
ances. They are rugged and reliable, they have 
low temperature coefficients—that is, temperature 
changes do not significantly affect their resistance—
and they are stable under most operating conditions. 
Also, low-resistance wire-wound resistors with close 
tolerances are very economical to make. 

On the other hand, wire-wound resistors are 
not available in as wide a range of resistance values as 
film and composition resistors. Also, for a given power 
rating and resistance value, they are significantly 
larger than the other two. (A resistor’s power rating 

Figure 46 Two types of resistors and the symbol 
for a resistor
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9
Electromagnetic Equipment

ELECTRIC
MOTOR

TRANSFORMERS

TRANSFORMERS

TRANSFORMERS

Figure 70 Use of transformers in a distribution 
system

TRANSFORMERS
When a transformer is installed in a circuit, electricity 
of a given voltage and current flows into the trans-
former. The transformer then converts, or transforms, 
the voltage and current to a higher or lower value. The 
higher or lower values then flow to the remainder of 
the circuit in which the transformer is installed. For 
example, if 110 volts enters a transformer, the trans-
former can change it to, let’s say, 1,110 volts before 
the voltage flows elsewhere in the circuit. In this case, 
input to the transformer is 110 volts, while output is 
1,110 volts. On the other hand, 110 volts may flow into 
a transformer and the transformer can change it to 11 
volts of output. Similarly, a transformer can change an 
input current of 1 ampere to 5 amperes and vice versa. 

Transformers are essential in power distribution 
systems. Power distribution systems deliver electric 
power from a source of generation to a place of 
utilization. Without transformers, electric power 
cannot easily be transmitted over great distances. 
The electrical generation and transmission system 
of Hoover Dam in the western United States is a 
good example of how transformers are used in a 
power distribution system. The generators at the 
foot of the dam produce alternating current at 13,000 
volts. Transformers step up this voltage to 287,500 
volts for transmission through wires to Los Angeles, 
California, which is 200 miles (320 kilometres) away. 
In Los Angeles, additional transformers all over the 
city step it down to 440, 220, and 110 volts for use in 
industry, homes, and offices.

The reason for stepping voltage up and down 
to transmit it long distances is explained by the 
behavior of electricity when it travels through a con-
ductor. When current passes through a conductor, 
such as a wire, some electrical energy is converted to 
heat, which is a loss of electrical energy. The amount 
of energy lost is proportional to the square of the 
number of amperes of current. That is, the higher 
the amperage of the current, the greater is the energy 
loss. The amount lost also depends on the conductor’s 

size, or gauge. The larger the conductor, the less is 
its resistance and the lower is the heat loss through 
it. Another factor concerns the power law, which is 
P = VI, where power in watts (P) is equal to voltage 
(V) in volts times current (I) in amperes.

Let’s say, for example, that 880 watts of power 
is to be transmitted. From the power law, note that 
any combination of volts and amperes that produces 
a product of 880 watts is possible. For example—
 1. 110 volts × 8 amperes = 880 watts.
 2. 220 volts × 4 amperes = 880 watts.
 3. 440 volts × 2 amperes = 880 watts.
 4. 880 volts × 1 ampere = 880 watts.
In this case, the most desirable condition for 
transmitting the power is 880 volts and 1 ampere, 
because low amperage causes less heat loss in the 
conductor. The most efficient way to transmit alter-
nating current is at high voltage and low amperage.

Figure 70 illustrates the use of transformers 
between a generating station at a dam and the elec-
tric motor on an oilwell pumping unit. The power 
leaves the dam at high voltage and low amperage 
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10
In the years since their invention in the late 1940s by 
physicists at Bell Laboratories, transistors and similar 
semiconductor components have virtually replaced 
vacuum tubes and other conventional devices in 
electronic equipment. Terms such as vacuum tube, thy-
ratron, triode, and the like are virtually unheard today. 

Semiconductors, which include diodes, transis-
tors, and light-emitting diodes (LEDs), among many 
other such components, offer several advantages 
over vacuum tubes. Semiconductors are small, light-
weight, rugged, and efficient. What is more, they 
require no warm-up time and can operate under 
severe environmental conditions.

BASIC SEMICONDUCTOR THEORY
Semiconductors are solid-state devices that depend 
on the flow of electric charges in a solid for their 
operation. A semiconductor’s resistance to current 
flow is less than the resistance of insulators, or non-
conductors. However, a semiconductor’s resistance 
is greater than a conductor’s. Stated another way, 
the conductivity of a semiconductor is higher than a 
nonconductor but is lower than a conductor.

The conductivity of a material depends on the 
number of free electrons contained in its atomic struc-
ture. For example, a conductor such as copper has 
1.64 × 1024 free electrons per cubic centimetre, while 
an insulator such as rubber has only three or four free 
electrons per cubic inch. Interestingly, the most com-
mon materials used to make semiconductors—silicon 
and germanium—are nonconductors in their pure 
states. They have no free electrons and become semi-
conductors only after manufacturers add impurities.

Semiconductor Materials
Manufacturers make most semiconductors from 
silicon. They rarely use germanium, except in special 
applications, because germanium cannot operate at 
high temperatures. Silicon, on the other hand, can 
operate at high temperatures. 

Four electrons in the outer ring, or shell, orbit the 
nucleus of a silicon atom. Electrons in the outer ring of 
an atom are valence electrons. Valence electrons in one 
atom are available to combine with valence electrons 
of other atoms. When valence electrons of atoms 
combine, they form a new substance. For example, 
when the valence electrons of silicon combine with the 
valence electrons of oxygen, silicon dioxide (SiO2) is 
formed, which is one of the most common substances 
on earth in that it is the main component of sand. 

Besides valance electrons in one atom of one ele-
ment combining with the valance electrons of a differ-
ent atom, the valence electrons can also combine with 
the valence electrons of the same atom. When valence 
electrons of one element combine with the valence 
electrons of the same element, they form electron-pair 
bonds. An electron-pair bond is the combining of at-
oms (the bonding) in which each atom of a bond pair 
contributes one electron to form a pair of electrons.

Silicon has a crystal structure. That is, silicon 
is a homogenous solid whose atoms are arranged 
in a regularly repeating pattern. When a substance 
occurs in such a pattern, it is a crystal or has a 
crystalline structure. The four valence electrons of 
silicon are tightly bound in its crystalline structure 
by electron-pair bonds. This type of structure is 
called a lattice. (A lattice, in this sense, is the regular 
geometrical arrangement of points or objects over 
an area in space.) In a lattice, the four electrons of 
each atom form electron-pair bonds with one valence 

ELECTRON-PAIR
BONDS

ATOMS

+ +
+ +

+ +
+ +

+ +
+ +

+ +
+ +

+ +
+ +

+ +
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+ +
+ +

+ +
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Figure 98 Lattice structure of semiconductor 
crystals 

Semiconductors and Applications
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11Digital Logic

We are firmly entrenched in a world where digital logic 
equipment and systems have become the dominant 
means of computation and communication. Sev-
eral years ago, analog equipment dominated because 
digital devices had not been developed to the point of 
widespread use. Development of solid-state electron-
ics, logic functions, and integrated circuits became 
commercial in the late 1960s and became fully devel-
oped in the 1970s. Logic functions, such as AND, OR, 
NAND, NOR, and flip-flop circuits, became available 
at low cost and led to the replacement of electrome-
chanical relays. (A flip-flop circuit is a type of elec-
tronic circuit in which either of two active devices may 
remain conducting, with the other nonconducting, 
until the application of an external pulse.) However, 
replacement was passive—that is, the change from 
electromechanical relays to logic circuits was made 
only when it became necessary to replace a bad relay. 

In the 1980s, a new integrated circuit was intro-
duced: the microprocessor. Microprocessors allowed 
interaction between the user and the desired output. 
Further development of microprocessors led to pro-
duction of calculators, digital phones, digital com-
puters, and programmable logic controllers (PLCs). 
Today, supervisory control systems, digital telemetry 
devices, data acquisition equipment, and similar 
equipment are widely available. Because they are so 
widespread, these devices are usually well within 
economic reach of most consumers and companies.

BINARY NUMBERS 

Because digital logic and the equipment that use it 
are based on the binary number system, this section 
further explores the concept. Earlier, basic concepts 
of digital and binary numbers, which use the symbols 
1 and 0 to represent logic states or conditions, were 
discussed. This section builds on these concepts.

Binary Arithmetic

Binary numbers are different from decimal num-
bers in that binary numbers use base 2 and decimal 

numbers use base 10. All decimal numbers can be 
represented as the number 10 raised to some power, 
and all binary numbers can be represented as the 
number 2 raised to some power.

The decimal system uses digits ranging from 
0 to 9, while the binary system uses only the digits 
0 and 1. The use of only two digits fits in well with 
electrical systems, because 0 can represent the ab-
sence of voltage while 1 can represent the presence of 
voltage. Switches or solid-state devices can establish 
the presence or absence of voltage. 

In all numbering systems, a number takes on a 
weighted value according to its position to a reference 
point. In binary systems, this reference point is the bi-
nary point. Decimal systems take on weight relative to 
the position of the decimal point. A binary point is similar 
to the decimal point. A decimal point is a dot placed 
between numbers to indicate the point where numbers 
take on positive or negative powers of 10 (positive to the 
left of the decimal point and negative to the right of the 
decimal point). Because binary numbers are used in the 
binary system, the point is called the binary point, rather 
than the decimal point. In the binary system, numbers to 
the left of the binary point are raised to positive powers 
of 2, while numbers to the right of the binary point are 
raised to negative powers of 2. For example—

Binary Point
↓

 23 22 21 20 2–1 2 –2 2–3 2– 4

In the base-10 decimal system, a number 
becomes 10 times larger each time it is moved one 
position to the left of the decimal point. For example, 
the number 3,747 can be represented in weighted 
columns as—

 103 102 101 100

 1,000 100 10 1

 3 7 4 7

Thus, the number 3,747 also means 3,000 + 700 + 40 
+ 7 = 3,747.
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12Electrical Test Instruments 

A large part of the world’s population is served by a 
group of persons who perform special services related 
to the repair and maintenance of machines. These 
persons are mechanics, electricians, and technicians 
who use special instruments to locate points of trouble. 
And, once they determine the problem, they often use 
special tools to repair malfunctioning equipment and 
machines. For example, auto mechanics use special 
tools such as pressure, vacuum, temperature, and 
feeler gauges to measure and adjust engines. Mechan-
ics also use a variety of electronic instruments when 
dealing with automobiles. Special scopes allow them 
to study the performance of ignition systems, dwell 
meters allow them to set timing (on older cars), and 
rpm meters (tachometers) allow them to set engine 
idle speeds. They also use voltmeters, ammeters, and 
ohmmeters to locate trouble in electrical systems and 
to help them make engine adjustments.

However, electronics technicians are likely to 
use the largest array of test and measuring instru-
ments. They are engaged in the maintenance and 
repair of industrial instrumentation systems that 
employ electronic controls and they must know about 
several testing, measuring, and calibrating devices.

An instrumentation technician or mechanic not 
only uses ordinary pressure gauges and mechanical 
measuring devices, but also many test instruments 
that measure and observe the various aspects of 
electricity. These aspects include voltage, current, 
resistance, frequency, and wave shape.

D’ARSONVAL MOVEMENTS

An electricity detection device that has been in exis-
tence for over 200 years is the electroscope (fig. 159). 
An electroscope consists of a metal rod with a ball 
on the end of it, a strip of gold leaf, a metal cylinder, 
and a rubber stopper. When the rod and leaf take 
on the same electric charge—either positive or nega-
tive—the like charges drive the free end of the thin 
and limber leaf away from the rod, just as the same 
poles of a magnet repel each other. 

In figure 159, a negatively-charged rod is held 
near the metal ball. Electrons are repelled to the lower 
end of the metal rod and onto the gold leaf. Electrons 
in the rod and leaf repel one another, pushing the leaf 
away from the rod. As scientists such as Volta, Galvani, 
and Coulomb, all of whom worked in the early 1800s, 
recognized, the leaf’s movement confirms the presence 
of electricity. Later, other scientists recognized the 
close relationship between electricity and magnetism 
and began using electric current produced by chemi-
cal and mechanical means. From these beginnings, 
electrical researchers rapidly developed measuring 
and testing devices using magnetic fields.

Most modern testing and measuring instruments 
use a meter. Several kinds of meters are available, but 
most have a scale of values printed on a background 
that makes them easy to read. A pointer, when ener-
gized by the meter’s leads being attached to the circuit 
or component to be tested, moves to some point on the 
scale. A user then reads the value opposite the pointer’s 
tip. Meters display values of voltage, current, resistance, 
and other variables, such as rpm and dwell angle. 

Most meters use a mechanism called a d’Arsonval 
movement. A meter with a d’Arsonval movement 
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CHARGED
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Figure 159  Simple electroscope
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Electronic control systems used in the petroleum in-
dustry are usually complex groupings of integrated 
circuits (ICs) that represent thousands of discrete com-
ponents. Circuits are complicated; indeed, even the 
simplest systems can be very involved. To understand 
the function and characteristics of every component or 
module is virtually impossible. At the same time, how-
ever, modern systems possess many excellent features 
and they are relatively easy to troubleshoot—certainly 
easier than the equipment of two or three decades ago. 

Consider, for example, a solid-state operational 
amplifier (op amp), called a 741 (fig. 187). It replaces 
a 1950s vintage assembly that contained at least a 
dozen vacuum tubes and scores of other components. 
To determine whether a 741 op amp is operating 
properly, a technician only has to take measurements 
at two or three points. On the other hand, trouble-
shooting the 1950s model required considerable skill 
and an extensive amount of time.

13Troubleshooting Techniques and Safety

Besides integrated circuits, modular construc-
tion has also made modern-day systems easy to 
troubleshoot and service. Making components in 
modules dates back to the vacuum-tube era, but in 
those days the modules were bulky and expensive 
(fig. 188). Today, however, a technician can quickly 
and easily extract a malfunctioning module that may 
contain tens of thousands of discrete components 
from a cardholder or socket and replace it with a 
module known to be operational (fig. 189).

RECORDKEEPING

It is very important to keep accurate troubleshooting 
records. Often, the operation and maintenance man-
uals that accompany a particular piece of equipment 
contain forms or special pages for recordkeeping. If 
they do not, then the technician responsible for the 
equipment’s upkeep should start a record. Indeed, 
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Figure 187  Circuit diagram of a type 741 op amp with a typical package format
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To obtain additional training materials, contact:

PETEX
The University of Texas at Austin

Petroleum extension service
10100 Burnet Road, Bldg. 2

Austin, TX 78758

Telephone: 512-471-5940
or 800-687-4132

FAX: 512-471-9410
or 800-687-7839

E-mail: petex@www.utexas.edu
or visit our Web site: www.utexas.edu/ce/petex

To obtain information about training courses, contact:

PETEX
learning and assessment center

The University of Texas
4702 N. Sam Houston Parkway West, Suite 800

Houston, TX 77086

Telephone: 281-397-2440
or 800-687-7052

FAX: 281-397-2441
E-mail: plach@www.utexas.edu

or visit our Web site: www.utexas.edu/ce/petex
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