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“ Introduction

Q : H ES , = Become aware of the rapid growth of the

electrical/electronics industry over the past
century. * . A

. Understand the importance of applying a unit of
measurement to a result or measurement and to
ensuring that the numerical values substituted
into an equation are consistent with the unit of
measurement of the various quantities. %

- « Become familiar with the Sl system of units used
throughout the electrical/electronics industry.

« Understand the importance of powers of ten and
how to work with them in any numerical
calculation.

. + Be able to convert any quantity, in any system of
. * units, to another system with confidence.

1.1 THE ELECTRICAL/ELECTRONICS INDUSTRY -

Over the past few decades, technology has been changing at an ever-increasing rate. The pres-
sure to develop new products, improve the performance of existing systems, and create new
uiarkets will only accelerate that rate. This pressure, however, is also what makes the field so
exciting. New ways of storing information, constructing integrated circuits, and developing
hardware that contains software components that can “think” on their own based on data input
are only a few possibilities. B

Change has always been part of the human experience, but it used to be gradual. This is no
longer true. Just think, for example, that it was only a few years ago that TVs with wide, flat
screens were introduced. Already, these have been eclipsed by high-definition TVs with im-
ages so crysial clear that they seem almost three-dimensional.

Miniaturization has also made possible huge advances in electronic systems. Cell phones
that originally were the size of notebooks arc now smaller than a deck of playing cards. In
addition. these new versions record videos, transmit photos, send text messages, and have
calcndars, reminders, calculators, games, and lists of frequently called numbers. Boom boxes
playing audio cassettes have been replaced by pocket-sized iPods® that can store 30,000
songs or 25,000 photos. Hearing aids with higher power levels that are almost invisible in
the car, TVs with 1-inch screens—the list of new or improved products continues to expand
because significantly smaller electronic syskems have been deveioped.

This reduction in size of electronic systems is due primarily to an important innovation
introduced in 1958—the integrated circuit (1C). An integrated circuit can now contain features
less than 50 nanometers across. The fact thut measurements are now being made in nanome-
ters has resulted in the terminology nanotechnology to refer to the production of integrated
circuits called nanochips. To understand nanometers, consider drawing 100 lines within
the boundaries of 1 inch. Then attempt drawing 1000 lines within the same length. Cutting
50-nanometer features would require drawing over 500,000 lines in 1 inch. The integrated
circuit shown in Fig. 1.1 is an Inte}® Core 2 Extreme quad-core processor that has 291 million
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Integrated Heat Spreader (IHS):
The iniegrated meral heat spreader
spreads heat from the silicon chips
and protects them.

-+ Silicon chips (dies): The two dies

inside the Intel® Core™ 2 Extreme
quad-core processor are 143 mm?in
size and utjlize 291 miljion transistors
each,

—~ Substrate: The dies are mounted

(h) EaT . directly to'the substrate which
facilitates the contact to the
motherboard and chipset of the

3 PC via 775 contacts and electrical

(a) s connectiofs.

FIG. 1.1
Intel® Core™ 2 Extremé quad-core processer: (a) surface appearance, (b) internal chips.

- transistors in each dual-core chip. The resu]t is that the entire package,
: which is about the size of three postage stamps, has almost 600 million
transistors—a number hard to comprehend
However, before a decision is made on Such dramatic rcductlorls in_
size, the system must be designed and tested to determine if it is worth
< _ : constructing as an integrated circuit. That design process requires engi-
neers who know the characteristics’ of each device used in the system,
“including undesirable characteristics that are part of any electronic
element. In otlier words, there are no ideal (perfect) elements in an &tec~
"tronic. design. Considering the limitations of each component is neces-
% ' R 5 sary to ensure a reliable response under all conditions of temperature,
vibration, and effects of the surrounding environment. To develop this .
: awareness requires time and must begin with understanding the basic
g ¢haracteristics of the device, as covered in this text. One of the objec-
' tives of this text is to explain how ideal components work and their func-
tion in a network. Another is 1o explain conditions in which components
may not be ideal.

One of the very positive aspecr.s of lhe learning process associated
with eleetric and electronic circuits is that once 4 concept or procedure is
clearly and correctly understood, it will be useful throughout the career
of the individual at any level in the industry. Once a law or equation is
_understood, it will nat be replaced by another equation as the material
“becomes more advanced and complicated. For instance; one of the first
laws to be mtroduced is Ohm's law, This law provides a relationship be-
tween forces and components that will always be true, no matter how
‘complicated the: system becomes. In fact, it is:an equation that 'will be
- : applied in various farms throughout the design of the entire system. The
A ol ot use of the basic laws may clumge, bul lhg laws- wdi not cl:la.ng_e and will

: _ i : always be npphcable Ly

i s Tt virally i important to understand Ihal the Iearmng process for cif-

“ . cuit analysis is sequential.-That is, the first few chapters establisli the

foundation for the remaining chapters, Failure to properly undersgand

e TR the. mlng chapters will only lead to difficulties understanding the ma-
terial'in the chapters to follow: This first chapter provides a brief history .

of the field followed by a review of mathematical concepls-necessary. 1o

. understand the rest of the material.




1.2 A BRIEF HISTORY

In the sciences, once a hypothesis is proven and accepted, it becomes
one of the building blocks of that area of study, ‘permitting additional in-
vestigation and development, Naturally, the more pieces of § puzzle
available, the more obvious is the avenue toward a possible solution. In
fact, history demonstratés that a single development may provide the key
that will result in a mushrooming effect that brings the science to a new
“plateau of understanding and impact. “ ;

If the opportunity presents itself, read one of the many publications
reviewing the history of this field. Spade requirements are such that only

o

" a brief review can be provided here. There are many more contributors -

‘than could be listed, and their efforts have often provided important keys
to the solution of some very important concep'ts'.

Throughout history, some periods were characterized by what ap-
peared to be an explosion of interest and development in particular areas.
As you will see from the discussion of the late 1700s and the early '
1800s, inventions, discoveries, and theories cameé fast and furiously.
Each new concept broadens the possible areas of application until it be-
comes almost impossible to trace developments without picking a par-
ticular area of interest-and following it through. In the review, as you
read about the development of radio, television, and computers, keep in |
mind that similar progressive steps were occurring in the areas of the
telegraph, the telephone, power generation, the phonograph, appliances,
and so on. ;

_ There is a tendency when reading about the great scientists, inventors,
and innovators to believe that their contribution was a totally individual
effort. In many instances; this was not the case. In fact, many of the great
contributors had friends or-associates who provided support and encour-

* agement in their-efforts to investigate various theories. At the very least,
they were aware of one another's efforts to the degree possible in the,

days when a letter was often the best form of communication. In partic- -

ular, note the closeness of the dates during periods of rapid development.
One contributor-seemed to spur.on the efforts of the others or pgssibly
provided the key needed to continue with the area of interest.
_ Inthe early stages, the contributors were not electrical, electronic, or
computer engineers as we know them today. In most cases, they were
physicists, chemists, mathematicians, or even philosophers. In addition,
they were not from one or two communities of the Old World. The home
country of manjl of the major contributors introduced in the paragraphs
to follow is provided to show that almost every established community
had some impact on the development of the fundamental laws.of electri-
cal cirguits. ' o
As you proceed through the remaining chapters of the text, you will
find that a pumber of the units of measurement bear the name of major
contributors in those areas—volt after Count Alessandro Volta, ampere
after André Ampére, ohm after Georg Ohm, and so forth—fitting recog- |
nition for their important contributions to the birth of a major field of
study. : : . ; . ,
Time charts indicating a limited number of major developments arc
provided in Fig. 1.2, primasily to identify specific periods of rapid de-
velopment and to reveal how far we have come in the last few decades.
In essence, the current state of the art is a result of cfforts that began in
earnest some 250 years ago, with progress in the last 100 years being al-
most exponential. :

-

»
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Time charts; (a) long-range; (b) expanded, I

As you read through the following brief review, try to scnse the grow-
ing intcrest in the field and the enthusiasm and excitement that must
have accompanied each new revelation. Although you may find some of
the terms used in the review new and essentially meaningless, the re-
maining chapters will explain them thoroughly. i

The Beginning

The phenomenon of static electricity has intrigued scholars throughout
history. The Greecks called the fossil resin substance so ofter used to
demonstrate the effects of static electricity elektron, but no extensive
study was made of the subject until William Gilbert researched the phe-
nomenon in 1600. In the yedrs to follow, there was a continuing investi-
gation of electrostatic charge by many individuals, such as Otto von
Guericke, who developed the first machine to gencrate large amounts of
charge, and Stephen Gray, who was able to transmit electrical charge
over, long distances on silk threads. Charles DuFay demonstrated that
charges either attract ‘or repel each other, leading him to believe that
thére were two types of charge—a theory we subscribe to today with our
defined positive and negative charges.
There are many who believe that the true beginnings of thc ‘electrical
_era lie with the efforts of Pieter van Musschenbroek and Benjamin
Franklin, In 1745, van Musschenbroek introduced the Leyden jar for
the storage of electrical charge (the first capacitoffand demonstrated
electrical shock (md therefore the power of this new form of energy)
Franklin used the Leyden jar some 7 years later to establish that light-
ning is simply an electrical discharge, and he expanded on a number of
other important- theories, including the definition of the two types of
charge as positive and negarive. From this point on, new discoveries and
theories seemed to occur at an increasing rate as the number of individu-
als performing research in the area grew.



In 1784, Charles Coulomb dcmonstrar.ed in Paris that the force be- -

tween charges is inversely related to 'the square of the distance between
the charges. In 1791, Luigi Galvani, professor of anatomy at the Univer-
sity of Bologna, Italy, performed experiments on the effects of electricity
on:animal nerves.and muscles. The first voltaic cell, with its ability to
produce electricity through the chemical action of a metal dissolving in=
an acid, was developed by-another Italian, Alessandro Volta, in 1799.
The fever pitch continued into the early 1800s, with Hans Christian

Oersted, a Danish prof‘assor of physics, announcing in 1820 a relation- -

ship between magnetism and electricity that serves as the foundation
for the theory of electromagnetism as we know it today. In the same
year, a French physicist, André Ampére, demonstrated that there are
magnetic effects around every current-carrying conductor and that

current-carrying conductors can attract and repel each other jusr like

magnets. In the period 1826 to 1827, a German physicist, Georg Ohm,
introduced an important re}auonsh;p between potential, current, and re-
sistance that we now refer to as Ohm's law. In 1831, an English physi-

" cist, Michagl Faraday, demonstrated his theory of electromagnetic

Tntrads ety ~-2A

induction, whereby a changing current in ope coil can induce a changing

current in another coil, even though the two coils are not directly con- -

nected. Faraddy also did extensive work on a storage device he called the
condenser, which we refer to today as a capacitor. He introduced the
idea of adding a dielectric between the plates of a capacitor to increase

“the storage capacity (Chapter 10). James Clerk Maxwell, a Scottish pro-

fessor of natural philosophy, performed extensive mathematical analyses
to develop what are currently®called Maxwell’s equations, which support
the efforts of Faraday linking electric and magnetic effects. Maxwell
also developed the electromagnetic theory of.light in 1862, which,
among other things, revealed that electromagnetic waves travel through
air at the velocity of light (186,000 miles per second or 3 x 10% meters
per second). In 1888, a German physicist, Heinrich Rudolph Hertz,
through experimentation with lower-frequency electromagnetic waves
(microwaves), substantiated Maxwell’s predictions and equations, In the
mid-1800s, Gustav Robert Kirchhoff introduced a series of laws of volt-
ages and currents that find application at every level and area of this field
(Chapters 5 and 6). In 1895, another German physicist, Wilhelm Ront-
gen, discovered electromagnetic waves of high frequency, commonly
called X-rays today. ’

By the end of the 1800s, a significant number of the fundamental
equations, laws, and relationships had been established, and various
fields of study, including electricity, electronics, power generation and
distribution, and communication systems, started to develop in earnest.

The Age of Electronics

Radlu The true beginning of the electronics era is open to debate and
is sometimes attributed to efforts by early scientists in applying potentials
across evacuated glass envelopes, However, many trace the’ beginning o
Thomas Edison, who added a metallic elecirolle to the vacuum of the
tube and discovered that a current was established between the metal
electrode and the filament when a positive voltage was applied to the
metal electrode. The phenomenon, demonstrated in 1883, was referred
to as the Edison effect. In the period 1o follow, the transmission of radio
waves and the development of the radio received widespread attention.
In 1887, Heinrich Hertz, in his ctfﬂriq to_verify Maxwell's equations,

"
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; transmitted radio. waves for the first time in his laboratory. I, 1896, an
- Italian stientist, Guglielmo*Marconi (often called the father of the
radio), demonstrated that telegraph signals could be sent through the air
_over long distances (2.5 kilometers) using a grounded antenna, In the
. same year, Aleksandr Popov sent what might have been the first radio
' message some 300 yards. The megsage was the name “Heinrich Hertz"
2 " in respect for Hertz's earlier contributions. In 1901, Marconi established
! : radio communication across the Atlantic. -
In 1904, John Ambrose Fleming expanded on the efforts of Edison to
; develop the first diode, commonly called Fleming’s valve—actually
= " the first of the electronic devices. The device had a profound impact on
* the design of detectors in the receiving section of radios. In 1906, Lee De
Forest added a third element to the-vacuum structure:and created the first
amplifier, the triode. Shortly thereafter, in 1912, Edwin Armstrong built
: the first regenerative circuit to improve receiver capabilities and then .
. used the same contribution to develap the first nonmechanical oscillator.
' By 1915, radio signals were being transmitted across the United States,
and'in 1918 Armstrong applied for a patent for the superhéterodyne cir--
! cuit employed in virtually every télevision and radio to permit amplifica-
= tion at one frequency rather than at the full range of incoming signals.
The major components of the modern-day radio were now in place, and -
sales in radios grew from a few miillion dollars in the early 1920s to over
$1 billion by the 1930s. The 1930s were truly the goldén years of radio
with a wide range of productions for the listening audience. Y

Television The 1930s were also the true beginnings of the television
era, although devélopment on the picture tube began in earlier years with
- Paul Nipkow-and his electrical telescope in 1884 and John Baird and his
. . Jong list of successes, including the transmission of television pictures
- - over telephone lines in 1927 and over radio waves in 1928, and simulta-
neous. transmission of pictures and sound-in 1930. In 1932, NBC in-
‘ : : stalled the first commercial television antenna on top of the Empire State
' Building in New York City, and RCA began regular broadcasting in
1939. World War 2 slowed development and sales, but in the mid-1940s
the number of sets grew frem a few thousand toa few million. Color tel-

evision became popular in the early 1960s.

Computers The earlicst computer system can be traced back to
Blaise Pascal in 1642 with his mechanical machine for adding and sub-
tracting numbers. In 1673, Gottfried Wilhelm von Leibniz used the
Leibniz wheel to add multiplication and division to the range of opera-
tions, and in 1823 Charles Babbage developed the differénce engine to
add the mathematical operations of sine, cosine, logarithms, and several
others. In the years 1o follow; improvements were made, but the system
remained primarily mechanical until the 1930s when electromechanical
= systems using components such as relays were introduced. It was not
until the 1940 that totally electronic systems became the new wave. It is
intéresting to noté that, even though IBM was formed in 1924, it did not
enter the computer industry until 1937. An entirely electronic system
known as ENIAC was dedicated at the University-of Pennsylvania in
1946, It contained 18,000 tubes and weighed 30 tons but was several
_  times faster than most electromechanical systems, Although other vac-
- uum tube systems were built, it was not until the birth of the solid:state
era that. computer systems expefiericed a major change in size, speed,
and capability.
4 . Intrndurtary @ . 9R



The Solid-State Era

In 1.94?, physicists William S'hétklejy, John Bardeen, and Walter H.

- Brattain of Bell Telephone Laboratories demonsirated the point-contaet

transistor (Fig. 1.3), an amplifier constructed entirely of solid-state
materials with no requirement for a vacuum, glass envelope, or heater

“voltage for the filament. ‘Although reluctant at first due to the vast
amount of material available on the design, aralysis, and synthesis of

tube networks, the industry eventually accepted this new Atechnology as
thie wave of the future. In 1958, the first integrated circuit (IC) was de-
veloped at Texas Instruments, and in 1961 the first commercial inte-
grated cifcuit was manufactured by the Fairchild Corporation. -+
Itis impossible to review properly the entire history of the electrical/

' e]ecu-omcs field'in a few pages. The.effort here, both through the dis-

cussion and the time graphs in Fig: 1.2,»was to reveal the amazing
progress of this field in the last 50 years. The growth appears to be
truly exponential since the early 1900s, raising the interesting ques-
Jtion, Where do we go from here? The time chart suggests that the next

few decades will probably contain man 1mpormm innovative contri-
butions that may' causq an even faster growth curve than we are now _

experiencing, . - ' B

1.3 UNITS OF MEASUREMENT ’

" One of the most important rules to remember and apply when ‘working

in any field of technology is to use the correct units when substituting
numbers into an équation. Too often we are so intent on obtairing a nu-

-‘merical solution that we overlook checking the units associated with the

numbers being substituted i into an equation. Results obtained, therefore, :
are often meaningless. Cons:der. for example, the fol!owmg very funda-

mcntal physics equation:” ] i e ]

d Cy= velocity +

3 v=—| d=distance : (LY
L1 ¢=time ' :

Assume, for the  moment, that the following data are obtained for a mov-
ing object

"d =000 ft

t =1 min

and v is desired in miles per hour. Often, without a second thought or
cons:dcranon. the numerical values are simply subsmut::d into the equa-
tion, with the result here that

. : ' d 4000 ft :
.. ' U—r“ < —M_

1 min

As indicated above, the solution is totally incorrect. If the result is de-
sired in miles per hour, the unit of measurement for distance must be

miles, and that for time, hours. In a moment, when the problem is ana- )

lyzed properly, the extent of lhe error will demonstrate the i lmponance of
énsuring thaz .

‘the numerical value substituted into an equation must have lke unit
of measurement specified by the equation. "

* UNITS OF MEASUREMENT 111 7

FIG. 1.3
- The first transistor.
(Used with permission of Lucent Technologies Inc./
Bell Labs.)
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The riext question is normally, How do I convert the distance and time
to the proper unit of measurement? A method is presented in Secton 1.9
of this chapter, but for now it is given that
2 .. 1lmi=520f
' 4000 ft = 0.76 mi
~ Imin=gh=0017h
Substituting into Eq. (1.1), we have

d 0.76 mi ;
s DRI
V=T 0017 1mph

which is significantly different from the result obtained before,

To complicate the matter further, suppose the distance is given in
kilometers, as is now the case on many road signs. First; we must re-
alize that the prefix kilo stands for a multiplier of 1000 (to be intro-
duced in S&ction 1.5), and then we must find the conversion factor
between kilometers and miles If this conversion factor is not readily
available, we must be able to make the conversion between units -
usingithe conversion factors between meters and feet or.inches, as de-
scribed in Section 1.9, '

Before substituting numerical values into an equation, try to mentally
establish a reasonable range of solutions for comparison purposes. For.
instance. if a car travels 4000 ft in 1 min, does it seer reasonable that the
speed would be 4000 mph? Obviously not! This self-checking procedure
is particularly important in this day of the hand-held calculator, when
ridiculous.results may be accepted simply because they appear on the
digital display of the instrument.

Finally, o

if a unit of measurement is applicable to a result or piece of data, |
then it must be applied to the numerical value. Y

To state that v = 44.71 without including the unit of measurement rmph
is meaningless. | '

Eq. (1.1) is not a difficult one. A simple algebraic manipulation will
result in the solution for any one of the three variables. However, in light
of the number of question!s arising from this equation, the reader may
wondér if the difficulty associated with an equation will increase at' the
same rate as the number of terms in the equation. In the broad sense, this
will not be the case. There is, of course, more room for a mathematical
error witha more complex equation, but once the proper system of units
is chosen and each term‘properly found in that system, there should be
very little added difficulty associated, with. an equation requiring an in-
creased number of mathematical calculations. : T

In review, before substiluting numerical values into an equation, be
absolutely sure of the following:

1. Each quantity has the proper unit of measurement as defined by

the equation. -

2. The proper magnitude of each quantity as determined by the
defining equation is substituted. ' 5

3. Each quantity is in the same system of units (or as defined by the -
equation). . .

4. The magnitide of the result is of a reasonable nature when
compared to the level of the substituted quantities.

5. The proper unit of measurement is applied to the result.



1.4 SYSTEMS OF UNITS

In the past, the systems of units most comimonly used were the Enghsh

and metric, as outlined in Table 1.1, Note that while the English system . W
is based on a single standard, the metric is subdivided into two interre- : o ¥ ,
Jated standards: the MKS and the CGS: Fundamental quantities of these

systems are compared in Table 1.1 along with their abbreviations. The
"MKS and CGS systems draw their names from the units of measurement

used with each system; the MKS system useg, Meters, Kilograms, and

Seconds, while the CGS system uses Centimeters, Grams, and Seconds.

SYSTEMS OF UNITS 111 9

TABLE 1.1
- Comparison of the English and metric systems of units,
‘ENGLISH METRIC SI
MKS " CGS

Length: Meter (i) '« “Centimeter (cm) Meter (m)
Yard (yd) (39.37in.) (2.54cm = 1in.)

(0.914 m) (100 cm) : :

Mass: ; . :

Slug 4 Kilogram (kg) Gram (g) Kilogram (kg)
(14.6 kg) (1000 g) :

Force: T - Newton (N)
Pound (Ib) | Newton (N) " Dyne i
(445 N) {100, 000 d}rnes} ;

_ Température: g e il AT
Fahrenheit (°F) Cels:uscn‘ b BT Centigrade (°C) .- Kelvin (K)

: i 3 : 4 - g

(= g_,c + 32.) . Cem;grade( C) St A K=27315+°C
(— (P 32}) _

Energy: .

Foot-pound (ft-1b) Newton-meter (Nem) ' Dync ccnumeter or erg Joule (J).
(1.356 joules) or joule () (1 joule = 107 crgs)
- (0.7376 ft-1b) ] '

Time: L = S _

Second (s "+ Second(s) (0 Second (s) Second (s)
¥’

Understandably, the use of more than one system of units in a world
that finds itself continually shrinking in size, due to advanced technical
developments in communications and transportation, would introduce
unnecessary complications to the basic understanding of any technical
data. The need for a standard set of units to be adopted by all nations has
become increasingly obvious. The International Bureau of Weights and
Measures located at Sevres, France, has been the host for the General
Conference of Weights and Measures, attended by representatives from
all nations of the world. In 1960, the General Conference adopted a sys-
tem called Le Systéme International d'Unités® (International System of
Units), which has the international abbreviation SI. It was adopted by
the Institute of Electrical and Electronic Engineers (IEEE) in 1965 and
by the United States of America Standards Institute (USASI) in 1967 as
a stlg;tdard for all scientific and engineering literature.

r comparison, the SI units of measurement and their abbreviations
appear in Table 1.1. These abbreviations are those usually applied to
each unit of measurement, and they were carefully chosen to be the most
effective. Therefore, it is important that they be used whenever applicable -
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Length:

1 yard (yd) = 0.914 meter (m) = 3 feet (fi)

" 1m = 100em = 3937 in.

' < 254em = lin, - - v o
S . ]
wovcs - - b -
English | J1yd e lengths i
- cos [N | o
] i
Mass: Force:
1slug = 14.6 kilograms * English
. 2 1 pound (Ib)
; # : ; 1 pound (Ib) = 4.45 newtons (N)
o f:!n;: ; | kiiggram ‘= 1000 g 1 newton = 100,000 dynes (dyn)
; English [+ 1 kg ; 1 SI and 4
B P g @ SIand i cs MES
. MKS = | néwton (N) 1 d-yne (CGS)
Temperatire: .
' MKS. (
and
a3 English - CGS - Sl ‘
(Boiling) ’—-ﬁﬁ.l—;*—- e T60°C T 315K - EnEl'g_y:
i p English 3 '
] 1ft-b 81 and .
o X MEKS 1 fi-lb = |.3¥6]01.Ile5
(Freezing) W [ 27315 K 1 joule (1) 1 joule = 107 ergs
—o'F , :
F=fCew 1 erg (CGS)
P Tl
C=#(F-3)
. : K =27315 + 'C
(Absolute zero) [~ 459.T°F_ _ s21315°C__ 0K .
Fahrenheit Celsius or Kelvin -
Centigrade
- FIG.1.4

‘Comparison of units of the various Systems of units,
y »

to ensure universal understanding, Note the similarities of the SI system
to the MKS system. This text uses, whenever possible and practical, all
of the major units and abbreviations of the SI system in an effort to sup-
port the need for a universal system, Those readers requiring additional
information on the SI system should contact the information office of the
American Society for Engineering Education (ASEE)* ¥
Figure 1.4 should help you develop some feeling for the relative mag-
nitudes of the units of measurement of each system of units. Note in the
figure the relauvely small magnitudn of the uruts of measurement for the
CGS system. S5 [§ }
A standard exists for each upit of measurement of each system. The

- standards of some units are quite interesting.

‘The meter was originaily defined in 1?90 io be 1/10,000,000 the dis-
tance between the equator and eitlier pole al’sea i_evel, & length preserved

*American Soclety for Engineering Education (ASEE), 1818 N Strut N.W., Sultu 600,
Washington, D.C. 20036+2479; (202) 331-3500; http://www,asee.org/,
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on. platinum-iridium bar at the Intemﬁtiunal Bureau of Weights and
Measures at Sevres, France. [

-

i mm is now defined with re_fereucz to the speed of light in a it TR W
-va’cmmhuzﬁmusnm. 5 e . B Lo o

Th kﬂng;rum h dgﬂuedas a mass equal to 1000 times the mass of 5 .
s Itmbic-umﬂumr ofpuw Wauratd"C .

Tflna,.standard is prcserved m the fonn ofa plaunum—mdlum cylinder in

* S&vres :
The second was ongma]iy deﬁned as *1/36 ei{)(} of the mean solar day #
However, since Earth’s mtaunn is: slowmg duwn by almost 1 second

- every 10 years, ; 5 ;

the second was redeﬁnea' in 1967 as 9 192,631, 776' penodf af the
electromagnetic radiation emitted by a particular transition of

" the cesium mmm ) .
1.5 SIGNIFICANT FIGURES, ACCURACY- e e
AND ROUNDING OFF : :

This section emphamzcs the |mpurtance of knowing the source of a
' piece of data, how a number appears, and how it should be treated. Too -

often ‘we write numbers in various forms with little concern for the for- LR, :
mat used, the number of digits that should be included, and the unn of

measurement to be applied. - :

- For instance, measurements of 22. 1 in, and-22.10 in. imply different
levels of accuracy. The first suggests that the measurement was made by
an instrument accurate only to the tenths. place; the latter was obtained
with instrumentation capable of reading to thelhundredlhs place. The use -
of zeros in a number, therefore, must be treated with care, and the impli-
cations must be understood

In general, there are two types of numbers: exact and appmxlmwe
Exact numbers are precise to the exact number of digits presented, just
as we know _thlt there are 12 apples in a dozen and not 12.1. Thyough-
Out the text, the numbers that appear in the deseriptions, diagramg: and
examples are considered exact, so that a battery of 100 V can be writ-
ten as 100.0'V, 100.00 V, and $o on, since it is 100 V at any level of pre-

- “cision. The additional zeros were not included for purposes of clarity.
However, in the laboratory environment, where measurements are ¢on-
- tinually being taken and thelevel of accuracy can vary from one in- : N
strument to another, it is important 16 understand how to work with '
the results. Any reading obtained in the laboratory should be consid-
ered approximate, The analog scales with their pointers may be difficult
to read, and even though the digital meter provides only specific dig-
its on its display, it is limited to the number of digits it can provide,
leaving us to wonder about the less 31gn1ﬁoant digits not appearing on
the display. -~
The precision of a reading can be determined by the number of *
significant figures (digits) present. Significant digits are those integers +  +
(0 to 9) that can be assumed to be accurate for the measurement being
made. The result is that all nonzero numbers are considered significant,
with zeros being significant in only some cases. For instance, the zeros
in 1005 are considered significant because they define the size of the
number and are surrounded by nonzero digits. For the number 0.4020,
the zero to the left of the decimal point is not significant, but the other

ol s o e
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two zeros are because they define the magnitude of the number and the
fourth-place accuracy of the reading. '

When adding approximate numbers, it is important to be sure that the .
accuracy of the readings is consistént throughout. To add a quantity ac-
curate only to the tenthd place to a number accurate to the thousandths

. place will result in a total having,accuracy only to the tenths place. One .

cannot expect the reading with the higher level of accuracy to improve
the r:admg with only tenths-place accuracy.

In the addition or subtraction of approximate numbers, the entry with
the lowest level of accuracy determines the format of the solution.
For the multiplication and division of approximate numbers, the
result has the same number of significant figures as the number

* with the least number of s:gn;ﬁcaurﬁgures -

For approximate numbers (and exact numbers, for that matter), there
is often a need to round.off the result; that is, you must decide on the ap-
propriate level of accuracy and alter the result accordingly. The accepted
procedl,m: is simply to note the digit following the last to appear in the

5, and 1eave it alnnc if it is less than 5. For example, 3.186 = 3.19 = 3.2,

* depending on the level of precision desired. The symbol = means ap-

proximately equal to.

EXAMPLE 1.1 Perform the indicated operations with the following
approximate numbers and round off to the appropriate level of accuracy.

a. 532.6 + 402 + 0.036 = 536.656 = 536.7 (as determined by 532.6)
b. 0.04 + 0.003 + 0.0064 = 0.0494 = 0,05 (as determined by 0.04)

EXAMPLE 1.2 Round off the fol_li:wing numbers to the huﬁdredthé place.

a. 32419 = 3242
b. 0.05328 = 005

EXAMPLE 1.3 Round off the-result 5.8764 to

a, tenths-place accuracy,
b. hundredths-place accuracy.
<. thousands-place accuracy. . v

Solution:

a 59
b. 5.88
c 'S.B?ﬁ

1 8 POWERS OF TEN "

1t should be appartnl from the rc]uuvc magnitude of thc various units of
measurement that very large and very small numbers are frequently en-
countered in the sciences, To ease the difficulty of mathematical opemloru

“with numbers of such varying size, powers of fen are usually employed.

This notation takes full advantage of the mathematical properties of powets



-

ten is as follows:

-

of ten. The notation used to represent numbers that are integer powers of

1'=10° 0= 01=10"
10=10'  1/100= 001=10"2
100 = 10 1/1000 = 0.001 = 107*
1000 = 16*  1/10,000 =0.0001 = 10~
In particular, note that 10° = 1, and, in' fact, any quantity to the zero
power is 1 (x? = 1, 1000° = 1, and so on). Numbers in’the list greater
than 1 are associated with positive powers of ten, and numbers in the list
less than 1 ate associated with negative powers of ten. .
A quick method of determining the proper power of ten is to place a
caret mark to the right of the numeral 1 wherever it may occur; then count

s from this point to the number of places to the right or left before arriving

at the decimal point. Moving to the right indicates a positive power of ten,
whereas moving to the left indicates a negative power. For example,
10,000.0=10,000.= 10*
WA AAS
0 1. 2°3 %~ *
O.DODO‘I =0.00001=10""

54321
~ Some important mathematical equations and relationships pertaining
to powers of ten are listed below, along with a few examples. In each
case, n and m can be any positive or negative real number.

A n .= : ;
T 10" 0 ISJ" pivi _ (1.2)

Eq. (1.2) clearly reveals that shifting a power of ten from the denom-
inator to the numerator, or the reverse, requires simply changing the sign
of the power. i

EXAMPLE 1.4 v )
" Ty -
a. m%‘- 104_;_“ 10
. 1 1' -
= — =10%
0.00001 - 1075

The. product of powers of ten:

(107)(107) = (10)*™) )

EXAMPLE 15

a. (1000)(10,000) = (10°)(10%) = 106*9) = 10 s
b..(0.00001)(100) = (107°)(10%) = 10("**2 = 1073

The division of powers of ten:

10" ' -
—_— n=m)
‘ a Bl .9

——_—— e e

POWERS OF TEN |11 13
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" power of ten to the result.

EXAMPLE 1.6
100 )
000 :gzs 106-2 = 103
' Dl[?[?gl B 1110-‘4 = 100-(-4) = 10<5+‘> = 10"

thc the use of parentheses in part (b) to ensure that the proper sign is
established between operators.

The power of powers of ten:

(107" = 10™ (15)

EXAMPLE 1.7

a. [I(}O)“ = (102)4 10[2){4) S 108
b. (1000)"2 = (10%) 2 = 10%~2 = 196
. (0.01)73 = (107973 = 100~ = 106

Basic Arithmetic Operations

Let us.now examine the use of powers of ten to perform some basic
arithmetic operations using numbers that are not Just gowers of ten. The
number 5000 can be written as 5 X 1000 = 5 X 10° and the number
0.0004 can be written as 4 X 0.0001 = 4 X 10™*. Of course, 10° can
also be written as 1 X' 10 if it clarifies the operation to be performed.

~Addition and Subtraction To perform addition or subtraction

using powers of ten, the power of ten must be the same for each term;
that is, . ]

AxlO":BxlD"-(A‘*-B)xlD" (1.6)

E.q ( 1 6) covers all possibilities, but students often prefer to remcmber a
verbal description of how to perform the operation.
Eq. (1.6) states

when adding or subtracting numbers in a power-of- ten format, be-
sure that the power of ten is the same for each number. Then separate
the multipliers, perform the required operation, and apply the same

EXAMPLE 1.8

a. 6300 + 75,000 = (6. 3)(1000) + (75)(1000)
' -63><103+75><10’
L =(63+75) x10°
= 813 x 10°
b. 0.00096 — 0.000086 = (96)(0. 00001) - (8.6)(0. oooon
=96 X 107" - 8.6 x 10~°
= (96 — 8.6) X 10~*
= 874 % 10~5




fy L

Multiplication Ingeneral, -~ ,

wes ﬁA X 107)(B X 107) = (A)(B) % 107 an

revealing that the operations with the power of ten can be separated

from the operation with the multipliers.

Eq. (1.7) states i :

* when multiplying numbers in the power-of-ten format, first ﬁﬁd the

product of the mulsipliers and then determine the power of ten for the
result by adding the power-of-ten expdnents. ;

- EXAMPLE 1.9 i
2.’ (0.0002)(0.000007) = [(2)(0.0001)]((7)(0-000001)] s
_ =@ % 107497 X 1079 . -

= (2)(7) %.(107H(107%)
=14 x 10710 ,

b. (340,000)(0.00061) = (3.4 X 10%)(61 X 1073) -

. £ (3.4)(61) X (105107 2 iy
=214 x 100 :
: = 2074 t s

Sp—— T

Division .In general, ; - ¥ g

AXIQ" A o
B X 10" B’.“_Qu' s )

h i‘e;cajjng' 'aghin that the ope;ﬁriqr':s with the power of ten can be s?pa-
. rated from the same operation with the multipliers. - RN

- Eq. (1.8) states

when dividing numbers in-the power-of-ten format, first find the
result of dividing the mutipliers. Then determine the associated power
for the result by subtracting the power of ten of the denominator from
the power of ten of the numerator. ’ Wit )

EXAMPLE 1.10 Z,
' 0.00047 - 47 X 1073 (47) (1(!'5) &
. e =|—|x{—=)=235x1
..70002 . 2%1070 \2 D It
. 690,000 " 69 x 10° (g) o[ 1
13 10

.2
0000013 -~ 13 % T8 s) =531 % 10

Powers In general,

(A X 10")" = A™ X 10" i (1.9

which again permits the separation of the operation with the power of .
ten from the multiplier. 4
Eq. (1.9) states

when finding the power of a number in the power-of-ten format, first -
separate the multiplier from the power of ten and-determine each
separately. Determine the power-of-ten component by multiplying the
power of ten by the power to be determined. -

-+~

POWERS QF TEN [1I 15 7
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EXAMPLE 1.11 5.2
a. (0.00003)" = (3 x [07%° = (3)> x(107%)®
=27 x107"*

b. (90,800,000)* = (9.08 X 107)* = (9.08)% X (107}
: =82.45 x 101 :

In particular, remember that the following operations are not the
same. One is the product of two numbers in the power-of-ten format,

~ while the other is a number in the power-of-ten format taken to a power.
As noted below, the results of each are quite differen;: '

1010 # (10
(10°)(10%) = 10° = 1,000,000
(10%)° = (10%(10°)(10%) = 10° = 1,000,000,000

1.7_FIXED-POINT, FLOATING-POINT, SCIENTIFIC,

AAND ENGINEERING NOTATION

{ w . ’ 1 n
When you are using a computer or a calculator, numbers generally .
appear in one of four ways. If powers of ten are not employed, fambers
ate written in the fixed-point or floating-point notation.

The fixed-point format requires that the decimal point appear in the
same place each time, In the floating-point Jformat, the decimal point
appears in a location defined by the number to be displayed.

Most computers and calculators permit a choice of fixed- or floating-
point notation. In the fixed format, the user can choose the level of accu-
racy for the output as tenths place, hundredths place, thousandths place,
and so on. Every output will then fix the decimal point to one location,
such as the following examples using thousandths-place accuracy:

1 S I 2300 o »
3™ 0333 %= 0.063 i 1150.000

If left in the floating-point fonﬁat.'thc results will sfppear as follows

for the above operations: .

3o 0 Lo 20 g

Powers of ten will creep into the fixed- or floating-point notation if the
number is too small or too large to be displayed properly.

Scientific (also called standard) notation and engineering notation
make use of powers of ten, with restrictions on the mantissa (multiplier)

. orscale factor (power of ten).

 Scientific notation requires that the decimal point appear directly
" after the first digit greater than or equal to 1 but less than 10.

A power of ten will then appear with the number (usually following the
power notation E), even if it has to be to the zero power. A few examples:
3=savmsmee-1 Logase- 220 = 1183

Within scientific notation, the fixed- or floating-point format can be
chosen. In the above examples, floating was employed. If fixed is chosen

& L
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and set at the hundredths-point accuracy, the following will result for the
‘above operations: ' 4

i ' % 2300
- =333E-1 +— = 6.25E- — =1
_.3_3E 6 6.25E-2 2_115]'51,3

Engineering notation speciﬁes that

8 . i - '
all powers of ten must be 0 or multiples of 3, and the manlissa must
be greater than or equal to 1 but less than 1800.

This restriction on the powers of ten is because specific powers of ten

« have been assigned prefixes that are introduced in }hé next few para- £
graphs. Using scientific notation in the floating-point mode results in the : P ’
following for the above operations: ;

1 ; | s ' 2300
2 = 333.333333 o — i =]
3 33 ;33 33%1.7' 3 6~ 62.5E. 3. > 1.15E3

Using engineering notation with two-place accuracy will result in-the -

following: ; .
1 . 2300 ' —
— = 333,33E~ S =650E-3° —=L1
3 333.33E-3 T 62.50E-3 e 11:55:7

Prefixes .

Speciﬁc powers of fen in engineering notation have been assigned pre-

fixes and symbols, as appearing in Table 1.2. They permit easy recogni-
tion of the power of ten and an improved channel of communication-

befween technologisfs.
TABLE12 . x
Multiplication SI
Factors

M.
ok
LB
n
0.000 000 000001 = 10" .- . pico_ P
0,000 000 000 000 001 =107% . 7 .. femto Fep g
0,000 000 000000000 001 = 1075 a0 a

EXAMPLE 1.12

a. 1,000,000 ohms = 1 X 10° ohms
1 megohm = 1 MQ
b. 100,000 meters = 100 X 10® meters
; £~ 100 kilometers = 100 km .

I
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c. 0.0001 second = 0.1 X 10™2 second

= (.1 millisecond = 0,1 ms
= 1'% 107 farad
= 1 microfarad = 1 uF

d. 0.000001 farad

Here are a few examples with numbers that are not strictly powers of ten,

EXAMPLE 1.13 = i e i

a. 41,200 m is equivalent to 41.2 X 10° m = 41.2 kilometers =
41,2 km. : iy

b. 0.00956 J is equivalent to 9.56 X 1072 J = 9.56 millijoules =
9.56 mJ. > : s

¢.- 0.000768 s is equivalent.to 768 X 107% s = 768 microseconds —
768 us. - :

.8400m. 84 x 10°m /84 /10

d. = T X -—_—2 m
0.06 6 X.10 6 10

= 14x10° m = 140 X 10’ m = 140 kilometers = 140 km

e. (0.0003)*s = (3% 107445 = 81 x 10165 S

: = 0.0081 X 107" 5 = 0.0081 picosecond = 0.0081 ps

1.8 CONVERSION BETWEEN LEVELS
OF POWERS OF TEN. | |

Itis often necessary to convert from one power of ten to another. For in-

. stance, if a meter measures kilohertz (kHz—a unit of measurement for

the frequency of an ac waveform), it may be necessary to find the corre-

sponding level in megahertz (MHz). If time is measured in milliseconds

(ms), it\may be necessary to find the corresponding time in microsec-

*  onds () for a graphical plot. The process is not difficult if we simply

keep in mind that an increase or-a decrease in the power of ten must be-

associated with the opposite effect on the multiplying factor. The proce-
dure is best described by the following steps:

1. Replace the prefix by its corresponding power of ten.

2. Rewrite the expression, and set it equal to an unknown multiplier
and the new power of ten. el

_ 3. Note the change in power of ten from the original to the new
i Sformat. If it is an increase, move the decimal poing of the original

‘multiplier to the left (smaller value) by the same number. If it is a
decrease, move the decimal point of the original multiplier to the
right (larger value) by the same number.

EXAMPLE 1,14 Convert 20 kHz to megahertz,  *
Solution: In the power-of-teﬁ format: ¢ S
e © . 20KHz = 20X 10° Hz P
4+  The conversion requires that we find the multiplying factor to appeﬁr.

in the space below:
| 2y ln:nuei;ya
Jh : - 0X10°H = __ X 10°Hz

Decrease by 3
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Since the power of ten will be increased by 2 factor of three, the mul-
tiplying factor must be decreased by moving the decimal point three
places to the left, as shown below: "

020, = 0.02
=5

and 20 X 10° Hz = 0,02 X 10° Hz = 0.02 MHz

_EXAMPLE 1.15 Convert 0.01 ms to microseconds.
Solution: In the power-of-ten format: '
001 ms =001 X107%s =
paieted -
and - 0.01 x 10_“m"s | R
. . *-____w_,m-‘;;_s_-—" " Lol g
 Since the power of ten will bé rediiced by a factor of three, the multi-

plying factor must be increased by moving the decimal point three
places to the right, as follows: - :

0010, = 10"

5 L in
and 001 %1035 =10X 107%s = 10 s

There is a tendency when comparing —3 to —6 to think that the , -
power of ten has increased, but keep in mind when making your judg- ’
ment about increasing or decreasing the magnitude of the multiplier that
10~5 is a great deal smaller than 1073, 5

_ EXAMPLE 1.16 Convert 0,002 km to millimeters.

Solution:- _ L,

5 Decrease by 6

0.002X 10°m = __ X107 m

Increase by 6

£

In this cmﬁnple we have to be very chréfql because the difference be-
tween +3 and —3 is a factor of 6, requiring that the multiplying factor be

modified as follows: ;

' 0.003000, = 2000 £ a i -
and 0.002 X 10° m = 2000 X 10~*m = 2000 mm
1.9 CONVERSION WITHIN AND BETWEEN ¥ e
SYSTEMS OF UNITS -

* The conversion within and between systems of units is'a process that
cannot be avoided in the study of any technical field. It is an operation,
however, that is performed incorrectly so often that this section was in-
cluded to provide one approach that, if applied properly, will lead to the
correct result.

S
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There is more than one method of performing the conversion process.
In fact, some people prefer to determine mentally whether the conver-
sion factor is multiplied or divided. This approach is acceptable for some
elementary conversions, but it is risky with more complex opcrﬁtions.

The procedure to be described here is best introduced by examining a
relatively simple problem such as converting incheés to meters, Specifi-
cally, let us convert 48 in. (4 ft) to meters. '

[f we multiply the 48:in. by a factor of 1, the magnitude of the quan-

tity remains the same:
|48 in, = 48in.(1) (1.10)

Let us now look at the conversion factor for this example:
Im % 39.37 in.

Dividing both sides of the conversion factor by 39.37 in. results in the
following format: ;
~  1m _ '
%570, ;
Note that the end result is that the ratio 1 m/39.37-in. equals 1, as it"

should since they are equal quantities. If we now substitute this factor (1)
into Eq. (1.10), we obtain

48 in(1) = 48 m( - 913'7“”)

which results in the cancellation of inches as a ufit of measure and
leaves meters as the unit of measure. In addition, since the 39.37 s in the
denominator, it must be divided into the 48 to completé the operation:

48
——m = 1.219
Ry A
Let us now review the method:
1. Set up the conversion facior to Jorm a numerical value of (1) with
the unit of measurement to be removed Srom the original quantity,
in the denominator. :

2. Perform the required mathematics to obtain the proper magnitude
Jfor the remaining unit of measurement.

LY

EXAMPLE 1.17 Convert 6.8 min to seconds.
Solution: The conversion factor is
- I min = 60 s s -

¥ g y i ;
Since the minute is to be removed as the unit of measurement, it must
.. appear in the denominator of the (1) factor, as follows:

Stig 1 - (i{’i) = {1

1 min

Step2: * 68 min (1) = 6.8 mirf ( ?9;—%) = (6.8)(60) s

=408 s
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" EXAMPLE 1.18 Convert (.24 m to centimeters, e
Solution: The conversion factor is | 4 ' o9 Vi
Im= 100 cm

Since the meter is to be removed as the unit of measurement, it muist ap-
“pear in the denominator of the (1) factor as follows:

' 100em _
Step 1: ¢ ( td )-—1-

100em Y | :
T ) = {0.24)(}00)-(::11

-

Step2:- 024m(1) =024 m(

= 24 em

The praducfs (1)(1) and (1)(1)(1) are still l._Usiné fhis'faét. Wwe can
perform a series of conversions in the same operation. : K P

EXAMPLE 1.19 Determine the number of minutes in half a day.

Solution: Working our way through from days to-hours to minutes,
- always ensuring that the unit of measurement to be removed is in 1hc
denominator, results in the following sequence:.

03 dey( ) (B2 - (05)(24)(60) min
5 = 720min

EXAMPLE 1.20 Convert 2.2 yards (o meters,

Solution: W:orking our way through from yards to fee..t' to inches to
meters results in the following: '

ol )35 5n2) - 2

=2.012m

The followmg examples are variations of the above in pracncal
. situations.

EXAMPLE 1.21 In Europe, Canada, and many other countrigs, the
speed limit is posted in kilometers per hour. How fast in miles per hour
is 100 km/h?

Solution:

(A2 )y

() (% )() (o)
100)(1000)(39.37) mi
- 31(;)(5;3;0) ) mT

= 62,14 mph, ; Y . »
limbmm diymbmpme ™A
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Many travelers use 0.6 asa conversion factor to mmphfy the math in-
volved; that is, -

(100 km/h)(0.6) = 60 mph
and : (60 km/h)(0.6) = 36 mph

s

EXAMPLE 1.22 Determine the speéd in miles per hour of a competitor
who can run a 4-min mile.

Solution: lnvming the factor 4 min/l1 mi to 1 mi/4 min, we can pro-
ceed-as follows:

Imi\/60pif) 60 . .
(413145)( 1 )." 4.|11|.-'l‘x' 15 mph

1.10 SYMBOLS

Throughout the text, various symbols will be employed that you may not
have had occasion to use. Some are defined in Table 1.3, and others \mll
Be defined in the text as the need anses

1.1 CDNVEHSION TABLES

Conversion tables such as those appearing in Appendix A can be very
useful when time does not permit the application of methods described,
in this chapter. However, even though such tables appear easy to use, fre-
quent errors occur because the operations appearing at the head of the
table are not performed properly. In any case, when using such' tables,
try to establish mentally some order of magnitude for the quantity to be
determined compared to the magnitude of the quantity in its original set
of units. This simple operation should prevent several impossible results
that may occur if the conversion operation is improperly applied. -
For example, consider the following from such a conversion table:

To convert from To - Multiply by
“Miles Meters - 1,609 X 10°
A conversion of 2.5 mi to meters :vou]d require that we multiply 2.5 by
the conversion factor; that is,
2.5 mi(1.609 x 10’} =4023 x 10°m
A qonvcrsmn from 4000 m to miles wuuid require a division process:

4000 m

: 1.609 X 10° :
In each of the above, there should have béen little difficulty realizing
that 2.5 mi would convert to a few thousand meters and 4000 m would
be only a few miles. As indicated above; this kind-ef anticipatory think-

ing will eliminate the posslbahty of nd.lculous mnverssou results.
-

=2486.02 X. 107 = 2.486 mi

b

1.12 CALCULATORS

In most texts, the calculator is not discussed in detail. Instead, stu-

" dents are left with the general exercise of choosing an appropriate calcu-
“lator and learning to use it properly on their own. However, some

discussion about the use of the ca]culalor is needed to eliminate some of
Vibpadostame 1R
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. » The first sequence sets the englneeriné notation as the choice forall'an-

the impossible results obtained (and often strongly defended by the
user—because the calculator says so) through a correct understanding of
the process by which a calculator performs the various tasks. Time and
space do not permit a detailed explanation of all the possible operations,

- but the following discussion explains why it is important to understand

" how a calculator proceeds with a calculation and that the unit cannot ac-
cept dafa in any form and still generate the correct answer.

. When choosing a scientific calculator, be absolutely certain that it
can operate on complex numbers and determinants, needed for the con-
cepts introduced in this text. The simplest way to. determine this is to
Jook up the terms il the index of the operator’s manual. Next, be aware
that some calculators perform the required operations in a minimum
number of steps, while others require a lengthy and complex series of
steps. Speak to your instructor if you are unsure about your purchase.

The calculator examiples in this text use the Texas Instruments TI-89

of Fig. 1.5.

* When using any calculator for the first time, the unit must be setupto

provide the answers in a desired format., Following are the steps needed
* to use a calculator correctly. . :

-

Initial Settings
In the following sequences, the arrows within the square indicate the di-

" tection of the scrolling required to reach the desired location. The shape

+of the keys is a relatively close match of the actual keys on the TI-89.

_Notation

swers. It is particularly important to take nate that you must select the

- ENTER key twice to ensure the process is set in memory.

{643 o 0] (1) Exponeniial Format
ENGINEERING

- Accuracy I:evnl Next, the accuracy level can be set to two places as
follows: :

@63 (1) Display Digits = (1) 3:Fx 2 ) B

Approximate Mode For all soluticns, the solution should be in dec-

imal form to second-place accuracy. If this is not set, some answers will
appear in fractional form to ensure the answet is EXACT (another op-
tion). This selection is made with the following sequence:

E [T] ExacVApprox E'Lm- 3: APPROXIMATE

Clear Screen To clear the screen of all entries and results, use the -

following sequence:
[1] 8: Clear Home

Clear Current Entries To delete the sequence of current entries at
the bottom of the screen, select the CLEAR key. '

T
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" FG.15. S
Texas Instruments T1-89 calculator. -
(Courtesy of Texas Instruments, Inc.)
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o

by
Turn Off  To turn off the caleulator, apply the following sequence: -

.

Order of Operat;ions

Although setting the ¢orrect format and accurate input is important, iny-
proper results oceur primarily because users fail to realize that no mitie
how simple or complex an equation, the caleulator performs the required
operationsin a specific order, ; '

For instance, the operation

8
341
" is often entered as

CEICAEICIIED -5 + 12607412307

which is incorrect (2 is the answer).

“The calculator wéll not perform the addition first and then the divi-
sion. In fact, addition and subtraction are the last operations (o be per-
formed in any equation. It is therefore very important that you carefully
study and thoroughly understand the next felw paragraphs.in order to use

the calculator properly.

L. The first operations to be performed by a calculator éan be set
using parentheses ( ). It does not matter wh iclt operations are
within the parentheses. The parentiieses simply dictate that this

_pari of the equation is to be determined first. There is 1o limit

o the number of parentheses in each equation—all operations
within parentheses will be performed first, For instance, for the
example above, if parentheses are added as shown below, the
addition will be performed first and the correct answer obtained:

8. oy g g PEh -

71 ~E O ICICIIE) 367 - 20
2. Next, powers and roots are performed, such as .1'2, Vax, and so on.
3. Negation (applying a negative sign to a quantity} and single-key

operations such as'sin, tan 1 and-sa on, are performed.
+ Muitiplication and division are then performed.
5. Addition and subiraction are performed last,

It may take a few moments and some repetition to remember the
order, but at least you are now aware that there is an order to the opera-
tions and that ignoring them can result in meaningless results. 3

n s

EXAM.P].E 1.23 Determine Ao

{-anting y/_? -

Sclution:

69) . £ (IESTE-DEINE) D G 13
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_In this case, the left bracket is automatically entered after the square - ' =¥
. root sign. The right bracket muSt then be entered before performing the ; ¥
calculation?

Fur all calculasor gperations, the number of :—:ghr brackets must
always equal the number of left brackets,

EXAMPLE 1.24 Find

349 _ e S, 2 I
L : : !

Sa!utmn 1f the problem is. entercd as it appears. the incorrect answ er
of 5.25 will result. :

(IIEIICEIEA -5 =525 -

Using brackets to ensure that the addition takes place before the division
will result in the correct answer as shown below: . . ' L]
£33 DI 0063

I +9)" i
= (___) = E-; 300
4 4 -

EXAMPLE 1.25 Determine:

o 2
il ._+‘-.'
+6.-3

-Solution: Slnu: the division will occur first, the correct result will be
obtaingd by simply perionmng the operations as indicated. That is, e ..

Dﬂ--mD--mm
€33emy -

2
—Iﬂﬂ

+ L]
3

."‘""‘
O\i—'

Powers of Ten

" The @! key is used to set the power of ten of a number. Setting up the
number 2200 = 2.2 X 10° requires the following keypad selections:

(23 323 E B = 22083 | o :

Setting up the number 8.2 X lO'GI requires the negativg sign (—)
from the numerical kevpad. Do not use the negative sign from the math-
emalical listing of =, %, —, and +. That is,

(8N RE2AEE- D6 B - 82066
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EXAMPLE 1.26 Perform the addition 6.3 x 10? + 75 x 10? and com-

- pare your answer with the longhand solution of Example 1.8(a).

Solution: _ _
EEICIHEDEIE
GEIER - s1.3063

which confirms the results of Example 1.8(a).

EXAMPLE 1.27 Perform the division (69 x 10°/(13 x 10~%) and com-
pare your answer with the longhand solution of Example 1.10(b).

Solution:

-mm-mm@mm
= 531E12

which confirms the results of Examplc 1.10(b).

EXAMPLE 1.28 Using the pmv:dcd format of each number, perform
the following calculation in one series of keypad entries:

(0.004)(6 X 107%)
. fa3¢ 1077
Solution:

(B CIOICIHIDIGIED
EEREMOIDIEDEEED
BEIEE2RE = 600.0E-3=06 -

Brackets were used to ensure that the calculations were performed in the
correct order. Note also that the number of left brackcls equals the num-
ber of right brackets,

' 1.13 COMPUTER ANALYSIS

The use of computers in the educational process has grown exponen-
tially in the past decade. Very few texts at this introductory leve] fail to *
include some discussion of current popular computer techniques. In fact,
the very accreditation of a technology program may be a function of the
depth to which computer methods are incorporated in the program.

These is no question that a basic knowledge of computer methods is
something that the graduating student must learn in a two-year or four-
year program, Industty now requires s students to be proficient in the use
of a computer. . :

Two general directions can be taken to develop the necessary computer
skills: th® study of computer languages or the use of software packages.

Languages

Thefe are several languages that provide a dir&.{ne of communi_ca‘tion
with the computer and the operations it can perform. A language is a set



" of syimibols; letiers, words, or statements that the user can enter into the
computer. The computer system will “understand” these entries and will

* perform them in the order established by a series of commands called a
program. The program tells the computer what to doona sequential, line-
by-line basis in the same order a student would perform the calculations in
longhand. The computer can respond only to the commands entered by the
user. This requires that the programmer understand fully the sequence of
operations and calculations required to obtain a particular solution. A
Jengthy analysis can result in a program having hundreds or thousands of
lines. Once written, the program must be checked carefully to ensure thiat
the results have meaning and are valid for an expected range of input vari-
ables. Some of the popular languages applied in the electrical/electronics
field today include C++, QBASIC, Java, and FORTRAN. Each has its
own set of commands and staternents to communicate with the computer,
but each can be used to perform the same type of analysis.

Software Packages 2

The second approach to computer analysis—software packages—
 avoids the need to know a particular language; in fact, the user may not be
aware of whichlanguage was used to write the programs within the pack-
age. Al that is required is a knowledge of how to input the network pa-
rameters, défine the operations to be performed, and extract the results;

the package will do the rest. However, there is a problem with using pack-.

aged programs without understanding the basic steps the program uses.
You can obtain a solution without the faintest idea of either how the solu-
tion was obtained or whether the results are valid or way off base. It is im-
perative that you realize that the coinputer should be used as a tool to
assist the user—it must not be allowed to-control the scope and potential
of the user! Therefare, as we progress through the chapters of the text, be
sure that you clearly understand the concepts before turning to the com-
puter for support and efficiency.

Each software package has a meny, which defines the range of appli-
cation of the package. Once the software is entered into the computer, the
system will perform all the functions appearing in the menu, as it was
preprogrammed to do. Be aware, however, that if a particular type of
analysis is requested that is not on the menu, the software package cannot
provide the desired results, The package is limited solely to those maneu-
vers developed by the team of programmers who developed the software
package. In such situations the user must tumn to another software pack-
age or write a program using one of the languages listed above,

In broad terms, if a software package is available to perform a particu-
lar analysis, then thaf package should be used rather than developing new
routines. Most popular software packages are the result of many hours of

. effort by teams of programmers with years of experience. However, if the
results are not in the desired format, or if the software package does not
provide all the desired results, then the user’s innovative talents should be
put to use to develop a software package. As noted above, any program
the user writes that passes the tests of range and accuracy can be consid-
ered a software package of his or her authorship for future use.

Two software packages are used throughout this text: Cadence's
OrCAD’s PSpice Release 16.2 and Multisim Version 10.1. Although both
PSpice and Multisim are designed to analyze electric circuits, there are
sufficient differences between the two to warrant covering each approach.
However, you are not required to obtain both programs in order to

COMPUTER ANALYSIS 111 27
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proceed with the content of this text. The primary reason for includi ng the
programs is simply to introduce each and demonstrate how each can sup-
port the leaming process. In most cases, sufficient detail has been pro-
vided to allow use of the software package to perform the examples
provided, although it would certainly be helpful to have someone to turn
to if questions arise. In addition, the literature supporting the packages’
has improved dramatically in recent years and should be available

through your bookstore or a major publisher. Cadence’s OrCAD PSpice.
- ] Release 16.2 has been provided as an attachment to this text. However,
Appendix B lists are the system requirements for each software package,

PROBLEMS

Note; More difficult problems are denoted by an asterisk

*)

throughout the text.

SECTION 1.2 A Brief History

1. Visit your local library (at school or home) and describe the

extent to which it provides literature and computer support
" for the technologies—in partictlar, electricity, electronigs,

electromagnetics, and computers,

- Choose an area of particilar interest in this field and wrile a

very brief tgport on the history of the subject.

. Choose an individual of particular importance in this field

and write a very brief review of his or her life and important
contributions.

SECTION 1.3 Units of Measurement
4. What is the velocity of a rocket in mph if it travels 20,000 ft

5

in 10s? 1

In a récént Tour de France time trial, Lance Armiircng
traveled 31 mi in a time trial in 1 h, 4 min. What was his
average speed in mph? '

6. How long in seconds will it take a car traveling at 60 mph to

travel the length of a football field (100 yd)?

* 7. A pitcher has the ability to throw a baseball at 95 miph.

a. How fast is the speed in ft/s? .
" b. How long does the hitter have to make a decision about
swinging at the ball if the plate and the mound are sepa-
rated by 60 fi? :

¢. If the batter wanted a full second 10 make a decision,

what would the speed in mph have 1o be?

SECTION 1.4 Systems of Units

3.

*10.

Are there any relative advantages associated with the metric
system compared to the English system with respect to
length, mass, force, and tempe rature? If so, explain,

. Which of the four systems of units ‘appearing_in Table 1.1

has the smallest units for length, mass, and force? When
would this system be used most effectively? g,

Which system‘of Table 1.1 is closest inl definition to the SI
system? How are the two systems different? Why do you
think the units of measurement for he SI system were cho-

in¢luding how to obtain the software.

v

n P

sen as listed in Table 1.17 Give the best reasons you can -
without referencing additional literature. '

11. What is room temperature (68°F) in the MKS, CGS, and SI

systems? N

.. 12, How many roet-pounds_nt" encrgy are associated with

1000 I7

13. How many centimeters are there in 1/2 yd?
14. In parts of the world outside the United States, the majority

of countries use the centigrade scale rathir than the
Fahrenheit scale. This can cause problems for travelers not
familiar with what to expect at certain temperature levels.

" To alleviate this problem, the following approximate con-

version is typically used:

°F = 2(°C) + 30°

Comparing to the exact formula of °F = %“C + 32°, we

find the ratio"9/5 is approximated to equal 2, and the tém-

perature of 32° is changed to 30° simply to make the numbers

easier to work with.

a. The temperatite of 20°C is commonly accepted as nor-
mal room temperature. Using the approximate formula,
determine (in your head) the equivalent Fahrenheit
temperatyre, J

b. Use the exact formula and determine the equivalent
Fahrenheit temperature for 20°C. y

¢. How do.the resuits of _parts (a) and (b) compare? Is the
approximation valid as a first estimate of the Fahrenheit
temperature?

/0. Repeat parts (a) and (b) for a high temperatare of 30°C

and & low temperature of 5°C.

SECTION 1.5 Significant Figures, Accuracy,

and Rounding Off

A8, _‘Fﬁ_te ti]e following numbers to tenths-place 'accumzcy.
a. 14,6026 . .

i6. '!tcpeat Problem 15 using hundredths-place accuracy, ~
17 Repeat Problem 15 using thousandths-place ‘accuracy,
' ' i



SECTION1.6 Powers of Ten

. 18,

19

20,

21

Express the following numbers as powers ofiten:

a, 10,000 b. 1,000,000
e. 1000 d. 0.001
e | ; o Ol

Using only those powers of ten listed in Table 1.2, express
the following numbers in what seems to you the most logi-
cal form for future calculations: :

a. 15,000 b. 0.005

¢ 2,400,000 d. 60,000

e. 0.00040200 °f. 0.0000000002"

Perform the following operations:

8. 4200 + 48,000 .

b 9 X 10* + 36 x 10°

e-05%x 1077 -6x107°

d. 1.2 % 10 + 50,000 % 107* — 400

Perform the following gperations:

a. (100)(1000) b. (0.01)(1000)

e (10%00% - = d. (100)(0.00001)

e.- (107%(10,000,000) £, (10,000)(107% (10%%)

Perform the following operations:
a. (50,000) (0.002)

" b. 2200 X 0.002

26.

27,

c. (0.000082) (1.2 % 10
d. (30 X 1074 (0.004) (7 x 10%)

. Perform the following operations:

- 100 0010
10,000 1000 -
; 10,000 i 0.0000001
T 0001 100
10% (100)'72
0.000100 o001
Perform the following operations:
2000 0004
2 —— b.
10.00008 4 x 10°
. 0.000220 78 x 10
0.00005 T g% 107¢
Perform the following operations:
a._ (100)° b. (0.0001)"2
¢ (10,000)% d. (0.00000010)°
Perform tHe following operations:
a. (200
b (5% 1073?

e 10.004) (3 X 107%)? _
d. (2 X 1073 (0.8 % 10%(0.003 X 10°))°

Perform the following operations:

-4
a. (—0.001) (BGT);;.—?—)
(0.001)%(100) " {103}(10.006}
. “——_-.-](},DO(] s _“—ml')-: 0
(0.0001)*(100) [(100)(001)]°
1 x 10° " [(100)][0.001]

PROBLEMS |1[.29

28. Perform the following operations:

(300)%(100) Y
v _ b. [(40,000)7] [(20)™"]
(60,000)? (0.000027)'

(0.02)? " 200,000
[(4000)?}[300}
By e
2% 10

L. ((0.000016)"2] [(100,000)°] [0.02]
1(0.003)1{0.00007] “[(160)°]
[(200)(0.0008)17 /% -~

g (a challenge)

N

SECTION 1.7 Fixed-Point, Floating-Point, Sclentific,

and Engineering Notation

29. Write the following numbers in scientific and engineering

notation to hundredths place:
. a, 2046 =t
" b 50,420

¢ 0.000674

d. 000.0460

" 30, Write the following numbers in scientific and Epklinecrin-g_

notation to tenths place:
a. §x1072

b. 045 x 1072

¢ 132

d. 7

SECTION 1.8 Conversion between Levels of
Powers of Ten "

31. Fill in the blanks of the foliﬁ;\ying conversions:

a, 6x10°=__  X10
b, 04 %1072 = x 1078
e SOXI0P=__ X% 1w=___ x10°
’ = Mgy
d 12x1077=_____x107= % J078
= x 107?

32. Perform the following conversions:
a. 0.05 s to milliseconds
b. 2000 us to milliseconds ; .
¢. 0.04 ms to microseconds
d. 8400 ps 1o microseconds
e. 100 % 10° mm to kilometers

SECTION 1.9 Conversion within and between
Systems of Units

33, Pecform the following conversions:
% g3, 1.5 min to scconds
b. 2 % 1072 h 1o seconds
0.05 s to microseconds
0.16 m to millimeters
0.00000012 s to nanoseconds
4 %108 s to days

mpe Ba

‘3
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34. Perform the following metric conversions:
a, 80 mm to centimeters
b. 60 cm to kilometers'
€. 12 X 107> m to micrometers
d. 60sq cm (em?) to square meters (m?)

35. Perform the following conversions between systems:
a. ‘100 in. to meters
b. 4 ft to meters
¢. 61b to newtons
d. 60,000 dyn to pounds .
e. 150,000 cm to feet ) s
£. 0.002 mi to meters (5280 ft = | mi)

36. Wtiat is a mile in feet, yards, meters, and kilometers?

37. Convert 60 mph to meters pcr‘secdnd‘ ’ PR

38. How long would it take a runner to complete a 10-km race if
a pace of 6.5 min/mi were maintained?

39, Quarters are about 1 in, in diameter, How many would be
required to stretch from one end of a football field to the
other (100 yd)?

40. Compare the total time required to drive a long, tiring day

of 500 mi at an average speed of 60 mph versus an average
speed of 75 mph. Is the time saved for such a long trip
worth the added risk of the higher speed?

*41, Find the distance in meters that a mass traveling at 600 cmys -

©+  will cover in 0.016 h.

*42, Each spring there is a race up 86 floors of the 102-story Em-
pire State Building in New York City. If you were able to
climb 2 steps/second, how long would it take in minutes to
reach the 86th floor if each floor is 14 ft high and each step
is about 9 in.? .

*43. The record for the race in Problem 42 is 10.22 min. What

. 'was the racer's speed in min/mi for the race?

*44. If the race of Problem 42 were a horizontal distance, how
long would it take a runner who can run S-min miles to
cover the distance? Compare. this with the record speed of

Problem 43. Did gravity have a significant effect on the.

_overall time?

SECTION 1.i1 Conversion Tables

45. Using Appendix A, determine the number of
8. Buin5 J of energy. dilt o
b. cubic meters in 24 oz of a liquid.
c. seconds in 1.4 days,* -
d. pints in 1 m? of a liquid.

SECTION 1.12 Calculators :

Perform the following operations using a single sequence of cal-
culator keys: ok '

46. 6(4X2+8)="

e
2 R |

« -

49. cos21.87° =

#50. tan~! :;"- =

*51. =
62'1' lsﬂ -

82 x 1073~ .
*52, ———— (in engincering notation) =

0.04 x 10° ( i ,8 )
_ (0.06 x 10°)(20 x 10%)
*53. = % (in engineering notation) =

" (0.01) 3
4 x 10* ;

%54, 10° 1

+
2x1074+400%x 107° 2% 1076

(in engineering notation) =

SECTION 1.13  Computer Analysis

55, Investigate the availability of computer courses and com-
puter time in' your curriculum. Which languages are com-
monly used, and which software packages are popular?

56. Develop a list of three popular computer languages, includ-
ing a few characteristics of each. Why do you think some
languages are better for the analysis of electric circuits than -
others?

GLOSSARY

Cathode-ray tube (CRT) A glass enclosure with a relatively flat.
face (screen) and a vacuum inside that will display the light
generated from the bombardment of the screen by electrons.

CGS system The system of units emplaying the Centimeter,
Gram, and Second as its fundamental units of measure,

Difference engine One of the first mechanical calculators,

Edison effect Establishing a flow of charge between two ele-
ments in an evacuated tube, 2

Electromagnetism The relationship between magnetic and
electrical effects. ' )

Engineering notation A method of notation that specifies that
all powers of ten used to define & number be multiples of 3
with a mantissa greater than or equal to 1 but less than 1000.

ENIAC The first totally electronic computer,

Fixed-point notation Notation using a decimal point in a partic- .
ular location to define the magnitude of a number.

Fleming's valve The first of the electronic devices, the diode.

Floating-point notation Notation that allows the magnitude of a

_ number to define where the decimal point should be placed.

Integrated circuit (IC) A subminiature structure containing a
vast number of electronic devices designed to perform a par-
ticular set of functions. 123 ,

Joule (J) A unit of measuremént for energy in the SI or MK$§
system., Equal to 0.7378 foot-pound in the English system-and
107 ergs in the CGS system. ' 2

Kelvin (K) A nit of measurement for temperaturé in the SI sys-
tem. Equal to 273,15 + °C in the MKS and CGS systems,

Kilogram (kg) ‘A unit of measure for.mass in the SI and MKS
‘systems. Equal to 1000 grams in the €GS system.
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Language A communication link between user and computer 10
define the operations to be performed and the results to be dis-
played or printed.

Leyden jar One of the first charge-storage devices.

Menu A cﬂmputeragencm::d list of choices for the user to deter-
mine the next operation to be performed.

" Meter (m) A unit of measure for length in the S and MKS sys-
. tems. Equal 1o 1,094 yards in the English system and 100 cen-
timeters in the CGS system.

MKS system The system of units employing the Meter,
Kilogram, and Second as its fundamental units of measure.
Nanotechnology The production of integrated circuits in which

the nanometer is the typical unit of measurement.

‘Newton (N) A unit of measurement for force in the SI and MKS
systems. Equal to 100,000 dynes in the CGS system.

Pound (Ib) A unit of measurerent for force in the English sys-
tem. Equal to 4.45 newtong in'the ST or MKS system.

Program ‘A sequential list of commands, instructions, and so on,
to pegform a specified task using a computer.

GLOSSARY 111 31

 Scientific notation A method for deseribing very large and very

small numbers through the use of powers of ten, which,
requires that the multiplier be a number between 1 and 10.

Second (s) A unit of measuremient for time in the SI, MKS,
English, and CGS systems.

SI system The system of units adopred by the IEEE in 1965 and
the USASI in 1967 as the International System of Units
(Systtme /nternational d"Unités). ; ; it

Slug A unit of measure for mass in the English system. Equal to
14.6 kilograms in the SI or MKS system. ki

Software package A computer program designed to perform
specific analysis and design operations Or generate results in a
particular format: + -

Static electricity Stationary charge in a state of equ flibrium.

Transistor The first semiconductor amplifier.

Voltaic céll A storage device that converts chemical to electrical
energy. 5 )
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Obieciives : + Become aware of the basic atomic structure of

conductors such as copper and aluminum and
understand why they are used so extensively in
. the field.

« Understand how the terminal voltage of a b'aﬂery
or any dc supply is established and how it creates -
a flow of charge in the system.

» Understand how current is established in a circuit
and how its magnitude is affected by the charge
flowing in the system and the time involved.

« Become familiar with the factors that affect the
terminal voltage of a battery and how long a
battery will remain effective.

+ Be able to-apply a voltmeter and ammeter correctly’
to measure the voltage and current of a network.

r

2.1 INTRODUCTION

Now that the foundation for the study of electricity/electronics has been established, the con-
cepts of voltage and current can be investigated, The term voltage is encountered practically
every day. We have all replaced batteries in our flashlights, answering machines, calculators,
automobiles, and so on, that had-specific voltage ratings. We arc aware that most outlets in our
homes are 120 volts. Although current may be a less familiar term -we know what happens
when we place too many appliances on the same outlet—the circuil breaker opens die to the
excessive current that results. Tt is fairly common knowledge that current is something that
moves through the wires and causes sparks and possibly fire if there is a “short circuit.” Cur-
rent heats up the coils of an electric heater or the range of an electric stove; it generates light
when passing through the filamerit of a bulb; it causes twists and kinks in the wire of an elec-
tric iron over time; and so on. All in all, the terms voltage and current are part of the vocabu-
lary of most individuals. '

In this chapter, the basic impact of current and voltage and the properties of each are intro-
duced and discussed in some detail. Hopefully, any mysteries surrounding the general charac-
teristics of each will be eliminated, and you will gain a clear understanding of the impact of
each on an electric/electronics circuit.

2.2 ATOMS AND THEIR STRUCTURE

A basic understanding of the fundamental concepts of current and voltage requires a degree of
familiarity with the atom and its structure, The simplest of all atoms is the hydrogen atom,
made up of two basic particles, the proton and the electrom, in the relative positions shown in
Fig. 2.1(a). The nucleus of the hydrogen alom 1s the proton, a positively charged particle.

The orbiting electron carries a negative charge equal in magnitude to the positive charge
of the protoi,
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(a) Hydrogen atom {b) Helium atom
FIG. 2.1

o ! - Hydrogen and helium atoms.

In all other elements, the nucleus also contains neutrons, which are

slightly heavier than protons and have no electrical charge. The helium

~  atom, for example, has two neutrons in addition to two electrons and two
protons, as shown in Fig. 2.1(b). In general,

the atomic structure of any stable atom has an equal number of
electrons and protons. '

Different atoms have various numbers of electrons in concentric orbits
called shells around the nucleus. The first shell, which is closest to the
nucleus, can contain only two electrons. If an atom has three electrons,
the extra electron must be placed in the next shell. The number of elec-
trons in each succeeding shell is determined by 2n?, where n is the shell
. number. Each shell is then broken down into subshells where the number *
of electrons is limited to 2, 6, 10, and 14 in that crder as you move away
from the nucleus. »

Copper is the most commonly used metal in the elactncal!electromcs
industry. An examination of its atomic structure will reveal why it hassuch
widespread application. As shown in Fig. 2.2, it has 29 electrons in orbits

e ; around the nucleus, with the 29th electron appearing-all by itself in the 4th
¥ ' . shell. Note that the number of electrons in each shell and subshell is as

4th shell
C.Muimmn =32 eisclmm}

20th electron

_ - FIG.22 ’
The atomic structure of copper.
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defined above. There are two important things to note in Fig. 2.2. First,

the 4th shell, which can have a total of 2n® = 2(4)? = 32 electrons, has
only one electron. The outermost shell is incomplete and, in ‘fact, is far
from complete because it has only one electron. Atoms with complete
shells (that is, a number of electrons equal to 2n?) are usually quite stable.
Those atoms witha small percentage of the defined number for the outer-
most shell are normally considered somewhat unstable and volatile. Sec-
ond, the 29th electron is the farthest electron from the nucleus. Opposite
charges are attracted to each other, but the farther apart they are,'the less
the attraction. In fact, the force of attraction between the nucleus and the
20th electron of copper can be determined by Coulomb’s law developed
by Charles Augustin‘Coulomb (Fig. 2.3) in the late 18th century: '

10,

F=k352| " (newtons,N) @n
p _

whére F is in newtons (N), £ = a constant = 9.0 X 10° Nm%C?, Q) ‘and

- 0, are the charges in coulombs (a unit of measure discussed in the next

section), and r is the distance between the two charges in meters:
At this point, the most important thing to note is that the distance be-

- tween the charges appears as a squared term in the denominator, First,

thé fact that this term is in the denominator clearly reveals that as it in-
creases, the force will decrease. However, since it is a squared term, the

force.will drop dramatically with distance. For instance, if the distance is’

doubled, the force will drop to 1/4 because (2)* = 4. If the distance is in-
creased by a factor of 4, it will drop by 1/16, and so on. The result, there-

* fore, is that the force of attraction between the 29th electron and the

nucleus is significantly less than that between an electron in the first
shell and the nucleus. The result is that the 29th electron is loosely
bourid to the atomic structure and with a little bit of pressure from out-
side sources could be encouraged to leave the parent atom.

If this 29th electron gains sufficient energy from ihe surrounding

" medium to leave the parent atom, it is called d free electron. In 1 cubic

in. of copper at room temperature, there are approximately 1.4 X 1024
free electrons. Expanded, that is 1,400,000,000,000,000,000,000,000
free electrons in a 1-in. square cube. The point is that we are dealing
with enormous numbers of electrons when we talk about the number of
free' electrons in a copper wire—not just a few that you could leisurely

" count. Further, the numbers involved are clear evidence of the need to

become proficient in the use of powers of ten to represent numbers and
use them in mathematical calculations.

Other metals that exhibit the same properties as copper, but to a dif-
ferent degree, are silver, gold, and aluminum, and some rarer metals
such as wngsten. Additional comments on the characteristics of conduc-
tors are in the following sections.

2.3 VOLTAGE

_If we separate the 29th electron in Fig. 2.2 from the rest of the atomic

structure of copper by a dashed line as shown in Fig. 2.4(a), we create re-
gions that have a net positive and negative charge as shown in Fig. 2.4(b)
and-(c). For the region inside the dashed boundary, the number of pro-
tons in the nucleus exceeds the number of orbiting electrons by 1, so the
net charge is positive as shown in both figures. This positive region cre-
ated by separating the free clectron from the basic atomic structure is
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&

called a positive fon. If the free electron then leaves the vicinity of the
parent atom as shown in Fig. 2.4(d), regions of positive and negative
charge have been established. '

This separation of charge to establish regions of positive and negative
charge is the action that occurs in every battery. Through chemical action,
a heavy concentration'of positive charge (positive ions) is established at

the positive terminal, with an equally heavy concentration of negative *

charge (electrons) at the negative terminal,
In general, -

every source of voltage is established by simply oreating a separation
of positive and negative charges.

» Itis that simple: If you wanf to create a voltage level of any magnitude,
simply establish regions of positive and negative charge. The more the re-
quired voltage, the greater is the quantity of positive and negative charge.

In Fig. 2.5(a), for example, a region of positive charge has been es-
tablished by a packaged number of positive ions, and a region of nega-
tive charge by a similar number of ¢lectrons, separated by a distance r. _
Since it would be inconsequential to talk about the voltage established

* by the separation of a single electron, a package of electrons called a

caulomb (C) of charge was defined as follows:

One coulomb of charge is the total charge associated with
6.242 X 10" electrons. o

A coulomb of positive charge would have the same magnitude but oppo-
site polarity, _ . .

In Fig. 2.5(b),.if we take a coulomb of negative charge near the sur-
face of the positive charge and move it toward the negative charge, we
must expend energy to overcome the repulsive forces of the larger nega-
tive charge and the attractive forces of the positive charge, In the process
of moving the charge from point a to point & in Fig. 2.5(b):

ifatotalof 1 jaul} (J) of energy is used to move the negative charge of

I coulomb (C), there is a difference of 1 volt (V) between the two poins.

V = volts (V)
W = joules (J)
@ = coulombs (C)

The defining equation is

V=

Q=

(22)

fﬁ.‘.\pﬂrﬂm "

£ 2
- 0 =/
20 s ;-_..--"I coulomb of charge
L | coulomb v -
i of charge 2 joules of energy
s _ .
i : i 1 joule :
r ; = :
il : .,.b R of energy 2V
s 1V - B
I ¥
W ' (b) ) @

FIG. 25

Defining the voltage berween two paints.
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“Take particular note that the charge is measured in coulombs, the en-

ergy in joules, and the voltage in volts. The unit of measurement, volt, was

chosen to honor the efforts of Alessandro Volta, who first demonstrated

that a voltage could be established through chemical action (Fig. 2.6).

If the charge is now moved all the way to the surface of the larger
negative charge as shown in Fig. 2.5(c), using 2 J of energy for the
wholé trip, there are 2 V hetween the two charged bodies. If the pack-

" age of positive and negative cliarge is larger, as shown in Fig. 2.5(d),
more energy wilkhave to be expended to overcome the larger repulsive
forces of the large negative charge and attractive forces of the large

positive charge.'As shown in Fig. 2.5(d), 4,8 J of energy were ex- -
pended, resulting in a voltage of 4.8 V between the twb points. We can

therefore conclude that it would take 12 J of energy to move 1 C of

negative charge from the positive terminal to the negative terminalofa =

12V car battery. h
~ Through algebraic manipulations, we can define an equation to deter-
mine the energy required to move charge through a difference in voltage:

(joules, J) @3

W - ;.
| Q= v (coulombs, C) i (2.4)

v
LY

EXAMPLE 2.1 Find the voltage between two points if 60 J of energy

are required to move a charge of 20 C between the two points.
- W _ 603 . |
Jution: Eq. (2.2 V =— = —= =
So_inEq(Z_Z) 0= 20€ av

-

EXAMPLE 2.2 Determine the energy expended moving a charge of
50 4C between two points if the voltage between the points is6V.
é - .

: Soh"on: Eq. (2.3): : ;
W= QV = (50 X 1075 C)(6 V) = 300 X 107°J = 300 puJ -

X

“There are a variety of ways to separate charge 10 establish the desired

voltage. The most common is the chemical action used in car batteries,
flashlight batieries, and, in fact, all portable batterigs. Other sources use
mechanical methods such as car generators and steam power plants or
alternative sources such as solar cells and windmills. In total, however,
the sole purpose of the system is o create a separation of ¢harge. In the

future, therefore, when you see a positjve and a negative terminal on any -

type of battery, you can think of it as a point where a large concentration

~of charge has gathered to create a voltage between the two points. More
important is to recognize that a voltage exists between two points—ior a
battery becween the positive and negative terminals. Hooking up just the
positive or the negative terminal of a battery and not the other would be
_meaningless. 3

Both terminals must be connected to define the applied voltage.

Il -~ Arembape AR

Finally, if we want to.know how much ¢harge was involved, we use

g2
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: FIG. 2.6
Count Alessandro Volia..
Courtesy of the Smithsonian -
Institution, Photo No, 55,393
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"As we moved the | C of charge in Fig. 2.5(b), the energy expended
would depend on where we were in the crossing. The position of the
charge is therefore a factor in determining the voltage level at each point
in the crossing. Since the potential energy associated with a body is de-
fined by its position, the term potential is often applied to define voltage
levels. For example, the difference in potential is 4 V between the two
points, or the potential difference between a point and ground is 12 V,
and so oh. : ;

2.4 CURRENT

The question; “Which came first—the chicken or the egg?" can be ap-
plied here also because the layperson has a tendency to use the terms
current and.voltage interchangeably as if both were sources of energy. It
is time to set things straight; .

The applied voltage is the starting mechanism—the current is a
reaction to the applied voltage,

In Fig. 2.7(a), a copper wire sits isolated on a laboratory bench. If we
cut the wire with an imaginary perpendicular plane, producing the circu-
lar cross section shown in Fig. 2.7(b), we would be amazed to find that
there are free electrons crossing the surface in both directions. Those

. free electrons generated at room temperature are in constant motion in
random directions. However, at any instant of time, the number of elec-
trons crossing the imaginary plane in one direction is exactly equal to
that crossing in the opposite direction, so the net flow in any one direc-
tion is zero. Even though the wire seems dead to the world sitting by it-
self on the bench, internally, it is quite active. The same would be true
for any other good conductor.

Imaginml'y plane

Perpendicular plane
for Fig. 2.7(b)

P'crgn_dicu]nr
surface cut by
plane

(a) ' _ (b)
FIG. 2.7
There is motion of free carriers in an isolated piece of copper wire, but the

flow of charge fails 1o have a particular direction. «

Now, o make this electron flow do work for us, we need to give it a

d direction and be able to control its magnitude. This is accdmplished by
’ . simply applying a voltage across the wire to force the electrons to move
- toward the positive terminal of the battery, as shown in Fig. 2.8. The in-

 stant the wire {s placed across the terminals, the free electrons in the wire

drift toward the positive terminal, The positive ions in the copper wire

simply oscillate in a mean fixed position. As the electrons pass through

the wire, the negative terminal of the battery acts as a supply of additional

Introductory, C.-4B



' FIG.28 ' : S P
Motion of negatively charged electrons in a copper wire when placed across
battery terminals with a difference in potential of volts (V).

electrons to keep the process moving. The electrons arriving at the posi-
- tive terminal are absorbed, and through the chemical action of the battery,
additional electrons are deposited at the negative terminal to make up for
those that left. _ : ’
To take the process a step further, consider the configuration in
Fig. 2.9, where a copper wire has been used to connect a light bulb to -
a battery to create the simplest of electric circuits. The instant the
final connection is made, the free electrons of negative charge drift to-
ward the positive terminal, while the positive jons left behind in the
copper wire simply oscillate in a mean fixed position. The flow of
charge (the electrons) through the bulb heats up the filament of the
bulb through friction to the point that it gléws red-hot and emits the
desired light. - : .

Imaginary plane

FIG.2.9
Basic electric circuir.

. In total, therefore, the applied voltage has established a flow of elec-,
“'trons in a particular direction. In fact, by definition, :

if 6.242 x 10" elecgrons (1 coulomb) pass through the imaginary
plane in Fig. 2.9 in I second, the flow of charge, or current, is said
to be 1 ampere (A).

k?
CURRENT 111 39
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FIG. 2.10
André Marie Ampére.

Courtesy of the Smithsonian

Institation, Photo No. 76,524
French (Lyon, Paris) e ey
(1775-1836)
Mathematician and Physicist
Professor of Mathematics,

Ecale Polytechnique, Paris
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The unit of current measurement, ampere, was chosen to honor the
efforts of André Ampere in the study of electricity in motion (Fig. 2.10).

Using the coulomb as the unit of charge, we can determine the cur-
rent in amperes from the following equation: -

0 1 = amperes (A) ‘
I== ©Q = coulombs (C) (2.5)
L] ¢=time(s) i

The capital letter / was chosen from the French word for current,

+ intensizé. The SI abbreviation for each quantity in Eq. (2.5) is provided

to the right of the equation. The equation clearly reveals that for equal

time intervals, the more charge that flows through the wire, the larger is
the resultirig current. ) 1

Through algebraic manipulations, the other two quantities can be -

determined as follows:

5 o= (coulombs, C) @26
and ™
" [ = % (seconds, s) . , {2-.7)

EXAMPLE 2.3 The charge flowing through the imaginary surface in
Fig. 2.9 is 0.16 C every 64 ms. Determine the current in amperes.
Solution: Eq. 2.5 p
@ . _0i6C  _ 160x1073C

] = 2.50A

1 64x107% 64x 1073

EXAMPLE 2.4 Determine how long it will take 4 X 10'% electrons to
pass through the imaginary surface in Fig. 2.9 if the current is 5 mA.
Solution: Determine the charge in coulombs: - e
= iy - ; L <
S 1B e
6.242 X 10'8 eleetrons

)= 0.641 X10%C

= 641 mC

0, 641%x1073¢
1

=q. 2.7:: = =128s
Eq ( ] ; § %1073

iy
In summaty, therefore, ° : i

Hré_qppﬁ}:d vokbge (or pofem'fai- difference) in an T A
* eleciricalfelectronics system is the “pressure” to set the system in

motion, and the current is the reaction to that pressure.

«A mechanical analogy often used to explain this is the ﬂﬁuple gardcn
- hose._In-the absence of any pressure; the water sits quietly in the hose

with-no general direction, just as electrons do not have a net direction in

the absence of an applied voltage. However, release the spigot, and the



applied pressyre forces the water to flow through the hose. Similarly,
apply a voltage (© the circuit, and a flow of charge or current results.

" A second glance at Fig. 2.9 reveals that two directions of charge flow
have been indicated. One is called conventional flow, and the other is
called electron flow. This text discusses only conventional flow for a va-
riety of reasons; namely, it is the most widely used at educational insti-
tutions and in industry, it is employed.in the design of all electronic
device symbols, and it is the popular chaice for all major computer soft-
ware packages. The flow controversy is a result of an assumption made
at the time electricity was discovered that the positive charge was the
moving particle in metallic conductors. Be assured that the choice of
conventional flow will not create great difficulty and confusion in the

chapters to follow. Once the direction of 7 18 established, the:issue is |

dropped and the analysis can continue without confusion,

Safety Considerations

It is important to realize that even small levels of current through the
human body can cause serious, dangerous side effects. Experimental re-
sults reveal that the human body begins to react to currents of only a few
milliamperes. Although most individuals can withstand currents up 1o
pethaps 10 mA for very short periods of time without serious side ef-
fects, any current over 10 mA should be considered dangerous..In fact,
currents of 50 mA can cause severe shock, and currents of over 100 mA
can be fatal. In most cases, the skin resistance of the body when dry is
sufficiently high to limit the current through the body to relatively safe
levels for voltage levels typically found in the home. However, if the
skin is wet due to perspiration, bathing, and 50 on, or if the skin barrier is
broken dueé to an injury, the skin resistance drops dramatically, and,cur-
rent levels could rise to dangerous levels for the same voltage shock. In
general, therefore, simply remember that water and electricity don 't mix.
Granted, there are safety devices in the home today [such as the ground
fault circuit interrupt (GFCI) breaker, discussed in Chapter 4] that are
designed specifically for use in wet areas such as the bathroom and
kitchen, but accidents happen. Treat electricity with respect-—not fear.

2.5 VOLTAGE SOURCES

The term dc, used throughout this text, is an-abbreviation for direct cur-
rent, which encompasses all systems where there is a unidirectional
(one direction) flow of charge. This section reviews dc voltage supplies
that apply a fixed voltage to electrical/electronies systems.

The .graphic-symbol for all de voltage sources is shown in Fig. 2.11.
Note that the relative length of the-bars at each end define the polarity of
the supply. The long bar represents the positive side; the short bar, the
negative. Note also the use of the letter E to denote voltage source. 1t
comes from the fact that

an electromotive force ( emf) is a force that establishes
charge (or current) in a system due to the applicgs
in potential.

In general, datgs
{1) batterie g
mechanigs

”
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Batteries

General Information For the layperson, the battery is the most
common of the de.sources, B ¥ definition, a battery (derived from the ex-
pression “battery of cells”) consists of a combination of two or more
similar cells, a cell being the fundamental source of electrical energy de-
veloped through the conversion of chemical or solar energy. All cells can
be divided into the primary or secondary types, The secondary is
rechargeable, whereas the primary is not, That is, the chemical reaction
of'the secondary cell can be reversed to restore its capacity. The two
most common rechargeable batteries are the lead-acid unit (used prima-
rily in automobiles) and the nickel-metal hydride (NiMH) battery (used
in calculators, tools, photoflash units, shavers, and so on)., The obvious
advantages of rechargeable units are the-savings in time and money of
not continually replacing discharged primary cells.

All the cells discussed in this chapter (except the solar cell, which ab-
sorbs energy from incident light in the form of photons) establish a po-
tential difference at the expense of chemical energy. In addition. each has
a positive and a negative electrode and an electrolyte to complete the cir-
cuit between electrodes within the battery. The electrolyte is the contact
element and the source of ions for conduction between the terminals.

Primary Celis (Non-rechargeable) The popular alkaline primary
battery uses a powdered zinc anode (+); a potassium (alkali metal)
hydroxide electrolyte; and a manganese dioxide/carbon cathode (=) as’
shown in Fig. 2.12(a). Ifi Fig, 2:12(b), note that for the cylindrical types
(AAA, AA, C, and D), the voltage is the same for each, but the ampere-
hour (Ah) rating increases signifieantly with size. The ampere-hour

« rating is an indication of the level of current that the battery can provide

for a specified period of time (to be discussed in detail in Section 2.6).In
particular, note that for the large, lantern-type battery, the vol tage is only
4 times that of the AAA battery, but the ampere-hour rating of 52 Ah is
almost 42 times that of the AAA batte ry. L]

Ccell
1L.5v

AA cell 9V AAA cell
L5V 625mAh 15V
2850 mAh 1250 mAh




v
5000 mAh
* Standard drain: Standard drain:
2.5 mA 150 mA
FIG. 2.13

Lithium primary batteries.
Another type of popular primary cell is the lithium battery, shown n
- Fig. 2.13. Again, note that the voltage is the same for each, but the size
increases substantially with the ampere-hour rating and the rated drain
- current. It is particularly useful when low temperature is encountered.
.In general, therefore, - 2 L

for batteries of, ;ﬁ same type, the size is dictated primarily by the
standard drain current or ampere-hour rating, not by the terminal
WMI' mﬂ"‘l ¥ : s
Secondary Calls (Rechargeable) e

Lead-Acid: ‘The 12V of Fig. 2.14, typically used in utomobiles, has

an electrolyte of sulfuric acid and electrodes of spongy lead (Pb) and lead
peroxide (PbO;). When a load is applied to the battéry terminals, there is
a transfer of electrons from the spongy lead electrode to the Iead peroxide

electrode through the load. This transfer of electrons will continue until _

Heat-sealed cover s Negative terminal

! vent
Electrolyte
reservoir
Separator
envelope Extrusion-fusion

w}ougjn o~
lead-calcium grid

FIG.2.14 :
Maintenance-free 12 V (actually 12.6 V) lead-acid battery.
(Courtesy of Remy Intemnational, [n¢.)
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the battery is completely discharged. The discharge time is determined by

 how diluted the acid has become and how heavy the coating of lead sul-

fate is on each plate. The state of discharge of a lead storage cell can be
determined by measuring the specific gravity of the electrolyte with a
hydrometer. The specific gravity of a substance is defined to be the ratio
of the weight of a given volume of the substance to the weight of an equal

- volume of water at 4°C. For fully charged batteries, the specific gravity

should be somewhere between 1.28 and 1,30, When the specific gravity
drops to about 1.1, the battery should be recharged. ES

Since the lead storage cell is a secondary cell, it can be recharged at
any point during the discharge phase simply by applying an external de -
current source across the cell that passes current through the cell in a
direction opposite to that in which the cell supplied current to the load.
This removes the lead sulfate from the platés and restores the concentra-

* - tion of sulfuric acid. . A

The output of a lead storage cell over most of the discharge phase is
about 2.1 V. In the commercial lead storage batteries used in automobiles, .
12.6 V can be produced by six cells in series, as shown in Fig. 2.14. In
general, lead-acid storage bafteries are used in situations where a hi gh
current is required for relatively short periods of time. At one time, all
lead-acid batteries were vented, Gases created Huring the discharge cycle
could escape, and the vent plugs provided access to replace the water or
electrolyte and to check the aeid level with a hydrometer. The use of a
.grid made from a wrought lead-calcium alloy strip, rather than the
lead-antimony cast grid commonly used, has resulted in maintenance-
free batteries, shown in Fig. 2,14, The lead-antimonly structure was sus-
ceptible to corrosion, overcharge, gasing, water ysage, and sel f-discharge.
Improved design with the lead—calcium grid has either eliminated or sub-
stantially reduced mast of these problems.

. It would seem that with so many advances in technology, the size and
weight of the lead-acid battery would have decreased significantly in re-
cent years, but even today it is used more than any other battery in auto-
mobiles and all forms*of machinery. However, things are beginning to
change with interest in nickel-metal hydride and lithium-ion batteries,

* which both pack more power per unit size than the lead-acid variety.

Both will be described in the sections to follow,

Nickel-Metal Hydride(NiMH): The nickel-metal hydride recharge-
able battery has been receiving enormous interest and development in
recent years. In 2008 Toyota announced that the Toyota Prius and two
other hybrids would use NiMH batteries rather than the lead-acid variety,
For applicatigns such as flashlights, shavers, portable televisions, power
drills, and so on, rechargeable batteries such as the nickel-metal hydride
(NiMH) batteries shown in Fig. 2.15'are bften the secondary batteries of

-choice. These batteries are so well made that they can survive over 1000

charge/discharge cycles 6ver  period of time and can last for years.

. It is important to recognize that if an appliance calls for a recharge-
« able battery such.as a NIMH battery, 4 primary cell should not be used.
- The appliance may have an internal charging network that would be

dysfunctional with a primary cell. In addition, note that NiMH batteries
are about 1.2 V per cell, whereas the common primary-cells are typically
1.5V percell. MRS SHTEE

~ There is some amRiguity about how often a-secondary cell should be

recharged, Generally, the battery can be used until there is some indi-

calion that the.-energy level is Tow, such as a dlmg]fngJ_ight from a

-
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FIG. 2.15 .
- Nickel-meial hydride (NiMH) rechargeable batteries.

5 (© Eveready Battery Compay, Inc., St. Louis, Missouri)

flashlight, less power from a drill, or a signal from low-battery indicator.
Keep in mind that secondary cells do have some *“memory." If they are.
recharged continuously after being used for a short period of time, they
may begin to believe they are short-term units and actually fail to hold
the charge for the rated period of time. In any event, always iry to avoid
a “hard” discharge, which results when every bit of energy is drained
from a cell, Too many hard-discharge cycles will reduce the cycle life

of the battery. Finally, be aware that the charging mechanism for

nickel—cadmium cells is quite different from that for lead-acid batter-
ies. The nickel-cadmium battery is charged by a constant-current

source, with the terminal voltage, staying fairly steady through the en-

tire charging cycle. The lead-acid battery is charged by a constant volt-

age source, permitting the current to vary as determined by the statesof .

the battery. The capacity of the NIMH battery increases almost linearly
throughout most of the charging cycle. Nickel-cadmium batteries be-
come relatively warm when' charging. The lower the capacity level of
the battery when charging, the higher is the temperature of the cell. As
the battery approaches rated capacity, the temperature of the cell ap-
proaches room temperature. - :

Lithium-ion (Li-ion): The battery receiving the most research and
development in recent years is the lithium-ion battery. It carries more
energy in a smaller space than either the lead-acid or NiMH recharge-
able batteries. Its positive characteristics are such that once they canbe

- properly channeled in a safe and efficient manner at a reasonable’price,
it may sweep the others off the scene. However, for the moment it is”
used extensively in smaller applications such as computers, a host of
consumer products, and recently in power tools, It has a way to go be-
fore taking over the automobile market. The Chevrolet Volt, a General _
Motors plug-in hybrid concept car, uses a Li-ion battery but is limited
to a 40-mile run before it needs to use a small gas engine, The sleek
Tesla roadster with its battery of more than 6800 Li-ion celis can travel
same 250 miles, but it carries a battery pack that costs between
$10,000 and $15,000. Another problem is shelf life. Once manufac-
tured, these batteries begin to slowly die even thbugh they may go
through normal charge/discharge cycles, which makes them similar to a
normal primary cell, so lifetime is a mnj(or concern, You may remember

-
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FIG. 2.16
Deit laptop lithium-ion battery: 11.1 V, 4400 mAh,

h

the laptops bursting into flames in 2006 and the need for Sony to recall

/ some 6 million computers. The source of the problem was the Li-ion

battery, which simply overheated; pressure built up, and an explosion
occurred. This was due to impurities in the electrolyte that prevented
the lithium ions moving from one side of the battery chamber to the
other. Since then this problem has been corrected, and lithium-ion bat-
terigs as appearing in Fig. 2,16 are used almost exclusively in laptop
computers. ] x

Industry is aware of the numerous positive characteristics of this
power source and is pouring research money in at a very high rate, Re-
cent use of nanotechnology and microstructures has ‘alleviated many of
the concerns addressed here. ;

Solar Cell_

The use of solar cells as part of the effort to gcnmu “clean” energy has
grown exponentially in the last few years.. At one time the cost and the
low conversion efficiencies were the main stumbling blocks to wide-

. spread use of the solar cell. However, the company Nanosolar has sig-

nificantly reduced the cost of solar panels by using a printing process
that uses a great deal less of the expensive silicon material in the manu-
facturing process. Whereas the cost of generating solar electricity is
about 20 to 30 ¢/kWh, compared to an average of 11 ¢/kWh using a
local utililty, this new printing process will have a significant impact on
reducing the cost level. Another factor that will reduce costs is the im-
proving level of efficiency being obtained by manufacturers. At one
time the accepted efficiency level of conversion was between 10% and
14%. Recently, however, almost 20% has been obtained in the labora-
tory, and some feel that 30% to 60% efficiency is a possibi lity in the fu-
ture. Given that the maximum available wattage on an average bright,
sunlit day is 100 mW/cm?, the efficiency.is an important element in any _
future plans for the expansion of solar power, At 10% to 14% efficiency
the maximum available power per cm? would only be 10 to 14 mW. For
1 m? the return would be 100 to 140 W, However, if the efficiency could
be raised to 20%, the output would be significantly higher at 200 W for
the 1-m? panel. SNt :

The relatively small three-panel solar unit appearing on the roof of
the garage of the home of Fig. 2.17(a) can provide an enetgy source of
550 watt-hours (the watt-hour unit of measurement for energy will be
discussed in detail in Chapter 4). Such a unit can provide sufficient
electrical energy to run an energy-efficient refrigerator for 24 hours per
day while simultaneously running a color TV for 7 hours, a'microwave
for 15 minutes, a 60 W bulb for 10 hours, and an electric clock for
10 hours. The basic system operates as shown in Fig. 2.17(b). The solar

- panels (1) convert sunlight into dc electric power. An inverter (2) con-

verts the dc power into the standard ac powér for use ih the home (6).
The batteries (3) can store energy from the sun for use if there is insuf-
ficient sunlight or a power failure. At night or on dark days when the
demand exceeds the solar panel and battery supply, the local utility
company (4) can provide power to the appliances (6) through a special
hookup in the electrical panel ¢5). Although there is an initial expense
1o setting up the system, it is vitally important to realize that the source
of energy is free—no monthly bill for sunlight to contend with—and
will provide a significant amount of energy for a very long period of .
time.
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FIG. 2.17
" Solar System: {a) panels on roof of garage; (b) system operation,
(Courtesy of SolarDirect.com)

IGenarators '

The de generator is quite different from the battery, both in construction
(Fig. 2.18) and in mode of operation. When the shaft of the generator is
rotating at the nameplate speed due to the applied torque of some exter-
nal source of mechanical power, a voltage of rated value appears across
the external terminals. The terminal voltage and power-handling capa-
bilities of the dc generator are typically higher than those of most batter-
ies, and its lifetime is determined only by its construction. Commercially
used dc generators are typically 120 V or 240 V. For the purposes of this FIG. 2.18
text, the same symbols are used for a battery and a generator. : ¢ dc generator,

iner Supplies

The de supply encountered most frequently in the laboratory uses the
rectification and filtering processes 2§ its means toward obtaining a
steady dc voltage. Both processes will be covered in detail in your basic
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FIG. 2.19
A0V 1060V, 010 1.5 A digital display

* de power supply:
(Courtesy of B+ K Precision.)

@ .

electronics courses. In total, a time-varying voltage (such as ac voltage
available from a home outlet) is converted to one of a fixed magnitude. A
dc laboratory supply of this type is shown in Fig. 2,19,

Most dc laboratory supplies have a regulated, adjustable voltage out-
put with three available terminals, as indicated horizontally at the bottom
of Fig 2.19 and vertically in Fig 2.20(a). The symbol for ground or zero
potential (the reference) is also shown in Fig. 2.20(a). If 10 V above
ground potential are required, the connections are made as shown in Fig.
2.20(b). If 15 V below ground potential are required, the connectiofis are
made as shown in Fig. 2.20(c). If connections are as shown in Fig.
220(d), we say we have a “floating” voltage of 5V since the reference level
is not included. Seldom is the configuration in Fig. 2.20(d) used since it
fails to protect the operator by providing a direct low-resistance path to
ground and to establish a common ground for the system. In any case, the

 positive and negative terminals must be part of any circuit configuration.

+@110V . s @ul0v)

i g .
0 i ————
= Grid (0 V) — —_ 10V
. - @ Jumper ) l
(a) ® .
‘ Jumper ( 15V) + ' +
q—‘/ e

(c) Fu
FIG. 2. 20

dc laboratory supply: (a) available terminals; (b) positivé voltage with respect to (w.rt.)

ground; (c) negative voltage w.r.t. ground; (d) floating supply.

Fuel Cells

One of the most exciting developments in recent years has been the
steadily rising interest in fuel cells as an alternative energy source. Fuel
cells-are now being used in small stationary power plants, transportation
(Buses), and a wide variety of applications where portability is a major

" factor, such as the space shuttle. Millions are now being spent by major

automobile manufacturers to build affordable fuel-cell vehicles.

Fuel cells have the distinct advantage of operating at efficiencies of
70% to 80% rather than the typical 20% to 25% efficiency of current in-
ternal combustion engine of today's automobiles. They also have no
moving parts, produce little or no pollution. generate very little noise,
and-use fuels such as hydrogen and oxygen that are readily available.
Fuel cells are considered primary cells (of the continuous-feed variety)
because they cannot be recharged. They hold their characteristics as long.
as the fuel (hydrogen) and oxygen are supplied to the cell. The only
byproducts of the conversion process are small amounts of heat (which
is often used clsewhere in the system design), water (which may’ also be
reysed), and negligible levels of some oxides; depending on the compo-
nents of the process. Overall, fuel cells are environmentally friendly.



* The operation of the fuel cell is essentially opposite to that of the

“chemical process of electrolysis. Electiolysis is the process whereby
electric current is passed through an electrolyte to break it down into its

' fundamental compenents. An electrolyte is any solution that will permit
conduction through the movement of ions between adjoining electrodes.
For instance, passing current through water results in a hydrogen gas by
the cathode (negative terminal) and oxygen gas at the anode (positive
terminal). In 1839, Sir William Grove believed-this process could be re-
versed and demonstrated that the proper application of the hydrogen gas
and oxygen results in a current through an applied load connected to.the

- electrodes of the system. The first commercial unit was used ina tractor
in 1959, follawed by an energy pack in the 1965 Gemini program. In
1996, the first small power plant was designedyand today itis an impor-
tant component of the shuttle program.” \

The basic components of a fuel cell are depicted in Fig. 2.21(a) with
details of the construction in Fig. 2.21(b). Hydrogen gas (the' fuel) is
supplied to the system at a rate proportional to the current required by
the load. At the ppposite end of the cell, oxygen is supplied as needed.
The net result is a flow of eléctrons through the load and a discharge of
water with a release. of some heat developed in the process. The amount
of heat is minimal, although it can also be used as a component in the de-

- sign to improve the efficiency of the cell. The water (very clean) can
- simply be discharged or used for other applications such as cooling in
the overall application. If the source of hydrogen or oxygen is removed,
the system breaks down. The flow diagram of the system is relatively
simple, as shown in Fig, 2.21(a). In an actual cell, shown in Fig. 2.21(b),
_the hydrogen gas is-applied to a’porous electrode called the anode that is

* " coated with 4 platinum catalyst. The catalyst on the gnode serves to,

speed up the process of breaking down the hydrogen atom into positive
hydrogen ions and free electrons. The electrolyte between the electrodes

is a solution or membrane that perriits the passage of positive hydrogen

jons but not electrons. Facing this wall, the electrons choose:to pass
through the Joad and light up the bulb, while the positive hydrogen ions
- migrate toward the cathode. At the porous cathode (also coated with the
catalyst); the incoming oxygen atoms combine with the arriving hydrogen

(a)

FIG. 2.21
Fuel cell (a) components; (b) basic construction.

VOLTAGE SOURCES 111 49
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ions and the electrons from the circuit to create water (H20) and heat,
The circuit is, therefore, complee: The electrons are generated and then
absorbed. If the hydrogen supply is cut off, the source of electrons is
shut down, and the system is no longer an operating fuel cell,

In some fuel cells, either a liquid or molten electrolyte membrane is
used, Depending on which the system uses, the chemical reactions will
change slightly but not dramatically from that described above, The
phosphoric acid fuel cell is a popular cell using-a liquid electrolyte,
while the PEM uses a polymer electrolyte membrane. The liquid or
molten type is typically.used in stationary power plants, while the mem-
brdne type is favored for vehicular use. . i :

The output from a single fuel cell is a low-voltage, high-current dc

~output. Stacking the cells in series or parallel increases the output volt-

age or current level.
Fuel cells are receiving an enormous amount of attention and devel-

‘opment effort. It is certainly possible that fuel cells may some day re-

place batteries in the vast majority of applications requiring a portable
energy source. Fig. 2.22 shows the components of a hydrogen fuel-cell
automobile.

Fuel cells use hydrogen and oxygen

to create a reaction that produces o
electricity to nun the engine. Water

vapor is the primary emission.

" Air com T pumps
air into the fuel cell,

FIG.2.22
Hydrogen fuel-cell automobile.

/

2.6 AMPERE-HOUR RATING

The most important piece of data for any battery (other than its voltage
rating) is its ampere-hour (Ah) rating.-You have probably noted in
the photographs, of batteries in this chapter that both the voltage and
the ampere-hour rating have been provided for each battery,

' The ampere-hour (Ah) rating provides an indication of how long a

battery of fixed voltage will be able to supply a particular current.
A battery with an ampere-hour ;atin;g of 100 will theoretically provide a

current of 1 A for 100 hours; 10 A for 10 hours, or 100 A for 1 hout. Quite

+ obviously, the greater the current, the shorter is the time. An equation for
‘determining the length of time a battery will supply a particular current is
the following: . ! j

ampere-hour (Ah) rating
- amperes drawn (A}

2.8)

| Life (hours}n
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J 2.5 How long will a 9 V transistor battery with an a;rnpere-
pgting of 520 mAh provide a current of 20 mA"

>4 : _ 520mAh _ 520
Solution: Eq. (2.8):Life = 20mA 20 h=26h

EXAMPLE 2.6 How long can a 1.5 V flashlight battery §rovidc acur-
rent of 250 mA to light the bulbif the ampere-hour 'ra:ing- is 16 Ah?

. 16 Ah 16
ZSO.mA 250><10"3

So!uﬂan. Eq (2.8): Life = h =64 h

2.7 BATTEHY LIFE FACTOHS

- 'The previous section made it clear that the life of a battery is directly re-
lated to the magnitude of the current drawn from the supply. However, . =
_there are factors that affect the given ampere-hour rating of a battery, so s ; ; 2
we may find that a battery with an ampere-hour rating of 100 can supply : :
- acurrent of 10 A for 10 hours but can supply a ctirrent of 100 A for only i X .
20 minutes rather than the full 1 hour calculated using Eq. (2.8). In other : ;
* words,

_ the capacity of a battery (in ampere-hours) will cluugc w:rh change °
in current demand.

. This is not to say that Eq. (2.8) is totally invalid, It can always be used
to gain some insight into how long a battery can supply a particular cur-
rent, However, be aware. that there are factors that affect the ampere-hour

" rating. Just as with most systems, including the human body, the more
we demand, the shorter is the time that the output level can be maip-
tained. This is clearly verified by the curves in Fig. 2.23 for the Bveready
Energizer D cell. As thé constant-current drain increased, the ampere-
hour rating decreaseq from aboul 18 Ah at 25 mA to arouncl 12 Ah at

- .

20+ !
18@25 mA
17@100 mA

. 15@200 mA

Ampere-hour

|
i |
i |
1 : :
ti e i i A
AR e ! . : 9.5@400 mA
I o !
:. | 1 i 1
| | ! 1 | [ 1
Fé N 1 ! I !
I | . I !
I I : i1 !
0F 25 100 200 300 400 mA
i e
I (constant current drain)
. FIG. 2.23

Ampere-hour rating (capacity) versus drain current for an Energ:zer@ D ceH

Fl
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’ - FIG.2.24
Ampere- hour rating (capacity) versus temperalure Jor an Ener;glzer@ D cell.

Another factor that affects the ampere-hour rating isthe temperature of
the unit and the surrounding medium, In Fig. 2.24, the capacity of the
same battery plotted in Fig. 2.23 shows & peak value near the common
room temperature of 68°F. Al very cold temperaturés_and very warm
temperatures, the capacity drops. Clearly, the ampere-hour rating will be
provided af or near room temperature to give it a maximum value, but be
aware that it will drop off with an increase or decrease in temperature.
Most of us have noted that the battery in a car, radio, two-way radio,
flashlight, and so on seems to have less power in really cold weather. It
‘would seem, then, that the battery capacity would increase with higher
temperaturés—which, however, is not always the case. In general, therefore,

the ampere-hour raling of a battery will decrease from the room-
temperature level with very cold and very warm temperatures.

Another interesting factor that affects the performance of a battery is
how long it is asked to supp!y a particular voltage at a continuous drain
current. Note the curves in Fig. 2.25, where the terminal voltage dropped
at each level of drain current as the umc period mcn:ase.d The lower the

T Voltage (V)

Lo
o 100 200 300 , 400 500 600 700~ ~800  riours
Discharge time

FIG. 2.25

Terminal voltage versus discharge time for spectfic driin currénts for an Energizer® D cell,



currént drain, the longer it could supply the desired current. At 100 mA,
it was limited to about 106 hours near the rated voltage, but at 25 mArit
- did not drop below 1.2 V until about 500 hours had passed. That is an in-
crease in time of 5 + 1, which is significant; The result is that :
the terminal voltage'ef a battery will eventually drop (at.any level of
current drain) if the time period of continuous discharge is too long.

2.8 CONDUCTORS AND INSULATORS

Differenit wires placed agtoss the same two battery ferminals allow dif-

ferent amounts of charge to flow between the terminals. Many factors,
such as the density, mobility, and stability characteristics of a ‘material,
aécount for these variations in'charge flow. In general, however,

* conductors are those materials that permit @ generous flow of

electrons with very little external force (voltage) applied. -

N

. In addition,

good cénducfb’rq _iyj;icéﬂy have only one cleetran in the valence (most

distant from !he_' nucleus) _n‘ng. i R

Since copper is used most frequently, it serves as the standard of com-
parison for the relative conductivity in Table 2.1 Nate that aluminum,
which has seen spme commercial use, has only 61% of the conduetivity
ievel of copper. The choice of material must be weighed against the cost

*

and weight factors, however.

* Insulators are :hgmmﬂak that have very f;_e'm free-electrons and.
 require a large applied potential (veltage) to establish a measurable
current level. . . : ; 1

5 - ¥ o TR Y
A common use of insulating material'is for covering current-carrying .

b f

wire, which, if uninsulated, could cause dangeroug side effects. Power

line workers wear E_ubber gloves and stand on rubber mats as safety

‘measures when working on high-voltage transriission lines. A few dif-
ferent types of insulators and their applications appear in Fig. 2.26.

Be aware, however, that even the best insulator will break down

(permit charge fo flow through it) if.a su fficiently large potential is applied

| ACTOsS it. The breakdown strengths of some common insulators are listed

. . FIG.226 _
Various rypes of insulators.and their applictions. (a) Fi-Shock extender insulatar;
(b) Fi-Shack comer insulater; (c) Fi-Shock screw-in posi insularoy.

Inteaduntary. 0 < BA

ol s T =

CONDUCTORS AND INSULATORS

TABLE 2.1

" Relative conductivity of various materials..

Metl ~  Relative Conductivity (%)




54 |11 VOLTAGE AND CURRENT " w " g _ Y,

TABLE 2.2 y in Table 2.2.' According to this table, for insulators with the same geo-
Breakdown strength of some common insulators. metric shape, it would require 270/30 = 9 times as much potential to
- pass current through rubber as through air and appmxlmatciy 67 times -
Average Breakdown . ¢ much voltage to pass current through mica as through air,

Material Strength (kV/em)

2.9 SEMICONDUCTORS-

Semiconductors are a specific gmup.pf elements that exhibit
characteristics between thase of imulalor.s and those of wndncmrs

The prefix seni, mcluded in the termmolugy, has the dictionary def' -
niiion of half, partial, or between, as defined by, its use. The entire elec-
tronics industry is dependent on this class of materials since the
electronic devices and integrated circuits (ICs) are constructed of semi-
‘ conductor materials, Although silicon (Si) is the most extensively em-
F P ployed matenal germanium (Ge) and gallium arsenide (GaAs) are alsn
used in many important devices. .

»

T Semfconduc;ar materials :yp;m!{v have faur electrons in the
outermost valence ring. »

Semiconductors are further characterized as being photoconductive
‘and having a negative temperature coefficient. Photoconductivity is a
phenomenon in which the photons (small packages of energy) from inci-
dent light can increase the carrier density in the material and thereby the
. charge flow level. A negative temperature coefficient indicates that the |
resistance (a charactansnc to be described in detail in the next chapter}
decreases with an increase in temperature (opposite to that of most con-
" ductors). Argreat deal more will be said about semicondugtors in the '
chapters to follow and in your basic electronics courses.

2.10 AMMETERS AND VOLTMETERS ' -

It is importaht to be able to measure the current and voltage levels of an
operating electrical system to cleck its operation, isolate malfunctions,
and investigate effccts impossible to predict on paper. As the names
imply, ammeters are used to measure current levels; voltmeters, the
. tential difference between two points. If the current levels are usually of
the order of milliamperes, the instrument will Eypica.lly be referred 1o as
amilliammeter, and if the current levels are in the microampere range, as
a m:cmammerer Similar statements can be made for voltage levels.
Throughout the ':ndustry voltage levels are measured more frequently -
than current levels, primarily beeguse measurement of the former does
1ot require that the network connections he disturbed.

The potential difference between two points can be measured by sim-
pl)r connecting the leads of the meter ‘across the two points, as indicated
in Fig, 2.27. An up-scale reading is obtained by placing the positive lead:
of the méter to the point of higher potential of the network and the com-
mon or negative lead to the point of lower potential. The reverse connec-
tion results in a negative reading or a below-zero indication.

" Ammetérs are connected as shown in Fig, 2,28. Since ammeters
measure the rate of flow of charge, the meter must be placed in the
. network such that the charge flows through the meter, The only way
5 : this can be accomplished is to cpemlhs path in which the current is to

FIG. 2.28 ’ . be measured and place the meter between the two resulting terminals,

Armne:er connection for an up-scale (+ reading. For the configuration in Fig, 2.28, the voltage source lead (+) must be

. | Introductory, C:- 5B

FIG. 227 .
Voltmeter connection for an up-scale (+) reading.
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disconnected from the system and the ammeter inserted as shown. An Gp-
scale reading will be obtained if the polarities on the terminals of the am-
meter are such that the current of the system enters the positive terminal,

The introduction of any meter into an electrical/electronic system

- raises a concern about whether the meter will affect the behavior of the ~

system. This question and others will be examined in Chapters 5 and 6
afler additional terms and concepts have been introduced. For the mo-
ment, let it be said that since voltmeters and ammeters do rot have inter-
nal components, they will affect the network when introduced for
. measurement purposes. The design of each, however, is such that the im-
pact is minimized. .
There aré instruments designed to measure just current or just volt-
age levels. However, the most common laboratory meters inclyde the
volt-ohm-milliammeter (YOM) and the digital multimeter {DMM),

shown in Figs. 2.29 and 2.30, respectively. Both instruments measure .
~ yvoltage and current and a third quantity, resistance (introduced in the

next chapter). The VOM usés an analog scale, which requires interpret-
'ing the position of & pointer on a continuous scale, while the DMM pro-
vides a display of numbers with decimal-point accuracy determined by
the chosen scale. Comments on s characteristics and use of various

metcrs will be made throughout the text. However, the major study of

mieters will be left for the laboratory sessions.

2.1 APPLI(_:AT%ONS

- Throughout the text, Applications sections such as this one have been in-
cluded to permit a further investigation of terms, quantities, or systems
introduced in the chapter. The primary purpose of these Applications is
1o establish a link between the theoretical concepts of the text and the

 real, practical world. Although the majority of components that appear
in a system may not have been introduced (and, in fact, some compo-
nents will not be examined until more advanced studies), the topics were
chosen very carefully and should be quite interesting to & new student of

* the subject matter. Spffidient comment is included to provide a surface

understanding of the role of each part of the system, with the under-
standing that the details will come at a later date. Since exercises on the
subject matter of the Applications do not appear at thé end of the chap-
ter, the content is designed not tc challenge the student but rather to
stimulate his ot her interest and answer some basic qucsiions‘ such as
how the system looks inside, what role specific elements ‘play in the sys-
tem, and, of course, how the system works. In essence, therefore, each

Applications section provides an opportunity to begin to establish a -

practical background beyond simply the content of the chapter. Do not
be concerned if you do net understand every detail of each application.

Understanding will come with time ahd expericnce. For now, take what,

you can from the gxamples and then proceed with the material,

Flashlight

Although the flashlight uses one of the simplest of electrical circuits, &
few fundamentals about its operation do carry over to more sophistic ated
systems, First, and quite obviously, it is a dc system with 2 lifetime fo-
tally dependent on the state of the batteries and bulb. Unless it is the
rechargeable type, each time you nse it, you ta!.u:e some of the life out of

APPLICATIONS 11l 85 .

FIG. 229
Volt-olm-milliammeter (VOM) analog meter.,
(Courtesy of 3impson Eleatric Co.y

FIG. 230
Digital multimeter (DMM). .
(Courtesy of Fiuke Corporation.
Reproduced with permissién.)
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FIG. 2.31

4 {a) Eveready® D cell Pashlight: (b) electrical schematic of flashiight of part (a);

fc) Duraceli® Powercheck™ D cell battery.

it. For many hours, the brightness will not diminish noticeably. Then,
however, as it reaches the end of its ampere-hour capacity, the i ght be-
comes dimmer at an increasing] y rapid rate (almost exponentially). The
standard two-battery flashlight is shown in Fig, 2.3] (4) with its electrical

" schematic in Fig. 2.31(b). Each 1.5V battery has an ampere-hour rating
of about 18 as indicated in Eig. 2.12. The single-contact miniature
flange-base bulb is rated at 2.5 V and 300 mA with good brightness and
a lifetime of about 30 hours. Thirty hours may not seem like a long life-

time, but you have Jo consider how long you usually use a flashlight
on each occasion. If we assume a 300 mA drain from the battery for
the bulb when in use, the lifetime of the battery, by Eq. (2.8), is about
60 hours. Comparing the 60 hour lifetime of the battery to the 30 hour
life expectancy of the bulb suggests that-we normally have to replace
bulbs more frequently than batieries.

However, most of us have experienced the opposite effect., We can
change batteries two or threc times before we need to replace the bulb,
This is simply ene example of the fact that one cannot be guided solely
by the specifications of each component of an electrical design, The op-
erating conditions, terminal characteristics, and details about the actual
response of the system for short and long periods of*time must be con-
sidered. As mentioned earlier, the battery loses some of its power each
time it is used. Although the terminal voltage may not change much at

" first, its ability to provide the same level of cutrent drops with each
usage. F’unh:f. batteries slowly discharge due. to “leakage currents” even

.y ifthe switch is not on, The air surrounding the battery. is not “clean™ in

“the sense_that moisture and other elements-in the air can provide a con-
ductfon path for leakage currents through the air through the surface of -
the battery itself, or through other nearby surfaces, and the battery even-

- tually discharges. How often have we left a flashlight with new batterics -
in a car for a long period of time only to find the light very.dim or the

- batteries dead when we need the flashlight the. most? An additional

probiem is acid leaks that appear as brown stainis or corrosion on the cas-
ing of the battery. These lcaks alo affect the life of the battery, Furiher,
when the flashlight is turned on, there is an initial surge in-current that
drains the baitery more than continuous use for 4 period of time, In other c



. words, confinually turning the flashlight on and off has a very detrimen-

tal &ffect on its life. We must also realize that the 30 hour rating of the

. bulb is for continuous use, that is, 300 mA flowing through the bulb for -

a continuous 30 hours. Certainly, the filament in the bulb and the bulb it-
self will get hotter with time, and this heat has a letrimental effect on the
filament wire. When the flashlight is turned on and off, it gives the bulb
a chance to cool down and regain its normal characteristics, thereby
avoiding any real damage. Therefore; with pormal use we can expect the
bulb to ldst longer than the 30 hours specified for continuous use.

Even though the bulb is rated for 2.5 V operation, it would appear
that the two batteries would result in an applied voltage.of 3 V, which
suggests poor operating conditions: However, a bulb rated at 2.5 V can

easily handle 2.5 V o 3 V. In addition, as-was pointed out in this chap-

ter, the terminal voltage drops with the current demand and usage.

* Under normal operating conditions, a 1.5V battery is considered to be -

in good condition if the feaded terminal voltage is .3V to'1.5 V. When

it drops 10 the range from 1 V to 1.1V, itis weak, and Wwhen it dropsto

the range from 0.8V to 0.9 V, it has lost its.effectiveness. The levels can

be related directly to the test band now appearing on Duracell® batter- .~

ies, such as on the one shown in.Fig. 2.31(c). In the test band on this
. battery, the upper voltage area (green) is near 1.5 V (labeled 100%); the
lighter ared to the right; from about 1.3 V down to 1 V; and the replace
_ a'rcat_rcd) on the far right; below 1 V. : . i

Be aware that the total supplied voltage of 3 V will be obtained only
if the batteries are connected as shown in Fig. 2.31(b). 5ccidamaily
. placing the two positive terminals together will résult in a total voltage
of 0V, and the bulb will not light at all. For the vast majority of systems.

with more than one battery; the positive terminal of one batiery will always -
be connected to the negative terminal of another. For all fow-voltage

batteries, the end with the nipple is the positive terminal, and the end

with the flat end is the negative terminal. In addition, the flat or yegative

end of a battery is always connected to the battery casing with the heli-
cal coil to keep the batteries in place. The pesitive end of the battery is .
always connected.to a flat spring connection or the element to be oper- -

ated. 1fyou look carefully at the bulb, you will find ghat the nipple con-
nected to the positive. end of the battery is insulated, from the jacket
around the base of the bulb. The jacket s the second terminal of the bat-
tery used to complete the circuit through the on/off switch.

If a fashlight fails to operate properly, the first thing to check is the
state of the batteries. It is best to replace both batteries at once. A system
with one good battery and one nearing the end of its life will result in
pressure on the good battery to supply the current demand, and, in fact,

" the bad baitery will actually be a drain on the good battery. Next, check

the condition of the bulb by checking the filament to see whether it has
opened at some point,because a long-term, continuous current level oc-
curred or because the flashlight was dropped. If the battery and bulb
seem to be in good shape, the next area of concern is the contacts be-
tween the:positive terminal and the bulb and the switch. Cleaning both
with emery cloth often eliminates this problem.

12 V Car Battery Charger

Battery chargers are a comimon household piece of equipment used
to charge everything from small flashlight batteries to heavy-duty,
marine, lead-acid batteries. Since all are plugged intoa 120 V ac outlet

-
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FIG. 2.32
Battery charger: (a) external appearance; (b) internal construction, '3

such as found in the home, the basic construction of each is quite similar.
In‘every charging system, a transformer {Chapger 22) must be included to
cut the ac voltage to a level appropriate for the dc level to be established.
A diode (also called reciifier) arrangement must be included to convert
the ac voltage, which varies with time, to a fixed dc level such as de-
: scribed in this chapter. Diodes-and/or rectifiers will be discussed in detail
v : in your first electronics course. Some dc chargers also include a regulator
to provide an improved dc level (one that varies less with time or load).
The car battery charger, one of the most common, is described here.
The outside appearance and the internal construction of a Sears
6/2 AMP Manual Battery Charger are provided in Fig. 2.32. Note in
Fig. 2.32(b) that the transformer (as in most chargers) takes up most of
the internal space. The additional air space and the holes in the casing
are there to ensure an outlet for the heat that will develop due to the re-
sulting current levels.
_ The schematic in Fig, 2.33 includes all the basic components of the
charger. Note first that the 120 V from the outlet are applied directly
! across the primary of the transformer. The charging rdte of 6 A or 2 A is
. _ X " determined by the switch, which simply controls how many windings of
: the primary will be in the circuit for,the chosen charging rate. If the bat- -
v e tery is charging at the 2 A level, the full primary will be in the circuit, and
the ratio of the turns in the primary to the turns in the secondary will be a
maximum. If it is charging at the 6 A level, fewer turns of the'primary are
in the circuit, and the ratio drops. When you study transformers, you will
find that the voltage at the primary and secondary is directly related to the
turns rdtio. If the ratio from primary to secondary drdps, the voltage
*- ~drops also. The reverse effect occurs if the turns on the secondary exceed
those on the primary:
The general appearance of the waveforms a ppears in Fig. 2.33 for the
- 6 A charging level. Note that so far, the ac voltage has the same wave
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_FIG.2.33

Elecirical schematic for the battery charger of Fig. 2.32.

shape agross the primary and secondary. The only difference is in the
peak value of the waveforms. Now the diodes take over and convert the
ac waveform, which has zero average value (the waveform above equals
the waveform below), to one that has an average value (all above the,
axis) as shown in the same figure. For the moment simply recognize that
diodes are semiconductor electronic devices that permit only conven-
tional current to flow through them in the direction indicated by the
arrow in the symbol. Even though the waveform resulting from the diodg - § .
~ action has 2 pulsing appearance with a peak value of about 18V, it
charges the 12 V battery whenever its voltage is greater than that of the
battery, as shown by the shaded area. Below the 12V level, the battery ' *
cannot discharge back into the charging network because the diodes per-
mit current flow in only one direction.

. In particular, note in Fig. 2.32(b) the large plate that carries the cur-
rent from the rectifier (diode) configuration to the positive terminal of
the battery. Its primary purpose is to provide a heat sink (a place for the
heat to be distributed to the surrounding air) for the diode configuration.
Otherwise, the diodes would eventually melt down and self-destruct-due
1o the resulting current levels. Each component of Fig. 2.33 Has been
carefully labeled in Fig. 2.32(b) for reference. N .

When current is first applied to a battery at the 6 A charge rate, the
current demand as indicated by the meter on the face of the instrument
may rise to 7 A or almost 8 A, However, the level of current decreases as
the battery charges until it drops to a Jevel of 2 A or 3 A, For units such
as this that do not have an automatic shutoft, it is important to disconnect
the charger when the current drops to the fully charged level; otherwise,
the battery becomes overcharged and may be damaged. A battery that is
at its 50% level can take as long as 10 hours to charge, so don't expect it
to be a 10-minute operation. In addition, if a battery is in Very bad shape
with a lower-than-normal voltage, the initial charging current may be too
high for the design. To protect against such situations, the circuit breaker
opens and slops the charging process, Because of the high current levels,
it is important that the directions provided with the tharger be carefully
read and applied. :



% .
60 11| VOLTAGE AND CURRENT

FIG. 2.34 > .
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Internal construction of the 9 V de supply
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in Fig. 2.34,

PROBLEMS

“along the line.

Answering Machines/Phones dc¢ Supply

A wide variety of systems in the home and office receive their dc operat-
ing voltage from an ac/de conversion system plugged rightinto a 120 V
ac outlet. Laptop computers, answering machines/phones, radios, clocks,
cellular phones, CD players, and so on, all receive their de power from a
packaged system such as shown in Fig. 2.34. The conversion from ac to
dc oceurs within the unit, which is plugged directly into the out] et. The dc
voltage is available at the end of the long wire, which is designed to be
Plugged into the operating unit. As small as the unit may be, it contains
basically the same components as in the battery charger in Fig. 2.32,

In Fig. 2.35, you can see the transformer used to cut the voltage down
to appropriate Jevels {again the largest component of the system). Note
that two diodes establish adclevel, and a capacitive filter (Chapter 10) is
added to smooth oyt the dc as shown. The system can be relatively small

ecausg the operating current levels are quite small, permitting the use

of thin wires to construct the transformer and limit its size; The lower
currents.also reduce the concerns about heating effects, permitting a

- small housing structure, The unit in Fig. 2.35, rated at 9 V at 200 mA, is

commonly used to provide power Lo answering machines/phones. Fur-
ther smoothing of the de valtage is accomplished by a regulator boilt
into the receiving unit, The regulator is normally a small IC chip placed

+in the receiving unit to.separate the heat that it generates from the heat

generated by the transformer, thereby reducing the net heat at the outlet

* close o the wall. In addition, its placement in the receiving unit reduces

the possibility, of picking up noise and oscillations along the long wire

! from the conversion unit to the operating unit, andf ensures that the full

rated voltage is available at the unit itself, not a lesser valué due to losses

i
'l

2.12 COMPUTER ANALYSIS

" In some texts, the pmcedure for choosing a d¢ voltage source and plac-
-ing it on the schematic using computer methods is introduced at this

point. This approach, however, requires students ‘to turn back tor this

~ ¢hapter for the procedure when the first complete network is installed
. dnd examined. Therefore, the procedure is introduced in Chapter 4 when ]

the first complete network is examined, thereby localizing the material

~ and removing the need 1o reread this chapter and Chapter 3, - .

2

P

& r=10m 4

d. Did the fgrce drop off quic_kfy with an _im’:fea;c in:

SECTION-2.2 Atoms and Their Structure ; distance?

1. &, The numbers of orbiting electrons in aluminum and sil. - LA T ' W
ver are 13 and 47, respectively. Draw the electronic ST M B
configuration for each; and discuss briefly why each js a @ .

. good conductor. - - i . WE LR N
h. ‘Usil_.'l'g the:Internet, find the atomic structure of gold and i : = %
explain why it'is an excellent conductor of electricity. . FIB. 236
2. Find the force of attractiomin néwtons between the charges . - . Froblem 2, ’

- @) and @, in Fig. 2.36 when
a r=1m o birm3m



*3.

Find the force of ;cpulsidn in newtons between O and &>
in Fig. 2.37 when . :
a. r=1mi
bor= 1011
¢ r=1/16in
¢ BwC L 40uC
Oy ———r 102
FIG. 2.37
Problem 3.

»4,

"5,

*6.

~2

SECTION 2.3 Voltage

8

9.

10.
11.

=12

SEC
13

14,

a. Plot the force of attraction (in newtuns) versis scpa.ranon
(ininches) between two unlike charges of 2 4C. Use a range -

of the curve. Is it linear or nonlinear? What does it tell you
about plotting a function whose magnitude is affected by
a squared term in the denominator of the equanon'?

b. Using the plot of part (a), ﬁnd the force of attraction at a
2.5 in, separation/

¢. Calculate the force of attraction with a 2. 5 in. separation
and compare with the result of part (b).

For two similar charges the force Fy exists for a separation

of ry meters. If the distance is increased to ry, find the new

level of force F in terms 0f the original force and the dis-
tance involved,

Determine the distance belween wo cha:gcs of 20 uC if the
force between the two charges is 3. 6% 10°N. . :
Two charged bodxcs_ O, and Q;, when separated by a dis-
tance of 2 m, experience a force of repulsion equal to 1.8 N.
-a. What will the force of repulsion be when they are 10 m

apart?
b. If the ratio 01/0> = 1/2, find Q; and @5 (r'= 10 m).

What is the voltage between two points if 1.2 ] of energy
are required to move 20 pC between the two points?

If the poiential difference between two points is 60 V, how

much energy is expended to bring 8 mC from one point to
the other?

Find the chirge in electrons that requires 120 yJ of energy

to be moved through a potential difference of 20 mV.

How miich charge passes through a radio battery of 9 V if
the energy expended is 72 )7
a, How much energy in electron-volis is required to move
1 trillion (1 million million) electrons th.raugh a potential
difference of 40 V?
h. How many joules of energy does the result of part (a)
represent?
c. Compare results (a) and (b). What can you say about the
-use of joules and electron-volts as a unit of measure.
Under what conditions should they be applied?

TION 2.4 Current

Find the current in amperas if 12 mC of charge pass through
awire in2.8s.

If 312 C of charge pass through a wire in 2 min, find the

mmee__current in amperes.

16.
17.
18.
19.

20,

| %21,
of 1 in. to 10in. in 1 in. increments: Comment on the shape ks

*22.

*23

24,

#25,

SECTION 2.6 Ampere-Hour Ratirlg g

26.

27.

28,

29.

30.

31

PROBLEMS [1l 61 &

LY
[

. If a current of 40 mA exists for 0.8 min, how ri-nzlmy

coulombs of charge have passed through the wire?

How many,coulombs of charge pass through a lamp in 1.2
min if‘the current is constant at 250 mA? )

If the current in a conductor is constant at 2 mA, how much
time is required for 6 mC to.pass through the conductor?

If 21.847 % 10%18 electrons pass through a wire in 12 s,
find the current. .t "

How many electrons pass through a conductor i in 1 min and
30 s if the current is 4 mA?

Will a fuse rated at 1 A “blow” if 86 C pass thruugh itin 1.2
min?

1£0.84 x 107" electrons pass thmubh a wire in GU ms, fi find =
the current. -

Which would you prefer?

a. A penny for every electron that passes through a wire in
0.01 us at a current of 2 mA, or

b. A dollar'for every electron thal passes. thmugh a wire in
1.5 ns if the current is 100 uA.

If a conductor with a current of 200 mA passlﬁg through it
converts 40:] of electrical energy intd heat in 30 s, what is
the potential drop across the conductor?

Charge is flowing through a conductor at the rate of 420
C/min. If 742 1 of electrical energy are converted to heat in
30 s, what is the potential drop across the conductor?,

The potential difference between two points in an electric
circuit is 24 V. If 0.4 J of energy were dissipated in a pe-
riod of 5 ms, what would thé current be between the two

points?

What currerit will a battery with an‘ Ah raung of 200 theo-
retically provide for 40 h?

What is the Ah rating of a battery that can provide 0.8 A
for 75 h? .~

For how many hours will a battery with an Ah rating of 32
theoretically prd-\-':de a current of 1.28 A?

A standard 12V car battery has an umpcre-hour rating of 40
Ah, whereas a heavy-duty battery hasa rating of 60 Ah.
How would you compare the energy levels of each and the
available current for starting purposes?

At what current drain does the ampere-hour rating of the
Energizer D Cell of Fig. 2.23 drop-to 75% of its value at
25 mA?

What is the percentage loss in ampere- -hour rating from

" room temperature Lo freezing for the Energizer D C'::l! of'

32.

*33.

Fig. 2.247

Using the graph of F1g 2.25, how much longer can ycu
maintain 1.2 V at a discharge rate of 25 mA compared 1o
discharging at 100 mA?

A portable television using a 12 V, 3 Ah rechargeable bat-
tery can operate for a period of about 6 h. What is the aver-
age current drawn during this period? What is the energy
expended by the battery in-joules?
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.SECTION 2.8 Conductors and Insulators

34. Discuss two properties of the atomic structure of copper
that make it a good conduetor.

35. Explain the terms insulator an_d breakdown strength.
36. List three uses of insulators not mentioned in Section 2.8.
37. a.’ Using Table 2.2, determine the level of applied voltage
necessary to establish conduction through 1/2 inch of air.
b. Repeat part (a) for 1/2 in. of rubber. .
¢, Compare the results of parts (a) and (b).

SECTION 239" Semiconductors

38, What is a semiconductor? How does it compare with a con-
ductor and an insulator? .

39. Consult a semiconductor electronics text and note the ex-
tensive uge of germanium and silicon semiconductor mate-
rials. Review the characteristics of each material.

SECTION 2.10 Ammetars and Voltmeters

40. What are the si'gniﬁcnm differences in the way ammeters '

and voltmelegs are connected?
41. Compare analog and digital scales;

a. Which are you more comifortable with? Why?

b. Which can usually provide a higher degree of accuracy?

¢ Can you think of any advantages of the analog scale

~ over a digital scale? Be aware that the majority of scales

in a plane's cockpit or in the control room of major
power plants are a'na.ng

d. Do you believe it is necessary to become prnfu::em in
reading ana!og scales? Why?

GLOSSARY

¥

Ammeter An instrument designed to read the current Lhruugh

elements in series with the meter.

Ampere (A) The SI &nit of measurement appl:r,d to the flow of
charge through a conductor.

Am‘pere-hnur (Ah) rating The rating applied to a'seurce of en-
ergy that will reveal how long a particular level of current gan
be drawn from that gource. s

Cell A fundamerital source of electrical energy developed
through the conversion of chemical or solar energy.

Conductors Materials that permit a generous flow of electrons
with very little voltage applied.

Copper A material possessing physical properties that make it

particularly useful as a conductor of electricity, =
Coulomb (C) The fundamental SI unit of measure for charge, It
is equal to the charge camied by 6,242 x 10'® electrons.
Coplomb’s law An equation defining the force of attraction or
‘repulsion between two charges.

", Current The flow of charge resulting from the application of a

difference in potenual between twu points in an electrical
system, .

dc current source A source that will provide a fixed current
level even though the load to which it is applied may cause its
terminal voltage to change.

dc generator A source of dc voltage available through the turn-
ing of the shaft of the device by some external means.

Direct current (dc) Current having a single direction (umduec-
tional) and a fixed magnitude over time.

Electrolysis The process of passing a current through an elec-
trolyte to break it down into its fundamental comphnents’.

Electrolytes The contact element and the source of ions between
the electrodes of the battery. :

Electron The particle with negative polarity that orbits the nu-
cleus gf an atom,

Free-electron An electron unassociated with any particular
. atom, relatively free to move through a crystal- lattice structure
" 'under the influence of external forces.

Fuel cell A nonpolliting source of energy that can establish cur-
“ rent through a load by simply apply;ng the correct lcvcis of
hydrogen and oxygen.

Insulators Materials in Which a very hlgh voltage must be ap-
plied to produce any measurable current flow.

_ Neutron The particle having no electrical charge found in the

nucleus of the atom.
Nucleus The structural center of an atom that contains both pro-
tons and neutrons. ' ;
Positive ion An atom having a net positive charge due to the loss
of one of its negatively charged electrons.
Potential difference The algebraic difference in potential (or
voltage) between two points in an electrical system.
Potential energy The energy that a mass possesses by virtue of
its position.
Primary cell Sources of voltage that cannot be recharged.
Proton The particle of positive polarity found in the nucleus of
anatom,
Rectification The process by which an ac signal is converted to
one thaf has an average dc level.
Secondary cell Sources of voltage that can be recharged.
Semiconductor A material having a conductance value between
that of an insulator and that of a conductor. Of significant im-
“portance in the manufacture of electronic devices.
Solar cell Sources of voltage available through the conversmn of
light energy (photons) into electrical energy.
Specific gravity The ratio of the weight of a given volume of a
substance to the weight of an equal volyme of waterat 4°C,

‘Volt (V) The unit of measurement applied to the difference in

potential between two points, If 1 joule of energy is required
to move 1 coulomb of charge between two points, the differ-
ence in potential is said to be 1 volt® i

Voltage The term app]icd to the difference in potential be-
tween twb points as established by a separation of opposite
charges. , & .

Voltmeter An instrument designed to read the voltage across an
element or between any two points in a network.



3.1 INTRODUCTION

[

In the previous chapter, we found that placing a voltage across a wire or simple circuit results '
in a flow of charge or current through the wire or circuit. The question remains, however,
What determines the level of current that results when a particular voltage is applied? Why is
the current heavier in some circuits than in others? The answers lie in the fact that there is an
opposition to the flow of charge in the system that depends on the compenents of the circuit.
This opposition to the flow of charge through an electrical circuit, called resistance; hds the
units of ohms and uses the Greek letier omega () as its symbol. The graphic symbol for re-
sistance, which resembles the cutting edge of a saw, is provided in Fig. 3.1..

This opposition, due primarily to collisions and friction between the free electrons and
other electrons, ions, and atoms in the path of motion, converts the supplied electrical energy
into heat that raises the temperature of the electrical component and surrounding medium.
The heat you feel from an electrical heater is simply due to current passing through a high-

resistance material.

Each material with its unique atomic: structure reacts differently to pressures to establish
current through its core. Conductors that permit a generous flow of charge with little external
pressure have low resistance levels, while insulators have high resistance characteristics.

"« Understand the effects of temperature on the

. Become familiar with the parameters that
determine the resistance of an element and be
able to calculate the resistance from the given
dimensions and material characteristics.

resistance of a material and how to calculate the
change in resistance with temperature.

. Develop some understanding of superconductors
_and how they can affect future development in the
industry.

. Become familiar with the broad range of
commercially available resistors available today
and how to read the value of each from the color
code or labeling.

s Become aware of a variety of elements such as
thermistors, photoconductive cells, and varistors
and how their terminal resistance is controlled.

R

o——MN—0

FIG. 3.1
Resistance symbol and notation. .

|
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3.2 RESISTANCE: CIRCULAR WIRES

% * The resistance of any material is due primarily to four factors:

1. Material
2. Length
t i 3. Cross-sectional area
4. Temperature of the material

As noted in Section 3.1, the atomic structure determines how easily a
free electron will pass through a material. The longer the path through
which the free electron must pass, the’greater is the resistance factor.
Free electrons pass more easily through conductors with larger cross-
sectional areas. In addition,he higher the temperaturé of the conductive
materials, the greater is the internal vibration and mation of the compo--
nents that make up the atomic structure of the wire, and the more diffi-
cult it is for the free electrons to find a path through the material.

The first three elements are related by the following basic equation
for resistance: 3

p=CM-Q/ftat T = 2b°c
R=p;-i' I=féet- . * , 3.1)
A = areain cmular.rmls (CM)

FIG.3.2

Factors affecting the resistance ofa conduc:o:: with each compnncnt of the equation defined by Fig. 3.2,
I ! “The material is identified by a factor called the resistivity, which uses
* the Greek letter rho (p) as its symbol and is measured in, CM-CV/ft. Its
) K value at a temperature of 20°C (room temperature = 68°F) is provided =
TABLE 3.1 » in Table 3.1 for a variety of commori materials, Since the larger the
Resistivity (p) of variots materials. resistivity, the greater is the resistance to setting up a flow of charge, it

e 7 appears as a multiplying factor in Eq. (3.1); that is, it appears in the
PCMAYN@0°C - - pumerator of the equation: It is important to realize at this point that

99 ' since the resistivity is provided at a particular temperature, Eq. (3.1) is
1037° - - applicable only at room temperature. The effect of higher and lower
145k temperatures is considered in Section 3.4,

170 Since the resistivity is in the numerator of Eq. (3.1),
133300,
470 .. the higher the resistivity, the greater is the resistanice of a conductor
740 % - as shown for two conducmrs of the same length in Fig. 3.3(a).

295 | S Further, _
: 6000 3 : )
7200 - the longer the conducior, the greater is thé resistance T ’ ¢
210000 M fgnce the length also, appears in t.'ne numcrator of Eq. (3.1). Note Fig. 3.3(b).
g Fmally.\ y
‘1 \ the grearer the area of a conductor, the less is the resié!ahce
4 : et becayse the area appears in the denominator of Eq(3.1). Note Fig. 3.3(c).
{w:;fwgp Ry Copet ¥ d:%f/’-mj T
e A G::':: 3 !. » : ; A
¥ 2 R 2 1ron o v Z : éowet : :
PP Aj> 43
RZ)RI -RI > Rl"' *
; (a) (c)
-
’ : FIG 33

Cases'in which Ry > Ry For each case, all remaining parameters that corqm! fhem.ﬂsmm.e
level are the same,

5 > o



Circular Mils (CM)

" Tn Eq.(3.1), the area is measured ina quantity called cireular mils (CM).
Itis the quantity used in most commercial wire tables, and thus it needs to
be carefully defined. The mil is-a unit of measurement for length and is
related to the inch by

. i l
; "'&Im“ = 1000 n

or ] o . 1000 mils = 1in..'

In general, therefore, the mil is a very small unit of measurement for
length. There are 1000 mils in an inch, or 1 mil is only.1/1000 of an inch.
Itis d lcngm that is not visible with the haked eye, although it can be
measured with special instrumentation, The phrase milling used in steel
factories is derived from the fact that a few mils of material-are often re-
moved by heavy machinery such as a lathe, and the thickness of steel is
usually measured in mils. :

*By definition,

a wire with a diameter of 1 mil has an area of 1 CM.

as shown in Fig. 3.4. -
An interesting result of such a definition is that the area of a circular
wire in-circular mils can be-defined by the following equation:

PP B . T

L3

Verification of this equmlon appears in Fxg. 3.5, which shows that a wire

with a'diameter of 2 mils has a total area of 4 CM, and a wire with a di-

arheter of 3 mils has a total area of 9 CM. .

Remember, to compute the area of a wire in circp]nr mils when the di-
ameter is given in inches, first convert the diameter to- mils by simply
writing the diameter in decimal form and moving the decimal point three
places to the right. For example, '

~ —;-in. =03.}1,§%‘:{1.=' 125 mils -
Thcn thie area is determined by * e
Acm = (dmite)® = (125 mns)2 15,625 CM
Sometimes when you are working with conductors that aré not circu-
lar, you will need to convert square mils to circular mils, and vice versa.

Applying the basic equation for the area of a circle and substituting a di-
ameter of 1 mil results in '

42 I bydeh muon
™
Ao __i' (1 m:l)2 = -sq mils = 1 CM_
" from which-we can conclude the fo]!owing:
1CM = % sq mils (3.3)

(3.4)

¥

RESISTANCE: CIRCULAR WIRES 11| 85

I'square mil 1 circtilar mil (CM)

~ FG.34 .
Defining the circular mil (CM).

A=Qmils?=4CM A=@mis=9CM

FIG.35 -
Wnﬁmrmn of Eq (3.2): Acx = dmh'.s)z

.



66 |1 RESISTANCE

FIG. 3.7
Example 3.3.

. y
- . G

EXAMPLE 3.1 What is the resistance of a 100 ft length of copper wire
with a diameter of 0.020 in, at 20°C? -

- Solution:

= 1037C—M-t—nv 0.020in. = 20 mils

Acy = (dmits)? = (20 mils)? = 400 CM
Photlc i (10.37 CM-£/ft)(100 ft)

Pa ~400CM
R=2590

EXAMPLE 3.2 An undetermined number of feet of wire have been
used from the carton it Fig. 3.6. Find the length of the remaining copper
wire if it has a diameter of 1/16 in: and a resistance of 0.5 {1.

Solution:

p = 10.37 CM-QV/ft —113 in. = 0.0625 in. = 62.5 mils

Acyt = (dmiis)? =-(62.5 mils)? = 3906.25CM
l l—"ﬁ _ (0.50Q)(3906.25 CM) 1953.125

e oM 1037
jo37 248
(ﬁ
1= 18834 £t

4

EXAMPLE 3.3 What is the resistance of a copper bus-bar, as used in
the power distribution panel of a high-rise-office bmldmg. with the di-
mensions indicated in Flg dile

Solution: _ .
(5.0 in. = 5000 mils

N %in.=500:nils _ _
Acms A = (5000 mils)(500 mils) = 2.5 X 10 sq mils -
=25 % lﬂssq-;:ﬁﬂ-(4f i CM) '
1 A\ lsgmil/ |
A=3183x10°CM

F]

_ 1 (10 37 CM- w3 ft) 3'1._11

R— Lol

PA” o 3183 % 10°cm " 3,183  10°
=9,774 X 10"0 i : -

(quite small, 9.000009774 O0=00)

You will learn in the following chapters that the lower the resistance
of a conductot, the lower are the losses in conduction from the source to
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the load. Similarly, since resistivity is a major factor in determining the
resistance of a conductor, the lower the resistivity, the lower is the resis-
tance for the same-size conductor. It would appear from Table 3.1 that
silver, copper, gold, and aluminum would be the best conductors and
the most commion. In general, there are other factors, however, such as
malleability (ability of a material to be shaped), ductility (ability of a
material to be drawn into long, thin wires), temperature sensitivity, re-
sistance to abuse, and, of course, cost, that must all be weighed when g
choosing a conductor for a particular application.

In general, copper is the most widely used material because it is
quite malleable, ductile, and available; has good thermal characteris-
tics; and is less expensive than silver or gold. It is certainly not cheap,
however. Contractors always ensure that the copper wiring has been re-
moved before leveling a building because of its salvage value. Alu- _ 5
minum was once used for general wiring because it is cheaper than
copper, but its thermal characteristics created some difficulties. The
heating due to current flow and the cooling that occurred when the cir-
cuit was turned off resulted in expansion and contraction of the alu-
minum wire to the point where connections eventually loosened,
resulting in dangerous side effects. Aluminum is still used today, how-
ever, in areas such as integrated circuit manufacturing and in situations
where the connections can be made secure. Silver and gold are, of
course, much more expensive than copper or aluminum, but the costis
justified for certain applications. Silver has excellent plating character-
istics for surface preparations, and gold is used quite extensively in in-
tegrated circuits. Tungsten has a resistivity three times that of copper,
but there are occasions when its physical characteristics (durability,
hardness) are the overriding considerations.

3.3 WIRE TABLES

The wire table was designed primarily to standardize the size of wire ~
_, produced by manufacturers. As a result, the manufacturer has a larger
market, and the consumer knows that standard wire sizes will always
be available. The table was designed to assist the user in every way
possible; it usually includes data such as the cross-sectional area in cir-
«ular mils, diameter in mils, ohms per 1000 feet at 20°C, and weight
per 1000 feet. ' g
The American Wire Gage (AWG) sizes are given in Table 3.2 for
- solid, round copper wire, A column indicating the maximum allowable
currént in amperes, as determined by the National Fire Protection Asso-
ciation, has also been included.
The chosen sizes have an interesting relationship: - -

Fy

The area is doubled for every drop in 3 gage numbers and increased
by a factor of 10 for every drop of 10 gage numbers.

Examining Eq. (3.1), we note also that doubling the area cuts the re-
sistance in half, and increasing the area by a factor of 10 decreases the
resistance of 1/10 the original, everything else kept constant,

The actual sizes of some of the gage wires listed in Table 3.2 are
shown in Fig. 3.8 with a few of their areas of application. A few exam-
ples using Table 3.2 follow. -
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TABLE 3.2
American Wire Gage (A WG) sizes.
; Maximum
» , Allowable
10001t Current for RHW
AWG # Area (CM) at 20°C Insulation (A)*
(4/0) 0000 +| 211,600 - | . - 0.0490 230
(3/0) 000 | 167,810 0.0618 .~ 200
(2/0) 00 |- 133,080 . 0.0780 175
(1/0) 0. |i.105530 % - | . 0.0083 . " . .150
; 8 83,694 | ©° 0.1240 ©130
2 66,373 01563 A s
= 52,634 - 0.1970 100
4. 41,742 " 0.2485 . e
5 0 |.33,i02 0:3133 e
y 6 © 26,250 10,3951 65
o 20,816 04982 g
8 16,509 06282 50
9 13,094 0.7921 -
10 10381 0.9989 30
b L SRR 5P 1 i B 8 B RS =
12 65299 1.588 Ga o s 020
s ek 3NT84 2.003 ' =i
14 | 41068 . 2.525 15
o 18T 32867 3184
s g 2509 4016
BRENE LA (b X' ) 5.064
e b 1,624.3 C 6385
19/ C1288.1 - | ' 8.05L
g FLG1,02180 10.15 -
: 81010, P 1280 - s
64240 A 16 T £
HS00.48 ¢ |, 20367 Do e
40401 | .2567 .- S
5 fo5 o A0A0 T AR o
& 3254107 Sk 4081
i WLSO L S
159791 7576490 wii L
£ 126727 PR 88 o TS “
._ STI0090: 0 V1082 T 2T
A o970 f 430
6321 | 1641
: S 80,13 52069
11123095 2609 el
- 31.52 +329.0 i
2500 | 4148 . : _J*‘-
10,83 7|5 5230 ¢ _
15872 | 6596
; s Py S [
0 Y og Y 10400

*Not more than three cw.ehclmx in rafeway, cable, or direct hunal

Source: Repeinted by permission from NFPA No, SPP-6C, Nationd Electrical Code®, copyri;hl o~
1996, National Fire Prosection Assoclation, Quincy, MA 02269. This reprinted materidl is nof the
complete and official 9osi| ion of the NFPA on the referenced subject, which is r!pﬂmbu.i only by
the standard in its . National Elecerical Code is a regi d trademark of the Natjonal Fire

- Protection Assoch I, Quincy, MA, for a triennial elecirical publication. The term Mrﬁmai

Electrical Code, us used herein, means the triennial puh[:catim constituting the National. Electrical

i Codeln_dl_suudwimpermmiun of the National Fire Protection Assoeiation. "
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D=0365ih e Yain. | - P=00808in&'2in -D=0064in =/ 16in.

_‘Smded

for increased
flexibility
12 14
Power distribution " Lighting, outlets,
: - } general home use
D=0032in = /2in. D= u.nzi in/=1fa0in, D=0013in.&fsin. :
w
. : 28
Radio, television - , Telephone, instruments )
FIG,3.8
Popular wfre sizes and some of ﬂmr areas of applu.aum .
;EXAMPLE 3.4 Find the resmtance of 65011 of #8 copper wire (T’ = I Vg
20°C). : ol :
Solution: For #8 copper wire (solic), /1000 f a 20°C = 06282 0, e B _
and ” ; " : -
0.6282 9) ' .
=1 = 0; : : 5 %
o “( 1000 % "'“’.’ g !
- : o :
’ o7 J = A : . .

EXAMP‘I..E 35 What is the diamiter, in inches; of a #12 copper wire?
Sm‘uﬂon' For #12 copper wire (solid);A = 6529.9 CM; ahd ; i .
= VAgy = V65299 CM = 8081 mils : ' g
. d=008Lin. (orclose to1/121in) '

Solid round copper wire

EXAMPLE 3.6 For the system in Fig. 3.9, the total resistance of each * \ : »
power line cannot exceed 0.025 (2, and the maximum current to be Tnput ; e
drawn by the load is 95 A. What gagc wire should be used" _ o 2
Solution: - ' .7 ! 100 f———
: L1 (1037CMQUR)(100R) T ¢ FIG. 3.9
T R=p—=>A=p_ T =41 ; T
£a PR’ 00250 e e : Example 3.0,

Using the wire table, we choose the wire with the next largest area,
which is #4, to satisfy the resistance requirement. We note, however,
that 95 ‘A must flow through the line. This specification requires that
#3 wire be used since the #4 wire can carry a maximum current of only
85 A. v P

“Introductory, C.-6A L - 3
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3.4 TEMPERATURE EFFECTS

' Temperature has a significant effect on the resistance of conductors, )
semiconductors, and insulators, ;

. Conductors

% _ " . Conductors have a generous number of free electrons, and any introduc-
/’ - Temperature tion of thermal energy will have little impact on the total number of free
* Z;em m’::“ Nﬁ’iﬂ%e"h carriers, In fact, the thermal energy only increases the intensity of the

random motion of the particles within the material and makes it increas-
= ingly difficult for a general drift of electrons in any one direction to be

0l Tempetature D{ Temperature established. The result is that : .

(@ (b)

for good conductors, an increase in temperature results in an
FIG.310 - . increase in the resistance level. Consequently, conductors have a
Demonstrating the effect ofa pos:'riveland @ negative - positive tempe ratiire co efficient.
temperature coefficient on the resistance of a : i ; x :
conductor The plot in Fig. 3.10(a) has a positive temperature coefficient.

Semiconductors

&

In semiconductors, an increase in temperature imparts a measure of ther-
mal energy to the system that results in an increase in the number of free
carriers in the material for conduction. The result is that

JSor semiconductor materials, an increase in temperature resulls in a
decrease in the resistance level. Consequently, semiconductors have
- negative temperature coefficients. ;

_ The thermistor and photoconductive cell discussed in Sections 3. 12
’ ' and 3.13, respectively, are excellent examples of-semiconductor devices
with negative temperature coefficients. The plot in Fig. 3.10(b) has'a

negative temperature coefficient. -

K]
Insulators

i + As with semiconductors, an increase in temperature results in a
¢ dectease in the resistance of an insulator. The result is a negative |
temperature coefficient.

Inferred Absolute Temperature

Fig. 3.11 reveals that for copper (and most other metallic conductors),
thc_‘resistance increases almost linearly (in a straight-line relationship)

R,

A
I
N |
i L
-Absolute zero / 3
\-_.-—-"""' LI, ! :
-273.'15°V S -2345°C oC Ty
v Inferred absolute zero ' h
' : FIG.3.11 T

| '  Effect of temperature on the resistance ‘copper.

R - "lntroductory, C..6B
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wlth an increase in temperature, Since temperature can have such a pro-

‘nounced effect on the resistance of a conductor, it is important that we
“have some method of determining the resistance at any temperature

-

- or

within operating limits, An equation for this purpose can be obtained by
approximating the curve in Fig. 3.11 by the straight dashed line that in-
tersects the temperature scale at —234.5°C. Although the actual curve
extends to absolute zero (—273.15°C, or 0 K), the straight-line approx-
imation is quite accurate for the normal operating temperature range. At
two temperatures Ty and T, the resistance of copper is R, and R, re-

spectively, as indicated on the curve. Using a property of similar trian-

gles, we may develop a mathematical relationship between these values
of resistance at different temperatures, Let x equal the distance from
—234.5°C to T, and y the distance from —234.5°C to T, as shown in
Fig. 3.11. From similar triangles,

k. S &
i RTR,

2345 + T, 2345 + T
! .Ri R,

. The temperature of —234.5°C is called the inferred absolute tem
ture of copper. For different conducting materials, the intersection of the'

straight-line approximation cccurs at differént témperaturés. A few typi-
cal values are listed in Table 3.3.

The minus sign does not appear with the inferred absolute tempera-

ture on either side of Eq. (3.5) because x and y are the distances fjom
—234,5%C to Tj and T, respectively, and therefore are simply magni-
tudes, For T and T; less than zero, x and y are less than —284.5°C, and
the distances are the differences between the mferred absolute tempera-
ture and the temperature of interest.

Eq (3.5) can easily be adapted o any matenal by inserting the
proper inferred absolute temperature. It may therefore be written as
follows:

i+ N+ 7y
. Ry Ry

(3.6)

where |T}| indicates that the inferred absolute tempe.rat_urc of the material
involved is inserted as a positive value in the equation. In general, there-
fore, associate the sign only with Ty and 7. .

EXAMPLE 3.7 If the resistance’of a copper wire is 500 ar 20°C, what
is its resistance at 100°C (boiling point of water)?
Solution: Eq. (3.5): ,
234.5°C + 20°C _ 234.5°C + 100°C
500 R;

(50 n}(334.'5°cz
Ry = = 65720

254.5°C

TEMPERATURE EFFECTS 1117

‘"TABLE 3.3 _
Inferred absolute temperatures (T}). -
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EXAMPLE 3.8 If the resistance of a copper wire at fmezmg (0°C) is
30 £, what is its resistance at —40°C?

Solution: Eq. (3.5): -
234.5°C + 0 _ 234.5°C — 40°C
300 . Ry '
. . " (30412)(194.5°C)

T : g RS e - U880

-

r

EXAMPLE 3.9 If the resistance of an aluminum wire at room tempera-
ture (20°C) is 100 m{2 (measured by a mzlhohmmetcr). at what lcn:lpe:rh
- ature will its resistance increase to 120 m{}?

_ Selution: E,q.(3.5): ;
; » 236°C + 20°C _ 236°C + T,

L1

100mQ 120mQ
7 256°C
= |2 v _— 6:1
N WA and 'Tg 1 Omn(llmmn) 236°C
I, = T1.2°C '
., . '+ Temperature Coefficient of Resistance "

 Temperaturé c“ﬁZ:$EHMEE forvarin - There is a second popular equation for calculating the resistance of a

Y Eonductors at 20°C. : ccmducmr at different temperatures. Defining

" 1

Temperature x Gon = Q/°C/Q) - 3.7
Material ; Coefficierit (asg) # 20 ]TI’ ik 200C ( ;‘C/ ) . (3.7)

as the temperature coefficient of resl.stanee at a temperature of 20°C"
and Ry as the resistance of the s.ample at 20°C we determine the resis:
tance R; at a temperature T by i

|.;ta-_I = Rao[ 1 + ax(Ty — 20°C)]} @38

The values of ayp for different matcr:als have been evaluated, and a few
are listed in Table 3.4.
Eq. (3.8) can be writtei. in the follo.wmg fgrm:

( Ry - Ry ) AR 5
\T,-20°Cc) - AT
Be . B

from which the units of £/°C/Q for as are defined.
Since AR/AT is the slope of the curve in Flg 3 l 1, we can conclude that .

the higher the temperature coefficient of resistance Jor a material, the.
monsmmveirrkerssmmukvelm changa in mmpamtun. YN o

Referring to Thble 3.3, we find that copper is more aensmvc to tem-
perature yariations than is silver, gold, or aluntinum, nlthough the differ-
ences are qmte small. The slope defined by ayq for oonsmtan isso small

. that the curve is almosl h.zomal ;

-

& . gy =



b G '.‘, ok :'I-_.: _.. . : i . =

 Since Ry of Eq {38) is}he resistance of the conductor at 20°C and

-T, = 20°C is the change in temperature from 20°C, Eq.'(3.8) gan be
written in the following form: - ;

- <‘R = pi[l + asp &ﬂ - 3.9)

p}_oviﬁin’g an equation for resistance in terms of all the controlling
parameters.
PPM/°C
For resistors, as for conductors, resistaice changes with a change in tem-

perature. The specification is normally provided in parts per million per
degree Celsius (PPM/°C), providing an immediate indication of the sensi-

" tivity level of the resistor to temperature. For resistors, a 5000 PPM level is

considered high, whereas 20 PPM is quite low: A 1000 PPM/°C character-
istic reveals that a 1° change in temperature results in a change in resis-
tance equal to 1000 PPM, or 1000/1,000,000 = 1/1000"of its nameplate

value—not a significant ¢hange for most applications, However, a 10° °

cha'nge results in a change equal to 1/100 (1%) of its nameplate value,
which is becoming significant. The concern, therefore, lies not only with
the PPM level, but also with the range of expected temperature variation,

" In equatien form, the change in resistance is given by .
AR = -"f-;‘%("ppm(ar) (a0

- where Ryominal 18 mé.namef:late value of the resistor at room temperature
and AT is the change in temperature from the reference level of 20°C.

EXAMPLE 3.10 For & 1 KQ catbon composition resistor with a PPM -

of 2500, determine the resistance af 60°C. M

Mutioﬁ:
. AR'= 1998 500y 60°C — 20°C) :
_ { 10°. '
-~ Ce =10040. - e
and . - R = Ryominat + AR = 1000 Q + 100 Q

ot =11000 .

3.5 TYPES OF RESISTORS
Fixed Resistors

Resistors are made in many forms, but all belong in either of two .

groups: fixed or variable. The most common of the low-wattage, fixed-

type resistors is the film resistor shown in Fig. 3.12. It is constructed by -

depositing a thin layer of resistive material (typically carbon, metal, or
metal oxide) on & ceramie rod. The desired resistance is then obtained
by cutting away some of the resistive material in a helical manner to
establish a long, continuons band of high-fesistance material from one
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Ceramic core
Thin film of
. high-resistance metal

Wlke lead
connected

to continuous
thinsfilm
path of resistive -

material Spiral trimmed

grooves

{n)

Insulation

Colqr bands material

Resistance material
(Carbon composition) -

&

o7 - FIG. 3.13
Fixed-composition resistors; (a) construction;
(b) appearance.

ACTUAL SIZE

W
el PR
' hw
o [§ B
W

_ “FIG.3.14 STy
Fixed metal-oxide resistors of different wattage rafings,

Fiilm resistors: (a) construciion; (b) types. '

-

Molded

insulating

Curbon-film (12 W)

FIG. 3.12

¥

end of the resistor to the other. I:i general, carbon-film resittors have a
beige body and a lower wattage rating. The metal-film resistor is typi-
cally a stronger color, such as brick red or dark green, with higher

. Wattage ratings. The metal-oxide resistor is usuall y a softer pastel color,

such as rating powder blue shown in Fig. 3.12(b), and has the highest
wattage rating of the three, - -

When you search through most electronics catalogs or visit a local
clectronics dealer such as Radid Shack to purchase resistors, you will
find that the most common resistor is the film resistor. In years past, the
carbon composition resistor jn Fig. 3,13 was the most common, but
fewer and fewer companies are manufacturing this variety, with its range
of applications reduced to applications in which very high temperatures’
and inductive effects (Chapter 11) can be a problem. Its resistance is de-
termined by the carbon eomposition material molded directly to sach
end of the resistor. The high resistivity characteristics of carbon (p=
21,000 CM-(V/ft) provide a high-resistance path for the current through
the element. . ) ' - :

For a particular style and ﬁ:auufacmréﬁ the size of a resistor

increases with the power or wattage rating,

The concept of power is covered in detail in Chapter 4, but for the mo-
ment recognize that increased power ratings are normally associ-
ated with’the ability 10 handle higher current and temperature levels.

" Fig. 3.14 depicts the actual size of thin-film, metal-oxide resistorg in

the 1/4 W to 5 W rating range. All the resistors in Fig. 3.14 are 1 M),
revealing that " X '

the size of a resistor does not define its _resi_.r}a_ncr lovel.

A variety of other fixed resistors are depicted in Fig, 3.15. The wire-"
wound resistors of Fig, 3.15(a) are formed by winding a high-resistance
wire around a ceramic core, The entire structure is then baked in a ce-
ramic cement to provide'a protective covering. Wire-wound resistors are
typically used for larger power applications, although they are also avail-
able with very small wattage ratings and very high accuracy,

Fig. 3.15(c) and (g) dre special types of wire-wound resistors with a
low percent wlerance, Note, in particular, the high power ratings for the -
wire-wound resistors for their relatively small size. Figs, 3.15(b),(d), and
(f) are power film resistors that use a thicker layer of film material than
used in the variety shown in Fig. 3.12. The chip resistors in Fig. 3.15(f)

- it {. A .



1 kG2 25 W+

470Q.35W * Aluminumshoused, chinssis-mount
Thick-film power resistor -~ ~resistor-precision wire-mount
(b} . (€)
Tinned ;
- alloy Vitreous  Even  Highestrength s Blectrodes (Terminals)
terminls - enamel  uniform welded terminal :

coating  winding

b i
Mu::“ Stong  Welded resisiance i
; Ceramic  wirg junction i
brackels
. coating ;
Wire-wound resistors . Resisyve

() ; © Torminals ' . Ceramic base material

" . TR 1T L L LI L 1l ¥ 5 i
: [II[[[II L nkeaw

"\ ) " ! < &1 boiiad {all connected ; thodt Surface mount thick-Mlm chip
100 MR, 0.75 W . : ononeside)single . | m'-:::ffl‘:i: goid .
Precision power film resistor . _ in-line resistor network ¥ . L(:) s

(d) : (e) . ! x

PR

C25KkQ5W
Silicon-coated, wire-wound resistor

®

_FIG, 3.18
Varlous rypes of fixed resistors.

are used where space is a priority; such as on the surface of circuit board.

Units of this type can be less than 1/16 in. in length or width, with thick-

ness as small as 1/30 in., yet they can still handle 0.5 W of power with re-

 sistance levels as high as 1000 MQ—clear evidence that size does not

determine the resistance level. The fixed resistor in Fig. 3:15(c) has ter- v
minals applied to a layer of resistor material, with the resistance between

the terminals afunction of the dimensions of the fesistive material and the

placement of the terminal pads. a
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Rotating shaft
{controls position
of sliding contact) 2

(&) External view _.

- Sliding gontact
(wiper arm)

. () l_nwmli'view_ EISE

(& Cl_r:b%e;.e.lmm

SURCORREE i) ;

- Molded composition-type potentiometer.
" (Courtesy of Allen-Bradley Co.) RS

 full rated value of the potentiometer, e
. InFig, 3.18(b), the wiper arm has been placed 1/4 of the way down from '

X
- ; 0

¥

‘Variable Resistors

Variable resistors, s the name implies, have a terminal resistance that
can be varied by turning a dial, knob, screw, or whatever seems appro-
priate far the application. They can have two or three terminals, but
most haye three terminals, If the two- or three-terminal device is used
as a variable resistor, it is usually referred to as a rheostat, If the three-
terminal device is used for controlling potential levels, it is then com-
monly called a potentiometer. Even though a three-terminal device can
be used as a rheostat or a potentiometer (depending on how it is-con-
nected), it is typically called a potentiometer when listed in trade maga-
zines or requested for a particular application. . '

The symbol for a three-terminal potentiometer appears in Fig,
3.16(a). When used as a variable resistor (or rheostat), it'can be hooked
up in one of two ways, as shown in Figs. 3.16(b) and (c). In Fig. 3.16(b),
points ¢ and b are hooked up to the circuit, and the remaining terminal is
left hanging. The resistance introduced is determined by that portion of
the resistive efement between points a and b. In Fig, 3.16(c), the resis-
tance is again between points @ and b, but now the remaining resistance
is “shorted-out” (effect removed) by the connection from b to ¢. The uni-
versally accepted symbol for a theostat appears in Fig. 3.16(d).

Bilp - FIG. 3.16 .
Potentiometer: (a) symbol; (b) and (c) rheostat connections; (d) rheostat symbol.

~Most potentiometers have three terminals in the relative positiens

"shown in Fig. 3.17. The knob, dial, or screw in the center of the housing

controls the mé_:tion of a contact that'can move along-the-rcsis_tlive ele-
ment corinected between the outer two terminals. The contact is con-
nected to the center terminal, establishing a resistance from maovable
contact to each outer terminal, - . e et

The resistance between the outside Yerminals a and c in 'ﬂ‘g. 3.18(a)
(and Fig. 3.17) is always fixed at-the full rated value of the -
potentiometer, regardless of the position of the wiper arm b,

In other words, the resistance Belween terminals @ and ¢ in Fig. 3.18(a)

-fora 1 MQ potentiometer will always be 1 M2, no matter how we turn

the control element and move the contact. In Fig, 3, 18(a), the center con-
tact is not part of the network configuration. R :

The mrlmnce-gm;rém the wiper arm and either outside terminal can.
be varied from & minimum.of 0 ©) to a maximum vaiue equal to the

point.a 1o point ¢. The resulting resistance between points a-and b will

. therefore be 1/4of the total; or 250 k() (fora 1 MQ) potentiometer), and
- - the resistance between b'and ¢ will be 3/4 of the total, or 750 k(), -



R . Ziha “ -
ﬁ s ol e R A , - TYF*ESC_JF_R‘ESISTOR%:'HI-?.T

(@) : E ) - .
: FIG.3.18 - a2 4 T »
Resistance components of a potentiometer: (a) between outside terminals; : )
(b) between wiper arm and each dutside terminal.

.
oy Y

The sum of the resistances between the wiper.arm and each outside
terminal equals the full rated resistarice of the polentiometer. "

This is demonstrated in Fig, 3, IS(b). where 250 kO + TSDkﬂ = 1 M(Q.

Speclﬁcally. 2
- @y

Therefore, as the resistance-from the wiper arm to one outside contact
increases, the resistance between the wiper arm and the other outside ter-- .
minal must decrease accordingly. For example, if Rz of a 1 k(¥ poten- .~ Mo 4
tiometer is 200 (2, then the resistance Rj,c must be 800 Q. If Ry is further
decreased to 50 £, theri Ry, must increase t0 9504), and soon.
The molded carbon composumn ‘potentiometer,is typically applied in_ - _
. networks with smaller power demands, and it ranges in size from20Q -
to 22 M{} (maxlmum values). A m:maturﬂ trimmer (less than 174 in. in 2
- diameter) appears in Fig. 3.19(a), and a variety of pmennometars that :
use & cermiet resistive material appear in Fig. 3.19(b). The contact point
-of the three-point wire-wound sesistor in Fig. 3.19(c) can be moved fo
senhc resistance between the Lhree terminals. . .

(a) T s . (b)

FIG. 3.19 ' ¥ e
Variable resistors: (a) 4 mm (= 5/32 in.) wrimmer (courtesy of Bourns, inc. ) (b) conductive pldstic and cermet =
elements {courtesy of Honeywell Clarostat); (g) three-point wire-wound resisior.
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FIG. 3.20

123 4
FIG. 3.21

Color coding for fixed resistors.

L R

Number

Color

o

L]
bl I - T T N .

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Gray
White

3%
(0.1 multiplier _
if 3rd band)

£10%
(.01 multiplier[ ]

* if 3rd band)

FIG. 3.22
Color coding.

FIG.3.23
. Example 3.11,
a

Gold

Sltvcr

K

s

When the device is used as a potentiometer, the connections are as
shown in Fig. 3.20. It can be used to control the level of Vabr Vi, or both,

dependifig on the application. Additional discussion of the potentiome-
ter in a loaded situation can be found in later chapters, )

3.6 COLOR CODING AND STANDARD

RESISTOR VALUES

A wide variety of resistors, fixed or variable, are large enough to have
their resistance in ohms printed on the casing. Some, however, are too
small to have numbers printed on them, 5o a system of color coding is
used. For the thin-film resistor, four, five, or six bands may be used, The
four-band scheme is described. Later in this section the purpose of the -
fifth and sixth bands will be described. ‘ s ;
For the four-band scheme, the bands are always read from the end
that has a band closest to ir, as shown in Fig, 3.21. The bands are num-
bered as shown for reference in the discussion to follow.

The first two bands represent the ﬂrs;r and second digits, respectively.

They are the actual first two numbers that define the numerical value of
the resistor, ' L

The third band determines the power-of-ten multiplier for the first
two digits (actually the number of zeros that follow the second digit
Jor resistors greater than 100). ol

Thtfaurfh band is the manufacturer’s tolerance, which is an
indication of the precision by which the resistor was made,

If the fourth band is omitted, the tolerance is assumed to be +20%.

The number corresponding to each color is defined in Fig. 3.22,
The fourth band will be either *5% or =10% as defined by gold and
silver, respectively. To remember which color goes with which per-
cent, simply remember that 5% resistors cost more and gold is more

« valuable than silver.

Remembering which color goes with each digit takes a bit of prac-
tice. In general, the colors start with the very dark shades and move to-
ward the lighter shades. The best way to memorize is to simply repeat
over and over that red is 2, yellow is 4, and so on. Simply practice with
a friend or a fellow student, and you will learn‘most of the colors in .
short order.

EXAMPLE 3.11 Find the value of the resistor in Fig, 3.23;

- Solution: Reading from the band closest to the left edge, we find that

the first two colors of brown and red represent the numbers | and 2,re- .
spectively. The third band is orange, representing the number 3 for the
power of the multiplier as follows: ?

12x10°0

Tesulting in a value of 12 k. As indicated above, if 12 k() is written as
12,000 02, the third band réveals the number of zeros that follow the first
two digits, : - "

Now for the fourth band of gold, representing a tolerance of =5%: To

 find the range into which the manufacturer has guaranteed the resistor
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will fall,.first convert the 5% to a decimal number by moving the deci-
mal point two placen to the left:
-1 -poos
“Then multiply the resistor value by th decimal number:
C 005(12k0) = 60002

I:‘inﬁlly, add the resulting number to the resistor value to determine the
maximum values and subtract the pumber to find the minimum value,
That i5, i

Mnxirﬁum'-: 12,000 ) + ,50_50!} =126k}
~ Minimum = 12,000 .~ 600 Q = 11.4 k2
Range = 114 k() to 12,6 k(1 -

The result is that the manufacturer has guaraiteed with the 5% gold
_band that the resistor will fall in the range just determined. In other
words, the manufacturer does not guarantee that the resistor will be ex-
actly 12 k(), but rather that it will fall in a range as defined above. . 1

-

Using the above procedure, the smallest resistor that can be labeled
with the color code is 10 {1. However,

the range can be extended to include resistors from 0.1 (1 to 10 {) by
simply using gold as a multiplier color {rkim‘ band) to represent 0.1
and using silver to represent 0,01.°

*

This is demonstrated in the next example.

i 4
EXAMPLE 3,12 Find the value of the resistor in Fig. 3.24, ""m %_
Solution: The first two colors are gray and red, representing the num- FIG. 3.24 -
bers 8 and 2, respectively. The third color is gold, representing a multi- ~ Example 3.12.
plier of 0.1, Using the multiplier, we obtain a resistance of

' -
(0.1)820) =820
" The fourth band is silver, representing a tolerance of = 10%. Converting
to a decimal number and multiplying through yields :
. 10%=0J0, and (0.1)820) =082
) Maximum = 8.2 + 0.82 0 = 9.02 )
Minimum = 820 - 0820 =738 ()
© 50 that *Range = 7.38 {1 to 9.02 ﬂ
Although it will take some time to learn the numbers associated with
each color, it is certainly encouraging to become aware that
the same color scheme to represent numbers is used for all the :
important elements of electrical circuits. . ' Trpoetes colicio —~
Brown = 100 PPM \
Later on, you will find that the numerical value associated with each - Red  =350PPM
color is the same for capacitors and inductors. Therefore, once learned, - 3";“5“- =15 :gﬁ
the scheme has repeated areas of application. W A3
Some manufacturers prefer to use a five-band color code. In such 1 FIG. 3.25

cases, as shown in the top ponlon of Fig. 3.25, three digits are provided Five-band color coding for fixed resistors,
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S before the multiplier. The fifth band remains the tolerance indicator. If
' the manufacturer decides to include the temperature coefficient, a sixth
- band will appear as shown in the lower portion of Fig. 3.25, with the
color indicating the PPM level. ; .
For four, five, or six bands; if the tolerance is less than 5%, the fol- -
lowing colors are used to reflect the % tolerances:

brown = £1%, red = *2%, green = +0.5%, blue = +0.25%, and
violet = +0.1%.

You might expect that resistors would be available for a full range of.
values such as 10 €2, 20'(2, 30 £, 40 £, 50 (), and so on. However, this
is not the case, with some typical commercial'values as 27 (), 56 £, and
68 (1. There is a reason for the chosen values, which is best demon-
strated by cxa.:mning the list of standard values of commercially avail- 4
able resistors in Table 3.5. The values in boldface are the most common
and typically available with 5%, 10%, and 20% tolerances.

TABLE 3,5
Standard values qf commercially available resistors.
. + 4 3 TG B e A 1TV S S VT e .
. » - " Ohms v Kilohms Megohms |
5 oo ! w. '- 0] ()]

Exunﬁning the impact of thcm}wlr_xge l-e'v.el will help explain

the choice of numbers for the rcial values. Take the sequence
47 Q~68 0-100 02, which are all available with 20% tolerances, In
- Fig. 3.26(a), the tolerance band for each has been detcnmaudindplnued
ona single axis. Note that with this Bknme (which is all that the man-

- ufacturer will guarantee), the full'range of resistor values is available
from 37 6 ﬂ to 120 0. In other words, the manufacturer is guanmteemg
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760 . . . ~ 5640 4. 800
R v I § S - 68N Cleon
g’ 4 Lokt I M RS L
s - 5440 68 0 £ 20% 8160
- b ’
; ()
% T ; 56 01 +10% :
V00%— 5040 616100, 100 01+ 10%
| | I : ‘
4230 5170 90 0 . 1100
a0 0 680 820 100 0
) 61210 7480
| . I
68 N£20% 7380 820%10% 9020
. * & Sh) . : '.
.FIG.3.26

[

Guaranteeing the full range of resistor values for the given tolerance: (a) 20%; (b) 10%.

the full range, using the tolerances to fill in the gaps. Dropping'to the

10% level introduces the 56 () and 82 ) resistors to fill in the gaps, as

shown in Fig. 3.26(b). Dropping. to the 5% level would require addi- . ;
tional resistor values to fill in the gaps. In total, therefore, the resistor" ' =8
values were chosen to ensure that the full range was covered, as deter- ;

mined by the tolerances employed. Of course, if a specific value is de-

sired but is not one of the standard values, combinations of standard -
values often result in a total resistance very close to the desired level If M
this approach is still not satisfactory, a potentiometer can be set to the

exact value and then inserted in the network.

Throughout the text, you will find that many of the resistor values
are not standdrd values. This was done to reduce-the mathematical
complexity, which might interfere with the learning process. In the

- problem sections, however, standard values 'are frequently used-to en-
sure that you start to become familiar with the commercial values

available.

LS

y Surfac'e Mount Resistors

* .In general, surface mount resistors are marked in three ways: color ceding,

three symbols, and two symbols. .

The color coding is the same as just described earlier in this section

for through-hole resistors.

The three-symbot approach uses three digits: The first two define the

first two digits of the value; the last digit defines the power of the power-

of-ten multiplier.
For instance:

820is82 x 10°0 = 820

222822 X 1020 = 2200 Q = 22KQ -
010is 1 x 10°Q =10

The two-symbol rtarking uses a letter followed by a number. The
letter defines the value as in the following list. Note that all the numbers )=

of the commercially available list of Table 3.5 are included.

"

STANDARD RESISTOR VALUES 1!

L

81
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. A=10 B=1.1 Cal2  D=13

E=15 F=16"' . G=18 . H=2
J=22 K=24 L=27 M=3
N=233 P=36 | Q=39 R =43
8§=47 ' T=31 - U=56 V=62
W=68 X=15 Y=82 Z=9]
) The second symbol is the power of the power-of-ten multiplier,
. For example, . :

_ C3=12x%10°0 = 1.2k
- TO=5.1x 10°0Q =510
P Z1=91%x10'0=910
Additional symbols may precede or follow the codes and may differ de-
pending on the manufacturer. These may provide information on the in-

ternal resistance structure, power rating, surface material, tapping, and
tolerance. g

= 3.7 CONDUCTANCE
By finding the reciprocal of the resistance of a material, we have a mea-
sure of how well the material conducts electricity. The quantity is called

conductange, has the symbol G, and is measured in siemens (S) (note
Fig. 3.27). In equation form, conductance is

G = (siemens, 8) (3.13

|

A resistance of 1 M{Q is equivalent to a conductance of 1076 S, and a
resistance of 10 0 is equivalent to a conductance of 10" S, The larger
the conductance, therefore, the less is the resistance and the greater is the
conductivity, .

In equation form, the conductance is determined by

. FIG.3.27

; o _
‘Werner von Siemens. + T A 4 g ; .
_ © Bettmann/Corbis - .. . ’ G= ;}- (8 : (3.13)
. > 2 L p
L

German (Lenthé, Berlin) % . . -
: (181933}#;" IE T tian BREt S T indicating that increasing the area or decreasing either the length or the
4 Tolegraphi M rers STl resistivity increases the conductance. X

/Siemens & Halske AG ~

Ll

EXAMPLE 3.13

a. Determine the conductance of a 1 {3, 2 50 k€2, and a 10 M2 resistor. .
" b. How does the conductance level change with increase in resistance?

Solution: Eq. (3.12):

.

ST Ty RS R
, 1 gl oy 1 ) ,
0k G=—= — = =), 10735 = 0.02
' RE30K0 " Soxagm xS =002ms
1 1 1 ; .
10MO: G =~ = = = (),] X 10755 = 0.1 1§
' TR T0MB 10X 100 .

b. The conductance level decreases rapidly with significant increase in
. . resistance levels, - '
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EXAMPLE 3. 14 Whatis the relative increase or decrease in conductiv-
ity of a conductor if the ;rea is reduced by 30%. and the Ir.ngth is in-
creased by 40%? The resistivity s fixed.

Solution: Eq.(3.13): - , :

1 1 * A =
i ey W ;
: a’ ﬂ pifl ; : :

'A,_-

with the subscript i for the initial value: Usmg the subscript 7 for the new
_value, we obtam

Ay _ 0704 _ 070 A _ 070G, T S a

G, =
" puln pi14L) 14 gl 14
and G, = 0.5G;

3.8 OHMMETERS

The ohmmeter is an instrument used to perform the following tasks and .
several other useful functions:

i 5 Mmum the resistance of individual or combined elements.

2. Detect open-circuit (higk-resls!anu} and short-circuit (low-
resistance) situations. :

3. Check the continuity of network canuagnm:s and identify wires ' 2
of a multilead cable.. ! P

4 Test some semiconductor (electronic) dewces . ' :

For most applications, the chmmeters used most frequently are the
ohmmeter section of a VOM or DMM. The details of the interna)’ cir-
cuitry and the method of using the meter will be left primarily for.a lab-
oratory exercise. In.general, however, the resistance of a resistor can be
- measured by simply connecting the two leads of the meter across the re- i
sistor, as shown in Fig: 3.28. There is no need to be concerned about ' .FIG. 3.28

which lead goes bn which end; the result is the sanfyin either case since Measuring the resistance of a single element.
resistors offer the same resistance to the flow of charge (current) in ei- e )
ther direction. If the VOM is used, a switch must be set to the proper re-
sistance range, and a nonlinear scale (usually the top scale of the meter)
must be properly read to obtain the resistance value, The DMM also re-*
quires choosing the best scale setting for the resistance to be measured,
but the result appears as a nunderical display, with the proper placement
of the decimal point determined by 'the chosen scale. When measuring
the resistance of a single resistor, it is usually best to remove the resistor
from the network before making the measurement. If this is difficult or
impossible, at least one end of the resistor must not be connected to the
network, otherwise the redding may include the effects of the other ele-

ments of the system.
If the two leads of the meter are touching in the ohmmeter mode, the = -@——

resulting resistance-is zero. A connection can be checked as shown in
Fig. 3.29 by simply hooking up the meter to either side of the connec- AAA l " AA—
tion. If the resistance is zero, the connection is secure. If it is other than o, - %

zero, the connection could be weak! if it is infinite, there is no connec- , FIG.3.29 ~

tion at all. ‘ . Checking the continuity of @ connection.
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FIG. 3.30
Iden!tﬁ'fng the leads of a multilead cable.

K

1

If one wire of a harness is known, a sccnnd can be found as shown in

Fig. 3.30. Simply copnect the end of the known lead to the.end of any

* other lead. When the ohmmeter indicates zero ohms (or very low resis-
tance), the second lead has been identified. The above procedure can
also be used to determine the first known lead by simply connecting the
-méter to any wire at one end and then touching all the leads at the olher
end until 4 zero ohm indication is obtained,

Preliminary measurements of the condition of some electronic de-
vices such as the diode and the transistor can be made using the Bhmme-
ter. The meter can also be used to identify the terminalsiof such devices,

One important note about the use of any chmmeter:

*Never hook up an ahmmerer fo a live circait!
The reading will be meaningless, and you may damage the instrument,
The ohmmeter section of any meter is designed to pass a small sensing
current through the resistance to be measured. A large external current
could damage the movement and would certainly throw off the calibras
tion of the instrument. In addition:

. Never store a VOM or a DMM in the resistance mode.

2 3 5
b : . If the two leads of the meter touch, the small sensing current could
e drain the internal battery. VOMs should be stored with the selector
i ) ~ switch on the highest voltage range, and the selector switch of DMMs
R B should be in the off pnsmon
o © 3.9 RESISTANCE: METRIC UNITS
FIGURE331 - :
Defining p in ohm-centimeters. . * The désign of resistive elements for various areas of application, mctud‘
’ . ing thin-film resistors and integrated circuits, uses metric units for the
i quantities of Eq. (3.1) introduced in Section 3.2. In ST units, the resistivity
TABLE 36 - - would be measured in ohm-meters, the area in square meters, and the
Resistivity (rj,afvarfoi:s materials. _ lengthin meters. However the meter is generally tdo large a unit. of miéa:
- s * sure for most applications,’ and so the centimeter is usually employed.
Material : e T N-¢m The resulting dimensions for Eq. (3.1) are therefore - z
s p:. ohm-centimeters
;- centimeters . »
A; . square centimeters

The units for p can be derived from

T i 2 r RA D Oeem? gt i ‘4
5 g . 2 e
P Rcm ]

The resxsuwty ofa maﬂmal is actually the resistance of a samp!e such
as that appeanng in Fig. 3.31. Table 3.6 pmwdes a hs: of values of pin~

+
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ohm—cenumetcrs Note lhat the area now is cxpi’tssed in squa:e ‘centime-

" ters, which’ cm be determined using the basic equation A = 7d’ /4 elim-
indting the ‘need to work with circular rmis,, the -special unit of measure
'assocmted with'circular wires.

EXAMPLE 3.15 Determine the resistance of 100 ft of % copper tele-
phon: wire if the diameter is 0. 0126 in.

Solution: Unit conversions:

.i——}OOﬂ(-i—f—;i)(?-'s'A,cm.)‘='304\8cm . R ' . s ey

1 it

; ="
: - S
d = 00126 m.( 2 “’”) = 0.032cm
7 ) . bt : I ; - .
Therefare, : R i ' v
42 (3.1416)(0.032 cm)? '
A= 14-— (—-ml——-* Y - 8104 x 107 cin? ,
i ] - (1L723% !{]“6ﬂ cm)(3048 cm) _
R:p-m:. _4 1 = 6.5 () . . a b
A 8.04 X 10 :
Usmg Lhe uwnits for circular wlres ancl Table 3.2 for the area of a #28
wire, we find ! ; B
1 ld.37 CM-QAt)(100 fi : i1 I e TS Y s
'R=,o—=( i ) =650 - -

I -_159.79CM _ ' &

EXAMPLE 3.16 Determine the resistance of the thin-film resistor in
. Fig. 3.32 if the sheet resistance R, (defined by Rg = p/d)is 100 Q.

Solution: For deposited materials of the same thickness, the sheet ret
sistance factor is usually employed in the design of Lhm—ﬁ!m l'CSlStUIS '
Eq (3.1) can be wmtem

Rz:p-—-—= ll=(£ i)'—_R_{ * " . FlG 3.32 . . g
Fd; d/\w w - ) Thm-ﬁlm resisior, Example 3.16.

\where 1 is the length of the sample and wt is the width. Suhsmuung into '

the above equation yields " g ;
o 100 £ o.s'cm '

: = LRDOSEH | 555

oW 0.3 cm .
as one might expect since I = 2w. _ . _ L

£ »
L4

The conversion factor between resistivity m circular mll ohms per
foot and ohm-centimeters is the fallomng

fp(ﬂ-cm] = (!.662 %W (vajus in CM-L¥/ft)

For example, for copper, p = 10.37 CM-(V/t:

p(Q-cm) = 1.662 X 10” "’{10 37 CM- (lifr)
= 1723 X 107 5 0-cm

asindicated in Table 3.6. i
Introductarv. €.-TA

®:
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! - The resistivity in an integrated circuil design is typically in ohm-
.centimeter units, although tables often provide p in ohm-meters or
microhm-centimeters. Using the conversion technique of Chapter 1,
we find that the conversion factor between ohm-centimeters and ohm-
meters is the following:

r

1.723# lt}“h-m[ X

190,9111

J = %6“‘723 X 1076)0-m

or the ‘value in ohm-meters is 1/100 the value in ohm-centimeters, and

o4

=3 o~
-p(g._m) = (m) X '{Valuﬂ-il:l !'!-cl:m) (1_5.14)
Similarly, i
: p(ufd-cnf) = (10%) X (value in -cm) - (3.15)
-7 For comparison purposes, typical values of p in ohth-céntimeters for
a conductors, semiconductors, ‘and insulators.are provided in Table 3.7
TABLE3.7
Comparing levels of p in {l-cm,
Conduetor ({2-cm) Semiconductor ((-cm)  Insulator (f_l—cmi
5 #. ; Copper 1723 % 1076 1 "G |, 507 . Ingeneral: 1018
- U e s e U SN 000 M08 <

*

[
In particular, note the power-of-ten difference between conductors
and insulators (10*')—a difference of huge proportions. There is a sig-
nificant difference in levels of p for the list of semiconductors, but the _
i:ower-umeln difference between the conductor and insulator levels is at
least 10° for eich of the semiconductors listed,

3.10 THE FOURTH ELEMENT—THE MEMRISTOR. ~ -

'In May 2008 researchers at Hewlett Packard' Laboratories led Byls
Dr. Stanley Williams had an amazing annouricement—the discovery of
the “missing" link in basic electronic circuit theory called a memristor,
shown in Fig. 3.33, and on the cover of this book. Up to this point the -
basic passive elements of circuit theory were the resistor, the ‘capacitor,
and the inductor, with the last two to be introduced later in this text. The

(a) .

FIG. 3.33. " ; presence of this fourth element was postulated in a seminal 1971 paper
{a) An image of a circuit with 17 memristors in the [EEE Transactions on Circiiz Theory by Leon Chya of the Uni- -
captured by an atomic force microscope. Each versity of California at Berkeley. However, it was not until this an-

‘dmef;rismr is-Fomposedafmg layers of titanium  pouncement that the device was actually constructed“and found to

ioxide m:rdwm!le:?_bgmjeen aiawe.rucowr‘wn Wire  function as pl’cdidled'. Many attempts were made to build & memrist or

andits own upper wire: Asaoliage is applied across through the years, but it-was not until work was dorie at the nanometer

i i lyers  haned whih 5 At Success s obained. T i ou ta e smalethe s

. used as:a method to register data, (b ['symbol, tare, the-more prominént is the memristance response. The level of -

{(#) Courtesy of 1, Joshua Yang and R. Stanley Williams, -‘m’enyristqptq_;t the nanometer scale is a million times stronges than at
HP Labs.) * . the micrometer scale and is almost-undletectale, it the millimeter scale.

! 4 b a3 AP N TR C M 1 RTT A +* Introductory, C.-78
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i } FRght ol . i ; y - ! { - . ' L :
“Howeyer, this property can work to the advantage of current IC designs ) e 0 e
. that are alyéady in the nanometer range. ) “ A g , - S
. “Ifiefour basic citcuit quantities of charge, surrent, voltage, and meg- - e TR TR S

' netic flux,can bé related i six ways. Three relations derive from the basic
' alements of the resistor, the capacitor, and the inductor. The resistor pro- ;
vides a direct relationship between current and voltage, the capacitor : P
~ provides a rélationship between charge and voltage, agd the inductor =
o proyides a relationship between current and magnetic flux, That leaves
" the rantionship between the magnetic field and the charge moving
through an element. Chua sought a device that would define the relation- - -
ghip Eegt\rcen magnetic flux and charge similario that between the volt-
age and current of a resistor. i ‘ PN
. In general, Chua was looking for a device whose redistancé would be
y a funetion of how much charge has passed through it. In Chapter 11,the
: relationship between the movement of charge and the surrounding mag- - . »
netic field will be described in keeping with the need to find a devicere- » s
Jating charge flow and the surrognding magneti¢ field. - . x o o7 : » N
The memristor is a device whose resistance increases with in- ; gl & TR
crease in the flow of charge in one direction dpd decreases asthe . g T
flow of charge deereases in the reverse direction. Furthermore, and’ _ ' i __
vastly impertant, it maintains its new,resistance level when the exci- : 3 P T Ty
" tation has been removed. . <+ : _ A TR s '
“This behavior-in the naiometer range was discovered using the semi- : ek, !

. chnductor titaninm digxide (TiO2), which is a highly resistive matérial R
but can be doped with other materials to male it very conductive, In this = s ¢ gt
material the dopants move in resporise to an applied electric field and ' v :
drift in the direction of the resilting current, Starting out with a memris- *-
tor with dopants only one side and pure Ti0; on the other, one can apply

' a biasing voltage to establish a current in the memvistor. The resulting

current will cause the dopants to move to the pure side and reduce the re- .
sistance of the element. The greater the flow of charge, the lower is the

‘resulting resistance. In other words, as mentioned, i, has a high resis- *

 tance, and on moving the dopants into the pure TiO», the resistance o . gl ety
drops. The entire process of ooving the dopants is due to the applied = LR N T e
voltage and resulting motion of charge. Reversing the biasing volfage ; ; ek

" reverses the direction of current flow and brings the dopants back to the
other side, thereby letting the TiO3 return to its high-resistance state;on ¥ g TS

' the surface this seems rather simple and direct. x ' o A
- An analog often applied to describe the action of a memristor is the . L, A

“ . flow of water (analogous to charge) through a pipe. In general, the resis- : : L.
tance of # pipe to the flow of water is directly related to the diameter of
~ the pipé: the smaller the pipe, the greatet is the resistance, and the larger
the diameter, the lower is the resistarice, For the analogy to be appropri- _
ate in describing the action of a memristor, the diameter of the pipe must . - . : ' ;
also be a function of the speed of the water and its direction, Water flow- - : 2
ing in one direction will cause the pipe to expand and reduce the resis-
tance. The faster the flow, the greater is the diameter. For water flowing
in the-opposite direction, the faster the flow, the smaller is the diameter
and the greater is the resistance. The instant the flow of water is stopped - y g e
in either direction, the pipe keeps its new diameter and resistance. ' 3
There are 17 memristors in Fig. 3.33 lined up in a row, each with a

width of about 50 nm. Each has a bottom wire connected to one side of
the device and a top wire corinected to the opposite side through a nét- L 5 o ard
work of wires, Each will then exhibit a resistance depknding on the di- ¢ :
rection and magnitude of the charge through each -one, The current -

i
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choice for the electronic symbol is also provided in Fig. 3.33. It is simi-
far in design to the resistor symbol but also markedly different. ‘

Thus, we have a memory device that will have a resistance depen-
dent on the direction and level of charge flowing through it. Remove the
flow &f ¢harge, and it maintains its new resistance level. The impact of
such a devicé is enonnous—--compute:s would remember the last opera-
tion and display when they were turned off. Come back in a few hours
or day$ and the display would be exactly as you left it. The same would
be trug for any system working through a range of activities and appli-
cations—instant startup exactly where you left off. It will be quite in-
teresting to follow how this fourth element affects.the eiectromcs field
in general

+ Like the transistor, which was mmally queslloned and now {s of such

.enormous importance, the memristor may stimulate the same awe-

inspiring change in every electronic application.

311 SUPERCONDUCTORS AT el

The ﬁeld of electricity/electronics i ls one of the mest exciting of our

time. New developments appear almost weekly from exiensive research
~and development activities. The research drive to develop a supercon-

ductor capable of operating at temperatures closer to room temperature

* has been receiving increasing attention in recent years due to the need to

cut energy losscs
What are  superconductors? Why is their development so 1mportam?
Ina nulshell -

superconduemrs are conducron of electric charge that, for-all
practical purposes, have zero resistance.

-In a conventional conductor, electrons travel at average speeds of
about 1000. mi/s (they can cross the Unitéd States in about 3 seconds),
even though Einstein's theory of relativity suggests that the maximum .
speed of information transmission is the speed of light, or 186,000 mi/s.
The relatively slow speed of conventional conduction is due to collisions
with"atoms in the material, repulsive forces between electrons (like

' charges repel), thermal agmﬂlon that results in indirect paths dueto the

increased motion of the nc1ghbonng atoms, impirities in the conductor,
and so on. In the superconductive state, there is a pairing of electrons,
denoted the Cooper effect, in which electrons travel in pairs and help
each other maintain a significantly higher velocity through the medium.
In some ways this is Itke “drafting” by competitive cyclists or runners.
There is an oscillation of energy between partners.or even-“néw” part-

ners (as the need arises) to ensure passage through the conductor at the
" highest possible velocity with the least total expenditure of energy. -

Even though the concept of superconductivity first surfaced in 1911,
it was not until 1986 that the possibility .of superconducnv:ty at room
temperature became a renewed goal of the research community. For over

70 years, superconductivity could be established only afftemperatures

colder than 23 K. (Kelvin temperature is universally accepted as the unit
of measurement for temperature for superconductive effects. Recall that
K = 273.15° + °C; s0.a temperature of 23 K is —250°C, or ~418°F.) In
1986, however, physicists Alex Muller and George Bednorz of the IBM

Zurich Research Center found a ceramic material—lanthanim barium

copper oxidé—that exhibited superconductivity at 30 K. This discovery
mu‘uduccd a.new direction to the research effc—n a.nd spurred others to

= L
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improve on the new standard. (In 1987, bath scientists received the
Nobel prize for their contribution to an important area of development,)

In just a few short months, Professors Paul Chu of the University of
Houston and Man Kven Wu of the University of Alabama raised the tem-
perature to 95 K using a superconductor of yttrium bariumcopper oxide.

£

The result was a level of excitement in the scientific community that .

brought research in the area to a new level of effort and investment. The
major impact of this discovery was that liguid nitrogen (boiling point of 77
K) rather than liquid helium (boiling point of 4 K) could now be used to
bring the material down to the required tempetature. The result is a
tremendous saving in the cooling expense since liquid nitrogen is at least
“tén times less expensive than liquid helium. Pursuing the same direction,
some success has been achieved at 125 K and 162 K using a thallium com-
pound (unfortunately, however, thallium is a very poisonous substance).
Fig. 3.34 illustrates how the discovery in 1986 of using a ceramic ma-
terial in superconductors led to rapid developments in the field. In 2008
a tin—copper oxide superconductor with a small amount of indium
reached a new peak of 212 K—an enormous increase in temperature.

T

Room temperature (20°C, 68°F, 293.15 K)

4

3K

")

- 0°C, 32°F, 273.15 K (Water freezes)

i i L L . 1 : L.
7350 T390 T340 1950 1960 1970 1980 1990 2000 20100 " ¢ (yr)

FIG. 3.34
Rising temperatures of superconductors.

The temperature at which a superconductor reverts back to the char-
acteristics of a conventional conductor is called the critical temperature,
denoted by T,.. Note in’ Fig. 3.35 that the resistivity level changes
abruptly at T,. The sharpness of the transition region is a function of the
purity of the sample, Long listings of critical temperatures for a variety
of tested compounds can be found in reference materials providing ta-
bles of a wide variety to support research in physics, chemistry, geology,
and related fields. Two sich publications include the CRC (Chemical
Rubber Co.) Handbook of Tables for Applied Engineering Science and
the CRC Handbook of Chemistry and Physics. I

Although room-temperature success has not been attained, numerous
applications for some of the superconductors have been developed. It is
simply a matter of balancing the additional cost against the results ob-
tained or deciding whether any results at all can be obtained without the
use of this zero-resistance state, Some research efforts require high-
energy accelerators or strong magnets attainable only with superconduc-
tive materials: Superconductivity is currently applied in the design of
Maglev trains (trains thatside on a cushion of air established by opposite
magnetic poles) that exceed 300 mi/h, in powerful motors and generators,

i : y
b - ,
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FIG. 3.35
Defining the critical temperafure T-



'~ 90 [{t RESISTANCE -

o

W 2

) o r.
?
et
e T
t g
31
L
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in nuclear magnetic resonance imaging (MRI) systems to obtain cross-
sectional images of the brain (and other parts of the body), in the design’

- of computers with operating speeds four times that of conventional sys-

tems, and in improved power dlstnbuuon systems,

3.12 THEHM!STDHS

' ’ K I3
The thermistor is a two-terminal semiconductor device whose resis-
tance, as the name suggésts, i% temperature sensitive. A representative
characteristic appears in Fig. 3.36 with the graphic symbol for the de-

“vice, Note the monlinearity of the curve and the drop in resistance from

about 5000 £ to 100 0 for an increase in tempemture from 20°C 1o
100°C. The decrease in resistance with an increase in tcmperature indi-
cates a negative teniperature coefficient,

The temperature of the device can be changcd internally or externally.
An increase in current through the device raises its temperature, causing
a drop in its terminal resistance. Any-extemally applied heat source re- ;
sults in an increase in its body temperature and a drop in resistance. This
type of action (internal or external) lends itself well to control mecha-
nisms. Many different types of thermistors are shown in ﬁig 3.37. Mate-
rials used in the manufacture of thermistors include oxides.of cobalt,
mckel stronuu:n and manganese. :

1 - FIG., 3. 37
NT C q‘neg;mve temperature coqﬁ?denrj and PTC (po.:mve rempemmre
caeﬁcmmj memwm
(Cour[esx of &emcnsﬂompunmts Inc, )

Note the use of a log sc.a]e (to be discussed in Chaptzr 21)in Flg 3.36
for the vertical axis. The log scale permits the display of a wider range of
specific resistance levels than a linear scale such as the horizontal axjs.
Note that it extends from 0.0001 (-cm to lODOOGGDOQ-cmowravmy
shott interval . The logfscair.-, is used for both the vertical and the honzm-
tala:usang 3.38, ety AR ! ;

3 13 PHDTOCGNDUCTIVE CEI.L

..-__'Thc photocnntfﬁctlve cell is a xwo-termmal selmcondu tor device £
. whose terminal resistange is demrnuned,by the intensity of the incident

hghx an :ts ﬁ:ﬁpmed' surface. As the, applied {llumination tn-::reascs in

G o e . Y.
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h mm;rqity, the eiiergy state of th!‘ surface electrons and atoms increases,
. “with'a fesiltant increase in the number of “free carriers” and a corre- -
sponding drop in resistance. A typical set of characteristics and the pho-
toconductive cell's graphic symbol appear in Fig, 3.38. Note the
negative illumination coefficient. Several cadmium sulfide photocon-
ductive cells appear in Fig.-3.39, o

~ 3,14 VARISTORS | - e e s
Varistors are vcltage-dependent. nonlinear resistors used to suppress '

high-voltage transients; that is, their characteristics enable them to limit
the voltage that can appear across the terminals of a sensitive device or

system. A typical set of characteristics appears in Fig. 3.40(a), along . ' FIG.3.39
with a linear resistance characteristic for comparison purposes. Note that . . Phoroconductivé cells.
at a particular “firing voltage,” the current rises rapidly, but the voltageis -~ (Courtesy of PerkinElmer Optoelectronics.)

limited to @ level just above this firing potential. In other words, the mag- =~ . ;
nitude of the voltage that can appear across this device cannot exceed
that level defined by its characteristics. Through' proper design tech-
niques, this device can therefore limit the voltage appearing across sen-

sitive regions of a network, The current is simply limited by the network ; < o $
to which it is connected. A photograph of a number of commercial units ; ]
. appears in Fig. 3.40(b). f ; :
‘ [ (mAY , ™
; s b X
. Al - :
4 K Fixed ' ”
3 7 :resistor . i
= | i Y o R=400 :
k : s [+~ Varistor . B
. L
. iy 3 i i . ¥
0 50 100150200250 V- i
4 ) ’
@ ‘ : st (ot
4 A !
FIG.3.40 ;

‘Varistors available with maximum dc voltage ratings between 18 V.and 615 V.
(Courtesy of Philips Electronics.) "

3.15 APPLICATIONS | X RERT e A A

The following are examples of how resistance can be used to perform a
variety of tasks, from heating to measuring the stress gr strain on a sup-
porting member o_f a structure. In general, resistance is a component of
every electrical or electronic application. ' F

Electric Baseboard Heating Element

One of the most common applications of resistance is in household fix-
tures such as toasters and baseboard heating where the heat generated by
* current passing through a resistive element is employed to perforrh a
. useful function. ' _ £ "

.-
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Metal jucket
and fins for
heat trapsfer

\A

Feed wire

Special

confection - N
Nichroffie Ceramic I;Iid:rmne eoil Insulator
£ core insulator - g
(c) C _ - dy
. * FIG. 3.41 ;

Eiecmc baseboard: (a) 2-ft section; (b) interior: (e) hsafmg elemeny;
” o (d) nichrome coil. A

Rcccntly, as we remodeled our house, the local electrician informed” -
us that we were limited to 16 ft of eleétric baseboard on a single circuit, -
That naturally had me ‘wondering about the wa:tage per foot, the result-
ing current level, and whether the 16-ft limitation was a national stan-
dard. Reading the label on the 2-ft section appearing in Fig. 3. 41(30 1

* found VOLTS AC 240/208, WATTS 750/575 (the power rating is de-

scribed in Chapter 4), AMPS 3.2/2.8. Since. [y panel is rated 240 V (as

‘are those in most residential homes), the wattage rating per foot is 575

W/2 or 287:5 W at a current of 2.8 A. T‘betoml watmgefotthe 16 ftis
therefote 16 X 287.5 W, or 4600 W.

In Chapter 4, you will find that the power tg a res:snve. load is rclated
to the current and applied voltage by the equation P = V. The total re- *

__sulting current can then be determined using this equation in the follow~ -

ing manner: I = P/V = 4600 W/240 V. = 19.17 A. The result was that
we needed a circuit breaker larger than 19.17 A; otherwise, the circuit
breaker would trip évery time we turned the heat on. In my case, the
electrician used a 30 A breaker to meet- the National Fire Code require-
ment that does ‘not permit exceeding 80% -of the rated current for a

R I
&

A ] = PR AL RN




conductor or breaker. In most panels, a 30 A breaker takes two slots of
the panel, wher¢as the more commpn 20 A breaker takes only one slot. It
you have a moment, take a Jook in your own panel and note the rating of

the breakers used for vagious circuits of your home.
"Going back to Table 3.2, we find that the #12 wire commonly used
for most circuits in the home has a maximum rating of 20 A and would
' not be suitable for the electric baseboard. Since #11 is-usually not com-
mercially available, a #10 wire with a maximum rating of 30 A was

uged. You might wonder why the current drawn from the supply is 19.17 .

A while that required for one unit was only 2.8 A. This difference is due
to the parallel combination of sections of the heating elements, a config-
aration that will be described in Chapter 6. It is now clear why the re-
quirement specifies a 16-ft Timitation on a single gircuit. Additional

elements would raise the current to a level that would exceed the code -

level for #10 wire and would approach the maximum rating of the circuit
breaker. = - . .
Fig. 3.41(b) shows a photo of the interior construction of the heating

“element. The red feed wire on the right is connected to the core of the *
heating element, and the black wire at the other end passes through a_
protective heater element arid back to the terminal box of the unit (the’

place where the exterior wires are brought in and connected). If you look

carefully arthe end of the heating unit as shown in Fig. 3.41(c), you will -

find that the-heating wire thavruns through the core of the heater is not
connected directly to the round jacket holding the fins in place. A ce-
ramic material (insulator) seéparates the heating wire from thie fins to re-
move any possibility of conduction between the ¢urrent passing through
" the bare heating element and the outer fin structure, Ceramic materials
are used because they are excellent conductors of heat. They also’have a
high retentivity for heat, so the surfounding area remains heated for a pe-
riod of time even aftet the current has been turned off. As shown in

Fig. 3.41(d), the hieating wire that runs through the metal jacket is nor-

mally a nichrome composite (because pure nichrome is quite brittle)
wound in the shape of a coil to compensate for expansion and contrac-

tion with heating and also to permit a longer heating element in standard--

length baseboard. On opening the core, we found that the nichrome wire
in the core of a 2-ft baseboard was actually 7 ft long, or a 3.5 : 1 ratio.
The thinness of the wire was particularly noteworthy, measuring out at
about 8 mils in diameter, not much thicker than a hair. Recall from this

chapter that the longer the conductor and the thinner the wire, the greater

is the resistance. We took a section of the nichrome wire and tried to heat
it with a reasonable level of current and the application of a hair dryer.
The change in resistance was almost unnoticeable. In other words, all
our effort to increase the resistance with the basic elements available to
us in the lab was fruitless. This was an excellent demonstration of the
meaning of the temperature coefficient of resistance in Table 3.4. Since
the coefficient is so small for nichrome,-the resistance does not measur-
ablychange unless the change in temperature is truly significant. The
curve in Fig. 3.11 would therefore be close to horizontal for nichrome.
For baseboard heaters, this is an excellent characteristic because the heat
developed, and the power dissipated, will not vary with time as the.con-
ductor heats up with time. The flow of heat from the unit will remain
fairly constant. :

The feed and return cannot be soldered to the nichrome heater wire for

two reasons. First, you cannot solder-nichrome wires to each other or to
other types of wire. Sedond, if you could, there might be a problem because

APPLICATIONS 11| 83 -

e



i\

94 |11 RESISTANCE

(.

[

e

 the heat of the unit could rise above 880°F at the point where the wires are

connected, the solder could melt, and the connection could be broken,
Nichrome must be spot welded or crimped onto the copper wires of the
unit. Using Eq. (3 1) and the 8-mil measured diameter, and assuming pure
nichrome for the moment, we find that the resistance of 'the 7-ft length is

!
p=?
A '
_ (600)(7 ft) _4200°
(8 mils)? 64
< R=6560Q . o

In Chapter 4, a power equation wxl] be introduced in detail relating
power, current, and resistance in the following mannert P = F°R. Usmg :

* the above data and solving for the resistance, we obtain

P
R=—
z o
_ 515w .
(2.8 A)?
R=17334Q

which is very closé to the value calculated above from the geometric

. shnpe since we cannol be absolutely sure about the resistivity value for

the composite.

Durmg normal operation, the wire heats up and passes that hear on tor
the fins, which in tumn heat the room via the air flowing through them.
The flow of air through the unit is enhanced by the fact that hot air rises, A
s0 when the heated air leaves the top of the unit, it draws cold air from
the bottom to contribute to the convection effect. Closing off the top or
bottom of the unit would effectwcly eliminate the convection effect, and
the room would not heat up. A condition could accur in which the inside
of the heater became too hot, causing the metal casing also to get too hot.
This concern is the primary reason for the thermal protective elenient in-
troduced above and appearing in Fig. 3.41(b). The long, thin.copper tub-
ing in Fig. 3.41 s actually filled 'with an oil-type fluid that expands when

~ heated. If it is too hot, it expands, depresses a switch in the housmg, and
" turns off the: heaie.r by cmtmg off the current to the heater wire.

!

Dimmer Control in an Automoblla
A two»pomt rheostal is the primary e]emcnt in the control of the light in-

. tensity on the dashboard and accessories of a car. The basic network ap-

Fl

pears in Fig. 3.42 with typical yoltage and current levels. When the light
switchis closed (usually by’ pulling the light control knob out from the
dashboard), current is established through the 50 () rheostat and then to
the various lights on the dashboard (including the panel lights, ashtray
light, radio display, and glove compartment light). As the knob of the

* control: switch is turned, it control§ the amount of resistance between

points a and b of the rheostat. The miore resistance between points 4 and’
b, the less is the current and the less is' the bngh‘mess of the various’
lights. Note the additional switch in the glove cumpainmcnl light, which
is activated by the opening of the door of the compartment. Aside from

 the glove comparthent Tight, all the lights in Fig. 3.42 will be on at the
.same-nma wlmn lhe hgh! switch is acuvaﬁed 'I]le first branch after the -

! & g N
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Parking Jights, side lights,

12V battery a
B 15A a
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FIG. 3.42 ! ' :

Dashboard dimmer\'cammi in an autontobile.

rheostat contains two bulbs of 6 V rating rather than the 12 V bulbs ap-
pearing in the other branches. The smaller bulbs of this branch producea

softer. more even light for specific areas of the panel. Note that the sum
of the two bulbs (in series) is 12 V to match that across the other
branches. The division of voltage in any network is coyered in defail in
Chapters 5 and 6. k i B,
Typical.current levels fér the various branches have also been pro-

vided in Fig; 3:42. You will learn in Chapter 6 that the current drain from

the battery and through the fuse and rheostat approximately equals the
sum of the currents in'the branches of the network. The result is that the
fuse must be able to handle current in amperes, soa 13 A fuse was used

(even though the bulbs appear in Fig, 3.42 as 12V bulbs to match the

battery).. o g
Whenever the -operating voltage and current levels of a component
are known, the internal “hot” resistance of the unit can be determined
using Ohm's law, introduced in detail in Chapter 4. Basically this law re-
Jates voltage, current, and resistance by 1= V/R. Forthe 12V bulb ata
* rated current of 300 mA, the resistance is R = V/J = 12 V/300 mA = 40 Q.
For the 6 V bulbs, it is 6 V/300 mA = 20 (). Additional information
“ regarding the power levels and resistance levels is discussed in later
chapters. %
The preceding description assumed an ideal level of 12 V for the bat-
tery. In actuality, 6.3V and 14 V bulbs are used to match'the charging
. Jevel of most automobiles. '

Strain Gauges

Any change in the shape of a structure can be detected using strain gauges
whose resistance changes with applied stress or flex. An example of a
strain gauge is shown in Fig. 3.43. Metallic strain gauges are constructed
of a fine wire or thin metallic foil in a grid pattern. The terminal resis-
tance of the strain gauge will change when exposed to compression of ex-
tension. One simple example of the use of resistive strain gauges is to
monitor earthquake activity. When the gauge is placed across an area of
suspected earthquake activity, the slightest separation in the earth changes
the terminal‘resistance, and the processor displays a result sensitive to the

amount of separation. Am'nhe'r example is in alarm systems where the |

slightest change in the shape of a supporting beam when someone walks

A
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(a) Typical strain gauge configuration.

(b) The strain gauge is bonded 1o the surface to be measured along the line

of force. When the surface lengthens, the sirain gauge stretches,

FIG. 3.43 . ']
‘Resistive strain gauge. 3
o overhead results in a chane in terminal resistance, and an alarm sounds,

Other examples include placing strain gauges on bridges to monitor their

rigidity and on very large generators to check whether various moving

: . compornents are beginning to separate because of a wearing of the bear-
" ings or spacers. The small mouse control within a computer keyboard can

be a series of strain gauges that reveal the direction of ¢ompression or ex-

tension applied to the controlling element on the keyboard. Movement in

one direction can extend or compress a resistance gauge, which can mon-

itor and control the motion of the mouse on the screen.

b ’

SECTION 3.2 Resistance: Gircular Wires

i.

Convert the following to mils:

a. 0.5in, : b. 0.02in.
¢ 1/4in. d. 10 mm
“e. 0.01ft £ 0.1em

.

4,

T

. Calolate the area in circular mils (CM) of wires having the

following diameter:

a. 30 mils b. 0.016 in. I
¢ 1/8in. . d. lem

e 002 fi L 4mm

The atea in circular mils is

a, 1600 CM bh. 820CM

¢, 40,000 CM d. 625CM

e 625CM- f. 03x10°CM

What is the diameter of each wire in inches?

What is the resistance of 4 copper wire 200 ft long and

1/50 in, in diametér (T = 20°C)? .

a. What is the area iﬁ_ circular mils of an aluminum con-
ductor that is 80 ft long with a resistance of 2.5 (27

b. What is its diameter in inches?

A2.2 Qresistor is to be made of nichrome wire, If the avail-

‘able wire is 1732 in. in diameter, how much wire is required?

a. What is the diameter in inches of a copper wire that has
a resistance of 3.3 {) and s as long as a football field
(100 yd) (7' = 20°C)? .

b. Without working out the numerical solution, determine
whether tHe area of an aluminum wire will be smaller or
larger than that of the copper wire. Explain. ; :

¢. Repeat (b) fora silver wire, =y

€

8. A wirg 1000 ft long has a resistance of 0.5 kf) and an

" area of 94 CM. Of what material is the wire made (7 =
20°C)? ) :

. a. A contractor is concerned about the length of copper

hookup wire still on the reel of Fig. 3.44. He meas-
ured the resistance and found it to be 3.12 . A tape
. measure indicated that the thickness of the stranded
wire was about 1/32 in. What is the approximate
length'in feet? ;
What is the.weight of the wire on the reel?
It is-typical to see temperature ranges for materials
listed in centigrade rather than Fahrenheit degrees.
What is the range in Fahrenheit degrees? What is
unique about the relationship between degrees Fahren-
heit and degrees cefitigrade at —40°C?

e,

[

Diameter "32in.
6.24Q
-
. —40°C 1o +105°C
‘ 5 1b/1000 ft

FIG.3.44
Problem 9, .

10, a. Whatis the cross-sectional area in circular mils of 4 rec:

tangular copper bus bay if the dimensions are /8 in. by
., 48in? - : o
b. If the area of the wire commonly used in house wiring
has a diameter close to 1/12 in, how many wires would
. have to be cﬁn:jbiﬂcd to have the same area?:



g

11.

12,

a. What is the resistance of a copper bus-bar-for a high-
rise building with. the dimensions shown (T = 20°C) in
Fig. 3.457 o

b. Repeat (a) for aluminum and compare the results,

FIG. 3.45
Problem 11.

Determine the increase in resistancg of a copper conductor
if the area is reduced by a factor of 4 and the length is dou-

" bled. The original resistance was 0.2 {1. The temperature re-
maips fixed.

*13, What is the new resistance level of a copper wire if the

Jength is changed from 200 ft to 100 yd, the area is changed
from 40,000 CM to 0.04 in.2, and the original resistance
was 800 m{}?

'SECTION 3.3 Wire Tables

14, a. In construction the two most common wires employed

15. a.

6.

17.

in general house wiring are #12 and #14, although #12
wire is the most common because it is rated at 20 A.
How much larger in area (by percent) is the #12 wire
compared to the #14 wire? 3 ;
b. The maximum rated current for #14 wire is 15 A. How
does the ratio of maximum current levels compare to
the ratio of the areas of the two wires?
Compare the area of a #12 wire with the area of a #9
wire. Did the change in area-substantiate the peneral
rile that a drop of three gage numbers results in a dou-
bling of the arca?
b. Compare the area of a #12 wire with that of a #0 wire.
- How many times larger in area is the #0 wire compared
to the #12 wire? [s the result'significant? Compare it o
the change in maximum current rating for each,

a. . Compare the area of a #20 hookup wire to a #10 house
romax wire. Did the change in area substantiate the
general rule that a drop of 10 gage numbers results in 2
tenfold increase in the arca of the wire?

b. Compare the arca of a #20 wire with that of a #40 wire.
How many times larger in area is the #20 wire than the
#40 wire? Did the result support the rule of part ().

“a. For the system in Fig. 3.46, the resistance of each line
cannot exceed 6 m(}, and the maximum current drawn
by the 1dad is 110 A, What minimum size gage wire
should be used?

b. Repeat (a) for a max imum resistance of 3m0, d =301,
and a maximum current of 110 A.
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Solid round copper wire

. FIG. 3.46 |
Problem 17.

*18. a. From Table 3.2, determine the maximum permissible

current density (A/CM) for an AWG #0000 wire.

b. Convert the result of (a) to Afin.? '

e, Using the result of (b), determine the cross-sectional
area required 1o carry a current of 5000 A.

SECTION 3.4 Temperature Effects

" 19.

20.

21.

23

26.

d

The resistance of 2 copper wire is 2 {2 at 10°C. What is its
resistance at 80°C? \

The resistance of an aluminum bus-bar is 0.02 Q1 at0°C.
What is its resistance at 100°C?

The resistance of a l::c_:-]':}pcr wire is 4 () at room temperature
(68°F). What is its resistance at.a freezing temperature of
32°F? =

- :

. The resistance of a copper wire is 0.025 {} at a temperature

of 70°F. .
4, ‘What is the resistarice if the temperature drops 10° to
60°F7 : *
b. What is the resistance if it drops an additional 10° to 50°F?
¢... Noting the results of parts (a) and (b), what.is the drop for
each paft in milliohms? Is the drop in resistance linear or
nonlinear? Caan you forecast the new resistance if it drops to
40°F, without using the basic temperature equation?
If the temperature drops to —30°F in northern Maine,
find the change in resistance from thre room temperature
levél of part (a).1s the change significant?
e. If the temperature increases to 120°F in Cairns, Aus-
 tralia, find the change in resistance from the room tem-
perature of part (a). Is the change significant?
a. The resistance of a copper wire is 1 {1 at 4°C. At what
temperawre (°C) will itbe 1.1 {3? ° .
b. At what tlemperature %ill it be 0.1 ?

a. If the resistance of 1000 ft of wire is-about 1 £2 at'room’

tempeétature (68°F), at what temperature will it double
in value? ‘ Sy

b. What gage wire was used? .

¢. What is the approximate diameter in inches, using the
closest fractional form? 3

a. Verify the value of a3y for copperin Table 3.6 by substi-
tuting the inferred absolute temperature into Eq. (3.9).

b. Using Eq. (3.10), find the temperature at which the re-
sistance of a copper conductor-will increase to 1 {1 from
a level of 0.8 {2 at 20°C, -

Using Eq. (3.10), find the resistance of a copper wire at
16°C if its resistance at 20°C is 0.4 (.
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+ *37.,Using Eq. (3.10), determine the resistance of a 1000-ft coil
" of #12 copper wire sitting in the desert at a lcmpcraturc of
115°F, ’ "
28. A 22 Q) wire-wound resistor is rated at +200 PPM for a
temperature range of — 10°C to +75°C. Determine its resis-
tance at 65°C. :

29. A 100 Q) wire-wound resistor is rated at + 100 PPM for a
temperature range of 0°C to +100°C. Dctcrrmne its resis-
‘tance at 50°C

© BECTION 3.5 Types of Resistors

30. a. What is the approximate increase in size from.a | W to
a 2 W carbon resistor?
b. What is the approximate increase in size from a 1/2 W
1o a2 W carbon resistor?
¢ In gmcml can we conclude that for the same type of re-
- sistor, an increase in wattage rating requires an increase in
size (volume)?2,Is it almost a linear relauunshlp? That is,
does twice the wattage requ:re an increase in size of 2:1?

31. If the resistance between the outside terminals of a lincar po-
tentiometer is 10 k€1, what is its resistance between the wiper
(movable) arm and an outside terminal if the resistance be-

- tween the wiper arm and the other outside terminal is 3.5 k07

32. If the wiper arm of a linear potentiorneter is'one-fourth the
way around the contact surface, what is the resistance be-
tween the wiper arm and l:ach terminal if the total resistance
is 2.5 k(1?7 ‘ 4 . i

Show the connections reqmne.d to establish 4 k)-between
the wiper arm and one outside terminal of a 10 k) poten-
tiometer while having only zero ohms between the other
outside term:nai and the wiper arm, °

*33

SECTION 3.6 Color Cuding and Btandard
Hulntor Values

34, Flnd Lhe range in which a resistor having Ihe fcliowmg-
color bands must exist to satisfy the manufacturer's tolerance:

%:-“

1st band

2nd band

3rd band  4th band

¢ owhite | brown -
d. ~ white ; brown::
e Corange .. white

35 Find the color code for the fol]-awmg 10% resistors:
a. 680 b, 033Q
« 22k} dv 5.6 MQL

36. a. Isthere an ov:rlap in coverage between 20% resistors?
- - Thatis, determine the tolerance range for a 10 1 20%

resistor and a 15 2 20% resistor, and note whether their

tolerance ranges overlap,
b. Repeat part (a) for'l(}% resistors of the same value.

37. Given a resistor coded ye!low violet, biown, silver that

measures 492 (1, is u wuhin tolerance? What is the tolef*

ance range?

b -

38. a. How would Fig. 3, 26{‘.; change if the resistors of 47 (3,
68 (1} and 100 (2 were changed to 4.7 ki), 6 8 ki), and
10 kﬂ respectively, if the tolerance remains the-same.
b. How would Fig. 3.26(a) change if the resistors of 47 {), 68
{2, and 100 £) were changed to 4.7 M£), 6.8 M0, and 10
M}, respectively, and the tolerance remained the same.
39, Find the value of the following surface mount resistors:
A 621 b. 333
¢ 'Q2 d. C6

SECTION 3.7 Conductance

40, Find the conductance of each of the following resistances:

a. 1200 b 4k0 ' ‘
€. 22M0 d. Compare the three results,
41. Find the conductance of 1000 ft of #12 AWG wire made of
a, copper b, aliminum
42. a. Find the conductance of a 10 Q._zu {1, and 100 Q) resistor
in milliohms.

b, How do you compare the rate of change in resistance fo -
the rate of change in conductance? ;:
¢. Is the relationship between the change in resistance and
change in associated conductance an inverse-linear rela-
tionship or an inverse nonlinear relationship?

*43. The conductance of a wire is 100 S, If the aréa of the wire is.
increased by two thirds and the length is reduced by the
same amount, find the new conductance of the wire if the
temperature remains fixed.

SECTION 3.8 Ohihmetera =

44. Why do you never apply an ohmmeter to a live network?

45. How would you check the status of a fuse with an chmmeter?

46. How would you determine.the on and off states of a switch
using an ohmmeter? :

47. How would you use an uhmmeter to chcck the status of a
light bulb?

SECTION 3.9 Heslstam:e Metric. Units

48, Usmg metrie units, dc[ermme. the length of a copper ‘wire
+ that has a resistance of 0.2 £ and a diametef of 1/12 in.

49. Repeat Problem 11 Iusmg metric units; that is, convert the
given dimensions to metric units before determining the re-
"sistance, .
50. If the sheet resistance of a tin oxide satnple is 100 ), wiftt
is the thickness of the axide layer? :

51. Determine the width of a carbon tesistor having a sheet re-
sistance of 15 042 if the length is 1/2 in. and the resistanice
1500 0. N

*52. Derive the conversion fa:tor bctween p (CM- ﬂ;‘ft] and p
(Q-cm) by :
a. Solving for p for the wire in Flg 3.47 in CM-QVft,
_b. Solving for p for the same wire in Fig. 3.47 in N-cm by
making the necessary conversions.
¢. ,Use the equation p; = kp; to determine the conversion
factbrk if py is the solution of part (a) and p2 the solu-
tion cf part (b).
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Problem 52.

SECTION 3.11 Superconductors

53, ‘I your own words, review what.you have learned about su-
perconductors. Do you fecl it is an option that will have sig-
pificant impact on the future of the electranics industry, or
will is use be very limited? Explain why you feel the way
you do. What could happen that would change your opinion?

54. Visit your local library and find a table listing the critical

temperatures for a variety of materials, List af least five ma-:

terials with critical temperatures that are not mentioned in
this text” Choose a few materials lha! have relatively high
critical. )l:mperatures » .

55. Find at least.one article on the appilwt:on of superconduc-
tivity in the cummema] sector, and write a sHort summary,
including all’ interesting facts and figures. ¢

#56. Using the required 1 MA/cm? density level for integrated
circuit manufacturing, determine what the resulting current
wold be through a #12 house wire, Comipare the result ob-
tained with the allowdble limit of Table 3.2. '

#57, Research the SQUID magnetic field detector and review its
basic mode of operation and an apphcanon or twa.

SECTION 3. 12 ]‘herrnlltoru - - -

*#58. 4, Find the resistance of the thermistor having the :hmc—
teristics of Fig.3. '36 at —50°C, 50°C, and:200°C. Note
that it is a log scale. If necessary, consult a reference
with an expanded log scale.

b. Does the thermistor have a posluve ora negmi\c tems-

* peraturs coefficierit?

¢. ' 1§ the coefficient a fixed value for the range —100°C to
400°C? Why?

What is the approximate rate of change of p wuh tem-

pera:me at 100°C?

d

SECTION 3. 13 Photoconductlvn Cell
59. a. Using lhe characteristics of Fig. 3.38, determine the re-

+  sistance of the photoconductive cell at 10 and 100 foat-.

candles of illumination. As-in Problem 58, note that it is
a log scale. -
b. Does the cell have a posnwe or & negative illumination
' coefficient?
c. Is the coefficient a fixed value for the range 0.1 to 1000
foot-candles? Why“

d. What is the approximate rate of change of R with illu-
mination at 10 foot-eandles?
SECTION 3.14 Varistors . S

- 60. a. Referring to Fig. 3.40(a), find the terminal voltage of
the device at 0.5 mA, 1 mA, 3 mA, and 5 mA. -
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* b, What is the total change in voltage for the indicated %
range of current levels?

- -

¢, Compare the ratio of maximum to minimum cun’cm
- levels abovc to the corresponding ratio of vo]tage
levels. .

'GLOSSARY 3

Absolute zeto The temperature at which all molecular motion
ceases; —273.15°C.

Cireular mil (CM) The cross-sectional area of a wire having a
diameter of 1. mil. -

Color coding A technique using bands of color to j.ndicatc the
resistance levels and toleranee of resistors.

Conductance (G) An m;l:canon of the relative ease wu.h which
current can be established ina material. lt is :ncasurcd in
siemens ().

Cooper effect The "pamng" ot‘ electrons as they travel thmugh a

" medium:

Duretility The propcny of a material that allows it to be drawn
into long, thin wires,

Inferred absolute temperature The tempc_ramm through ‘'which
a straight-line approximation for the actal resistance-versus-
temperature cutve intersects the temperature axis.

. Malleability The property of a material that allows it Eo be:

worked into many different shapes,

Memristor Resistor whose resistance is a function of rhe current
through it; cnpable 01' remembema and retaining its Jast resis-
tance value.

Negative temperatuu coefficient of resistance The value re-
vealing that the resistance of a matcnal Wwill decrease with an
~ increase in temperature.

Ohm (f2) The unit of measurement applied to resistance.

Ohmmeter An instrument for measuring resistance levels..

‘Photoconductive cell A two-terminal semiconductor dwico

whose terminal resistance is determined by the intem:ty of the
incident light on its exposed surface,

Positive temperature coefficient of resistance The value re-
. vealing that the resistance of a material will increase with an
increase in temperature, -

* Potentiometer A three-términal device lhmugh which potential

levels can be varied in a linear or nonlinear manner.

PPM/°C Temperature sensitivity of a resistor i parts pur million

. per degree Celsius.

Resistance A measure of the opposition to the flow of charge
through & material,

Resistivity (p) A constant of proportionality between the resis-
tance of a material and its physical dimensions.

Rheostat An element whose terminal resistance can be varied in
a linear or nonlinear manner.

Sheet resistance Definad by p/d for thin-film and intagrated cir-
cuit design.

Superconductor Conductors of electric charge that have for all
practical purposes zero ohms,

Thermistor A two-terminal semiconductor device whose resis-
tance is temperature sensitive.

Varistor A voltage-dependent, nonlinear resistor used to sup-
press high-voltage transients. .






