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PREFACE

The accelerated pace of developments in the field of electrical engineer-
ing has created serious problems in engineering education, especially
in the selection and arrangement of material for training the engineers
of tomorrow. A very common and sound approach to the problems
has been to emphasize the scientific aspects of engineering. The wide-
spread adoption of this approach both confirms the value of the general
viewpoint adopted in the first edition of this book and provides a strong
influence in the revision leading to the present edition.

Broadly speaking, there are three main objectives underlying the
revision:

1. To take advantage of the years of teaching experience with the
first edition in order to make the book more teachable and understandable.

2. To give full recognition to the importance of modern control and
measurement techniques.

3. To incorporate recent developments and concepts in circuit theory,
machinery, and electronics which are of broad significance to all branches
of engineering.

As a consequence, both reorganization of material and complete
rewriting of many chapters and of significant portions of the other
chapters have been necessary. In line with the first objective, new
concepts are introduced in a more gradual manner and fuller explanations
are presented. For example, the introductory chapters on electrice
circuits, magnetic circuits, machinery, and electronics proceed from
simple and elementary principles, most of which are the direct result of
classical scientific experiments. The rather considerable expansion
in the related fields of measurement and control has also had repercussions
throughout the book, for we feel that such new and important material
should not be presented merely as an unrelated appendage. Thus, the
thought processes underlying feedback control make themselves felt
in the chapters on circuit theory. They reappear in the treatments of
machinery and electronics, so that many of them are already familiar
when feedback control itself is reached. Among the devices and con-
cepts newly introduced in accordance with this program are magnetic
amplifiers, transistors, self-balancing recorders and controllers, phase-
sensitive modulation and demodulation, control amplifiers, d-¢ and a-c
control motors, and transfer-function and frequeney-response analysis.

v



vi PREFACE

One inevitable result is that the book has grown longer. It contains
more material than can be presented in a two-semester three-hours-per-
week course. We have had flexibility of use continually in mind during
the organization and writing, however, and we feel that a variety of
courses of varying length and subject matter can be based on it. Under
these circumstances, it is our hope that the instructor will have the advan-
tage of selectivity to meet his particular needs and environment without
appreciable sacrifice in continuity.

Many instructors have been kind enough to give us the benefit of their
comments and suggestions, often at the expense of a very considerable
amount of their time and energy. We have also had the advantage of
intimate contact with the engineers of a variety of industries to aid us in
questions of selectivity and relative emphasis of subject matter. To all
these people we owe a large debt of gratitude.

A. E. FITzGERALD
Davip E. HiGGINBOTHAM
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CHAPTER 1

D-C CIRCUITS

Electrical engineering is concerned with the conversion of energy from
other forms into electrical energy, with the transmission and distribution
of the energy in electrical form, and with its control and reconversion for
ultimate utilization. Electrical energy is not generally useful as an end
in itself; rather, it is converted into useful mechanical energy in motors,
relays, and electromagnets; into heat energy in furnaces and ovens;
into sound energy in loudspeakers; into light energy (often after a
conversion into heat) in lamps; or into chemical energy in electrolytic
processes.

Electrical engineering is very closely associated with other professional
branches. Mechanical engineers use the products of electrical engineer-
ing in the application and control of electric motors, as an integral part
of power plants, and for remote metering and control, to mention only a
few instances. Chemical engineers use the same products for process
control, for heating and refrigeration, and in automatic recording and
indicating equipment. Civil and structural engineers are concerned with
motor applications, electric power distribution within buildings, and in
stress and strain measurements. Aeronautical engineers deal with many
essential applications for power production, measurement, and control
in aircraft and missiles. Chemical and physical scientists find electrical
measuring devices to be valuable adjuncts in their investigations. The
economic aspects of the foregoing uses are of vital concern to the executive
and administrator.

The noteworthy contributions made by electrical engineering to the
technological advances of the twentieth century have been due primarily
to the fact that energy in electrical form is not only easily convertible
but is also easily controlled and conveniently and economically trans-
ported over large distances. A study of electrical engineering becomes a
study of the devices used in energy conversion and transmission, with
particular emphasis placed on the internal characteristics required to
obtain desired external performance. This chapter will lay the ground-
work for such a study by defining the basic terms and developing the
necessary concepts. An introduction to electric-circuit theory will be

based on the d-c¢ circuit.
1



2 D-C CIRCUITS [Crar. 1

1-1. Basic Electrical Quantities. Before we are in a position to study
the behavior of electrical systems and devices, we must first be familiar
with the fundamental quantities used to express that behavior. The
nature and identity of these quantities, as well as the laws which they
obey, are the results of a large amount of experimental study, followed
by theoretical correlation of the results of the experiments. Accordingly,
many of the statements in the earlier sections of this chapter may appear
arbitrary or without reasoned support simply because their justification
rests solely on the fact that they satisfy all known experiments.

The most elemental quantity is electric charge, or quantity of electricity,
just as volume of liquid may be considered elemental in hydraulic studies
or displacement in mechanical studies. Charges may be positive (as in
a proton) or negative (as in an electron). In the mks system, charge is
measured in coulombs. For example, the charge on an electron is nega-
tive and equal to 1.591 X 10~*® coulomb. Conversely, about 6.4 X 1018
electrons are required to form a quantity of electricity equal to 1 coulomb.

The presence of charge gives rise to the possibility of force effects in
‘the region surrounding it. Specifically, two charges will repel or attract
each other (depending on whether their signs are alike or unlike) with a
force directly proportional to the product of the charge magnitudes and
inversely proportional to the square of their separation. This effect is
often described by saying that a field of force exists in the vieinity of the
charge; the field of force is called the electric field.

We are, however, more interested in charges in motion than in charges
at rest, for charges must move in order to bring about energy transfer.
We are particularly (although not exclusively) interested in those situa-
tions where the motion is confined to a definite path formed by materials
such as copper and aluminum, which experience has shown to be good
conductors of electricity. By way of contrast, other materials, such as
porcelain, mica, glass, and, under many conditions, air, are known to be
extremely poor conductors. They are called nsulators and are used to
confine the electricity to the specific conducting paths by constituting
barriers to departure from these paths. The paths are called circuits.
They are the analogues of piping systems in the hydraulic case.

The rate of motion of charge in a circuit is called current. The unit
of current is the ampere; one ampere exists when the charge flows at the
rate of one coulomb per second. Expressed quantitatively,

. dg

L= a{np (1-1)
or conversely,

g=Jidt coulombs (1-2)

g being the charge flowing and ¢ the time in seconds. The lower-case
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letters 7, g, and ¢ are used to represent the general case where ¢ and ¢ may
be functions of time. Capital letters (for example, 7, Q) will be used to
represent magnitudes which are not time varying.

Notice that charge is the quantity which flows through the circuit;
current is the time rate of flow of charge and is analogous to velocity in
the mechanical system or to rate of fluid flow in the hydraulic system.
Like velocity, current has both magnitude and direction. The direction
of positive current is the direction of flow of positive charges, or opposite
to the direction of electron flow.

Energy changes or energy transfer generally accompany the motion of
electric charges. The potential difference between two points a and b in
a circuit is the work or energy associated with the transfer of a unit
positive charge (1 coulomb) from one point to the other. In mks units,
the work or energy per unit charge is measured in volts; voltage is anal-
ogous to force in the mechanical system and to pressure or head in the
hydraulic system. The energy associated with moving a charge ¢ through
a potential difference of e volts is

W = eq  joules, or watt-sec (1-3)

If work has been done on the unit charge and consequently its potential
energy increased in going from a to b, a voltage rise exists in the direction
from a to b. Conversely, a voltage drop exists in the direction from b to
a, for a unit positive charge would lose potential energy in going from b
to a. When several alternative circuit paths exist between a and b,
these statements are true regardless of which path is chosen. A potential
difference associated with a source of electrical energy (i.e., associated
with energy conversion, as in a battery, where chemical energy is con-
verted to electrical energy) is called an electromotive force (abbreviated
emf).

When a current exists in a circuit, another type of field of force comes
into being in the vicinity of the circuit. This field, called the magnetic
field, exists simultaneously with the electric field caused by the charges.
It is capable of causing forces on other current-carrying elements or on
pieces of iron. When the current causing it is changing with time, it is
also capable of creating voltages, called ¢nduced voltages, in nearby cir-
cuits. These magnetic effects will be studied in Chap. 8. For the
moment, the magnetic field may be regarded as an additional factor
affecting the power- and energy-transfer properties of electric circuits.

In addition to the symbol ¢ used in Eq. (1-3), the symbol » is also used
to indicate voltage. For electric machinery and circuits associated with
machinery, symbolic distinction is commonly made between the voltages
induced within a machine and other voltages by the use of e for the former
and v for the latter. Conventional symbols used in electronics do not
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make this distinction, however, the symbol e being used for all voltages.
In this book the symbol ¢ will be used except in the chapters dealing with
transformers and machinery (Chaps. 9 to 14), when the above symbolic
distinction between e and v will be made.

The power, or the rate at which energy is transferred, is the time
derivative of the energy. Accordingly, power p is

p = % =¢ g—? = e watts, or joules/sec (1-4)

If, as is true in many problems, the current and voltage are functions o
time, the total energy involved in the transfer may be expressed as

W = /;: pdt = j;: et dt watt-sec, or joules (1-5)

When ¢ and ¢ are constant at the values E and I (independent of time), the
energy in time ¢ becomes

W = EIt joules (1-6)

Table 1-1 gives a summation of the electric-circuit quantities with units
and interrelationships. Shown also are the equivalent quantities in
mechanical and hydraulic systems.

1-2. Electric-circuit Constants. In analyzing electric circuits, one or
more impressed voltages (energy sources) may usually be regarded as the
cause in the cause-and-effect relationship being studied. The currents
which are brought into being in the various parts of the circuit may be
looked upon as the effect in which one is interested, for when current is
evaluated, other pertinent quantities may be obtained from relations such
as Eqgs. (1-2) to (1-6). The usual problem is to determine the effect
(current) resulting from a known cause (voltage) or the cause (voltage)
necessary to produce a desired effect (current).

TasrLe 1-1. SummarY oF Principal ELECTRICAL QUANTITIES

Electrical g Unit Related Mechanical | Hydraulie
. ymbol R
quantity (mks system) equation analogy analogy
Charge......... q, Q Coulomb | .......... .. Position Volume
Current......... i, I Ampere i = dg/dt Velocity Flow
Potential differ-| e, E, or| Volt e =W/q Force Head, or
ence, or volt-| o, V pressure
age ]
Power.......... p, P | Watt p =et Power Power
Energy, or work w Joule, or watt- | W = eq, or Energy, or | Energy, or
second W = /;] t i dt work work
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Relationships between voltages and currents in a circuyit have been
established on the basis of experiment. Three different types of inter-
relations exist, and hence three types of circuit elements must be recog-
nized in order to include them. The interrelations and the corresponding
types of circuit elements are as follows:

1. One type of circuit element requires a voltage directly proportional
to the current through it. The constant of proportionality is called the
resistance. 'This circuit constant, or parameter, is intimately related to
energy dissipation as heat in the circuit. It will be studied in more detail
in the next section.

2. Another type of circuit element requires a voltage directly propor-
tional to the time derivative or rate of change of the current. The con-
stant of proportionality is called the inductance. This circuit parameter
is intimately related to the magnetic field of the circuit. It will be con-
sidered in Sec. 2-5.

3. The third type of circuit element requires a voltage proportional to
the time integral of the current. The reciprocal of the constant of
proportionality is called the capacitance. This circuit parameter is
closely associated with the electric field of the circuit. It will be more
fully introduced in Sec. 2-7.

All electric circuits consist of combinations of these three types of
circuit elements, although for practical purposes, not all types need be
considered present in every circuit. When a voltage is suddenly
impressed on the circuit, the current ultimately follows a final pattern
of behavior called the sieady state. The steady state is not reached
immediately, however, for an initial period of settling down to the final
pattern is necessary. The period required for this adjustment is called
the transient period. Predominant emphasis is given to the steady state
in this book. An introduction to transient analysis is presented in
Chap. 7.

1-3. Resistance; Ohm’s Law. The first type of circuit element men-
tioned in the preceding section requires a voltage across the element
directly proportional to the current through it. Expressed quantita-
tively, the voltage is

e = li volts (1-7)

where 7 is the current in amperes. The proportionality constant R is the
resistance of the element and is measured in ohms. A physical device
whose principal electrical characteristic is resistance is called a resisior.
The voltage-current relation expressed in Eq. (1-7) is known as Ohm’s law.

Electrical resistance is comparable to pipe friction in the hydraulic
analogue and also to friction in a mechanical system. Resistance or
friction directly opposes the current, water flow, or motion, and the



