SCHAUM’S

outlines

Second Edition
700 fully solved problems

® Concise explanations of all course concepts

® Easy to understand coverage of induction, capacitance,

resistance, and more

* Electric Circuits ¢ Operation of Electric Circuits

Milton Gussow




SCHAUM'S
OUTLINE OF

Basic
Electricity



This page intentionally left blank



SCHAUM'S

OUTLINE OF

Basic
Electricity

Second Edition

Milton Gussow, M.S.
Principal Staff Engineer, (Ret.)
Applied Physics Laboratory
The Johns Hopkins University

Schaum’s OQutline Series

G

New York Chicago San Francisco Lisbon
London Madrid Mexico City Milan New Delhi
San Juan Seoul Singapore Sydney Toronto



To Libbie, Myra, Susan, Edward, Marc, Nicole, Sara, Laura, and Jeff

Copyright © 2007, 1983 by The McGraw-Hill Companies, Inc. All rights reserved. Except as permitted under the United States Copyright
Act of 1976, no part of this publication may be reproduced or distributed in any form or by any means, or stored in a database or retrieval
system, without the prior written permission of the publisher.

ISBN: 978-0-07-170250-8
MHID: 0-07-170250-4
The material in this eBook also appears in the print version of this title: ISBN: 978-0-07-163528-8, MHID: 0-07-163528-9.

All trademarks are trademarks of their respective owners. Rather than put a trademark symbol after every occurrence of a trademarked name,
we use names in an editorial fashion only, and to the benefit of the trademark owner, with no intention of infringement of the trademark.
Where such designations appear in this book, they have been printed with initial caps.

McGraw-Hill eBooks are available at special quantity discounts to use as premiums and sales promotions, or for use in corporate training
programs. To contact a representative please e-mail us at bulksales@mcgraw-hill.com.

TERMS OF USE

This is a copyrighted work and The McGraw-Hill Companies, Inc. (“McGrawHill”) and its licensors reserve all rights in and to the work.
Use of this work is subject to these terms. Except as permitted under the Copyright Act of 1976 and the right to store and retrieve one copy
of the work, you may not decompile, disassemble, reverse engineer, reproduce, modify, create derivative works based upon, transmit,
distribute, disseminate, sell, publish or sublicense the work or any part of it without McGraw-Hill’s prior consent. You may use the work for
your own noncommercial and personal use; any other use of the work is strictly prohibited. Your right to use the work may be terminated if
you fail to comply with these terms.

THE WORK IS PROVIDED “AS IS.” McGRAW-HILL AND ITS LICENSORS MAKE NO GUARANTEES OR WARRANTIES AS
TO THE ACCURACY, ADEQUACY OR COMPLETENESS OF OR RESULTS TO BE OBTAINED FROM USING THE WORK,
INCLUDING ANY INFORMATION THAT CAN BE ACCESSED THROUGH THE WORK VIA HYPERLINK OR OTHERWISE,
AND EXPRESSLY DISCLAIM ANY WARRANTY, EXPRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. McGraw-Hill and its licensors do not
warrant or guarantee that the functions contained in the work will meet your requirements or that its operation will be uninterrupted or error
free. Neither McGraw-Hill nor its licensors shall be liable to you or anyone else for any inaccuracy, error or omission, regardless of cause, in
the work or for any damages resulting therefrom. McGraw-Hill has no responsibility for the content of any information accessed through the
work. Under no circumstances shall McGraw-Hill and/or its licensors be liable for any indirect, incidental, special, punitive, consequential
or similar damages that result from the use of or inability to use the work, even if any of them has been advised of the possibility of such
damages. This limitation of liability shall apply to any claim or cause whatsoever whether such claim or cause arises in contract, tort or
otherwise.



Contents

Chapter 1 THE NATURE OF ELECTRICITY .. ...t iiiiiitintnenonnnnnns 1
Structure of the Atom . . . . .. ... .. 1
The Electric Charge . . .. ... . e et et 3
The Coulomb . . .. ... 4
The Electrostatic Field .. ......... ... ... . . . . . . . .. 4
Potential Difference ... ... .. ... .. .. . . e 5
CUITENL . . e e e e 5
Current Flow . . . . .. 6
Sources of Electricity . .. .. .. .. ... 7
Direct and Alternating Currents and Voltages . ........................ 8

Chapter 2 ELECTRICAL STANDARDS AND CONVENTIONS ........ccv0utenn 15
Units
Introduction . . ... ... ... ... 15
Metric Prefixes . . . ... e 15
Powers of 10 . . . . . .. . e 16
Scientific NOtation . . . .. ... .ttt e e e 20
Rounding Off Numbers . . . ... ... ... e 20
Graphical Symbols and Electrical Diagrams
Schematic Diagram . ... .. ... ... ... .. 27
One-Line Diagram . .. .. .. .. ... . 30
Block Diagram . .. ... ... ... 30
Wiring Diagram . . . . ... ... 32
Electrical Plan . . . . .. ... . . e 32

Chapter 3 OHM’SLAWAND POWER . ... ... ittt it iteeecansnnses 39
The Electric Circuit . . .. ... ..t e e e e et e 39
Resistance . . ... ... ... e 40
Fixed Resistors . . ... ... i e 40
Variable ResiStors . . .. . ..o 41
Ohm’s Law . . ... . e 42
Electric Power . . . . .. ... e 43
HoOrsepoOWer . . .. o 44
Electric Energy . .. .. ... ... 45



vi Contents

Chapter 4 DIRECT-CURRENT SERIES CIRCUITS .........ciiiitiieeenrnnns 52
Voltage, Current, and Resistance in Series Circuits . .................... 52
Polarity of Voltage Drops . . . ... ..o 55
CondUCTOTS . . o ottt e e e e e 56
Total Power in a Series Circuit . .. .. ... ... . 60
Voltage Drop by Proportional Parts ... ........ ... ... ... ... ......... 61
Chapter 5 DIRECT-CURRENT PARALLEL CIRCUITS ........ ..ttt eernnns 75
Voltage and Current in a Parallel Circuit . .. ......................... 75
Resistances in Parallel . ... ... .. ... ... . .. ... .. ... . ... .. ... 77
Open and Short Circuits . .. .. .. ... ...ttt 80
Division of Current in Two Parallel Branches . . ... .................... 82
Conductances in Parallel ... ........... ... ... . . . . . .. .. 83
Power in Parallel Circuits . .. ... ... .. ... ... 84
Chapter 6 BATTERIES . ... ittt ittt it intnensesnsnencncnansnsnns 97
The Voltaic Cell . .. ... .. . 97
Series and Parallel Cells . ... ... ... .. ... . i 98
Primary and Secondary Cells . ... ....... ... .. . ... 99
Types of Batteries . . ... ... e 99
Battery Characteristics . . ... ...... ... 103
Chapter 7 KIRCHHOFF’ S LAWS . . .. ittt ittt it teetaeennannanss 110
Kirchhoff’s Voltage Law (KVL) . . ... .. ... ... ... .. .. .. .. ... 110
Kirchhoff’s Current Law (KCL) . ... .. ... ... ... .. ... . . ... .. ... .... 112
Mesh Currents . . . . ... ... e 114
Node Voltages . . . . ..o v it e 116
Chapter &8 DETERMINANT SOLUTIONS FOR DC NETWORKS ............... 128
Second-Order Determinants . . . .. ..... ...ttt 128
Third-Order Determinants . .. .. ... ... ...ttt 128
Cramer’s Rule . . ... ... . . . 130
Determinant Method for Solving Currents in a Two-Mesh Network . ......... 135
Determinant Method for Solving Currents in a Three-Mesh Network . ........ 136
Chapter 9 NETWORK CALCULATIONS . ...ttt it tit it tnnteocasansonns 153
Y and Delta Networks . . ... ... .. . . . e 153
SUPEIPOSItION . . . . oot e e 157
Thevenin’s Theorem . . ... ... ... ... . ... .. . 159
Norton’s Theorem . . ... ... ... e e et e 161
Series—Parallel Circuits . . . . ... .ottt et e e e 164
Wheatstone Bridge Circuit .. .. ....... .. .. .. .. 166
Maximum Power Transfer . ... ......... ... . . ..., 167
Line-Drop Calculations . . . . ... ..ottt i et et 168
Three-Wire Distribution Systems . . ... ... ...ttt 170



Contents vii

Chapter 10 MAGNETISM AND ELECTROMAGNETISM ............ccivvun.n. 205
The Nature of Magnetism . .. . ........ ... ..., 205
Magnetic Materials . .. ... ... . e 206
Electromagnetism . . .. ... ...ttt e 207
Magnetic Units . ... ... ... 210
BH Magnetization CUIVE . . . . . . oottt e e et e e e 212
Magnetic CIrCUILS . . . . . v ittt e e e et e e e e 213
Electromagnetic Induction . . . ......... ... ... .. 215
International System of Units . .. ...... ... .. ... ... ... .. ... ... ..... 218

Chapter 11 DIRECT-CURRENT GENERATORSAND MOTORS ................. 229
Motors and GENErators . . .. . .. ...t vt ittt e e e 229
Simple DC Generator . . . .. ... ... ...ttt 230
Armature Windings . . ... ... 231
Field EXcitation . . . .. ... ... i 232
DC Generator Equivalent Circuit . ... ....... ... ... 233
Generator Voltage Equations and Voltage Regulation . ................... 234
Losses and Efficiency of a DC Machine . ........................... 235
Direct-Current MOtOI . . . . . ..ottt e e e 236
DC Motor Equivalent Circuit . . . . ... ... ot 237
Speed of a Motor . . . ... ... 238
Motor TYPES . . o vt e 239
Starting Requirements for Motors . . . .. .......... ... ... 241

Chapter 12 PRINCIPLES OF ALTERNATING CURRENT ................o.... 252
Generating an Alternating Voltage .. ............... .. .. .. .. .. ..... 252
Angular Measurement . . . . . ... ... e e e 252
Sine Wave . ... 254
Alternating CUurrent . . ... ... ...ttt e 254
Frequency and Period . . .. ... ... . .. ... 255
Phase Relationships . . ... ... .. . 256
Phasors . ... ... . ... 256
Characteristic Values of Voltage and Current . .. ...................... 259
Resistance in AC Circuits . . ... ... ...ttt e e e 261

Chapter 13 INDUCTANCE, INDUCTIVE REACTANCE, AND

INDUCTIVE CIRCUITS ... ittt it ittt ttneesenoeesennsnannans 275
Induction . . ... ... 275
Characteristics of Coils . . . ... ... ... .. e 276
Inductive Reactance . . ... ... ... ... ... . . ... 277
Inductors in Series or Parallel . .............. ... .. ... .. ... ....... 278
Inductive CircuitS . . . ... ... .. . e 281
QofaCoil ... ... . . . e 287

Power in RL CirCuits . . .. . . . oo e e e 288



viii Contents

Chapter 14 CAPACITANCE, CAPACITIVE REACTANCE, AND

CAPACITIVE CIRCUITS . . ot ittt ittt titetenenenenenennnns 305
Capacitor . . . .. ... 305
CapacitanCe . . . . .. i e e 306
Types of Capacitors . . . . . oo v it e 308
Capacitors in Series and Parallel . . .. ....... .. ... ... ... ... .. ... 308
Capacitive Reactance . ... ... ... . i 310
Capacitive CITCUILS . . . . . v vttt e e e e e e e e et e e e e e 311
Power in RC Circuits . ... ... ... e et et 316
Chapter 15 SINGLE-PHASE CIRCUITS .. ...ttt it iiiiiinennennns 332
The General RLC Circuit . .. .. ... ...ttt 332
RLC IN SEries . . . oot e e e 332
RLC in Parallel . ... ... .. . 335
RL and RC Branches in Parallel . .......... ... ... ... ... ... ... ... ... 338
Power and Power Factor ... ...... ... .. .. .. . . .. . . . 340
Chapter 16 ALTERNATING-CURRENT GENERATORS AND MOTORS ........... 361
AIErNators . . . . ..o 361
Paralleling Generators . .. ... .. .. ..ttt 364
Ratings . . ... 364
Losses and Efficiency . .. ........ ... .. .. .. . ... .. ... 364
Polyphase Induction Motors . .. ... ... ... 365
Synchronous MOtOrS . . . . oottt e 368
Single-Phase Motors . .. ... ... ... .. ... 372

Chapter 17 COMPLEX NUMBERS AND COMPLEX IMPEDANCE

FOR SERIESAC CIRCUITS . ... ittt iiiiiiitttnenenennnns 385
Introduction . .. .. .. .. ... 385
Definition of a Complex Number . ........... ... ... ... .. ....... 385
OPErator j . . . . vt 385
Rectangular and Polar Forms of Complex Numbers . ... ................. 387
Operations with Complex Numbers . . .. ......... ... ... . .. .. ... 389
Complex Impedance in Series .. ........... ... .. 392
Chapter 18 AC CIRCUIT ANALYSIS WITH COMPLEX NUMBERS .............. 409
Phasors . ... e 409
Two-Terminal Network . . ... ... .. 409
Series AC CIrCUIL . . . . ottt e e e e 409
Parallel AC CIrcuit . . . . ... oot e e e e e 411
Series—Parallel AC Circuit . . . ... ...ttt e et 414
Complex Power . . . .. .. . 416
Determinant Solution for AC Circuits . .. ....... ...t . 421

AC A-Y and Y-A Conversions . . . . .o v v vttt e e e e 424



Contents

X

Chapter 19 TRANSFORMERS . . ... i i i i ittt annnns 455
Ideal Transformer Characteristics . . .. ... .. ... ...t . 455
Transformer Ratings . . . .. ... ... .. .. .. .. 458
Impedance Ratio . ......... ... .. ... .. . . . . . 459
Autotransformer . ... ... 460
Transformer Losses and Efficiency . ........... ... ... ... ... ........ 460
No-Load Condition . ... .. .. ... ...t 462
Coil Polarity . . ... ... . 463
Chapter 20 THREE-PHASE SYSTEMS ... .. ittt iiiiiiiiiannnns 474
Characteristics of Three-Phase Systems . . ... ......... ... ... ........ 474
Three-Phase Transformer Connections . . ... .............. ... ..., 475
Power in Balanced Three-Phase Loads . ............... ... ... ..... 477
Unbalanced Three-Phase Loads . .......... ... ... .. ... . ....... 482
Chapter 21 SERIES AND PARALLEL RESONANCE . .........ciiiiiiiinnn.. 499
Series Resonance . . .. ... ... ... e 499
Qof Series CirCuit . . . . ... .. e 503
Parallel Resonance . ... ... ... .. ... ... 503
Qof Parallel Circuit . . . ... ... e 506
Bandwidth and Power of Resonant Circuit .. ......................... 508
SUMMATY . . . e e 510
Chapter 22 WAVEFORMS AND TIME CONSTANTS ... ...ttt 524
RL Series Circuit Waveforms . .. ........ ... .. .. . ... 524
RLTIMe COonStants . . . . ..o vttt e e e et 528
RC Series Circuit Waveforms . . . .. ... .. .. 530
RCTime COonstants . . .. ... ...ttt et et e et e 534
Calculation for Time ¢ .. .. ... ... 535

TABLES
2-1 Base Units of the International Metric System . . ... ... .. ... ... 15
2-2 Supplementary ST URItS . . . . .. .. 15
2-3 Derived STURILS . . . . .o e 16
2-4 Metric Prefixes Used in Electricity . . .. ... ... .. e 16
2-5 Powers of 10 . . . oL 17
2-6 Metric Prefixes Expressed as Powers of 10 ... ... ... .. ... .. . . . . 19
2-7 Examples of Letter Symbols for Circuit Components . ... .................u...... 28
4-1 Copper Wire Table . .. ... ... .. ... 58
4-2 Properties of Conducting Materials . ... .. ... ... .. ... .. . . .. .. 59
6-1 Types of Cells . . .. 105
10-1 International System of Units for Magnetism . . .. ......... .. .. .. .. . .. ..., 218
12-1 Conversion Table for AC Sine Wave Voltage and Current . ........................ 260
13-1 Summary Table for Series and Parallel RL Circuits . .. ............... ..., 290
14-1 Types of Capacitors . . . . .. ...t e 308
14-2 Summary Table for Series and Parallel RC Circuits . .. ......... .. .. .. .. .. ....... 317
17-1 Summary Table of Complex Impedance ............. ... ... ... . i, 403



X Contents

18-1 Summary Table for AC Circuit Relationships . .. ...... ... ... .. .. .. .. .. .. .....
18-2 Summary of Complex Power Relationships . .. .. ....... .. .. .. .. .. .. .. .. .. .....
20-1 Voltage and Current Relationships for Common 3-¢ Transformer Connections . ..........
21-1 Comparison of Series and Parallel Resonance .. ......... ... .. .. ... .. ... ....
22-1 Time Constant Factors . . . . . ... ...

415
419
476
510
529

553



Chapter 1

The Nature of Electricity

STRUCTURE OF THE ATOM

Matter is anything that has mass and occupies space. Matter is composed of very small particles called
atoms. All matter can be classified into either one of two groups: elements or compounds. In an element, all the
atoms are the same. Examples of elements are aluminum, copper, carbon, germanium, and silicon. A compound
is a combination of elements. Water, for example, is a compound consisting of the elements hydrogen and
oxygen. The smallest particle of any compound that retains the original characteristics of that compound is
called a molecule.

Atoms are composed of subatomic particles of electrons, protons, and neutrons in various combinations.
The electron is the fundamental negative (—) charge of electricity. Electrons revolve about the nucleus or
center of the atom in paths of concentric “shells,” or orbits (Fig. 1-1). The proton is the fundamental positive
(+) charge of electricity. Protons are found in the nucleus. The number of protons within the nucleus of any
particular atom specifies the atomic number of that atom. For example, the silicon atom has 14 protons in
its nucleus so the atomic number of silicon is 14. The neutron, which is the fundamental neutral charge of
electricity, is also found in the nucleus.

Electrons Nucleus

Fig. 1-1 Electrons and nucleus of an atom

Atoms of different elements differ from one another in the number of electrons and protons they contain
(Fig. 1-2). In its natural state, an atom of any element contains an equal number of electrons and protons. Since
the negative (—) charge of each electron is equal in magnitude to the positive (4) charge of each proton, the
two opposite charges cancel. An atom in this condition is electrically neutral, or in balance (Fig. 1-2).

Example 1.1  Describe the two simplest atoms.

The simplest atom is the hydrogen atom, which contains 1 proton in its nucleus balanced by 1 electron orbiting the
nucleus (Fig. 1-2a). The next simplest atom is helium, which has 2 protons in its nucleus balanced by 2 electrons orbiting
the nucleus (Fig. 1-2b).

A stable (neutral) atom has a certain amount of energy, which is equal to the sum of the energies of its
electrons. Electrons, in turn, have different energies called energy levels. The energy level of an electron is
proportional to its distance from the nucleus. Therefore, the energy levels of electrons in shells farther from
the nucleus are higher than those of electrons in shells nearer the nucleus. The electrons in the outermost shell
are called valence electrons. When external energy such as heat, light, or electric energy is applied to certain

1
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Fig. 1-2 Atomic structure of four common elements

materials, the electrons gain energy. This may cause the electrons to move to a higher energy level. An atom
in which this has occurred is said to be in an excifed state. An atom in an excited state is unstable.

When an electron has moved to the outermost shell of its atom, it is least attracted by the positive charges
of the protons within the nucleus of its atom. If enough energy is then applied to the atom, some of the
outermost shell or valence electrons will leave the atom. These electrons are called free electrons. It is the
movement of free electrons that provides electric current in a metal conductor.

Each shell of an atom can contain only a certain maximum number of electrons. This number is called the
quota of a shell. The orbiting electrons are in successive shells designated K, L, M, N, O, P, and Q at increasing
distances outward from the nucleus. Each shell has a maximum number of electrons for stability (Fig. 1-3).
After the K shell has been filled with 2 electrons, the L shell can take up to 8 electrons. The maximum number
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Fig. 1-3 Energy shells and the quota of electrons for each
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of electrons in the remaining shells can be 8, 18, or 32 for different elements. The maximum for an outermost
shell, though, is always 8.

Example 1.2 Structure the copper atom by identifying its energy shells (Fig. 1-2d).

In the copper atom there are 29 protons in the nucleus balanced by 29 orbiting electrons. The 29 electrons fill the K
shell with 2 electrons and the L shell with 8 electrons. The remaining 19 electrons then fill the M shell with 18 electrons,
and the net result is 1 electron in the outermost N shell.

If the quota is filled in the outermost shell of an atom, an element made up of such atoms is said to be
inert. When the K shell is filled with 2 electrons, we have the inert gas helium (Fig. 1-2b). When the outer
shell of an atom lacks its quota of electrons, it is capable of gaining or losing electrons. If an atom loses one
or more electrons in its outer shell, the protons outnumber the electrons so that the atom carries a net positive
electric charge. In this condition, the atom is called a positive ion. If an atom gains electrons, its net electric
charge becomes negative. The atom then is called a negative ion. The process by which atoms either gain or
lose electrons is called ionization.

Example 1.3 Describe what happens to the copper atom when it loses an electron from its outermost shell.
The copper atom becomes a positive ion with a net charge of +1.

THE ELECTRIC CHARGE

Since some atoms can lose electrons and other atoms can gain electrons, it is possible to cause a transfer of
electrons from one object to another. When this takes place, the equal distribution of the positive and negative
charges in each object no longer exists. Therefore, one object will contain an excess number of electrons and
its charge must have a negative, or minus (—), electric polarity. The other object will contain an excess number
of protons and its charge must have a positive, or plus (+), polarity.

When a pair of objects contains the same charge, that is, both positive (4+) or both negative (—), the
objects are said to have like charges. When a pair of bodies contains different charges, that is, one body is
positive (4) while the other body is negative (—), they are said to have unlike or opposite charges. The law of
electric charges may be stated as follows:

Like charges repel each other; unlike charges attract each other.
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If a negative (—) charge is placed next to another negative (—) charge, the charges will repel each other
(Fig. 1-4a). If a positive (4) charge is placed next to a negative (—) charge, they will be drawn together

VAW,

Like — charges repel Like + charges repel Unlike charges attract
(@ (b) ©

Fig. 1-4 Force between charges

THE COULOMB

The magnitude of electric charge a body possesses is determined by the number of electrons compared with
the number of protons within the body. The symbol for the magnitude of the electric charge is Q, expressed in
units of coulombs (C). A charge of one negative coulomb, —Q, means a body contains a charge of 6.25 x 1018
more electrons than protons.*

Example 1.4 What is the meaning of +Q?
A charge of one positive coulomb means a body contains a charge of 6.25 x 1018 more protons than electrons.

Example 1.5 A dielectric material has a negative charge of 12.5 x 10!8 electrons. What is its charge in coulombs?
Since the number of electrons is double the charge of 1 C (1 C = 6.25 x 1018 electrons), —Q =2C.

THE ELECTROSTATIC FIELD

The fundamental characteristic of an electric charge is its ability to exert a force. This force is present
within the electrostatic field surrounding every charged object. When two objects of opposite polarity are
brought near each other, the electrostatic field is concentrated in the area between them (Fig. 1-5). The electric

Electrostatic lines of force

object object

Fig. 1-5 The electrostatic field between two charges of opposite polarity

*See page 16 (Chapter 2) for an explanation of how to use powers of 10.
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field is indicated by lines of force drawn between the two objects. If an electron is released at point A in this
field, it will be repelled by the negative charge and will be attracted to the positive one. Thus both charges
will tend to move the electron in the direction of the lines of force between the two objects. The arrowheads
in Fig. 1-5 indicate the direction of motion that would be taken by the electron if it were in different areas of
the electrostatic field.

Example 1.6 Draw the electrostatic field that would exist between two negatively charged objects.
When two like charges are placed near each other, the lines of force repel each other as shown below.

A charged object will retain its charge temporarily if there is no immediate transfer of electrons to or from
it. In this condition, the charge is said to be ar rest. Electricity at rest is called static electricity.

POTENTIAL DIFFERENCE

Due to the force of its electrostatic field, an electric charge has the ability to do the work of moving another
charge by attraction or repulsion. The ability of a charge to do work is called its potential. When one charge
is different from the other, there must be a difference in potential between them.

The sum of the differences of potential of all the charges in the electrostatic field is referred to as
electromotive force (emf).

The basic unit of potential difference is the volt (V). The symbol for potential difference is V, indicating
the ability to do the work of forcing electrons to move. Because the volt unit is used, potential difference is
called voltage.

Example 1.7 What is the meaning of a battery voltage output of 6 V?
A voltage output of 6 V means that the potential difference between the two terminals of the battery is 6 V. Thus,
voltage is fundamentally the potential difference between two points.

CURRENT

The movement or the flow of electrons is called current. To produce current, the electrons must be moved
by a potential difference. Current is represented by the letter symbol /. The basic unit in which current is
measured is the ampere (A). One ampere of current is defined as the movement of one coulomb past any point
of a conductor during one second of time. Electricity can be termed as electric current.

Example 1.8 If a current of 2 A flows through a meter for 1 minute (min), how many coulombs pass through the meter?
1 Ais 1 C per second (C/s). 2 A is 2 C/s. Since there are 60 s in 1 min, 60 x 2 C = 120 C pass through the meter in

1 min.

The definition of current can be expressed as an equation:

=2 (I-1)
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where I = current, A
QO = charge, C
T =time, s
or Q=I1IxT=IT (1-2)

Charge differs from current in that Q is an accumulation of charge, while I measures the intensity of
moving charges.

Example 1.9 Find the answer to Example 1.8 by using Eq. (/-2).
Write down the known values:

I=2A T=60s

Write down the unknown:

Use Eq. (/-2) to solve the unknown:

Q=1IxT

Substitute / =2 A and T = 60 s:

0= (2A) x (605)

Solve for Q:

0=120C Ans.

CURRENT FLOW

In a conductor, such as copper wire, the free electrons are charges that can be forced to move with relative
ease by a potential difference. If a potential difference is connected across two ends of a copper wire (Fig. 1-6),

Conventional flow
«————

Electron flow

—_—

Copper wire Free electrons
conductor in motion

\
SRS
CECECRC)

[+Q
\

-Q

AN

T lo®

Battery cell
Potential difference = 1.5V

Fig. 1-6 Potential difference across two ends
of a wire conductor causes electric
current
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the applied voltage (1.5 V) forces the free electrons to move. This current is a drift of electrons from the point
of negative charge, —Q, at one end of the wire, moving through the wire, and returning to the positive charge,
+Q, at the other end. The direction of the electron drift is from the negative side of the battery, through the
wire, and back to the positive side of the battery. The direction of electron flow is from a point of negative
potential to a point of positive potential. The solid arrow (Fig. 1-6) indicates the direction of current in terms
of electron flow. The direction of moving positive charges, opposite from electron flow, is considered the
conventional flow of current and is indicated by the dashed arrow (Fig. 1-6). In basic electricity, circuits are
usually analyzed in terms of conventional current because a positive potential is considered before a negative
potential. Therefore, the direction of conventional current is the direction of positive charges in motion. Any
circuit can be analyzed by either electron flow or conventional flow in the opposite direction. In this book,
current is always considered as conventional flow.

SOURCES OF ELECTRICITY

Chemical Battery

A voltaic chemical cell is a combination of materials which are used for converting chemical energy into
electric energy. A battery is formed when two or more cells are connected. A chemical reaction produces
opposite charges on two dissimilar metals, which serve as the negative and positive terminals (Fig. 1-7). The
metals are in contact with an electrolyte.

—

Electrolyte

Fig. 1-7 Voltaic chemical cell

Generator

The generator is a machine in which electromagnetic inductance is used to produce a voltage by rotating
coils of wire through a stationary magnetic field or by rotating a magnetic field through stationary coils of
wire. Today, more than 95 percent of the world’s energy is produced by generators.

Thermal Energy

The production of most electric energy begins with the formation of heat energy. Coal, oil, or natural
gas can be burned to release large quantities of heat. Once heat energy is available, conversion to mechanical
energy is the next step. Water is heated to produce steam, which is then used to turn the turbines that drive the
electric generators. A direct conversion from heat energy to electric energy will increase efficiency and reduce
thermal pollution of water resources and the atmosphere.

Magnetohydrodynamic (MHD) Conversion

In an MHD converter, gases are ionized by very high temperatures, approximately 3000 degrees Fahrenheit
(3000°F), or 1650 degrees Celsius (1650°C). The hot gases pass through a strong magnetic field with current
resulting. The exhausted gases are then moved back to the heat source to form a complete cycle (Fig. 1-8).
MHD converters have no mechanical moving parts.
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Hot ionized gas Magnetic field is set up Electrodes

Current flow

lTl > J

Fig. 1-8 Principles of MHD converter

Thermionic Emission

The thermionic energy converter is a device that consists of two electrodes in a vacuum. The emitter elec-
trode is heated and produces free electrons. The collector electrode is maintained at a much lower temperature
and receives the electrons released at the emitter.

Solar Cells

Solar cells convert light energy directly into electric energy. They consist of semiconductor material like
silicon and are used in large arrays in spacecraft to recharge batteries. Solar cells are also used in home heating.

Piezoelectric Effect

Certain crystals, such as quartz and Rochelle salts, generate a voltage when they are vibrated mechanically.
This action is known as the piezoelectric effect. One example is the crystal phonograph cartridge, which contains
a Rochelle salt crystal to which a needle is fastened. As the needle moves in the grooves of a record, it swings
from side to side. This mechanical motion is applied to the crystal, and a voltage is then generated.

Photoelectric Effect

Some materials, such as zinc, potassium, and cesium oxide, emit electrons when light strikes their surfaces.
This action is known as the photoelectric effect. Common applications of photoelectricity are television camera
tubes and photoelectric cells.

Thermocouples

If wires of two different metals, such as iron and copper, are welded together and the joint is heated, the
difference in electron activity in the two metals produces an emf across the joint. Thermocouple junctions can
be used to measure the amount of current because current acts to heat the junction.

DIRECT AND ALTERNATING CURRENTS AND VOLTAGES

Direct current (dc) is the current that moves through a conductor or circuit in one direction only (Fig. 1-9a).
The reason for the unidirectional current is that voltage sources such as cells and batteries maintain the same
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dc Current dc Voltage
+ 1 + V
Magnitude +i Magnitude
of current 4 _1 of voltage
0 0
Time —> Time —>

(@) &)

Fig. 1-9 Waveforms of a constant dc current and dc voltage

polarity of output voltage (Fig. 1-9b). The voltage supplied by these sources is called direct-current voltage,
or simply dc voltage. A dc voltage source can change the amount of its output voltage, but if the same polarity
is maintained, direct current will flow in one direction only.

Example 1.10 Assuming the polarity of the battery were reversed in Fig. 1-9b, draw the new curves of current and

voltage.
With polarity reversed, the current will now flow in the opposite direction. The curves would then appear as follows:

Time Time

dc Current dc Voltage

An alternating-current voltage (ac voltage) source periodically reverses or alternates in polarity
(Fig. 1-10a). Therefore, the resulting alternating current also periodically reverses direction (Fig. 1-10b).
In terms of conventional flow, the current flows from the positive terminal of the voltage source, through the
circuit, and back to the negative terminal, but when the generator alternates in polarity, the current must reverse
its direction. The ac power line used in most homes is a common example. The voltage and current direction
go through many reversals each second in these systems.

ac Voltage ac Current

+

0 0 —>
\_/Time \_/Time

(@) b)

Fig. 1-10 Waveforms of ac voltage and ac current
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Solved Problems

1.1  Match each term in column 1 to its closest meaning in column 2.

Column 1 Column 2

1. Electron (a) Positive charge

2. Neutron (b) Same number of electrons and protons
3. Compound (¢) Electrons in first shell

4. Neutral (d) Released electrons

5. Valence electrons (e) Neutral charge

6. Atomic number (f) Electrons in outermost shell

7. Free electrons (g) Quota filled in outermost shell
8. K shell (h) Number of electrons in nucleus
9. TIon (i) Negative charge
10. Inert (j) Quota of 2 electrons

(k) Combined elements
(/) Number of protons in nucleus
(m) Charged atom
Ans. 1.(0) 2.(e) 3.(k) 4.(b) 5(f) 6.(1) 7.(d) 8.(j) 9.(m) 10.(g)

1.2  Show the atomic structure of the element aluminum with atomic number 13. What is its electron
valence?

Because aluminum has 13 protons in the nucleus, it must have 13 orbiting electrons to be electrically
neutral. Starting with the innermost shells (Fig. 1-3), we have

K shell 2 electrons
L shell 8 electrons

M shell 3 electrons

Total 13 electrons

The atomic structure for aluminum then is shown in Fig. 1-11. Its electron valence is —3 because
it has 3 valence electrons.

/
, /Q O Q

/
| : |

[ l j&— 3 electrons in 18-electron

\ \ shell incomplete
Vo /
Qo o’ g

AN

-~

Q Q 2-electron shell complete
~
N ~ _@/ /
~ v

8-electron shell complete
Fig. 1-11
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1.3

1.4

1.5

1.6

1.7

1.8

1.9

In observing the maximum number of electrons in shells K, L, M, and N in Fig. 1-3, you will find that
they are 2, 8, 18, and 32 electrons, respectively. Develop a formula that describes this relationship,
where 7 is the shell number in sequential order outward from the nucleus.

The formula is 272 because the maximum number of electrons in the
K or first shell (n = 1) is 2(1%) = 2(1) =2
L or second shell (n = 2) is 2(2%) = 2(4) = 8
M or third shell (n = 3) is 2(3%) = 2(9) = 18
N or fourth shell (n = 4) is 2(4%) = 2(16) = 32

This relationship is true for most elements.

What is the net charge of a body that contains 8 protons and 4 electrons?

The numerical value of the net charge is found by subtracting the number of one type of charge
from the number of the other type. So a positive charge of 8 (+8) and a negative charge of 4 (—4)
yields a positive charge of 4 (+4).

A charged insulator has deficiency of 50 x 10'8 electrons. Find its charge in coulombs with polarity.

Since 1 C = 6.25 x 10!8 electrons, 8 C = 50 x 10!® electrons. Deficiency of electrons means an

excess of protons. So the insulator has a positive charge of 8 C, or +Q = 8 C.

Write the word which most correctly completes each of the following statements:

(a) A rubber rod repels a second rubber rod, so both rods have charges.
(b) Glass rubbed with silk attracts rubber rubbed with fur. If the rubber rod is negative, the glass rod
must be

(a) like (law of charges); (b) positive (law of charges)

Find the current needed to charge a dielectric so that it will accumulate a charge of 20 C after 4 s.

Known values: Q =20C; T =4s
Unknown: =7

Use Eq. (I-1) to find I:

Q0 20C
T 4s
A current of 8 A charges an insulator for 3 s. How much charge is accumulated?

Known values: I =8A; T =3s
Unknown: Q=7

Use Eq. (1-2) to find Q:
Q0=IT =@8A)(3s)=24C Ans.

Write the word or words which most correctly complete each of the following statements.

(a) The ability of a charge to do work is its

(b) When one charge is different from the other, there is a of

(c) The unit of potential difference is the
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value for the current.

potential to a point

(d) The sum of potential differences of all charges is called
(e) The movement of charges produces
(f) A greater amount of moving charges means a
(g) When the potential difference is zero, the value of current is
(h) The rate of flow of charge is called
(i) The direction of the conventional flow of current is from a point of
of potential.
(j) Electron flow is opposite in direction to flow.
(k) Direct current (dc) has just direction.
O A is an example of a dc voltage source.
(m) An alternating current (ac) its polarity.
Ans. (a) potential (h) current
(b) difference, potential (i) positive, negative
(c) volt (j) conventional
(d) electromotive force (k) one
(e) current (I) Dbattery
(f) higher (m) reverses
(g) zero
1.10  Match each device in column 1 to its closest principle in column 2.
Column 1 Column 2
1. Battery (a) Electromagnetic induction
2. Generator (b) Free electrons
3. TV camera tube (c) lonized gases
4.  Vacuum tube (d) Chemical reaction
5. Phonograph needle (e) Thermal energy
(f) Photoelectricity
(g) Mechanical motion
Ans. 1.(d) 2.(a) 3.(f) 4.(b) 5.(9)
Supplementary Problems
1.11  Match each term in column 1 to its closest meaning in column 2.

Column 1 Column 2
1. Proton (a) Negative charge
2. Molecule (b) Quota of 8 electrons
3. Quota (¢) Excited state
4. L shell (d) Maximum number of electrons in a shell
5. Element (e) Atom negatively charged
6. Unstable (f) Positive charge
7. Shell (g) Mass and volume
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1.12

1.13

1.14

1.15

1.16

1.17

1.18

Column 1 Column 2
8. Copper (h)  Atomic number is 29
9. Negativeion (i) Quota of 18 electrons
10. Matter (j) Orbit
(k)  Smallest particle having same characteristics
(I) Atomic number is 14
(m) All atoms the same

Ans. 1.(f) 2.() 3.(d) 4.(b) 5m) 6.c) 7.() 8 .(h) 9.() 10.(g)

Write the word or words which most correctly complete each of the following statements.

(a) Electrons move about the nucleus of an atom in paths which are called
(b) The nucleus of an atom consists of particles called and

(c) The number of protons in the nucleus of an atom is known as the
of that atom.

(d) When all the atoms within a substance are alike, the substance is called a chemical

(e) A is the smallest particle of a compound which retains all the
properties of that compound.

(f) The energy of an electron is determined by its distance from the nucleus
of an atom.

(g) If a neutral atom gains electrons, it becomes a ion.

(h) If a neutral atom loses electrons, it becomes a ion.

(7) Unlike charges each other, while like charges each other.

(j) A charged object is surrounded by an field.

Ans.  (a) shells or orbits (f) level
(b) protons, neutrons (g) negative

(c) atomic number (h) positive
(d) element (i) attract, repel
(e) molecule (j) electrostatic

Show the atomic structure of the element phosphorus, which has an atomic number of 15. What is its
electron valence? Ans. See Fig. 1-12. Electron valence is —35.

Show the atomic structure of the element neon, which has an atomic number of 10. What is its electron
valence? Ans.  See Fig. 1-13. Electron valence is 0. Thus, neon is inert.

What is the net charge if 13 electrons are added to 12 protons? Ans. —1 electron

What becomes of the silicon atom when it loses all the orbiting electrons in its outermost shell?
Ans. It becomes a negative ion with a net charge of —4. See Fig. 1-2c.

A charged insulator has an excess of 25 x 10'® electrons. Find its charge in coulombs with polarity.
Ans. —Q =4C

A material with an excess of 25 x 10'8 electrons loses 6.25 x 1013 electrons. The excess electrons are
then made to flow past a given point in 2 s. Find the current produced by the resultant electron flow.
Ans. I =15A
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1.19

1.20

1.21

1.22

A charge of 10 C flows past a given point every 2 s. What is the current?
I=5A

Ans.

THE NATURE OF ELECTRICITY

How much charge is accumulated when a current of 5 A charges an insulator for 5 s?

Ans.

0 =125C

Match each item in section 1 with its application in section 2.

1.
2.
3.

Ans.

Water
Cesium oxide
Silicon

Section 1
Quartz

Carbon—zinc
Iron—copper

Fill in the missing quantity:

(a)
(b)
(c)
(d)
(e)

I, A

0,C

T,s

[\ REEN BRIV, B}

10

AN 0 O 2

0 W N RN

(a)
(b)
()
(d)

Solar cell
Generator

Battery

Crystal oscillator
1.(f) 2.(e) 3.(a) 4.(d) 5.(c) 6.(h)

Ans.

(a)
(b)
(c)
()
()

Section 2
(e) Photoelectric cell
(f) Turbine
(g) MHD converter
(h) Thermocouple
I,A| Q,C | T,s
5 cees
e 20
4.5 e
21 e
3
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Chapter 2

Electrical Standards and Conventions

Units

INTRODUCTION

The international metric system of units of dimensions, commonly called SI, is used in electricity. The
abbreviation SI stands for systeme internationale. The seven base units of SI are length, mass, time, electric
current, thermodynamic temperature, light intensity, and amount of substance (Table 2-1). Formerly the MKS
metric system was used, where M stands for meter (length), K for kilogram (mass), and S for seconds (time).
The two supplementary units of SI are plane angle and solid angle (Table 2-2).

Table 2-1 Base Units of the International Metric System

Quantity Base Unit Symbol
Length meter m
Mass kilogram kg
Time second S
Electric current ampere A
Thermodynamic temperature kelvin K
Light intensity candela cd
Amount of substance mole mol

Table 2-2 Supplementary SI Units

Quantity Unit Symbol
Plane angle radian rad
Solid angle steradian Ny

Other common units can be derived from the base and supplementary units. For example, the unit of
charge is the coulomb, which is derived from the base units of second and ampere. Most of the units that are
used in electricity are derived ones (Table 2-3).

METRIC PREFIXES

In the study of basic electricity, some electrical units are too small or too large to express conveniently. For
example, in the case of resistance, we often use values in thousands or millions of ohms (£2). The prefix kilo
(denoted by the letter k) is a convenient way of expressing a thousand. Thus, instead of saying a resistor has a
value of 10000 €2, we normally refer to it as a 10-kilohm (10-k€2) resistor. In the case of current, we often use

15
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values in thousandths or millionths of an ampere. We use expressions such as milliamperes and microamperes.
The prefix milli is a short way of saying a thousandth and micro is a short way of saying a millionth. Thus
0.012 A becomes 12 milliamperes (mA) and 0.000 005 A becomes 5 microamperes ((A). Table 2-4 lists the
metric prefixes commonly used in electricity and their numerical equivalents.

Table 2-3 Derived SI Units

Quantity Unit Symbol
Energy joule J
Force newton N
Power watt W
Electric charge coulomb C
Electric potential volt v
Electric resistance ohm Q
Electric conductance siemens S
Electric capacitance farad F
Electric inductance henry H
Frequency hertz Hz
Magnetic flux weber Wb
Magnetic flux density tesla T

Table 2-4 Metric Prefixes Used in Electricity

Prefix (Letter Symbol) Value Pronunciation
mega (M) million 1000000 as in megaphone
kilo (k) thousand 1000 kill’oh

milli (m) thousandth 0.001 as in military
micro (u) millionth 0.000001 as in microphone
nano (n) thousand-millionth 0.000 000001 nan’oh

pico (p) million-millionth 0.000 000000001 peek’oh

Example 2.1 A resistor has a value of 10 M stamped on its case. How many ohms of resistance does this resistor have?
The letter M denotes mega, or million. Thus the resistor has a value of 10 megohms (M£2) or 10 million ohms.

Example 2.2 A power station has a capacity of delivering 500 000 watts (W). What is the capacity in kilowatts (kW)?
Refer to Table 2-4. Kilo stands for 1000. Thus, 500 000 W = 500 kW.

POWERS OF 10

We have seen that it is often necessary or desirable to convert one unit of measurement to another unit
that may be larger or smaller. In the previous section, we did this by substituting a metric prefix for certain
values. Another way would be to convert the number to a power of 10. Powers of 10 are often termed the
“engineer’s shorthand.” Examples of expressing number as powers of 10 are shown in Table 2-5.
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Table 2-5 Powers of 10

Number Power of 10 Commonly Read As
0.000001 = 1076 10 to the minus sixth
0.00001 = 1073 10 to the minus fifth
0.0001 = 104 10 to the minus fourth
0.001 = 1073 10 to the minus third
0.01 = 102 10 to the minus second
0.1 = 10! 10 to the minus one
1= 100 10 to the zero
10 = 10! 10 to the first
100 = 102 10 squared
1000 = 10° 10 cubed
10000 = 10* 10 to the fourth
100000 = 10 10 to the fifth
1000000 = 109 10 to the sixth

Rule 1: To express numbers /arger than 1 as a small number times a power of 10, move the decimal point
to the left as many places as desired. Then multiply the number obtained by 10 to a power which is
equal to the number of places moved.

Example 2.3
3000 = 3,000, (Decimal point is moved three places to the left.)
=3x 103 (Therefore the power, or exponent, is 3.)
6500 = 65,00 (Decimal point is moved two places to the left.)

=65 x 102 (Therefore the exponent is 2.)
880000 = 88,0000, (Decimal point is moved left four places.)
=88 x 10* (Therefore the exponent is 4.)
42.56 = 4,256 (Decimal point is moved left one place.)
=4.256 x 10  (Therefore the exponent is 1.)

Rule 2: To express numbers less than 1 as a whole number times a power of 10, move the decimal point to
the right as many places as desired. Then multiply the number obtained by 10 to a negative power
which is equal to the number of places moved.

Example 2.4
0.006 = 05006, (Decimal point is moved three places to the right.)
=6x1073 (Therefore the power, or exponent, is —3.)
0.435 = 004,35 (Decimal point is moved one place to the right.)

=435x%x 10! (Therefore the exponent is —1.)
0.00092 = 0500092, (Decimal point is moved right five places.)
=92 x 1079 (Therefore the exponent is —5.)
0.578 = 0557,8 (Decimal point is moved right two places.)
=57.8x 1072 (Therefore the exponent is —2.)
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Rule 3: To convert a number expressed as a positive power of 10 to a decimal number, move the decimal
point to the right as many places as the value of the exponent.

Example 2.5
0.615 x 103 = 00615, (The exponent is 3. Therefore move the decimal point three places to the right.)

=615

0.615 x 10° = 05615000,  (Move the decimal point six places to the right.)
= 615,000
0.0049 x 103 = 05004,9 (Move decimal point right three places.)
=49

84 x 102 = 84400, (Move decimal point right two places.)
= 8400

Rule 4: To convert a number expressed as a negative power of 10 to a decimal number, move the decimal
point to the left as many places as the value of the exponent.

Example 2.6
70 x 1073 = 0,070 (The exponent is —3. Therefore move the decimal point three places to the left.)
= 0.07
824 x 1072 = 0,824 (Move decimal point left two places.)
= 0.824

60000 x 10~% = 0,060 000,  (Move decimal point left six places.)
= 0.06

0.5x 1073 = 0.00095 (Move decimal point left three places.)
= 0.0005

Rule 5: To multiply two or more numbers expressed as powers of 10, multiply the coefficients to obtain the
new coefficient and add the exponents to obtain the new exponent of 10.

Example 2.7
102 x 104 = 102H4 =10 Ans.
107 x10* = 107144 =103 Ans.

(40 x 103) (25 x 10%) =40 x 25 x 10° x 102 (40 x 25 = 1000,3 +2 = 5)
= 1000 x 10° (But 1000 = 103)
=103 x 10°
=108 Ans.

(2x1072) (50 x 10%) =2 x 50 x 1072 x 102
=100 x 109 (But 100 = 10?)
=102 x1 (109=1)
=102 Ans.

(B3 x107%) (6 x 10° =3 x 6 x 1074 x 10°
=18x 10>  Ans.
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Rule 6: To divide by powers of 10, use the formula

10"

=1x10""

19

We therefore can transfer any power of 10 from numerator to denominator, or vice versa, simply by changing

the sign of the exponent.

Example 2.8
15 1
—— =15x 10" =150
10-1
15 3
— =15 x 10° = 15000
10-3

The prefixes in Table 2-4 are expressed as powers of 10 in Table 2-6.

0.25 x 4

1500
104

02

Table 2-6 Metric Prefixes
Expressed as Powers of 10

= 1500 x 1074 = 0.15

= 1.0 x 10?2 = 100

Metric Prefix | Power of 10
mega (M) 100

kilo (k) 103

milli (m) 103
micro (u) 10~
nano (n) 1072
pico (p) 10-12

Example 2.9 Problem answers can be expressed in different but equivalent units. For example, 3 000 000 €2 is different

but equivalent to 3 M.

(a) Express 2.1V in millivolts (mV).

1V=10>mV

21V =2.1x 10° = 2100 mV

(b) Express 0.006 A in milliamperes (mA).

1A=10°m

0.006 A = 0.006 x 10° = 6 mA

(c) Change 356 mV to volts (V).

A

ImV=103V

356 mV =356 x 1073 = 0.356 V

(d) Change 500000 €2 to megohms (M£2).

1Q=10"°MQ

500000  x 10~°% = 0.5 MQ



20 ELECTRICAL STANDARDS AND CONVENTIONS [CHAP. 2

(e) Change 20000 000 picofarads (pF) into farads (F).

1pF=10"12F

20000000 pF x 10712 = 0.00002F  Ans.

SCIENTIFIC NOTATION

In scientific notation, the coefficient of the power of 10 is always expressed with one decimal place and
the required power of 10. Several examples will make the procedure clear.

Example 2.10 Express the following numbers in scientific notation.

300000 = 3,000 00, x 10°  (Move decimal point left five places—power is 5 by Rule 1)
=3x10

871 = 8,71 x 102 (Move decimal point left two places—power is 2 by Rule 1)
=8.71 x 10

7425 = 7,425¢4 x 103 (Move decimal point left three places—power is 3 by Rule 1)
= 7.425 x 10°

0.001 = 05001, x 1073 (Move decimal point right three places—power is —3 by Rule 2)
=1x1073

0.015 = 0601,5 x 1072 (Move decimal point right two places—power is —2 by Rule 2)
=15x1072

ROUNDING OFF NUMBERS

A number is rounded off by dropping one or more digits at its right. If the digit to be dropped is /ess than 5,
we leave the digit as it is. For example, 4.1632, if rounded to four digits, would be 4.163; if rounded to three
digits, 4.16. If the digit to be dropped is greater than 5, we increase the digit to its left by 1. For example,
7.3468, if rounded to four digits, would be 7.347; if rounded to three digits, 7.35. If the digit to be dropped is
exactly 5 (that is, 5 followed by nothing but zeros), we increase the digit to its left by 1 if it is an odd number
and we leave the digit to the left as it is if it is an even number. For example, 2.175, when rounded to three
digits, becomes 2.18. The number 2.185 would also round to the same value, 2.18, if rounded to three digits.

Any digit that is needed to define the specific value is said to be significant. For example, a voltage of
115V has three significant digits: 1, 1, and 5. When rounding off numbers, zero is not counted as a significant
digit if it appears immediately after the decimal point and is followed by other significant digits. Such zeros
must be retained and the count of significant digits must begin at the first significant digit beyond them. For
example, 0.000 12 has two significant digits, 1 and 2, and the preceding zeros don’t count. However, 18.0 has
three significant digits; in this case zero is significant because it is not followed by other significant digits.
In electricity, specific values are usually expressed in three significant digits.

Example 2.11 Round off the following numbers to three significant digits.
We look at the fourth significant digit to the right and observe whether this digit is less than 5, greater than 5, or
equal to 5.
5.6428 = 5.64 0.01695 = 0.0170
49.67 = 49.7 2078 = 2080

30542 =305 1.003 x 1073 = 1.00 x 103
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782.51 = 783 12.46 x 10° = 12.5 x 10°
0.003842 = 0.00384 1.865 x 10 = 1.86 x 102

Scientific notation is a convenient way to work problems in electricity. Often, we express a numerical
answer in terms of a prefix rather than leave the answer in scientific notation.

Example 2.12 Express each of the following first in scientific notation and then with a prefix.

(a) 0.00053 A to milliamperes (mA)

0.00053A =53 x 1074 A

—053x 1073 A
= 0.53mA

(b) 2500V to kilovolts (kV)

2500V =25x 10>V
—=25kV

(¢) 0.000000 1 F to microfarads (uF)

0.0000001F=1x 10"’ F
—10x 107 °F
=10 uF

Solved Problems

Express each of the following in the units indicated.
2.1 2 A to milliamperes

1 A = 1000 mA = 10° mA
Multiply 2 by 1000 to get 2000 mA. Ans.
or Multiply 2 by 10° to get 2 x 10° mA, which is 2000 mA.

2.2 1327 mA to amperes

1 mA=0001A=103A
Multiply 1327 by 0.001 to get 1.327 A. Ans.
or Multiply 1327 by 1073 to get 1327 x 1073 A, which is 1.327 A.

2.3 8.2k to ohms

1kQ =1000Q = 103 Q
Multiply 8.2 by 1000 to get 8200 €2. Ans.
or Multiply 8.2 by 10° to get 8.2 x 10° Q which is 8200 2.
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24  680kS2 to megohms
Use two steps.

Step 1: Convert to ohms.
Multiply 680 by 1000 to get 680000 2.
Step 2: Convert to megohms.

Multiply 680000 €2 by 0.000001 to get 0.68 M. Ans.

2.5 10000 uF to farads

1 uF = 0.000001 F = 107 °F
Multiply 10000 by 0.000001 to get 0.01 F. Ans.
or Multiply 10000 by 1076 to get 10000 x 10°, which is 0.01 F.

2.6  0.00000004 s to nanoseconds (ns)

1's = 1000000000 ns = 10° ns
Multiply 0.000 000 04 by 1000000000 to get 40 ns. Ans.
or Multiply 0.000000 04 by 10° to get 0.000000 04 x 10° ns, which is equal to 4 x 10! or 40 ns.

Express the following numbers as decimal numbers.

27 075 x 103

Move decimal point right three places—Rule 3:
0.75 x 10° = 06750, = 750 Ans.
28 075 x 1073
Move decimal point left three places—Rule 4:

0.75 x 1073 = 0,000,75 = 0.00075 Ans.

29 (2.1 x 107H4 x 10%)

21x107H4 x 10%) =2.1 x4 x 107! x 10?

=8.4x 10" (Rule 5)
=84 (Rule 3) Ans.

2.10  Express 4160 in scientific notation.

Move decimal point left three places—Rule 1:

4160 = 4,160 x 10° = 4.160 x 10°  Ans.
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Express each quantity in the following problems in scientific notation and then perform the indicated arithmetic
calculation.

211  0.072 x 1000
Express 0.072 = 7.2 x 1072 (Move decimal point right two places—Rule 2)
Then 0.072 x 1000 = (7.2 x 1072) (1 x 10°)
= (7.2 x 1) (1072 x 10%)
=72 x 10 (Rule 5)
=72 (Rule 3) Ans.

2.12 0.0045 x 100

Express 0.0045 = 4.5 x 1073 (Move decimal point right three places—Rule 2)
100 = 1 x 10% (Move decimal point left two places—Rule 1)
Then 0.0045 x 100 = (4.5 x 107%) (1 x 10%)
= (4.5x 1) (1073 x 10?)
=45x 1071  (Rule 5)
=0.45 (Rule 4) Ans.

2.13 7500 = 100

Express 7500 = 7.5 x 10> (Move decimal point left three places—Rule 1)
100 = 1 x 107 (Move decimal point left two places—Rule 1)
7500 7.5 x 103

Then =
100 1 x 102
=7.5(10% x 1072) (1/10> =1072)
=75x 10" (Rule 5)
=75 (Rule 3) Ans.
214 20
2000
Express 4000 = 4 x 103 (Move decimal point left three places—Rule 1)
2000 =2 x 10° (Move decimal point left three places—Rule 1)
1
4000 4 x W5
—=—"—=2 Ans.
2000 9 x /1,0/5
1
Note that any factor divided by itself cancels out to 1. That is, 103/10% = 10373 = 100 = 1.
1 .
215 000 x 0.008
0.002 x 500

Express 1000 = 1 x 103 (Move decimal point left three places—Rule 1)
0.008 = 8 x 1073 (Move decimal point right three places—Rule 2)
0.002 =2 x 1073  (Move decimal point right three places—Rule 2)
500 = 5 x 102 (Move decimal point left two places—Rule 1)
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1000 x 0.008 (1 x 10%) (8 x 1073)
0.002x 500 (2 x 10-3) (5 x 10?)
1 x8x10°x 1073

T 2x5x 1073 x 102

Then

8 x 10°
=—— (Rule?)
10 x 10!
8 x1
= 100 (Rule 5)
=38 Ans.

1

2.16
4 x 100 000 x 0.000 05

Express 4=4
100000 = 1 x 10° (Move decimal point left five places—Rule 1)
0.00005 =5 x 107> (Move decimal point right five places—Rule 2)
1 1

4> 100000 x 0.00005  4(I x 10%) (5 x 10-9)
1

~ (4 x5) (105 x 107)
(Rule 5)

Then

T 20x 100

=———— (Rulel)
2x10x1

10!
= (Rule 6, 1/10 = 1071)
=0.5x 107!
=0.05 (Rule 4) Ans.

2.17  We might read 220 V on a certain type of voltmeter, but a precision instrument might show that voltage
to be 220.4 'V, and a series of precise measurements might show the voltage to be 220.47 V. How many
significant digits does each measurement have?

220V, three significant digits
220.4V, four significant digits
220.47 V, five significant digits

If the accuracy of measurement required is five places, then the instrument must measure to at
least five significant digits.

In Problems 2.18-2.20, perform the indicated operations. Round off the figures in the results, if necessary,
and express answers to three significant digits as a number from 1 through 10 and the proper power of 10.

0.256 x 338 x 10~

2.18
865 000

Express 0.256 = 2.56 x 107!
338 = 3.38 x 102
865000 = 8.65 x 10°
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0.256 x 338 x 107 (2.56 x 107') (3.38 x 10%) (107?)
Then =
865000 8.56 x 10°

2.56 x 3.38
= 202 272 (1071 x 102 x 1079 x 1075)
8.65

= (1.00) (10'3)
=1.00 x 10713 Ans.

2800 x 75.61
0.000 900 5 x 0.0834

2.19

Express 2800 = 2.8 x 103

75.61 = 7.561 x 10!

0.0009005 = 9.005 x 10~*
0.0834 = 8.34 x 1072

Then 2800 x 75.61 (28 10°) (7.561 x 10')
0.0009005 x 0.0834 ~ (9.005 x 10~4) (8.34 x 1072)
2.8 x7.561 103 x 10! 21.17 10*

T 9.005 x 834 10~% x 10~2 _ 75.10 10-5
=0.2819 x 1010
=2.819 x 107! x 10'°

=2.82 x 10° Ans.

1
6.28 x 400 x 10° x 25 x 1012

2.20

1 1
6.28(4 x 102) (10°) (2.5 x 10) (10-12) ~ (6.28 x 4 x 2.5) (102 x 106 x 10 x 10-12)
1
~ 6280 x 103
=159 x 1072 x 10°
=159x10'=159  Ans.

Then

=0.0159 x 10°

Supplementary Problems

Express each of the following in the units indicated (use powers of 10 where applicable).
2.21 5600000 €2 in megohms Ans. 5.6 MQ

2.22 2.2MS in ohms Ans. 2200000 €2 or 2.2 x 100 Q

223 0.330 M in kilohms Ans.  330kQ

224  0.013kV in volts Ans. 13V

2.25 0.24 A in milliamperes Ans. 240 mA
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2.26

2.27

2.28

2.29

2.30

231

ELECTRICAL STANDARDS AND CONVENTIONS

20000 (A in amperes Ans.  0.02A

0.25 mA in microamperes Ans. 250 uA
10000 V in kilovolts Ans.  10kV

4000000 W in megawatts (MW) Ans. 4 MW
5000 kW in megawatts Ans. SMW

200 ns in seconds Ans.  0.0000002sor2 x 107 7s

Express each of the following as decimal numbers.

2.32

2.33

2.34

2.35

2.36

2.37

2.38

2.39

2.40

0.006 x 10> Ans. 0.6

4341 x 100 Ans. 4341

0.0053 x 10>  Ans. 53

400/10°  Ans. 0.4

3x 1072  Ams. 0.3

100000 x 107*  Ans. 10

(0.5 % 0.03)/1072  Ans. 1.5
GB.1x107H2 x 1072  Ans.  0.0062

600/(5 x 10%)  Ans. 1.2

[CHAP. 2

Express each of the following in scientific notation, that is, as a number from 1 to 10 and the proper
power of 10.

241

242

243

2.44

245

120000  Ans. 1.2 x 10
0.00645  Ans. 6.45 x 1073
2300000 Ans. 2.3 x 10°
550 x 1074 Ans. 5.5 x 1072

0.0008 x 103 Ans. 8 x 107!

Perform the indicated operations. Express the answer in scientific notation.

2.46

247

200 x 0.008

0.02 < 107 Ans. 8 x 107!
.02 x

1
(4 x 10%) (0.5 x 10-3)

Ans. 5
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(3.2 x 10%) (1.4 x 1071)

2.48 Ans. 5.6 x 10
(2% 10-3) (4 x 102) ” )
2.49 400000 Ans. 2 x 1072
2 x 107
4 x 1075) (102
250 @107 (0) s 10-

12 x 102

Round off the following numbers to three significant digits.

251 3.824 Ans. 3.82

252 3.825 Ans.  3.82

253 3.826 Ans. 3.83

2.54 205.6 Ans. 206

255 0.004152 Ans.  0.004 15

2.56 2096 Ans. 2100

2,57 7803 x 10> Ans.  7.80 x 107

2.58 0.001205 x 1073 Ans.  0.00120 x 1073

Perform the indicated operations. Round off the answers to three-place accuracy.

(8.31 x 10°) (5.7 x 10°)

2.59 Ans. 752 x 1072
21x10 ) (3ox 108 " )
(5 x 10%) (6 x 10*) (9 x 10'°) .
2.60 Ans.  2.57 x 10
(7 x 1076) (5 x 1019) (3 x 10'4)
17 10) (1
2.61 0000(O910) (10000D) -~ 5 37 10
9185(54000)
790(0.0014) (0.01
2.62 ( VOOD . 3,69 x 1073
0.000 006(500 000)

Graphical Symbols and Electrical Diagrams

SCHEMATIC DIAGRAM

A simple electric circuit is shown in pictorial form in Fig. 2-1a. The same circuit is drawn in schematic
form in Fig. 2-1b. The schematic diagram is a shorthand way to draw an electric circuit, and circuits usually
are represented in this way. In addition to the connecting wires, three components are shown symbolically
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in Fig. 2-1b: the dry cell, the switch, and lamp. Note the positive (+) and the negative (—) markings in
both pictorial and schematic representations of the dry cell. The schematic components represent the pictorial
components in a simplified manner. A schematic diagram then is one that shows by means of graphic symbols
the electrical connections and the functions of the different parts of a circuit.

Dry cell Lamp

(@) Pictorial diagram (b) Schematic diagram

Fig. 2-1 A simple lamp circuit

The standard graphic symbols for the commonly used electrical and electronic components are given in
Fig. 2-2.
Examples of common letter symbols used to denote various circuit components are given in Table 2-7.

Table 2-7 Examples of Letter Symbols for Circuit Components

Part Letter Example
Resistor R R3, 120 k2
Capacitor C Cs, 20 pF

Inductor L Ly, 25 mH
Rectifier (metallic or crystal) CR CRy

Transformer T T

Transistor ) 05, 2N482 Detector
Jack J J1

A schematic diagram of a two-transistor radio receiver is shown in Fig. 2-3. The circuit diagram in Fig. 2-3
shows the components in the order from left to right in which they are used to convert radio waves into sound
waves. With the use of the diagram, it is then possible to trace the operation of the circuit from the incoming
signal at the antenna to the output at the headphones. The components in a schematic diagram are identified
by letter symbols such as R for resistors, C for capacitors, L for inductors, and Q for transistors (Table 2-7).
Symbols are further identified by letter—number combinations such as Rp, Ry, and R3 (sometimes written as
R1, R2, R3) to prevent confusion when more than one type of component is used (Fig. 2-3). The letters B,
C, and E near the transistor symbols indicate the base, collector, and emitter of the transistors (Fig. 2-3). The
numerical values of components are often indicated directly in the schematic diagram, such as 220 k<2 for R
and 0.022 uF for C, (Fig. 2-3). When these values are not given in this way, they are stated in the parts list
or the notes which accompany the diagram.
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Ammeter

Antenna

Appliance

Arc lamp

Battery

Battery cell

Bell

Buzzer

Capacitor (fixed)

Capacitor (variable)

Circuit breaker

Crystal

Fuse

Galvanometer

-
Y

—{ Name

<

+ —

—i|—

+ p—

——
QO

29
—J L

2
—

Generator (ac)

Generator (dc)

Ground

Headphones

Inductor (air-core)

Inductor (iron-core)

Inductor (tapped)

Lamp

Lightning arrestor

Loudspeaker

Microphone

Motor (ac)

Motor (dc)

Resistor (fixed)

-
o

_é_ or/}7

Lo LA I

Resistor {variable)

Rheostat

Semiconductor diode

Switch

Transformer (general)

Transformer (iron-core)

Transistor (NPN)

Transistor (PNP)

Voltmeter

Wattmeter

Wires (connected)

Wires (unconnected)

Zener diode

o f—

_Y—
—
— o—

—_

A LE

Fig. 2-2 Standard circuit symbols
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Conductor
C3 Qz C \Z
Crystal <, 2, c 0.022 yF B *
diode  0.022 uF I
B ( I\
> I(
CR AN \ ! E Jy
5 C PR @
T~
R, R, R, 0.001 uF ®
c 220 kQ 4.7 kQ 220 kQ 1
1
I I 250- Double headphones
500 pF ? 4
1
Ground
Jils <" o—

Fig. 2-3 Schematic diagram of a two-transistor radio

A schematic diagram does not show the physical location of the components or the wires which connect
the components.

ONE-LINE DIAGRAM

A one-line, or single-line, diagram shows the component parts of a circuit by means of single lines and
appropriate graphical symbols. The single lines represent the two or more conductors that are connected
between the components in the actual circuit. The one-line diagram shows the necessary basic information
about the sequence of a circuit but does not give the detailed information that is found in a schematic diagram.
One-line diagrams are generally used to show complex electrical systems without the individual conductors to
the various loads.

Example 2.13 Draw a one-line diagram showing the major equipment, switching devices, and connecting circuits of
an electric power substation.

See Fig. 2-4. The single line running down represents three lines in this three-wire system. The power path can be
traced from the shielded aluminum cable steel reinforced (ACSR) downward past a grounded lightning arrester, through a
disconnect switch, fused disconnect switches, and a step-down transformer. It continues downward through an oil circuit
breaker, disconnect switch, past another lightning arrester, and out through the ACSR line.

BLOCK DIAGRAM

The block diagram is used to show the relationship between the various component groups or stages in
the operation of a circuit. It shows in block form the path of a signal through a circuit from input to output
(Fig. 2-5). The blocks are drawn in the shape of squares or rectangles that are joined by single lines. Arrowheads
placed at the terminal ends of the lines show the direction of the signal path from input to output as the diagram
is read from left to right. As a general rule, the necessary information to describe the components or stages is
placed within the block. On some block diagrams, devices such as antennas and loudspeakers are shown by
standard symbols instead of by blocks (Fig. 2-5).
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ACSR

ACSR +

l||—o L J Lightning arresters

Three-fused disconnect switches

Three-phase transformer

v
/ Disconnect switch
OCB (oil circuit breaker)
/ Disconnect switch
||F. >—=_ Lightning arresters
———
ACSR

/ Disconnect switch

Fig. 2-4 A one-line diagram of a substation

Mixer

=>{ Ist IF amp 2nd IF amp

Detector

Audio output |

Oscillator

Fig. 2-5 Block diagram of a typical transistor radio receiver circuit

31
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Because a block diagram shows the functions of the various stages of a circuit and uses single lines, it is
a type of functional one-line diagram. The block diagram gives no information about specific components or
wiring connections. Therefore, it is limited in use but does give a simple way of illustrating the overall features
of a circuit. For this reason, block diagrams are frequently used by electricians, electronic technicians, and
engineers as a first step in designing and laying out new equipment.

To show how easy it is to understand a circuit’s operation by means of a block diagram, look at Fig. 2-5.
The signal comes through the antenna and then progresses through the mixer circuit, through the intermediate-
frequency (IF) amplifier stages and the detector stage, and finally to the output stage and speaker. The oscillator
is in an auxiliary circuit, and so it is not shown in the main signal path.

WIRING DIAGRAM

The wiring, or connection, diagram is used to show wiring connections in a simple, easy-to-follow way.
They are very commonly used with home appliances and electrical systems of automobiles (Fig. 2-6). The
typical wiring diagram shows the components of a circuit in a pictorial manner. The components are identified
by name. Such a diagram also often shows the relative location of the components within a given space.
A color-coding scheme may be used to identify certain wires or leads (Fig. 2-6).

O O O O 0 O
Starter safety

switch és Battery 6_
G :
: Starter
L
Green W/T r _________ O __1
| D
O | Blue
Sol. Acc. Ign. l N
Bat. Ign. JSwitch : ‘3:
@) 3 8 Yellow
& I O T To distributor
|
| ! Pink
| I 1
gn.
b ——— - coil
Resistance wire
Low-current Circuit emm———e—— High-current circuit e — — — —

Fig. 2-6 Wiring diagram of an automobile starting circuit

ELECTRICAL PLAN

An integral part of any set of drawings for the construction of a building is the wiring plan or layout.
Architects, electrical designers, and contractors use floor-plan diagrams to locate components of the building’s
electrical system, such as receptacle outlets, switches, lighting fixtures, and other wiring devices. These devices
and wiring arrangements are represented by means of symbols (Fig. 2-7). The living-room plan (Fig. 2-7) shows
two three-way switching arrangements. In one arrangement, a ceiling outlet is switched from two door locations.
Similarly, two receptacle outlets on the north wall are switched from two separate locations. The connection
between switch and ceiling outlet is drawn with a medium-weight solid line, indicating that the connection
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(conduit or cable) is to be concealed in the walls or ceiling above. The cross lines indicate the conductors in
the conduit or cable. If cross lines are omitted, two wires are understood to be in the connection.

T T\ .

w&& N

4

=@/—] Living room

14 ft - 6 in 4

26 ft - 0in

qp QTV s

Wiring concealed in

ceiling or wall > Double-pole switch

Duplex receptacle

outlet S

3 Three-way switch

1
_@ Special-purpose O Ceiling lamp fixture
connection, TV

Three wires

Fig. 2-7 Floor plan of a room with fixtures, outlets, and switches. Standard wiring symbols are shown

Solved Problems

2.63  Write the word or words which most correctly complete the following statements.

(a) A picture showing the actual parts of a circuit and their connections is called a
diagram.

(b) On a schematic diagram, the components are represented by

(c) Schematic diagrams are often drawn with the input on the and the output on
the

(d) Example of letter symbols to identify components on a schematic diagram are
for diodes, for capacitors, and for inductors.

(e) A single-line diagram is also called a diagram.

(f) Color coding is shown on a diagram.

Ans. (a) pictorial; (b) symbols; (c) left, right; (d) CR, C, L; (e) one-line; (f) wiring or
connection



34

2.64

2.65

2.66

2.67

ELECTRICAL STANDARDS AND CONVENTIONS

In Fig. 2-3, identify the following symbols:

(a)
(b)
()
(d)
()
()

(a) Variable

()

()

(d)

(e) Jacks

()

“ (8)
C2, C3,Cy §
01 and Q>

Ji and Jo @)
S1 ()
capacitor

Fixed capacitors
Crystal rectifier (CR) diode
PNP transistors

Single-pole single-throw switch

+
1

R1, R2, R3

L,
(g) Conductors crossing but not connected
(h) Conductor electrically connected
(i) Fixed resistors
(j) Variable iron-core inductor (antenna coil)
(k) Battery
(I) Antenna

[CHAP. 2

Using the circuit symbols in Fig. 2-2, draw a schematic circuit containing an ac generator, a switch,
an ammeter, a bell, and a buzzer. Label the diagram carefully.

See Fig. 2-8.

o oA
— —4)
® ;
@)
Fig. 2-8

Identify the symbols for transformers shown in Fig. 2-9.

)

(a)

il

(b)

Fig. 2-9

A

(<)

(a) Air-core transformer; (b) Iron-core transformer; (c) Iron-core variable transformer. The heavy
lines between the coils represent an iron core. The iron core is simply a piece of iron around which
the coils are wrapped. An arrow running through the coils of a transformer means the transformer is

variable.

Since an electric circuit is a path for current to flow through, a break in this path would stop current
flow. Switches are simply ways to break this path or to control the flow of current. Some more symbols
for switches are shown in Fig. 2-10. To remember these switches, think of the number of poles as the
number of wires coming to either side of the switch. The throws can be thought of as the number of
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on positions. Answer the following questions:

(a) The number of wires coming to each side of a double-pole switch is

(b) The number of on positions a DPST switch has is

(¢) The number of on positions a DPDT switch has is

(a) two; (b) one; (c) two

< <
55, T p;

L ]
Single-pole, Single-pole,
single-throw double-throw
switch (SPST) switch (SPDT)

o— —0 o
O —0 O
Double-pole, Double-pole,
single-throw double-throw
switch (DPST) . switch (DPDT)

Fig. 2-10

2.68 The ground symbol is often used in schematic diagrams. Some components are grounded to the frame
or chassis of the equipment in which they are located. Aircraft, automobiles, and TV sets are grounded
in this fashion. A frame or other ground must be a good conductor. The ground (frame) is the return
path for current back to the power source. For the circuit shown in Fig. 2-11, complete the circuit by

putting in the ground symbols:

[ Frame 1

+
Battery —.

i

Fig. 2-11 Fig. 2-12

See Fig. 2-12. In this circuit, current flows from the plus terminal of the battery, through the switch
to the lamp to ground, and then to the negative terminal of the battery. Since both the battery and the
lamp are grounded to the frame, there is a complete circuit.
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2.69

2.70

2.71

2.72
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Supplementary Problems

Write the words which correctly complete the following statements.

(a) The use of a schematic diagram makes it possible to trace the function of a circuit from
to

(b) Examples of letter symbols to identify components on a schematic diagram are

for transformers, for resistors, and for transistors.

(¢) The symbol is used to show that wires are electrically at that
point.

(d) The diagram is most often used to show complex electrical systems.

(e) The diagram is an easy way to show the relationships of various parts of a
circuit.

(f) Floor-plan diagrams are used with electrical systems.

Ans. (a) input, output; (b) T, R, Q; (c) dot, connected; (d) one-line or single-line; (e) block;
(f) wiring

Draw a schematic diagram showing a dc generator, a switch, a fuse, an arc lamp, and a resistor. Label

the diagram carefully. Ans. See Fig. 2-13.
M\ ‘/c

© X

Fig. 2-13
A rectifier is a device that changes alternating current to direct current. Show a symbol for the rectifier.

+ —

Ans. —ppp—-

Match each symbol with its respective component.

L (a) Voltmeter
L. 3 6. = (b) Resistor
(c) Cell
—iji—
2. |I 7. (d) Ammeter
Batter
3. —@— g, =t © y
(f) Rheostat
4. —-le—— 0. ¥ (g) Iron-core transformer
(h) Variable resistor
5. %"{ 10. —{F— (i) Ground

(j) Air-core transformer
(k) Capacitor
(I) Lamp

(m) Variable capacitor
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2.73

2.74

2.75

2.76

Ans. 1.(j) 2.(e) 3.(@) 4.() 5.(g) 6.G) 7.(d) 8. (h) 9.(f) 10.(c)

Place a ground symbol wherever one is needed in the diagram of Fig. 2-14. Ans. See Fig. 2-15
o——————¢ o—¢ R ¢
B B B ] = B
- = - = =
Fig. 2-14 Fig. 2-15

For the wire connections shown below, identify each as “connection” or “no connection.”

w

Ans. (a) no connection; (b) connection; (c) connection; (d) no connection

A fuse is a safety device which operates as a switch to turn a circuit off when the current exceeds a
specific value. A circuit breaker performs the same protective function as a fuse, but unlike a fuse it
can be reset. Show the symbols for a fuse and circuit breaker.

Ans. Fuse: =\  C(Circuit breaker: -

Match the name of each component with its respective symbol.

1. Unconnected wire @ — e x
=2
4. Voltmeter (c) + () +
5. Zener diode
6. PNP transistor
7. Circuit breaker (d) ‘@ (k) '@
8. Variable capacitor e
9. Air-core transformer (e) —'@_ ) ~——
10. Connected wire
o)) —+- (m) l! ll
@ L

Ans. 1.(b) 2.(g) 3.(m) 4.(e) 5.(j) 6.(d) 7.(a) 8 (c) 9.(h) 10.(f)
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2.77  An elementary radio receiver consists of four major stages: an antenna, a tunable resonant circuit, a
detector circuit, and headphones. Draw a block diagram of this elementary receiver.
Ans. See Fig. 2-16.

Tuned

Antenna  jr—j Circuit

Detector Headphones

Fig. 2-16

278  Match each symbol with its meaning used in architectural floor-plan diagrams.

Meaning
L. & (a) Special-purpose connection, dishwasher

2

<
=
53
S
=3

(b) Duplex receptacle outlet
(¢) Four wires
(d) Range outlet
(e) Three wires
W (f) Double-pole switch

b o b

5.

Ans. 1.(f) 2.(c) 3.(d) 4. (a) 5.(b)



Chapter 3

Ohm’s Law and Power

THE ELECTRIC CIRCUIT

A practical electric circuit has at least four parts: (1) a source of electromotive force, (2) conductors,
(3) aload, and (4) a means of control (Fig. 3-1). The emf is the battery, the conductors are wires that connect
the various parts of the circuit and conduct the current, the resistor is the load, and the switch is the control
device. The most common sources of emf are batteries and generators. Conductors are wires which offer low
resistance to a current. The load resistor represents a device that uses electric energy, such as a lamp, bell,
toaster, radio, or a motor. Control devices might be switches, variable resistances, fuses, circuit breakers, or
relays.

Conductor (wire)

+
Electromotive == éLoa'd
force (battery) "5 & (resistor)

Control (switch)

Conductor (wire)
Fig. 3-1 Closed circuit
A complete or closed circuit (Fig. 3-1) is an unbroken path for current from the emf, through a load, and

back to the source. A circuit is called incomplete or open (Fig. 3-2a) if a break in the circuit does not provide
a complete path for current.

+ + Shorting
o > P . >
Vy = g R V= connection 3 R
SwW
:y/ o- -0—Or AV,
Switch open Fuse
(@) Open circuit (b) Short circuit

Fig. 3-2 Open and short circuits

To protect a circuit, a fuse is placed directly into the circuit (Fig. 3-2b). A fuse will open the circuit
whenever a dangerously large current starts to flow. A fuse will permit currents smaller than the fuse value to
flow but will melt and therefore break or open the circuit if a larger current flows. A dangerously large current
will flow when a “short circuit” occurs. A short circuit is usually caused by an accidental connection between
two points in a circuit which offers very little resistance (Fig. 3-2b).

A ground symbol is often used to show that a number of wires are connected to a common point in a
circuit. For example, in Fig. 3-3a, conductors are shown making a complete circuit, while in Fig. 3-3b, the
same circuit is shown with two ground symbols at G1 and G2. Since the ground symbol means that the two
points are connected to a common point, electrically the two circuits (Fig. 3-3a and b) are exactly the same.

39
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(+
[

i—

[+
AAA
A\ A A2
bl

G2

[
[
o—i
Q

(a) (b)

Fig. 3-3 Closed circuits a and b are the same

Example 3.1 Replace with ground symbols the return wire of the closed circuit (in Fig. 3-4a).
See Fig. 3-4b.

(@ )
Fig. 3-4

RESISTANCE

Resistance is the opposition to current flow. To add resistance to a circuit, electrical components called
resistors are used. A resistor is a device whose resistance to current flow is a known, specified value. Resistance
is measured in ohms and is represented by the symbol R in equations. One ohm is defined as that amount of
resistance that will limit the current in a conductor to one ampere when the voltage applied to the conductor
is one volt.

Resistors are common components of many electrical and electronic devices. Some frequent uses for
resistors are to establish the proper value of circuit voltage, to limit current, and to provide a load.

FIXED RESISTORS

A fixed resistor is one that has a single value of resistance which remains constant under normal conditions.
The two main types of fixed resistors are carbon-composition and wire-wound resistors.

Carbon-Composition Resistors

The resistance element is primarily graphite or some other form of solid carbon carefully made to provide
the desired resistance. These resistors generally are inexpensive and have resistance values that range from
0.1 2 to 22 MQ.

Wire-Wound Resistors

The resistance element is usually nickel-chromium wire wound on a ceramic rod. The entire assembly
is normally covered with a ceramic material or a special enamel. They have resistance values from 1 2 to
100 k2.

The actual resistance of a resistor may be greater or less than its rated or nominal value. The limit of
actual resistance is called tolerance. Common tolerances of carbon-composition resistors are £5, =10, and
420 percent. For example, a resistor having a rated resistance of 100 €2 and a tolerance of +10 percent may
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have an actual resistance of any value between 90 and 110 €2, that is, 10 € less or more than the rated value
of 100. Wire-wound resistors usually have a tolerance of £5 percent.

Resistors having high tolerances of 20 percent can still be used in many electric circuits. The advantage
of using a high-tolerance resistor in any circuit where it is permissible is that it is less expensive than a
low-tolerance resistor.

The power rating of a resistor (sometimes called the “wattage” rating) indicates how much heat a resistor
can dissipate, or throw off, before being damaged. If more heat is generated than can be dissipated, the resistor
will be damaged. The power rating is specified in watts. Carbon-composition resistors have wattage ratings
which range from 1/16 to 2 W, while wire-wound resistors have ratings from 3 W to hundreds of watts.

The physical size of a resistor is no indication of its resistance. A tiny resistor can have a very low or a
very high resistance. The physical size, however, gives some indication of its power rating. For a given value
of resistance, the physical size of a resistor increases as the power rating increases.

VARIABLE RESISTORS

Variable resistors are used to vary or change the amount of resistance in a circuit. Variable resistors are
called potentiometers or rheostats. Potentiometers generally consist of carbon-composition resistance elements,
while the resistance element in a rheostat is usually made of resistance wire. In both devices, a sliding arm
makes contact with the stationary resistance element (Fig. 3-5).

Sliding arm

Resistance

element
Resistance between Resistance between
B and A increases. B and A decreases.
Resistance between Resistance between

C C .
— B and C decreases. «— B and C increases.
B B
A C
B

Fig. 3-5 When the sliding arm of a variable resistor is moved, the resistance between the center terminal and end terminals
changes

As the sliding arm rotates, its point of contact on the resistance element changes, thus changing the
resistance between the sliding arm terminal and the terminals of the stationary resistance (Fig. 3-5).

Rheostats are often used to control very high currents such as those found in motor and lamp loads
(Fig. 3-6).

A
Rheostat 0
Sliding arm
B /
Sliding arm Input circuit 6V @ ad
To power source :@
3V Output circuit
Lamp
O= —)
.l
~ C
Fig. 3-6 Use of rheostat to control current in a lamp Fig. 3-7 Use of potentiometer to change voltage

circuit

Potentiometers can be used to vary the value of voltage applied to a circuit (Fig. 3-7). In this circuit, the
input voltage is applied across the terminals AC of the stationary resistance. By varying the position of the
sliding arm (terminal B), the voltage across terminals BC will change. As the sliding arm moves closer to
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terminal C, the voltage of the output circuit decreases. As the sliding arm moves closer to terminal A, the output
voltage of the circuit increases. Potentiometers as control devices are found in amplifiers, radios, television sets,
and electrical instruments. The rating of a variable resistor is the resistance of the entire stationary resistance
element from one end terminal to the other.

OHM’S LAW

Ohm’s law defines the relationship between current, voltage, and resistance. There are three ways to
express Ohm’s law mathematically.

1. The current in a circuit is equal to the voltage applied to the circuit divided by the resistance of the

circuit:

== 3-1)

2. The resistance of a circuit is equal to the voltage applied to the circuit divided by the current in the
circuit:

R =

Vv
7 (3-2)

3. The applied voltage to a circuit is equal to the product of the current and the resistance of the circuit:
V=IxR=IR 3-3

where [ = current, A
R = resistance, 2
V = voltage, V

If you know any two of the quantities V, I, and R, you can calculate the third.
The Ohm’s law equations can be memorized and practiced effectively by using an Ohm’s law circle
(Fig. 3-8a). To find the equation for V, I, or R when two quantities are known, cover the unknown third

quantity with your finger.
, 4
[ R 4

= V = IR
(@) ()]

R T

Fig. 3-8 The Ohm’s law circle
The other two quantities in the circle will indicate how the covered quantity may be found (Fig. 3-8b).

Example 3.2 Find / when V = 120V and R = 30 Q. Use Eq. (3-1) to find the unknown /.

=4A Ans. !I N
N

30 <3

5 =<
[e]
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Example 3.3 Find R when V =220V and I = 11 A. Use Eq. (3-2) to find the unknown R.

=20Q Ans. “

11 74 ‘v

R =

‘g~\<
(]

Example 3.4 Find V when I = 3.5A and R = 20 Q. Use Eq. (3-3) to find the unknown V.

V=IR=3520)=70V Ans.

1 3.5] 20

f?\/éz
ARNIEY

Example 3.5 An electric light bulb draws 1.0 A when operating on a 120-V dc circuit. What is the resistance of the

bulb?
The first step in solving a circuit problem is to sketch a schematic diagram of the circuit itself, labeling each of the

parts and showing the known values (Fig. 3-9).

O

V=120V :@ Llih;bl:?llb

Fig. 3-9
Since I and V are known, we use Eq. (3-2) to solve for R.

Vv 120

ELECTRIC POWER

The electric power P used in any part of a circuit is equal to the current / in that part multiplied by the
voltage V across that part of the circuit. Its formula is

P=vI (3-4)

where P = power, W
V = voltage, V
I = current, A

Other forms for P=VIare = P/V and V = P/I.
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If we know the current / and the resistance R but not the voltage V, we can find the power P by using
Ohm’s law for voltage, so that substituting

V =IR (3-3)
into Eq. (3-4) we have
P=IRxI=1IR (3-3)

In the same manner, if we know the voltage V and the resistance R but not the current /, we can find the
power P by using Ohm’s law for current, so that substituting

v
1=~ (3-1)

into Eq. (3-4) we have

1%
P=V—=— (3-6)

If you know any two of the quantities, you can calculate the third.

Example 3.6 The current through a 100-2 resistor to be used in a circuit is 0.20 A. Find the power rating of the resistor.
Since I and R are known, use Eq. (3-5) to find P.

P=I’R= (0.20)2(100) =0.04(100) =4 W Ans.

To prevent a resistor from burning out, the power rating of any resistor used in a circuit should be twice the wattage
calculated by the power equation. Hence, the resistor used in this circuit should have a power rating of 8 W.

Example 3.7 How many kilowatts of power are delivered to a circuit by a 240-V generator that supplies 20 A to the
circuit?
Since V and I are given, use Eq. (3-4) to find P.

P = VI = 240(20) = 4800 W = 4.8kW  Ans.

Example 3.8 If the voltage across a 25 000-€2 resistor is 500 V, what is the power dissipated in the resistor?
Since R and V are known, use Eq. (3-6) to find P.

p_ V2 _ 5007 250000

= = =10W Ans.
R 25000 25000

HORSEPOWER

A motor is a device which converts electric power into the mechanical power of a rotating shaft. The
electric power supplied to a motor is measured in watts or kilowatts; the mechanical power delivered by
a motor is measured in horsepower (hp). One horsepower is equivalent to 746 W of electric power. The
metric system will be used to express horsepower in watts. For most calculations, it is sufficiently accurate
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to consider 1 hp = 750 W or 1 hp = 3/4kW. To convert between horsepower and kilowatt ratings, use the
following equations.

1000 x kW 4
hp: —_—

— x kW (3-7)
750 3
750 xhp 3
kW= ————=-xhp 3-8
1000 4

Example 3.9 Change the following units of measurements: (a) 7.5 kW to horsepower, and (b) 3/4 hp to watts.
(a) Use Eq. (3-7):

4 4
hp=- xkW = -(7.5 =10 Ans.
3 3
(b) Use Eq. (3-8):
3 3 3 9
kW= -xhp=-x - =— =0.563
4 4 4 16
1kW = 1000 W

W = 1000(0.563) = 563 Ans.

ELECTRIC ENERGY

Energy and work are essentially the same and are expressed in identical units. Power is different, however,
because it is the time rate of doing work. With the watt unit for power, one watt used during one second equals
the work of one joule, or one watt is one joule per second. The joule (J) is a basic practical unit of work or
energy (see Table 2-3).

The kilowatthour (kWh) is a unit commonly used for large amounts of electric energy or work. The amount

of kilowatthours is calculated as the product of the power in kilowatts (kW) and the time in hours (h) during
which the power is used.

kWh = kW x h (3-9)

Example 3.10 How much energy is delivered in 2 h by a generator supplying 10 kW?
Write Eq. (3-9) and substitute given values.

kWh =kW x h =10(2) =20
Energy delivered = 20 kWh Ans.

Solved Problems

3.1  Write the word or words which most correctly complete the following statements.

(a) The four basic parts of a complete circuit are the

, and
(b) A fixed resistor is one which has a resistance value.
(¢) In a carbon-film resistor, a film of is deposited upon a ceramic core.
(d) The rating of a resistor indicates how much current the resistor can conduct

before becoming
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(e)
f)
(&)

(h)
(@)

()

Ans.

OHM’S LAW AND POWER [CHAP. 3

The physical size of a resistor has no relationship to its

The two most common types of variable resistors are called and

The rated resistance of a variable resistor is the resistance between its
terminals.

are used as current-limiting devices.

If the voltage applied to a circuit is doubled and the resistance remains the same, the current in
the circuit will increase to the original value.

If the current through a conductor is doubled and the resistance is constant, the power consumed
by the conductor will increase to times the original amount.

(a) voltage source, conductors, load, control device (f) rheostats, potentiometers

(b) specific or single (g) end

(c¢) carbon (h) Rheostats

(d) wattage or power, overheated or damaged (i) twice (I = V/R)
(e) resistance (j) four (P = I*R)

3.2 In Fig. 3-10, the resistor limits the current in the circuit to 5 A when connected to a 10-V battery.
Find its resistance.

Fig. 3-10

Since I and V are known, solve for R by Ohm’s law.

(3-2)

=2Q Ans.

alz ~Is

3.3  Figure 3-11 shows a doorbell circuit. The bell has a resistance of 8 2 and requires a 1.5 A current to
operate. Find the voltage required to ring the bell.

+ I=15A

Fig. 3-11
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Since R and [ are known, solve for V by Ohm’s law.

V = IR (3-3)
=158) =12V Ans.

3.4  What current will flow through a lamp when it has a resistance of 360 €2 and is connected to an ordinary
house voltage of 115V as shown in Fig. 3-12?

o=

V=15V FO)r = 3600

Fig. 3-12

Since R and V are given, calculate / by Ohm’s law.

I =

x| <

(3-1)

—_

= 15—0319A A
=360 = ns.

Values generally will be computed to three significant figures.

3.5 Find the current drawn by a 60-W incandescent lamp rated for 120-V operation. Also find the current
drawn by a 150-W, 120-V lamp and a 300-W, 120-V lamp. As the wattage increases, what happens to
the current?

P and V are known and we wish to find /. Solving for I in Eq. (3-4),

P
I =—
\%4
For the 60-W, 120-V lamp:
1= 60 =05A A
=120=-° ns.
For the 150-W, 120-V lamp:
1
I:£=1.25A Ans.
120
For the 300-W, 120-V lamp:
300
I=—=25A Ans.
120

We see that if V remains unchanged, the greater the value of P, the greater will be the value of I.
That is to say, higher wattages draw higher currents for the same voltage rating.
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3.6

3.7

3.8

3.9

OHM’S LAW AND POWER [CHAP. 3

Find the power consumed by a fixed 25-Q2 resistor for each of the following currents: 3 A, 6 A, and
1.5 A. What effect does a change in current have on the amount of power dissipated by a fixed resistor?

I and R are known and we wish to find P.
P =1I%R (3-5)
at 3A: P =32(25)=225W  Ans.
6A: P =625 =900W  Ans.
15A: P =(1.5%= (25 =52W Ans.
If the current is doubled to 6 A from 3 A, the power will increase by 22 or 4, s0 900W = 4 x
225 W. If the current is halved to 1.5A from 3 A, the power will decrease by (1/2)2, or 1/4, so

56.2W = 1/4 x 225 W. We see that if R does not change, power will change according to the square
of the change in current.

The efficiency of a motor is calculated by dividing its output by its input. The output is measured in
horsepower, while the input is measured in watts or kilowatts. Before the efficiency can be calculated,
the output and the input must be expressed in the same units of measurement. Find the efficiency of a
motor which receives 4 kW and delivers 4 hp.

Step 1. Express all measurements in the same units.
Input = 4 kW
3 3
Output = 2 x hp = 4_14 =3kW 3-8

Step 2. Find the efficiency by dividing output by input.

tput  3kW
U _ 2 _0.75

Efficiency = input = 1w

Efficiency is not expressed in any units. To change the decimal efficiency into a percent
efficiency, move the decimal point two places to the right and add a percent sign (%).

Efficiency = 0.75 = 75% Ans.

The motor in a washing machine uses 1200 W. How much energy in kilowatthours is used in a week
by a laundromat with eight washers if they are all in use 10 hours per day (h/day) for a 6-day week?

Change 1200 W to 1.2 kW.

10h
For one motor: Energy = 1.2kW x 97§ x 6 day§ = 72 kWh
For eight motors: Energy = 8 x 72kWh = 576 kWh Ans.

A radio receiver draws 0.9 A at 110 V. If the set is used 3 h/day, how much energy does it consume in
7 days?

Find the power.
P =VI=11000.9) =99 W = 0.099 kW
Then find the energy.

3h
Energy = 0.099 kW x — x 7 days = 2.08 kWh Ans.

gay
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3.10

3.11

3.12

Electric utility companies establish their rates at a given number of cents per kilowatthour. Rates for
electric energy in the United States depend upon the method by which the electricity is generated, the
type and complexity of the transmission and distribution systems, the maintenance cost, and many
other factors. By knowing the amount of energy you use (from the meter readings) and the cost per
kilowatthour of energy in your area, you can calculate your own monthly electric bill.

One residence used 820 kWh of electric energy in one month. If the utility rate is 6 cents per
kilowatthour, what was the owner’s electrical bill for the month?

A convenient formula for calculating the total cost is:

Total cost = kWh x unit cost

= 820 x 6 cents = 4920 cents = $49.20* Ans.

*Here we are using an average unit cost. Most utility rates are stepped according to blocks of kilowatthour usage plus minimum

charges, not to mention full adjustment charges and taxes.

Supplementary Problems

Write the word or words which most correctly complete the following statements.

(a) Common sources of energy used in electric circuits are and
(b) In a circuit, an incandescent lamp is treated as a load.
(c) The resistance element of a wire-wound resistor is made of wire.

(d) The amount by which the actual resistance of a resistor may vary from its rated value is called
its

(e) A large resistor of a given type has a higher rating than a smaller resistor of the
same type.

(f) A common resistor defect is an open or burned-out condition caused by excessive
through a resistor.

(g) The amount of resistance can be changed in a circuit by a resistor.
(h) A variable resistor used to change the value of voltage applied to a circuit is the

(i) If the resistance of a circuit is doubled and the current remains unchanged, the voltage will
increase to its original value.

(j) If a toaster rated at 1000 W is operated for 30 min, the energy used is kWh.

Ans. (a) batteries, generators; (b) resistive; (c) nickel-chromium; (d) tolerance; (e) wattage
or power; (f) current; (g) variable; (h) potentiometer; (i) twice (V =1IR); (j) 0.5

Use Ohm’s law to fill in the indicated quantity.

1% I R Ans. v I R
@ | ? 2A | 3Q @ | 6v | ...

®) | 120V | 2 | 2400 @) | ....]005A|....
() | 120V | 24A ? © |....| ... 5@
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3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

OHM’S LAW AND POWER [CHAP. 3
1% 1 R Ans. \% 1 R
(d) ? 8mA | 5k (d) 40V
(e) 60V ? 12k (e) 5 mA
H 110V | 2mA ? fH 55k
(2) ? 25A | 64Q (2) 16V
(h) 2400V ? 1 MQ (h) ... | 24mA

A circuit consists of a 6-V battery, a switch, and a lamp. When the switch is closed, 2 A flows in the
circuit. What is the resistance of the lamp? Ans. 3 Q

Suppose you replace the lamp in Problem 3.13 with another one, requiring the same 6 V across it but
drawing only 0.04 A. What is the resistance of the new lamp? Ans. 150 Q2

A voltage of 20 V is measured across a 200-€2 resistor. What is the current flowing through the resistor?
Ans. 0.10A or 100 mA

If the resistance of the air gap in an automobile spark plug is 2500 €2, what voltage is needed to force
0.20 A through it? Ans. 500V

The filament of a television tube has a resistance of 90 2. What voltage is required to produce the
tube’s rated current of 0.3 A? Ans. 27V

A 110-V line is protected with a 15-A fuse. Will the fuse “carry” a 6-2 load? Ans. No

A sensitive dc meter takes 9 mA from a line when the voltage is 108 V. What is the resistance of the
meter? Ans. 12k

An automobile dashboard ammeter shows 10.8 A of current flowing when the headlights are lit.
If the current is drawn from the 12-V storage battery, what is the resistance of the headlights?

Ans. 1.11Q

A 160-92 telegraph relay coil operates on a voltage of 6.4 V. Find the current drawn by the relay.
Ans. 0.04A

What is the power used by a soldering iron taking 3 A at 110 V? Ans. 330W

A 12-V battery is connected to a lamp that has a 10-2 resistance. How much power is delivered to the
load? Ans. 144W

An electric oven uses 35.5 A at 118 V. Find the wattage generated by the oven. Ans. 4190 W
A 12-Q resistor in a power supply circuit carries 0.5 A. How many watts of power are dissipated in
the resistor? What must be the wattage rating of the resistor in order to dissipate this power safely as
heat? Ans. 3W,6W

Find the power used by a 10-kS2 resistor drawing 0.01 A. Ans. 1W

Find the current through a 40-W lamp at 110 V. Ans. 0364 A

An electric dryer requires 360 W and draws 3.25 A. Find its operating voltage. Ans. 111V
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3.29

3.30

3.31

3.32

3.33

3.34

3.35

Fill in the indicated quantity.

hp kW \%% Ans. hp kW \%%
(@ | 23 ? ? (@ | .... | 1.69 | 1690
® | ? | 875 ? (b) | 113 8750
| ? ? | 1000 (| 15 | 1kW

A motor delivers 2 hp and receives 1.8 kW of energy. Find its efficiency (see Problem 3.7).
Ans.  83.3 percent

A generator receives 7 hp and supplies 20 A at 220 V. Find the power supplied by the generator and its
efficiency. Ans. 4400 W, 83.8 percent

A 4-hp lathe motor runs 8 h/day. Find the electric energy in kilowatthours used in a day.
Ans. 24kWh

How much power and energy is drawn from a 110-V line by a 22-Q2 electric iron in 3 h?
Ans. 550W, 1.65kWh

What does it cost to operate a 5.5-kW electric range for 3% h at 3.8 cents per kilowatthour?
Ans. 73 cents

In a certain community, the average rate of electric energy is 4.5 cents per kilowatthour. Find the cost
of operating a 200-W stereo receiver in this community for 12 h. Ans. 11 cents



Chapter 4

Direct-Current Series Circuits

VOLTAGE, CURRENT, AND RESISTANCE IN SERIES CIRCUITS

A series circuit is a circuit in which there is only one path for current to flow along. In the series circuit
(Fig. 4-1), the current [ is the same in all parts of the circuit. This means that the current flowing through R;
is the same as the current through R», is the same as the current through R3, and is the same as the current
supplied by the battery.

Fig. 4-1 A series circuit

When resistances are connected in series (Fig. 4-1), the total resistance in the circuit is equal to the sum
of the resistances of all the parts of the circuit, or

Rr=Ri+R+R3 4-D
where R7 = total resistance, Q2
R1, Ry, and R3 = resistance in series, 2
Example 4.1 A series circuit has a 50-£2, a 75-$2, and a 100-S2 resistor in series (Fig. 4-2). Find the total resistance of
the circuit.
Rl
AN
L 50 0

T 100 Q

AAA—
R 3

Fig. 4-2
Use Eq. (4-1) and add the values of the three resistors in series.
R =R{+ Ry + R3 =50+475+ 100 =225 Q Ans.

The total voltage across a series circuit is equal to the sum of the voltages across each resistance of the
circuit (Fig. 4-3), or

Vri=Vi4+WV,+ V3 (4-2)

52
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where V7 = total voltage, V
V1 = voltage across resistance Ry, V
V, = voltage across resistance Ry, V
V3 = voltage across resistance R3, V

Although Egs. (4-1) and (4-2) were applied to circuits containing only three resistances, they are applicable
to any number of resistances »n; that is,

Rr=Ri+Ry+R3+---+ R, 4-1a)
Vi=Vi+ Vo +Va4--- 4V, (4-2a)
Ohm’s law may be applied to an entire series circuit or to the individual parts of the circuit. When it is

used on a particular part of a circuit, the voltage across that part is equal to the current in that part multiplied
by the resistance of the part. For the circuit shown in Fig. 4-3,

Vi =1R;
Vo =1IR,
V3 = IR3
v, v, =6V

1

1 g [T %
v I R, $ V. ? S vV, =30V
T 2 2 V=1 Rzg y =
[ " [ i "
AWA' ‘WAV
v, ln = 54 vj
Fig. 4-3 Fig. 4-4

Example 4.2 A series circuit has 6 V across Ry, 30 V across Ry, and 54 V across R3 (Fig. 4-4). What is the total voltage
across the circuit?
Write Eq. (4-2) and add the voltage across each of the three resistances.

Vi=Vi+Vo+V3=6+304+54=90V Ans.

To find the total voltage across a series circuit, multiply the current by the total resistance, or
Vr = IRy (4-3)

where V7 = total voltage, V
I = current, A
R7 = total resistance, 2

Remember that in a series circuit, the same current flows in every part of the circuit. Do not add the current
in each part of the circuit to obtain I in the Eq. (4-3).

Example 4.3 A resistor of 45 © and a bell of 60 2 are connected in series (Fig. 4-5). What voltage is required across
this combination to produce a current of 0.3 A?
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Step 1.

Step 2.

Step 3.

DIRECT-CURRENT SERIES CIRCUITS

I +

Fig. 4-5

Find the current /. The value of the current is the same in each part of a series circuit.

1=03A (Given)

Find the total resistance R7. Add the two resistances.

Rr =R+ Ry
=45+60=105Q

Find the total voltage Vr. Use Ohm’s law.

Vr = IRt

=0.3(105) =315V Ans.

[CHAP. 4

(4-1)

4-3)

Example 4.4 A 95-V battery is connected in series with three resistors: 20 2, 50 2, and 120 @ (Fig. 4-6). Find the
voltage across each resistor.

Step 1.

@
] R, I

209

M
1\ 120 @ /r‘
| I
Ros
Fig. 4-6
Find the total resistance R7.

Rr=R1+R)+R3
=20450+ 120 =190 @

(4-1)
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Step 2. Find the current /. Write Ohm’s law,

Vr = IRt 4-3)
from which we get
V. 95
=L -2 —05A
Rt~ 190

Step 3. Find the voltage across each part. In a series circuit, the current is the same in each part; that is, / = 0.5 A
through each resistor.
Vi=1IR; =0.520) =10V Ans.
Vo) = IRy =0.5(50) =25V Ans.
V3 = IR3 = 0.5(120) = 60 V Ans.

The voltages Vi, V», and V3 found in Example 4.4 are known as voltage drops or IR drops. Their effect
is to reduce the voltage that is available to be applied across the rest of the components in the circuit. The
sum of the voltage drops in any series circuit is always equal to the voltage that is applied to the circuit. This
relationship is expressed in Eq. (4-2), where the total voltage V7 is the same as the applied voltage, and can
be verified in Example 4.4.

Vi=Vi+W4+V3
95 =10+25460
95V =95V Check

POLARITY OF VOLTAGE DROPS

When there is a voltage drop across a resistance, one end must be more positive or more negative than
the other end. The polarity of the voltage drop is determined by the direction of conventional current from a
positive to a more negative potential. Current direction is through R; from point A to B (Fig. 4-7). Therefore
the end of R; connected to point A has a more positive potential than point B. We say that the voltage
across Rj is such that point A is more positive than point B. Similarly, the voltage of point C is positive

+
1 B
Vr =
- C
+
R2
D

Fig. 4-7 Polarity of voltage drops
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with respect to point D. Another way to look at polarity between any two points is that the one nearer to
the positive terminal of the voltage source is more positive; also, the point nearer to the negative terminal of
the applied voltage is more negative. Therefore, point A is more positive than B, while D is more negative
than C (Fig. 4-7).

Example 4.5 Refer to Example 4.4. Ground the negative terminal of the 95-V battery (Fig. 4-6). Mark the polarity of
voltage drops in the circuit (Fig. 4-8), and find the voltage values at points A, B, C, and D with respect to ground.

-
4 i "y J, B

95V = R,
— + - - _’
D AN O
r* & 1 ¢
= | |
e
Fig. 4-8

Trace the complete circuit in the direction of current from the positive terminal of the battery to A, A to B, B to C,
C to D, and D to the negative terminal. Mark plus (+) where current enters each resistor and minus (—) where current
leaves each resistor (Fig. 4-8).

The voltage drops calculated in Example 4.4 are indicated (Fig. 4-8). Point A is the nearest point to the positive side
of the terminal, so voltage at A is

Va=4+95V Ans.
There is a voltage drop of 10 V across Rp, so voltage at B is
Vg =95—-10=+85V Ans.
There is a voltage drop of 25 V across R», so voltage at C is
Ve =85-25=460V Ans.
There is a voltage drop of 60 V across R3, so voltage at D is
Vp=60—60=0V Ans.

Since we grounded the circuit at D, Vp must equal O V. If on tracing the voltage values, we find that Vp is not equal
to 0V, then we have made an error.

CONDUCTORS

A conductor is a material having many free electrons. Three good electrical conductors are copper,
silver, and aluminum. Generally most metals are good conductors. Copper is the most common material
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used in electrical conductors. Second to copper is aluminum. Certain gases are also used as conductors
under special conditions. For example, neon gas, mercury vapor, and sodium vapor are used in various
kinds of lamps.

Conductors have very low resistance. A typical value for copper wire is less than 1 2 for 10 feet (ft).
The function of the wire conductor is to connect a source of applied voltage to a load resistance with a
minimum /R voltage drop in the conductor so that most of the applied voltage can produce current in the load
resistance.

Example 4.6 The resistance of two 10-ft lengths of copper wire conductors is about 0.05 2, which is very small
compared with the 150-Q2 resistance of the tungsten filament in the bulb shown in Fig. 4-9a. The conductors should have
minimum resistance to light the bulb with full brilliance. When the current of 0.8 A flows in the bulb and series conductors,
the IR voltage drop across the conductors is 0.04 V, with 109.96 V across the bulb (Fig. 4.9b). Practically all the applied
voltage of 110 V is across the filament of the bulb.

10 ft
—>
I =08A
Bulb filament
v v 109.96 V é
110 B 10 S R=1500
10 ft Conductors
R =0.05Q
Copper conductors IR = 0.04V
@ ®

Fig. 4-9

Wire Measurement

Table 4-1 lists the standard wire sizes which correspond to the American Wire Gauge (AWG). The gauge
numbers specify the size of round wire in terms of its diameter and cross-sectional circular area. Note the
following:

1. As the gauge numbers increase from 1 to 40, the diameter and circular area decrease. Higher gauge
numbers mean smaller wire sizes. Thus, No. 12 is a smaller wire than No. 4.

2. The circular area doubles for every three gauge sizes. For example, No. 12 wire has about twice the
area of No. 15 wire.

3. The higher the gauge number and the smaller the wire, the greater the resistance of the wire for
any given length. Therefore, for 1000 ft of wire, No. 12 has a resistance of 1.62 2 while No. 4 has
0.253 Q.

In typical house wiring applications, No. 14 or No. 12 wire is used for circuits where the current is not
expected to exceed 15 A. Hookup wire for radio receiver circuits with current in milliamperes is about No. 22
wire. For this size, 0.5-1 A is the maximum current the wire can carry without excessive heating.

The cross-sectional area of round wire is measured in circular mils (abbreviated cmil or CM). A mil is
one-thousandth of an inch (0.001 in). One circular mil is the cross-sectional area of a wire having a diam-
eter of one mil. The number of circular mils in any circular area is equal to the square of the diameter
in mils, or

cmil = CM = d° (4-4)
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Table 4-1 Copper Wire Table
Ohms per Ohms per
1000 ft 1000 ft
of Copper of Copper

Gauge Diameter, d, Circular-mil Wire Gauge Diameter, d, Circular-mil Wire

No. mil Area, d? at 25°C* No. mil Area, d? at 25°C*
1 289.3 83 690 0.1264 21 28.46 810.1 13.05

2 257.6 66 370 0.1593 22 25.35 642.4 16.46

3 229.4 52 640 0.2009 23 22.57 509.5 20.76
4 204.3 41 740 0.2533 24 20.10 404.0 26.17

5 181.9 33100 0.3195 25 17.90 320.4 33.00

6 162.0 26 250 0.4028 26 15.94 254.1 41.62

7 144.3 20 820 0.5080 27 14.20 201.5 52.48

8 128.5 16 510 0.6405 28 12.64 159.8 66.17

9 114.4 13 090 0.8077 29 11.26 126.7 83.44
10 101.9 10 380 1.018 30 10.03 100.5 105.2
11 90.74 8234 1.284 31 8.928 79.70 132.7
12 80.81 6 530 1.619 32 7.950 63.21 167.3
13 71.96 5178 2.042 33 7.080 50.13 211.0
14 64.08 4107 2.575 34 6.305 39.75 266.0
15 57.07 3257 3.247 35 5.615 31.52 335.0
16 50.82 2 583 4.094 36 5.000 25.00 423.0
17 45.26 2 048 5.163 37 4453 19.83 533.4
18 40.30 1 624 6.510 38 3.965 15.72 672.6
19 35.89 1288 8.210 39 3.531 12.47 848.1

20 31.96 1022 10.35 40 3.145 9.88 1069

*20-25°C or 68-77°F is considered average room temperature.

Example 4.7 Find the area in circular mils of a wire with a diameter of 0.004 in.

First, convert the diameter to mils: 0.004 in = 4 mil. Then use Eq. (4-4) to find the cross-sectional area.

CM = d? = (4 mi)? = 16

Ans.

To prevent the conductors from short-circuiting to each other or to some other metal in the circuit, the wires
are insulated. The insulator material should have very high resistance, be tough, and age without becoming

brittle.

Resistivity

For any conductor, the resistance of a given length depends upon the resistivity of the material, the length
of the wire, and the cross-sectional area of the wire according to the formula

where

R=p—

R = resistance of the conductor, 2
| = length of the wire, ft
A = cross-sectional area of the wire, CM
o = specific resistance or resistivity, CM - Q/ft

A

(4-5)
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The factor p (Greek letter rho, pronounced “roe”) permits different materials to be compared for resistance
according to their nature without regard to different lengths or areas. Higher values of p mean more resistance.

Table 4-2 lists resistance values for different metals having the standard wire size of a 1-ft length with a
cross-sectional area of 1 CM. Since silver, copper, gold, and aluminum have the lowest values of resistivity,
they are the best conductors. Tungsten and iron have a much higher resistivity.

Table 4-2 Properties of Conducting Materials*

p = Specific
Resistance, Temperature
at 20°C, Coefficient,

Material CM - Q/ft Q per °C, o
Aluminum 17 0.004
Carbon T —0.0003
Constantan 295 (average)
Copper 10.4 0.004
Gold 14 0.004
Iron 58 0.006
Nichrome 676 0.0002
Nickel 52 0.005
Silver 9.8 0.004
Tungsten 33.8 0.005

*Listings approximate only, since precise values depend on exact
composition of material.

+Carbon has about 2500-7500 times the resistance of copper.
Graphite is a form of carbon.

Example 4.8 What is the resistance of 500 ft of No. 20 copper wire?
From Table 4-1, the cross-sectional area for No. 20 wire is 1022 CM. From Table 4-2, p for copper is 10.4 CM - Q /ft.
Use Eq. (4-5) to find the resistance of 500 ft of wire.

l 500
,OA (10.4) x (1022> 5.09 ns

Example 4.9 What is the resistance of 500 ft of No. 23 copper wire?
From Table 4-1,

A =509.5CM
From Table 4-2,
p =10.4CM - Q/ft

Substituting into Eq. (4-5),

1 500
R = 'OX =(104) x | ——

=102 Q Ans.
509.5)

Note from Examples 4.8 and 4.9 that the increase in gauge size of 3 from No. 20 to No. 23 gives one-half
the circular area and doubles the resistance for the same wire length.
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Temperature Coefficient

The temperature coefficient of resistance, o (Greek letter alpha), indicates how much the resistance changes
for a change in temperature. A positive value for « means R increases with temperature; a negative o means
R decreases; and a zero o means R is constant, not varying with changes in temperature. Typical values of «
are listed in Table 4-2.

Although for a given material, @ may vary slightly with temperature, an increase in wire resistance caused
by a rise in temperature can be approximately determined from the equation

R = Ro + Ro(¢AT) (4-6)

where R, = higher resistance at higher temperature, €2
Ro = resistance at 20°C, Q
o = temperature coefficient, Q2/°C
AT = temperature rise above 20°C, °C

Note that carbon has a negative temperature coefficient (Table 4-2). In general, « is negative for all
semiconductors such as germanium and silicon. A negative value for &« means less resistance at higher tem-
peratures. Therefore, the resistance of semiconductor diodes and transistors can be reduced considerably when
they become hot with normal load current. Observe also that constantan has a value of zero for « (Table 4-2).
Thus it can be used for precision wire-wound resistors, which do not change resistance when the temperature
increases.

Example 4.10 A tungsten wire has a 10-2 resistance at 20°C. Find its resistance at 120°C.
From Table 4-2,

o =0.005 2/°C
The temperature rise is
AT =120 — 20 = 100°C
Substituting into Eq. (4-6),

R; = Ry + Ro(@AT) = 10+ 10(0.005 x 100) = 10 +5=15Q  Ans.

Because of the 100°C rise in temperature, the wire resistance is increased by 5 €2, or 50 percent of its original value
of 10 Q.

TOTAL POWER IN A SERIES CIRCUIT

We found that Ohm’s law could be used for total values in a series circuit as well as for individual parts
of the circuit. Similarly, the formula for power may be used for total values.

Pr=IVr 4-7)

where Pr = total power, W
I = current, A
Vr = total voltage, V

The total power Pr produced by the source in a series circuit can also be expressed as the sum of the
individual powers used in each part of the circuit.

Pr=P+P+P+ -+ P (4-8)
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where Pr = total power, W
P; = power used in first part, W
P> = power used in second part, W
P3 = power used in third part, W
P, = power used in nth part, W

Example 4.11 In the circuit shown (Fig. 4-10), find the total power P7 dissipated by R and R;.

Step 1. Find / by Ohm’s law.
—>
_vr V¢ 60 I R 250
1= Lo T 4 N !
Rt Ri+Ry 5410 1
VT =60V —
T
Step 2. Find the power used in R; and R;. R, 2100
P =1°R; =42(5) =80 W
Py =I?Ry = 4%(10) = 160 W Fig. 4-10

Step 3. Find the total power Py by adding P; and P».
Pr =P+ Py =80+ 160 =240 W Ans.
An alternative method is to use Eq. (4-7) directly.
Pr=1Vr
I =4A
Pr =4(60) =240 W Ans.

Calculated either way, the total power produced by the battery is 240 W and equals the power used by
the load.

VOLTAGE DROP BY PROPORTIONAL PARTS

In a series circuit, each resistance provides a voltage drop V equal to its proportional part of the applied
voltage. Stated as an equation,

V=—Vr (4-9)

where V = voltage, V
R = resistance, 2
Ry = total resistance, 2
R/Rt = proportional part of resistance
Vr = total voltage, V

A higher resistance R has a greater voltage drop than a smaller resistance in the same series circuit. Equal
resistances have equal voltage drops.
Example 4.12 The circuit (Fig. 4-11) is an example of a proportional voltage divider. Find the voltage drop across each
resistor by the method of proportional parts.

Write the formulas, using Eq. (4-9).

Ry 3
=-"Vr Vz=_—>=Vr
Ry Ry Ry
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Find R7.
Rr =Ry +R2+R3 =204+30+50 =100k
Substitute values. N o
R, 320 k0
V= 20 100 =20V A
=100 T - Vp=100V R,$ 30 k0
30
Vo=—100=30V Ans.
100
50 R 50 kQ
Vi= —-100=50V  Ans. }
100 N

Fig. 4-11

The formula for the proportional method is derived from Ohm’s law. For example, add Vi, V;, and V3 to obtain

R
V V. Vy=—YV — —V
1+V2+V3 Ry T+RT T+RT T

Factor the right side of the equation.

1%
V1+V2+V3=R—T(R1+R2+R3)
T
Use the relationships
Vr=Vi+ W+ Vs

Rr=Ri+R+R3

and substitute.

Vr
Vir=—Rr =Vr Check
Rt

Solved Problems

4.1 Find the voltage needed so that a current of 10 A will flow through the series circuit shown in Fig. 4-12a.

Step 1. Find total resistance.

Rr =R +Ry+R3
=2+3+5=10Q (4-1)
Step 2. Find the voltage (we show the series circuit with Ry in Fig. 4-12b).

Vi = IRy (4-3)
=10(10) =100V Ans.
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20
Rl
+ I=10A
— >
V. =2
T= = R, 330
RS
50
(@)
+ 20V _
R
1
+ I=10A + I=10A .
ovent— e b
Vr = Rp =100 100 V = R23:30V
3
- 50V +
b) ©)
Fig. 4-12

4.2  Find the voltage across each resistor in the circuit of Fig. 4-12a. Show that the sum of the voltage
drops equals the applied voltage of 100 V.

Vi=1IR =102) =20V  Ans.
Va=1IR, =103) =30V  Ans.
Vs=1IR; =10(5) =50V  Ans.

See Fig. 4-12¢. Remember that the polarity signs next to the resistors indicate the direction of
voltage drops not current direction as the + and — next to the source indicate.

Sum of voltage drops = applied voltage
Vi+Va+V3=Vr (4-2)
20+ 30 + 50 = 100
100V =100V Check

4.3 In Fig. 4-13, a 12-V battery supplies a current of 2 A. If R, =2 €2, find R and V.
Step 1. Find R7. By Ohm’s law,

Step 2. Find R;.

Rr =R+ R 4-1)
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O

| R |

v 5y
(I_iZA

Vy = 12V_:—___

Fig. 4-13

Transposing,

[CHAP. 4

Ri=Rr —R=6—-2=4Q Ans.

Step 3. Find V.

Vi=1IR; =24)=8V Ans.

An alternative method of solution is using voltage drops.

Step 1. Find V.

Vi=Vi+ W
Transposing,
Vi=Vr—W=12-V,
But Vo = IR,
o) Vi=12—-1IR,=12-2(12)=12—-4=8V

Step 2. Find R;.

8
Rl:_:§:49 AnS.

4.4  For the circuit in Fig. 4-14, find the voltage drop of R3.

Sum of voltage drops = applied voltage
10+ 15+ V3 +8+10 =60
43 4+ V3 =60

V3=60—-43=17V

Ans.

Ans.
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R, R,
l 0V 15V

60V =

VY
3

AAA

Fig. 4-14

4.5 A series circuit (Fig. 4-15a) uses ground as a common connection and a reference point for voltage
measurement. (The ground connection is at 0 V.) Mark the polarity of the voltage drops across the
resistances Ry, Ry, and find the voltage drops at points A and B with respect to ground.

V=100V Ve . 100 V+
| i —ald
1o} |1} )i}
B A B I A Bo -5V +50V o A
- + - +
R, 31000 1000 S R, R, R, 50V 50 v
L . :
oV oV oV oV
(a) (b) ()
Fig. 4-15
Step 1. Mark the polarities. The current I flows from the positive terminal of the battery through Ry,
through ground, up through R5, and back to the negative terminal of the battery (Fig. 4-15b).
Assign a + sign where the current enters the resistance and a — sign to the end where
the current emerges (Fig. 4-15b). Mark the ground voltage O V as the reference to measure
voltage drops.
Step 2. Find the total resistance, using Eq. (4-1).
Rr = R1 + R, =100 + 100 = 200 €2
Step 3. Find the current in the circuit.
1% 100
I=-L=_—"-05A
Rr 200
Step 4. Find the voltage drops.
Vi =IR; = 0.5(100) =50V
Vo = IR, = 0.5(100) =50V
Step 5. Find voltage polarity at points A and B. Point A is 50V positive with respect to ground,

while point B is 50 V negative with respect to ground (Fig. 4-15¢). Point A is nearer to the
positive terminal, while point B is nearer to the negative terminal.
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Step 6. Verify the voltage drops.
Sum of voltage drops = applied voltage
Vr=Vi+ VWV
100 = 50 4+ 50
100V =100V Check

[CHAP. 4

4.6 The terminal voltage of the motor (Fig. 4-16) should be not less than 223 V at a rated current of
20 A. Utility voltage variations produce a minimum of 228 V at the panel. What size branch circuit

conductors are needed?

Find the minimum allowable wire size for the voltage drop by calculating its resistance. The max-
imum voltage drop is 228 —223 = 5 V. Then the maximum wire resistance is 5/20 = 0.25 €2/500 ft =
0.50 £2/1000 ft. From Table 4-1, No. 6 wire is satisfactory since it has 0.40 €2/1000 ft (No. 7 wire has

0.51 ©2/1000 ft).
100 ft of No. 12 wire

Panel board

Two-conductor branch circuit DC motor =7
Temperature 25°C

V=120V
228V I=2 A @
—

R

>
L3100

le ‘
f 250 ft | 100 ft of No. 12 wire
Fig. 4-16 Fig. 4-17

4.7  How much current will flow in the circuit (Fig. 4-17) if No. 12 conductors are (a) copper, (b) tungsten,

and (c¢) nichrome? (Temperature is 20°C.)

(a) Copper conductor:

p =104 (Table 4-2)
A=6530CM (Table 4-1)

Copper conductor resistance:

R = ,oi
A

_10.4(200)

T 6530

Total circuit resistance = conductor resistance + load resistance
Rr =R+ R; =0319+10=10.319Q

o V. 120
T Rr 10319

=0.319Q

11.6 A Ans.

(b) Tungsten conductor:

p =33.8 (Table 4-2)
A =6530CM (equal diameter of copper conductor)

4-5)
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[

R=p— 4-5
P 4-5)
33.8(200)

= ——=1.035Q
6530
Rr =R+ R; =1.035+10=11.035Q
\% 120
=—=——=109A Ans.
Ry 11.035

(¢) Nichrome conductor:

p =676 (Table 4-2)
A = 6530 CM (equal diameter of copper conductor)

!
R=p— 4-5
P 4-5)

_ 676(200)
6530

Rr =R+ R; =20.7+10=30.7 2

=20.7Q

\% 120
— =391A Ans.

[ = — =
Rr  30.7

Notice that as the factor p increases, the circuit resistance increases and the circuit current
decreases.

4.8  Five lamps are connected in series (Fig. 4-18). Each lamp requires 16 V and 0.1 A. Find the total power
used.

=16V

V=16V V¥V, =16V

Fig. 4-18
The total voltage V7 equals the sum of the individual voltage across all parts in the series circuit.

Vi=Vi+Vo+V3+Va+ Vs 4-2)
=164+16+16+164+16=80V

The current through each resistance (lamp) is the single current in the series circuit.

I=01A



68 DIRECT-CURRENT SERIES CIRCUITS [CHAP. 4

So the total power is Pr = IVr 4-7)
=0.1(80) =8 W Ans.

Also total power is the sum of the individual powers.

For one lamp, P =ViI=16(0.1) =1.6W
For five lamps, Pr =5P =5(1.6) =8W Ans.

4.9 Find I, Vi, V5, P>, and R; in the circuit shown (Fig. 4-19).

P =8W

1
Vv

Q

R
AN
5

Fig. 4-19

Step 1. Find /.
Use the power formula, P; = IZR;. Then

P8
R 5

Taking the square root,

L=v16=4A

Since this is a series circuit,

Step 2. Find Vi, V5.

Vi=IR =405 =20V Ans.
Vo=Vr—-—V; =120—-20=100V Ans.

Step 3. Find P>, R;.

P, = Vol =100(4) =400W  Ans.

\%3 100
Ry=—=—=25Q Ans.
I 4
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4.11

4.12

4.13
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Three 20-k<2 resistors Ry, Ry, and R3 are in series across an applied voltage of 120 V. What is the
voltage drop across each resistor?

Since R1, Ry, and R3 are equal, each has exactly one-third the total resistance of the series circuit

and one-third the total voltage drop. So

1
V= 5120=4OV Ans.

Use the voltage-divider method to find voltage drop (Fig. 4-20) across each resistor.

VlzﬂVTziloz:‘}V Ans.
R 10
Ry 7
Vo=—""Vr=—10=7V Ans
Rt 10
—_
I R, 3Q
.
V,=10V
R2 790
Fig. 4-20

An important advantage of using the voltage-divider formula is that we can find the voltage drops
from Vr and the resistances without finding the current.

If we found the current first, then we could calculate the voltage drop by multiplying current and
resistance. For example,

Ve _ Ve _ 0 _10_
" Rr Ri+R, 3+7 10
Then Vi=1IR =13)=3V  Check
Va=IRy=1(7)=7V  Check

Compare the effect on voltage drop of a 1-€2 resistor and a 99-2 resistor in series.

Because series voltage drops are proportional to the resistances, a very small resistance (1 €2) has
a very small effect in series with a much larger resistance (99 2). For example, if the applied voltage
were 100V, the voltage drop across the 1-€2 resistor would be 1V [(1/100)(100) = 1 V], while across
the 99- resistor it would be 99 V [(99/100)(100) = 99 V].

A voltage of 5V is to be made available from a 12-V source using a two-resistor voltage divider
(Fig. 4-21). The current in the divider is to be 100 mA. Find the values for resistors Ry and R».

Step 1. Find R7.

1% 12
T 5 =120Q

RT=_=—
1 100 x 10—
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4.14

4.15

4.16

4.17
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—
I = 100 mA R,
Vr .:':_'_ 12V +5V
RZ
oV
Fig. 4-21

Step 2. Find R;. From Fig. 4-21, tracing the voltage across the resistors from ground at 0V, we
have 5V across Ry (V, = 5V), so that there is 7V across R; (Vi = 7 V) for a total of 12V
(Vr = 12 V). Use the voltage-divider formula.

Vi=—V 4-9

1 Ry T (4-9)
Then &_ﬂ_l
Ry V¢ 12

The ratio of the two resistors is known because the ratio of the two voltages is 7/12. So

7 7
Ri=—Rr=—120=70Q Ans.
12 12

Step 3. Find R».
Rr =R+ R
Transpose and substitute.

Ry=Rr — R =120-70=50Q Ans.

Supplementary Problems

What is the total resistance of three 20-2 resistors connected in series? Ans. 60 Q

A car has a 3-V, 1.5-Q dash light and a 3-V, 1.5-Q taillight connected in series to a battery delivering
2 A (Fig. 4-22). Find the battery voltage and total resistance of the circuit.
Ans. Vr=6V; Rr=3.0Q

A 3-Q, a 5-Q, and a 4-2 resistor are connected in series across a battery. The voltage drop across a
3-Q resistor is 6 V. What is the battery voltage? Ans. 24V

If three resistors are connected in series across a 12-V battery and the voltage drop across one resistor
is 3V and the voltage drop across the second resistor is 7 V, what is the voltage drop across the third
resistor? Ans. 2V
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4.18

4.19

4.20

4.21

4.22

4.23

4.24

Taillight @

I=2A

v =
T =

Dash light @

Fig. 4-22

A lamp using 10V, a 10-2 resistor drawing 4 A, and a 24-V motor are connected in series. Find the
total voltage and the total resistance. Ans. Vyr =74V; R =18.5Q

Find the missing values of current, voltage, and resistance in a high-voltage regulator circuit in a color
television receiver (Fig. 4-23). The voltage drop across each resistor is used to supply voltage in other
parts of the receiver.
Ans. Vi =700V, I, =0.07mA; V, =105V, I3 =0.07mA;

Rz =500k, Vr =840V; Rr = 12MQ, I =0.07mA

N
|

Fig. 4-23 Fig. 4-24

Given I =2A, Ry =10, V, =50V, and V3 =40V, find Vi, V7, R2, R3, and Rr (Fig. 4-24).
Ans. Vi=20V; Vy =110V; Ry =25Q; Ry =20Q; Rr =55Q

A current of 3 mA flows through a resistor that is connected to a 1.5-V dry cell. If three additional
1.5-V cells are connected in series to the first cell, find the current flowing through the resistor.
Ans. I =0.012A =12mA

A voltage divider consists of a 3000-2, a 5000-€2, and 10 000-£2 resistor in series. The series current
is 15 mA. Find (a) the voltage drop across each resistance, (b) the total voltage, and (c) the total
resistance.

Ans. (a) Vi =45V, V, =75V, V3 =150V; (b) Vr =270V; (¢) Rr = 18000 Q

A dc circuit to a specialized transistor circuit can be represented as shown in Fig. 4-25. Find the total
resistance and voltage between points A and B. Ans. Ry =50k; Vyp=30V

A 12-Q spotlight in a theater is connected in series with a dimming resistor of 32 Q (Fig. 4-26). If the
voltage drop across the light is 31.2 V, find the missing values indicated in Fig. 4-26.
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I, = 06mA
R, = 12kQ
Spotlight
Rep = 13k - A
5 V, =312V
vy =1 1 =2 vV, =2
]T=? R =12Q Dimmeré[ﬁ:?
R, = 25 k0 R, =7 TR - 29
Fig. 4-25 Fig. 4-26
Ans. I1 =L =1=2.6A; V,=832V; Vr=1144V; Rr =44Q
4.25  Find all missing values of current, volt- V, = 110V
age, and resistance in the circuit shown I =7
e 4 R =
in Fig. 4-27. 99 r = 1650
Ans. V3 =30V; o~ ” AAA AA
=20V V, =60V V, =1
— — — — . 1 2
I=1=1=13=0.667A; L =2 L =2 133_',
R1 =309, R, =7 R, =7 R, =?
Ry =90,
Ry =45Q
Fig. 4-27
4.26  Find voltage values at points A, B, C, and D shown in the circuit (Fig. 4-28) with respect to ground.
Ans. Vpa=+460V; Vp=+50V; Vc=+30V; Vp =0V
50V
it
A B
R, R, 100 159 2R,
D A
150 c = =
Fig. 4-28 Fig. 4-29
4.27

Find the voltage at points A and B with respect to ground (Fig. 4-29).
Ans. V4 =+420V; Vpg=-30V

4.28

A coil is wound with 4000 turns of No. 20 copper wire. If the average amount of wire in a turn is 3 in,

how much is the total resistance of the coil? What will be its resistance if No. 25 wire is used instead?
(The temperature is 25°C.) Ans. 10.35, 33.0Q
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4.29  Find the voltage drop across 1000 ft of No. 10 gauge copper wire connected to a 3-A load.
Ans. 3.05V

4.30  If total line length is 200 ft, find the smallest size copper wire that will limit the line drop to 5V with
115V applied and a 6-A load. Ans. No. 16 copper wire

431 A copper wire has a diameter of 0.03196in. Find (a) the circular-mil area, (b) its AWG size, and
(c) the resistance of a 200-ft length. Ans. (a) 1024CM; (b) No. 20; (c¢) 2.07 <
(for No. 20 wire)

4.32  What is the resistance of a 200-ft length of (@) No. 16 copper wire and (b) No. 20 aluminum wire?
(Obtain diameter from Table 4-1.) Ans. (a) 0.8052; (b) 1.32 Q2

4.33 A copper conductor measures 0.8 €2 at 20°C. What is its resistance at 25°C? Ans. 0.816 Q

4.34  If a copper wire has a resistance of 4 Q at 20°C, how much is its resistance at 75°C? If the wire is No.
10, what is its length in feet? Ans.  4.88 2, 4800 ft

4.35 Calculate the load current I (Fig. 4-30) for the wire IR drop of 24.6 V with a supply of 115 V. Also
find the value of R; . Ans. I =30A; R; =3.01Q

100 ft No. 16 wire 2 k0

AAA-

=7 S R,

V. 1s v !
= ? —
T R, : V. w— 40V R 6 kQ
l T |
100 ft No. 16 wire
Fig. 4-30 Fig. 4-31

436 Two resistors form the base-bias voltage divider for an audio amplifier. The voltage drops across them
are 2.4V and 6.6V in the 1.5-mA circuit. Find the power used by each resistor and the total power
used in milliwatts (mW). Ans. P; =3.6mW; P, =99mW; Pr =13.5mW

437 Find I, Vi, V3, P1, P», and Py (Fig. 4-31).
Ans. I =5mA; Vi=10V; Vo, =30V; P; =50mW; P, =150 mW; Pr =200 mW

438 Find Vi, Vo, V3, Py, P2, P3, Pr, and R3 (Fig. 4-32).
Ans. Vi =30V; V, =15V; V3 =55V; P =150mW,; P, =75mW, P3; =275 mW,
Pr =500mW; Rz = 11kQ

R R,
Aah M
s 1.7 Mo
—
I =5mA e
L V=39V R, $1.7 Mg
Vy = 100 V R, $3k0 T 1
R3
3 ‘vAvA'
M 1.7 Mo
Fig. 4-32

Fig. 4-33
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439 Find Pr, P», and V3 (Fig. 4-33). Ans. Py =298 uWW; P, =99.5uW; V3 =13V

440 A90-Q2 and a 10-£2 resistor are in series across a 3-V source. Find the voltage drop across each resistor
by the voltage-divider method. Ans. 2.77V,03V

441 Eight 10-Q resistances are in series across a 120-V source. What is the voltage drop across each
resistance? Ans. 15V

4.42 A potentiometer can be considered a simple two-resistor voltage divider (Fig. 4-34). To what resistance
point would the control arm have to be set in a 120-£2 potentiometer to obtain 2.5 V between the arm
(point A) of the potentiometer and ground (point B)? Ans. 25-KQ2 point from ground

25V

Fig. 4-34

4.43  Find the IR drop across each resistor in the following circuits by the voltage-divider method (Fig. 4-35).

Ans. (@ Vi =60V; V, =180V (b)) Vi =25V; Va=50V; V3=35V (c) V; = 11.5V;
Va=23V; V3=345V; V4 =46V

1Q 20 3Q 4Q

R, R
"A'A' A"'Av
20 50

—_ -_ 4
240V = 1mov = RZ:;IOQ
AAA AAA Lils
A A A A A A4 I 1 4
60 Q 7 115 V
(a) (b) ©



Chapter 5

Direct-Current Parallel Circuits

VOLTAGE AND CURRENT IN A PARALLEL CIRCUIT

A parallel circuit is a circuit in which two or more components are connected across the same voltage
source (Fig. 5-1). The resistors Ry, R», and R3 are in parallel with each other and with the battery. Each
parallel path is then a branch with its own individual current. When the total current I7 leaves the voltage
source V, part I of the current I will flow through Rj, part I> will flow through R», and the remainder I3
through R3. The branch currents /7, I, and I3 can be different. However, if a voltmeter (an instrument for
measuring the voltage of a circuit) is connected across R1, Ry, and R3, the respective voltages Vi, V», and V3
will be equal. Therefore,

V=Vi=V,=VW; 5-1)

7 iVeeq 2Vfe—nq ille—q

g 3 Voltmeter
& R, R, w3

- - < — J

Fig. 5-1 A parallel circuit

The total current /7 is equal to the sum of all branch currents.

Ir=h+hL+15h (5-2)

This formula applies for any number of parallel branches whether the resistances are equal or unequal.
By Ohm’s law, each branch current equals the applied voltage divided by the resistance between the two
points where the voltage is applied. Hence (Fig. 5-1), for each branch we have the following equations:

Branch 1: I = ﬁ - 1
R R

Branch 2: L = & = L (5-3)
R> Ry

Branch 3: I3 = E -
R3 R3

With the same applied voltage, any branch that has less resistance allows more current through it than a branch
with higher resistance.

Example 5.1 Two lamps each drawing 2 A and a third lamp drawing 1 A are connected in parallel across a 110-V line
(Fig. 5-2). What is the total current?

75
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(ITE Tllt T\LIZ \LIS
110 v
dc power supply :@ 2A :@ ZA :@ LA

The formula for total current is

It=L1+Dh+13 (5-2)
=242+1=5A Ans.

The total current is 5 A.

Example 5.2 Two branches R| and R, across a 110-V power line draw a total line current of 20 A (Fig. 5-3). Branch R
takes 12 A. What is the current /5 in branch Ry?

- L=12A| [5="
I =20A
>
110V R, SR,
Fig. 5-3

Starting with Eq. (5-2), transpose to find /> and then substitute given values.

Ir=1+1
L=Ir—1
=20-12=8A  Ans.

The current in branch R; is 8 A.

Example 5.3 A parallel circuit consists of a coffee maker, a toaster, and a frying pan plugged into a kitchen appliance
circuit on a 120-V line (Fig. 5-4a). What currents will flow in each branch of the circuit and what is the total current drawn
by all the appliances?

First, draw the circuit diagram (Fig. 5-4b). Show the resistance for each appliance. There is a 120-V potential across
each appliance. Then, using Eq. (5-3), apply Ohm’s law to each appliance.

14 120
Coffee maker: I = =—=8A Ans.
Ry 15
14 120
Toaster: I = =—=8A Ans.
Ry 15
) 14 120
Frying pan: I3 = =—=10A Ans.

Ry 12
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120 vV
o—
Coffee maker (15 Q) Toaster (15 Q) Frying pan (12 Q)
(@)
o— *— <+
—>
I, J/Il i}lz i/la
V=10V RS > 3
= 112159 R, 150 R,3120
O— >— >—
&
Fig. 5-4

Now find total current, using Eq. (5-2).

It=hLH+DL+13
=8+8+10=26A Ans.

With this load of 26 A, a 20-A circuit breaker or fuse will open the circuit. This example shows the desirability of having
two 20-A kitchen appliance circuits.

RESISTANCES IN PARALLEL

Total Resistance

The total resistance in a parallel circuit is found by applying Ohm’s law: Divide the common voltage
across the parallel resistances by the total line current.

Rr=-- (5-4)
It

Rt is the total resistance of all the parallel branches across the voltage source V, and I is the sum of all the
branch currents.

Example 5.4 What is the total resistance of the circuit shown in Fig. 5-4 (Example 5.3)?
In Example 5.3 the line voltage is 120 V and the total line current is 26 A. Therefore,

Vv 120
Rr=—=—=462Q Ans.
I 26
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The total load connected to the 120-V line is the same as the single equivalent resistance of 4.62 Q2 connected across the
line (Fig. 5-5). The words total resistance and equivalent resistance are used interchangeably.

Fig. 5-5 Equivalent circuit to
that of Fig. 5-4

General Reciprocal Formula
The total resistance in parallel is given by the formula

S L L (5-5)
Rr R Ry Rs R,

where R7 is the total resistance in parallel and Ry, Ry, R3, and R, are the branch resistances.

Example 5.5 Find the total resistance of a 2-$2, a 4-2, and an 8- resistor in parallel (Fig. 5-6).

o
R/ 3290 R, 40 R, 380 —> Ry =?
o
(@) Parallel branch circuit (b) Equivalent circuit
Fig. 5-6

Write the formula for three resistances in parallel.

— =t (5-5)

Substitute the resistance values.

Add fractions.
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Invert both sides of the equation to solve for R7.
8
RT:?:1.14Q Ans.

Note that when resistances are connected in parallel, the total resistance is always less than the resistance of any single
branch. In this case, R = 1.14 Q is less than Ry =2 R, Ry =4 Q, and R3 = 8§ Q.

Example 5.6 Add a fourth resistor of 2 € in parallel to the circuit in Fig. 5-6. What is the new total resistance and what
is the net effect of adding another resistance in parallel?
Write the formula for four resistances in parallel.

=—+—+—+= (5-5)

Substitute values.
Add fractions.

Invert.

8
Rt = T 0.73 Q2 Ans.

Thus we see that the net effect of adding another resistance in parallel is a reduction of the total resistance from 1.14
to 0.73 Q.

Simplified Formulas

The total resistance of equal resistors in parallel is equal to the resistance of one resistor divided by the
number of resistors.

Rr =X (5-6)

where Ry = total resistance of equal resistors in parallel, 2
R = resistance of one of the equal resistors, €2
N = number of equal resistors

Example 5.7 Four lamps, each having a resistance of 60 €2, are connected in parallel. Find the total resistance.
Given are

R=Ri=Ry=R3=R;4 =602
N =4

Write Eq. (5-6) and substitute values.
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When any two unequal resistors are in parallel, it is often easier to calculate the total resistance by
multiplying the two resistances and then dividing the product by the sum of the resistances.

RiR,

= - 5-7
Ri+ Ry ©-7)

Rt

where Ry is the total resistance in parallel and R; and R; are the two resistors in parallel.

Example 5.8 Find the total resistance of a 6- and an 18- resistor in parallel.
Given are R =62, Ry = 18 Q.
Write Eq. (5-7) and substitute values.

Rp— RiRa 608 108 oo 4
=R +R, 6+18 24 '

In some cases with two parallel resistors, it is useful to find what size R, to connect in parallel with a
known R in order to obtain a required value of R7. To find the appropriate formula, we start with Eq. (5-7)
and transpose the factors as follows:

RR,
Ry = ———
R+ R,
Cross-multiply. RTR + RTRy = RR;
Transpose. RR, — RrR, = RrR
Factor. R.(R— R7) = RTR
RRy
Solve for R,. R, = —— (5-8)
R — Ry

Example 5.9 What value of resistance must be added in parallel with a 4-2 resistor to provide a total resistance of 3 Q
(Fig. 5-7)?

Fig. 5-7
Given are R =4 Q and R7 = 3 Q. Write Eq. (5-8) and substitute values.

RR 43) 12
R, = r 20 2o s
R—Ryr 4-3 1

OPEN AND SHORT CIRCUITS

An “open” in any part of a circuit is, in effect, an extremely high resistance that results in no current
flow in the circuit. When there is an open in the main line (the “X” in Fig. 5-8a), current to all the parallel
branches is stopped. When there is an open in one branch (branch 2 in Fig. 5-8b), only that branch will have no
current. However, current in branches 1 and 3 will continue to flow as long as they are connected to the voltage
source.
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O X o
Open
R, R, § Ry R, R, g R,
X Open
O~ O~
(a) Open in main line (b) Open in parallel branch

Fig. 5-8 Open parallel circuits

a
o
3 L
R, R, 3 R, Short circuit
o
b

Fig. 5-9 Short in parallel circuit

A “short” in any part of a circuit is, in effect, an extremely low resistance. The result is that very high current
will flow through the short circuit. Assume that a conducting wire at point a in Fig. 5-9 should accidentally
contact the wire at point b. Since the wire is an excellent conductor, the short circuit offers a parallel path with
practically zero resistance from points a to b. Almost all the current will flow in this path. Since the resistance
of the short circuit is practically zero, the voltage drop across ab will be almost zero (by Ohm’s law). Thus
resistors Ry, R», and R3 will not draw their normal current.

Example 5.10 Find the current in each parallel branch (Fig. 5-10a). If the resistor in the second branch burns out,
causing an open circuit (Fig. 5-10b), find the new branch currents.
Use Eq. (5-3) and substitute values. With circuits normal (Fig. 5-10a),

o o ’
" i "\ "
V=10V R, Q200 R, 20 Q V=10V R1$209 R, 2200
<
X
o o— L |
(@) Normal circuit (b) Open circuit
Fig. 5-10
% 10
Ih=—=—=05A Ans.
Ry 20
\% 10
Ih=—=—=05A Ans.
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With branch 2 open (Fig. 5-10b),

Vv 10
I1=—=—=05A Ans.
Ry 20

12 =0A Ans.

Branch 1 still operates normally at 0.5 A. This example shows the advantage of wiring components in parallel. An open
circuit in one component merely opens the branch containing the component, while the other parallel branch keeps its
normal voltage and current.

DIVISION OF CURRENT IN TWO PARALLEL BRANCHES

It is sometimes necessary to find the individual branch currents in a parallel circuit if the resistances and
total current are known, but the voltage across the resistance bank is not known. When only two branches are
involved, the current in one branch will be some fraction of the total current. This fraction is the quotient of
the second resistance divided by the sum of the resistances.

R
h=—2—1Ir (5-9)
Ri+ R
R
h=—2_1Ir (5-10)
Ri+ Ry

where /1 and I, are the currents in the respective branches. Notice that the equation for each branch current
has the opposite R in the numerator. The reason is that each branch current is inversely proportional to
the branch resistance. The denominator is the same in both equations, equal to the sum of the two branch
resistances.

Example 5.11 Find the branch currents /; and I, for the circuit shown in Fig. 5-11.

o L
IS
I, =18A
Sig 6
RS Rzg Q
O -
Fig. 5-11

Given are IT = 18 A, R| =3 Q, and Ry, = 6 Q. Write the equations and substitute values.

h=-—"2_, (5-9)
1_R1+R2 T
=L18:§18=12A Ans.
346 9
Ry 3
Lh=—=—Ir=-18=6A Ans. (5-10)

Ry + Ry 9
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Since I7 and I} were known, we could have found I, simply by subtracting:

Ir=hL+1
L=Ir—-11=18—12=06A Ans.

CONDUCTANCES IN PARALLEL

Conductance is the opposite of resistance. The less the resistance, the higher the conductance. The symbol
for conductance is G and its unit is siemens (S). G is the reciprocal of R, or

For example, 6 2 resistance is equal to 1/6 S conductance.
Since conductance is equal to the reciprocal of resistance, the reciprocal resistance equation, Eq. (5-5),
can be written for conductance as

Gr=G1+G2+G3+---+ G, (5-12)
where G is the total conductance in parallel and G, G», G3, and G,, are the branch conductances.

Example 5.12 Find the total conductance of the circuit in Fig. 5-12. Then find the total resistance R and check the
value with that computed in Example 5.5.

O O_ﬁ
R 228 R, 340 R, 380 —> $G, =2
G, =1 G, =" G, =?
O Ommmenmsed
Fig. 5-12

This circuit is the same as that of Fig. 5-6 used in Example 5.5. Convert each branch resistance to conductance, using
Eq. (5-11), and then add the values of conductance to obtain Gt.

G| = ! —I—OSS
1_R] T2
Gy = ! —1—0255
2_R2_4_ '
1 1
Gy3=—=-=0.1258S
R3 8
Gr =G+ G+ G3 (5-12)
=05+0.254+0.125=0.875S Ans.
Finally
1 1
Rr=—=—-—-=1.14Q Ans.
Gr 0875

which agrees with the Ry value found in Example 5.5.



84 DIRECT-CURRENT PARALLEL CIRCUITS [CHAP. 5

Ohm’s law can be written in terms of conductance. Recall that

\%
Ry = — (5-4)
It
/ \%4
T = Ry
But 1/R7 = G, so
It =VGr (5-13)

Example 5.13 If the source voltage across the parallel bank in Fig. 5-12 is 100V, find the total current.
Given are V = 100 V and Gy = 0.875 S. Using Eq. (5-13),

IT = VGr =100(0.875) =875 A Ans.

POWER IN PARALLEL CIRCUITS

Since the power dissipated in the branch resistance must come from the voltage source, the total power
equals the sum of the individual values of power in each branch.

Pr=P +P+Ps+---+P, (5-14)

where Pr is the total power and P, P», P3, and P, are the branch powers.
Total power can also be calculated by the equation

Pr=VlIr (5-15)

where Pr is the total power, V is the voltage source across all parallel branches, and /7 is the total current.
The power P dissipated in each branch is equal to VI and equal to V2/R.
In both parallel and series arrangements, the sum of the individual values of power dissipated in the circuit
equals the total power generated by the source. The circuit arrangements cannot change the fact that all power
in the circuit comes from the source.

Example 5.14 Find the power dissipated in each branch and the total power of the circuit in Fig. 5-13.

—
Tl
.
v-2v= R 3108 R $50
*
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First find the branch current and the power in each branch.

V.20

H=—=—=2A
Ry 10
Vv 20
L=—=—=4A
Ry 5

Pl = VI] = 20(2) =40W Ans.
Py=VIh =204 =80W  Ans.

Then add these values for power in each branch to find Pr.

Pr=P +P (5-14)
=40+80=120W  Ans.

Another way to find Pr is to solve for I7.
Ir=L+1L=2+4+4=06A

Then Pr=VIir (5-15)
=20(6) = 120W Ans.

The 120 W of power supplied by the source is dissipated in the branch resistances.
There are still other ways to find power used in each branch and total power.

vZ  (20)2

R 10

v  (20)2
Py=— ="' —80W

Ry 5

V2 2 2
Pr=—=V2Gy = (20)2(0.3) = 120 W

Rt

1 R{+R 1045

where Gr=— Kt 10+> 44

Rt RiR, ~— 105

Solved Problems

5.1  Write the word or words which most correctly complete the following statements.

(a) The equivalent resistance Ry of parallel branches is than the smallest branch
resistance since all the branches must take current from the source than any one
branch.

(b) When two resistances are connected in parallel, the voltage across each is the

(¢) An open in one branch results in current through that branch, but the other branches
can have their current.
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5.2

5.3

DIRECT-CURRENT PARALLEL CIRCUITS [CHAP. 5

(d) A short circuit has resistance, resulting in current.

(e) If each of two resistances connected in parallel dissipates 5 W, the total power supplied by the
voltage source equals W.

Ans. (a) less, more; (b) same; (c) zero, normal; (d) zero, excessive; (e) 10

Branch circuits in a house wiring system are parallel circuits. A toaster, a coffee maker, and a frying
pan are plugged into a kitchen appliance circuit across a 110-V line (Fig. 5-14). The current through
the toaster is 8.3 A; through the coffee maker, 8.3 A; and through the frying pan, 9.6 A. Find (a) the
total current from the main line, (b) the voltage across each appliance, and (c) the total resistance of
the circuit.

o T 4
Ili/ 83 A Izl 8.3 A Iai/ 9.6 A
=110V Toaster Coffee maker Frying pan
> o °
Fig. 5-14
(a) Find I7.
Ir=h+h+1 (5-2)

=83+4+834+9.6=262A Ans.
(b) Find Vi, V,, V3, using Eq. (5-1).
V=Vi=V,=V;=110V Ans.
(¢) Find Rt.

4
=
110

=—=4198=420Q Ans.
26.2

Ry 59

Four 60-W lamps, each having the same resistance, are connected in parallel across a household
terminal of 120 V, producing a line current of 2 A (Fig. 5-15a). The schematic diagram shows resistances
that represent the lamps (Fig. 5-15b). What is (a) the equivalent resistance of the circuit, (b) the
resistance R of each lamp, and (c¢) the current that each lamp draws?

(a) V120
Rr=—=—=60Q Ans.
IT 2
®) R R
=N
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[, —
I = 2A \1/1' lIZ \LI3 \LQ
120V R R R R
®)
Fig. 5-15
so that
R=RrN=604)=240Q  Auns.

(©) hebheh-eL=T-2_05a 4

c 1=h=0h8=k=57=7=" ns.

With equal resistance in each branch, the current in each branch is equal and the power consumed
by each branch is equal.

5.4  For the circuit in Fig. 5-16, find (a) the total resistance, (b) each branch current, and (c) the total

current.
*
I, lll llz
e > >
v=1vI= R/ 3200 R,330Q
.
Fig. 5-16

(a) Since there are only two resistances in parallel, use the simplified formula, Eq. (5-7).

RiR 20(30
Rr = 12 _ (30) =12Q Ans.
R+ Ry 20 + 30
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(b) Use Eq. (5-3).

I = Vo_ 12—06A A
1= Rl == 20 = V. ns.
\% 12
Lh=—=—=04A Ans.
Ry 30
(©) It=L+1L=06+04=1A Ans.
Or, as a check,
\% 12
It=—=—=1A Ans.
Rt 12

5.5  Find the total resistance R of each resistance arrangement in Fig. 5-17.

© o

12Q $ 20 © 300 Q 300 Q 300 @ 12 Q 24 Q 36 Q

<

o o

@ (b) (©)
Fig. 5-17

(a) Use Eq. (5-7) for two parallel branches.

RiR, 12(20) 240
Ri+R 12420 32

Rt

(b) Since all the resistances are equal, use Eq. (5-6).

R 300

RT = = — =100 Ans.
N 3

(c¢) For three parallel branches with different resistances, use Eq. (5-5).

1 1 1 1 1 1 1 11

R R R TR 12TuTT 7

72
Ry = 1 =655Q Ans.

Note that the total resistance of a parallel circuit is always less than the smallest resistance of any
individual resistor.
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5.6 A spotlight of unknown resistance is placed in parallel with an automobile cigarette lighter of 75 Q2
resistance (Fig. 5-18). If a current of 0.8 A flows when a voltage of 12V is applied, find the resistance
of the spotlight.

o
> .
I, = 08A Sppthght
resistance
>
V=12V R2T5Q QRX:?
1

Fig. 5-18
Find Ry.
1%
Ry = — (5-4)
I
Rr= 2 _150
=08~

Then use Eq. (5-8) to the unknown resistance.

RR7 75(15) 1125
R, = = = =18.8Q Ans.
R — Rt 75 —15 60

Another way to find the answer is to use Ohm’s law and the total current equation.

12
Ilighter = % =0.16 A Ans.

Ipot = 0.8 —0.16 =0.64 A Ans.

12
Rypot = g7 = 1875=188Q  Ans.

5.7 (a) Derive Eq. (5-7) Rt = R1R>/(R1 + R») from the reciprocal formula for two parallel resistances.

(b) Derive a formula for R7, given three parallel resistances.

@ L_L,1 55

Rr R R

Add fractions.

1 R n Ry Ri+R
Rr  RiR: RiR: RiR

Invert.

RiR,

= ———— whichis Eq. (5-
R+ R q. 5-7)

Rt
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(b) Use the formula

Ll (5-5)
RT_R1 Ry R3

Find the common denominator and combine numerators.

1 RR3+RiR3+ RiRy

Rt RiRyR3

Invert.

RiR>R3

T = Ans.
RiR; + RiR3 + RoR3

5.8 Find the voltage required to send 2 A through a parallel combination of a 20-€2, a 30-€2, and a 40-Q
resistance (Fig. 5-19).

O
A4 °—-1
I =2A
> >
V=21 R, 3200  R,3300 R3§409———> R, S
o~ * o——
Fig. 5-19
Find Ry.
L_1 5-5)
Rr Rl Ry R;
S S SO N
20 30 40 120
120
Rr=—=923Q
13
Then V =IrRr =2(9.23) =185V Ans.
As a check,
A% 18.5
R 20
A% 18.5
Lh=—=——=0617A
Ry 30
A% 18.5
Ih=—=—"=0463A
R3 40

It =1L+ 1L+ 13=0925+0.61740.463 =2.005 ~ 2 A

which checks with the given value. (The sum of the currents is not exactly 2 A due to rounding off the
individual branch currents.)
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5.9 Two resistances are arranged in parallel (Fig. 5-20). Find the current in each resistance.

Use formulas for the division of current.

n=_f (5-9)
1= R+ R T
18 18
= 30= —30=6mA  Ans.
18+ 72 90
Ry
h=_ "t g 5-10
TRAR T =10
7 7
= % _30=30=24mA  Ans.
18+ 72 90

Check: It = I1 + I = 6 4+ 24 = 30 mA, which agrees with the given value.

o o ?

> I =7 I, =7 > I =7 A

I = 30 mA ! 2 Ip =12 ll i2
T
; L L

R, g 72k0 R, 3 18 kQ V=40V Rl%Pﬁzw R2$P2=2W

o - o @
Fig. 5-20 Fig. 5-21

5.10  Two resistors, each dissipating 2 W, are connected in parallel across 40 V (Fig. 5-21). What is the
current in each resistor? What is the total current drawn?

Find I, I, Ir.
P2 _gosa A

=3 =35>0 ns.
P 2

L=—=—=005A Ans.
V 40

It =11+ =0.054+005=0.1A Ans.
Check:

Pr=P+P,=24+2=4W
Pr 4

Ir=—=—=0.1A

V. 40

which agrees with the previously calculated value.

5.11 The combined resistance of a coffee percolator and toaster in parallel is 24 2. Find the total power
used if the line voltage is 120 V.

_VZ o (120)

= — =600 W Ans.
Ry 24

Pr
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5.12

5.13

5.14

5.15
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Find I3 in the parallel current—divider circuit (Fig. 5-22).

o * ?
.____) _
I, = 9 mA l’3 =7
v R 340 R2§E4Q R, 350 R,310Q
° ® >—
Fig. 5-22
Find R7.
1 1 1 1 1
_— = — + _ R -
Rr R Ry Rz Ry
D S N S N> 5-5)
4 45 10 40
40
Rr=—=125Q
32
Find V.
V = It Ry = 96(1.25) = 120 mV
Then find I3.
%4 120
I3 = — =— =24mA Ans.
R3 5

Supplementary Problems

Write the word or words which most correctly complete the following statements.

(a) There is only voltage across all components in parallel.

(b) If a parallel circuit is open in the main line, the current is in all the branches.
(c¢) For any number of conductances in parallel, their values are to obtain Gr.
(d) When I divides into branch currents, each branch current is proportional to

the branch resistance.

e e sum of the values of power dissipated in parallel resistances equals the
(¢) Th f th 1 fp dissipated in parallel resi quals th
power produced by the source.

Ans. (a)one; (b) zero; (c)added; (d) inversely; (e) individual, total

A 100-€2 and a 150-€2 resistor are connected in parallel. What is the total resistance?
Ans. Rp =60

When the voltage across R4 is 10 V, what is the source voltage in Fig. 5-23?
Ans. V=10V
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5.16

> L >
20 20 {39 6Q 120 120 240 12
] 3 g ) ) g |
(@) &)

517

5.18

5.19

5.20

5.21

X
]
N
=
S
AN

Fig. 5-23

Find the equivalent resistances in the circuits shown in Fig. 5-24.
Ans. (@) Rr=1Q; (b)Rr=29; (¢)Rr=48Q; (d) Rr =3.6Q

© @
Fig. 5-24

Find the missing branch or total current as indicated in Fig. 5-25.
Ans. (a) It =3A; (b)1zZ=2A

*
ﬁ: ? I =65A l l l
S
= $ia $2a = 1.5 A 3A S =7
o < < T- <
*-
@ (&)
Fig. 5-25

Four equal resistances are connected in parallel across a 90-V source. If the resistances are 36 2 for
each branch, find the total resistance and the total current. Ans. Rr=9Q;Ir =10A

Find the total resistance, each branch current, and total current (Fig. 5-26).
Ans. Rpr =2.67Q2; 11 =2A; L =1A;Ir =3A

In the circuit shown (Fig. 5-27), find the total resistance, each branch current, and total current.
Ans. Rr =4, 11 =20A; L =4A; 3 =1A;Ir =25A

If the 25-Q resistor is removed from the circuit in Fig. 5-27, what is the total current and total
resistance? Ans. It =21 A; Ry =4.76 Q
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(,‘j l" ilz lll lfz i“
- P4 . .
V.= 8V 40 $8Q V=10V = 50 25Q éloon
Fig. 5-26 Fig. 5-27
5.22

5.23

5.24

5.25

5.26

An ammeter (instrument that measures current) carries 0.05 A and is in parallel with a shunt resistor
drawing 1.9 A (Fig. 5-28). If the voltage across the combination is 4.2V, find (a) the total current,
(b) resistance of the shunt, (c) resistance of the ammeter, and (d) total resistance.

Ans. (a) Ir =195A; (b)Shunt R =2.21Q; (c) Ammeter R=284.0Q; (d) Rt =2.15Q

o—
- J/11=1.9A l12=0.05A
I
T
V=42V
Shunt
resistor Ammeter
o resistance
Fig. 5-28

Find the total resistance, each branch current, and total current (Fig. 5-29).
Ans. Rr=267Q; 11 =8A; L =6A;13=4A;Ir =18A

&
I I I
1 2 3
e | l
L 3 5
V=48V 6 Q 80 $12Q
T s 1
®

Fig. 5-29

A circuit consists of five identical resistances connected in parallel across a voltage source. If the total
circuit current is 1 A, what is the current through each resistance? Ans. I =02A

In the circuit of Fig. 5-30, find V if I3 = 0.2 A. Then find I7, Ans. V=2V;Ir =04A

The ignition coil and the starting motor of a car are connected in parallel across a 12-V battery through
an ignition switch (Fig. 5-31). Find (a) the total current drawn from the battery, (b) the voltage across
the coil and the motor, and (c) the total resistance of the circuit.

Ans. (@) I =105A; () Vi=V,=12V; (c¢) Rt =0.114Q
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SW
| ——o—0———§———————
\Lll \LIZ i13 = 0.2A \LL:SA l12= 100 A
A s _L Ignition e Starting 5
V= 200 200 100 V=12V coil & motor ¢
!’ < resistance resistance
& . *
Fig. 5-30 Fig. 5-31
5.27 Two headlight lamps, each drawing 4 A, and two taillight lamps, each drawing 1 A, are wired in parallel
across a 12-V storage battery. What is the total current drawn and the total resistance of the circuit?
Ans. It =10A; Rt =1.2Q
5.28  What is the value of a resistor that must be connected in parallel across a 100-k€2 resistance to reduce
Rt to (a) 50k, (b) 25 kL2, and (c¢) 10 kQ2?
Ans. (a) R, =100k2; (b) R, =33.3kQ; (c¢) R, =11.1kQ
5.29  What resistance must be connected in parallel with a 20-Q2 and a 60-€2 resistor in parallel in order to
provide a total resistance of 10 ? Ans. 309
5.30 Two resistances are connected in parallel. Ry = 24 Q, R, = 24 2, and I7 = 6 A. Find the current in
each branch. Ans. I1=L =3A
5.31 Find the current in each branch of a parallel circuit consisting of a 20-$2 percolator and a 30-2 toaster
if the total current is 10 A. Ans. I in percolator = 6 A; [ in toaster = 4 A
5.32  Find the missing values in Fig. 5-32. Ans. V=45V; 1 =150A; 1, =1.13A; I35 =0.38A
O o
,T=3EA l’1='~’ l’z=? l13=? I =1 \‘/11:? l12=? lg:o.sA
S
V=21 30 49 120 R,=? V=3V 2100 162 QR =?
O o
Fig. 5-32 Fig. 5-33
5.33  Find the missing values in Fig. 5-33.
Ans. R3 =40Q; Rr =533Q; 11 =32A; L =2A;Ir =6A
5.34  Find the total conductance in siemens for the following parallel branches: G; = 6000 uS, G, =
7000 nS, and Gz = 20000 pS. Ans. Gt =33000pnS
5.35 Ir is 12 mA for two branch resistances. Ry is 10k and R; is 36 k2. Find I; and I, in this parallel
current—divider circuit. Ans. 11 =9.39mA; I, =2.61 mA
5.36  What is the total power used by a 4.5-A electric iron, a 0.9-A fan, and a 2.4-A refrigerator motor if

they are all connected in parallel across a 120-V line? Ans. Pr =936 W
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5.37

5.38

5.39

5.40

541

5.42
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Find the power drawn from a 12-V battery by a parallel circuit of two headlights, each drawing 4.2 A,
and two taillights, each drawing 0.9 A. Ans. Pr =1224W

Five 150-W light bulbs are connected in parallel across a 120-V power line. If one bulb opens, how
many bulbs can light? Ans. Four

In Fig. 5-34 find (a) each branch current; (b) I7; (¢) Rr; and (d) Py, P>, P3, and Pr.

Ans. (a) I = 30mA, I, = 14.6 mA, I3 = 60mA; (b) It = 104.6 mA; (c) Rt = 1.15kQ;
(d) Pp=3.60W, P, =175W, 3 =720W, Pr = 12.6 W

—
I, l/ll \le lla

>
82kQ R, 92k0
<

V=120V — R

= | S4KkQ R

Fig. 5-34

Find R; in Fig. 5-35. Ans. Rp =1kQ

R, =500Q R 32k@ R, 3? R; 32kQ

Fig. 5-35

Refer to Fig. 5-34 and assume that R, opens. (a) What is the current through R»>? (b) What is the
current through R;? and through R3? (c¢) What is the line or total current? (d) What is the total
resistance of the circuit? (¢) How much power is generated by the battery?

Ans. (a) I, = 0A; (b)) I} = 30mA, I; = 60mA; (¢) It = 90mA; (d) Rr = 1.33kQ;
(e) Pr =10.8 W

Find I; and I4 in the parallel current—divider circuit (Fig. 5-36). Ans. Ihb=25A;14,=167A

° ¢
—> f L =2 I =29
I =10A J/Z ' l“ '
> > <
R 240 R,34Q R, 369 R,36Q R; 360
o— * -




Chapter 6

Batteries

THE VOLTAIC CELL

A voltaic chemical cell is a combination of materials used to convert chemical energy into electric energy.
The chemical cell consists of two electrodes made of different kinds of metals or metallic compounds, and an
electrolyte, which is a solution capable of conducting an electric current (Fig. 6-1a). A battery is formed when
two or more cells are connected.

Electrodes electrode electrode

E]ectrons—q
Negative Positive W
-~

Electrolyte

Copper

Zinc ~—y| Zinc — —T + l&— Copper

“+
+
+

Negative ion Positive ion

(@) (b) ©

-l

(Lamp)
>

<

[
A

=X

(@

Fig. 6-1 Basic chemical action of a voltaic cell

An excellent example of a pair of electrodes is zinc and copper. Zinc contains an abundance of negatively
charged atoms, while copper has an abundance of positively charged atoms. When plates of these metals are
immersed in an electrolyte, chemical action between the two begins. The zinc electrode accumulates a much
larger negative charge since it gradually dissolves into the electrolyte. The atoms which leave the zinc electrode
are positively charged. They are attracted by the negatively charged ions (—) of the electrolyte, while they
repel the positively charged ions (+) of the electrolyte toward the copper electrode (Fig. 6-1b). This causes

97
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electrons to be removed from the copper, leaving it with an excess of positive charge. If a load such as a
light bulb is connected across the terminals on the electrodes, the forces of attraction and repulsion will cause
free electrons in the negative zinc electrode, connecting wires, and light bulb filament to move toward the
positively charged copper electrode (Fig. 6-1¢). The potential difference that results permits the cell to function
as a source of applied voltage V (Fig. 6-1d).

The electrolyte of a cell may be liquid or a paste. If the electrolyte is a liquid, the cell is often called a
wet cell. If the electrolyte is in a paste form, the cell is referred to as a dry cell.

SERIES AND PARALLEL CELLS

When cells are connected in series (Fig. 6-2), the total voltage across the battery of cells is equal to the
sum of the voltage of each of the individual cells. In Fig. 6-2, the four 1.5-V cells in series provide a total
battery voltage of 6 V. When cells are placed in series, the positive terminal of one cell is connected to the
negative terminal of the other cell. The current flowing through such a battery of series cells is the same as for
one cell because the same current flows through all the series cells.

\[ 6V

Q

+ -+ - - -
1.5V 1.5V
Cell 1 Cell 2
+, - + ., - +, - +, -
] . | N
o— I: 1+ 15 it -0
1.5V 1.5V 1.5V 1.5V

Fig. 6-2 Cells in series

To obtain a greater current, the battery has cells in parallel (Fig. 6-3). When cells are placed in parallel, all
the positive terminals are connected together and all the negative terminals are connected together. Any point

Fig. 6-3 Cells in parallel
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on the positive side can serve as the positive terminal of the battery and any point on the negative side can be
the negative terminal.

The total voltage output of a battery of three parallel cells is the same as that for a single cell (Fig. 6-3), but
the available current is three times that of one cell. The parallel connection has the same effect of increasing
the size of the electrodes and electrolyte in a single cell, which increases the current capacity.

Identical cells in parallel all supply equal parts of the current to the load. For example, of three identical
parallel cells producing a load current of 270 mA, each cell contributes 90 mA.

PRIMARY AND SECONDARY CELLS

Primary cells are those which cannot be recharged or returned to good condition after their voltage output
drops too low. Dry cells used in flashlights and transistor radios are examples of primary cells.

Secondary cells are those which are rechargeable. During recharging, the chemicals which provide electric
energy are restored to their original condition. Recharging is done by passing direct current through a cell in
a direction opposite to the direction of the current which the cell delivers to a circuit.

A cell is recharged by connecting it to a battery charger in “like-to-like” polarity (Fig. 6-4). Some battery
chargers have a voltmeter and an ammeter which indicate the charging voltage and current.

bd 4d

Cell Battery
(battery) charger

Fig. 6-4 Recharging a secondary cell with
a battery charger

The most common example of a secondary cell is an automobile storage battery. Secondary cells or batteries
are particularly useful for powering mobile equipment where a generator is available to keep them charged.
Smaller, sealed secondary cells are used to power such portable equipment as shavers, electronic calculators,
radios, and television receivers. These can be easily charged from ordinary house current by simple, low-cost
chargers often built into the equipment or appliance itself.

TYPES OF BATTERIES

Lead-Acid Battery

The lead—acid battery consists of a number of lead—acid cells. Each cell has two groups of lead plates; one
set is the positive terminal and the other is the negative terminal. All positive plates are connected together with
a connecting strap (Fig. 6-5). All negative plates are similarly connected together. The positive and negative
plates are interlaced so that alternately, there is a positive plate and a negative plate. Between the plates are
sheets of insulating material called separators, made either of porous wood, perforated wood, or fiberglass.
The separators prevent the positive and negative plates from touching each other and producing a short circuit,
which would destroy the cell. The positive plate is treated chemically to form lead peroxide (a combination
of lead and oxygen), and the negative electrode consists of porous, spongy lead. The two sets of plates with
the separators between them are placed in a container filled with a dilute solution of sulfuric acid and water.
The term lead—acid battery refers to the lead plates and sulfuric acid that are the principal components of the
battery.

The voltage in this type of cell is slightly more than 2 V. Batteries used in modern automobiles con-
tain six cells connected in series so that the output voltage from the battery is slightly more than 12 V.
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Filler plug

Top connector Sealing

. compound
Connecting P

strap
Insulator

protector

Feet on all plates

Fig. 6-5 Cutaway view of a lead-acid battery. (From
B. Grob, Basic Electronics, 4th ed., McGraw-Hill,
New York, 1977, p. 247.)

Older automobiles made before the mid-1950s used batteries in which three cells were connected in series to
give an output voltage of slightly more than 6 V.

The storage battery can supply current for a much longer time than the average dry cell. When the storage
battery is discharged and is no longer able to supply the current required by the circuit, the battery can be
removed from the circuit and recharged by passing current through it in the opposite direction. Once the battery
has been recharged, it can again be connected to the circuit and will supply current to the circuit.

In an automobile, the battery is connected to a device called an alternator. As long as the car is running at
a reasonable speed, the alternator is both charging the battery and supplying the current needed to operate the
car. However, when the car is operated at a slow speed or when it is stopped, the alternator is not turning fast
enough to provide the electricity needed by the car. The battery then supplies this energy, causing it to slowly
discharge.

When the battery discharges, some of the acid of the electrolyte combines with the active material on the
plates (Fig. 6-6a). This chemical action changes the material in both plates to lead sulfate. When the battery is
being charged by the alternator, the reverse action takes place, and the acid which was absorbed by the plates
is returned to the electrolyte (Fig. 6-6b). The result is that the active material on the plates is changed back into
the original (charged condition) lead peroxide and sponge lead, and the electrolyte is restored to its original
strength.

Whenever a battery is charging, the chemical action produces hydrogen gas on one plate surface and
oxygen gas on the other. These gases bubble to the surface and escape through the vent hole in the cap on the
cell. Thus water (H,O) is lost to the cell when the gases leave. The water that escapes must be replaced to
maintain the proper electrolyte level. Only distilled water should be added to the cell. Otherwise, any impurity
in the added water will combine chemically with the sulfuric acid on the plates and form a stable compound
that will not enter into the charge or discharge action of the battery.

Carbon-Zinc Cell

This is one of the oldest and most widely used commercial types of dry cell. The carbon, in the form of
a rod that is placed in the center of the cell, is the positive terminal. The case of the cell is made of zinc,
which is the negative electrode (Fig. 6-7). Between the carbon electrode and the zinc case is the electrolyte
of a chemical pastelike mixture. The cell is sealed to prevent the liquid in the paste from evaporating. The
voltage of a cell of this type is about 1.5 V.
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Battery - +
load Charger
Electron flow Electron flow
7L 1
_L‘ Acid goes _Ll JT Acid leaves
- ; + - +
- . into plates __ Lead sulfate\ - _  plates
1o 7— —g 2 changing to =" °
AR .\ 2 18 21-
Sponge lead —_| 8 f: - — — § - sponge lead N & | _—— Lead sulfate
changing to f— - —— — &1 -12 2 [ changing to
lead sulfate - - = N2l o =N N i
% — - — 1 gl /Lead peroxide -1 §1- Electrolyte— | § |- lead peroxide
- - Electrolyte - = changing to ) ~ ~ returns to - -
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Discharging Charging
(@) ' b}

Fig. 6-6 Chemical actions of a lead—acid cell

Negative

terminal Positive terminal
goes to goes to carbon
zinc case rod in center of

Wax seal

Carbon rod

Chemical materials
(manganese dioxide,
powdered carbon,
sal ammoniac)

Zinc case

| «—— Paper jacket

~N__

Fig. 6-7 Construction of carbon-zinc cell,
size No. 6. (Courtesy NRI Schools.)
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Alkaline Cell

The secondary alkaline cell is so called because it has an alkaline electrolyte of potassium hydroxide. One
battery type that goes by the name alkaline battery has a negative electrode of zinc and a positive electrode of
manganese dioxide. It generates 1.5 V.

The primary alkaline cell is similar in construction to the rechargeable type and has the same operating
voltage (Fig. 6-8). This cell has extended life over a carbon—zinc cell of the same size.

l

| EVEREADY

ALKALINE
| BATTERY

UPTQ 10 TIMES

il MORE serVICE

N

Fig. 6-8 Manganese—alkaline battery. Fig. 6-9 Nickel-cadmium battery.
(From Grob, p. 251.) (From Grob, p. 253.)

Nickel-Cadmium Cell

In the secondary nickel-cadmium dry cell, the electrolyte is potassium hydroxide, the negative electrode
is nickel hydroxide, and the positive electrode is cadmium oxide. The operating voltage is 1.25 V. These cells
are manufactured in several sizes, including flat button shapes. The nickel-cadmium battery is the only dry
battery that is a true storage battery with a reversible chemical reaction, allowing recharging many times
(Fig. 6-9). It is a rugged device which gives dependable service under extreme conditions of shock, vibration,
and temperature. Therefore, it is ideally suited for use in powering portable communication equipment such
as a two-way radio.

Edison Cell

A lighter, more rugged secondary cell than the lead—acid cell is the Edison, or nickel-iron—alkaline, cell.
It operates at a no-load voltage of 1.4 V. When the voltage drops to 1.0V, the cell should be recharged. When
fully charged, it has a positive plate of nickel and nickel hydrate and a negative plate of iron. Like the lead—acid
cell, the Edison cell also produces hydrogen and oxygen gases. As a result, the electrolyte requires filling up
with distilled water.

Mercury Cell

There are two different types of mercury cells. One is a flat cell that is shaped like a button, while the
other is a cylindrical cell that looks like a standard flashlight cell. The advantage of the button-type cell is that
several of them can be stacked inside one container to form a battery. A typical battery is made up of three flat
cells (Fig. 6-10). A cell produces 1.35 V.

Mercury cells and batteries have a good shelf life and are very rugged. Because they produce a constant
output voltage under different load conditions, they are used in many different products, including electric
watches, hearing aids, test instruments, and alarm systems.
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Fig. 6-10 A typical mercury Dbattery.
(Courtesy NRI Schools.)

BATTERY CHARACTERISTICS

Internal Resistance

A battery is a dc voltage generator. All generators have internal resistance, R;. In a chemical cell, the resis-
tance of the electrolyte between electrodes is responsible for most of the cell’s internal resistance (Fig. 6-11).
Since any current in the battery must flow through the internal resistance, R; is in series with the gener-
ated voltage Vp (Fig. 6-12a). With no current, the voltage drop across R; is zero so that the full generated
voltage Vp develops across the output terminals (Fig. 6-12a). This is the open-circuit voltage, or no-load
voltage. If a load resistance R; is connected across the battery, R; is in series with R; (Fig. 6-12b). When
current /7, flows in this circuit, the internal voltage drop, I7 R;, decreases the terminal voltage V; of the battery
so that V;, = Vp — ILR;.

- +

)

4

%
| l=-=1 -/
i I S XXV B e 7
—LI—r—1L -}
i /
- — |
LLLLL L7072

Fig. 6-11 Internal resistance in a cell

—_ o
(T)
R, R,
+ Vg + R, ;E V, (terminal voltage)
Vg = Vg =
(no-load voltage)l )

@ ()
Fig. 6-12 Internal I R; drop
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Example 6.1 A dry battery has an open-circuit, or no-load, voltage of 100 V (Fig. 6-13). If the internal resistance is
100 €2 and the load resistance is 600 €2, find the voltage V; across the output terminals.

The battery is marked 100 V because 100 V is its open-circuit voltage. With no load, the load current is zero. When
load resistance Ry, is added, there is a closed circuit, and the load current is calculated by Ohm’s law.

V. 100 100
T R;+ Ry~ 1004600 — 700

I =0.143 A

The internal battery drop is

I R; = 0.143(100) = 14.3 V

so that the voltage at the battery’s terminal is

Vi =Vp—ILR; =100 —-143 =857V Ans.

|

'A' v
[=)]
3
o
~

I
~

Fig. 6-13

Specific Gravity

The specific gravity of any liquid is a ratio comparing its weight with the weight of an equal volume of
water. Pure sulfuric acid has a specific gravity of 1.835 since it weighs 1.835 times as much as water per unit
volume.

The specific gravity of the electrolyte solution in a lead—acid cell ranges from 1.210 to 1.300 for new,
fully charged batteries. The higher the specific gravity, the less internal resistance of the cell and the higher
the possible load current. As the cell discharges, the water formed dilutes the acid and the specific gravity
gradually decreases to about 1.150, at which time the cell is considered to be fully discharged. Specific gravity is
measured with a hydrometer of the syringe type, which has a compressible rubber bulb at the top, a glass barrel,
and a rubber hose at the bottom of the barrel. In taking readings with a hydrometer, the decimal point is usually
omitted. For example, a specific gravity of 1.270 is read simply as “twelve-seventy.” A hydrometer reading of
1210 to 1300 indicates full charge; about 1250 is half-charge; and 1150 to 1200 is complete discharge.

Capacity

The capacity of a battery is rated in ampere-hours (Ah). The capacity of a storage battery determines how
long it will operate at a given discharge rate. For example, a 90-Ah battery must be recharged after 9 h of an
average 10-A discharge.

A cell of a lead—acid automobile battery, when fully charged, has an initial voltage of about 2.1V at
no load, but discharges rapidly. The battery is “dead” after about 2h of discharging under load condition.
However, under normal use, this battery type is constantly recharged by the alternator in the automobile.
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The shelf life of a cell is that period of time during which the cell can be stored without losing more
than approximately 10 percent of its original capacity. The capacity of a cell is its ability to deliver a given
amount of current to the circuit in which it is used. The loss of capacity of a stored cell is primarily due
to the drying out of its electrolyte (wet cell) and to chemical actions which change the materials within the
cell. Since heat stimulates both these actions, the shelf life of a cell can be extended by keeping it in a cool,

dry place.

Comparison of Types

Table 6-1 compares the types of cells described.

Table 6-1 Types of Cells

Name

Voltage

Primary or
Wet or Dry Secondary Type

Examples and Characteristics

Lead-acid cell

Carbon—zinc cell

Manganese—alkaline cell

Nickel-cadmium cell

Edison cell

Mercury cell

22

1.5

1.5

1.25

1.4

1.35

Wet Secondary

Dry Primary

Dry Both types

Dry Secondary

Wet Secondary

Dry Both types

Very low R; and high current
ratings; 6- and 12-V batteries
AA, A, B, C, and D size cells;
flashlight batteries; lowest price;
short shelf life; low capacity
Manganese dioxide and zinc in
hydroxide; currents above

300 mA

Hydroxide electrolyte; constant
voltage; reversible chemical
reaction; used in rechargeable
flashlights, portable power tools
Nickel and iron in hydroxide;
industrial uses

Mercuric oxide and zinc in
hydroxide; constant voltage, long
shelf life; B batteries; miniature
button cells for hearing aids,
cameras, watches, calculators

Solved Problems

6.1  Write the word or words which most correctly complete the following statements.

@ A

consists of

(b) A chemical cell consists basically of
metallic compounds separated by an

(c¢) Cells which cannot be effectively recharged are called

or more cells connected in series or parallel.

electrodes of different kinds of metals or

cells.

(d) A cell or a battery is recharged by passing current through it in a direction to
the direction of its discharge current.

(e) In order to obtain higher voltages, cells are connected in

Ans. (a) battery, two;

(b) two, electrolyte; (c) primary; (d) opposite; (e) series
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6.2  Match the type of cell in column 1 to its characteristic in column 2 (use a letter once only).

Column 1 Column 2
1. Lead-acid (a) Long shelf life
2. Carbon-zinc (b) 1.4-V voltage
3. Nickel-cadmium (c¢) Automobile battery
4. Edison cell (d) Inexpensive flashlight cell
5. Mercury (e) Potassium hydroxide electrolyte

(f) 3-V voltage
Ans. 1.(c) 2.(d) 3.(e) 4.(b) 5.(a)
6.3 A 6-V battery is temporarily short-circuited. The short-circuit current Isc is 30 A. What is the internal
resistance?

The battery rating of 6 V in this case is the open-circuit, or no-load, voltage. So

\% 6
Ri=—=—=02Q Ans.
Isc 30

Note that the presence of internal resistance prevents the current from becoming very high.

6.4 A battery has a 12-V output on an open circuit, which drops to 11.5 V with a load current of 1 A. Find
the internal resistance.
Open-circuit voltage = internal resistance drop + terminal voltage

Vp=ILRi +VL
Solving of R;,

ILR; =Vp -V

Vg—V, 12—115 05
R = = =-—"=05Q Ans.
1L 1 1

We see that the internal resistance of any battery can be calculated by determining how much the
output voltage drops for a specific amount of load current.

6.5 A discharged storage battery of three cells connected in series has an open-circuit voltage of 1.8 V per
cell. Each cell has an internal resistance of 0.1 2. What is the minimum voltage of a charging battery
to produce an initial charging rate of 10 A?

Charging battery voltage = battery voltage + internal resistance drop

v
=54V

Battery voltage (cells in series) = 3 cells x I
ce

Internal resistance drop = IR; = 103 x 0.1) =3V
Then,

Charging battery voltage = 5.4 +3 =84V Ans.
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6.6

6.7

6.8

6.9

6.10

A lead—acid battery is rated at 200 Ah. Based on an 8-h discharge, what average load current can this
battery supply?

In units, Capacity = amperes x hours
it
Then, Load current (in amperes) = capacty
hours
200
and Load current = el 25 A Ans.

What is the no-load voltage across four carbon-zinc cells in series?

Voltage = 4 x no-load voltage of a single cell

=415 =6V Ans.

What is the specific gravity of a solution with equal parts of sulfuric acid and water?

A solution with equal parts of sulfuric acid and water has a weight equally distributed between
sulfuric acid and water (that is, each accounts for one-half the weight of the solution). If pure sulfuric
acid has a specific gravity of 1.835, then

1 1
Specific gravity of solution = 5(1.835) + E(l) = 0918 + 0.500 = 1.418 Ans.

Supplementary Problems

Write the word or words which most correctly complete the following statements.

(a) A cell which converts energy into energy is called a
chemical cell.

(b) A cell in which the electrolyte is a liquid is commonly referred to as a cell,
while a cell in which the electrolyte is in a paste form is called a cell.

(c¢) Cells which can be effectively recharged are called cells.

(d) When charging a cell or a battery, its positive terminal is connected to the
terminal of the battery charger, and its negative terminal is connected to the
terminal of the charger.

(e) In order to obtain a greater current capacity, cells are connected in

Ans. (a) chemical, electric; (b) wet, dry; (c) secondary; (d) positive, negative; (e) parallel

Match the type of cell in column 1 to its characteristic in column 2.

Column 1 Column 2
1. Lead-acid (a) Nickel-iron—alkaline
2. Carbon-zinc (b) 12-V battery
3. Nickel-cadmium (¢) Secondary dry battery
4. Edison cell (d) 1.5-V primary cell
5. Mercury (e) 5-V battery

(f) Ideal for transistorized equipment

Ans. 1.(b) 2.(d) 3.(c) 4.(a) 5.(f)
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6.11  Fill in the missing quantities (Fig. 6-14).

Ve, V| R, 2| R, Q | IL.,A| ILR;,V | V.,V
100 ? ? 2 ? 80
6 0.2 1 ? ? ?
12 ? 5 ? ? 2
Ans.
Ve,V | Ri, Q2 | R, 2 | I,A | ILR;,V | V[,V
10 40 20
5 1 5
25 0.4 10

6.12  The terminal voltage V; drops as the load current /; increases. For a 12-V battery with internal
resistance of 1 2, we vary the load resistance from a very high value to zero in order to observe how

[CHAP. 6

Fig. 6-14

the terminal voltage varies with changing load current. Fill in the missing values of the table.

Ve, V| R, 2 | R.,Q | Rr =Ry, +R;, 2 | IL,A| ILR;,V | Vi =V —ILR;,V
12 1 o) ? ? ? ?
12 1 9 ? ? ? ?
12 1 5 ? ? ? ?
12 1 3 ? ? ? ?
12 1 1 ? ? ? ?
12 1 0 ? ? ? ?
Ans. Ve, V| R, Q2 | R, Q | Rr =R, +R;,Q2 | I, A | ILtR;,V | VL =Vp —ILR;,V
00 0 12
10 1.2 1.2 10.8
6 2 2 10
4 3 3 9
2 6 6 6
1 12 12 0

6.13  For Problem 6.12 make a plot with terminal voltage V; as the ordinate and load current I; as the

abscissa. Describe the plot.

Ans. See Fig. 6-15. The plot is a straight line, where Vy is a maximum when the circuit is open

(Ip is zero) and a minimum when the circuit is shorted (/7 is a maximum).

6.14 A 6-V lead-acid battery has an internal resistance of 0.02 2. How much current will flow if the battery

has a short circuit?

6.15 A new carbon-zinc cell has a voltage of 1.5 V. A battery made up of 30 cells connected in series ages

Ans. 300

A

so that its no-load voltage drops 15 percent. What is the no-load voltage of the cell and battery?
Ans. 128V, 382V




CHAP. 6]

BATTERIES
Open circuit
\\
\'\
Short circuit
2 4 6 8 10 12
I L A
Fig. 6-15
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6.16 What is the specific gravity of the electrolyte of a lead—acid battery with one-fourth part sulfuric
acid and three-fourths part water? Would a hydrometer reading of that solution indicate full charge,
half-charge, or discharge? Ans. 1.209, full charge

6.17 How many cells are necessary to produce a battery with double the voltage and current rating of a
single cell? Draw a schematic diagram. Ans. Four cells; see Fig. 6-16

1 1
— 1 1

Fig. 6-16

6.18 Draw pictorial schematic diagrams showing two 12-V lead—acid batteries being charged by a 15-V

source. Show the direction of current during charge. Ans. See Fig. 6-17
oI T S TR I A |
5V= BRVZ=Z 12V=
15V 12V 12V - - B
< * <€

Fig. 6-17



Chapter 7

Kirchhoff’s Laws

KIRCHHOFF’S VOLTAGE LAW (KVL)

Kirchhoff’s voltage law states that the voltage applied to a closed circuit equals the sum of the voltage
drops in that circuit. This fact was used in the study of series circuits and was expressed as follows:

Voltage applied = sum of voltage drops
Va=Vi+W+V; (7-1)

where V4 is the applied voltage and Vi, V>, and V3 are voltage drops.

Another way of stating KVL is that the algebraic sum of the voltage rises and voltage drops must be equal
to zero. A voltage source or emf is considered a voltage rise; a voltage across a resistor is a voltage drop.
Often for convenience in labeling, letter subscripts are shown for voltage sources and numerical subscripts
for voltage drops. This form of the law can be written by transposing the right members of Eq. (7-1) to the
left side.

Voltage applied — sum of voltage drops = 0
Substitute letters:

Va—=Vi—=V2—-V3=0

or Va—(Vi+Vp+V3)=0
Using a new symbol, X, the Greek capital letter sigma, we have
XV=V4—=Vi—=Vo—V3=0 (7-2)

in which XV, the algebraic sum of all the voltages around any closed circuit, equals zero. ¥ means “sum of.”

We assign a 4+ sign to a voltage rise and a — sign to a voltage drop for the £V = 0 formula (Fig. 7-1).
In tracing voltage drops around a circuit, start at the negative terminal of the voltage source. The path from the
negative terminal to the positive terminal through the source is a voltage rise. We continue to trace the circuit
from the positive terminal through all resistors and back to the negative terminal of the source. In Fig. 7-1 if
we start at point a, the negative terminal of the battery, and move around the circuit in the direction abcda,
we go through V4 from — to + and V4 = 4100 V. If we start at point b and move in the opposite direction
badcbh, we go through V4 from + to — and V4 = —100 V. The voltage drop across any resistance will be

b V=50V

V=V, -V, -V,-V
=100 — 50 — 30 - 20
= 100 — 100
=0

Fig. 7-1 Illustration of ¥V =0

110
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negative (—) if we trace it in the 4+ to — direction. Thus in Fig. 7-1, if we trace the circuit in the direction
abcda, Vi = =50V, Vo = =30V, and V3 = —20 V. The voltage drop will be positive (+) if we go through
the resistance in the — to 4+ direction. So in tracing the circuit in the direction abcda, we have

XV =0
Va—Vi—Vo—V3=0
100-50-30—-20=0

0=0

Example 7.1 Determine the direction of voltage around the circuit abcda (Fig. 7-2), and then write the expression for
voltages around the circuit.
Assume direction of current as shown. Mark the 4+ and — polarities of each resistor.

Vy is a voltage source (+). (It is a voltage rise in the current direction assumed.)

V] is a voltage drop (—). (It is a decrease in the direction assumed.)
V, is a voltage drop (—). (It is a decrease in the direction assumed.)
Vp is a voltage source (—). (It is a decrease in voltage in the current direction assumed.)

V3 is a voltage drop (—). (It is a decrease in the direction assumed.)

V=0
+Vap—Vi =V —Vp—-V3=0
Group the voltage rises and the voltage drops.
Va—(Vi+Vo+ V34 Vp)

Notice that the voltage drops include a voltage source Vp. Ordinarily a source would be positive. In this case the polarity
of the source is acting against the assumed direction of current. Therefore, its effect is to decrease the voltage.

b £ ¢ V, =3V
AN S MV
+ —_ —
- | +
v, . + V,=6V
+ — - = -
. = v, V,=15V = .
v, = - - = v, =?
L - + <—J - + .[
AAVAV 0 ‘v‘v‘v -
a v, d a V,=2V

Fig. 7-2 KVL illustration with two sources

Example 7.2 Determine the voltage Vg (Fig. 7-3).

Fig. 7-3 Finding a source voltage

The direction of current flow is shown by the arrow. Mark the polarity of the voltage drops across the resistors. Trace
the circuit in the direction of current flow starting at point a. Write the voltage equation around the circuit.

XV =0

(7-2)
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Use + and — rules for voltage rises and voltage drops.
Va—Vi =V, —Vp—-V3=0
Solve for Vp.
Vp=Va—-V =V, =V3=15-3-6-2=4V Ans.

Since Vp was found to be positive, the assumed direction of current is in fact the actual direction of
current.

KIRCHHOFF’S CURRENT LAW (KCL)

Kirchhoff’s current law states that the sum of the currents entering a junction is equal to the sum of the
currents leaving the junction. Suppose we have six currents leaving and entering a common junction or point,
shown as P (Fig. 7-4). This common point is also called a node.

Common point, junction, or node

Fig. 7-4 Currents at a common point

Sum of all currents entering = sum of all currents leaving

Substitute letters:

h+L+Li+Is=hL+1s
If we consider that the currents flowing toward a junction are positive (+) and those currents flowing away
from the same junction are negative (—), then this law also states that the algebraic sum of all the currents
meeting at a common junction is zero. Using the symbol X, we have

£1=0 (7-3)
where X1, the algebraic sum of all the currents at the common point, is zero.
L—h+L+1I4i—Is+1=0

If the negative terms are transposed to the right side of the equal sign, we would have the same form as the
original equation.
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Example 7.3 Write the equation for current /q for part a and part b of Fig. 7-5.

L — L—
——AN——— e A A e
L— L— p L—
—AN—— P — W
IL—> I,—
—AN— ——e AAN———
(@) ®)

Fig. 7-5 KCL illustration

The algebraic sum of all currents at the node is zero. Entering currents are +; leaving currents are —.

(@ +hH—-hL-13=0

L=h+1 Ans.

b +hL—-bLh-L—-14=0

L=hL+13+1 Ans.

Example 7.4 Find the unknown currents in part a and part b of Fig. 7-6.

(@) (&)
Fig. 7-6 Finding current

The algebraic sum of all currents at the node is zero. Entering currents are +; leaving currents are —.

@ —L+hL—I=0

h=hHh—-5L=7T-3=4A Ans.

b +h+hL-L+14=0

I4=—]1—12+13=—2—3+4=—]A Ans.

The negative sign for I means that the assumed direction of I is incorrect and that I4 is actually flowing
away from point P.
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MESH CURRENTS

A simplification of Kirchhoff’s laws is a method that makes use of mesh or loop currents. A mesh is any
closed path of a circuit. It does not matter whether the path contains a voltage source. In solving a circuit
with mesh currents, we must first decide which paths will be the meshes. Then we assign a mesh current to
each mesh. For convenience, mesh currents are usually assigned in a clockwise direction. This direction is
arbitrary, but the clockwise direction is usually assumed. Kirchhoff’s voltage law is then applied about the
path of each mesh. The resulting equations determine the unknown mesh currents. From these currents, the
current or voltage of any resistor can be found.

+ + | - +
= =
Vi = V, 2R, = V3
_T - + -
f
L Ts
Mesh 1 Mesh 2
b a S

Fig. 7-7 Two-mesh circuit

In Fig. 7-7, we have a two-mesh circuit marked mesh 1 and mesh 2. Mesh 1 is path abcda and mesh 2 is
path adefa. All voltage sources and resistances are known. A procedure for finding mesh currents /7 and /> is
as follows:

Step 1. After the meshes are selected, show the direction of mesh currents /1 and I in a clockwise direction.
Mark the voltage polarity across each resistor, consistent with the assumed current. Remember that
conventional current flow in a resistor produces positive polarity where the current enters.

Step 2. Apply Kirchhoff’s voltage law, XV = 0, around each mesh. Trace each mesh in the direction of mesh
current. Note that there are two different currents (11, I2) flowing in opposite directions through the
same resistor, R, which is common to both meshes. For this reason two sets of polarities are shown
by R; (Fig. 7-7). Trace mesh 1 in direction abcda.

+Va—LR —L1Ro+ D[Ry =0
+Va—L(Ri+R)+hRy=0
+1I (R + Ry) — bRy =V,y )

Note that in the first expression I R, is + since we go through a voltage drop from — to +.
Trace mesh 2 in direction adefa.

—DbORy+11Ry — HhR3; — Vg =0
+1Ry — L(Ry+ R3) = Vg 2)

Note that /1 R; is a + voltage drop since we go through a voltage drop from — to +.
Step 3. Find /; and /> by solving Egs. (/) and (2) simultaneously.

Step 4. When mesh currents are known, find all resistor voltage drops by using Ohm’s law.
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Step 5. Check the solution of mesh currents by tracing mesh abcdefa.

Va—L1R — hLhR3— Vg =0

Example 7.5 Given V4 =58V, Vg =10V, R} =4 Q, Ry =3 Q, and R3 = 2 Q (Fig. 7-8a), find all mesh currents
and voltage drops in the circuit.

(@) b)

Fig. 7-8 Finding mesh currents and voltage drops

Step 1. Choose the two loops or meshes shown. Show mesh current in the clockwise direction. Show polarity marks
across each resistor.

Step 2. Apply XV =0 in mesh 1 and mesh 2 and trace the mesh in the direction of mesh current.

Mesh 1, abcda: +58—411 — 311 +31,b, =0
+71) — 31 = 58 )

Mesh 2, adefa: 31, =3, -2, —10=0
31, — 50 = 10 )

Note that mesh currents /1 and I, flow through the common resistor R5.

Step 3. Find /; and I by solving Egs. (/) and (2) simultaneously.

711 — 31, =58 )

31 — 50, = 10 @)

Multiply Eq. (/) by 5 and multiply Eq. (2) by 3, getting Eqgs. (/a) and (2a) and then subtract Eq. (2a)
from Eq. (Ja).

35I; — 151, = 290 (Ia)
91y — 15, = 30 (2a)
2614 = 260

Iy =10A Ans.
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Substitute /1 = 10 A in Eq. ({) to find 1.

71 — 31, =58
7(10) — 31, =58
-3, =58-70

70 -58 12
I = 3 =3 =4A Ans.

The current through branch da is

lia=1L—-L=10—4=6A  Ans.

In this case, the assumed mesh current direction was correct because the current values are positive. If the current
value were negative, the true direction would be opposite to the assumed direction of current. (See Fig. 7-8b.)

Step 4. Find all voltage drops.

Vi=1LR =104) =40V  Ans.
Vo= —L)Ry=6(3) =18V  Ans.

Vi=D5LHhR3=4(2)=8V Ans.

Step 5.  Check mesh current solution by tracing loop abcdefa and applying KVL.

Vo=V —=V3=-Vp=0
58—-40-8—-10=0
58-58=0

0=0 Check

NODE VOLTAGES

Another method for solving a circuit with mesh currents uses the voltage drops to specify the currents at
a node. Then node equations of currents are written to satisfy Kirchhoff’s current law. By solving the node
equations, we can calculate the unknown node voltages. A node is a common connection for two or more
components. A principal node has three or more connections. To each node in a circuit a letter or number is
assigned. A, B, G, and N are nodes, and G and N are principal nodes, or junctions (Fig. 7-9). A node voltage
is the voltage of a given node with respect to one particular node called the reference node. Select node G
connected to chassis ground as the reference node. Then Vj¢ is the voltage between nodes A and G, Vg is
the voltage between nodes B and G, and Vg is the voltage between nodes N and G. Since the node voltage
is always determined with respect to a specified reference node, the notations V4 for Vg, Vp for Vpg, and
Vi for Vg are used.

With the exception of the reference node, equations using KCL can be written at each principal node.
Thus the required number of equations is one less than the number of principal nodes. Since the circuit shown
(Fig. 7-9) has two principal nodes (N and G), only one equation need be written at node N to find all voltage
drops and currents in the circuit.
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l+
—
+
|
I+

-l
]

)
Mesh 1 G Mesh 2
e

Fig. 7-9 Nodes in a two-mesh circuit

Assume that branch currents /1 and 1> enter node N, and I3 leaves the node (Fig. 7-9). The selection of
the direction of the currents is arbitrary. From KCL,

XI=0
L+5L—-1=0
L=IL+1D )
By Ohm’s law,
Vi
I3 =— 1
3= Ry ({a)
Va— VN
LH == 1b
1 R, (UD)
Vg — Vn
L= R—3 c)
Substitute these expressions into Eq. (1).
V Va—V Vg -V
YN Va4 N I B N 2

R R R3

If V4, VB, R1, R2, and R3 are known, Vy can be calculated from Eq. (2). Then all voltage drops and currents
in the circuit can be determined.

Example 7.6 The circuit of Fig. 7-8 (Example 7.5) solved by the method of branch currents is redrawn in Fig. 7-10.
Solve by node-voltage analysis.

Step 1. Assume the direction of currents shown (Fig. 7-10). Mark nodes A, B, N, and G. Mark the voltage polarity
across each resistor consistent with assumed direction of current.

Step 2. Apply KCL at principal node N and solve for V.

Lh=L+1
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A + R N _ Ry B

AAA o AAA— g

Vi —> «— ¥

49 4 L 29
+ r. L +

V,= S8V = 2339 = V=10V
_T .9 - T-
5
Mesh 1 G Mesh 2

Fig. 7-10 Node-voltage analysis for same circuit as in Fig. 7-8

VN_VA_VN+VB_VN
Ry R Ry

Vy 58—Vy 10—Vy
3 4 2

Clear fractions by multiplying each term by 12.
4VNy =3(58 = V) +6(10 — V)
4Vy =174 -3V + 60— 6Vy
13Vy =234

Vy =18V

Step 3. Find all voltage drops and currents.
Vi=Va4—Vy=58-18=40V Ans.
V) =Vy =18V Ans.
V3=Vp—-Vy=10—-18= -8V Ans.

The negative value for V3 means I is flowing opposite to the assumed direction and the polarity of V3 is the
reverse of the signs shown across R3 (Fig. 7-10).

Vi 40
I =—=—=10A Ans.
R4
V -8
h=-"=""c_4A  Ans
R3 2

I3=]1—|—12=10—4=6A Ans.

v, 18
B=-2=—=6A  Check
Ry 3

All calculated values agree with those of Example 7.5.
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Solved Problems

7.1  Find the signs of the voltages when tracing the mesh afedcba and write the expression for KVL

(Fig. 7-11).
a + Vs - f Ve - €
—— Y Y ]lll
W A A A4 l n
—_ —>

=N
""‘V
—>
<__
A +
#'AVA'

j
—>
é_
J"VAv

N

+ -1+ -
«— «—
3 i i "
b + - c -
VA VB

Fig. 7-11 Tracing two meshes

Assume directions of current flow as indicated. Mark the polarities across each resistor.

V3 is — since we go through a voltage drop + to —.
V¢ is — since we go through a voltage rise 4 to —.
V, is — since we go through a voltage drop + to —.
Vp is — since we go through a voltage rise + to —.
V4 is 4 since we go through a voltage rise — to +.
Vi is — since we go through a voltage drop + to —.

XV =0
Vs —Vec—Vo—Vp+Vs4—V =0
Va—Vp—Vec—-Vi =V, —V3=0

Va—=Vp—=Vo)—(Vi +Vo—=V3) =0

Voltage rise Voltage drop Ans.
7.2  Find I3 and I (Fig. 7-12).
a b
l —> —>
+0 I.=30A 1, =2

> >
4 l 1]=12Al312=10A\L313=?

Fig. 7-12  Finding currents by KCL



120 KIRCHHOFF’S LAWS [CHAP. 7

Apply KCL, ¥1 = 0 at node a.
30-12—-14=0
I1=30—-12=18A Ans.
Apply KCL, 1 = 0 at node b.
18—10—-13=0
I3=18—-10=8A Ans.
Check solution.
Ir=L+hL+13
30=12+10+38
30 =130 Check

7.3  Solve the two-mesh circuit for all mesh currents (Fig. 7-13).

Fig. 7-13 Two meshes with voltage source in
middle leg

Step 1. Show mesh currents in clockwise direction.
Step 2. Apply £V = 0 for mesh 1 and mesh 2 and trace each mesh from a in the direction of mesh

current.
Mesh 1: 85—-101 —45=0
101, =40
I =4A Ans.
Mesh 2: 45 -5, =0

5, =45
L =9A Ans.

Step 3. Check by tracing the loop of mesh 1 and 2 by using XV = 0.
Va— LRI — LRy =0
85 —-4(10) —9(5) =0
85—-40-45=0
85 -85=0 Check
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7.4  Find all mesh currents and voltage drops for the two-mesh circuit shown in Fig. 7-14.

V, =110V 200

S

Fig. 7-14 Two meshes with voltage source and resistor in middle leg

Step 1. Show the direction of mesh currents as indicated.

Step 2. Apply £V = 0 for meshes 1 and 2, in the direction of mesh current.
Mesh 1, abcda: 110 -5 — 190 — 51 +5I, =0
—100; +5,b,—80=0

—101 + 51, = 80 )
Mesh 2, adefa: 511 — 51, +190 — 151, — 201, =0
51 — 40, = —190 2

Step 3. Find /1 and /> by solving Egs. (/) and (2) simultaneously.

—10I; +5L = 80 (1)
51 — 401, = —190 )

Multiply Eq. (2) by 2 to get Eq. (2a); then add.

—10I; + 51, =80 )
101y — 801, = —380 (2a)
— 751, = =300
300
L=—=4A Ans.
75

Substitute I =4 A in Eq. (/) to find I;.
—101; +5(4) =80
—101; =60

I =—-6A Ans.

The negative sign means that the assumed direction for I; was not correct. [; is actually
going in a counterclockwise direction. In branch ad, I; and I are going in the same direction.
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Therefore,
Liuy=h+hL=6+4=10A Ans.
Step 4. Find the voltage drops.
Vi=1LR =6(5) =30V Ans.
Vo =1+ )R, =10(5) =50V Ans.
V3 =hLR3 =4(15) =60V Ans.
Va=1DLRs=4(20) =80V Ans.
Step 5. Check. Trace the loop abcdefa (use the original assumed direction for /7 and 1I»).
+Vs—11Ri — hR3 — R4 =0
110 — (—6)(5) — 4(15) —4(20) =0
1104+30—-60—-80=0

140 — 140 =0 Check

7.5  Find the voltage V> across Ry by the method of node-voltage analysis (Fig. 7-15a).

A + I - N - 3 4+ B
‘V"" Av‘v‘v - VB B
Vi —> «— ¥ T
ga L ag _ 1, _
+ + Rig20 R, 320
V, =12V = R 820 Vs *
a = - v, ? |-
- - -V, = 6V Vi = 6V
R
G| G
(@) Circuit schematic (b) Closed path GBG

Fig. 7-15 Finding V, by the node-voltage method

Step 1. Assume direction of currents shown. Mark voltage polarities. Show nodes A, B, N, G.

Step 2. Apply X7 = 0 at principal node N.

L=1I+1D )
Vi v

B=2=2X (Ia)
Ry 2
Vi Va—Vy 12—V

n=-2=2""%_ il (1b)
Ry Ry 8
Vi Veg—Vy V-V

12= 3: B N= B N (]C)

R R3 4
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We are unable to determine Vp by inspection in Eq. (/c) because voltage drop Vj is not
given (Fig. 7-15a). So we use KVL to find Vp by tracing the complete circuit from G to B
in the direction of I (Fig. 7-15b). GBG is a complete path because Vp is the voltage at B
with respect to ground.

—6—-21L—-—Vp=0

Vg =—-6-2I
Substitute expression for Vp into Eq. (1¢),
—6—-2L —Vy
h=—""—
4
from which we obtain
—6—Vy
Lh=—"=2
2 6

Substitute the three expressions for current into Eq. (/).

Vv 12—-Vy n —6—Vy
2 8 6
Now Eq. (2) has one unknown, Vy.

Step 3. Find V, (V2 = V). Multiply each member of Eq. (2) by 24.

2

12Vy = (36 —3Vy) + (=24 — 4Vy)
19Vy =12
Vy = 12 =0.632V
19
Vo =Vy =0.632V Ans.

7.6  Write the mesh equations for the three-mesh circuit (Fig. 7-16). Do not solve.

2Q 4Q 6Q
AN L AAA- - AAA e
N (5 4 -
0V = 30 5Q =5V
- +
Mesh 1 Mesh 2 Mesh 3

A g @

Fig. 7-16 A three-mesh circuit

Show mesh currents in clockwise direction. Trace loops in assumed direction of current, using

KVL, TV = 0.
Mesh 1: 2021 =3I +3L =0 )
Mesh 2: —4h — 5 +513—3L+31 =0 )

Mesh 3: —6I3+5—-5I3+5I, =0 3)
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Combine and rearrange terms in each equation.

Mesh 1: 20=51 — 31, Ans. (1a)
Mesh 2: 0=-3I1+121, — 513 Ans. (2a)
Mesh 3: S5=-5L+ 111 Ans. (3a)

A set with any number of simultaneous equations, for any number of meshes, can be solved by using
determinants. Solution by determinants is shown in Chapter 8.

Supplementary Problems

7.7  Find the unknown quantities indicated in Fig. 7-17a and b. Ans. (a) I =8A; (b)Vg=10V

2V

o 4 ¢ M-
—_ _
20 A le llOA il =7 + J_+

6V

@ ®
Fig. 7-17

7.8  Find the series current and voltage drops across Ry and R, (Fig. 7-18).
Ans. I =1A;Vi=10V;V, =20V

R R 10V 49 15V
: l '|Il AAA '|Il
A MG AMN— _ + M +
20 Q 10 @
+ + !
4 - _ 9
V=40V = =V.=5V R=1?2 §69
_ + - /-\ +
1hl G
iU} N\
Vp=20V Vg =115V
Fig. 7-18 Fig. 7-19

7.9 A current of 6 A flows in the circuit (Fig. 7-19). Find the value of R. Ans. R=5Q
710 Find I, I3, and V4 (Fig. 7-20). Ans. L =6A; 3 =2A;V, =152V

7.11  Find mesh currents /1 and I and all voltage drops by the mesh-current method (Fig. 7-21).
Ans. I =5A; L =3A;Vi=30V;V, =30V;V3=60V; V4, =6V;Vs=9V; Vg =15V
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6Q 2Q
¢ v v
— — - T
I, =8A 1,
R 4Q +
120V = v, 3150 v, 330
+ R, 20 Q R, é 60 Q -T 1 1
Vy — ) ‘
_ I,
Vs Vs
ANf AVAVA'
12Q 5Q
Fig. 7-20 Fig. 7-21
7.12  Find all currents through the resistances by the mesh-current method (Fig. 7-22).
Ans. IT1 =3A;L =1A;1; — I, =2 A (flowing from a to b)
4Q a 1Q a
e AN e e AN
~ ~ " "
o ) 2Q 340
BV = $s0 360 S$2g
- < + +
i
10V = =10V
1Q b 3Q b
Fig. 7-22 Fig. 7-23
7.13  Find the current in each resistor, using the mesh-current method (Fig. 7-23).
Ans. I = 2A; L = —1 A (current direction was assumed incorrectly), or I = 1 A in counter-
clockwise direction; I1 + I = 3 A (flowing from a to b)
7.14  Find currents I; and I, and the current through the 20-V battery using the mesh-current method
(Fig. 7-24). Ans. I1 =2A; L =5A; 1, — I =3 A (flowing from b to a)
7.15  Find currents I and I and current through the resistor in series with the 20-V battery (Fig. 7-25). Use
the mesh-current method.
Ans. I = —0.1 A (direction assumed incorrectly. /; is actually going in the counterclockwise
direction); I = 0.7 A; I1 + I = 0.8 A (flowing from b to a)
7.16  Find currents /7 and I and current through the 20-$2 resistor common to meshes 1 and 2 (Fig. 7-26).
Use the mesh-current method. Ans. I = 0.6A; b, = 04A; 1 — I, = 0.2 A (flowing from
a to b)
7.17  Find all the currents in the circuit shown by the mesh-current method (Fig. 7-27).

Ans. I =6A; L =TA; L, — 1) = 1A (flowing from b to a)
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a 30Q a
r—> 1, (—> 1, (—> 1, (—> 1,
1Q 20 Q 20 Q2
+
- > e
=20V 40 1003
+ _ < W + —
2V — — 20V =10V
- - +
b b
Fig. 7-24 Fig. 7-25
10Q a 15Q 30 a
f L
5 5
20Q 4Q 2Q
+ +
e e —t
20V = g 200 28V =
T + < T + -
-_— 10V — 8V — 10V
- _I +
b 1Q b
Fig. 7-26 Fig. 7-27
7.18  Find all the currents and voltage drops by the method of node-voltage analysis (Fig. 7-28).
Ans. I = 5A; I, = —1 A (opposite to direction shown); I3 = 4A; Vi = 60V; V, = 24V,

V3 =3V

7.19  Find by the node-voltage method all currents and voltage drops (Fig. 7-29).
Ans. 11 = 142 A; I, = —1.10 A (opposite to direction shown); Iz = 0.32 A; V; = 11.4V; V, =
0.64V; V3 =22V; Vy =44V

120 1 L 39
+ + +
e R2 ‘: . —‘_—
84V — Vz‘»“’ =21V V=

<

Fig. 7-28 Fig. 7-29
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7.20  Write the mesh equations for the circuit (Fig. 7-30). Do not solve.
Ans. 6l —2I, =10; =211 + 81, — 213 =0; =21, +- 613 = —4

2Q 2Q
0A'A MA-

L
]

o
10V =

AAA AAA
VA~ A A A 2

2Q 2Q
Fig. 7-30

7.21  Verify values of currents in circuit shown in Fig. 7-23 (Problem 7.13) by the node-voltage method.
7.22  Verify values of currents in circuit of Fig. 7-25 (Problem 7.15) by the node-voltage method.

7.23  Find the magnitude of all currents
and show their directions at node N 15 0 N 5 8
(Fig. 7-31). (Hint: Vy = 1.67V.)

Ans. 094A N O0.11A

N ~
Cd

100

0.83 A

Fig. 7-31

7.24  If the 20-2 resistor (Fig. 7-31) is replaced by a 30-£2 resistor, what is the nodal voltage Vx?
Ans. Vy =35V



Chapter 8

Determinant Solutions for DC Networks

SECOND-ORDER DETERMINANTS

A determinant is an array of numbers or letters written in a square between vertical lines. The value of a
determinant is found by multiplying the elements (numbers or letters) of the determinant in a specified way.
A second-order determinant has four elements arrayed in two rows and two columns, such as

Column 1 Column 2

L]

Row 1 —— |41 aiz

ROW 2 —_— any ann

The four elements are a1, a12, az1, and az;. The first subscript indicates the row, while the second subscript
indicates the column. Thus, the element ay; is in the second row and in the first column.
The value of the second-order determinant by definition is

ap o an
d

» = ana —apayl (8-1)
azi azn

The rule for finding the value is to multiply together the elements on the diagonal lines, adding together those
on lines that slope down to the right, and subtracting those on lines that slope down to the left.

Example 8.1 Find the value of the following second-order determinants.

3. L4
(a) X =3 -@BR)=15-8=7  Ans.
2 s
—4 2
» X = HED - (-3 =4+6=10  Ans.
-3 3
3. .0
() k\\ =35 —(0)(=1) =15  Aas.
-1 5

THIRD-ORDER DETERMINANTS

A third-order determinant has nine elements arrayed in three rows and three columns, such as

Column 1 Column 2 Column 3

Row 1 ain an as
Row 2 —— |a21 ann a3
Row 3 > |as as ass

128
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The value of the third-order determinant is

apy a2 4is
azy az  azz| =daiy
asy  azy  ass

azy a3
asy  dasj

a2 aiz
asy  asz

a2 dis
azx a4z

+ a3y (8-2)

The rule for finding the value of a higher-order determinant is found by expanding the determinant in
terms of any one of its rows or columns. The selection of a row or column is random. For illustration, the first
column is selected for expanding. When aj; is selected, a sub array (second-order determinant) is formed by
eliminating the row and column that intersects a1;. This sub array is called a minor.

a .
ay; selected: a23 , minor for aj
33
Similarly,
. ars .
a» selected: aul’ minor for as
33
. ars .
asi selected: anl’ minor for az;
23

The cofactor of the element a;; is defined as the product of (=1 and the minor determinant obtained
by deleting the i row and j* column.

In the previous example, when ap; is selected, (=D = (=D = (=12 = 1, so its cofactor
is  +1 @22 23|
asy  asz
When ay; is selected, (—1)+ = (=1)!+2 = (=1)3 = —1, so its cofactor is —1 |12 13|,
azy  ass
. i+ 143 _ 4 . . a2 ais
When a3 is selected, (—1)'77 = (—1) = (—1)* =1, soits cofactor is +1 4 ol
22 a3

A convenient way to remember the algebraic signs is to refer to a checker board arrangement:

Start with the upper left-hand corner with the + sign. All the other signs follow automatically, regardless of
the number of elements in the determinant. Another way to remember the sign is when the sum of the row and
column values is even, the sign is +; and when the sum is odd, the sign is —. Thus, for the minor of a, the
sum is 1 + 1 = 2, so the sign is +; and for ay;, the sum is 2 + 1 = 3, so the sign is —.

Example 8.2 Find the value of the following third-order determinants by expanding the elements of the first column.

(@ |3 1 1 (b) |-3 3 0
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(a) Referto Eq. (8-2):ay1 =1, ajp =2, a;z3=-1, ap1 =3, ap =1, ap3 =1, az31 =1, azp = —1, and
az3 = 2. Expand the first column of the determinant into its cofactors (second-order determinants).

-1 I, 1 2. =1 2. =1

1 2 _
31 1=1| X|-3 k\g 1 x
i ) Y B Pl

=1[(1)2) - (DD - 3[2)2) — (—D(=DI+ [2)(1) — (—~D(D)]
=Q24+1D)=33—D+Q2+1

=3-9+43
=-3 Ans.
(b) Referto Eq. (8-2):ay; =1, a;p = =3, a3 = —1, ayy = =3, app =3, a3 =0, a31 = —1, azxp =0,

and a3z = 5. Expand the first column of the determinant.

1 -3 -1 3 0 -3 -1 -3 -1
-3 3 0ol=1 - (=3 + (=1
—1 0 5 0 5 0 5 3 0

=1[3)(5) — (OO)] +3[(=3)(5) — (=DH(] = [(=3)(0) = (=1)(3)]
=15+3(-15 -3

=15-45-3

=-33 Ans.

(c) Solve (b) by expanding the elements of the 214 column. Refer to the checkerboard arrangement for algebraic
signs. The answer should be the same.

1 -3 -1 -3 0 1 -1 1 -1
-3 3 0| =—-(=3) +3 -0
-1 0 5 —1 5 —1 5 -3 0

=3(-15+35-1)
=45+ 12
=-33 Ans. Check

(d) Solve (b) now by expanding the elements of the 3" d row. The answer should be the same.

b=l 3 11 1 -3
S s el 3

30 30 33
-1 0 5

=-34+53-9)

=-3-30

=-33 Ans. Check

CRAMER'’S RULE

Cramer’s rule is a method to solve simultaneous linear equations by use of determinants. As an example,
consider two equations with two unknowns, x and y, where A and B are constants. (A linear equation is an
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equation where the unknown terms, as x, y, z, ... n, are only to the 1% degree. If the equation has the term x2
or xy, it is of the ond degree and therefore not linear.)
ajlx +apy =A (8-3a)
a)x +apy=2~B (8-3b)
Write the determinant of the coefficients of x and y, which we call A (the Greek capital letter delta).
ajp  an
A= (8-4)
azr a2
If A = 0, the equations have no solution. If A # 0, the equations are solved by writing
Constant terms 1 7 Coefficients of y
replace the A ap
coefficients of x
8-5a
N, B a» ( )
X = = —
A A
Coefficients of x Voo Constant terms
an A replace the
coefficients of y (8-5b)
Ny a1 B
YEAT T A

The numerators for x and y, Ny and Ny, are also determinants and are formed from A by substituting A
and B for the coefficients of the desired unknown. For example, in the numerator determinant for x, N,, we
substitute A and B for aj; and ayi, the coefficients of x.

Let’s expand this example by considering three equations with three unknowns, x, y, and z, where A, B,
and C are constants.

ajx +apytapisz=A (8-6a)
a1x +axpy +a3z =B (8-6b)
az1x +azpny +az=C (8-6¢)

Write the determinant of the coefficients x, y, and z, which again we call A.

ail ap a3
A=|ayn ax ax3 (8-7)
a1 azx ass

If A =0, the equations have no solution. If A # 0, the equations are solved by writing

Coefficients of y
Constant terms [, Coefficients of z

replace the A apn apj
coefficients of x B a»n an

Ne |C an a3

(8-8)
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[ | Constant terms
ain A aps replace the

a1 B an coefficients of y
N, a1 C aszs
y = ——
A A
& Constant terms
an ap A rep.lz%ce the
coefficients of z
an a»n B
N, a1 an C
Z = — =
A A

[CHAP. 8

(8-9)

(8-10)

The numerators for x, y, and z are also determinants and are formed from A by substituting A, B, and C for

the coefficients of the desired unknown.

Example 8.3 Refer to Example 7.5. Step 2 shows that the simultaneous equations for the two-mesh circuit in

Fig. 7-8 are
71 — 31, =58
31 -5 =10
Solve for /1 and I by use of determinants.
Step 1.  Solve for A.
Ao lann a2
azy a2
A= ‘; :g’ =((=5 — (-3)(3) = -35+49
= -26
Step 2. Solve for /.
A ap
Ny |B ax
r==
A A
‘58 —3‘
Substituting 1 for x, I = N _ 10 -5 - (8)(=5) — (=310
A —26 —26
—290+30 —260
= + = =10A Ans.
—26 —26
Step 3. Solve for /5.
a;;p A
Ny Ja1 B
YTA T T A
7 58
Np, 3 10 (7)(10) — (58)(3)
Substituting I for y, L= AT 6 Y
70— 174  —104 4A A
= = = ns.

26 = =26

Current value answers check with those of Example 7.5.

(
@)

(8-4)

(8-5a)

(8-5b)
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Example 8.4 1In Solved Problem 7.6, three simultaneous equations are written for a three-mesh circuit (Fig. 8-1). Solve
for the mesh currents by determinants.

2Q 4Q 6Q
NN * a%\%Y% * 4%
LN LN LN
+ _
20V — 3Q 5Q — 5V
- +
Mesh 1 Mesh 2 Mesh 3
Fig. 8-1
51y — 31, = 20 %))
=301+ 121, — 513 =0 2)
—5L +11I3=5 3
Step 1. Solve for the coefficient determinant A.
arp a1z a3
A=lay ax a3 (8-7)
asz]  dzz  ass
5 =3 0
12 -5 -3 0 -3 0
A=|-3 12 —5:5' ‘—(—3)‘ ‘—FO‘ ‘
0 -5 11 =5 11 -5 11 12 -5
=5[(12)(11) = (=5 (=] +3[(=3)(11) = (O (=] + 0
= 5(107) 4+ 3(=33)
=436
Step 2. Solve for I;.
A app a3
B axp ax
N C
L aszy  ass (8-8)
A A
20 -3 0
0o 12 -5
o J Ny 5 =5 11
Substituting /7 for x, 1= T T e
12 -5 -3 0 -3 0
20‘—5 11| _0‘—5 11’ +5| 12 —5’
B 436
_20[(12)(11) = (=5)(=5)]1 = 0+ 5[(=3)(=5) — (0)(12)]
B 436
_20(107) +5(15) 2215
B 436 436

I} =5.08A Ans.
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Step 3. Solve for 1.

ajp A a3

a1 B aps
Ny Jasi C a3z 8.9)
A

-3 0 -5
Substituting I, for y, Np |0 5 1
A 436

0 -5 20 o, |2

ok - e
436

525 +3(220) 785

436 T 436

0 0
0 -5

L =180A Ans.

Step 4. Solve for /3.

ajp ap A

ayy ax B

N, ay1 a3z C
— < _ 172 e 1 8-10
¢= A ( )

5 =3 20

-3 12 0

Substituting /3 for z, N g
A 436

120 ~3 20|, |-3 20
5‘—5 5‘_(_3)‘—5 5‘“"12 o‘
436
_5(60) +3(85) _ 555
- 436 436

LL=127A  Ans.

Step 5.  Check the solutions.

51 — 31, =20 1)
5(5.08) — 3(1.80) = 20
25.40 — 5.40 = 20
20=20  Check
31} + 121, =513 =0 )
—3(5.08) + 12(1.80) — 5(1.27) = 0
—15.24421.60 — 635 =0

0.01=0 Check, rounding error
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—S5hL+113=>5 3)
—5(1.80) + 11(1.27) =5
—9.00+13.97 =5

497=5 Check, rounding error

DETERMINANT METHOD FOR SOLVING CURRENTS IN A TWO-MESH NETWORK

The determinant method for solving mesh currents is one whereby the determinant solution for mesh
currents can be written directly by inspecting the network without writing first the proper simultaneous
equations.

For a network of two meshes, the determinant of the network is

Ri1 —Rp»

8-11
—Ry R ( )

~

where R|; = total resistance of mesh 1
R»> = total resistance of mesh 2
R1> = mutual (common) resistance between mesh 1 and mesh 2
R>1 = mutual (common) resistance between mesh 2 and mesh 1

Because the mutual resistances are equal, Rj> = R»;. Note that the sign for all mutual resistance is negative.
The formulas to solve for mesh currents I; and I, are

Vi =R
N V; R
=12 2 (8-12)
A A
‘ ST
N; —Ry W
Lh=—2-1"= " 8-13
2 A A ( )

where V] = net voltage for mesh 1
V, = net voltage for mesh 2

The numerator determinant for /1, Ny, is formed by substituting the net voltage sources in column 1
of A; the numerator determinant for I, N, Iy is formed by substituting the net voltage sources in column 2
of A. The polarity (+ or —) of V| and V» depends on the net voltage of the mesh as the mesh is traced in the
direction of the assumed current.

Example 8.5 Find the determinant solution for mesh current /; and I (Fig. 8-2). (This problem was solved in
Example 8.3 by use of simultaneous equations.)

R, Ry
w» w»
. /\/ /\/ N

=58V — = =10V

Mesh 1 Mesh 2

Fig. 8
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Step 1.
Step 2.

Step 3.

Step 4.

DETERMINANT SOLUTIONS FOR DC NETWORKS

Assume all mesh currents in the same clockwise direction. /; and I, are shown clockwise.
Find the determinant of the network A.

Rq1 = total resistance inmesh 1 = R{ + R =4+3=7Q

Ryy = total resistance inmesh 2 =Ry + R3 =34+2=5Q

R17 = R3p = mutual resistance between meshes 1 and 2 = R =3 Q

Substitute the proper values to find A.

Riy —Rp2
A=
’_RZI Ry

‘ 7

-3
3 5‘ = (D) = (=3)(=3) =26

Find the numerator determinant for /1 and /5.

V1 = net voltage source for mesh 1 = V4 =58V

(V1 is + since we go through a voltage source — to +)
V, = net voltage source for mesh 2 = Vp = —10V
(V5 is — since we go through a voltage source + to —)

Substitute the proper values to find Ny, (see Eq. 8-12) and Ny, (see Eq. 8-13).

Vi —Rpp| _| 58 =3] AT
Np = Vy  Ro| = ’_10 5| = 68O = (=3)(=10) = 260
| Run Wy | 7 58| B _ Ay
N12—'_R21 e -‘_3 30l = ()10 — (58)(-3) = 104

Find I and 1.
N 2
n="0_20_0a A
A 26
N, 104
h=—=—=4A Ans
A 26

DETERMINANT METHOD FOR SOLVING CURRENTS IN A THREE-MESH NETWORK

For a network of three meshes, the determinant of the network is

Ri1 —Ri2 —Ris
A = |—Ry Ry —Ry3
—R31 —Rx3 R33

where Ri; = total resistance of mesh 1

R>> = total resistance of mesh 2

R33 = total resistance of mesh 3

Ri» = mutual (common) resistance between mesh 1 and mesh 2
R>1 = mutual (common) resistance between mesh 2 and mesh 1
R{3 = mutual (common) resistance between mesh 1 and mesh 3
R31 = mutual (common) resistance between mesh 3 and mesh 1
R>3 = mutual (common) resistance between mesh 2 and mesh 3
R3; = mutual (common) resistance between mesh 3 and mesh 2

[CHAP. 8

(8-11)

(8-12)

(8-13)

(8-14)
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Because the mutual resistances between two meshes are equal, Rj2 = Rz1, R13 = R31, and Ry3 = R3p. Note
that the sign for all mutual resistances is negative. The formulas for mesh currents Iy, I, and I3 are

Vi- =Rz —Ryp3
%} Ry, —Ry3
N Vs —R R
I — Ny _[Vs 32 33 (8.15)
A A
Rii Vi —Rp3
—Ry1 Vo —Rp3
N —R V- R
L N 31 V3 33 (8.16)
A A
Ryt —Rp W
— Ry Ry W
N —R —R V.
L= Ny 31 3 V3 8-17)
A A

where V| = net voltage sources for mesh 1
V> = net voltage sources for mesh 2
V3 = net voltage sources for mesh 3

The numerator determinants for the three mesh currents and the polarity of the net voltage sources are found
in a similar manner to those for the two mesh currents.

Example 8.6 Find the determinant solution for mesh currents 71, I», and I3 (Fig. 8-3).

R29Q R,23Q
+
V=36V — R 6Q
- R,S4Q RsS 6Q
Mesh 1 Mesh 2 Mesh 3
Fig. 8-3

Step 1. Assume all mesh currents in the same clockwise direction.

Step 2. Find the determinant of the network, A.
R11 = total resistance inmesh 1 = R{ + Rp =944 =13 Q
Ryy = total resistance inmesh 2 =R + Ry + R3 =9+44+6=19Q
R33 = total resistance inmesh3 = R3+ R4+ Rs=6+3+6=15Q
R17 = Rp1 = mutual resistance between meshes 1 and 2
=R +R,=9+4=13Q
R13 = R31 = mutual resistance between meshes 1 and 3 = 0 Q

R>3 = R3p = mutual resistance between meshes 2 and 3 = R3 =6 Q

Ri1 —Rpip —Rp3
A =|—Ry Ry —Rp3 (8-14)
—R31 —R3 R33
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Substitute the value of resistances and expanding the 1% column.

13 —13 0

A=|=13 19 —6:13‘_12 _12‘—(—13)’__12 12‘+0‘
0 -6 15

= 13(285 — 36) + 13(—195) = 13(249 — 195) = 13(54)

A =702

Step 3. Find the numerator determinant for 71, I, and I3.
V| = net voltage source for mesh 1 = Vyr =36V
V5 = net voltage source for mesh 2 =0V
V3 = net voltage source for mesh 3 =0V

Substitute the proper values to find Ny, Ny,, and Ny;.

Vi —Rip —Ri3 36 —13 0
Np =V, Ryy —Rx3|=|0 19 -6
V3 —Rz3 R33 0 -6 15

19 -6 —-13 0 —13 0

_36‘—6 15‘_0' -6 15‘“)’ 19 —6’

=36[(19)(15) — (—6)(—6)] = 36(249) = 8964

Ri1 Vi —Rp3 13 36 0
Np=|-Ry Vo —Rp3|=|-13 0 -6
—R31 W3 R33 0o 0 15
0 -6 36 0 36 0
—13‘0 | ’—(—13)‘0 15‘4—0‘0 —6‘
= 13(36)(15)
= 7020
Rii —Rip Vi 13 —13 36
Np = |—Ra1 Ryy V| =1]-13 19 0
—R31 —R3p W3 0o -6 0
19 0 —13 36 —13 36
_13‘—6 0’_(_13)‘ -6 0’+0‘ 19 0‘
= 13(36)(6)
= 2808
Step 4. Find 11, 12, and ]3.
N 8964
n=-"11_"2_ 12774 Ans.
A 702
Ny, 7020
h=—=——=10A Ans.
A 702
N, 2808
=5 —4A  Ans.

A 702

—13
19

0
—6

[CHAP. 8

(8-15)

(8-16)

(8-17)
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Step 5. Check solutions.

In mesh 1 by KVL (Fig. 8-3),

I1(Ry + Ry)) — Ih(R; + Ry) =36

In mesh 3 by KVL (Fig. 8-3),

(12.77)(13) — 10(13) = 36
166 — 130 = 36
36 =36 Check

IRy — I3(R3+ R4+ R5) =0

10(6) —4(15) =0
60—-60=0
0=0 Check

Solved Problems

8.1 Evaluate the following second-order determinants.

N
o |
O
I
@ [ 3
©

=(5)6)—2)(1)=30-2=28 Ans.
6

= (5)(=6) — (=2)(1) = =30 +2 = —28

=03 -03)2)=-6  Ans.

=0)(=2) - @DHO)=0  Ans.

X X 2 2
=xy —xy Ans.
e y‘

Ans.

139

8.2  Evaluate the following third-order determinants. Expand the first column into its cofactors to form a
series of second-order determinants.

31 2 5
(a) 4 2 -3 :3‘4
5 4 1

=3[ = (=3)H] - 4[(HAD) — @HBH] + 5[ (=3) — (D))

-3
1

-4

1 2

4 1

2
-3

1
+s),

=324+12)—4(1 —8)+5(-3—-4)
=3(14) —4(=7) + 5(-7)

=42 +28 —35

Ans.

=35
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3 1 —4 ’

®H 11 =2 2| = 3|72 2‘4‘_1 —4

—1 —4
+4‘
| . 4 1 —4 1‘

-2 2

=3[(=21) = Q)(=D] = 1[(=D(D) = (=H (D] +4[(-=D(2) — (= (=2)]
=3(-2+8) —-1(-1-6)+4(-2-18)

=3(6) — 1(=17) + 4(—-10)

=18+17 —40

=-5 Ans.

(c) Verify the answer to (b) by now expanding elements of the 2"¢ row.

3 1 4
1 =2 —1(1)‘ ‘+1( 2)‘ 4‘ 1(— 2)‘ :i‘
4 —4

=—(—1-16)—-23+16) —2(—12+4)
=17-38+16
=-5 Ans. Check

8.3  Solve the following simultaneous equations by the use of determinants.

(@) xX+y=3 )
2x +3y =1 )

Step 1. Solve for the coefficient determinant A.

_ aill arn 1 1 o
A= w1 an ‘2 3‘ 3—-2=1 (8-4)
Step 2. Solve for x and y.
A aln 31
N. B a 1 3
P 2l _ —9-1=8 Ans. (8-5q)
A A 1
aill A 1 3
N, ay B 2 1
y=-—= = =1—-6=-5 Ans. (8-5b)
A A A

Step 3. Check solutions of x = 8, y = —5 in Egs. (/) and (2).

) 8§—-5=3
3=3 Check

2 20)+3(=5=1

16-15=1

1=1 Check
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83 (b) 1511 — 101, =10

101, + 200, = 0

Step 1. Solve for A.

app  an
azr a2

A =

—10 20

=’ 15 _10'=(15)(20)—(—10)(—10)=200

Step 2. Solve for 11 and 1.

A app 10 —10
NIl B apx 0 20 200
I =— = = =—=1A Ans.
A A 200 200
a;; A 15 10
N[2 a1 B —-10 O 100
2T A A 200 200 "
Step 3. Check solutions.
() 15(1) —10(0.5) =10
15-5=10
10 =10 Check
(2) —10(1) +20(0.5) = 0
—104+10=0
0=0 Check
8.4  Find the determinant solution for mesh currents 7y and I, (Fig. 8-4).
LN LN
R210Q
.
. V=45V — R, § 5Q
V,=85V — -
B Mesh 1 Mesh 2
Fig. 8-4

Step 1. Show mesh currents /1 and /> in the clockwise direction.

Step 2. Find the determinant of the network A.

Ri=R =10Q
Ry =Ry =5%Q
Rip =Ry =08

141

0y
2

(8-4)

(8-5)

(8-6)



142 DETERMINANT SOLUTIONS FOR DC NETWORKS [CHAP. 8

Ri1 —Rp
— Ry R

-

10 0
’ 0 5’ = (10)(5) =50 (8-11)
Step 3. Find the numerator determinant for /1 and /5.

Vi=Vyg—-Vp=85-45=40V
Vo=V =45V

Ny = g; _22 = ‘jg 2‘ = (40)(5) = 200
Np, = ‘_g; “2 = ‘18 3(5)‘ = (10)(45) = 450
Step 4. Find I and I>.
I = % = % —4A  Ans. (8-12)
L= % = % —9A  Ans. (8-13)

8.5  Equation (8-2) showed the value of a third-order determinant by expanding the first column. The specific
row or column selected for expanding is random. Show that by expanding the first row, the result is
the same.

Expand the first column:

ajy diz a3
az) dzp 4zl =djj
az) az  asz

az A3
azz A3

arz  diz
aszy  dszz

azy A3
aszy  dsjz

—a + az) (8-2)

= ay(axnazs — axazy) — azi(apazz — ayzaz) + azy(anpaz; — ajza)

= a1axnazy — a11a23a32 — 421612033 + a1ai3az + azjapax — azapzay (1)
Expand the first row:

ain  diz a3
ary an

asy  as

azy  azs
asy  asz

azx 43
asz  dsjz

az; ax ax| = 4il —apz +a

asy  azy  dss

= ay{axnasz — axzas) — ap(axass — azzasy) + az(azias — axnasi)
= a11a22a33 — A11423a032 — 412421433 + 12023031 + A13a21032 — A13G2203]

= ai1a22a33 — a11a23a32 — a21d12a33 + aziai13az + aziaaz —azaizar (2
by rearranging elements within the term, we show that by matching term by term, Eq. (/) = Eq. (2).
8.6 In Example 8.4, three mesh currents were found by solving three simultaneous equations by use of

determinants. Write by inspection the determinant expression for all mesh currents. Figure 8-1 is
repeated for convenience.
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20 4Q 6Q
4AY, * A% L A%
7N N N
N _
20V — 3Q 5Q =5V
- +
Mesh 1 Mesh 2 Mesh 3
Fig. 8-1
By inspection, Rjj =5Q,R»n =12Q,R33=11Q
Ro=Ryu=3Q R3=R31=0Q2,R3=R3=5Q
Vi=20V,V, =0V,V3 =5V
Ri1 —Ri2 —Ri3 5 -3 0
A = |—Ro Ry —Rxy|=|-3 12 -5 Ans. (8-14)
—R31 —R3» R33 0 -5 11
Vi —Ri12 —Ri3 20 -3 0
%3 Ry —Ryp 0 12 -5
N Vs —R R 5 =5 11
n=-_15 2 B Ans. (8-15)
A A A
Rii Vi —Rp3 5 20 0
—Ryy Vo —Rn3 -3 0 -5
N —R V- R 0 5 11
=2 _ 1771 7 Bl Ans. (8-16)
A A A
Rii —Rip Wi 5 =3 20
—Ryi Ryn W -3 12 0
N —R —R \% 0 -5 5
J A R ) 32 B Ans. (8-17)
A A A

Note that these current expressions are identical to those in Example 8.4. By inspection /1, I, and I3
can be explicitly expressed as a ratio of determinants without writing first the simultaneous equations.

8.7  Solve for all mesh currents by the use of determinants (Fig. 8-5).

2Q 2Q 2Q
A% * A% * A%
LN Y Y
+ +
V=10V — 2Q 2Q — ¥,=4V
Mesh 1 Mesh 2 Mesh 3
NN * NN * A%y
2Q 2Q 2Q

Fig. 8-5
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Step 1.
Step 2.

Step 3.

DETERMINANT SOLUTIONS FOR DC NETWORKS

Assume all currents in the same clockwise direction.

Find the determinant of the network A.

Rii —Ri2 —Ri3
A = |—Ro; Ry —Ry3
—R31 —R3 R33

By inspection, Ri1 =6, R»n =82, R33 =6Q
Riy=Ry;1 =22
Riz3=R31=0Q
Ry»3 =R3p=2Q

Vi=10V
V, =0V
V3 =—-4V
Substituting R values and expanding the 1** column,
6 2 0
A=|—-2 8 -2 :6‘_2 Mé‘ —(=2) ’:; (6)‘ +0‘M§
0 —2 6

-2

)

[CHAP. 8

(8-14)

= 6[(8)(6) — (=2)(=2)] + 2[(=2)(6) — (0)(=2)] + O[(=2)(—2) — (0)(8)]

= 6(44) + 2(—12) = 264 — 24 = 240

Find the numerator determinant for I, I, and I3.

Vi —Ri2 —Ri3
N11 = |V, Ry —Ry3 (from 8-15)
Vi —R3p R33
10 -2 0
=/ 0 8 —2:10‘_3 _2‘—0‘:5
-4 2 6

= 10(44) — 4(4) = 440 — 16 = 424

0
6

el

10[(8)(6) — (=2)(=2)] = 0 —4[(=2)(=2) — (0)(8)]

Ryt Vi —Ri3
N, =|—Ra V2 —R (from 8-16)
—R31 V3 Rs3
6 10 0
=[-2 0 —2:6‘_2 _é‘—(—z)'_lg 2‘“)‘18
0 —4 6
=6[(0)(6) — (=2)(=DH] +2[(10)(6) — (0)(=4)] +0
=6(—8) +2(60) = —48 + 120 =72
Ry —Rip W
Np=|-Ru Rn W (from 8-17)

—R31 —R3p V3

0
-2

0
2
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6 -2 10 3

0 -2 10|, |-
=|-2 8 0:6’_2 _4‘—(—2)'_2 _4’+0’

0 —2 —4

=06[@)(—4) — (O)(=2)] +2[(=2)(—4) — (10)(=D] + 0

=6(—32) +2(28) = —-192+ 56 = —136

Step 4. Find Iy, I, and 1.

Ny 424
11 =—=—=1.77A Ans.

A 240

N 72
L="2_-"2_030A Ans.

A 240

N 136
h=-B=_""—_05TA Ans.

A 240

(I3 is counterclockwise)

Step 5. Check solutions.
In mesh 1 by KVL (Fig. 8-5),

10=0611 — 21,

10 = 6(1.77) — 2(0.30)

10 = 10.62 — 0.60

10 =10.02 Check, rounding error

In mesh 2 by KVL (Fig. 8-5),

0=-201+8IL -2

0= —-2(1.77) 4+ 8(0.30) — 2(—0.57)
0=-354+240+1.14

0=0 Check

8.8 (a) Solve for mesh currents 11, I, and /3 by determinants (Fig. 8-6).
(b) What are the voltage drops across the resistors in mesh 1?

Mesh 1

145

(8-15)

(8-16)

(8-17)
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(a) Step 1. Write the determinant of the network A.

Riy —Ri2 —Ryp3 4 -3 -1
A =|—Ry Ry —Ry|=1|-3 6 -2
—R31 —R3»p R33 -1 -2 6
6 -2 -3 -1 -3 -1
24’—2 6‘_(_3) -2 6'+(_1)‘ 6 —2‘

=4(36 —4) +3(—18 —2) — (6 +6)
= 4(32) + 3(—20) — 12
=128 — 60 — 12

A =56

Step 2. Find the numerator determinant for /1, I3, and /3.

Replace 1%! column of A with values of Vi, V3, V3 to find N I -

14 -3 —1
Ny=|0 6 -2
0 —2 6

6 —2 -3 -1 -3 -1

el S B R

— 14(36 — 4) = 14(32) = 448

Replace 214 column of A with values of Vi, Vs, V3 to find N I

4 14 —1
Np=|-3 0 -2
-1 0 6

0 -2 14 -1 14 —1

=4y =3[ T+enfs 3

= 0+3(84) — (—28)
=280

Replace 374 column of A with values of Vi, Va, V3 to find N Is-

4 -3 14
Np=|-3 6 0
-1 =2 0

6 0 -3 14 -3 14

SRR RIS P

=0+3(28) — 1(—84) = 84 + 84
=168

[CHAP. 8

(8-14)
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Step 3. Find Iy, I, and 1.

Nj 448
N 280
b:ré3=§g=5A Ans. (8-16)
N, 168
Lh=—2=—=3A  Ans. -1
3 A 56 3 ns (8-17)

Step 4. Check solution.

Atnode A, X1 =0

L=L+1I3
8=5+3
8=28 Check

(b) Across 3 Q-resistor:
Vi =31 — L) =38-5) =9V Ans.
Across 1 Q-resistor:
Vi=11 — ) =8-3=5V Ans.

14=V3o+Vig=9+5
14 =14 Check

8.9  As the number of meshes increases, writing by inspection the explicit solutions of mesh currents by
the ratio of determinants is far quicker and simpler than writing the simultaneous loop equations for
each mesh. Write the general expression for finding the determinant of n-meshes of a DC network.

The determinant of order n is a square array of n rows by n columns. Following the pattern for
21d order [Eq. (8-11)] and 3" order [Eq. (8-14)] determinants, we can write

+Rii —Riz2 —Riz -+ —Riy
—Ry1 +Rxy —Ry -+ —Ry

A=|—-R3y —R3z; +R33 --- —Ry Ans. (8-18)
_Rnl _Rn2 _Rn3 e +Rnn

8.10  Given a network of n = 4 meshes, write the general expression for finding the value of /5.

Step 1. From Eq. 8-18, Solved Problem 8.9, write the network determinant for four meshes.

Ri1 —Riz —Riz3 —Ru
—Roy Ry —Ry3 —Ryy
—R31 —R3» R33z —Ru
—Ryt —Rgp —Ra3z  Ra

A= (8-19)
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Step 2.

DETERMINANT SOLUTIONS FOR DC NETWORKS

[CHAP. 8

Replace the elements of the 2"¢ column by the net voltages of each mesh to form the

numerator determinant of /.

Vi
V2
V3
4

—Ri3 —Rus
—Ry3 —Rp

R33 —R34
—Ry3 Ry

Ry
—Ry
—R3
Ni, —R4
L =—==
A

A

Ans.

(8-20)

8.11 Add a fourth mesh to Fig. 8-6 to form a four-mesh network (Fig. 8-7). Write the expression for /5. Do
not solve.
N /1N o
+
14V —
- +
=5V
Mesh 1 Mesh 3 Mesh 4 -|'7
Fig. 8-7
Step 1. Find the network A. Refer to A for a three-mesh network in Solved Problem 8.8(a) and to
Eq. (8-20). The new A for the four-mesh network becomes
4 -3 —1 —Ri4 4 -3 -1
A= -3 6 -2 —Ro4| |3 6 -2 -1
-1 -2 6 —R3q| " |—-1 =2 6 -3
—R41 —Rgyp —Rg3 Ry 0 -1 -3 5
Step 2. Replace 2"¢ column elements by net voltages of each mesh to form N I, and write I
expression.
4 14 -1
-3 0 -2 -1
-1 0 6 -3
Np, 0 -5 -3 5
L =—%== Ans.
A A
By successive expanding of the elements of the first column, we reduce the order of the
determinant from four to three and then to two. By reducing the order of the determinant
eventually to two, you can solve explicitly for each mesh current. When n = 4, the expansion
of the first column elements have signs of 4+, —, +, and —. (Compare to n = 3 where the
signs are +, —, and +.)
Supplementary Problems
8.12  Evaluate the following second-order determinants.
5 =7 4 =5 0 4 . x 3
(a) ‘3 _5‘ () ‘3 2‘ (©) 3 0' (d) Find x: | 6‘ =15
Ans. (a) —4; (b)23; (c)—12; (d)x=3
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8.13  Solve the following simultaneous equations by the determinant method and check each solution.
(@) 3x—4y=13 ) 165, —3L, =10 (¢ 2L +3L =12
5x+6y=9 81 +5I, =18 3W—1L =17
Ans. (@)x=3,y=—-1; O L=1,0L=2;, (¢ =3,1b=2
8.14  Evaluate the following third-order determinants.
4 4 5 2 6 —4 -2 1 3 0
@ |3 1 1 b) 1 4 (¢ |-4 15 -6 @ |2 0 1
2 =5 - -5 3 -1 -2 —6 11 0 4 3

(e) Verify your answers for (a) and (c¢) by selecting a different row or column for expanding.

Ans. (a)2; (b)) =2; (c)442; (d) —-22
8.15  Solve the following simultaneous equations by the determinant method and check each solution.
(@) 211 +3L+51=0 b)) L+5L+23=3 (c) 6l —4I, +5I3 =10
6l —2I, — 313 =3 2L + L + 13 =16 301 +2I, =60
811 — 5L — 613 =1 L+2L+13=9 5I) + 413 =58
Ans. (@) 1 =05 =3,z=-2 (A =-40)
O =9, L=213=—4 (A=4)
L =10, =151 =2 (A = 46)
8.16 Find the determinant solutions for mesh currents /7 and I in the following circuits. Assume the
clockwise direction for current. Check solutions.
R, R,
N » N
5Q 15Q
. N RSse
@ V=110V — . R4§209
- V=190V —
Mesh 1 Mesh 2
Fig. 8-8
6Q 2Q
AN AN
N N
+
() Vp=120V — §159 §3Q
Mesh 1 Mesh 2
AN AN
12Q 5Q

Fig. 8-9
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(©)

(d)

©

)]

@
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N Y
2Q ! 2 4Q
4 2Q N
10V — — 10V
- Mesh 1 Mesh 2 -|77
Fig. 8-10
30 Q2
4AY, L 4
/11\/ 20 Q /]_2\/ 20 Q
10 Qg
+ +
— 20V — 10V
Mesh 1 17 Mesh 2 -|77
Fig. 8-11
N LN
4Q ! 3Q 2
v — — 33V
B Mesh 1 17 Mesh 2
Fig. 8-12
LN Y
10 Q 15Q
+ 2Q _
76V — — 54V
- +
Mesh 1 Mesh 2
Fig. 8-13
3Q
4AY,
1Q /[l\/ 4Q /12\/ 2Q
+ + —
28V — — 8V — 10V
- - +
Mesh 1 I Mesh 2

[CHAP. 8
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Ans. (@) = —6A,L=4A
B I =5A,L=3A
(O =2A,L=—1A
@15 =-03A,5L=01A
(e[} =—2A,L=3A
(HL=TAL=4A
(@ =6A,L=TA

8.17  Find the voltage drops across the following resistors in the circuits of Supplementary Problem 8.16.
(a) 15-ohm resistor (Fig. 8-9)
(b) Common 2-ohm resistor (Fig. 8-10)
(c) 4-ohm and 6-ohm resistors (Fig. §-12)
(d) 4-ohm resistor (Fig. 8-14)
Ans. (@)30V; ((b)6V;, (¢)8V,18V; (d)4V

8.18  Find the determinant solution for mesh currents /1, I>, and I3 in the following networks. Assume the
clockwise direction for current. Check solutions.

(@)

10Q
NN
/N
Mesh 2
ANV NN NN—o
10Q 10Q 10Q
; 71N N
) 40V — §109 §IOQ
Mesh 1 Mesh 3

Fig. 8-16
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20 Q 5Q 10 Q
A * NN * A%
+
(c) 15 V,% 20 Q N §ISQ
— 10V
Mesh 1 Mesh 2 ]'7 Mesh 3
. NN . AYA%Y,
10 Q 5Q
Fig. 8-17
Ans. (@1 =6A, L=2A, E=3A
B I =2A, h=1A, =1A (A =16000)

(¢) 1 =0357A, L =-0.037TA, Iz =0280A (A =41000)

8.19  Find the voltage drops across the following resistors in Fig. 8-15 of Supplementary Problem 8.18.

(a) 9-ohm and 4-ohm resistors
(b) 6-ohm common resistor between mesh 2 and mesh 3

(c) 6-ohm common resistor between mesh 1 and mesh 3

Ans. (@) Voo =18V, Vag =12V; (B 6V: (c) 18V

8.20 Add a fourth mesh to Fig. 8-17 in Supplementary Problem 8.18c to form a four-mesh network

(Fig. 8-18). Write the expression for /1 as a ratio of determinants. Do not solve.

20Q 5Q 10 Q
AN\ * 4%%Y% » 4% *
N CEN S N N S
+
15V — 20Q . §159
— 10V 10 Q
Mesh 1 Mesh 2 - Mesh 3 Mesh 4
. N > N
10 Q 5Q
Fig. 8-18
15 =20 0 0
—10 40 -5 0
10 -5 35 —15
0 0 —-15 30
Ans. 11 =
40 —-20 0 0
—20 40 -5 0
0 -5 35 —15
0 0 —15 30




Chapter 9

Network Calculations

Y AND DELTA NETWORKS

The network in Fig. 9-1 is called a T (“tee”) or Y (“wye”’) network because of its shape. T and Y are different
names for the same network, except that in the Y network the R, and R, arms form the upper part of a Y.

[ c

Fig. 9-1 Form of a T or Y network

The network in Fig. 9-2 is called a IT (pi) or A (delta) network because its shape resembles these Greek
letters; IT and A are different names for the same network.

Fig. 9-2 Form of a IT or A network

In analyzing networks it is helpful to convert Y to A or A to Y to simplify the solution. The formulas for
these conversions are derived from Kirchhoff’s laws. Note that resistances in Y have subscript letters, R,, Rp,
and R., while the resistances in A are numbered R, Ry, and Rj3.

Resistances are shown in a three-terminal network with three terminals a, b, and c. After the conversion
formulas are used, one network is equivalent to the other because they have equivalent resistances across any
one pair of terminals.

A to Y Conversion, or IT to T

See Fig. 9-3.
RIR;3
Ryg=—1" > (9-1)
Ri+Ry+R3
RiRy
Ry = ——F7—— 9-2)
Ri+ R+ R3
R>R
Re=—— (9-3)
Ri+ Ry + R3

153
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c

Fig. 9-3 Conversion between Y and
A networks

Rule 1: The rule for A to Y conversion can be stated as follows: The resistance of any branch of the Y
network is equal to the product of the two adjacent sides of the A network divided by the sum of the
three A resistances.

Y to A Conversion, or T to IT

See Fig. 9-3.
R,R RyR R.R
R, = aRp + RpyR: + RcRq (9_4)
R,
R,R RyR R.R
Ry = aRp + RpyR: + RcRq (9_5)
Rq
R,R RyR R.R
Ry = aRp + ;;C"' cha (9-6)
b

Rule 2: The rule for Y to A conversion can be stated as follows: The resistance of any side of the A network
is equal to the sum of the Y network resistances multiplied two at a time, divided by the resistance
of the opposite branch of the Y network.

As an aid in using Eqgs. (9-1)-(9-6) the following scheme is useful. Place the Y inside the A (Fig. 9-3). Note
that the A has three closed sides, while the Y has three open arms. Also note how each resistor in the open has
two adjacent resistors in the closed sides. For R,, adjacent resistors are R and R3; for R, adjacent resistors
are Ry and Rj; and for R,, adjacent resistors are Ry and Rj3. Furthermore, each resistor can be considered
opposite to each other in the two networks. For example, open arm R, is opposite to closed side Rj; R; is
opposite to R3; and R, is opposite to R».

Example 9.1 A A network is shown in Fig. 9-4a. Find the resistances of an equivalent Y network (Fig. 9-4b) and draw
the network.
Place Y network within A network and find resistances by using A to Y conversion rule (see Fig. 9-4c¢).

RiR3 4(6) 24
R, = = =—=12Q Ans. 9-1)
Ri+Ry+R3; 10+6+4 20




CHAP. 9] NETWORK CALCULATIONS 155

_ R{Ry _410) 40
Ry = - = -2Q Ans (9-2)
Rl + R2 + R3 20 20
RyR 106) 60
. 2Ry _100) _ 0 _ g s (9-3)

:R1+R2+R3_ 20 20

c

(@) A Known () Y Unknown

© (@

Fig. 9-4 A to Y conversion

The equivalent Y network is a b

3Q
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Example 9.2 Given the calculated resistances of the Y network in Example 9.1, R, = 1.2 Q, R, =2 Q,and R, =3 ,
confirm the values of equivalent resistances in the A network of R| =4 Q, R = 102, and R3 = 6 Q.
Place Y network within A network as in previous example and find A resistance by using Y to A rule. (See Fig. 9-4d.)

RuRp + RpRe + ReRa

R = 9-4
1 R. 9-9
_1.2(2)+2(3) +3(1.2)
- 3
244+6+3.6 12
_ 2o B2 i s
3 3
RsR RpR: + R.R
Ry = aRp + RpRe + Re Ry (9-5)
Rq
12
=—=10Q Ans.
1.2
RsR RpR: + R.R
Ry = aRp + RpRe + Re Ry (9-6)
3 Ry
12

= — =6 Ans.
2

The results show that the A and Y networks (Fig. 9-4) are equivalent to each other when they have three resistance
values obtained with the conversion formulas.

Example 9.3 Use network conversion to find the equivalent or total resistance Ry between a and d in a bridge circuit
consisting of two deltas (Fig. 9-5a).

Step 1. Transform A network abc into its equivalent Y. Use the rule for A to Y conversion (Fig. 9-5b).

-2 8-—0&n9
9T 24446 12
46) 24
szll=47=29
2 12
26) 12
&:il:f:m
2 12

Step 2. Replace the A with its Y equivalent (Fig. 9-5¢) in the original bridge circuit.

Step 3. Simplify the series—parallel circuit. First, combine series resistances. Resistances R, and R, are in series, and
R}, and Rjs are in series [Fig. 9-5d(1)].

Re+R4=14+5=6Q
Rp+Rs=2+4=6Q
Next combine the parallel branches, R + R4 and Rj, + Rj5. Since the resistances are equal [Fig. 9-5d(2)],

6

Finally, combine series resistances Rq and R [Fig. 9-5d(3)].

Ry = Rq + Rp = 0.667 +3 =3.67 Q2 Ans.
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/
R, =1
(a) ® ©
a a a
5
R, & 0.667 Q R, 2 0.667 0
Re+ Reg :E By +Rs  — 5 g $30 ————> R, 33670
69 < 260 4 1
d d d
0] 0 3)
@
Fig. 9-5 Reducing a bridge circuit by A to Y conversion
SUPERPOSITION

The superposition theorem states that in a network with two or more sources the current or voltage for any
component is the algebraic sum of the effects produced by each source acting independently. In order to use
one source at a time, all other sources are removed from the circuit. A voltage source is removed by replacing
it with a short circuit. A current source is removed by replacing it with an open circuit.

In order to superimpose currents and voltages, all the components must be linear and bilateral. Linear
means that the current is proportional to the applied voltage; that is, the current and voltage obey Ohm’s
law, I = V/R. Then the currents calculated for different source voltages can be superimposed, that is, added
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algebraically. Bilateral means that the current is the same amount for opposite polarities of the source voltage.
Then the values for opposite directions of current can be added algebraically.

Example 9.4 Find branch currents /1, I, and I3 by the superposition theorem (Fig. 9-6a).

1 a 2
A'v' e A""v
—s 10 - 1
I, A
+ | +
= s b: — V. =
Vi =3v= Isl R, 210 =V =45V

(a9)
v, «— 'V, is short-circuited v,
(b) ©
Rl a R2
M Q- MA—
—_—> 19 <« 19
[1, V2 12. V2
. +
¥, is short-circuited R, 10 =V, =45V R,
T
l/lii, V2
(@) (e)
L, =2A L, =1A I, =05A L =2A
—> — —> a «—
AN e e AN e W\~ s M-
«— «—
Iy, = 1L5A Ly, =3A
- > J -:_b _ J_
W= b V,—IA\L‘, l13,‘,2=1.5A =v, = ?lg_z.s/\ ="
2 ®

Fig. 9-6 Superposition applied to a two-mesh circuit



CHAP. 9] NETWORK CALCULATIONS 159

Step 1. Find the currents produced by voltage source V| only.

(a) Replace voltage source V, with a short circuit (Fig. 9-6b). Use the subscript V| after a comma to indicate
that only source V; is supplying the circuit. For example, I y is current /1 due only to source V| and
I y1 is current I due only to source V7.

(b) Combine series and parallel resistances to reduce the circuit to a single source and a single resistance
(Fig. 9-6¢). Solve for currents produced by Vj.

Re=r+-28 1D 05150
AT R Ry 1+1 o
\4 3
II’VIZE:EZZA

I,y will divide symmetrically at point a because of equal resistances Ry and R3 (Fig. 9-6b) so that

1 1
Ly = —511,\/1 = —52 =-1A

1 1
I3y = 511,\/1 = 52 =1A

The negative sign is used to show that I y | actually leaves point a rather than enters point a as assumed.
Step 2. Find the currents produced by voltage source V5 only.

(a) Replace voltage source V; with a short circuit (Fig. 9-6d). Use a subscript V, after a comma to indicate
that only source V; is supplying the circuit. For example, Iy is current I} due only to source V5.

(b) Reduce the circuit to a single source and a single resistance (Fig. 9-6¢). Solve for currents produced by V5.

Rs=Ry+ B 1D 05150
Ry + Rj3 1+1
\%) 4.5
12’V2=F5=E=3A

I y2 will divide symmetrically at point a (Fig. 9-6d) so that

1 1
Iy = Shyve= 53 =15A

1 1
Liva= —5hv2= —53 =-15A

The negative sign shows that /; v, actually leaves point a and does not enter point a as assumed.

Step 3. Add algebraically the individual currents to find the currents produced by both V| and V, (Fig. 9-6 f and g).

hL=hLyi+1I1y2=2-15=05A Ans.
Lh=hLy +hy,=—-1+3=2A Ans.
L=Ly +hy,=1+15=25A Ans.

THEVENIN’S THEOREM

Thevenin’s theorem is a method used to change a complex circuit into a simple equivalent circuit.
Thevenin’s theorem states that any linear network of voltage sources and resistances, if viewed from any two
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points in the network, can be replaced by an equivalent resistance Rty in series with an equivalent source Vy,.
Figure 9-7a shows the original linear network with terminals a and b; Fig. 9-7b shows its connection to an
external network or load; and Fig. 9-7¢ shows the Thevenin equivalent Vp, and Rty that can be substituted
for the linear network at the terminals a and b. The polarity of Vy is such that it will produce current from
a and b in the same direction as in the original network. Rty is the Thevenin resistance across the network
terminals a and b with each internal voltage source short-circuited. Vy, is the Thevenin voltage that would
appear across the terminals a and b with the voltage sources in place and no load connected across a and b.
For this reason, Vy, is also called the open-circuit voltage.

Linear
network

[ —

(@)

(-

o "

Linear
network

o

o
b

External
network

b)

+;| —°

a

Fig. 9-7 Thevenin equivalent, Vy, and series Rty

Example 9.5 Find the Thevenin equivalent to the circuit at terminals a and b (Fig. 9-8a).

Step 1.

@

Short circuit

Th

24 Q

V. External
Th network
- T__o
b
©
R, a
4Q
R,260Q <— Ry
> -
b

(®)

RIRy

=R1+R2_4+6_

(©)

46) 24
KO 24, 4g

Fig. 9-8 Thevenin equivalent without load

Find Rty,. Short-circuit the voltage source V = 10 V (Fig. 9-8b). Ry and R; are in parallel.

Ans.
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Step 2. Find Vpp. Vy, is the voltage across terminals a and b, which is the same as the voltage drop across resistance Rj.

Vv 10 10

/= ——M  — = =
Ri+Ry 446 10

1A
Vin = Vs = IRy
Then Vin=1(6) =6V  Ans.
The Thevenin equivalent is then as in Fig. 9-8c.
Example 9.6 To the circuit in Fig. 9-8a add a resistor load R;, of 3.6 Q and find the current /7 through the load

voltage V7 across the load.
The new circuit is as shown in Fig. 9-9a and with the Thevenin equivalent is as shown in Fig. 9-9b.

1 a
—AAA ol AAA O
VWA~ o€ VWA N
4Q 24Q
1 I
+ +
e 3 60 2 — 2
V=10V? th’ RL;,3.69 VTh=6VT__ RL:’3_6Q v, =1
o€ o y
b b
@ )]
Fig. 9-9 Thevenin equivalent with load
V- 6 6
I =—1 = =1A Ans.
Rm+R, 24+36 6
Vi =ILRp =13.6)=3.6V Ans.

Note how the Thevenin equivalent has simplified the solution of the given two-mesh network. Further, if the load R} were
changed, we would not have to recalculate the entire network.

NORTON’S THEOREM

Norton’s theorem is used to simplify a network in terms of currents instead of voltages. For current analysis,
this theorem can be used to reduce a network to a simple parallel circuit with a current source, which supplies
a total line current that can be divided among parallel branches.

If the current / (Fig. 9-10) is a 4-A source, it supplies 4 A no matter what is connected across the output
terminals @ and b. With nothing connected across a and b, all the 4 A flows through shunt R. When a load
resistance Ry, is connected across a and b, then the 4-A current divides according to the current-division rule
for parallel branches.

The symbol for a current source is a circle with an arrow inside (Fig. 9-10) to show the direction of current.
This direction must be the same as the current produced by the polarity of the corresponding voltage source.
Remember that a source produces current flow out from the positive terminal.

Norton’s theorem states that any network connected to terminals a and b [Fig. 9-11a(1)] can be replaced by
a single current source Iy in parallel with a single resistance Ry [Fig. 9-11a(2)]. Iy is equal to the short-circuit
current through the ab terminals (the current that the network would produce through a and b with a short
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ia
1
|
I
Current source / <f> R 1' R,
I
I
4
To
Fig. 9-10 [ source with parallel R
a
—o0
4+ a
o—t——0 :
Linear External
network _ > I C’) Ry network
o—t———0
b —o
b
1) (2)
(a) Norton equivalent, Iy and parallel Ry
R, a R, a
——AAA o °
49 49
_J_ e
V=10V = R,360Q R, Short circuit —> V=10V =
b b

®)
Fig. 9-11a, b

circuit across these two terminsals). Ry is the resistance at terminals a and b, looking back from the open ab
terminals. The value of the single resistor is the same for both the Norton and Thevenin equivalent circuits.

Example 9.7 Calculate the current I; (see Fig. 9-9a) by Norton’s theorem. (This was solved in Example 9.6 by
Thevenin’s theorem.)

Step 1. Find /. Short-circuit across ab terminals (Fig. 9-11b). A short circuit across ab short-circuits Ry and the parallel
R»>. Then the only resistance in the circuit is Ry in series with source V.

Vv 10
Ry 4

Step 2. Find Ry . Open terminals ab and short-circuit V (Fig. 9-11¢). Ry and R, are in parallel, so

4(6 24
2O 2 _s4g

NT4 6 10

Note that Ry is the same as Ry,.
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1 a +£
40
Short circuit R,260Q «—Ry, Iy=25A Q}b R, 2240
O —0
b b
(c) ()
a

Iy=25A C}) Ry$ 240 R 360

> 9

(e)
Fig. 9-11¢, d, e

The Norton equivalent is then as in Fig. 9-11d. The arrow on the current source shows the direction of conventional
current from terminal @ to terminal b, as in the original circuit.

Step 3. Find I;. Reconnect Ry, to ab terminals (Fig. 9-11¢). The current source still delivers 2.5 A, but now the current
divides between the two branches Ry and Ry .

Ry 2.4 2.4
= 1N= 25=—25=1A Ans.
RN + RL 24436 6

I

This value is the same load current calculated in Example 9.6. Also, V; can be calculated as I Ry, or
(1A)(3.6Q2)=3.6V.

We therefore see that the Thevenin equivalent circuit (Fig. 9-12a) corresponds to the Norton equivalent
circuit (Fig. 9-12b). So a general voltage source with a series resistance (Fig. 9-12a) can be converted to an
equivalent current source with the same resistance in parallel (Fig. 9-12b). Divide the general source V by its
series resistance R to find the value of I for the equivalent current source shunted by the same resistance R;
that is, Iy = Vn/Rth-

Ry, a a

A ° ¢ °

24Q

+
Vip =6V = «> I, =25A CD Ry 2240
o » O
b b
(@) Thevenin circuit (b) Norton circuit

Fig. 9-12 Equivalent circuits
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SERIES-PARALLEL CIRCUITS

Many circuits consist of a combination of series and parallel circuits. These combination circuits are
called series—parallel circuits. An example of a series—parallel circuit is shown in Fig. 9-13, where two parallel
resistors R, and R3 are connected in series with the resistor R and the voltage source V. In a circuit of this
type, the current /7 divides after it flows through R;, and part flows through R, and part flows through R;.
Then the current joins at the junction of the two resistors and flows back to the negative terminal of the voltage
source and through the voltage source to the positive terminal.

R 1
AAA—

T R

R,

S
it
X
JNV

Fig. 9-13 A series—parallel circuit

In solving for values of current, voltage, and resistance in a series—parallel circuit, follow the rules that
apply to a series circuit for the series part of the circuit, and follow the rules that apply to a parallel circuit for
the parallel part of the circuit. Solving series—parallel circuits is simplified if all parallel and series groups are
first reduced to single equivalent resistances and the circuits redrawn in simplified form. The redrawn circuit
is called an equivalent circuit.

There are no general formulas for the solution of series—parallel circuits because there are so many different
forms of these circuits.

Example 9.8 Find the total resistance, total circuit current, and branch currents of the circuit shown in Fig. 9-14a.

Original circuit Equivalent circuit

Fig. 9-14a

It is best to solve combination circuits in steps:

Step 1. Find the equivalent resistance of the parallel branch.

RyRy  12(24) 288

Rp = = =— =8Q
R2+R3 12 +24 36

The equivalent circuit reduces to a series circuit (Fig. 9-14b).



CHAP. 9] NETWORK CALCULATIONS 165

10 ©
o (-
IT IT
V=54V R,380 —> vV =54V R, 3180
(b) (©)
3A
e ]\L 2A IJ/ 1A
I 2 3
T 3
21V R2 ‘>R3

(@)
Fig. 9-14b, ¢, d

Step 2. Find the resistance of the equivalent series circuit.

RT=R1+RP=]0+8=189 Ans.

The equivalent circuit reduces to a single voltage source and a single resistance (Fig. 9-14c).

Step 3. Find I7. (I is the actual current being supplied in the original series—parallel circuit.)

[ S N
== — = ns.
=Ry ~ 18

Step 4. Find I, and I3. The voltage across Ry and Rj3 is equal to the applied voltage V less the voltage drop across Rj.
See Fig. 9-144.

Vo=V3=V IR =54—-(3x10) =24V

h L=2_X_,a 4
= "= —= ns.
Then D) y
V3 24
hh=—=—=1A Ans.
- R3 24

or, by KCL,

Itr=L=hL+13
L=Ir—-1Hh=3-2=1A

Example 9.9 Find the total resistance Ry (Fig. 9-15a).
Step 1. Add series resistances in each branch (Fig. 9-15b).

Branch ab: Ri+Ry=5+10=15Q
Branch cd: Ry+ Ry =6+9=15Q
Branch ef: Rs+Rg+R7=8+5+2=15Q
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a c e
R, 280
R, 25Q R, 360
R 5Q R
6 — T g
b g
R, 2100 R, 290
) R, 829
o g o-
b d S
Original circuit Equivalent circuit
(@
a c e
o— ¢ o~
15Q 150 50 — > R, g5
b d S
® ©)
Fig. 9-15

Step 2. Find Ry. Each of three parallel resistors is 15 Q2. See Fig. 9-15c¢.

15

Ry = =?=SQ Ans.

R
N

WHEATSTONE BRIDGE CIRCUIT

The wheatstone bridge (Fig. 9-16) can be used to measure an unknown resistance R,. Switch S, applies
battery voltage to the four resistors in the bridge. To balance the bridge, the value of R3 is varied. Balance is
indicated by zero current in galvanometer G when switch S; is closed.

R, an unknown resistor
1 R,/R,, ratio arm
R3, standard resistor

Fig. 9-16 Wheatstone bridge
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When the bridge is balanced, points » and ¢ must be at the same potential. Therefore
IRy = 1Ry (])
I;R3 =1R> 2

Divide Eqs. (/) and (2). Note that I, and I; cancel.

/xRx _ ,[lRl
IRy IiR2
Rx _ Rl
R3 - Ry
Solve for Rj.
R, = Rip 9-7)
x = R2 3

The ratio arm of the bridge is R;/R». A rotary switching arrangement is used often in commercial bridges
to adjust the ratio arm over a wide range of ratios. The bridge is balanced by varying R3 for zero current in the
meter. A decade box, where resistance can be varied in small ohmic steps up to as high as 10 K€2, is commonly
used as R3. The value of R, can be read directly from the calibrated scale of the rheostat when Rj is adjusted
for balance.

When current flows through the meter path bc, the bridge circuit is unbalanced and must be analyzed by
Kirchhoff’s laws or network theorems.

Example 9.10 An unknown resistance is to be measured by the Wheatstone bridge. If the ratio of Ry/R; is 1/100 and
R; is 352 Q2 when the bridge is balanced, find the value of the unknown resistance.
Substitute known values into Eq. (9-7).

R, = Fip L 0350 4
= — = — = . ns.
TSR, T 100

MAXIMUM POWER TRANSFER

The maximum power is supplied by the voltage source and received by the load resistor if the value of
the resistor equals the value of the internal resistance of the voltage source (Fig. 9-17). For maximum power
transfer, then

and power received at the load is

2 V
P, =1°R; where = ——
Ri + Ry
Example 9.11 If a 10-V battery has an internal resistance of R; = 5, what is the maximum power that can be
delivered to the load resistor (Fig. 9-18)?
For maximum power transfer,
Ry, =R =5Q
1% 10 10
1A

:Ri-f—RL:S-i-S:E:

PL=1*R, =1>(5)=5W  Ans.
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R, g Load resistor

V=10V=— L

Fig. 9-17 Fig. 9-18

Example 9.12 For Example 9.11, prepare a table of values of power delivered to the load when the load resistance Ry,
is19,32,4Q,5Q,6%,7%, and 10 Q.

Power Delivered to Ry,

v 2
Rr, Q| R, I_Ri-i—RL’ P =1°R;, W
1 5 1.67 2.79
3 5 1.25 4.69
4 5 1.11 4.93
5 5 1.00 5.00
(max. power)
6 5 0.91 4.97
7 5 0.83 4.82
10 5 0.67 4.49

Notice that when Ry = R; = 5 2, the maximum power of 5 W is transferred to the load.

LINE-DROP CALCULATIONS

The connecting wires are generally very short in electric circuits. Because the resistance of these short
lengths is low, it was neglected in previous calculations. However, in home and factory electrical installations,
where long lines of wires or feeders are used, the resistance of these long lengths must be included in all
calculations.

The voltage drop across the resistance of the line wires is called the line drop. For example, if a generator
delivers 120 V but the voltage available at a motor some distance away is only 117V, then there has been a
line drop in voltage of 3 V.

We must be careful about specifying the kind and size of wires used in any installation. If the wires are
incorrectly chosen, then the line drop may be too large so that the voltage available to an electrical apparatus
will be too low for proper operation (refer to the section on wire measurement in Chapter 4).

Example 9.13 A lamp bank consisting of three lamps, each drawing 1.5 A, is connected to a 120-V source (Fig. 9-19).
Each line wire has a resistance of 0.25 €2. Find the line drop, line power loss, and voltage available at the load.

Step 1. Find the line current /;.
L=hLh+DhLh+L=15+15+15=45A
Step 2. Find the resistance of the line wires R;. Since the line wires are in series,

R/ =Ry +Ry=025+025=05Q
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R =0250
—_
II
I
* 'l 15A IZl 1.5A I3l 1.5A
VG=120V<G> —): e =) B3 B v, =
<
R, = 025Q

Fig. 9-19

Step 3. Find the line drop by ohm’s law.
Vi =1L R =4.5(0.5) =225V Ans.
Step 4. Find the line power loss.
P =I?R = (45%0.5)=101W  Ans.
Step 5. Find voltage available at load.
Vi =Vg -V =120-225=117.75= 1178V Ans.

Example 9.14 A bank of lathes is operated by individual motors in a machine shop (Fig. 9-20). The motors draw a
total of 60 A at 110 V from the distributing panel box. What is the smallest size copper wire required for the two-wire line
between the panel box and the switchboard, located 100 ft away, if the switchboard voltage is 115 V?

Step 1. Find the line drop between the switchboard and the panel box.
Vi=Vg—-V,=115-110=5V

Step 2. Find the line resistance R; for this drop.

Vi=1LR
v, s
Ri=- =2 —0083Q
I 60

Step 3. Find the circular-mil area of the wire that has this resistance. Since there are two wires, [ = 2L = 2(100) = 200 ft.
Use resistivity formula to solve for area A of wire.

l

R =p— 4-5
1=r7 4-5)
At
R
p =10.4 (from Table 4-2) [ =200ft R; =0.0833Q
10.4(2
= w =25 000 CM

0.0833
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v, =110V
L = 100 ft.
—_—
o= ) [ e
Vg =115V I, = 60 A
L
Switchboard
o o o—t >
L = 100 ft
Panel box
Fig. 9-20

Step 4. Find the gauge number of the wire whose circular-mil area is larger than 25000 CM. Refer to Table 4-1.
Read down column 3, circular-mil area, until you get to a number just larger than 25000 CM. The number is
26250 CM. Read left to column 1 to find gauge No. 6. Ans.

THREE-WIRE DISTRIBUTION SYSTEMS

The basic circuit described so far has been a two-wire circuit to a lamp, motor, or other load device. The
basic two-wire circuit uses 120 V to supply the many household and factory load devices designed for that
voltage. The three-wire circuit was developed to reduce the problems of voltage drop and power loss in the
lines while still providing 120-V supply. The three wires of Fig. 9-21, including the grounded neutral, can
be used for either 240 or 120 V. From either red or black high side to neutral, 120V is available for separate
branch circuits to the lights and outlets. Across the red and black wires, 240V is available for high-power
appliances such as a freezer or automatic clothes dryer. This 120/240-V three-wire distribution with a grounded
neutral is called the Edison system.

+ + R
A "A v
— |
. @) i v
Ll Ll
Red “ 1
Ao - M2 4
T N £ AMA —¥
120 vV
\l/ Neutral White h >
No T 240V v, @ RS Vi
= R,
120 V B AA—
l Black Z bl -
B o <1
Fig. 9-21 Three-wire distribution system Fig. 9-22 Three-wire system with two voltage sources

The Edison System with Two Voltage Sources

This system (Fig. 9-22) has two direct-current generators, G 4 and G p, with load voltages Vy1 and Vp,.
R1, Ry, and Rj3 are the resistances of the line wires between the generators and the load. Ry 1 and Ry are the
load resistances. Iy, I, and I3 are the currents in the line wires.

I1 and I3 will always flow in the direction indicated. I, may flow in either direction. The actual direction
of flow will be determined by the sign of I,. A + sign for I, means that it actually flows in the direction
indicated, while a — sign means I, flows in the reverse direction.

By KCL and KVL, we can write

L=hL-DI ()
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Va—NLR — LRy — LRy =0 2)

Vg + LRy — 3R — 3R3 =0 3

If the three wires are equal in size, as they usually are, their resistances are equal. So R = R; = R» = Rs.
Equations (/), (2), and (3) can be solved to find the line currents.

RV + V4Q2R + R12)

I = (9-8)
(R+ RL1)(2R + Rp2) + R(R2 + R)
I (R R) -V,
L= 1(Ri2 +R) — Vg 9-9)
2R+ R1»
L=1—D (9-10)

Example 9.15 A three-wire 240/120-V circuit has line resistances of 0.5 € per line and load resistors R;; = 10 2 and
Rpo =5 Q (Fig. 9-23). V4 and Vg are 120 V each. Find the currents and voltages at the loads.

Fig. 9-23

Step 1. Solve for /1, I», and I3. Substitute known values into the line current equations.

RV +VAQ2R+ Rp))

L= 9-8)
(R+RL)RR+ Rp2) + R(Rp2 + R)
0.5(120) 4+ 120(1.0 + 5) 60 + 720 780
= = = =119A Ans.
0.5+10)(1.0+5 +0.5(5+0.5) 63+2.75 65.75
I (R R)-V
_ IR+ R) —Vp 9-9)
2R+ Ry
11. .5) — —54.
_ 11.9(5+0.5) — 120 _ 54.55 —91A Ans.
1.0+4+5 6
I is thus flowing in opposite direction to that shown (Fig. 9-23).
Li=LH—-1 9.10)

L=119—-(=91)=119+9.1=21A  Ans.
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Note that because /3 has the higher current, the heavier load is connected between the negative (lower) line and
the neutral, and the neutral carries current away from the generator. If the 120-V loads were balanced on each
side of the neutral (R;; = Ry7), the neutral would carry no current (I = 0).

Step 2. Find voltage across the loads by Ohm’s law.
Vi =1L Ry =11.9(10) = 119V Ans.
Vo =R =21(5) =105V Ans.
Example 9.16 Assume that the fuse in the neutral line is blown, opening the neutral line in Fig. 9-23. What now are

the voltages across the two loads?
The connection is now reduced to a two-wire circuit (Fig. 9-24). By Ohm’s law,

/- 240 240
T 05+10+54+05 16
VL1=IRL1 =15(|0)= 150 V Ans.
Vip=1IR1p=1505)=75V Ans.
The high voltage of 150 V across the 10-2 load resistor could destroy the equipment connected at that point in the
circuit. If the load were lights, the light bulbs would burn out fairly quickly with a 31-V overage (150 — 119 = 31). For

this reason, the neutral wire must not contain a fuse for protection of the circuit. Generally, electrical codes forbid fuses in
the neutral line.

+ 059
A }F vy
1

10 Q Vi
240 V — Y
5Q 473

05Q

BY& AN

Fig. 9-24

Solved Problems

9.1 Reduce the bridge circuit (Fig. 9-25a) to a single equivalent input resistance at terminals a and d.

Step 1. Convert Y network bcd to its equivalent A network. Use Rule 2 and visual aid. (See

Fig. 9-25b.)
10(10) + 10(10) 4+ 10(10) 300
g, — 1000 +10010) +1000) _ 300 _ o
10 10
300
Rr="-=30Q
10
300
Ri="—=30Q

10
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a 100 b
>
10 © S0
< <
100
RT =7 e ﬂ A'A'A' c
2100 Swa
2 $
a
d d
(@)
a 10 G b
c A'A"'
30 0
Siog
R, b3
>
Ry 3300 . —>
<
R
2 <
00100
O
d d
1)
()
a 109 b a 100 b
O—AAA/ O—AA—O————
>
5; 7.5Q
qt 4 <t
—> :,300 > ¢ > :,309 :,159
>
5: 7.5Q
d d d d
“@ (&)
a 109 b a 109Q a
T ——— O— A o—
4 p e
R, 5: N R, ;: 10 Q —> Rrg200
d d d d
©6) @) ®)
(d)

Fig. 9-25
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Step 2. Redraw Y as its A equivalent and connect it to the rest of the original circuit. (See Fig. 9-25¢.)
Step 3. Reduce the circuit. The two 10- and 30-2 branches are in parallel. (See Fig. 9-25d.)

10(30) 300
10430 40
10(30 300

R, = 200 _ 30 _ ;450
10 + 30 40
30(15 450

R, = U 450 50
30+ 15 45

Rr=10+10=209Q Ans.

9.2 Find the equivalent resistance Rr and output voltage V, of a network with a bridged T form

(Fig. 9-26a).
Step 1. Transform the T (or Y) network into its equivalent A. Use the rule for Y to A conversion
(Fig. 9-26b).
22) +22)+ 22 12
R 22O 20) 12 o
2 2
12
Rh=—=6Q
2
12
R3=—=6Q
2

Step 2. Redraw T as its A equivalent and connect it to the remainder of the original circuit
(Fig. 9-26¢).
Step 3. Redraw the circuit to show more clearly the two parallel branches, each containing two 6-2

resistances. Then reduce the circuit until you get a single equivalent resistance Ry (Fig. 9-26¢
and e). Two 6-Q2 resistances in parallel are equal to 6/2 = 3 Q.

6
RT:§:3Q Ans.

Step 4. Solve for V, by voltage distribution of 10 V. Look at circuit (3) in Fig. 9-264.
By the voltage-division rule,

» = (resistance ratio)(V,4) <3 o130

3
)(10\/) =210=5V  Ans.

9.3  For a two-delta bridge circuit (Fig. 9-27a), find the values of current through all the resistors.
Step 1. Find the equivalent resistance between terminals a and d.

(a) Transform A abc to its equivalent Y (Fig. 9-27b).

27 4 1
0T g g0 % g 201

_ _ — 2 = =—=1Q
346+9 18 18 18 ‘718 18

a

(b) Connect the Y equivalent circuit to the original circuit (Fig. 9-27¢).
(c) Reduce the series—parallel circuit to its equivalent (Fig. 9-27d).
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6Q

]
VO
(]
[ O
1 1
| |
| I
4 |
| |
| ==z
| « !
$ | ¢ N—t—e
< | _
_ - ———
| & |
I $a |
I f
| }
[N
il
S >
=4

®

(@)

pC—x—

vV

>
>
>

AAA
A A A4
6Q

60 $

6Q

6Q

(0]

el
-

10V

©

RN
o AAA
=]
c S "
o S
<
s AMA
[«
O
£
+ 1

10V

-

-

3

(6]

@

>3 0

<
<
<

Ry

j—':

el

10V

360 —>

;

>
60

<
<
1

T

10V

&)

@

(e)

Fig. 9-26
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=30V

=30V

(b) (@

1.5¢

; =30V R S50

—> 35Q — R, 350 S

d

IS
2

2

79 359 350+ 150=5Q

0] @ 3 (O]
(@)

Fig. 9-27
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Step 2. Find /1 and /3.

%
Yr_30_6a

Il = =
Rt 5

I divides equally into the two 7-2 parallel branches so that

Step 3. Solve for I, by KVL, >V = 0. Trace circuit abca in the clockwise direction (Fig. 9-27a).

—hLRy— (b —DB)R3+ (1 —D)R, =0
Substitute Ry =9Q, Ry =3Q, R3=6Q,1I] =6A, and I35 =3 A.
9L — (12 —3)6)+(6—-1)3) =0

-9, —6L+18+18—-31, =0

—18L,+36 =0
—181, = —-36
L=2A

Step 4. Show currents through individual resistors (Fig. 9-27a).

L—-—L=6—-2=4A Ans.
L =2A Ans.
L-L3=6—-3=3A Ans.
L—L5=2-3=—-1A Ans.
I3 =3A Ans.

The negative sign for I, — I3 indicates that the current actually flows in the direction of
ctob.

9.4  The superposition principle can be applied to a voltage-divider circuit with two sources (Fig. 9-28a).
Find V,,.

The method is to calculate V), contributed by each source separately and then add (superimpose)
these voltage algebraically.

Step 1. Short-circuit G2 and find V) g1 due only to source G| (Fig. 9-28b).
Ry and R; form a series voltage divider for the Vi source. V) g1 is the same as the
voltage across R». To find V), g1 use the voltage-divider formula:

Vo= 22 v 2 O —160v
PG R TR, VT 204407 T 607

Vp,G1 is positive because Vi is positive.



178

NETWORK CALCULATIONS

v, =240V
Rl
G, AV
- + 20k Q
r-—Q Ol
D\ ks
G, A
+ - 40k 0
v, =60V

(a) Voltage divider circuit with two voltage sources

vy =240V R G, short-circuited R
o) ' N \
&) AN AN
- + 20k Q 20k Q
0 V, ;s g ——o V, 5, O—9¢
R R
2 2
AAN- /GZ\ AAA/
hort-cireuited / 40k Q + - 40k Q
G, short-circuite: ®) V, = 60V

Fig. 9-28

Step 2. Short-circuit G and find V), g2 due only to source G, (Fig. 9-28¢).
R; and R; form a series voltage divider again, but here V), > is the same as the voltage
across R;. To find V), G2 we use the voltage-divider formula, but this time we have a negative
voltage source G.
R 20 20
V = Vo = —60V)=—(-60V) =-20V
PO R TR 2T 204400 ) =50V
Step 3. To find V), add the voltages calculated.

Vo =Vo1+ Vyga=160—20 =140V Ans.

9.5 Find the current through the load resistor R; in the two-generator source circuit (Fig. 9-29a) by

superposition. Ry and Rj are the internal resistances of the generators.
Step 1. Find the current in Ry due to G alone, designated /1 g;.

(a) Short-circuit G, and reduce the circuit (Fig. 9-290).

RoRy, 1(10) 10
R:=R e — 7 =1 — =191 Q
3ERY R, Tr10 T
Vi 120
Lol =—=— =628A

Ry 191
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\LIL, Gl
1Q

<

<1 Q RL‘
<

' AN

310 ©

62 short-circuited
—_— —>
RS1e L RrS10 £
1 2 >
R 3100 y O
y y 3 ) R, $
<
120 V 100 V h
(@ (b)

Fig. 9-29a, b

(b) Use current-divider formula to find /7 g at point a.

1
IL.61 = L1 = ﬁ62.8 =571A

_m
Ry + Ry

Step 2. Find the current in Ry, due to G alone, namely /1 2. Short-circuit G and reduce the circuit

(Fig. 9-29¢).
RiRp, 1(10)
Ri=R — = =1 =191Q
4= Rt R, 1+ 10
bhoy= 2190 _sia
A T I
R 1
ILor=—— hor=—524=476A
L,G2 Rl +RL 2,G2 11

Step 3. Add the individual currents algebraically.

IL=1I161+1.6:=571+476=105A  Ans.

lIL, G2
R
R,310Q 2
R, 1Q
10 + R, 210Q + R, 210
—_— 100 V
G, short- A
circuited

Fig. 9-29¢
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9.6  Find the load current /; and the load voltage V in the circuit (Fig. 9-30a) by the use of Thevenin’s

theorem.
20Q a
9 -AAA 7' <
1
L ]
+
o S,
120V =, 10 @ 20 Q RL€309 VL
- <
b
Fig. 9-30a

Step 1. Find Rtn. Remove the load R;. Short-circuit the voltage source of 120V (Fig. 9-300).
Short-circuiting the battery also short-circuits the 10-2 resistor, leaving two 20-2 resistors
in parallel.

20
Rty = 5= 10 Q

Step 2. Find Vry,. The two 20-KQ2 resistors are in series across the 120-V line (Fig. 9-30a). Since the
voltage is the same across equal resistances and Vrty, is the open-circuit voltage at a and b
across the 20-Q2 resistor,

120
VTh = T = 6OV

Step 3. Draw the equivalent circuit with Ry, and find I and Vi (Fig. 9-30c).

Vi 60 60

I: = = —
L= R, ¥ Rm  30+10 40

=15A Ans.

Ve =I.R, =15@30) =45V  Ans.

200 a Ry a
% A‘AA'f 0
10Q
+ L I :/
> w— >
ircui | —
Short circuit 10 Q 200 €<— Ry R, 3 30Q Th == 60 V R, g 30Q v,
. < o—
b b

®) ©
Fig. 9-30b, ¢

9.7  Find the Thevenin equivalent across Ry of the Wheatstone bridge network (Fig. 9-31a).

Step 1. For greater clarity, move the voltage source inside the bridge and show the load outside the
bridge (Fig. 9-31b).
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b
-0
+
120
d R,
60 0
-+
2
c
®)
b b
© ©
b b
24 0 Siza Circuit 1 $ 240 120
<
Short circuit
a ) d €—— Ry, a@d «—Ry,
3 600 Circuit2 3300 60 0

r—9
o d
[ﬂ

() d
Fig. 9-31a, b, ¢, d
Step 2. Find Rry,. Short-circuit the 90-V source (Fig. 9-31c¢).

Redraw the circuit for simplicity (Fig. 9-31d). Find Req; for circuit 1, Reqp for circuit 2, and
then combine Reqi and Req in series to find Rry.

24312
«al =4 y12
30(60)
=27 _20Q
2 = 30 1 60

RTh = Req1 + Reqp = 8 +20 =28 Q Ans.

Step 3. Find Vry,. Vy, is the open-circuit voltage across terminals b and ¢ and is equal to the algebraic
sum of voltages across R and R4 (see Fig. 9-31¢). By the voltage-division rule,

B2 99=Ltog—30v
T y14 T30
60 2
Vi=——90=290=60V
60 + 30 3

Vih=V4—V2=60-30=30V Ans.
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To show the polarity of Vry,, ground d and note that the voltage at b is +30 V and the voltage
at ¢ is +60 V with respect to ground. So the voltage at b is —30 V with respect to c¢. This
can be seen if we ground point c. (See Fig. 9-31f.)

Step 4. Draw the equivalent circuit with Ry . Note the polarity of the source. (See Fig. 9-31g.)

b b b
* o ,+30V -30V
+ )
lR2 12 Q 30V
d Vin d
TR4 08 60V
* L
L < =0V
c ¢ c

28 Q

Th

M|
1

)

(2)
Fig. 9-31e¢, f, g

9.8 Convert the voltage source circuit (Fig. 9-32a) to its equivalent current source circuit. Prove that
the two circuits are equivalent by calculating the voltage drop and current through a 10-2 load
resistor.

Step 1. Find the current source equivalent.

Vv 15
I=—=—=3A
R 5

Shunt R is equal to the series R of 5 Q. Therefore, the equivalent current source circuit is as
shown in Fig. 9-32b.

Step 2. Add Ry at terminals ¢ and b. Find I and V[ in each equivalent circuit and compare their
values. From Fig. 9-32¢:

Vv 15
R+RL 5+10

I

Vi =I.R, = 1(10) = 10V
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R a a
AA L o l o +
50 | 1
I |
+ | |
V=15V 1 «—> I <1> 3A R3S5Q |
- | |
| |
| o l o -
Ty T b
(@) Voltage source circuit (b) Equivalent current source circuit
a a
5
+
e == >
V=15V R, 3100 «—> (#)3a rZsa R 3100
b b
(¢) Voltage source circuit with load (d) Equivalent current source circuit with load
Fig. 9-32
From Fig. 9-32d:
R 5 1

I = 3==-3=1A

1 =
R+ Ry 5+10 3

V. =I.R, = 1(10) = 10V

The values of load current and load voltage are the same for each circuit.

9.9  Conversion of voltage and current sources can often simplify circuits when there are two or more
sources. Voltage sources are easier for series connections because we can add voltages, whereas
current sources are easier for parallel connections because we can add currents. Find the current I,
through the middle load resistor Ry, (Fig. 9-33a).

Step 1. Convert voltage sources V| and V, into current sources.

Vi 72 .
11:—:—:8A Shunt Ry = series Ry =9 Q

R 9

1% 24 .
Lh=—=—=8A Shunt Ry = series R, =3 Q

Ry 3

Step 2. Draw the equivalent current source circuit (see Fig. 9-33b). I1 and I> can be combined for one
equivalent current source I7. Since they produce current in the same direction through Ry,
they are added.

It=hL+0L=84+8=16A
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R, 1 a | R,
AN { o l AAA
9Q | I, =17 J/ | 3Q
+ +
1 I ! |
v, =mV | R, Q60 | vV, = 4V
- [ | _
! |
| —
Voltage b Voltage
source 1 (@) source 2

|
|
[
|
1,<f>8A R399 | R
|
l
|
I

>
16A R3225QR, 360
<

h
s
N
=]
]
[ %]
(P8
0
R
©
=)
>
—
~
7
T O AAA————0 B

Current b Current
source 1| source 2

() ©
Fig. 9-33

The shunt R for the 16-A combined current source is the combined resistance of the 9-Q R,
and the 3-Q R» in parallel. So

RiR 2
Shunt R = R _ 93 2T, 50
Ri+ Ry 9+3 12

The circuit of Fig. 9-33b can be redrawn as shown in Fig. 9-33c.
Step 3. Find /. Use the current-divider formula for the 6- and 2.25-2 branches.

225 16— 2.25
T 22546 825

Iy 16 =436 A Ans.

Find the current /5 by converting the series current sources I; and I into series voltage sources
(Fig. 9-34a).

Step 1. Convert I; and I, into voltage sources.
Vi=LR =34)=12V Shunt R| = series R| =4 Q

Vo =Ry =4Q2) =8V Shunt R, = series R) =2 Q

Step 2. Draw the equivalent voltage source circuit (see Fig. 9-34b). The series voltages are added
because they are series-aiding.

Vi=Vi+VWV=124+8=20V
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Source 1 IL= —ﬂ\
I 3A R, 49
} R, $60

Source 2

L, 4A R

Q

R
R S 40 A
+ 6Q ]

v 12V +
- R,36Q 5 V. =2V R, 360
R,220 _T
+
VZ?SV
b
®
Fig. 9-34

The series resistances are added.
R=R +R=44+2=6Q
Then by Ohm’s law,

Vr 20 20
=——=—=1.67A Ans.
R+R, 646 12

I; =

9.11 Find the total resistance Ry of the circuit shown in Fig. 9-35a.

Step 1. Reduce the parallel resistances, R», R3 and R4, R5 to a single resistance. Use formula for
R/N. (See Fig. 9-35b.)
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o
1

>
99 60 R, 100 RS0 —> R; 3

(a)

,$90 R, S180Q R, $6Q

10 ©
) © @)

Fig. 9-35a, b, ¢, d

Step 2. Add series resistances. (See Fig. 9-35¢.)

R,=10+5+3=18Q

Step 3. Find R7. (See Fig. 9-35d.)

RiR,  9(18)

= = =6Q Ans.
Ri+R, 9+18

T

For the circuit in Fig. 9-35a, determine the current values through all the resistors when the applied
voltage is 54 V. Having found the equivalent resistances by steps in Problem 9.11, we shall work
backward, starting with R7 and proceeding toward the original circuit.

Step 1. Find I (Fig. 9-35¢).

|% 54
I =—=—=6A
R 9
|4 54
Lh=—=—=3A
R, 18
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V=54V R; 360 vV = 54V R, 390 R 3180
- < T 1 P £
(€3] H
3Q
. A
6A —
I.=9A 3A
>
Vv = 54V R 290 359
T
3A
&
L 4 — A N
10 Q
®

Fig. 9-35¢, f, g

Step 3. Show the circuit equivalent. (See Fig. 9-35g.)
Step 4. Show the original circuit. (See Fig. 9-35h.)

Because the parallel resistances are equal, the current of 3 A divides equally into 1.5A
and 1.5A.

I1 =6A I, =15A
L=15A Is=15A Ans.
IL=15A Ie=3A

9.13  Find the total resistance of the circuit (Fig. 9-36a).

Step 1. Reduce the circuit progressively from right to left. Add series resistances. (See Fig. 9-36b.)
Ryi=Rg+ R3+ R7=30+40+50 =120
Step 2. Combine parallel branches (Fig. 9-36¢).

60(120)

=——>-"=40Q
60 + 120

B

Step 3. Add series resistances (Fig. 9-36d).
Rc=35+40425=100Q
Step 4. Combine parallel branches (Fig. 9-36¢).

300 (100)

=———=75Q
300 + 100

D
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r— - - /M
I I 6Q I
9A 3A | ———AM——— | 34
—> —s | | —>
o * } t
J |
| AN | ————+t———- 1
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6A —7——————=— — |
/ | |
[ / | [
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/ | f
/ I |
[ |
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9A / 3A e e
Pa—— / P a— \ \L3 A
© ,1 AN N =
/ 100 \
/ |
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/ \
v
12 3A
1.5A l
—>
6Q
JA [—VWA——a 3A
—> B I I
4
1 l.SAl 100 100 l 15A
AMA-
60
— I
IA l 6
3A
1.5 A
h)
Fig. 9-35h

Step 5. Find Rr by combining series resistances (Fig. 9-36 f).

Rr =10+75+15 =100 2 Ans.

9.14 In the Wheatstone bridge circuit (Fig. 9-37), the bridge is balanced. Calculate Ry, I, I, and each

voltage.

Step 1. Calculate R, by Eq. (9-7).

R

=%

1000

Ry=——42=42Q Ans.

~ 10000
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10 © 250
300 @ 60 ©
15 0 35 Q
(» ©
o——AV—19 o——AM— o
100 10 ©
! ! L
300 © RC$1OOQ — R,3750 —> RT%IOOQ
O AN o——AN— o
15 0 15 Q
(@) (e) )
Fig. 9-36
a
? 1kQ
Vy=11YV I e 1
420 10 kQ
b

Fig. 9-37
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Step 2. Calculate currents /, and /;. Express the voltage drop across terminals a and b.

LRy + 1IR3 = V7
I (Ry + R3) = Vr

Vr 11 11

= = =0.238A Ans.
R, +R3 42442 462

Iy

Similarly, 1R +11R, = Vr
LR+ Ry) =Vr

Vr 11 11

I: = =
"Z R+ R, 1000+10000 11000

=0.001 A Ans.

Step 3. Find each voltage. By Ohm’s law,

Ve=IR,=023842)=1V  Ans.

Vi =R =0.001(1000) =1V Ans.
Vo = IRy = 0.001(10000) = 10V Ans.
Vi= 1IR3 =023842) =10V  Ans.

When the bridge is balanced, no current flows through the galvanometer, so that
Vi=Wi

1V=1V Check
and Vi=W,

10V =10V Check

An alternative method to find each voltage is by the voltage-divider rule. With this method we need
not solve for the currents.

R 1 1
Vi=—1—Vr = l=—11=1V
R+ Ry 1+10 11
Then Va=Vr—Vi=11—-1=10V
- R 42 42
Similarly, Ve = d = 11 = 11=1V
Ry + R 42442 462
and Vi=Vr—Ve=11-1=10V

9.15 Find the value of load resistance Ry that will provide the maximum power delivered to load
(Fig. 9-38a). Also calculate maximum power Py.

Step 1. Show the Thevenin equivalent circuit (Fig. 9-36b). Ry and R are in parallel.

RiR 5(20
Ry = TR ( ):49
Ri+Ry 5+20
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Rl a RZ
AN AAN
20 Q 50
+ +
1 ! L
v, = 140V SR, =7 V,= %0V
— PL =1 -
b
(@)
R, 5 a
AAAS & AAA/ -0
20 Q I 5Q
Short ¥, ¢ Short ¥, or R, $200 R, $50
b <
I -Q
b
)]
Rl RZ a
A . 4 0
20 Q 59
[ > . 200 T I, 5Q
£ a L
V]=140V; —_V,=9V or
b T + +
- [ - 140V = —_— 9%V
- - _ 0
b
(©)
RTh a
ANA- -
4Q
IL ‘ ,
Vi = 100V R, =7
P, =7
b

(d) Thevenin equivalent circuit

Fig. 9-38

By Ohm’s law (see Fig. 9-38¢),

Vi—V, 140 —-90 50
Ri+ Ry 20+ 5 25

Vin = Vo = Vi — I1 Ry = 140 — 2(20) = 140 — 40 = 100 V

The Thevenin equivalent circuit is shown in Fig. 9-384.
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Step 2. Find Ry and Pp. For maximum power to be delivered to the load, Ry = Rty. Therefore,

R; =4Q Ans.

Vi’ 100 \?

Or, more simply, since source voltage divides in half between Rty and R,

vV o 50
Vp =50V and Pp=-E="=625W
R, 4

Note that maximum power is received by the load if the resistance R is equal to a fixed value of
series resistance, which may include the internal resistance of the voltage source. In this problem, the
series resistance is equivalent to the Thevenin resistance Rty,.

A motor drawing 8333 W is operating from a 232-V source 100 ft away (Fig. 9-39). For power instal-
lations, the National Electrical Code permits a 5 percent drop. What is the line power loss? What is
the minimum size copper wire that may be used for the line supplying the motor to avoid exceeding
the 5 percent voltage drop?

Step 1. Find the minimum voltage at the motor load, Vy.

Vsource =232V
Wine drop = 0.05(232) =11.6 V
VL = Vsource = Vline drop = 232 — 11.6 = 220.4 V

Step 2. Find the current drawn by the motor, .

L = 100 ft
PL=1.VL
=" PP a5 o i
T v T 204 T S
Ve =232V <M> v,
Step 3. Find the power loss P;. o A
Line drop V; =0.05(232) =11.6V

I =378A L = 100 ft

Minimum size of wire = ?

P =VilL
= 11.6(37.8) =438 W Ans.

Fig. 9-39

Step 4. Find the resistance of the line wires, R;.

Vi=1ILR

v, 116
L= 2 0307 Q

R =
I; 378
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Step 5. Find the circular-mil area of the wire that has this resistance.

Ri=p— 45

I PA ( )
!

A_pl

p =104 (Table4-2) [ =2L =200ft R; =0.307Q

_10.4(200)

=6780CM
0.307

Step 6. Find the gauge number of the wire whose circular-mil area is larger than 6780 CM. Refer to
Table 4-1; No. 11 wire is the minimum wire size that can be used to limit voltage drop to
5 percent. Ans.

9.17  Find the voltage across the motor and across the lamp bank of the circuit (Fig. 9-40). The motor draws
4 A and the lamp banks 5 A. Resistances of the feeder line are indicated.

030 0.1 Q
ﬁ J/IM =4 A l/IL =5A
Is
+
Ve G> 116 V Vu = 7 | Lamp bank v, =12
7 v —_—

0.3 0 0.1Q

Section 1 Section 2

Fig. 9-40

Step 1. Find the current distribution.
Ig=Iy+1L=4+5=9A

In section 1 the current is 9 A, and in section 2 the current is 5 A.
Step 2. Find the line drop in each section.

Section 1: Ri1=034+03=0.62
Vii = IgR11 = 9(0.6) =54V
Section 2: Ri»=0.140.1=02Q

Vio=IR,=502)=1V

Step 3. Find the load voltages.

Vu=Ve—Vi1 =116 -54=1106 V Ans.
VL =Vy —Vip=1106 —1=109.6 V Ans.

9.18 Compare the line drop and load voltage of a three-wire system and a two-wire system. Use the circuit
of Fig. 9-23 with the 10-2 load for your calculations (see Fig. 9-41).
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" 0.5Q
o AN
S
120 v =194 100 Vi)
b 0.50 + 050
O A\ o AN\
- ]
120 v L=91A 508V, 120 V 0es ¥,
0.59Q 0.5Q \L
O AAA O 'A%
= - z
I, =21A
(a@) Original three-wire system (Fig. 9-23) (b) Two-wire system
Fig. 9-41
For three-wire system with respect to 10-$2 For two-wire system (Fig. 9-41b):
load (Fig. 9-41a):
=11.9(0.5) = 5. 120 120
Vi1 = 11.9(0.5) =595V I — _ 120 00a
Vip =9.1(0.5) =455V 05+10+0.5 11
Total line drop = V1 + Vjp = 5.95 4+ 4.55 Total line drop = 10.9(1) = 109V
=105V
Vi1 =11.9(10) = 119V Vi1 =10.9(10) = 109 V
Then, Difference in line drop = 10.9 — 10.5 =04V Ans.
Difference in load voltage = 119 — 109 = 10V Ans.

9.19

9.20

9.21

9.22

9.23

9.24

So we see that in this case a three-wire system has a line drop of 0.4V less than that of a two-wire
system and a higher load voltage by 10 V.

Supplementary Problems

Transform the A networks of Fig. 9-42a into Y networks. (Hint: Draw visual aid.)
Ans.  See Fig. 9-42b.

Transform the Y networks of Fig. 9-43a into A networks. (Hint: Draw visual aid.)
Ans. See Fig. 9-43b.

Find the equivalent input resistance between terminals a and d for the bridge networks (Fig. 9-44).
Ans. (@) Rr=102; (Bb)Rr=11Q2; (¢)Rr=5Q

If 50V were applied between terminals a and d to the circuit shown in Fig. 9-44c, find the current in
each resistor. Ans. lipo=45A;I3q=55A;Lqo=05A;1og=5A;11,g=5A

Find the equivalent resistance and output voltage V,, of a bridged T network (Fig. 9-45).
Ans. Rr=259Q;V,=75V

Find the equivalent input resistance between terminals a and d (Fig. 9-46). Ans. Rt =372
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a 10 @ b a a
a 5Q c
3V9 30 Q 40Q 10Q 100 @ 15 Q 15Q
c c 50 Q b b b 15Q ¢
m 2 3) (G}
(@)
a b a a c a
50 3330 10 © 043 Q 435Q- 50
10 Q 125Q 16.7 Q 8.67 Q 50 50
c c b b b c
(1 2) 3) 4)
(b)
Fig. 9-42
a b a 200 a
5Q 200 209
2@ 249 4,360 10 0 10 @
10Q 200 200
c a b c b c c b
1) () 3) @
(@)
a 359 b a 66 Q c a a
17.5Q 70 Q 44 Q 132 50Q 50 Q 60 Q 60 Q
c b b 25 Q c c 60 Q b
(1 2
) @ ®) ® @

Fig. 9-43
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10 1.2 9

©

R, oA
30Q
40 Q 10Q
R, R,
b_Wv M
25 Q
10 2 | 10 Q Rp=7? c
R 250 R :; 10 Q |
$ =7
+ 309;: R Y, 20 0 30 0
Ve=20V =
I o )
d d
Fig. 9-45 Fig. 9-46
9.25  Determine the voltage V), by superposition (Fig. 9-47). Ans. V, =30V
10Q 15Q
AN * A,
> I I
1 3 l, 200 2 l
+
4 ,
= 20V = 3200
f— ] + )
=10V
Fig. 9-48

Fig. 9-47

9.26  Solve for the indicated currents by using superposition (Fig. 9-48).
Ans. 11 =06A; 1, =04A;13=02A

9.27  Find the current in the load R; by superposition (Fig. 9-49).
Ans. I; = 14.8 A (rounded from 14.84 A)
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R, R,
- —AAA- g —VW
1, =7 —> 50 —> 150
\l/ 1 I
0.5Q 1Q + V2=19OV..—_ é
N + RL§109 v, =110V l/13 R, 8200
150V 160 V -
R, 350
Fig. 9-49 Fig. 9-50
9.28  Find currents I, I, and I3 in a two-mesh circuit by superposition (Fig. 9-50).

9.29

Ans. I} = —6 A (actual direction of current is opposite to the assumed direction); I, = 4A;
I3 = —10 A (actual direction is opposite to the assumed direction)

Find the Thevenin equivalents to the circuits of Fig. 9-51.
Ans. (a) Rrhn = 1.2Q; Vrp = 48V, (b)) Rth = 1.6 Vi, = 24V; (¢) R = 0.89 Q;
Vmpn =133V

9.30

9.31

9.32

9.33

9.34

9.35

Rl a
A0
30
+
P =Y
V=12V Rr,320
R3
——'W\.——-Jb——o
5Q b
)
Fig. 9-51

Add a resistor load R, of 5 2 between terminals a and b to each circuit of Problem 9.29, and find the
load current /;, and load voltage V.

Ans. (a) Ip = 077A; Vi = 387V, (b) Ir = 036A; Vi = 1.82V; (¢) Iz = 023A;
Vi, =1.13V

Find I;, and V}, by the Thevenin equivalent for the circuit of Fig. 9-52.
Ans. ]L = 2A; VL =20V

In the Wheatstone bridge network (Fig. 9-53), find the Thevenin equivalents Rty and Vty, and then
find I;, and Vy. Ans. Rty =21; Vi =30V, I =1A; VL =9V

Find I; and Vi (Fig. 9-54) by the Thevenin theorem.
Ans. Ip =3A;Vp =18V; (Rtpn = 1.71 Q; V, =23.1V)

Find I, and V[, (Fig. 9-55). Ans. I =1A;Vy =40V, (Rtp, = 6.67 Q; Vp, =46.7V)

A voltage source has 24 V in series with 6 Q (Fig. 9-56a). Draw the equivalent current source circuit.
Ans. See Fig. 9-56b.



198 NETWORK CALCULATIONS [CHAP. 9
<__._
Rl
AWA'i
1Q
R, 290
+ | 1
V=50V R, 350 RLwlon
R3
AN é_—'
4Q c
Fig. 9-52 Fig. 9-53
109 N 210 v
m—e— i
49 30 + |
N R, 360 oV = 200 RL:<4OQ
10V T. = 33V -
Fig. 9-54 Fig. 9-55
6 a _a
ANA~ O - O
UV = 4A C&) 6Q
+
+
-0 -0 O
b b
(a) )
Fig. 9-56
9.36  Show the Norton equivalent circuit (Fig. 9-57a) and find I . Ans. See Fig. 9-57b. I}, = 2.14 A.
9.37  Find the Norton equivalent to the circuits of Fig. 9.58a, b, and c. (These are the same circuits for
which you found the Thevenin equivalents in Problem 9.29.)
Ans. (a) IN=4A; Ry =12Q; (b)Iyn=15A; Ry =1.62; (¢)Iyn=15A; Ry =0.89Q
9.38 Add a resistor load R; of 5 Q2 between terminals a and b to each circuit of Problem 9.37. Calculate

the load current /;, and load voltage Vy. Check your answers with those for Problem 9.30.

Ans.
Vi =113V

(@) It = 0.77TA; Vi = 3.87V,;

(b) I, = 036A; VL = 1.82

V;, (c) I = 0.23A;
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R, a a
AN Q @ O
4Q I, =214 A
=7 —
+
V=120V R, 3120 R,_é4ﬂ lNijsA R, 230 R, 240
- <
- b . b
(@ ®)
Fig. 9-57
Rl a
30
+
V=12V R,$20
]
*—o
b
(@) (b) (0
Fig. 9-58
9.39  Show the Thevenin equivalent (Fig. 9-59) and calculate V..

Ans.

RTh =3 Q; VTh = 22.5V; VL =18V

9.40 In Fig. 9-59, solve for Vi by superposition.
Ans. VL=18V(1L’V1 =1A, IL,VZZO-SA, IL=1.5A)
941 In Fig. 9-59, solve for Vz by the Norton equivalent theorem.
Ans. VL =18V (N =75A, Ry =3Q)
9.42  Find the current through the load resistor R;, (Fig. 9-60). Ans. I =02A
a a
o ) g =
R, $40 R, $120 1, 5A R, $20
3
R, 2120 R, 3
+ + 9
Vi = 20V Vv, = 30V I 2A R, 4Q
1 T- |
b b
Fig. 9-59 Fig. 9-60
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9.43  Find the total resistance of each circuit in Fig. 9-61a, b, ¢, and d.
Ans. (@) Rr =1822; (b)) Rr =10.62; (¢) Rt =3.21Q; (d) Rt =2.86Q

o ©
12Q 5Q 4Q
'A'A —‘V\N—T A
12 Q 7Q 2Q
O AAN—— o—A \\N——9 ANA—
12 Q 5Q 8 Q
N N— AN AN——
(@) b
4Q
° °. .
6Q 4 Q
>
5Q 3Q 8 Q
:
4Q 4Q
2Q
O @ @
©) (@
Fig. 9-61

9.44  Find the total resistance Ry (Fig. 9-62). Ans. Rr =143 Q

Original circuit Equivalent circuit
a c
o L 2 [ ——
e
R, 250
R, 220
R,/ $10Q R,$10Q R, S50 — > $ Ry
R;330 1
R, 250
S
o * [~
b d
Fig. 9-62

9.45 Find the equivalent resistance of each resistance configuration (Fig. 9-63a, b, and c¢).
Ans. (a) Rt =2.86%Q; (b) Rr =13.59Q; (¢) Rr =15Q

9.46  For the circuit (Fig. 9-64), find R7, I1, I, and I5.
Ans. Rr=10Q; 1 =15A; L =10A; 3 =5A
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30 @
o- SRR S—' Y PR
40 20 Q 300
é 3 3 <t <S
6 Q 100 3023300330033003 15 0
AN
8 Q
6 Q
O—AAN- o
(@ ® (©
Fig. 9-63
L
I, —> R,
_ R R, —AAA
7 —AM—a— 60
R’ | 20 30 R,
—MA——¢
6.67 0 R, ——AAM—9
A l’ | 15 Q
10Q R, R, R,
vV =150V ; > o——4¢ b AAA————0
] 3 40Q 19 Q 300
R, R,
160 @ 90
Fig. 9-64 Fig. 9-65
9.47  Find the total resistance of the circuit (Fig. 9-65). Ans. Rr =30
9.48 Find the total resistance of the circuit in Fig. 9-65 if the 60-Q2 resistor were to burn out and open.
Ans. Rp =60
9.49  An unknown resistance is to be checked by the Wheatstone bridge circuit (Fig. 9-66). When Rj3 is
adjusted for 54 €2, there is zero deflection on the galvanometer. Find R, and each voltage.
Ans. R, =1080%; V, =V =20V; Vb, =V3=1V
9.50 What load resistance R; will produce maximum power at the load (Fig. 9-67) and what is the value

of that power? Ans. R;p =0.075Q; P =145W

R, $0.0750

V —=— 66V

Fig. 9-67
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9.51 Determine the size of the load resistor needed for maximum transfer of power (Fig. 9-68). How much
power then will be dissipated by the load? Ans. Rp =24Q; PL=375W

R, 2
 AA 4 <
4Q
= s L )
v =10V R, 260 SR, =7 Vv, =10V a
P, =7
o 4
b -
Fig. 9-68 Fig. 9-69

9.52  The unbalanced Wheatstone bridge circuit has a resistance R, in series with an ammeter (Fig. 9-69).
Find the value of R, so that it dissipates maximum power. (Hint: Reduce the given bridge circuit to
its Thevenin equivalent.) Ans. Ry =99.5Q (R; = Rtp)

9.53  Calculate the value of maximum power for the circuit in Fig. 9-69. What is the reading of the ammeter?
Ans. P =0.628mW; I, =251 mA (Vtn, = 0.5V, Rth, = 99.5 Q)

9.54 A motor is connected to a generator by two wires, each having a resistance of 0.15 2. The motor takes
30 A at 211 V. What is the line drop, line power loss, and generator voltage?
Ans. Vi =9V; P =270W; Vg =220V

9.55  Fixture wiring is often done with No. 16 wire, which has a resistance of 0.409 Q2 for a 100-ft length.
What is the loss in voltage from the house meter to an electric broiler using 10 A and located 100 ft
from the meter? What is the power loss? Ans. V;=8.18V; P, =81.8W

9.56 A generator is feeding current to a motor and lamp bank connected in parallel (Fig. 9-70). The feeder
lines have the resistance shown. Find the voltage across the motor and lamp bank.
Ans. Vy =1138V; Vp =112V

0.2Q 03Q
(ﬁ \LIM =5A \LIL =3A
G
Yo
CG 119V Vig =1 Lamp bank |V, = ?
S\ — ¥
02Q 030
Fig. 9-70

9.57  Each lamp takes 0.5 A (Fig. 9-71). Find V4 and Vp. Ans. Va4 =112V; Vp =109.6 V

9.58 A 20-kW motor load is 100 ft from a 230-V source. If the allowable drop is 5 percent, what is the
smallest size copper wire that can be used? Ans. No. 8 wire (circular-mil area = 16 500)
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9.59

9.60

9.61

9.62

9.63

0.5 Q 0.4 Q
VG ﬁ —"ﬁr
CG 120 v Ten lamps V, = ? Six lamps Vg = ?
— ¥ — ¥
0.5Q 0.4 Q
Fig. 9-71

A load 400 ft from a generator requires 80 A. The generator voltage is 115.6 V, and the load requires
110 V. What is the smallest size wire that may be used so that no less than 110V will be across the
load? (Note: Not only must voltage drop be considered, but the amperage capacity of the wire must
not be exceeded.) Ans. No. 2 wire (circular-mil area = 59 400)

Find the currents in the three lines of the Edison system with two voltage sources (Fig. 9-72).
Ans. 11 =6.64A; 1, =165A;13=499A

+

=
100v 159

IOOV 200

[}

|
A
y ©
23
o
N e tibk

Fig. 9-72

If the neutral leg (Fig. 9-72) is broken at point X, possibly by a blown fuse, what is the current through
the loads and the voltages across the loads? Ans. I =570A;Vy; =855V; Vi, =114V

If the 15-€2 resistor (Fig. 9-72) is now replaced by a 20-S2 resistor, find the new values for the current in
the three feeder lines (with equal source voltages, line resistances, and load resistances, the three-wire
system is balanced).

Ans. I = 499 A; 1, = 0A (current in neutral wire is zero for a balanced three-wire system);
I3 =49 A

If each lamp (Fig. 9-73) requires a current of 1 A, find (@) the current in each of the three lines, (b) the
IR drop in each line, and (c) the voltages V| and V5. (d) Which line carries the heavier load?

Ans. (@) I = 4A; I, =2A; I3 = 2A; (b) Positive line, 3.2 V; neutral, 1.6 V; negative, 1.6V,
(c) Vi =115.28 V; V, =120V, (d) Positive line
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Positive line 0.8Q

@) B B B DL v,

Neutral 0.8Q

2 SIS

- I, =7

Negative line 089

Fig. 9-73

9.64 In the three-wire dc distribution system (Fig. 9-74), each lamp bank consists of 50 lamps. Each lamp
takes a power of 60 W when the voltage is 115 V. All three conductors are of the same size. Specify
the size of copper wire to be used in order that the voltage at each bank be 115V with all lamps
turned on. Ans. No.5AWG

ke 500 ft >|
]
120 V Fifty lamps
t %
120V Fifty lamps
l

Fig. 9-74



Chapter 10

Magnetism and Electromagnetism

THE NATURE OF MAGNETISM

Most electrical equipment depends directly or indirectly upon magnetism. Without magnetism the electrical
world we perceive today would not exist. There are few electrical devices used today that do not make use of
magnetism.

Natural Magnets

The phenomenon of magnetism was discovered by the Chinese about 2637 B.C. The magnets used in their
primitive compasses were called lodestones or leading stones. It is now known that lodestones were crude
pieces of iron ore known as magnetite. Since magnetite has magnetic properties in its natural state, lodestones
are classified as natural magnets. The only other natural magnet is the earth itself. All other magnets are
human-made and are known as artificial magnets.

Magnetic Fields

Every magnet has two points opposite to each other which most readily attract pieces of iron. These points
are called poles of the magnet: the north pole and the south pole. Just as like electric charges repel each other
and opposite charges attract each other, like magnetic poles repel each other and unlike poles attract each other.

A magnet clearly attracts a bit of iron because of some force that exists around the magnet. This force is
called the magnetic field. Although it is invisible to the naked eye, its force can be shown to exist by sprinkling
small iron filings on a sheet of glass or paper over a bar magnet (Fig. 10-1a). If the sheet is tapped gently, the
filings will move into a definite pattern which describes the field of force around the magnet. The field seems
to be made up of lines of force that appear to leave the magnet at the north pole, travel through the air around
the magnet, and continue through the magnet to the south pole to form a closed loop of force. The stronger
the magnet, the greater the number of lines of force and the larger the area covered by the field.

In order to visualize the magnetic field without iron filings, the field is shown as lines of force in Fig. 10-1b.
The direction of the lines outside the magnet shows the path a north pole would follow in the field, repelled
away from the north pole of the magnet and attracted to its south pole.

/ le— Glass sheet

Iron filings

Magnet
(a) Field outlined by iron filings (b) Field indicated by lines of force

Fig. 10-1 Magnetic field of force around a bar magnet

Magnetic Flux ¢

The entire group of magnetic field lines, which flow outward from the north pole of the magnet, is called
the magnetic flux. The symbol for magnetic flux is the Greek lowercase letter ¢ (phi).

205
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The SI unit of magnetic flux is the weber (Wb). One weber equals 1 x 108 magnetic field lines. Since the
weber is a large unit for typical fields, the microweber (WWb) is used (1 pWb = 10~ Wb).

Example 10.1 If a magnetic flux ¢ has 3000 lines, find the number of microwebers.
Convert number of lines to microwebers.

3000 lines 3 x10°
" 1% 108 lines/Wb 108

=30x 10°°Wb=30puWb  Ans.

Magnetic Flux Density B

The magnetic flux density is the magnetic flux per unit area of a section perpendicular to the direction of
flux. The equation for magnetic flux density is

_¢ .
B=- (10-1)

where B = magnetic flux density in teslas (T)
¢ = magnetic flux, Wb
A = area in square meters (m?)

We see that the SI unit for B is webers per square meter (Wb/m?). One weber per square meter is called a resla.

Example 10.2 What is the flux density in teslas when there exists a flux of 600 L Wb through an area of 0.0003 m2?
Given ¢ = 600 LWb = 6 x 107 Wb

A=0.0003m? =3 x 107 m?
Substitute the values of ¢ and A in Eq. (10-1).

10—4
p_® _6x107"Wb .
A 3x1074m2

MAGNETIC MATERIALS

Magnetic materials are those materials which are attracted or repelled by a magnet and which can be
magnetized themselves. Iron and steel are the most common magnetic materials. Permanent magnets are those
of hard magnetic materials, such as cobalt steel, that retain their magnetism when the magnetizing field is
removed. A temporary magnet is one that has no ability to retain a magnetized state when the magnetizing
field is removed.

Permeability refers to the ability of a magnetic material to concentrate magnetic flux. Any material that
is easily magnetized has high permeability. A measure of permeability for different materials in comparison
with air or vacuum is called relative permeability. The symbol for relative permeability is w,(mu), where the
subscript r stands for relative. w, is not expressed in units because it is a ratio of two flux densities, so the
units cancel.

Classifying magnetic materials as either magnetic or nonmagnetic is based on the strong magnetic prop-
erties of iron. However, since weak magnetic materials can be important in some applications, classification
includes three groups:

1. Ferromagnetic materials. These include iron, steel, nickel, cobalt, and commercial alloys such as
alnico and Permalloy. The ferrites are nonmagnetic materials that have ferromagnetic properties
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of iron. A ferrite is a ceramic material. The permeability of ferrites is in the range of 50-3000.
A common application is a ferrite core in the coils for RF (radio-frequency) transformers.

2. Paramagnetic materials. These include aluminum, platinum, manganese, and chromium. Relative
permeability is slightly more than 1.

3. Diamagnetic materials. These include bismuth, antimony, copper, zinc, mercury, gold, and silver.
Relative permeability is less than 1.

ELECTROMAGNETISM

In 1819, a Danish scientist named Oersted discovered a relation between magnetism and electric current.
He found that an electric current flowing through a conductor produced a magnetic field around that conductor.
In Fig. 10-2a, filings in a definite pattern of concentric rings around the conductor show the magnetic field of
the current in the wire. Every section of the wire has this field of force around it in a plane perpendicular to
the wire (Fig. 10-2b). The strength of the magnetic field around a conductor carrying current depends on the
current. A high current will produce many lines of force extending far from the wire, while a low current will
produce only a few lines close to the wire (Fig. 10-3).

Circular lines of force

Current in conductor

e 7//7 N Iron filings
= / = /D ¢ —>
- ~=as

Cardboard

|+

Conductor

(@ )

Fig. 10-2 Circular pattern of magnetic lines around current in a conductor

Large field

Small field
A A

- =
&7 =4

High current Low current

Fig. 10-3 Strength of the magnetic field depends on the amount of current

Polarity of a Single Conductor

The right-hand rule is a convenient way to determine the relationship between the flow of current in a
conductor (wire) and the direction of the magnetic lines of force around the conductor. Grasp the current-
carrying wire in the right hand, wrapping the four fingers around the wire and extending the thumb along
the wire. If the thumb points along the wire in the direction of current flow, the fingers will be pointing in the
direction of the lines of force around the conductor (Fig. 10-4).
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\ Thumb points in

direction of current flow

¢

Fingers curl in direction
of magnetic field

Fig. 10-4 Right-hand rule

Magnetic Fields Aiding or Canceling

[CHAP. 10

In Fig. 10-5, the magnetic fields are shown for two parallel conductors with opposite directions of current.
The cross in the middle of the field of the conductor in Fig. 10-5a symbolizes the back of an arrow to
indicate current into the paper. (Think of it as the feathers at the end of an arrow moving away from you.)
The dot (Fig. 10-5b) symbolizes current moving out of the paper. (In this case, it is a point of the arrow
facing toward you.) By applying the right-hand rule, you determine the clockwise direction of the field of
the conductor in Fig. 10-5a and the counterclockwise field direction of the conductor in Fig. 10-5b. Because
the magnetic lines between the conductors are in the same direction, the fields aid to make a stronger total
field. On either side of the conductors, the two fields are opposite in direction and tend to cancel each

other.

(a) Clockwise field (b) Counterclockwise field

Fig. 10-5 Fields aiding with opposite directions of current

Magnetic Field and Polarity of a Coil

Bending a straight conductor into the form of a single loop has two results. First the magnetic field lines
are more dense inside the loop, although the total number of lines is the same as for the straight conductor.

Second, all the lines inside the loop are aiding in the same direction.
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A coil of wire conductor is formed when there is more than one loop or turn. To determine the mag-
netic polarity of a coil, use the right-hand rule (Fig. 10-6). If the coil is grasped with the fingers of the
right hand curled in the direction of current flow through the coil, the thumb points to the north pole of
the coil.

Adding an iron core inside the coil increases the flux density. The polarity of the core is the same as that
of the coil. The polarity depends on the direction of current flow and the direction of winding. Current flow is
from the positive side of the voltage source, through the coil, and back to the negative terminal (Fig. 10-7).
The north pole is found by using the right-hand rule.

\ Thumb points to ral nm\“
N pole of coil
okl INKRE

i ) U\H |

Fingers coil in direction of
current flow through coil

Current / S

Fig. 10-6 Right-hand rule for coil of wire with several Fig. 10-7 Right-hand rule to find the north pole of an
turns (solenoid) electromagnet

Example 10.3 Determine the magnetic polarity of the pictured electromagnets (Fig. 10-8) by the right-hand rule.

The correct polarities are circled. Notice that A has the same direction of winding and current as in Fig. 10-7. In B,
the battery polarity is opposite from A to reverse the direction of current. In C, the direction of winding is reversed from
A; and in D, it is reversed from B.

O O ® oMTU® ®LI®
Sl - [ | — L |

Fig. 10-8 Finding the polarity of a coil

Electromagnet Applications

If a bar of iron or soft steel is placed in the magnetic field of a coil (Fig. 10-9), the bar will become
magnetized. If the magnetic field is strong enough, the bar will be drawn into the coil until it is approximately
centered within the magnetic field.

Electromagnets are widely used in electrical devices. One of the simplest and most common applications
is in a relay. When the switch S is closed in a relay circuit (Fig. 10-10), current flows in the coil, causing a
strong magnetic field around the coil. The soft iron bar in the lamp circuit is attracted toward the right end
of the electromagnet and makes contact with the conductor at A. A path is thus completed for current in the
lamp circuit. When the switch is opened, the current flow through the electromagnet ceases and the magnetic
field collapses and disappears. Since the attraction for the soft iron bar by the electromagnet no longer exists,



210 MAGNETISM AND ELECTROMAGNETISM

Bar of iron

Fig. 10-9 A current-carrying coil magnetizes and
attracts an iron bar placed in its field

Contact

Soft iron bar

D0 V.
\v \v \v
Electromagnet

Spring steel

]
m

+ -

e
S

Relay circuit Lamp circuit

Fig. 10-10 A simple relay circuit

[CHAP. 10

the iron bar is pulled away from the contact by the piece of spring steel to which it is attached. This opens the

contacts at A and breaks the circuit for the lamp.

MAGNETIC UNITS
Ampere-Turns NI

The strength of a magnetic field in a coil of wire depends on how much current flows in the turns of the
coil. The more the current, the stronger the magnetic field. Also, the more turns, the more concentrated are
the lines of force. The product of the current times the number of turns of the coil, which is expressed in units
called ampere-turns (At), is known as the magnetomotive force (mmf). As a formula,

F = ampere-turns = NI

where F = magnetomotive force, At
N = number of turns
I = current, A

Example 10.4 Calculate the ampere-turns for a coil with 1500 turns and a 4-mA current.

Use Eq. (10-2) and substitute =~ N = 150 turns and [ =4 X 1073 A,
NI = 15004 x 1073) = 6 At Ans.

(10-2)
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Field Intensity H

If a coil with a certain number of ampere-turns is stretched out to twice its original length, the intensity
of the magnetic field, that is, the concentration of lines of force, will be half as great. The field intensity thus
depends on how long the coil is. Expressed as an equation,

= (10-3)

where H = magnetic field intensity, ampere-turns per meter (At/m)
NI = ampere-turns, At
| = length between poles of the coil, m

Equation (10-3) is for a solenoid. H is the intensity at the center of an air core. With an iron core, H is the
intensity through the entire core and [ is length or distance between poles of the iron core.

Example 10.5 (a) Find the field intensity of a 40-turn, 10-cm-long coil, with 3 A flowing in it (Fig. 10-11a). (b) If
the same coil is stretched to 20 cm, with the wire length and current remaining the same, what is the new value of field
intensity (Fig. 10-115)? (¢) The 10 cm coil in part (a) with the same 3 A flowing is now wound around an iron core that
is 20 cm long (Fig. 10-11c). What is the field intensity?

N = 40 N = 40 N = 40
I =3A I =3A I =3A
lroncore
Lo0ae] m-moa 1000000000 ) 3= 0w -
H = = 6 :GOOAl/m

1200 At/m 20 cm H

(a) b)

l(—lO Cmv-J

00 At/m lelo
cm
20 cm

Fig. 10-11 Relation between mmf and field intensity with same value of mmf

(a) Apply Eq. (10-3), where N =40 turns, / = 10cm = 0.1 m, and / = 3 A.

NI 403

(b) The length [ in Eq. (10-3) is between poles. The coil is stretched from 10 to 20 cm. Though the wire length is
the same, the length between poles is 20 cm = 0.2 m. So

40(3)
H=->"=600Atm  Ans.

Stretching out the coil to twice its original distance reduces the mmf by one-half.

(¢) The length [ in Eq. (10-3) is 20 cm between the poles at the ends of the iron core although the winding is 10 cm
long.

4003
H=%% _coaym  ans.
0.2

Note that cases (b) and (c¢) have the same H value.
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BH MAGNETIZATION CURVE

The BH curve (Fig. 10-12) is used to show how much flux density B results from increasing the amount
of field intensity H. This curve is for two types of soft iron plotted for typical values. It shows that soft iron
number 1 increases rapidly in B with an increase in H before it develops a “knee” and becomes saturated at
H = 2000 At/m, B = 0.2 T. Past the knee an increase in H has little effect on the B value. Soft iron number
2 needs much more H to reach its saturation level at H = 5000 At/m, B = 0.3 T. Similar curves are obtained
for all magnetic materials. Air, being nonmagnetic, has a very low BH profile (Fig. 10-12).

The permeability o of a magnetic material is the ratio of B to H.

n= (10-4)

B
H

Its average value is measured at the point where the knee is first established. Figure 10-12 illustrates that the
normal or average permeability is as follows:

f ft i ber 1 B 0.2 1 x 107* (T - m)/At
or soft iron number | = — = —— =1 x -m
H H ~ 2000
. B 0.3 _s
wu for soft iron number 2 = — = —— =6 x 107 (T - m)/At
H 5000
Knee
o r _______________ Soft iron 2

02k —————
Soft iron 1

Air

)
1000 2000 3000 4000 5000 6000

H, At/m

Fig. 10-12 Typical BH curve for two types of soft iron

In ST units, the permeability of air is ug = 4w x 10~7 or 1.26 x 107°. To calculate 1, the value of relative
permeability p, must be multiplied by 0.

W=ty X [0 (10-5)

Example 10.6 If a magnetic material has a relative permeability w1, of 100, find its permeability .
Use Eq. (10-5) and substitute known values.

W= prpo = 100(1.26 x 107%)

=126 x 107° (T -m)/At  Ans.
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Hysteresis

When the current in a coil of wire reverses thousands of times per second, the hysteresis can cause a
considerable loss of energy. Hysteresis means “a lagging behind”; that is, the magnetic flux in an iron core
lags behind the increases or decreases of the magnetizing force.

The hysteresis loop is a series of curves that show the characteristics of a magnetic material (Fig. 10-13).
Opposite directions of current result in the opposite directions of +H and —H for field intensity. Similarly,
opposite polarities are shown for flux density as +B or —B. The current starts at the center O (zero) when the
material is unmagnetized. The dotted line is recognized as the magnetization curve illustrated in Fig. 10-12.
Positive H values increase B to saturation at +Bp,x. Next H decreases to zero, but B drops to the value
of B, because of hysteresis. The current that produced the original magnetization now is reversed so that
H becomes negative. B drops to zero and continues to — Bpax. Then as the — H values decrease, B is reduced
to —B,, when H is zero. Now with a positive swing of current, H becomes positive, producing saturation at
~+ Bmax again. The hysteresis loop is now completed. The curve does not return to zero at the center because
of hysteresis.

The value of 4B, or —B,, which is the flux density remaining after the magnetizing force is zero (H = 0),
is called the retentivity of a magnetic material. The value of —H,, which is the magnetizing force that must
be applied in the reverse direction to reduce the flux density to zero (B = 0), is called the coercive force of
the material.

The larger the area enclosed by the hysteresis loop, the greater the hysteresis loss.

Ampere-turns of mmf

-H 0 +H, At/m I_r: it :\__ T _____|_‘

e i W i Vil oy B
| | | | | 1l — Flux ¢

! { ! | :T

-B [ ] L

r b — '

™ e 5 !_L_—_—_—_:‘_—_—_—_—LJ
Fig. 10-13 Hysteresis loop for magnetic Fig. 10-14 Magnetic circuit with closed iron

materials path

MAGNETIC CIRCUITS

A magnetic circuit can be compared with an electric current in which an emf produces a current flow.
Consider a simple magnetic circuit (Fig. 10-14). The ampere-turns NI of the magnetomotive force produce
the magnetic flux ¢. Therefore, the mmf compares to emf or voltage and the flux ¢ compares to current.
Opposition to the production of flux in a material is called its reluctance, which corresponds to resistance.

Reluctance R

The symbol for reluctance is %R. Reluctance is inversely proportional to permeability. Iron has high
permeability and therefore low reluctance. Air has low permeability and hence high reluctance.
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Air gap

NVS

.. -\

VUV]'

(a) High reluctance (b) Lower reluctance

PN

N S

VVVI

(c) Still lower reluctance (d) Lowest reluctance

Fig. 10-15 Different physical forms of electromagnets

Different forms of electromagnets generally have different values of reluctance (Fig. 10-15). The air gap
is the air space between the poles of a magnet. Since air has high reluctance, the size of the air gap affects
the value of reluctance. The magnetic circuit in Fig. 10-15a has widely spaced poles in air so it has a high
reluctance. In Fig. 10-15b, the reluctance has been decreased by bringing the two poles closer together. The field
between N and S is more intense, assuming the same number of ampere-turns in the coils. In Fig. 10-15¢, the
air gap is smaller than that in Fig. 10-15b so the reluctance is lower. In Fig. 10-15d, there is no air gap in the
toroid-shaped core so its reluctance is very low.

The shorter the air gap, the stronger the field in the gap. Since air is not magnetic and thus is unable to
concentrate magnetic lines, a larger air gap only provides more space for the magnetic lines to spread out.

Ohm’s Law for Magnetic Circuits

Ohm’s law for magnetic circuits, corresponding to I = V /R, is

¢=— (10-6)

where ¢ = magnetic flux, Wb
mmf = magnetomotive force, At
%R = reluctance, At/Wb

Reluctance can be expressed as an equation as follows:

P (10-7)
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where R = reluctance, At/Wb
! = length of coil, m
1 = permeability of magnetic material, (T - m)/At
A = cross-sectional area of coil, m?

Example 10.7 A coil has an mmf of 500 At and a reluctance of 2 x 10® At/Wb. Compute the total flux ¢.
Write Ohm’s law for magnetic circuits and substitute given values.

= — 10-6
¢ TR (10-6)
500 At _6
= ———— =250 x 107° Wb = 250 Wb Ans.
2 x 10% At/Wb
Example 10.8 Starting with Eq. (10-6), show that R = [/u A, which is Eq. (10-7).
6= mmf (10-6)
TR

Also ¢ =BA (10-1)

Substitute B = wH [Eq. (10-4)] and H = NI/l [Eq. (10-3)] to obtain

_ _ _uNIA  pA NI
¢p=BA=pHA = —=NI—= ——
l l I/nA

But Eq. (10-6) tells us that

_ mmf NI
T T wm

By comparing denominators of the two expressions for ¢ with the same numerator, we see that

which is Eq. (10-7).

ELECTROMAGNETIC INDUCTION

In 1831, Michael Faraday discovered the principle of electromagnetic induction. It states that if a conductor
“cuts across” lines of magnetic force, or if lines of force cut across a conductor, an emf, or voltage, is induced
across the ends of the conductor. Consider a magnet with its lines of force extending from the north to the south
pole (Fig. 10-16). A conductor C, which can be moved between the poles, is connected to a galvanometer G used
to indicate the presence of an emf. When the conductor is not moving, the galvanometer shows zero emf. If the
wire conductor is moving outside the magnetic field at position 1, the galvanometer will still show zero. When
the conductor is moved to the left to position 2, it cuts across the lines of magnetic force and the galvanometer
pointer will deflect to A. This indicates that an emf was induced in the conductor because lines of force were
cut. In position 3, the galvanometer pointer swings back to zero because no lines of force are being cut. Now
reverse the direction of the conductor by moving it right through the lines of force back to position 1. During
this movement, the pointer will deflect to B, showing that an emf has again been induced in the wire, but in the
opposite direction. If the wire is held stationary in the middle of the field of force at position 2, the galvanometer
reads zero. If the conductor is moved up or down parallel to the lines of force so that none is cut, no emf will be
induced.
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Fig. 10-16 When a conductor cuts lines of force, an emf is induced in the conductor

In summary,

1. When lines of force are cut by a conductor or lines of force cut a conductor, an emf or voltage,
is induced in the conductor.

2. There must be relative motion between the conductor and the lines of force in order to induce an emf.

Changing the direction of cutting will change the direction of the induced emf.

The most important application of relative motion between conductor and magnetic field is made in electric
generators. In a dc generator, fixed electromagnets are arranged in a cylindrical housing. Many conductors
in the form of a coil are rotated on a core within the magnetic field so that these conductors are continually
cutting the lines of force. As a result, voltage is induced in each of the conductors. Since the conductors are in
series in the coil, the induced voltages add together to produce the output voltage of the generator.

Faraday’s Law of Induced Voltage

The value of the induced voltage depends upon the number of turns of a coil and how fast the conductor

cuts across the lines of force or flux. Either the conductor or the flux can move. The equation to calculate the
value of the induced voltage is

Ag
Ving = N—= (10-8)

where Ving = induced voltage, V
N = number of turns in a coil
A¢ /At = rate at which the flux cuts across the conductor, Wb/s

From Eq. (10-8) we see that vj,q is determined by three factors:

1. Amount of flux. The more the lines of force that cut across the conductor, the higher the value of
induced voltage.

2. Number of turns. The more the turns in a coil, the higher the induced voltage.

Time rate of cutting. The faster the flux cuts a conductor or the conductor cuts the flux, the higher the
induced voltage because more lines of force cut the conductor within a given period of time.

Example 10.9 The flux of an electromagnet is 6 Wb. The flux increases uniformly to 12 Wb in a period of 2 s. Calculate
the voltage induced in a coil that has 10 turns if the coil is stationary in the magnetic field.
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Write down known values.

A¢ = change in flux = 12 Wb — 6 Wb =6 Wb

At = change in time corresponding to the increase in flux =2

A 6
Then A = - =3Wb/s
At 2

We are given that N = 10 turns. Substitute values into Eq. (/0-8) and solve for vj,q.-

A
Vind = Nf(f =103)=30V  Ans.

Example 10.10 In Example 10-9, what is the value of induced voltage if the flux remains at 6 Wb after 2 s?
Since there is no change in flux, A¢ = 0. Using Eq. (/0-8),

A 0
Vipd=N—=N—=N0=0V Ans.
At At

That no voltage is induced in Example 10.10 confirms the principle that there must be relative motion
between the conductor and the flux in order to induce a voltage. A magnetic field whose flux is increasing or
decreasing in strength is, in effect, moving relative to any conductors in the field.

Lenz’s Law

The polarity of the induced voltage is determined by Lenz’s law. The induced voltage has the polarity that
opposes the change causing the induction. When a current flows as a result of an induced voltage, this current
sets up a magnetic field about the conductor such that this conductor magnetic field reacts with the external
magnetic field, producing the induced voltage to oppose the change in the external magnetic field. If the
external field increases, the conductor magnetic field of the induced current will be in the opposite direction.
If the external field decreases, the conductor magnetic field will be in the same direction, thus sustaining the
external field.

Example 10.11 A permanent magnet is moved into a coil and causes an induced current to flow in the coil circuit
(Fig. 10-17a). Determine the polarity of the coil and the direction of the induced current.

By use of Lenz’s law, the left end of the coil must be the N pole to oppose the motion of the magnet. Then the
direction of the induced current can be determined by the right-hand rule. If the right thumb points to the left for the N
pole, the fingers coil around the direction of current (Fig. 10-17b).

Motion

;TIIf ® ®
IT/\

o

Induced
current

(@) (b)

Fig. 10-17 Illustration of Lenz’s law



218

MAGNETISM AND ELECTROMAGNETISM

INTERNATIONAL SYSTEM OF UNITS

Table 10-1 lists the SI units for magnetism.

Table 10-1 International System of Units for Magnetism

[CHAP. 10

Permeability

w=prx1.26 x 1070

Term Symbol Unit (Abbreviation)

Flux ¢ Weber (Wb)

Flux density B Weber per square meter (Wb/ m?) = tesla (T)
Potential mmf Ampere-turn (At)

Field intensity H Ampere-turn per meter (At/m)

Reluctance R Ampere-turn per weber (At/Wb)

Relative permeability Ur None, pure number

B/H = tesla per ampere-turn per meter [(T - m)/At]

10.1  Match the term in column 1 with its closest meaning in column 2.

Solved Problems

Column 1

1. One weber (a)
2. Lenz’s law (b)
3. Two north poles (c)
4. Uind (d)
5. Field intensity (e)
6. Electric generator fH
7. Relative permeability (g)
8. High permeability (h)
9. Ferrite @)
10. Reluctance ()
(k)

0]
(m)

(n)

Ans. 1.(f) 2.(j) 3.(c) 4.(h) 5. (m) 6.(9) 7.(1) 8 (n) 9.(b)

Column 2

B/H
Ceramic material

Force of repulsion

Inversely proportional to permeability

H/B

1 x 108 lines of force

Application of electromagnetic induction

A
=
At
Respect to air

Polarity of induced voltage

NI
Force of attraction
At/m

Easily magnetized

10.2  Describe the action that takes place when two like poles and when two unlike poles are placed near

each other.

See Fig. 10-18. If the N poles of two magnets are placed near each other (Fig. 10-18a), the lines
of force emanating from the N poles have the same direction and thus repel each other. This force
of repulsion tends to move the two magnets apart. On the other hand, if the N and the S poles of
two magnets are placed near each other (Fig. 10-18b), the adjacent lines of force are opposite in
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= - -

(a) Like poles near each other (b) Unlike poles near each other

Fig. 10-18 Interaction of magnetic poles

direction and they link together to form long loops. These long, continuous lines tend to contract and
this force of attraction pulls the two magnets together. So fields from like poles repel, tending to push
the magnets apart, while fields from unlike poles attract, tending to pull the magnets together.

10.3  Anexample of magnetic attraction is the navigator’s compass and the earth’s magnetic field. The earth
itself is a huge natural magnet. The earth has its magnetic south (S) pole near the geographic north
(N) pole, and its magnetic north (N) pole near the geographic south (S) pole. The compass needle is
a long, thin permanent magnet that is free to move on its central bearing point. The compass needle
always lines up its magnetic field with the magnetic field of the earth, with its north end pointing
toward the earth’s magnetic south pole. The geographic N pole is located near the magnetic S pole.
Show how a magnetic compass is used to indicate direction.

See Fig. 10-19.

Geographic N pole
(located near

Earth magnetic S pole)

Magnetic S pole
N-pointing needle .
N-pointing needle

Compass 7/ Compass. The N pole of the pointer,
v usually identified by color, always
\

points toward the magnetic S pole.

\ / /
N-pointing needle \ /
—_ , N-pointing needle
s
Compass Compass
Magnetic N pole Equator

Geographic S pole

Fig. 10-19 The earth as a magnet

10.4  Would 1 A flowing through a 2-m length of wire made into a single loop produce more, the same, or
less mmf if it were wound into a coil 2 cm in diameter and 4 cm long?
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Basically flux is produced by current flowing in a wire. The mmf produced is the product of the
current times the number of turns of the coil. Since 1 A is flowing through a coil of 1 turn in both
cases, though the physical configuration of the coils is different, the mmf is the same at 1 At.

10.5 (a) Consider a coil with an air core (Fig. 10-20a). The coil is 5 cm long and has 8 turns. When the
switch is closed, a current of 5 A flows in it. Find the mmf and H.

(b) 1If an iron core were slipped into the coil (Fig. 10-20b), what is now the mmf and H? What
qualitative changes take place?

(c¢) The coil length remains the same, but the iron core is lengthened to 10 cm (Fig. 10-20c¢). What
are the values of the mmf and H?

5 cm {
7]

)

N = 8 turns

NI =535A 2Q

h——-lll.L -0—o0-

10V N
©
Fig. 10-20 Relation between mmf and H

(a) F = mmf = NI (10-2)
= (8 turns)(5 A) = 400 At Ans.
NI
H= T 10-3)
400 At
= ——— = 8000 At/m Ans.
5x1072m

(b) Since the quantities N, I, and [ have not changed, the values of mmf and H remain the same
as in part (a). So

mmf = 400 At Ans.
H = 8000 At/m Ans.
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10.6

10.7

What changes is a large increase in flux density B. Suppose the iron core in air produced 50 lines
of force. With the core placed into an energized coil, the number of lines in the core area might
be 250 000. In this case, iron would have a permeability 5000 times that of air. Therefore, the use
of an iron core instead of an air core increases the effectiveness of the magnet several thousand
times. For this reason most electromagnets are made with iron cores.

(c¢) The lengthening of the iron core does not change the ampere-turns of the coil, so
mmf = 400 At Ans.

However, with a longer iron that is twice the initial length (10 cm = 2 x 5 cm), the field intensity
is reduced by half.

1 NI 400
H =2 x 8000 At/m = 4000 At/m or H=— = = =4000At/m  Ans.

An iron ring has a mean circumferential length of 40 cm and a cross-sectional area of 1 cm?. It is
wound uniformly with 500 turns of wire. Measurements made with a search coil around the ring
show that the current in the windings is 0.06 A and the flux in the ring is 6 x 10~ Wb. Find the flux
density B, field intensity H, permeability u, and relative permeability w,.

B is found by using Eq. (10-1).

¢ 6x107°Wb L
B=-—=—"——""—-—=6x10°T Ans.
A 10~4 m?2

H is found by using Eq. (10-3).

NI 500 x 0.06
H="—= (;(—4 —75At/m  Ans.

W is found from Eq. (10-4).

_6x 1072

B
n=x =3 =8x107*(T-m)/At  Ans.

wur is found by Eq. (10-5).

Hn = HKrHo

8 x 1074

Wr = /1o =

The relative permeability is a pure number that has no unit of measurement.

Hysteresis loops of three different magnetic materials are shown in Fig. 10-21. Rank them in order
from least to most hysteresis loss.

The smaller the area enclosed by the hysteresis loop, the lower the hysteresis loss. Hysteresis loss
is likened to magnetic friction that must be overcome in magnetizing a material. Curve B, having the
smallest area, has the least hysteresis loss. Loop B is characteristic of a temporary-magnet material.
The coercive force is very small and hysteresis loss would be negligible. Next in area size is loop A,
which is typical of a relatively permanent magnet material. And loop C with the largest area has the
highest loss. This rectangular-shaped curve typifies permanent magnet material, such as alnico.
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10.8

10.9

MAGNETISM AND ELECTROMAGNETISM [CHAP. 10

+B +B +B
Loop A Loop B Loop C

Vi /GuEE]
A/ A

-B -B -B
(@) (b) (0)
Fig. 10-21 Hysteresis loops

A core of annealed steel with a B of 0.72 T has a permeability u of 8 x 1073 (T-M)/At. If the length
of the coil is 20 cm and the area of the core is 3 cm?, find the reluctance of the path.

Givenare /] =20cm =0.2m, A =3cm? =3 x 1074 m?, u = 8 x 1073 (T - M)/At. Substitute
these values in the formula for reluctance.

m=— (10-7)

B 0.2
T8 x1073)(3 x 1074

= 83300 At/Wb Ans.

If the magnetic circuit of Problem 10.8 has an air gap of 0.2 cm in addition to the 20 cm of annealed
steel path, what is the reluctance of the air and how many ampere-turns would be needed to maintain
a B of 0.72 T? Assume that the area of the air gap is the same as the area of the steel core.

The total reluctance of the magnetic circuit, Ry, is the reluctance of the steel path plus the
reluctance of the air gap. The uo of air is 1.26 x 107%(T - m) /At. The reluctance R of the steel,
as determined in Problem 10.8, is 83 300 At/Wb. The reluctance of the air gap is

1
Py = _ 10-7)
A=A (

3 2x 1073
"~ (1.26 x 107%)(3 x 10—%)

= 5290000 At/Wb Ans.

The total reluctance Ry is the sum of R and R 4.
Ry =R+ R4 = 83300+ 5290000 = 5373300 = 5.37 x 10° At/Wb
To maintain a B of 0.72 T requires a total flux of

¢ =BA=0.72(3 x 107 =216 x 107° Wb
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10.10

10.11

The mmf in ampere-turns is found by the use of Eq. (10-6).

. mmf

R
from which
mmf = Ryp = (5.37 x 10°)(216 x 107°) = 1160 At

Explain the terms of the induced voltage formula.

The equation is

Ap
Vind = NA_t

Ans.

223

(10-8)

N, the number of turns, is a constant. More turns will provide more induced voltage, while fewer
turns mean less voltage. Two factors are included in A¢/At. Its value can be increased by a higher
value of A¢ or a smaller value of Af. As an example, the value of 4 Wb/s for A¢ /At can be doubled
by either increasing A¢ to 8 Wb or reducing At to 1/2s. Then A¢ /At is 8/1 or 4/(1/2), which equals
8 Wb/s in either case. For the opposite case, A¢ /At can be reduced by a smaller value of A¢ or a

higher value of At.

The hysteresis loop for a magnetic material is shown by plotting a curve of flux density B for a
periodically reversing magnetizing force H (Fig. 10-22). For this material what are its (a) permeability,

(b) retentivity, and (c) coercive force?

+B, T

0.8 + /

Br —> 0.6

-1.0 4+

Fig. 10-22 Hysteresis loop, BH curve

600 800 +H, At/m
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(a)

(b)

(c)

MAGNETISM AND ELECTROMAGNETISM [CHAP. 10

uw = B/H, which is the slope of the curve from zero at the center (current is zero when
the material is unmagnetized) to 4 Bpax. Since this curve is normally not a straight line, we
approximate its slope from Fig. 10-22. Approximately,

0.6
~— =15%x10"(T-m)/At  Ans.

+ B, or — B, is the flux density remaining after the magnetizing force H has been reduced to
zero. This residual induction of a magnetic material is called its retentivity. From Fig. 10-22,

B, =06T Ans.

The coercive force of the material is — H,, which equals the magnetizing force that must be
applied to reduce flux density to zero. From Fig. 10-22,

H.=300At/m  Ans.

Supplementary Problems

10.12  Match the term in column 1 with its closest meaning in column 2.

Ans.

Column 1 Column 2

1. North and south poles (a) natural magnet

2. Ohm’s law (b) NI

3. Magnetite (¢) Iron

4. North pole (d) Value of B when H =0

5. Relative permeability  (e¢)  Force of attraction

6. Induced voltage (f) wr less than 1

7. Ferromagnetic (g) mmf/R

8. Retentivity (h) H value when B =0

9. Diamagnetic (1) Lines of force cutting a conductor
10. mmf (j) B/H

(k) w/mo

(I) Lines of force flowing from
(m) Force of repulsion

(n) Aluminum

L) 2.(g) 3. 4.() 5 () 6.G) 7.(c) 8.(d) 9.(f) 10.(b)

10.13  What is the flux density of a core having 20 000 lines and a cross-sectional area of 5 cm??

Ans.

B=04T
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10.14  Fill in the indicated values. All answers should be in SI units.

1) B A Ans. 1) B A
(a) 35 nWb ? 0.001 m? (a) 0.035T
(b) ? 0.8T | 0.005m? (b) | 400 WD | ...
(c) 10000 lines ? 2 cm? (c) 05T
) 90 wWb ? 0.003 m? ) 0.03T
10.15 Draw the lines of force between the south Strong field
poles of two bar magnets and indicate strong
and weak fields. Ans. See Fig. 10-23. Weaker field Weaker field in

external area

Strong field between poles (aiding)

Fig. 10-23

10.16  Draw the lines of force for two parallel conductors having the same direction of current and indicate
the strong and weak fields. Ans. See Fig. 10-24.

Lines of force

Conductor

IOU[

Strong

Strong
(opposing) (aiding)

(aiding)

or

Iin Iin
Strong Weak Strong
(aiding) (opposing) (aiding)

Fig. 10-24
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10.17

10.18

10.19

10.20

10.21

(a)
(b)
()
(d)

10.22

MAGNETISM AND ELECTROMAGNETISM [CHAP. 10

Compute the ampere-turns rating of an electromagnet wound with 600 turns of wire when it is
energized with 3 A of current. Ans. NI = 1800 At

A core of annealed sheet steel is wound with 1500 turns of wire through which a current of 12 mA is
flowing. If the length of the coil is 20 cm, find the magnetomotive force and field intensity.

Ans. NI =18At, H =90 At/m

A coil has a field intensity of 300 At. Its length is doubled from 20 to 40 cm for the same NI. What
is the new magnetic field intensity? Ans. H =T750At/m

An iron core has 250 times more flux density than air for the same field intensity. What is the value
of w,? Ans.  u, =250

Fill in the indicated values. All answers are in SI units.

B,T | HAt/m | u,(T- m)/At | u, Ans. | B,T | H/At/m | u, (T -m)/At | u,
? 1200 | 650 x 1076 | 2 @ | 0.78 516
? 1000 ? 200 b) | 025 252 x 1076

0.8 ? ? 500 © | . 1270 630 x 1076 | ...

0.1 150 ? ? @ | .. 667 x 10°6 | 529

A BH curve for soft iron is shown (Fig. 10-25). Find the value of permeability, retentivity, and coercive
force. Ans. = B/H ~ 0.4/200 = 2000 x 10~°(T - m)/At; B, = 0.4T; H. = 200 At/m

+B

i
T ' T T ' T

—-H ~300 -200 -100 100 200 300 +H
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10.23

10.24

10.25

10.26

10.27

10.28

10.29

10.30

When it has an annealed iron core, a coil has flux density of 1.44 T at a field intensity of 500 At/m.
Find u and w,. Ans. . =2880x 107°(T- m)/At; w, = 2290

The p of an annealed iron core is 5600 x 107 (T-m)/At when the current is 80 mA. The coil consists
of 200 turns on core 20 cm in length. Find H, B, and u,.
Ans. H =80At/m; B =045T; u, = 4440

A coil of 100 turns is 8 cm in length. The current in the coil is 0.2 A. If the core is cast iron with a
B of 0.13T, find H, i, and pu,.
Ans. H =250 At/m; u = 520 x 107% (T - m)/At; pu, = 413

If the core in Problem 10.25 has a cross-sectional area of 2 cm2, find the reluctance and the mmf of
this magnetic circuit. Ans. R = 769000 At/Wb; mmf = 20 At

A coil has 200 At (Fig. 10-26a) with a flux of 25 wWb in the iron core. Calculate the reluctance. If
the reluctance of the path with an air gap were 800 x 10% At/Wb (Fig. 10-26b), how much mmf
would be needed for the same flux of 25 wWb? Ans. R = 8 x 10° At/Wb; mmf = 20000 At

A magnetic flux of 1000 lines cuts across a coil of 800 turns in 2 ps. What is the voltage induced in
the coil? Ans.  Vipg = 4kV

In a stationary field coil of 500 turns, calculate the induced voltage produced by the following flux
changes: (a) 4 Wb increasing to 6 Wb in 1 s; (b) 6 Wb decreasing to 4 Wb in 1 s; (c¢) 4000 lines of
flux increasing to 5000 lines in 5 us; (d) 4 Wb remaining the same over 1 s.
Ans. (a) ving = 1LkV; (b) ving = 1kV; (¢) Ving = 1kV; (@) vjipg=0V

A magnetic circuit has a 10-V battery connected to a 50-Q coil of 500 turns with an iron core of
20 cm in length (Fig. 10-27). Find (a) mmf; () field intensity H; (c) flux density B in a core with
wr of 600; and (d) the total flux ¢ at each pole with an area of 4 cm?.

Ans. () mmf = 100 At; (b) H =500 At/m; (c) B=0.378T; (d) ¢ =1.51 x 107* Wb

777777,
//

é
007

v VvV

NN

NS

[]

(a)
Iron core with cross-
sectional area of 4 cm?

\
&\\\\\\\@

l A" A" 4 A4 l
®)
Fig. 10-26
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10.31

10.32

10.33

10.34

MAGNETISM AND ELECTROMAGNETISM [CHAP. 10

If a conductor cuts 3.5 Wb in 0.25 s, what is the voltage induced in the conductor?
Ans. vipg = 14V

If the iron core is removed from the coil in Problem 10.30, (a) What will the flux be in the air-core
coil? (b) What value of induced voltage would be produced by this change in flux while the core
is being moved out in 1/2 s? (¢) What is the induced voltage after the core is removed and the flux
remains constant?

Ans. (a) ¢ =2.52x 1077 Wb;  (b) ving = 0.151 V;  (¢) ving =0V

The N pole of a permanent magnet is moved away from the coil (Fig. 10.28a). What is the polarity
of the coil and the direction of induced current? Ans. See Fig. 10-28b.

Z[‘IIJ“ LR

(@ (b)
Fig. 10-28

A BH magnetization curve for soft iron has the following values:

B, T | H At/m
0.126 1000
0.252 2000
0.378 3000
0.428 4000
0.441 5000

(a) What is the value of ? (b) Find pu,. (c) At what value of H does the BH curve begin to saturate?
Ans. (a) p~ 125 x 1074(T-m)/At; (b) u, = 100; (c) H = 4000 At/m



Chapter 11

Direct-Current Generators and Motors

MOTORS AND GENERATORS

A motor is a machine that converts electric energy into rotary mechanical energy. Motors turn washing
machines, dryers, fans, furnace blowers, and much of the machinery found in industry. A generator, on the
other hand, is a machine that converts rotary mechanical energy into electric energy. The mechanical energy
might be supplied by a waterfall, steam, wind, gasoline or diesel engine, or an electric motor.

Components

The main parts of direct-current motors and generators are basically the same (Fig. 11-1).

segments

Armature

Fig. 11-1 Main parts of a dc motor. (From B. Grob,
Basic Electronics, McGraw-Hill, New York,
1977, 4th ed., p. 338)

Armature

In a motor, the armature receives current from an external electrical source. This causes the armature to
turn. In a generator, the armature is rotated by an external mechanical force. The voltage generated in the
armature is then connected to an external circuit. In brief, the motor armature receives current from an external

circuit (the power supply), and the generator armature delivers current to an external circuit (the load). Since
the armature rotates, it is also called a rotor.

229
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Commutator

A dc machine has a commutator to convert the alternating current flowing in its armature into the direct
current at its terminals (in the case of the generator). The commutator (Fig. 11-1) consists of copper segments
with one pair of segments for each armature coil. Each commutator segment is insulated from the others by
mica. The segments are mounted around the armature shaft and are insulated from the shaft and armature iron.
Two stationary brushes are mounted on the frame of the machine so that they contact opposite segments of the
commutator.

Brushes

These graphite connectors are stationary and spring-mounted to slide or “brush” against the commutator
on the armature shaft. Thus, brushes provide a connection between the armature coils and the external load.

Field Winding

This electromagnet produces the flux cut by the armature. In a motor, current for the field is provided by
the same source that supplies the armature. In a generator, the field-current source may come from a separate
source called an exciter or from its own armature output.

SIMPLE DC GENERATOR

A simple dc generator consists of an armature coil with a single turn of wire. This armature coil cuts
across the magnetic field to produce voltage. If a complete path is present, current will move through the
circuit in the direction shown by the arrows (Fig. 11-2a). In this position of the coil, commutator segment 1
is in contact with brush 1, while commutator segment 2 is in contact with brush 2. As the armature rotates a
half turn in a clockwise direction, the contacts between the commutator segments and the brushes are reversed
(Fig. 11-2b). Now, segment 1 is in contact with brush 2 and segment 2 is in contact with brush 1. Because of
this commutator action, that side of the armature coil which is in contact with either of the brushes is always
cutting across the magnetic field in the same direction. Therefore, brushes 1 and 2 have constant polarity, and
a pulsating direct current is delivered to the external load circuit.

Rotation
/N /—\
NEZ=23E S EEE
Brush / /
Armature coil
Commutator segment
1 2 -
1 2 e
0 0
7 1 2 180 2 1 180 360

Load Load
(@) ®

Fig. 11-2 Basic operation of a dc generator

Example 11.1 A dc generator with a single coil produces a pulsating dc output. By using more coils and combining
their output, a smoother waveform can be obtained. Draw a voltage output waveform that results when a second coil is
added to the armature and placed perpendicular to the first coil.
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See Fig. 11-3. Notice that a voltage is included at all times. Although the current still pulsates, the output is smoother.
In practical generators, many coils are wound around the armature to produce a still smoother dc output.

Commutator Commutator
connects output connects output
to other coil to other coil

\ / \ / Armature core

0° 90° 180° 270° 360°

Coil 1 output
S
— — — Coil 2 output
Generator output

Fig. 11-3  Output of a two-coil dc generator Fig. 11-4 Simplex lap winding

ARMATURE WINDINGS

The armature coils used in large dc machines are usually wound in their final shape before being put on
the armature. The sides of the preformed coil are placed in the slots of the laminated armature core. There are
two ways the coils can be connected, lap winding and wave winding.

In a simplex lap winding, the ends of each coil are connected to adjacent commutator segments (Fig. 11-4).
In this way all the coils are connected in series. In a duplex lap winding there are in effect two separate sets
of coils, each set connected in series (Fig. 11-5). The two sets of coils are connected to each other only by the
brushes. Similarly, a triplex lap winding is in effect three separate sets of series-connected coils. In a simplex
lap winding, a single brush short-circuits the two ends of a single coil.

In a wave winding, the ends of each coil are connected to commutator segments two pole spans apart
(Fig. 11-6). Instead of short-circuiting a single coil, a brush will short-circuit a small group of coils in series.

The area in a generator where no voltage can be induced in an armature coil is called the commutating
or neutral plane. This plane is midway between adjacent north and south field poles. The brushes are always
set so that they short-circuit the armature coils passing through the neutral plane while, at the same time, the
output is taken from the other coils.

Example 11.2 Explain the commutating action in a simplex lap—wound armature that has 22 coils.

See Fig. 11-7. An armature with 22 coils is connected to 22 commutator segments. There are two brushes. The
+ brush is short-circuiting armature coil 11, while the — brush is short-circuiting armature coil 22. There is no voltage
induced in either of these coils. The two coil groups, 1-10 and 12-21, are connected in parallel by the brushes because
the voltages in both coil groups have the same polarity. The brushes also connect the generated voltage to the external
load circuit. While the brush is short-circuiting one armature coil, it is receiving the voltage and current induced in the
other armature coils because one end of two different coils is connected to the same commutator segment (e.g., coil 21 and
coil 22).
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Brush
N
Commutator

First coil set

Fig. 11-5 Duplex lap winding Fig. 11-6 Wave winding for a four-pole dc
machine

Coils moving
parallel to
lines of force

Field .
rheostat Field  Armature
Field -2
_ OQutput

Neutral supply " §

plane T
Fig. 11-7 Brush—commutator action in a simplex lap—wound Fig. 11-8 Circuit diagram of separately excited

armature generator

FIELD EXCITATION

DC generators take their names from the type of field excitation used. When the generator’s field is supplied
or “excited” from a separate dc source, such as a battery, it is called a separately excited generator (Fig. 11-8).
When a generator supplies its own excitation, it is called a self-excited generator. If its field is connected in
parallel with the armature circuit, it is called a shunt generator (Fig. 11-9a). When the field is in series with
the armature, the generator is called a series generator (Fig. 11-9b). If both shunt and series fields are used, the
generator is called a compound generator. Compound generators may be connected short-shunt (Fig. 11-9¢),
with the shunt field in parallel only with the armature, or long-shunt (Fig. 11-9d), with the shunt field in parallel
with both the armature and series field. When the series field is so connected that its ampere-turns act in the same
direction as those of the shunt field, the generator is said to be a cumulative-compound generator. Field rheostats
are adjustable resistances placed in the field circuits to vary the field flux and therefore the emf generated by the
generator.
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Series
field
Shunt field

(@) Shunt (b) Series

Series

field
Series
field

Shunt field %
Shunt field
(¢) Short-shunt compound (d) Long-shunt compound

Fig. 11-9 Circuit diagrams of dc generators

The compound generator is used more extensively than other types of generators because it can be designed
so that it has a wide variety of characteristics.

DC GENERATOR EQUIVALENT CIRCUIT

Voltage and current relationships of a dc generator equivalent circuit (Fig. 11-10) are, according to
Ohm’s law,

VtaZVg_Iara 1-1) 7(+
Vi=Vy —1(rg + 1) (11-2)
Iy =1, - Iy (11-3)
where V;, = armature terminal voltage, V
V, = armature generated voltage, V
I, = armature current, A v
V; = generator terminal voltage, V t
r, = armature-circuit resistance, 2
ry = series-field resistance, 2
r ¢ = shunt-field resistance, 2 v =
I;, = line current, A £y
Iy = shunt-field current, A J‘

Fig. 11-10 DC generator equivalent circuit

Example 11.3 A dc generator has a 100-kW, 250-V rating. What do these ratings mean?
The generator can continuously deliver 100 kW of power to an external load. The terminal voltage V; of the generator
is 250 V when it is delivering its rated current.
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Example 11.4 A 100-kW, 250-V dc generator has an armature current of 400 A, armature resistance (including brushes)
of 0.025 2, and series-field resistance of 0.005 2. It is driven at 1200 revolutions per minute (rpm) by a constant-
speed motor. Compute the armature generated voltage.

From Eq. (11-2),

Vg =Vi+ Ia(ra +r5)
= 250 4 400(0.025 4 0.005) = 250 4+ 12 =262V Ans.

GENERATOR VOLTAGE EQUATIONS AND VOLTAGE REGULATION

The average generated voltage V, of a generator may be calculated from the formula

pZon

Ve = 60b x 108 (1-4)
where V, = average generated voltage of a dc generator, V

p = number of poles

Z = total number of conductors on armature (also called inductors)

¢ = flux per pole

n = speed of the armature, rpm

b = number of parallel paths through armature, depending on type of armature winding

For any generator, all factors in Eq. (/1-4) are fixed values except ¢ and n. Hence Eq. (//-4) may be
simplified to

Ve = ken (11-5)

pZ

where k= ———
60b x 108

Equation (/1-5) indicates that the value of an induced emf in any circuit is proportional to the rate at which
the flux is being cut. Thus, if ¢ is doubled while n remains constant, V, is doubled. Similarly, if 7 is doubled,
¢ remaining constant, V, will be doubled.

Example 11.5 When a generator is being driven at 1200 rpm, the generated voltage is 120 V. What will be the generated
voltage (a) if the field flux is decreased by 10 percent with the speed remaining fixed and (b) if the speed is reduced to
1000 rpm, the field flux staying unchanged?

Vgl
(@) Vgl = k¢yny or k= (11-5)
o1ny
Vo1 # 1.00
Voo =k =8 =V, = =120————— = 120(0.90) = 108 V. Ans.
o2 = kony ¢1%¢2ﬂ1 b 700 =010 (0.90) ns
Va1 np 1000
b Vo =k =5 =V, = =120—— =100V Ans.
) 2 = k¢1ny ¢1n1¢51n2 ¢ 1200 ns

Voltage regulation is the difference between the no-load (NL) and full-load (FL) terminal voltage of a
generator and is expressed as a percentage of the full-load value.

NL voltage — FL voltage
Voltage regulation = g £ (11-6)
FL voltage

Low-percentage regulation, characteristic of lighting circuits, means that the generator’s terminal voltage is
nearly the same at full load as it is at no load.
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Example 11.6 A shunt generator has a full-load terminal voltage of 120 V. When the load is removed, the voltage
increases to 150 V. What is the percentage voltage regulation?

NL voltage — FL voltage 150 — 120 30
= =—=025=25% Ans.

Voltage regulation = = =
FL voltage 120 120

LOSSES AND EFFICIENCY OF A DC MACHINE

The losses of generators and motors consist of copper losses in the electric circuits and mechanical losses
due to the rotation of the machine. Losses include:

1. Copper losses
(a) Armature I2R losses
(b) Field losses
(1) Shunt field %R
(2) Series field IR
2. Mechanical or rotational losses
(a) Iron losses
(1) Eddy-current loss
(2) Hysteresis loss
(b) Friction losses
(1) Bearing friction
(2) Brush friction
(3) Windage or air friction loss

Copper losses are present because power is used when a current is made to flow through a resistance. As the
armature rotates in a magnetic field, the emf induced in the iron parts causes eddy currents to flow which
heat the iron and thus represent wasted energy. Hysteresis loss also results when a magnetic material is first
magnetized in one direction and then in an opposite direction. Other rotational losses are caused by bearing
friction, the friction of the brushes riding on the commutator, and air friction or windage.

Efficiency is the ratio of the useful power output to total power input.

tput
Efficiency = —Po (11-7)
mput
input — losses output
Also, Efficiency = P — P (11-8)
mput output + losses

Efficiency is usually expressed as a percentage.

Efficiency (%) = -
in

Example 11.7 A shunt generator has an armature-circuit resistance of 0.4 €2, a field-circuit resistance of 60 €2, and a
terminal voltage of 120 V when it is supplying a load current of 30 A (Fig. 11-11). Find the (a) field current, (b) armature
current, and (c) copper losses at the above load. (d) If the rotational losses are 350 W, what is the efficiency at the
above load?

Vi 120
(@ Ir=—=—=2A Ans.
rf 60
b) la=1Ip+1If=30+2=32A Ans.

(c) Armature loss = I2r, = 322(0.4) = 410 W
Shunt-field loss = Ij%rf =22(60) = 240 W
Copper loss = armature loss + shunt-field loss = 410 + 240 = 650 W Ans.
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I, =30A

Fig. 11-11 DC shunt generator

(@)

tput
Efficiency = — 24 (11-8)

output + losses

Output = P = V;I;, = 120(30) = 3600 W
Total losses = copper losses + rotational losses = 650 + 350 = 1000 W

_ 3600 3600
Efficiency (%) = 100 100 = 0.783(100) = 78.3%  Ans.

3600 + 1000~ 4600

DIRECT-CURRENT MOTOR

Motor Principle

Although the mechanical construction of dc motors and generators is very similar, their functions are
different. The function of a generator is to generate a voltage when conductors are moved through a field,
while that of a motor is to develop a turning effort, or forque, to produce mechanical rotation.

Direction of Armature Rotation

The left-hand rule is used to determine the direction of rotation of the armature conductors. The left-
hand rule for motors is as follows: With the forefinger, middle finger, and thumb of the left hand mutually
perpendicular, point the forefinger in the direction of the field and the middle finger in the direction of the current
in the conductor; the thumb will point in the direction in which the conductor tends to move (Fig. 11-12a).
In a single-turn rectangular coil parallel to a magnetic field (Fig. 11-12b), the direction of current in the left-
hand conductor is out of the paper, while in the right-hand conductor it is info the paper. Therefore, the left-hand
conductor tends to move upward with a force F, and the right-hand conductor tends to move downward with
an equal force F>. Both forces act to develop a torque which turns the coil in a clockwise direction. A single-
coil motor (Fig. 11-12b) is impractical because it has dead centers and the torque developed is pulsating. Good
results are obtained when a large number of coils are used as in a four-pole motor (Fig. 11-13). As the armature
rotates and the conductors move away from under a pole into the neutral plane, the current is reversed in them
by the action of the commutator. Thus, the conductors under a given pole carry current in the same direction
at all times.

Torque

The torque T developed by a motor is proportional to the strength of the magnetic field and to the armature
current.

T = kopl, (11-9)

where T = torque, ft-1b
k; = constant depending on physical dimensions of motor
¢ = total number of lines of flux entering the armature from one N pole
1, = armature current, A
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of current

@ Current out of conductor

@ Current in conductor

(a) Single conductor (b) Two conductors of a single-loop coil

Fig. 11-12 Applications of left-hand rule for motors

Neutral plane

Fig. 11-13 Armature-current directions in a four-pole
motor for counterclockwise rotation

DC MOTOR EQUIVALENT CIRCUIT

Voltage and current relationships of a dc motor equivalent circuit (Fig. 11-14) are as follows:

Via = Vg + lara (11-10)
Vi = Vg + L(ra + 1) (11-11)
I=I,+1I; (11-12)
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- Q-+
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vV, —
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Fig. 11-14 DC motor equivalent circuit

where V;, = armature terminal voltage, V
V, = counter emf, V
I, = armature current, A
V; = motor terminal voltage, V

and r,, 75,77, I, and Iy are as defined for the dc generator equivalent circuit (Fig. 11-10). A comparison of
a generator equivalent circuit (Fig. 11-10) with a motor equivalent circuit (Fig. 11-14) shows that the only
difference is the direction of line and armature current.

The counter emf of a motor, Vg, is generated by the action of the armature conductors cutting lines of
force. If in a shunt motor, Eq. (/1-11) is multiplied by I, (ry = 0),

Vily = Vol + 121, (11-13)

Vi1, is the power supplied to the armature of the motor; quru is the power lost as heat in the armature current;
and V;1, is the power developed by the armature. But this armature power is not the useful output since some
of it must be used to overcome the mechanical or rotational losses of the motor. The rated output of the motor
is equal to the input (V; 1) less the heat losses (/ 2R) and rotational losses. The common unit for motor output
is horsepower (hp), where

watts

11-14
746 ( )

Horsepower =

Example 11.8 (a) Find the counter emf of a motor when the terminal voltage is 240 V and the armature current is 50 A.
The armature resistance is 0.08 Q2. The field current is negligible. (b) What is the power developed by the motor
armature? (¢) What is the power delivered to the motor in kilowatts?

(@) Vt=Vg+Iaru rs =0
Vg = Vi — Iqrg =240 — 50(0.08) =240 —4 =236V Ans.
(b) Power developed = Vg1 = 236(50) = 11800 W
watts 11 800

= ———=158hp Ans.
746 746

(c) Power delivered = V; I} = 240(50) = 12000 W = 12 kW Ans.

Horsepower =

SPEED OF A MOTOR

Speed is designated by the number of revolutions of the shaft with respect to time and is expressed in units
of revolutions per minute (rpm). A reduction of the field flux of a motor causes the motor speed to increase.
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Conversely, an increase in the field flux causes the motor speed to decrease. Because the speed of a motor
varies with field excitation, a convenient means for controlling the speed is to vary the field flux by adjusting
the resistance in the field circuit.

If a motor is able to maintain a nearly constant speed for varying loads, the motor is said to have a good
speed regulation. Speed regulation is usually expressed as a percentage as follows:

-load d — full-load d
Speed regulation = 10-0ag Spee H170a¢ Spee (11-15)
full-load speed

Example 11.9 A 220V shunt motor has an armature resistance of 0.2 2. For a given load on the motor, the armature
current is 25 A. What is the immediate effect on the torque developed by the motor if the field flux is reduced by 2 percent?
The torque developed when 1, = 25 A is

T =kiply =25ki¢p (11-9)
and the counter emf is

Vo1 = Vi — larg = 220 — 25(0.2) = 215V

If ¢ is reduced by 2 percent, the value of Vy is also reduced by 2 percent since Vy = k¢pn and the speed n cannot change
instantly. Hence, the new counter emf is

Vg2 = 0.98(215) = 2107V
The new armature current is

_ Vi—Ve 2202107
a ra - 0.2

=465A

%)

and the new torque developed is

T) = k; (0.98)¢ (46.5) = 45.6 k; ¢

The torque increase is

Ty 456k
T 25k

= 1.82 times Ans.

Thus a decrease in flux by 2 percent increases the torque of a motor 1.82 times. This increased torque causes the armature
speed to increase to a higher value, at which the increased counter emf (Vg ocn) limits the armature current to a value just
high enough to carry the load at the higher speed.

Example 11.10 The no-load speed of a dc shunt motor is 1200 rpm. When the motor carries its rated load, the speed
drops to 1140. What is the speed regulation?

NL speed — FL speed

Speed regulation = FL speed (11-15)
1200 — 114
= 1200 — 1149 =0.053=5.3% Ans.
1140
MOTOR TYPES
Shunt Motor

This is the most common type of dc motor. It is connected in the same way as the shunt generator
(Fig. 11-15a). Its characteristic speed-load and torque-load curves (Fig. 11-15b) show that the torque increases
linearly with an increase in armature current, while the speed drops slightly as the armature current is increased.
The basic speed is the full-load speed. Speed adjustment is made by inserting resistance in the field circuit
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Fig. 11-15 Characteristics of a typical shunt motor

with a field rheostat. At one setting of the rheostat, the motor speed remains practically constant for all loads.
Starters used with dc motors limit the armature starting current to 125-200 percent of full-load current. Care
must be taken never to open the field circuit of a shunt motor that is running unloaded because the motor speed
will increase without limit until the motor destroys itself.

Series Motor

The field of this type of motor is connected in series with the armature (Fig. 11-16a). The speed varies
from a very high speed at light load to a lower speed at full load (Fig. 11-16b). The series motor is suitable
for starting with heavy, connected loads (driving cranes and winches) because at high armature currents,
it develops a high torque and operates at low speed (Fig. 11-16b). At no load, the speed of a series motor will
increase without limit until the motor destroys itself (Fig. 11-16b). Large series motors are therefore generally
connected directly to their load rather than by belts and pulleys.
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(@) Schematic diagram (b) Speed-load and torque-load curves

Fig. 11-16 Characteristics of a typical series motor

Compound Motor

It combines the operating characteristics of the shunt and series motors (Fig. 11-17a and b). The compound
motor may be operated safely at no load. As load is added, its speed decreases, and torque is greater compared
with that of a shunt motor (Fig. 11-18).
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Fig. 11-17 Characteristics of a typical compound motor
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Fig. 11-18 Comparative characteristics for shunt, series, and
compound dc motors

STARTING REQUIREMENTS FOR MOTORS

There are two starting requirements for motors:

1.

241

Both motor and supply lines are protected from flow of excessive current during the starting period
by placing external resistance in series with the armature circuit.

Motor-starting torque should be made as large as possible to bring the motor up to full speed in
minimum time.

The amount of starting resistance needed to limit the armature starting current to the desired value is

where

R,
Vi
I
Fa

starting resistance, <2

motor voltage, V

desired armature starting current, A
armature resistance, 2

(11-16)
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Example 11.11 A shunt motor on a 240-V line has an armature current of 75 A. If the field-circuit resistance is 100 €2,
find the field current, line current, and power input to the motor (Fig. 11-19).

Ip=Il+1,=244+75=T14A Ans.

Py = Vil =240(77.4) = 18576 W = 18.6kW  Ans.

; ;
<« e 1
I =75A I l :
r, R,
s I = starting current
Iy S100Q V, =240V Vv,
> R
4 s
’ T

< = starting resistance

1 T
l ¥ ¥

Fig. 11-19 Shunt motor Fig. 11-20 Equivalent dc motor circuit at start-up

Example 11.12 A 10-hp shunt motor with an armature resistance of 0.5 Q is connected directly to a 220-V supply line.
What is the resulting current if the armature is held stationary? Neglect the field current. If the full-load armature
current is 40 A and it is desired to limit the starting current to 150 percent of this value, find the starting resistance that
must be added in series with the armature.
At start-up, when a motor armature is stationary, no counter emf is being generated. The only factor limiting the
current being drawn from the supply, therefore, is the armature-circuit resistance (Fig. 11-20). At motor start-up with
Rs =0, Vg =0, and negligible shunt current,

Vi 220
I M0A  Ans.
ra 05 s

1 =

which is far above the normal full-load armature current for a motor of this size. The result will be probable damage to
brushes, commutator, and windings. With Ry added in series in the armature circuit,

Ry =~ —r, (11-16)

—-05=3.67-05=3.17Q Ans.

Solved Problems

11.1 A generator has an emf of 520V, has 2000 armature conductors or inductors, a flux per pole of
1300000 lines, a speed of 1200 rpm, and the armature has four paths. Find the number of poles.

From Eq. (11-4),
Ve (606 x 10%) 520 [60(4) x 10°]

P Z¢n (2 x 10%) (1.3 x 10°) (1.2 x 10°) potes "
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11.2 A shunt-field winding of a 240-V generator has a resistance of 50 €2 (Fig. 11-21). How much field-
rheostat resistance must be added to limit the field current to 3 A when the generator is operating at
rated voltage?

Vi
Solve Ohm’s law for r. Ir= d
it
Vi — I, 240 — 3(50
p=— 7 _ O _300  ans.
Iy 3
° - o
—>
I, =20A
Ty r,$500 r, % ?
If= 3A\L V[=240V rf Vt=110V
v, = r? :—: v, =15V
[ s X s
Fig. 11-21 Adding resistance to limit Iy Fig. 11-22

11.3  The terminal voltage of a shunt generator is 110 V when the generated voltage is 115V and the
armature current is 20 A (Fig. 11-22). What is the armature resistance?

The generated voltage minus the voltage drop across the armature equals the terminal voltage.
Ve —Iirg = V; 11-2)

V=V 115-110

Solve for r,: rag = I = 20 =025Q Ans.

11.4  The terminal voltage of a 75-kW shunt generator is 600 V at rated load. The resistance of the shunt
field is 120 2 and the armature resistance is 0.2 Q (Fig. 11-23). Find the generated emf.

The rated current is
P 75000

I =—=2"""_125A
L=V = 7600

V, 600
== _5A
7= % T 120

Li=I+1,=5+125=130A
Ve = Vi + Ira = 600 + 130(0.2) = 626 V. Ans.

11.5 A shunt generator requires 50-hp input from its prime mover when it delivers 150 A at 240 V. Find
the efficiency of the generator.

Output = 240(150) = 36 000 W
Input = 50(746) = 37300 W

X output
Efficiency (%) = ——
mput

36000
= ———100 = 0.965(100) = 96.5% Ans.
37300

x 100 (11-7)
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° o - A

0.04 Q

If =2A
< —>
7, g 0280 s I, =50A
>
31200 V=60V 7,3 L= V,= 240V
4
v, =1 = Ve —T— Ve =?
Fig. 11-23 Fig. 11-24  Short-shunt compound generator

11.6 A short-shunt compound generator has a terminal voltage of 240 V when the line current is 50 A
(Fig. 11-24). The series-field resistance is 0.04 Q. (a) Find the voltage drop across the series field.
(b) Find the voltage drop across the armature. (c¢) Find the armature current if the shunt-field current
is 2 A. (d) If the losses are 2000 W, what is the efficiency?

(@) Iprg =50(0.04) =2V Ans.

b)) Via=Vi+1Iry =240+2=242V Ans.
() Io=1p+1, =2+50=52A Ans.

(d) Output = V;I;, = 240(50) = 12000 W

tput
Efficiency (%) = ———P% 100 (11-8)
output + losses
12000 12000
— 100 = 100 = 0.857(100) = 85.7%  Ans.
12000 + 2000 14000

11.7  From the following data on a shunt generator (Fig. 11-25), find the efficiency at full load:
Rated power output = 10 kW
Rated voltage = 230 V
Armature resistance = 0.6 Q2
Field resistance = 182 @
Rotational losses at full load = 700 W

First find the generator currents and then the copper losses.

__ power out 10 000

I = = — 4348 A
L v, 230
vV, 230
I =-=""=126A
o 182

I = I + I = 1.26 + 43.48 = 44.74 A

Copper losses:

Armature: I2r, = (44.74)%(0.6) = 1201 W
Field: I%rf = (1.26)2(182) = 289W

Total copper losses = 1490 W
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Total losses:

Copper: 1490 W
Rotational: 700 W

Total = 2190 W
Efficiency (%) output (11-8)
cienc = -
yie output + losses
10000 10000
- 100 = ——100 = 0.820(100) = 82.0%  Ans.
10000 + 2190 12190

* * y 4
—> —>
I I
> a L r
r, 3 0.6 Q a
r, & 1820 v, r, 2100 Q V, =240V
Vg T

Fig. 11-25 Fig. 11-26

11.8 A shunt motor draws 6 kW from a 240-V line (Fig. 11-26). If the field resistance is 100 €2, find

Iy, Iy, and I,.
Py =V

Pin 6000

IL = = — = 25 A Ans.
Vis 240
V 240

F=—=""=24A  Auns.
7 100

I=1I—1; =25-24=226A  Ans.

11.9 A shunt motor connected to a 120-V line runs at a speed of 1200 rpm when the armature current is
20 A (Fig. 11-27). The armature resistance is 0.05 2. Assuming constant field flux, what is the speed
when the armature current is 60 A?

Speed is directly proportional to counter emf.

Vo1 = Vi — Isirg = 120 — 20(0.05) =119V
Vo2 = Vi — Iorg =120 — 60(0.05) =117V

Yo _m
Voo no
Vv, 117
ny = £ = —-1200 = 1180tpm  Ans.
Vel 119
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11.10

11.11
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! «—
r, § 0.05 © r,$? fL=3634
ry V, =120V r, 31500 v,
Vgg v, = 218V \Llf:l.SA
- Lo S
Fig. 11-27 Fig. 11-28

The counter emf of a shunt motor is 218 V, the field resistance is 150 2 and the field current is
1.5 A. The line current is 36.5 A (Fig. 11-28). (a) Find the armature resistance. (b) If the line current
during start-up must be limited to 55 A, how much starter resistance must be added in series with
the armature? (c) What is the horsepower developed by the motor? If the mechanical and iron losses
total 550 W, what is the horsepower output?
(@) Vi=Isry=15150)=225V

I,=1 -1y =365—-15=35A

Iara + Vg = Vl

V.-V, 225 - 218 7
ro=——->%= = =02Q Ans
I, 35 35

(b) Neglecting the field current,

Rio=— —pr,=222_02 11-16
s 1, Tq 35 ( )

=4.09 -0.20 =3.89 Ans.

(¢) The horsepower of the motor is the horsepower developed by the armature. The power output
is the horsepower available at the motor shaft.

Vela = 218(35) = 7630 W

lhp =746 W
7630
hp = —— =10.2 Ans.
So p 716 0 ns

The horsepower output is the horsepower developed by the armature less the power needed to
overcome the mechanical or rotational losses of the motor.

7630 — 550 7080
746 o746

hp output = 9.5 Ans.

The efficiency at rated load of a 100-hp 600-V shunt motor is 85 percent (0.85) (Fig. 11-29). The
field resistance is 190 2 and the armature resistance is 0.22 €2. The full-load speed is 1200 rpm. Find
(a) the rated line current, (b) the field current, (¢) the armature current at full load, and (d) the counter
emf at full load.
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°
I =2 «—
l a IL _ 9
r, 20220
r,$ 1900 V, = 600 V
Vv, = llf =7
I i ¥
Fig. 11-29
tput
(a) Efficiency = M
1mnput
tput 100(746
Tnput = WPt _ 1000740 _ 07765 w
efficiency 0.85
Vi I = input = 87765 W
87765 87865
I, = =— =1463A Ans.
Vi 600
Vi 600
b) Ir=—=—=316A Ans.
i 1y 190
() lo=1 — Iy =1463-32=143.1A Ans.
d) Vo=V, —Iry =600 — 143.1(0.22) = 600 — 31.5 = 568.5V Ans.

A long-shunt compound motor has an armature current of 12 A, armature resistance of 0.05 Q2 and a
series-field resistance of 0.15 2 (Fig. 11-30). The motor is connected to a 115-V supply. Find (a) the
counter emf and (b) the horsepower developed in the armature.

r, 30150 T
r,$005Q ¥V, =115V
Ve =?
Iig=nA

Fig. 11-30

(@ Vi=Ve+1,(rg+rs)

Ve = Vi—I,(ra+rs) = 115—12(0.05 4+ 0.15) = 115—12(0.2) = 115-2.4 = 112.6 V
Velo  112.6(12)
746 746

(11-11)
Ans.

(b) Developed hp =

1.8 hp Ans.

At full load a 15-hp motor draws 55 A from a 240-V line. (a) What is the motor efficiency? () What
is the motor efficiency at no load?
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(a) Motor input = I V; = 55(240) = 13200 W
Motor output = 15 hp = 15(746) = 11 190 W

tput 11190
Motor efficiency (%) = Pt x 100 = ————100 = 0.848(100) = 84.8%  Ans.
input 13200

(b) The output of a motor is considered the power delivered to a load. At no load, motor output is
zero. Therefore,

Motor efficiency = 0% Ans.

é—_
r, S 0.040 I, =95 A
T ?
IL =145 A If =
r,$0150 l r, $0.060 V, =120V
{
390 V, =240V r %00 v, =1
i T i T |
Fig. 11-31 Fig. 11-32

11.14 At rated load the rotational losses (iron losses plus mechanical losses) of a 240-V shunt motor are
900 W (Fig. 11-31). The field resistance is 94 Q2 and the armature-circuit resistance is 0.15 2. The
rated motor current is 145 A. Find (a) the field copper loss, (b) the armature copper loss, (c) the rated
horsepower output, and (d) the efficiency.

Vi 240

=2 =22 005
(@ Iy rr 94

Field copper loss = I7ry = (2.55)°(94) = 611 W Ans.
(b) Io=1Ip — I =145-225=1425A  Ans.
Armature copper loss = I°r, = (142.5)%(0.15) = 3046 W Ans.
(c) Total copper losses = 611 + 3046 = 3657 W

Rotational losses = 900 W

Total losses = 4557 W
Output = input — total losses
= V;I; — total losses = 240(145) — 4557 = 34800 — 4557 = 30243 W

3
Rated hp output = = 40.5 Ans.

746
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11.15

11.16

11.17

11.18

11.19

11.20

11.21

11.22

tput 30243
(d) Efficiency (%) = P2 % 100 = ———>100 = 0.869(100) = 86.9%  Ans.
input 34800

A 10-hp short-shunt compound motor is supplied by a 120-V source (Fig. 11-32). The full load
current is 95 A. The shunt-field resistance is 90 2, the armature resistance is 0.06 2 and the series-
field resistance is 0.04 2. Find (a) the shunt-field current, (b) the armature current, (c) the counter
emf, (d) the efficiency at full load, (e) the full-load copper losses, and (f) the rotational losses.

(@) Vig=V,—Iprys =120 —-95(0.04) = 116.2V

V; 116.2
F=-"2=""=129A  Ans.
Tr 90

by I,=1I1L—1=95-129=937A Ans.

() Vg=Vig—I4ry =1162—-93.7(0.06) = 110.6 V Ans.

output  10hp  10(746) 7460

input VI 120(95) 11400
Efficiency (%) = 0.654(100) = 65.4% Ans.

(e) Shunt-field copper loss = I7ry = (1.29)*(90) = 150 W
Series-field copper loss = Ifrs = (95)%2(0.04) = 361W
Armature copper loss = Iazra = (93.7)2(0.06) = 527W

Total copper loss = 1038 W Ans.

(f) Total losses = input — output = 11400 — 7460 = 3940 W
Total losses = total copper losses + rotational losses = 3940
Rotational losses = 3940 — 1038 = 2902 W Ans.

(d) Efficiency = = 0.654

Supplementary Problems

How many amperes will a 60-kW 240-V dc generator deliver at full load? Ans. 250A

What is the full-load kilowatt output of a dc generator if the full-load line current is 30 A and the
terminal voltage is 115 V? Ans. 3.45kW

A shunt generator generates 100 V when its speed is 800 rpm. What emf does it generate if the speed
is increased to 1200 rpm, the field flux remaining constant? Ans. 150V

If the generated voltage of a generator is 120 V and the IR drop in the armature circuit is 5V, what
is the terminal voltage? Ans. 115V

A 240-V shunt generator has a field resistance of 100 2. What is the field current when the generator
operates at rated voltage? Ans. 24A

A shunt generator is rated at 200 kW at 240 V. (a) What is the full-load current? (b) If the field
resistance is 120 2, what is the field current? (¢) What is the full-load armature current?
Ans. (a) 833.3A; (b)2A; (c)8353A

In a 50-kW 240-V shunt generator, 260 V is generated in the armature when the generator delivers
rated current at rated voltage. The shunt-field current is 4 A. What is the resistance in the armature
circuit? Ans. rg = 0.049 Q
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11.23

11.24

11.25

11.26

11.27

11.28

11.29

11.30

11.31
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A shunt generator has a field resistance of 50 €2 in series with a rheostat. When the terminal voltage
of the generator is 110V, the field current is 2 A. How much resistance is cut in on the shunt-field
rheostat? Ans. 5

Find the efficiency at full load of a 50-kW generator when the input is 80 hp. Ans. 83.8%
The losses of a 20-kW generator at full load are 5000 W. What is its efficiency? Ans. 80%

The full-load losses of a 20-kW 230-V shunt generator are as follows:

Field I°R loss = 200 W

Armature I°R loss = 1200 W
Windage and friction losses = 400 W
Iron loss = 350 W

Find the efficiency at full load. Ans. 90.3%

A short-shunt compound generator delivers 210 A to load at 250 V. Its shunt-field resistance is 24.6 €2,
its shunt-field rheostat resistance is 6.4 €2, its series-field resistance is 0.038 2, and its armature
resistance is 0.094 Q. Find the copper losses in (a) the shunt-field winding, (b) the shunt-field rheostat,
(c) the series field, and (d) the armature winding. (e) If the rotational losses at full load are 800 W,
find the efficiency.

Ans. (a) 1704 W; (b) 443 W, (c) 1676 W; (d) 4480W; (e) 85.2%

The voltage of a 110-V generator rises to 120 V when the load is removed. What is the percent of
regulation of the generator? Ans. 9.1%

Indicate direction of rotation of the motor armature in Fig. 11.33a and b.
Ans. (a) clockwise; (b) counterclockwise

(@)
Fig. 11-33

Find the armature current of a shunt motor when the terminal voltage is 110V, the counter emf is
108 V, and the armature-circuit resistance is 0.2 2. Ans. 10A

A certain shunt motor is connected to a 240-V line. The armature-circuit resistance is 0.1 2. When
the armature current is 50 A, what is the counter emf? Ans. 235V
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11.32

11.33

11.34

11.35

11.36

11.37

11.38

11.39

A shunt motor draws a current of 38 A from a 120-V source. The field-circuit resistance is 50 2 and
the armature-circuit resistance is 0.25 Q. Find (a) the field current, (b) the armature current, (¢) the
counter emf, and (d) the counter emf at start-up.

Ans. (a)24A; (b)356A; (¢)111.1V, d)OV

A 10-hp motor has a shunt-field resistance of 110 Q2 and a field current of 2 A. What is the applied
voltage? Ans. 220V

What horsepower is developed by a motor when the armature current is 18 A, the applied voltage is
130V, and the counter emf is 124 V? Ans. 3hp

A motor has a no-load speed of 900 rpm and a full-load speed of 855 rpm. What is the speed regulation?
Ans. 53%

The armature resistance of a shunt motor is 0.05 2. When the motor is connected across 120V, it
develops a counter emf of 111 V. Find (a) the IR drop in the armature circuit, (») the armature current,
(c) the armature current if the armature were stationary, and (d) the counter emf when the armature
current is 155 A. Ans. (@)9V; (b) 1, =180A; (c)1,=2400A; (d)V,=1122V

The power input to a shunt motor is 5810 W for a given load on the motor. The terminal voltage is
220V, the I, R, drop is 5.4V, and the armature resistance is 0.25 2. Find (a) the counter emf, (b) the
power taken by the field, and (c) the field current.

Ans. (a) Vy, =214.6V; (D) 1056 W; (c) [r =4.8A

A 10-hp short-shunt compound motor is supplied by a 120-V source. The full-load current is 86 A.
The shunt-field resistance is 90 €2, the armature resistance is 0.07 €2, and the series-field resistance
is 0.06 Q2. Find (a) the shunt-field current, (b) the armature current, (¢) the counter emf, (d) the
efficiency at full load, (e) the full-load copper losses, and (f) the rotational losses.

Ans. (a) Ir = 128A; (b) 1, = 84TA; (c) Vg = 1089V; (d) 723%; (e) 1093 W;
(f) 1767TW

If the 10-hp motor of Problem 11.38 is now connected by long-shunt and the parameters given remain
the same, find the same quantities.

Ans. (a) Iy = 133A; (b) I, = 84TA; (o) V, = 109.0V; (d) 72.3%; (e) 1091 W;
(f) 1769 W



Chapter 12

Principles of Alternating Current

GENERATING AN ALTERNATING VOLTAGE

An ac voltage is one that continually changes in magnitude and periodically reverses in polarity (Fig. 12-1).
The zero axis is a horizontal line across the center. The vertical variations on the voltage wave show the
changes in magnitude. The voltages above the horizontal axis have positive (+) polarity, while voltages below
the horizontal axis have negative (—) polarity.

Alternating wave

Rotating
conductor
loop
+ + +
Terminals
Voltage 0 ,\
- N - Zero axis
Fig. 12-1 An ac voltage waveform Fig. 12-2 Loop rotating in magnetic field produces

an ac voltage

An ac voltage can be produced by a generator, called an alternator (Fig. 12-2). In the simplified generator
shown, the conductor loop rotates through the magnetic field and cuts lines of force to generate an induced
ac voltage across its terminals. One complete revolution of the loop around the circle is a cycle. Consider the
position of the loop at each quarter turn during a cycle (Fig. 12-3). At position A, the loop is traveling parallel
to the magnetic flux and therefore cuts no lines of force. The induced voltage is zero. At top position B, the loop
cuts across the field at 90° to produce maximum voltage. When it reaches C, the conductor is again moving
parallel to the field and cannot cut across the flux. The ac wave from A to C is % cycle of revolution, called
an alternation. In D, the loop cuts across the flux again for maximum voltage, but here the flux is cut in
the opposite direction (left to right) from B (right to left). Thus the polarity at D is negative. The loop
completes the last quarter turn in the cycle where it returns to position A, the point where it started. The
cycle of voltage values is repeated in positions A’B'C’D’A” as the loop continues to rotate (Fig. 12-3).
A cycle includes the variations between two successive points having the same value and varying in the same
direction. For example, 1 cycle can be shown also between B and B’ (Fig. 12-3).

ANGULAR MEASUREMENT

Because the cycles of voltage correspond to rotation of the loop around a circle, parts of the circle are
expressed in angles. The complete circle is 360°. One half cycle, or one alternation, is 180°. A quarter turn

252
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| Ltwrn Lwn 2 tun
4 2 4

AC
voltage

C’ LA

A 90° 180°

Zrad « rad
2

je——————— 1 cycle 1 cycle |

Fig. 12-3 Two cycles of alternating voltage generated by rotating loop. (From B. Grob, Basic Electronics, 4th ed.,
McGraw-Hill, New York, 1977, p. 313.)

is 90°. Degrees are also expressed in radians (rad). One radian is equal to 57.3°. A complete circle has 27 rad,;
therefore

360° = 27 rad
Then 1°= " rad (12-1)
180
180°
or 1 rad = (12-2)

In a two-pole generator (Fig. 12-2), the rotation of the armature coil through 360 geometric degrees
(1 revolution) will always generate 1 cycle (360°) of ac voltage. But in a four-pole generator, an armature
rotation through only 180 geometric degrees will generate 1 ac cycle or 180 electrical degrees. Therefore, the
degree markings along the horizontal axis of ac voltage or current refer to electrical degrees rather than
geometric degrees.

Example 12.1 How many radians are there in 30°?
Use Eq. (12-1) to convert from degrees into radians.

equivalent rad 3 nw/180rad m
- = X —— =

30° =30° x 0° — rad Ans.
1° 6
Example 12.2 How many degrees are there in 77 /3 rad?
Use Eq. (/2-2) to convert from radians into degrees.
ivalent® 180°
T orad =T radx SV T d x i = 60° Ans.
3 3 1 rad 3 1 rad

In most handheld calculators, there is a selector switch to designate angles either in degrees or radians
(DEG or RAD), so it normally will not be necessary to convert the angles. However, it is useful to know how
the angle conversions can be done.
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SINE WAVE

The voltage waveform (Fig. 12-3) is called a sine wave. The instantaneous value of voltage at any point
on the sine wave is expressed by the equation

v = Vysinf (12-3)

where v = instantaneous value of voltage, V
V) = maximum value of voltage, V
6 = angle of rotation, degrees (6 is the Greek lowercase letter theta)

Example 12.3 A sine wave voltage varies from zero to a maximum of 10 V. What is the value of voltage at the instant
that the cycle is at 30°? 45°? 60°? 90°? 180°? 270°?
Substitute 10 for Vj; in Eq. (12-3):

v=10sin6
At 30°: v=10sin30° = 10(0.5) =5V Ans.
At 45°: v=10sin45° = 10(0.707) =7.07V Ans.
At 60°: v=10sin 60° = 10(0.866) = 8.66 V Ans.
At 90°: v=10sin90° = 10(1) = 10V Ans.
At 180°: v=10sin180° = 10(0) =0V Ans.
At 270°: v=10sin270° = 10(—1) = —10V Ans.

ALTERNATING CURRENT

When a sine wave of alternative voltage is connected across a load resistance, the current that flows in the
circuit is also a sine wave (Fig. 12-4).

AC

current
i, A 0 90° 180° 270° 360° 6°

Fig. 12-4 One cycle of alternating current

Example 12.4 The ac sine wave voltage (Fig. 12-5a) is applied across a load resistance of 10 Q (Fig. 12-5b). Show
the resulting sine wave of alternating current.

The instantaneous value of current is i = v/R. In a pure resistance circuit, the current waveform follows the polarity
of the voltage waveform. The maximum value of current is

Vi 10
Iy=-Y"__"_ 1A
M= 10

In the form of an equation i = I sin 6. (See Fig. 12-6.) Ans.
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Y
+10V [ 7/
Iy
AC +1A [T
AC e
oltage, A R21
; 8 0 180° 160° generator C) b3 0Q AC
o current
b i, A 0 180° 360°
-0V L _ _ ___
-V, 1A L __ __N\ 8°
@ ®) Iy
Fig. 12-5 An ac voltage source is applied to a simple resistance circuit Fig. 12-6

FREQUENCY AND PERIOD

The number of cycles per second is called frequency. It is indicated by the symbol f and is expressed
in hertz (Hz). One cycle per second equals one hertz. Thus 60 cycles per second (formerly abbreviated cps)
equals 60 Hz. A frequency of 2 Hz (Fig. 12-7b) is twice the frequency of 1 Hz (Fig. 12-7a).

vori 1 Hz vori 2 Hz

-

+ +

ENEN )
BT

I Time, s

&=
[N
& e

1 Time, s 0

SIS

(@) f = 1 Hz B f=2Hz

Fig. 12-7 Comparison of frequencies

The amount of time for the completion of 1 cycle is the period. It is indicated by the symbol T for time
and is expressed in seconds (s). Frequency and period are reciprocals of each other.

(12-4)

(12-5)

The higher the frequency, the shorter the period.
The angle of 360° represents the time for 1 cycle, or the period 7. So we can show the horizontal axis of
the sine wave in units of either electrical degrees or seconds (Fig. 12-8).

Example 12.5 An ac current varies through one complete cycle in 1/100 s. What are the period and frequency? If the
current has a maximum value of 5 A, show the current waveform in units of degrees and milliseconds.

T=-—s or 00ls or 10ms Ans.
100

(12-4)

— ——_ —100Hz Ans.
1/100 roam
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1 cycle
; +5A -
vori
i
0 90°  180° 270° 360° 9° °
Lo Lr 2r T ‘ 0 9I)° 360°  g°
4 2 4 > S |
2.5 10 t, ms
¢ ¢
1 period “SAF————-=-

Fig. 12-8 Relationship between electrical
degrees and time

See Fig. 12-9 for the waveform.

The wavelength ). (Greek lowercase lambda) is the length of one complete wave or cycle. It depends upon
the frequency of the periodic variation and its velocity of transmission. Expressed as a formula,

_ velocity (12-6)
" frequency

For electromagnetic radio waves, the velocity in air or a vacuum is 186 000 mi/s, or 3 x 108 m /s, which is
the speed of light. Equation (/2-6) is written in the familiar form

c

A= (12-7)

where A = wavelength, m
¢ = speed of light, 3 x 108 m/s, a constant
f = radio frequency, Hz

Example 12.6 TV Channel 2 has a frequency of 60 Hz. What is its wavelength?
Convert f =60 MHz to f = 60 x 10° Hz and substitute into Eq. (12-7).

c  3x108
A=—=———=5m Ans.
f 60 x 100

PHASE RELATIONSHIPS

The phase angle between two waveforms of the same frequency is the angular difference at a given instant
of time. As an example, the phase angle between waves B and A (Fig. 12-10a) is 90°. Take the instant of time
at 90°. The horizontal axis is shown in angular units of time. Wave B starts at maximum value and reduces
to zero value at 90°. Wave B reaches its maximum value 90° ahead of wave A, so wave B leads wave A
by 90°. This 90° phase angle between waves B and A is maintained throughout the complete cycle and all
successive cycles. At any instant of time, wave B has the value that wave A will have 90° later. Wave B is
a cosine wave because it is displaced 90° from wave A, which is a sine wave. Both waveforms are called
sinusoids.

PHASORS

To compare phase angles or phases of alternating voltages and currents, it is more convenient to use phasor
diagrams corresponding to the voltage and current waveforms. A phasor is a quantity that has magnitude
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Cosine wave B Vg
Voltage : -
g \ Sine wave 4 ,
Counterclockwise
+ direction
90°
>V,
0 —>
Time
_ Reference
phasor
(@) Waveforms (b) Phasor diagram

Fig. 12-10 Wave B leads wave A by a phase angle of 90°

and direction. The terms phasor and vector are used for quantities that have direction. However, a phasor
quantity varies with time, while a vector quantity has direction in space. The length of the arrow in a phasor
diagram indicates the magnitude of the alternating voltage. The angle of the arrow with respect to the horizontal
axis indicates the phase angle. One waveform is chosen as the reference. Then the second waveform can be
compared with the reference by means of the angle between the phasor arrows. For example, the phasor V4
represents the voltage wave A with a phase angle of 0° (Fig. 12-10b). The phasor Vp is vertical (Fig. 12-10b)
to show the phase angle of 90° with respect to phasor V4, which is the reference. Since lead angles are shown
in the counterclockwise direction from the reference phasor, Vg leads V4 by 90° (Fig. 12-10b).

Generally, the reference phasor is horizontal, corresponding to 0°. If Vp were shown as the reference
(Fig. 12-11b), V4 would have to be 90° clockwise in order to have the same phase angle. In this case V4 lags
Vp by 90°. There is no fundamental difference between Vp leading V4 by 90° (Fig. 12-11a) or V4 lagging
Vp by 90° (Fig. 12-11b).

Counterclockwise

direction
Reference

phasor

90 v ‘/

>V, > Vg
/ -
Reference
phasor i
Clockwise
direction
v
Va
(@) V; leads ¥, by 90° by V, lags Vy by 90°

Fig. 12-11 Leading and lagging phase angles
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When two waves are in phase (Fig. 12-12a), the phase angle is zero. Then the amplitudes add (Fig. 12-12b).
When two waves are exactly out of phase (Fig. 12-13a), the phase angle is 180°. Their amplitudes are opposing

(Fig. 12-13b). Equal values of opposite phase cancel each other.

Y4
v,
B
0 —> > 0=0°
~ -
A 7
(a) Waveforms (b) Phasor diagram
Fig. 12-12 Two waves in phase with angle of 0°
Vs
- Vv
7 ~ A
\ & N = o
—> 6 = 180

hsle—,

[
/
/
N |
\
?\_ﬂ\ IS

(a) Waveforms (b) Phasor diagram

Fig. 12-13 Two waves in opposite phase with angle of 180°

Example 12.7 What is the phase angle between waves A and B (Fig. 12-14)? Draw the phasor diagram first with wave
A as reference and then with wave B as reference.

Fig. 12-14 Finding the phase angle
between wave A and
wave B

The phase angle is the angular distance between corresponding points on waves A and B. Convenient corresponding
points are the maximum, minimum, and zero crossing of each wave. At the zero crossings on the horizontal axis (Fig. 12-14),
the phase angle & = 30°. Since wave A reaches its zero crossing before wave B does, A leads B.
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V., reference Ans.

Wave A as reference: Vg lags V4 by 30°. 40

Phasor diagram

Wave A
"
Wave B as reference: V4 lags Vg by 30°. Phasor diagram v
Wave B
30°
—> V,, reference Ans.

Though the phasors are not drawn to scale, V4 is drawn smaller than Vp because the maximum value of wave A is less
than that of wave B.

CHARACTERISTIC VALUES OF VOLTAGE AND CURRENT

Since an ac sine wave voltage or current has many instantaneous values throughout the cycle, it is con-
venient to specify magnitudes for comparing one wave with another. The peak, average, or root-mean-square
(rms) value can be specified (Fig. 12-15). These values apply to current or voltage.

rms = 0.707 peak
av = 0.637 peak

~t0-
value

90°

Amplitude, v or /
(=

Fig. 12-15 Amplitude values for ac sine wave

The peak value is the maximum value of Vjs or I;. It applies to either the positive or negative peak. The
peak-to-peak (p-p) value may be specified and is double the peak value when the positive and negative peaks
are symmetrical.

The average value is the arithmetic average of all values in a sine wave for 1 half-cycle. The half-cycle
is used for the average because over a full cycle the average value is zero.

Average value = 0.637 x peak value 12-8)
or Vay = 0.637 Vi
I,y =0.6371y

The root-mean-square value or effective value is 0.707 times the peak value.

rms value = 0.707 x peak value (12-9)
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or Vims = 0.707 Vi
Irms = 0.707 Iy

The rms value of an alternating sine wave corresponds to the same amount of direct current or voltage in
heating power. An alternating voltage with an rms value of 115 V, for example, is just as effective in heating
the filament of a light bulb as 115 V from a steady dc voltage source. For this reason, the rms value is also
called the effective value.

Unless indicated otherwise, all sine wave ac measurements are given in rms values. The letters V and I are
used to denote rms voltage and current. For instance, V = 220 V (an ac power-line voltage) is understood to
mean 220 V rms.

Use Table 12-1 as a convenient way to convert from one characteristic value to another.

Table 12-1 Conversion Table for AC Sine Wave Voltage
and Current

Multiply the Value By To Get the Value
Peak 2 Peak-to-peak
Peak-to-peak 0.5 Peak

Peak 0.637 Average
Average 1.570 Peak

Peak 0.707 rms (effective)
rms (effective) 1.414 Peak

Average 1.110 rms (effective)
rms (effective) 0.901 Average

Example 12.8 If the peak voltage for an ac wave is 60 V, what are its average and rms values?

Average value = 0.637 x peak value (12-8)
= 0.637(60) =382 V Ans.

rms value = 0.707 x peak value (12-9)
=0.707(60) =424 V Ans.

Example 12.9 It is often necessary to convert from rms to peak value. Develop the formula.
Start with

rms value = 0.707 x peak value (12-9)

Then invert:

x rms value = 1.414 x rms value

1
Peak value =
0.707
or Vi = 1.414 Vipg
Iy = 1.414 Iy

Verify this relationship by referring to Table 12-1.
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Example 12.10 A commercial ac power-line voltage is 240 V. What are the peak and peak-to-peak voltages?
AC measurements are given in rms values unless noted otherwise. From Table 12-1,

Vi = 1.414Vims = 1.414(240) = 3394V Ans.
Vp-p =2Vi =2(339.4) = 6788V Ans.

RESISTANCE IN AC CIRCUITS

In an ac circuit with only resistance, the current variations are in phase with the applied voltage (Fig. 12-16).
This in-phase relationship between V and I means that such an ac circuit can be analyzed by the same methods
used for dc circuits. Therefore, Ohm’s laws for dc circuits are applicable also to ac circuits with resistance only.
The calculations in ac circuits are generally in rms values, unless otherwise specified. For the series circuit
(Fig. 12-16a), I = V/R = 110/10 = 11 A. The rms power dissipation is P = I>R = 11%(10) = 1210 W.

I=11A v
3+
110V R, $10Q £ 77~ S S
V = > = 0 -
S t3 g ~ -7 — T
< Time
(a) Schematic diagram (b) Waveforms of i and v (c) Phasor diagram, I

in phase with V

Fig. 12-16 AC circuit with only resistance

Example 12.11 A 110-V ac voltage is applied across 5- and 15-2 resistances in series (Fig. 12-17a). Find the current
and voltage drop across each resistance. Draw the phasor diagram.

V phasor 1,V phasors
. >V -— > >
I 4
. > >
V| \l V2
<V ) Y, >l
(@) )
Fig. 12-17

Use Ohm’s law,

Rr =R+ R =5+15=20Q

Vv 110
=—=—=55A Ans.
Rt 20

Vi =IR; =5.5(5) =275V  Ans.
Vo =1IRy =55(15) =825V  Ans.
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Since the ac voltages V| and V, are in phase, phasors V| and V, are added to obtain phasor V. See Fig. 12-17b. The
length of each phasor is proportional to its magnitude. / is in phase with V.

Solved Problems

Find the instantaneous current when 6 = 30° and 225° for the ac current wave (Fig. 12-18) and locate

12.1
these points on the waveform.
+ 100 mA
+100 mA
+50 mA |- |
i i |
I3 o .
. * *
0 30° 130° 225° 360° 6°
0 180° 360° 6° i
|
~707mA | '
_100mA | ~100 mA |-
Fig. 12-18 Alternating-current waveform Fig. 12-19
It is seen that I); = 100 mA. The current wave is then
i = Iy sin® = 100sin 6
At 6 = 30°: i = 1005sin 30° = 100(0.5) = 50 mA Ans.
At 6 = 225°: i = 1005sin225° = 100(—0.707) = —70.7 mA Ans.

12.2

See Fig. 12-19.

Many ac waves (e.g., sine wave, square wave) can be produced by a device called a signal generator.
This unit usually can generate an ac voltage with a frequency as low as 20 Hz or as high as 200 MHz.
Three basic control knobs are function, frequency, and amplitude. The operator selects the controls to
produce a sine wave (function) at 100 kHz (frequency) with 5 V amplitude (maximum value). Draw
2 cycles of the ac voltage generated. Show both degrees and time units on the horizontal axis.

To obtain time units, solve for the period T, using Eq. (12-5).

1 1 _6
T=—=——=10x10"s=10pus

100 x 10°

Now draw the sine wave of voltage (Fig. 12-20).

2 cycles

F— 1 cycle

+
[
<

o
on
]
=)
> 0 180° 360° 540° 720° 6°
Q
< 5 us 10 us 15 us 20 us f, s
-5V |-
l«c——— I T —)
2T >

Fig. 12-20 AC voltage wave
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12.3

124

12.5

12.6

Calculate the time delay for a phase angle of 45° at a frequency of 500 MHz.

Find the period that corresponds to the time for 1 cycle of 360°, and then find the proportional
part of the period that corresponds to 45°.

T=- 12-5
7 (12-5)

1
= =2x103=2ms
500

o

= 3600

At 0 = 45°: P

(2ms) = 0.25ms Ans.

The sine wave of an alternating current shows a maximum value of 80 A. What value of dc current
will produce the same heating effect?

If an ac wave produces as much heat as 1 A of direct current, we say that the ac wave is as
effective as 1 A of direct current. So

lic = Irms = 0.707 Iy (12-9)
—0.707(80) = 56.6 A Ans.

If an ac voltage has a peak value of 155.6 V, what is the phase angle at which the instantaneous
voltage is 110 V?

Write

v=Vysinf (12-3)
. v
Solve for 6: sing = —
Vm
.V . 10
6 = arcsin — = arcsin =0.707 = 45°  Ans.
Vm 155.6

The frequency of the audio range extends from 20 Hz to 20 kHz. Find the range of period and
wavelength for this sound wave over the range of audio frequencies.

Range of T: T = 7 (12-5)

1
At 20 Hz: T =—=0.05s=50ms

20

1
At 20 kHz: T =— =0.05ms
20 x 103

So T is from 0.05 to 50 ms Ans.
Range of A: P 12-7)

where ¢ = speed of light at 3 x 108 m/s
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3 x 108
)\,:

At 20 Hz: =15x%x 10°m
20
3 x 108 3
At 20 kHz: =——=15x10"m
20 x 103
So A is from 15 x 103 to 15 x 10° m Ans.

Find the phase angle for the following ac waves (Fig. 12-21) and draw their phasor diagrams.

i
,\/
Ve
/

\
ab—4 \ .
/7|P \ /
y \ /
-
—> 45°

(@) (b) (©)

Fig. 12-21 Finding the phase angle between voltage and current waveforms

To determine the phase angle, select a corresponding point on each wave. The maximum and
zero crossing corresponding points are convenient. The angular difference of the two points is the
phase angle. Then compare the two points to decide if one wave is in phase with, leading, or lagging
the other wave.

In Fig. 12-21a, curves v and i reach their maximum values at the same instant, so they are in
phase (the phasor diagram as shown).

Phasor diagram: > >
- Ans.
I 14

In Fig. 12-21b, curve v reaches its zero value at a, 45° before curve i is zero at the corresponding
point b, so v leads i by 45° (phasor diagram as shown).

Phasor diagram: A I Ans.

In Fig. 12-21¢, curve i reaches its maximum at b before curve v reaches its maximum at a so
i leads v by 45° (phasor diagram as shown).

I

Phasor diagram: 14 Ans.
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12.8

12.9

12.10

12.11

A, B, and C are three sine ac voltage waveforms of the same frequency. Sine wave A leads sine wave B
by a phase angle of 60° and lags sine wave C by 130°. What is the phase angle between wave B and
wave C? Which wave is leading?

Draw the sine waves with phase angles described. A convenient way to draw or measure the phase
angle between two sine waves is to compare their zero crossings. Wave A is drawn as the reference
beginning at 0° (Fig. 12-22). Wave B is drawn beginning at 60° to indicate that wave A leads wave
B by 60°. Wave C is shown beginning at —130° to show that A lags C by that angle. Compare
the zero crossings on the horizontal axis of waves B and C as they move toward the positive cycle.
B crosses the axis upward at 60°, while C does so at 230°. The phase angle is the phase difference
between 230° and 60°, or 170°. Since B crosses the axis before wave C, B leads C.

AC voltage
+

/
/

—180° —130°

Fig. 12-22 Measuring phase angle between sine waves

Alternating-current and voltage meters are always calibrated to read effective values. An ac voltmeter
indicates that the voltage across a resistive load is 40 V. What is the peak voltage across this load?

From Table 12-1,

Vu = 1.414V  (effective or rms value is understood for V)
= 1.414(40) =56.6 V Ans.
The current through an incandescent lamp is measured with an ac ammeter and found to be 0.95 A.
What is the average value of this current?

From Table 12-1,

I,y = 0.9011 (effective or rms value is understood for I)

=0.901(0.95) =0.86 A Ans.

Find V, period T, frequency f, and peak-to-peak voltage V)., of the voltage waveform shown
(Fig. 12-23).

Use Eq. (12-9).

V =0.707Vy = 0.707(48 uV) = 33.9 uV  Ans.
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48wV b —
V 4%
N )
2.5 us ll\ S us
_ VM _ s
f, us
Fig. 12-23 Finding characteristics of
a sine wave
The time for 1 cycle is 5 us. Therefore,
T=5us=5x10"%s  Ans.
f= ! (12-4)
T
1 3
= —— =200 x 10° Hz = 200 kHz Ans.
5x 106

The ac wave is symmetric with respect to the horizontal axis. So

Vp-p =2Vy =2(48) =96 uVv Ans.

Any waveform that is not a sine or cosine wave is a nonsinusoidal waveform. Common examples
are the rectangular and sawtooth waves (Fig. 12-24). What are the peak-to-peak voltages for these
particular waves?

+5V +10V
Volts Volts
Peak-to-peak Peak-to-peak
0 0 /
Time / \/ Time
v L LJ_L -5V U 2
1 cycle 1 cycle
— T = 4ps ST =2

(@) Rectangular wave (b) Sawtooth wave

Fig. 12-24 Nonsinusoidal waveforms

Peak-to-peak amplitudes, measured between the maximum and minimum peak values, are gen-
erally used for measuring nonsinusoidal wave shapes since they often have nonsymmetrical peaks.
By inspection of Fig. 12-24,

Rectangular wave: Ans.

Vpp=5+2=17V

Ans.

Sawtooth wave: Vpp=10+5=15V
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12.13  Calculate the frequency of the nonsinusoidal waveforms shown in Fig. 12-24.

The period T for a complete cycle is 4 us (Fig. 12-24a) and 2 us (Fig. 12-24b).

1
f= T also for periodic nonsinusoids
1
Rectangular wave: f=-—=025MHz Ans.
4 us
1
Sawtooth wave: f=-—=0.5MHz Ans.
2 us

12.14 A 120-V ac voltage is applied across a 20-€2 resistive load (Fig. 12-25). Find values of 1, Vi, Vj.p,
Vav, IM» Ip—p, Iav, and P.

By Ohm’s law,

\% 120
= =6A Ans.

R, 20
Use Table 12-1 to calculate voltage and current values.

Vi = 1.414V = 1.414(120) = 169.7V  Ans.
Vpp =2Vy =2(169.7) =339.4V  Ans.
Vay = 0.637Vy = 0.637(169.7) = 1083V Ans.
Iy = 1.4141 = 1.414(6) =8.5A  Ans.
Ipp,=2Iy =285 =170A  Ans.
Iy = 0.6371y = 0.637(8.5) =54A  Ans.
P=1’R, =6%(20) =720W  Ans.

vz o 1202
= =——=720W or P=VI=1206)=720W  Ans.

or P=—
Ry 20

:
V=12OV® R, 3200
<

Fig. 12-25 AC source with single
resistance load

12.15 A 20-Q electric iron and a 100-€2 lamp are connected in parallel across a 120-V 60-Hz ac line
(Fig. 12-26). Find the total current, the total resistance, and the total power drawn by the circuit,
and draw the phasor diagram.
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Iy 1) I
Vy =120V <5 R R 2
~ 13200 2 21000
= 60 H <
f z Vl V2
Fig. 12-26 AC source in parallel circuit
For a parallel circuit, vy =V, =V, =120V
1% 120 Vs 120
R 20 Ry 100
Then
It=L+hL=64+12=72A Ans.
V; 120
Rr=-L=_22167Q Ans.
I 7.2

In a purely resistive set of branch currents, the total current /7 is in phase with the total voltage Vr.
The phase angle is therefore equal to 0°.

P = Vrlrcos® = 120(7.2)(cos 0°) = 120(7.2)(1) = 864 W Ans.

Since the voltage in a parallel circuit is constant, the voltage is used as the reference phasor. The
currents /1 and I, are drawn in the same direction as the voltage because the current through pure
resistances is in phase with the voltage. The I; phasor is shown longer than I because its current
value is higher (see the phasor diagram).

L

—>

P N —
" Tl
I v,

le I N

T
r —
I I 14

1 2

Phasor diagram

12.16 A series—parallel ac circuit has two branches across the 60-Hz 120-V power line (Fig. 12-27). Find

I, I, Is, Vi, V,, and V3. (Double-ended arrows are sometimes used to indicate direction for
ac current.)
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Rl
AAA-
;7 80 LA . I
/ 2 | 3 I
N LW v
<
VT=1zov@ R, 3200 R3§309

Fig. 12-27 AC source in series—parallel circuit

Proceed to solve the ac circuit with resistance only in the same manner as a dc circuit.

Step 1. Simplify the circuit to a single resistance Rr.

=
/5\
\&/
‘VA'A'
X
£~
N
A'AV"
%
3

RyR3  2030) 600

R, = = =—=12Q
Ry 4+ R3 20+ 30 50
Rr =R+ R,=124+28=40Q
Step 2. Solve for the total current I7.
V 120
IT=—T=11=—=3A Ans.
Rt 40
Step 3. Solve for the branch currents I, and I3.
R3 30

63 =—3=1.8A Ans.
50

= ]
Ry + R3 !
L=Ir—-1H=3—-18=12A Ans.

Step 4. Solve for the branch voltages V, and V3.

Vi=1LR =3028) =84V Ans.
Vo=Vs=DLRy=12120) =36V Ans.

Step 5. Verify answer on voltage division.

Vi=Vi+ VWV,
120 = 84 + 36
120V =120V Check
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Supplementary Problems

12.17  The peak voltage of an ac sine wave is 100 V. Find the instantaneous voltage at 0, 30, 60, 90, 135,
and 245°. Plot these points and draw the sine wave voltage. Ans. See Fig. 12-28.

00 |- — — —
86.6 p— — — ' i
9° \V/ 07 b — =4 —
n Pt
0 0 Ry | ! : v = 100 sin 8
| ]
30 50 I | L
| f |
60 86.6 Ll i
90 100 0 30° 60° 90°  135°
135 70.7
245 -90.6
906 poo
Fig. 12-28

12.18 If an ac voltage wave has an instantaneous value of 90 V at 30°, find the peak value.
Ans. Vy =180V

12.19 An ac wave has an effective value of 50 mA. Find the maximum value and the instantaneous value
at 60°. Ans. Iy =70.7mA;i =61.2mA

12.20  An electric stove draws 7.5 A from a 120-V dc source. What is the maximum value of an alternating
current which will produce heat at the same rate? Find the power drawn from the ac line.
Ans. Iy =10.6 A; P =900 W

12.21  Calculate V, Vj,_,, T, and f for the sine wave voltage in Fig. 12-29.
Ans. 'V =382uV;V,, =108 uV; T =2 us; f =0.5MHz

+20
54 uV
v v
0 » 0
1\_/2 o “L
l« T = 10 uys ——3|
Fig. 12-29 Fig. 12-30

12.22  What is the peak-to-peak voltage and frequency of the nonsymmetrical rectangular waveform in
Fig. 12.30? Ans. Vp, =25V; f =0.1 MHz
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12.23

12.24

12.25

12.26

12.27

12.28

12.29

12.30

12.31

12.32

Find the instantaneous voltage at 45° in a wave whose peak value is 175 V. Ans. V =123.7V
Find the peak value of an ac wave if the instantaneous current is 35 A at 30°. Ans. Iy =70A

Find the phase angle at which an instantaneous voltage of 36.5 V appears in a wave whose peak value
is 125 V. Ans. 0 =17°

What is the period of an ac voltage that has a frequency of (a) 50 Hz, (b) 95 kHz, and (c) 106 kHz?
Ans. (a) T =0.02s; (b) T =0.0105ms; (¢) T =0.00943 ms or 9.43 us

Find the frequency of an ac current when its period is (a) 0.01s, (b) 0.03 ms, and (¢) 0.006 ms.
Ans. (a) f =100Hz; (b) f =33.3kHz; (c¢) f = 166.7kHz

What is the wavelength of radio station WMAL which broadcasts FM (frequency modulation) at
a frequency of 107.3 kHz? Ans. A =2796m

What is the wavelength of an ac wave whose frequency is (@) 60 Hz, (b) 1kHz, (c¢) 30 kHz, and
(d)800kHz?  Ans. (a)»=5x10m; (W)A=3x100m; (¢)A=10000m; (d)A=375m

Find the frequency of a radio wave whose wavelength is (@) 600 m, (b) 2000 m, (c) 3000 m, and
(d) 6000 m. Ans. (a) f =500Hz; (b) f =150kHz; (c) f = 100kHz; (d) f = 50kHz

Determine the phase angle for each ac wave shown (Fig. 12-31) and draw its phasor. One cycle is
shown for each wave. Show I as the reference phasor.

Ans. (a) v and i are in phase Phasor diagram: > >» 6§ =0°
Vv

I
A
(b) v leads i by 180° or i lags v by 180° Phasor diagram: <€ - # = 180°
| 4

~
.
I
’-—)FIB
v
v
4

(c) i leads v by 90° or v lags i by 90° Phasor diagram = —9p°

(d) i leads v by 90° or v lags i by 90° Phasor diagram: r I - —90°

V

(e) v leads i by 130° or i lags v by 130° Phasor diagram: I 6 =130°

The ac power line delivers 120 V to your home. This is the voltage as measured by an ac voltmeter.
What is the peak value of this voltage? Ans. Vy =169.7V
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<

0 180° 360° 0 180° 360°

(@ ®)

<
<

0 ]0" 180° 360° 0 90° 180° \:

© (d)

v

/\

0 180° 230°

(e)
Fig. 12-31

12.33  An industrial oven draws 8.5 A from a 12-V dc source. What is the maximum value of an ac current
which will heat at the same rate? Ans. Iy =120A
12.34  Find the values indicated.

Peak Value | rms Value | Average Value | Phase Angle | Instantaneous Value
(a) 45 A ? ? 45° ?
) ? 220V ? 60° ?
(c) ? ? 10A 30° ?
d) 200V ? ? 60° ?
(e) ? 110V ? 75° ?
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Peak Value | rms Value | Average Value | Phase Angle | Instantaneous Value
2] ? ? ? 15° 751V
® 100 V ? ? ? 86.6 V
(h) ? ? 20 A ? 157 A
(@) ? 30A ? ? 30A
) ? ? 100.1 V ? 136.1 V
Ans. Peak Value | rms Value | Average Value | Phase Angle | Instantaneous Value
(a) 31.8A 287 A 31.8A
) 311.1V 1982V 2694V
(c) 157 A 11.1 A 7.85A
) 1414V 1274V 1732V
(e) 1556V 9.1V 1503V
@2) 2902V 2052V 1849V
€3] 1414V 637V 60°
(h) 314 A 222A 30°
@) 424 A 27.0 A 45°
) 1571V 1.1V 60°
12.35  An ac ammeter reads 22 A rms current through a resistive load, and a voltmeter reads 385V rms

12.36

12.37

12.38

drop across the load. What are the peak values and the average values of the alternating current and
voltage? Ans. Iy =31.1A; Vyy =545V, I,y =19.8A; Voy =347V

An ac power line delivers 240 V to a sidewalk heating cable that has a total resistance of 5 2. Find

I, Vu, Vpp, Vavs In, 1p-p, Iay, and P.

Ans. I = 48A; Vyy = 339V; V,, = 678V; Voy = 216V, Iy = 67.9A; I, , = 135.8A;
I, =433A; P=11520W

An electric soldering iron draws 0.8 A from a 120-V 60-Hz power line. What is its resistance? How
much power will it consume? Draw the phasor diagram. Ans. R=150%Q; P =96 W

Phasor diagram: e > >
I | 4

Find the current and power drawn from a 110-V 60-Hz line by a tungsten lamp whose resistance is
275 Q. Draw the phasor diagram. Ans. 1 =04A; P=44W

Phasor diagram: > >
1 Vv
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12.39

12.40

1241

12.42
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A circuit has a 5-M resistor R; in series with a 15-MS2 resistor R, across a 200-V ac source.
Calculate I, Vi, Vb, Pj, and P».

Ans. I =10uA; Vi =50V; V, =150V; P =0.5mW; P, = 1.5 mW

For the ac series—parallel circuit (Fig. 12-32), find the total current, the current through each resistance,
and the voltage across each resistance.

Ans. It =1L =24A; L =12A; 3 =12A; Vi =96V; V, =V3 =24V

Rl
—W\
4Q
L I
I, 2 3
V.= 120V P4 P4
T > >
f=60Hz<'\> R, g20 Ryg20
Fig. 12-32

A series—parallel ac circuit has two branches across the 60-Hz 120-V power line. One branch has a
20-2 R; in series with a 10-2 R;. The other branch has a 30-M Rj3 in series with a 10-MQ Rjy.
Calculate Vi, V,, V3, and V4. Ans. Vi=80V; V, =40V, V3=90V; V4 =30V

An ac circuit has a 5-MS resistor Rj in parallel with a 10-MS resistor R, across a 200-V source. Find
I, I, Vi, V», Pi, and P>. Ans. 11 =40 uA; Ib = 20 uA; Vi = Vo, =200V; P = 8 mW;
P, =4mW



Chapter 13

Inductance, Inductive Reactance,
and Inductive Circuits

INDUCTION

The ability of a conductor to induce voltage in itself when the current changes is its self-inductance, or
simply inductance. The symbol for inductance is L, and its unit is the henry (H). One henry is the amount of
inductance that permits one volt to be induced when the current changes at the rate of one ampere per second
(Fig. 13-1). The formula for inductance is

vL
L=— (13-1)
Ai /At
where L = inductance, H
vz, = induced voltage across the coil, V
Ai/At = rate of change of current, A/s
Al =1A/s
At
v @ v, =1V % L=1H
Fig. 13-1 The inductance of a coil is 1 H
when a change of 1 A/s induces
1 V across the coil
The self-induced voltage vy, from Eq. (/3-1) is
L Al (13-2)
vy = L— -
L="Ar

Example 13.1 What is the value of inductance of a coil that induces 20 V when the current through the coil changes
from 12 to 20 A'in 2 s?

We are given that
v, =20V Ai=20—-12=8A At =12s

So ﬂ
At

=4A/s

8
T2
j— UL
T OAD/At

20
=—=5H Ans.
4

(13-1)
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Example 13.2 A coil has an inductance of 50 nH. What voltage is induced across the coil when the rate of change of
the current is 10 000 A/s?

Ai
=13 (13-2)

= (50 x 10_6)(104) =05V Ans.

When the current in a conductor or coil changes, the varying flux can cut across any other conductor or
coil located nearby, thus inducing voltages in both. A varying current in L, therefore, induces voltage across
L1 and across L (Fig. 13-2). When the induced voltage vy produces current in L, its varying magnetic field
induces voltage in L. Hence, the two coils L1 and L, have mutual inductance because current change in one
coil can induce voltage in the other. The unit of mutual inductance is the henry, and the symbol is L. Two
coils have Ly of 1 H when a current change of 1 A/s in one coil induces 1V in the other coil.

The schematic symbol for two coils with mutual inductance is shown in Fig. 13-3.

o —o0 T 9
_.9 '
Ai =
// N\
L, L, Via L, % % L, ||
\\_ %
NS
[ —0 l (L
Magnetic flux (@) Air core (b) Iron core
Fig. 13-2 Mutual inductance between Fig. 13-3 Schematic symbols for
L and Ly two coils with mutual

inductance

CHARACTERISTICS OF COILS

Physical Characteristics
A coil’s inductance depends on how it is wound, the core material on which it is wound, and the number
of turns of wire with which it is wound.

1. Inductance L increases as the number of turns of wire N around the core increases. Inductance
increases as the square of the turns increases. For example, if the number of turns is doubled (2x),
inductance increases 2% or 4x, assuming the area and length of the coil remain constant.

Inductance increases as the relative permeability p, of the core material increases.

3. As the area A enclosed by each turn increases, the inductance increases. Since the area is a function
of the square of the diameter of the coil, inductance increases as the square of the diameter.

4. Inductance decreases as the length of the coil increases (assuming the number of turns remains
constant).

Example 13.3 An approximate formula in SI units for the inductance of a coil where the length is at least
10 times the diameter is

N2A i
L=pr——(1.26 x 107%), H
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Note that this formula follows the proportional relationship described. Find L when u, = 200, N = 200 turns,
A=1x10"%m2 and/ =0.1 m.

200%(1 x 1074 _6 3
L=200——"——(126x107) =10 x 0 H=10mH  Ans.

Core Losses

Losses in the magnetic core are due to eddy-current losses and hysteresis losses. Eddy currents flow in a
circular path within the core material itself and dissipate as heat in the core. The loss is equal to I2R, where R
is the resistance of the path through the core. The higher the frequency of alternating current in the inductance,
the higher the eddy currents and the greater the eddy-current loss.

Hysteresis losses arise from the additional power needed to reverse the magnetic field in magnetic materials
with an alternating current. Hysteresis losses generally are less than eddy-current losses.

To reduce eddy-current losses while sustaining flux density, the iron core can be made of laminated sheets
insulated from each other, insulated powdered-iron granules pressed into one solid, or ferrite material. Air-core
coils have practically no losses from eddy currents or hysteresis.

INDUCTIVE REACTANCE

Inductive reactance X is the opposition to ac current due to the inductance in the circuit. The unit of
inductive reactance is the ohm. The formula for inductive reactance is

Xp =2rnfL (13-3)
Since 2w = 2(3.14) = 6.28, Eq. (/3-3) becomes

X1, =628fL
where X = inductive reactance, 2

f = frequency, Hz
L = inductance, H

If any two quantities are known in Eq. (/3-3), the third can be found.

X
L=t (13-4)
6.28f
X
J— (13-5)
6.28L

In a circuit containing only inductance (Fig. 13-4), Ohm’s law can be used to find current and voltage by
substituting X for R.

VL

I, = (13-6)

XL I

Vi
XL = T (U3-7)

L v @ v, X,
Vi =1.Xy, (13-8)
v=v,
where I; = current through the inductance, A

Vi = voltage across the inductance, V
X = inductive reactance, 2 Fig. 13-4  Circuit with only X,
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Example 13.4 A resonant tank circuit consists of a 20-mH coil operating at a frequency of 950 kHz. What is the
inductive reactance of the coil?

X, =6.28fL (13-3)
= 6.28(950 x 10>)(20 x 1073) = 11.93 x 10* = 119300 Q  Ans.

Example 13.5 What must the inductance of a coil be in order that it have a reactance of 942 Q at a frequency
of 60 kHz?

(13-4)

942

= " _25x103=25mH  Ans.
6.28(60 x 103)

Example 13.6 A tuning coil in a radio transmitter has an inductance of 300 wH. At what frequency will it have an
inductive reactance of 3768 Q2?

f= 2L (13-5)
~ 6.28L i

3 3768
" 6.28(300 x 1076)

—2x10=2MHz  Ans.

Example 13.7 A choke coil of negligible resistance is to limit the current through it to 50 mA when 25 V is applied
across it at 400 kHz. Find its inductance.
Find X; by Ohm’s law and then find L.

1%
X, = -L (13-7)
43
25
=——"— _=500Q Ans.
50 x 103
X
L=_-L (13-4)
6.28f

500 -3
= ———— =0.199 x 107° = 0.20 mH Ans.
6.28(400 x 103)

Example 13.8 The primary coil of a power transformer has an inductance of 30 mH with negligible resistance
(Fig. 13-5). Find its inductive reactance at a frequency of 60 Hz and the current it will draw from a 120-V line.
Find X by using Eq. (/3-4) and then /;, by using Ohm’s law [Eq. (/3-6)].

X, =6.28fL =628060)(30 x 1073) =11.3Q  Ans.

V. 120
=L _ " _106A Ans.

Ir= =
=%, ~ 113

INDUCTORS IN SERIES OR PARALLEL

If inductors are spaced sufficiently far apart so that they do not interact electromagnetically with
each other, their values can be combined just like resistors when connected together. If a number of
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L L, L, L, Ly

[ S — —tY Y Y\ SYY Y\ M_IYYYH ._fWY\_‘

120 V
60 Hz L g 30 mH —_—>
[- SR o 3 l )
Fig. 13-5 X, circuit Fig. 13-6 Inductances in series without mutual coupling

inductors are connected in series (Fig. 13-6), the total inductance Lr is the sum of the individual
inductances, or

Series: Lr=Li+Ly+Ls+---+L, (13-9)

If two series-connected coils are spaced close together so that their magnetic field lines interlink, their
mutual inductance will have an effect on the circuit. In that case the total inductance is

Lr =L+ Ly+2Ly (13-10)

where Ly is the mutual inductance between the coils. The plus (+) sign in Eq. (/3-10) is used if the coils are
arranged in series-aiding form, while the minus (—) sign is used if the coils are connected in series-opposing
form. Series aiding means that the common current produces the same direction of magnetic field for the two
coils. The series-opposing connection results in opposite fields.

Three different arrangements for coils L and L, are shown both pictorially and schematically in Fig. 13-7.
In Fig. 13-7a, the coils are spaced too far apart to interact electromagnetically. There is no mutual inductance,
so Ly is zero. The total inductance is L7 = L + L». In Fig. 13-7b, the coils are spaced close together and
have windings in the same direction, as indicated by the dots. The coils are series-aiding, so L7 = L1 +
Ly 4+ 2Ly In Fig. 13-7¢, the coil windings are in the opposite direction, so the coils are series-opposing,
and Lt = L1+ Ly —2Ly.

The large dots above the coil (Fig. 13-7b and ¢) are used to indicate the polarity of the windings without
having to show the actual physical construction. Coils with dots at the same end (Fig. 13-7b) have the same
polarity or same direction of winding. When current enters the dotted ends for L; and L,, their fields are
aiding and Ly, has the same sense as L.

If inductors are spaced sufficiently far apart so that their mutual inductance is negligible (Ljs = 0), the
rules for combining inductors in parallel are the same as for resistors. If a number of inductors are connected
in parallel (Fig. 13-8), their total inductance L7 is

1 1 1 1 1

Parallel: = e 4 13-11
Iy L1+L2+L3+ +L,, ( )

The total inductance of two coils connected in parallel is

LiL,

Parallel: Ly = ———
L+ L,

(13-12)

All inductances must be given in the same units. The shortcuts for calculating parallel R can be used
with parallel L. For example, if two 8-mH inductors are in parallel, the total inductance is LT = L/n =
8/2 = 4 mH.
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Spaced far
apart L. =0
M=
L. =L +1L,
L,=0
(~)_ (~)
~ ~,
-/ /
Schematic diagram
(a) No mutual inductance
Spaced L,
closely
Ly=L +L,+2L,
(~)— D
~ ~
N\ Y
Schematic diagram
(b) Series-aiding
Spaced Ly
closely
° L, L, (reversed) ° ° /—\ °
Lr=L +L,-2L,,
<~ )\ N\
~
N\ \&/

Schematic diagram

(c) Series-opposing

Fig. 13-7 L and L, in series with mutual coupling L js

o -"A o
|
g
L L, L, L,,; —_ L, g
N
|
[ & L o — —J . S|

Fig. 13-8 Inductances in parallel without mutual coupling
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Example 13.9 A 10- and a 12-H choke used to limit current in a circuit are connected in series. Initially they are spaced
far apart. What is the total inductance?

Lr=Ly+L, (13-9)

=10+12=22H Ans.

Example 13.10 The two chokes of Example 13.9 are moved close together so that they are coupled by a mutual
inductance of 7 H. What are the total inductances if (a) the coils are wound in the same direction and (b) the coils are
wound in opposing directions?

(a) Series-aiding:
Ly =L +Ly+2Ly (13-10)
=10+12+2(7)=22+14=36H Ans.
(b) Series-opposing:

Ly =Li+Ly—2Ly (13-10)

=10+12-2(7)=22—-14=8H Ans.

Example 13.11 What is the total inductance of two parallel inductors with values of 8 and 12 H?

L(L
T=-—""7" -
L 1722 13-12
L1+L2
8(12) 96
= 2 7 _48H  Ans.
8+12 20

Example 13.12 A 6-H inductor and a 22-H inductor are connected in series and plugged into a 120-V ac 60-Hz outlet.
Assume that their resistance is negligible and that they have no mutual inductance. What is their inductive reactance
and what current will they draw?

Lr=L{+L,=6+22=28H
X =628fLt (13-3)

= 6.28(60)(28) = 10550 Ans.

V 120
L= = _00114A or 114mA Ans. (13-6)

Ir = =
L= %, T 10550

INDUCTIVE CIRCUITS

Inductance Only

If an ac voltage v is applied across a circuit having only inductance (Fig. 13-9a), the resulting ac current
through the inductance, iy, will lag the voltage across the inductance, vy, by 90° (Fig. 13-95 and c). Voltages v
and vy, are the same because the total applied voltage is dropped only across the inductance. Both iy, and vy, are
sine waves with the same frequency. Lowercase letters such as i and v indicate instantaneous values; capital
letters such as I and V show dc or ac rms values.
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v, Vv,
. A
L
o+
o
°
v ’\b L 2 Lead direction
'& 0 (counterclockwise)
< —
900
j—-—) I, reference
(a) Schematic diagram (b) Time diagram: i; lags v, by 90° (¢) Phasor diagram

Fig. 13-9 Circuit with L only

RL in Series

When a coil has series resistance (Fig. 13-10a), the rms current [ is limited by both X; and R. I is the
same in X7 and R since they are in series. The voltage drop across R is Vg = IR, and the voltage drop across
X is Vi = IXp. The current / through X7 must lag Vi by 90° because this is the phase angle between
current through an inductance and its self-induced voltage (Fig. 13-10b). The current / through R and its /R
voltage drop are in phase so the phase angle is 0° (Fig. 13-10b).

90°
> > I
Ve
(a) Circuit (b) Phasor diagram

Fig. 13-10 R and X in series

To combine two waveforms out of phase, we add their equivalent phasors. The method is to add the tail of
one phasor to the arrowhead of the other, using the angle to show their relative phase. The sum of the phasors
is a resultant phasor from the start of one phasor to the end of the other phasor. Since the Vg and V; phasors
form a right angle, the resultant phasor is the hypotenuse of a right triangle (Fig. 13-11). From the geometry
of a right triangle, the Pythagorean theorem states that the hypotenuse is equal to the square root of the sum
of the squares of the sides. Therefore, the resultant is

Vi =/ VZ+V} (13-13)

where the total voltage Vr is the phasor sum of the two voltages Vg and Vy, that are 90° out of phase. All the
voltages must be in the same units—rms values, peak values, or instantaneous values. For example, when Vp
is an rms value, Vx and V; are also rms values. Most of the ac calculations will be made in rms units.
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Vy=JVt + v?

= IX,
vV
6 = arctan £
Ve
> /, reference
Fig. 13-11 Voltage-phasor triangle
The phase angle 6 between Vr and Vg (Fig. 13-11) is
V
tanf = L
R
V
0 = arctan —= (13-14)
Vg

Since Vg is in phase with I, 6 is also the phase angle between V7 and I where [ lags Vr.
Example 13.13 A RL series ac circuit has a current of 1A peak with R = 50Q and X; = 50Q (Fig. 13-

12a). Calculate Vg, Vi, Vr, and 0. Draw the phasor diagram of V7 and /. Draw also the time diagram of i, vg,
vr, and vr.

Vg = IR = 1(50) = 50 V peak Ans.

Vy = IX; = 1(50) =50 V peak  Ans.
Then (see Fig. 13-12b) V7 =+/Vz + V} (13-13)

= /502 4 502 = 4/2500 4 2500 = +/5000 = 70.7 V peak  Ans.

V 50
0= arctan—L = arctan— = arctan 1 = 45° Ans.
VR 50

In a series circuit, since [ is the same in R and X, it is convenient to show I as the reference phasor at 0°. The phasor
diagram is shown as Fig. 13-12¢ and the time diagram as Fig. 13-12d.

Impedance in series RL. The resultant of the phasor addition of R and X is called impedance. The symbol
for impedance is Z. Impedance is the total opposition to the flow of current, expressed in ohms. The impedance
triangle (Fig. 13-13) corresponds to the voltage triangle (Fig. 13-11), but the common factor I cancels. The
equations for impedance and phase angle are derived as follows:

Vi=Vi+ Vi
(12)* = (IR)* + (IX1.)*

Z* = R*+ X}

Z=,/R*+X3 (13-15)
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l A AAZ ]

R=50Q Vy
I =1 A peak
vy @ X, =500 V, = 50 V peak
45°
> 1
Vp = 50 V peak
(a) RL series circuit (b) (¢) Phasor diagram (I lags v, by 45°)

i is reference for time curves

1A
0 I 90° ISWO —
1A | | t
| : VR
0V - I
| | Vg in phase with i
| |
| |
} : . p
0 l 90° 180° 270° 360° —_—>
| t
| |
-0V | I :
0V : VIL v, leads i by 90°
| |
|
I . .
0 | 90° 180° 270° 360° —_—
| t
| |
—sov b | |
[ vr
707V | |
1 l v leads i by 45°
LAY |  leads i by
fe— 6> /
é ‘L . 2 g &
0 45° 90°  135° 180° 270° 360° —_>
t
~s0vV |-
-707V L

(d) Time diagram of RL series circuit

Fig. 13-12
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0 — XL 2 2
tanf =~ 7 X, z=JrR? + x?,
XL : 6 = arctan )ﬁ“
6 = arctan -~ (13-16) A
R
R
Fig. 13-13 Phasor addition of R and X to
find Z

285

Example 13.14 1If a 50-Q R and a 70-Q2 X are in series with 120 V applied (Fig. 13-14a), find the following: Z, 6,
I, Vg, and V. What is the phase angle of V;, Vg, and V7 with respect to /? Prove that the sum of the series voltage

drops equals the applied voltage Vr.

M v,

I R=3500Q

égOH‘i@ XL=7OQ§ X, =700
54.5°
(a) Series RL circuit (2] ©
VL
VT =120V VL =98V
" fa)
I
Ve Ve=10V
)] @

Fig. 13-14

Step 1. Find Z and 6 (see Fig. 13-14b).

— 2 2
Z=\/R?+X7

= /502 4+ 702 = /2500 + 4900 = ~/7400 = 86 Q2 Ans.

(13-15)



286 INDUCTANCE, INDUCTIVE REACTANCE, AND INDUCTIVE CIRCUITS [CHAP. 13

XL
6 = arctan 53 (13-16)

70 o
= arctan 30 = arctan 1.40 = 54.5 Ans.

Vr leads I by 54.5° (see Fig. 13-14c).
Step 2. Find I, Vg, and V.

12
I=ﬁ=—0=1.40A Ans.
Z 86

Vg = IR = 1.40(50) =70.0 V Ans.
VL = IX; =1.40(70) =98.0 V Ans.
I and Vg are in phase. Vy leads I by 90° (see Fig. 13-14d).

Step 3. Show that Vr is the phasor sum of Vg and V, (see Fig. 13-14e).

Vi =,/V3+V} (13-13)
=/(70.0)2 4+ (98.0)2 = V14504 ~ 120V Ans.

(The answer is not exactly 120 V because of rounding off 7.) Therefore, the sum of the voltage drops equals the
applied voltage.

RL in Parallel

For parallel circuits with R and X (Fig. 13-15a), the same applied voltage Vr is across R and X, since
both are in parallel with Vr. There is no phase difference between these voltages. Therefore, Vr will be used
as the reference phasor. The resistive branch current /g = Vr/R is in phase with V7. The inductive branch
current I;, = Vr /X lags Vr by 90° (Fig. 13-15b) because the current in an inductance lags the voltage across
it by 90°. The phasor sum of /g and I equals the total line current I7 (Fig. 13-15¢), or

It = \/I2 + I} (13-17)

Iy
tanf = ——
R
Ip
6 = arctan | —— (13-18)
Ig
I 1
R L VT IR IR
. > > I—> V., reference

T -90° 6
72 2
Ip=NI% + 17

1: ]1_ 1
Vr @ R b3 X § I, 6 = arctan ( )

i/
IR

(@) Circuit (b) Phasor diagram (c) Current-phasor triangle

Fig. 13-15 R and X, in parallel
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Example 13.15 A RL parallel circuit has 100-V peak applied across R = 20 @ and X; = 20 Q (Fig. 13-16a). Find I,
Iy, IT, and 6. (See Fig. 13-16b.) Draw the phasor and time diagrams of v, ig, i, and iT.

Ve 100
[R—?—%—SApeak Ans.
V; 100
1L=—T=—=5Apeak Ans.
XL 20
It = /I3 + 1} (13-17)
=+/52 452 =4/50=7.07 A peak  Ans.
I
6 = arctan | —— (13-18)
Ig

5
= arctan <_§) = arctan(—1) = —45° Ans.

Since V7 is the same throughout the parallel circuit, V7 is shown as the reference phasor at 0°. I7 lags V7 by 45°. (See
Fig. 13-16¢.) For the time diagram, see Fig. 13-16d.

Impedance in parallel RL. For the general case of calculating the total impedance Z7 of R and X in
parallel, assume any number for the applied voltage V7 because in the calculation of Z7 in terms of the
branch currents the value of V cancels. A convenient value to assume for Vr is the value of either R or X,
whichever is the higher number. This is only one method among others for calculating Z7.

Example 13.16 What is the impedance Z7 of a 200-Q R in parallel with a 400-Q X ? Assume 400 V for the applied
voltage V.

Vi 400
R~ 200
Vi 400
X, 400

I = I3+ 1} =Vi+1=+/5=224A

Ve 400
T _ T _1786Q  Ans.

Z = =
=Ty 224

The combined impedance of a 200-Q R in parallel with a 400-Q X is equal to 178.6 Q regardless of the value of the
applied voltage. The combined impedance must be less than the lowest number of ohms in the parallel branches. The total

impedance of a parallel RL circuit does not equal that of a series RL circuit; that is Zy # /RZ + X%, because the
resistance and inductive reactance combine to present a different load condition to the voltage source.

0 OF A COIL

The quality or merit Q of a coil is indicated by the equation

X, 6.28fL
_ AL _ 0=/ 13-19
Q R; R; (13-19)
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I

V, = 100 V peak @

T

RZ200
<

X

(@) RL parallel circuit

100V

-100 V

S A

-5A

707V

-7.07V

where R; is the internal resistance of the coil equal to the resistance of the wire in the coil (Fig. 13-17). Q is
a numerical value without any units since the ohms cancel in the ratio of reactance to resistance. If the Q of a

20 9

()] (c) Phasor diagram

v is reference for time curves

£9

R ip in phase with v

——

L

| 90° 1Waa N
- | '

|

|

| .

: i, lags v, by 90°
L |

|

I . -
/%?P 180° 2N0° —>

|

i, lags v, by 45°

® ® ®

135° 180° 225° 270° 360°
t

(d) Time diagram of RL parallel circuit

Fig. 13-16

coil is 200, it means that the X of the coil is 200 times more than its R;.

The Q of a coil may range in value from less than 10 for a low-Q coil up to 1000 for a very high Q coil.

Radio frequency (RF) coils have a Q of about 30-300.
As an example, a coil with an X of 300 2 and a R; of 3 Q2 has a Q of 300/3 = 100.

POWER IN RL CIRCUITS

In an ac circuit with inductive reactance, the line current / lags the applied voltage V. The real power P
is equal to the voltage multiplied by only that portion of the line current which is in phase with the voltage.

[CHAP. 13
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=1
| |
| X L | Apparent power
| | Q= )_(_L Reactive power
| | R; Q = VIsin0
| R, |
U I Real power
P = Vicos 0
Fig. 13-17 Schematic diagram of Q of a coil. Fig. 13-18 Power triangle for RL circuit
X7 and R; are distributed uni-
formly over the length of the coil
Therefore,
Real power P = V(I cosf) = VI cos@ (13-20)

where 0 is the phase angle between V and I, and cos @ is the power factor (PF) of the circuit. Also,
Real power P = I°R (13-21)

where R is the total resistive component of the circuit.
Reactive power Q in voltamperes reactive (VAR), is expressed as follows:

Reactive power Q = VI sin6 (13-22)
Apparent power S is the product of V x I. The unit is volt amperes (VA). In formula form,
Apparent power S = VI (13-23)

In all the power formulas, the V and [ are in rms values. The relationships of real, reactive, and apparent
power can be illustrated by the phasor diagram of power (Fig. 13-18). Reactive power Q is inductive and
shown above the horizontal axis.

Example 13.17 The ac circuit (Fig. 13-19a) has 2A through a 173-Q R in series with an X7, of 100 2. Find the power
factor, the applied voltage V, real power P, reactive power Q, and apparent power S.

R =173 Q
—e A ————
I=2A
VA S = 800 VA O = 400
X, = 1000 VAR lagging
v (~ X, = 1000
7
R =173 Q P =692W
(@) Power in series RL circuit (b) Impedance triangle (c) Power triangle (inductive)

Fig. 13-19
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Step 1. Find the phase angle 6, cos 9, and impedance Z by the impedance triangle (Fig. 13-19b).

X 100
0 = arctan—L = arctan—— = arctan 0.578 = 30° Ans.
R 173

PF = cos @ = cos 30° = 0.866 Ans.

R 173
cos® ~ cos30°

=200 Q2 Ans.

An alternative method to find Z is by using Z = ,/R2 + X%.
Step 2. Find V.

V =1Z =2(200) =400V Ans.
Step 3. Find P.

P =1I%R (13-21)
=22(173) = 692 W Ans.

or P = VIcosf (13-20)
= 400(2)(cos 30°) = 692 W

In both P calculations, the real power is the same because this is the amount of power supplied by the voltage

source and dissipated in the resistance. The inductive reactance merely transforms power back to the circuit.
Either formula for P can be used, depending on which is more convenient.

Step 4. Find Q and S.

Q =VIsing (13-22)
= 400(2)(sin 30°) = 400 VAR lagging Ans.
In an inductive circuit, reactive power is lagging because / lags V.

S=VI (13-23)
=400(2) = 800 VA Ans.

See Fig. 13-19¢.
Table 13-1 summarizes the relationships of current, voltage, impedance, and phase angle in RL circuits.

Table 13-1 Summary Table for Series and Parallel RL Circuits

X1, and R in Series X1, and R in Parallel

I the same in X7 and R Vr the same across X7 and R

Ve =,/V3+V? Iy = /13 + 1}
Vr Vr
Z=JR24+X? =" Zr = —
tAL = =7

Vg lags Vi by 90° Iy lags Ig by 90°

X 1
6= arctan—L 6 = arctan _L
R Ig
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Solved Problems

13.1 A steady current of 20 mA is passed through a coil with an inductance of 100 mH. What is the voltage
induced by the coil?

If the circuit is dc, the rate of change of current Ai/Ar = 0. So

=L— 13-2
VL ~ (13-2)

=L0)=0V Ans.
A voltage can be induced only when a coil is carrying a changing current.

13.2  Current through a coil increases to 20 A in 1/1000 s. If its inductance is 100 wH, what is the induced
voltage at that instant?

=L — 13-2
VL A7 (13-2)

= (100 x 107°) (1/?800) = (1072 x10*) =2V Ans.

13.3 A 120-Hz 20-mA ac current is present in a 10-H inductor. What is the reactance of the inductor and
the voltage drop across the inductor?

X =628fL (13-3)
= 6.28(120)(10) = 7536 @ Ans.
Vi, =11 X

= (20 x 1073)(7536) = 150.7V  Ans.

13.4 In Problem 13.3, what are the maximum and average values of the voltage developed across the
inductor?

In a reactive ac circuit, the same relations exist for the various values of voltage such as rms,
peak, average, and instantaneous. The rms value is implied when no statement is made otherwise.

Vu = 1414V

Vi.m = 1414V, = 1.414(150.7) = 213.1V Ans.
Vavy =091V

VL.av =091V, =0.91(150.7) = 137.1V Ans.

13.5 A 225-uH choke coil of negligible resistance is to limit the current through it to 25 mA when 40V
are impressed across it. What is the frequency of the current?

=1

40
T 25% 1073

X (13-7)

= 1600 €2
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X

f =838

(13-5)

1600

= =10° = 1 MHz or 1000kHz  Ans.
6.28(255 x 10-°)

13.6 A simple high-pass filter (Fig. 13-20) is one in which high-frequency waves pass through the
capacitor C to the output and low-frequency waves pass through the inductor L. What is the reac-
tance of the 15-mH coil to (a) a 2000-Hz (low-frequency) current and (b) a 400-kHz (high-frequency)

current?

(@) X, =628fL (13-3)
=6.28(2x 10°)(15x 107°) = 188.4Q  Ans.

(b) X1 = 6.28(400 x 10°)(15 x 107%) =37680Q  Ans.

High frequency

—
- 14
o aly )
C
Low frequenca L = 15 mH Output

Fig. 13-20

13.7  What is the total inductance of the circuit shown in Fig. 13-21a?

Step 1. Reduce the parallel inductors to their equivalents.

LoL
Ly+Ls3 346 9

Ly

See Fig. 13-21b.
Step 2. Add the series inductors.

Lr=L+Ls=104+2=12mH Ans.

See Fig. 13-21c.

13.8 If a frequency of 2 MHz is applied to the circuit of Fig. 13-21, what is the reactance of the circuit?
X, =628fLt = 6.28(2 X 106)(12 X 10_3) =150.72 x 10° = 150720 Ans.

13.9  With two coils L and L, as wound (Fig. 13-22), find the total inductance.

Since the windings are wound in the same direction relative to the dots, L1 and L, are series-
aiding. Then, using Eq. (13-10),

Lr=L1+Ly+2Ly=94+13+6=28H Ans.
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L, L
PR Y o YA O—————
10 mH 10 mH
L,$3mH Ly { 6mH —> L4§2mH———> L, ¢ 12mH
O O Ot
(a) ()] ©
Fig. 13-21
13.10 The windings of L, (Fig. 13-22) are now wound in reverse (Fig. 13-23). What is the total
inductance now?
Because the windings are wound in opposite directions relative to the dots, L; and L, are
series-opposing. Then
Lt =L +L,—-2Ly=94+13—-6=16H Ans.
o— o—
o o
Fig. 13-22 Fig. 13-23
13.11 A 20-H coil is connected across a 110-V 60-Hz power line. If the coil has zero resistance, find the

current and power drawn. Draw the phasor diagram.
Xy =6.28fL (13-3)

= 6.28(60)(20) = 7536

\ %3
I = — 13-6
L X, ( )
110
=—— =146 mA Auns.
7536
P =VIcosé (13-20)

= 110(14.6 x 107%)(cos 90°) = 110(14.6 x 1073)(0) = OW  Ans.
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In a purely reactive circuit (R = 0), real power is zero because no energy is dissipated. Also
P = I?R = I*(0) = 0. In the phasor diagram, I lags V; by 90°.

v, A

6 = 90°

0° reference line

90° /

Phasor diagram

A tuning coil has an inductance of 39.8 uH and an internal resistance of 20 2. Find its impedance
to a frequency of 100 kHz and the current through the coil if the voltage drop is 80 V across the
entire coil. Also find the resistive drop and the inductive drop of the coil, and draw the phasor

diagram.

A coil with R; and X, is treated as a series RL circuit.

Step 1.

Step 2.

Step 3.

Find X; and then Z, 6.
X, =628fL (13-3)

=6.28(10°)(39.8 x 107%) =25 Q

Z=\R*+X? (13-15)
=202 +252=32Q Ans.

X
6 = arctan x (13-16)

i
t 25 tan 1.25 = 51.3°
= arctan — = arctan 1.25 = 51.
20

Find 1.

80
=—=25A Ans.
32

N| <

Find Vg, Vi, and check 6.
VR =1IR;, =2.520) =50V Ans.
Vi, = IX; =2.525) =625V Ans.

V
Also 6 = arctan V_L (13-14)

R

= arctan % =1.25=513° Check
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13.13

13.14

Step 4. Draw phasor diagram.

=625V

~
—
I

Ve =50V ¥,

Phasor diagram

295

A choke is an inductance coil with a very low resistance. The ac voltage drop across R is therefore
very low. That is, practically all the ac voltage drop is across L. For this to occur, X is taken as 10
or more times the series R. Find the minimum inductance required for a choke with a resistance of
100 €2 when the frequency of the circuit is (a) 5 kHz, (b) 5 MHz, and (c) 50 MHz. If the applied

voltage Vr is 200V, (d) what is the voltage across the choke and the resistance?

X1 = 10R = 10(100) = 1000

XL
a L =
(@) 6.28f
1
=1 e s,
6.28(5 x 10%)
1000
®) =—— ——=32uH  Ans.
6.28(5 x 100) ”
1000
(c) =32uH Ans.

~ 6.28(5 x 107)

) Z=\R*+X3
V1002 + 10002 = 1005

Vr 200
— =——=0.199A
z 1005

Vr = IR = 0.199(100) = 199V Ans.

VL = IX; = 0.199(1000) = 199 V Ans.

Note that V}, is practically all the applied voltage and Vx is small by comparison.

I3-4)

(13-15)

The purpose of a high-pass filter circuit (Fig. 13-24) is to permit high frequencies to pass on to the
load but to prevent the passing of low frequencies. Find the branch currents, the total current, and the
percentage of the total current passing through the resistor for (a) a 1.5-kHz (low) audio-frequency

signal and (b) a 1-MHz (high) radio-frequency signal.
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o .
I I, I
(@ V = 80V, 1.5 kHz - % 5000
() V = 80V, 1 MHz m 3
Fig. 13-24

(a) Step1l. Find X at f = 1.5kHz.

X, =628fL =628(1.5x 10°)(20 x 107%) = 188.4 Q@

Step 2. Find branch currents I} and Ig.
Vv 80
Il =—=——=0425A Ans.
X 188.4
Vv 80
I =—=——=0.016A Ans.
R 5000

Step 3. Find total current /7.

Ir =12+ 1}

= (0.425)2 4 (0.016)2 = +/0.1809 = 0.425 A

Since X1 < R, the current is mostly inductive.

Step 4. Find /g as a percentage of Ir.

I 0.016
R %100 = ———100 = 0.038(100) = 3.8% Ans.
I 0.425

(b) Step 1. Find X1 now at f = 1 MHz.

X1 =6.28fL =6.28(1 x 10°)(20 x 107%) = 125.6 kQ2

Step 2. Find I and Ig.

Vv 80
I = — =——"—"—==0.637mA Ans.
XL 125.6 x 103

Ir = 16 mA Ans.

Ir remains the same as in part (a).

Ans.

[CHAP. 13

(13-17)

Therefore, only 3.8 percent of the 1.5-kHz audio signal passes through the resistor.
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13.15

13.16

Step 3. Find I7.

Ir = /I3 + 1} = V162 + (0.637)2 = ¥/256.41 = 1601 mA  Ans.

Since R < X, the current is mostly resistive.
Step 4. Find Iy as a percentage of I7.

I 16
R 100 = ——100 = 0.999(100) = 99.9%  Ans.
Ir 16.01

Thus, theoretically 100 percent of the 1-MHz radio signal passes through the resistor.
It is clear that the circuit is an excellent high-pass filter by passing almost 100 percent of the

high radio frequency to the load and only 3.8 percent of the low audio frequency to the load.

If the Q of a coil is greater than 5, its internal resistance R; may be disregarded so that Z = X .
If the Q is smaller than 5, then the resistance must be added to the reactance to obtain the impedance

by the formula Z =,/ Rl.2 + X% A coil has R; = 5Q and X1 = 30 Q at a certain frequency. Find
the Q and Z of the coil.

0= 2L (13-19)

Since Q > 5, the resistance may be disregarded, so the impedance is equal to the inductive
reactance.

Z:XL=3OQ AnS.

We can determine the percent error by finding Z with R included and comparing values.

Z=\/R?+ X} =v52+302=304Q

With R not included, Z = 30 2, as found above. The error is 30.4 — 30 = 0.4 Q. Therefore, the
percent error is

0.4
—100 =1.3%
30.4

The error is well within the range of human error in taking measurements and therefore is
negligible.

What is the inductance of a coil whose resistance is 100 2 if it draws 0.55 A from a 110-V, 60-Hz
power line?

Step 1. Find Z.
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Step 2. Find X.

2 2
Z=\/R+ X2

2 2 2

Xp =,/Z2 — R? = V2002 — 1002 = v/3 x 10* = 173

Step 3. Find L.

Xy 173
© 6.28f  6.28 x 60

L =0.459H Ans.

13.17 A 500-€2 R is in parallel with 300-2 X (Fig. 13-25). Find Ir, 6, and Z7.

Fig. 13-25

Assume Vr = 500 V. (Refer to discussion on total impedance, p. 287.) Then

Vr 500
Ir=——+=""=1A

R ~ 500
=Y %0 6ra
L=%X, 7300
Ir=\Iz+1} =12+ (1.67)2=195A  Ans.

1
6 = arctan <_I_L> = arctan(—1.67) = —59.1° Ans.

R
Ve 500

Ir=— =2 -2564Q  Ans.
Ir 195

13.18  The frequency in Problem 13.17 is increased by a factor of 2. Now find I7, 8, and Z7.

Since X is directly proportional to f,

X1 = 300(2) = 600

[CHAP. 13
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13.19

13.20

13.21

Assume V7 = 600 V. Then

Vr 600

R="R T 500
Vi 600
X, 600

Ir =\ I3+ 1} =V/(122+12=156A  Ans.

1 1
6 = arctan L arctan | —— | = arctan (—0.83) = —39.8° Ans.
Ig 1.2

6
= ﬁ = ﬂ =384.6 2 Ans.

Zr = L —
= ~ 156

Increasing the frequency in an RL parallel circuit decreases 6, since more X; means less /7 .
Show that the real power P = (Vas1Ip/2) cos6.

P = VIcos6 (13-20)

The effective or rms value of voltage (or current) is its maximum value divided by +/2. So substitute

\%
V =

M
— and [ =
V2

SIE

into Eq. (1/3-20) to obtain
Vu 1 Vul
P = <—M—M) cosf = McosG Ans.
V242 2

An induction motor operating at a power factor of 0.8 draws 1056 W from a 110-V ac line. What is
the current?

Given PF =cos0 =0.80, V =110V, and P = 1056 W.
P = VIcos0 (13-20)

from which

P 1056

I = = =12A Ans.
Vcos 0 110(0.8)

Supplementary Problems

If the rate of change of current in a coil is large, the voltage induced is high. Compare the induced
voltages of a coil with an inductance of 10 mH when the rate of change of current is 2000 A /s and
when the rate is 5 times faster at 10 000 A/s.

Ans.  When Ai/At = 2000 A/s, v, =20 V. When Ai/At = 10000 A/s, v, = 100V
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13.22

13.23

13.24

13.25

13.26

13.27

13.28

13.29

13.30

13.31

13.32

13.33

13.34
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How fast must current change in a 100-uH coil so that a voltage of 3V is induced?
Ans.  Ai/At =30000 A/s

At a particular instant the current changes at 1000 A/s. If 1.5 V is induced, what is the inductance of
the coil? Ans. L =15mH

Find the inductive reactance of a 0.5-H choke coil at (a) 200 Hz, (b) 2000 Hz, (c¢) 20kHz,
and (d) 2 MHz. Ans. (a) X = 628 Q; (b) X = 6280 %; (c) X1 = 62800 ;
(d) X1, = 6280k<2

A choke coil in a FM receiver has an inductance of 20 £H. What is its reactance at 10 MHz?
Ans. X1 =1256 Q

A 2-mH coil in a tuning circuit is resonant at 460 kHz. What is its inductive reactance at this frequency?
Ans. Xj; =5778 Q

A transmitter tuning coil must have a reactance of 95.6 Q2 at 3.9 MHz. Find the inductance of the coil.
Ans. L =39 uH

A 25-H choke coil in a filter circuit of a power supply operates at 60 Hz. Find (a) its inductive reac-
tance, (b) the coil current flowing if the voltage across the coil is 105V, and (c¢) the rms, peak, and
average values of this current.

Ans. (a) X1 = 9420 Q; (b) I = 11.1 mA; (o) I = 11.1mA; Iy = 157 mA;
I1.av = 10.1 mA

A choke coil with no resistance acts as a current limiter to 25 mA when 40V is applied across it at a
frequency of 500 kHz. What is its inductance? Ans. L =0.51mH

Two 2-H coils are connected in series so that the mutual inductance between them is 0.2 H. Find the
total inductance when they are connected to be (a) series-aiding and (b) series-opposing.
Ans. (a) Lt =44H; (b)Lr=3.6H

A number of coils are connected together to form an inductance network. Group A is made up of three
12-H chokes in parallel; group B of a 3- and a 5-H choke in parallel; and group C of a 4- and 6-H
choke in parallel. Groups A, B, and C are then connected in series. Find the equivalent inductance
of (a) group A, (b) group B, and (c) group C; and (d) find the total inductance of the network.
Ans. (a)4H; (b)1.88H; (¢)2.4H; (d)83H

Find the total inductance of the circuits (Fig. 13-26). The coils are spaced far apart so that mutual
inductance is negligible.
Ans. (a) Ly =15mH; (b) Ly =4mH; (¢) Ly =148H; (d)Lr =5.1H

Find the total inductance of the circuits (Fig. 13-27). The coils are spaced sufficiently close so that
mutual inductance is present.
Ans. (a)Lr=11H; (b)Lr=8H; (c)Lt=14H; (d)Lr=8H

A resistance of 12 Q is connected in series with a coil whose inductive reactance is 5 2. If the
impressed ac voltage is 104V, find the impedance, the line current, the voltage drop across the
resistor and coil, the phase angle, and the power. Draw the voltage-phasor diagram.

Ans. Z =13Q; 1 =8A; Vg =96V; VL =40V, 6 = 22.6°, [ lags Vr; P = 768 W; phasor
diagram: see Fig. 13-28.
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Ll L2 L3
o—7Y Y Y\ LYY Y\ o
2 mH 7 mH 6 mH
(a) ()]
Ll
o—= Y O VY Y °
1H
L,$3H L,$5H L3§7H L, 6H L,36H L4§4H
L6 L5
o Ol Y Y Y\ YY"\
2H 3H
© @
Fig. 13-26
LM =0.5H
Opmmmammad o_

(@)

®

(c)

(@)
Fig. 13-27
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13.35

13.36

13.37

13.38

13.39

13.40

13.41

13.42
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A lightning protector circuit contains 55.7-mH coil in series with a 6-2 resistor. What current will
flow when it is tested with a 110-V 60-Hz voltage? How much power will the lightning protector
consume? Ans. I =505A(Z=218%); P =153W

V=412V
V, =1V
14° oo
P Cad 1
0 Ve =96V 0 Ve=4V
Fig. 13-28 Phasor diagram Fig. 13-29 Phasor diagram

The coil of a telephone relay has a resistance of 400 €2 and an inductance of 16 mH. If the relay is
operated at a frequency of 1 kHz, find the impedance of the coil and the voltage that must be impressed
across the coil in order to operate the relay at its rated current of 10 mA. Draw the voltage-phasor
diagram. Ans. Z =412.4Q; Vil = 4.12 V; phasor diagram: see Fig. 13-29

A 60-V source at 1.5 kHz is impressed across a loudspeaker of 5000 2 and 2.12 H inductance. Find
the current and power drawn. Ans. I =29mA (Z =20600Q); P =42.1 mW

What is the inductive reactance of a single-phase motor if the line voltage is 220V, the line current
is 15 A, and the resistance of the motor coils is 10 2? Also what is the angle of lag, the power factor,
and the power consumed by the motor? (Treat this problem as a simple RL series circuit.)

Ans. Xp =10.7Q; 60 =47°, PF =0.682; P =2250 W

What is the minimum inductance for a RF choke in series with a resistance of 50 2 at a radio frequency
of 1000 kHz, if the resistive drop is to be considered negligible? If the applied voltage is 100 V, what
is the voltage across the resistance? (See Problem 13-13.)

Ans. L =0.08mH; Vg =995V

A 20-€2 resistor and a 15-€2 inductive reactance are placed in parallel across a 120-V ac line. Find the
branch currents, the total current, the impedance, and the power drawn; and draw the phasor diagram.
Ans. Igr =6A; I =8A; It =10A; Zr = 12 Q; P = 720 W; phasor diagram: see Fig. 13-30.

0 > V=120V
-53.1°

I, = 10A

Fig. 13-30 Phasor diagram

A 100-Q2 R is in parallel with a 100-Q X . If V7 = 100V, calculate I, 6, and Z7.
Ans. It =141A;0 = —45°, Zr =70.7Q

The frequency is halved in Problem 13.41. Find I, 6, and Z7. Compare the difference in values.
Ans. It =224 A; 0 = —63.4°;, Zr = 44.6 Q2. Reducing the frequency in an Ry parallel circuit
increases 6 because less X; means more ;. With less X, Zr is less.
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13.43

13.44

13.45

13.46

13.47

13.48

13.49

A 50-Q R and a 120-Q2 X are connected in parallel across a 120-V ac line. Find the (@) branch
currents, (b) total current, (c) impedance, (d) power drawn, and (e) draw the phasor diagram.

Ans. (a) I = 24A; I = 1A; (b) It = 26A; (¢) Zr = 4629Q; (d) P = 288W;
(e) phasor diagram: see Fig. 13-31

> Vy =80V

-51.3°

> V, =120V
-22.6°

I =26A I =32A

Fig. 13-31 Fig. 13-32

A 40- resistor and a 10-mH coil are in parallel across an 80-V 500-Hz ac line. Find the (a) branch
currents, (b) total current, (¢) impedance, (d) power drawn; and (e) draw the phasor diagram.

Ans. (a)Ig=2A;1p =25A; (b)Ir =32A; (¢)Zr=25%; (d) P =160W; (e) phasor
diagram: see Fig. 13-32.

For the high-pass filter circuit (Fig. 13-33), find the (a) branch currents, (b) total current, and
(c) percentage of total current that passes through the resistor for the case of audio frequency (AF) at
1 kHz and for the case of radio frequency (RF) at 2 MHz. (Calculate current values to three significant
figures.)

Ans. AF case: (a) I = 0.797A; Ir = 0.0333A; (b) It = 0.798 A; (c¢) 4.2%. RF case:
(a) I, =0398mA; Ig =333 mA; (b) It =33.3mA; (c) 100%

(@) AF: vV
(b) RF: V

v, 1
V, 2 MHz L 4 40 mH R < 6000 Q

Fig. 13-33

A 120-V 60-Hz power line is connected across a 12-H choke coil whose resistance is 500 €2. Find
(a) the inductive reactance, (b) the Q of the coil, (¢) the impedance, and (d) the current.
Ans. (a) Xp =4522Q; (b)) 0 =9.0; (c) Z=4522Q; (d)IL =27mA

The primary of an audio-frequency transformer has a resistance of 100 2 and an inductance of
25 mH. What are the inductive reactance and the impedance at 2 kHz?
Ans. X; =314Q;Z=330Q

Find the inductance of a coil whose resistance is 500 €2 if it draws 10 mA from a 110-V 60-Hz
source. Ans. L =29.2H (X = 11000 2)

A coil having a Q of 25 draws 20 mA when connected to a 12-V, 1-kHz power supply. What is its
inductance? Ans. L =955mH (X; = 600 Q)
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13.50  For the circuit (Fig. 13-34), find (a) the inductive reactance, (b) the impedance, (c) the rms current,
and (d) the peak current.
Ans. (a) Xp =377Q; (b) Z=41.0Q (circuit R=16Q); (¢) I =5.85A; (d) Iy =827A

13.51  An inductive load operating at a phase angle of 53° draws 1400 W from a 120-V line. Find the current
drawn. Ans. 1 =194A

13.52  An inductance of 5 Q2 resistance and 12 2 reactance is connected across a 117-V 60-Hz ac line. Find
the real, apparent, and reactive power. Ans. P =405W; S = 1053 VA; Q = 972 VAR lagging

0.5Q
o )
Load resistance
SR, =150
! o
240V (7™ Line 120 V
60 Hz resistance 60 Hz
I7
L = 100 mH s
(R of coil negligible) Vp=12V R :; 24 Q X, 430Q
<
0.5Q
AN O
Fig. 13-34 Fig. 13-35

13.53 A toy electric train semaphore has a 24-Q lamp in parallel with a solenoid coil of 30-Q2 inductive
reactance (Fig. 13-35). If it operates from the 12-V winding of a 60-Hz power transformer, find (a) the
total current, (b) the impedance, (c) the phase angle, (d) the power drawn, and (e) the reactive power.
Ans. (a) It =0.64A; (b)Zr =18.82; (c)6 =-38.7°; (d) P =6W,; (e) Q=48VAR
lagging



Chapter 14

Capacitance, Capacitive Reactance,
and Capacitive Circuits

CAPACITOR

A capacitor is an electrical device which consists of two conducting plates of metal separated by an
insulating material called a dielectric (Fig. 14-1a). Schematic symbols shown (Fig. 14-1b and c) apply to all
capacitors.

Dielectric
*— @
b
PN —fb— "
Conducting Conducting (Less used) (Less used)
plate A plate B
(a) Structure (b) Fixed (¢) Variable

Fig. 14-1 Capacitor and schematic symbols

A capacitor stores electric charges in the dielectric. The two plates of the capacitor shown in Fig. 14-2a
are electrically neutral since there are as many protons (positive charge) as electrons (negative charge) on each
plate. Thus the capacitor has no charge. Now a battery is connected across the plates (Fig. 14-2b). When
the switch is closed (Fig. 14-2¢), the negative charge on plate A is attracted to the positive terminal of the
battery, while the positive charge on plate B is attracted to the negative terminal of the battery. This movement
of charges will continue until the difference in charge between plates A and B is equal to the electromotive
force (voltage) of the battery. The capacitor is now charged. Since almost none of the charge can cross the
space between plates, the capacitor will remain in this condition even if the battery is removed (Fig. 14-3a).
However, if a conductor is placed across the plates (Fig. 14-3b), the electrons find a path back to plate A and
the charges on each plate are again neutralized. The capacitor is now discharged.

28 e

g Qe P

(a) Neutral (b) Neutral capacitor (¢) Charged capacitor

OO0 |
OO0 |-
OO00 |
OO0 |-
QOO |
OO0 |

Fig. 14-2 Charging a capacitor
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OO0Q |-
olololol
|
00O |
0000 |-

(-K Conductor

@ ®
Fig. 14-3 Discharging a capacitor

Example 14.1 Explain the charging and discharging action of a simple capacitor circuit when switch 1 is closed with
switch 2 open (Fig. 14-4a), and when switch 1 is open with switch 2 closed (Fig. 14-4b).

When switch S1 is closed and switch S2 is open (Fig. 14-4a), the battery voltage is applied across the two plates A
and B. The capacitor charges to a voltage equal to that of the battery. Plate A is charged positively and plate B is charged
negatively. When S1 is open and S2 is closed, the excess electrons on plate B will move through S2 to plate A (Fig. 14-4b).
Now the capacitor acts as a voltage source with plate A the positive terminal and plate B the negative terminal. The motion
of electrons off plate B reduces its negative charge, and their arrival at plate A reduces its positive charge. This motion of
electrons continues until there is no charge on plate A or plate B and the voltage between the two plates is zero.

QOO [+
0000 [=
OJCJCICRE
OO0 |-

Electron
flow
e —«-——9¢ o0 .
Electron S 2 S2
flow

e e

(a) Charging action (b) Discharging action

Fig. 14-4 Simple capacitor circuit

CAPACITANCE

Electrically, capacitance is the ability to store an electric charge. Capacitance is equal to the amount of
charge that can be stored in a capacitor divided by the voltage applied across the plates:

C=% (14-1)
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where C = capacitance, F
Q = amount of charge, C
V = voltage, V

Equation (/4-1) can be rewritten as follows:

0=CV (14-2)
V= % (14-3)

The unit of capacitance is the farad (F). The farad is that capacitance that will store one coulomb of charge
in the dielectric when the voltage applied across the capacitor terminals is one volt.

The characteristic of a dielectric that describes its ability to store electric energy is called the dielectric
constant. Air is used as a reference and is given a dielectric constant of 1. Some other dielectric materials are
Teflon, paper, mica, Bakelite, or ceramic. Paper, for example, has an average dielectric constant of 4, meaning
it can provide an electric flux density four times as great as that for air for the same applied voltage and equal
physical size.

The capacitance of a capacitor depends on the area of the conductor plates, the separation between the
plates, and the dielectric constant of the insulating material. For a capacitor with two parallel plates, the formula
to find its capacitance is

A —12
C=k>(885x 107" (14-4)

where C = capacitance, F
k = dielectric constant of the insulating material
A = area of the plate, m?
d = distance between the plates, m

The farad is too high a unit for most capacitors. Therefore, we conveniently use the microfarad («F), which
equals one-millionth farad (10~° F), the nanofarad (nF), which equals one-billionth farad (10~° F), and the
picofarad (pF), which equals one-millionth microfarad (10~¢ 4F). Thus, 1 F = 10 uF = 10° nF = 10'2 pF.

Example 14.2 What is the capacitance of a capacitor that stores 4 C of charge at 2 V?

o
C== 14-1
v 4-1)
4
=—-=2F Ans.
2
Example 14.3 What is the charge taken on by a 10-F capacitor at 3 V?
0=CV (14-2)
=103)=30C Ans.
Example 14.4 What is the voltage across a 0.001-F capacitor that stores 2 C?
0
V== 14-3
C (14-3)

2
=——=2000V Ans.
0.001
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Example 14.5 The area of one plate of a two-plate mica capacitor is 0.0025 m? and the separation between plates is
0.02 m. If the dielectric constant of mica is 7, find the capacitance of the capacitor.

_ A 12
C=k3 (8.85 x 10 ) (14-4)
0.0025
=7 (8.85 x 10—12) —774x 1012F=774pF  Ans.
0.02

Example 14.6 If the area of each plate in Example 14.5 is increased five times, and neither the dielectric nor the spacing
is changed for the capacitor, what is the new capacitance?
Since capacitance is proportional to area, increasing the area five times increases the capacitance five times so that

C =5(1.74) =38.7pF  Ans.

TYPES OF CAPACITORS

Commercial capacitors are named according to their dielectric. Most common are air, mica, paper, and
ceramic capacitors, plus the electrolytic type. These types are compared in Table 14-1. Most types of capacitors
can be connected to an electric circuit without regard to polarity. But electrolytic capacitors and certain ceramic
capacitors are marked to show which side must be connected to the more positive side of a circuit.

Table 14-1 Types of Capacitors

Dielectric Construction Capacitance Range
Air Meshed plates 10-400 pF
Mica Stacked sheets 10-5000 pF
Paper Rolled foil 0.001-1 uF
Ceramic Tubular 0.5-1600 pF
Disk 0.002-0.1 uF
Electrolytic | Aluminum 5-1000 uF
Tantalum 0.01-300 uF

CAPACITORS IN SERIES AND PARALLEL

When capacitors are connected in series (Fig. 14-5), the total capacitance Cr is

U T B 1
t— (14-5)

Series: — =
Cr Ci Cp Cs Cy

The total capacitance of two capacitors in series is

CiC

- 12 14-6
Ci+C ( )

Series: Cr

When n number of series capacitors have the same capacitance, Ct = C/n.

9]
o

-~
(o]

CI C2 C! n
- —E—o —o

Fig. 14-5 Capacitances in series
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When capacitors are connected in parallel (Fig. 14-6), the total capacitance Cr is the sum of the individual
capacitances.

Parallel: Cr=C1+C+C3+---+Cy (14-7)

There is a limit to the voltage that may be applied across any capacitor. If too high a voltage is applied,
a current will be forced through the dielectric, sometimes burning a hole in it. The capacitor then will short-

circuit and must be discarded. The maximum voltage that may be applied to a capacitor is called the working
voltage and should not be exceeded.

I |
|

c, c1i —

Ay

7
0

N

Ay ya— 0 e ———
Fig. 14-6 Capacitances in parallel

Example 14.7 Find the total capacitance of a 3-uF, a 5-uF, and a 10-uF capacitor connected in series (Fig. 14-7).
Write Eq. (/4-5) for three capacitors in series.

1 1 1 1 1 1 1 19

oo tata T3t st 0T
30

CT:E:1-6MF Ans.

Czﬁ? 5 uF Clji 200 pF

3 C, 7 200 4F

0

e

[

Fig. 14-7 Fig. 14-8

Example 14.8 What is the total capacitance and working voltage of a capacitor series combination if C; and C, are
both 200-uF 150-V capacitors (Fig. 14-8)?

200

Cr = - = 100 uF Ans.

The total voltage that may be applied across a group of capacitors in series is equal to the sum of the working voltages of
the individual capacitors. Therefore,

Working voltage = 150 4+ 150 = 300 V Ans.
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Example 14.9 A capacitor in a radio receiver tuning circuit has a capacitance
of 310 pF (Fig. 14-9). When the stage is aligned, a variable capacitor (called a
trimmer) in parallel with it is adjusted to a capacitance of 50 pF. What is the total
capacitance of the combination?

Write Eq. (/4-7) for two capacitors in parallel. 310 pF { 50 pF

N

Cr=C1+Cy=310+50=360pF  Ans.

Fig. 14-9

CAPACITIVE REACTANCE

Capacitive reactance X ¢ is the opposition to the flow of ac current due to the capacitance in the circuit.
The unit of capacitive reactance is the ohm. Capacitive reactance can be found by using the equation

1 1 0.159
Xc = = = (14-8)
2nfC  6.28fC fc
where X = capacitive reactance, 2
f = frequency, Hz
C = capacitance, F
If any two quantities in Eq. (/4-8) are known, the third can be found.
0.159
= (14-9)
fXc
0.159
f= (14-10)
CXc

Voltage and current in a circuit containing only capacitive reactance can be found using Ohm’s law.
However, in the case of a capacitive circuit, R is replaced by Xc.

Ve =IcXc (14-11)
Ve

Ic = — 14-12

C=%xc ( )

Xc = Ye (14-13)
Ic

where  Ic = current through the capacitor, A
Vc = voltage across the capacitor, V
X ¢ = capacitive reactance, 2

Example 14.10 What is the capacitive reactance of a 0.001-F capacitor at 60 Hz (Fig. 14-10)?

0.159

Xc = 7fC
0159
~60(0.001)

(14-8)

=2.65Q Ans.

Example 14.11 A capacitor in a telephone circuit has a capacitance of 3 uF (Fig. 14-11). What current flows through
it when 15V at 800 Hz is impressed across it?
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Ip =1
1 sv O
6 60 Hz AT~ C = 0.00l F 800 Hz ANC = 3 ,4F
Fig. 14-10 Fig. 14-11
Find X and then /- by Ohm’s law.
0.159
Xo= —— (14-8)
fc
0.159
- _6625Q
800(3 x 10-°)
1%
Ic = -5 (14-12)
Xc
S 026=26mA 4
= —— = . = m S.
66.25 "

Example 14.12 A 120-Hz 25-mA ac current flows in a circuit containing a 10 uF capacitor (Fig. 14-12). What is the
voltage drop across the capacitor?

Find X and then V¢ by Ohm’s law. I. = 25 mA
. 0159 (14.8)
€~ fc ' v=120 |
0.159 120 Hz T C = 10 4F
=— ——=1325Q
120(10 x 10~6)
Ve =IcXc (14.11)
=(25x1073)(132.5) =331 V Ans. Fig. 14-12

CAPACITIVE CIRCUITS

Capacitance Only

If an ac voltage v is applied across a circuit having only capacitance (Fig. 14-13a), the resulting ac current
through the capacitance, i., will lead the voltage across the capacitance, v., by 90° (Fig. 14-13b and c).
(Quantities expressed as lowercase letters, i, and v, indicate instantaneous values.) Voltages v and v, are the
same because they are parallel. Both i, and v, are sine waves with the same frequency. In series circuits, the
current /¢ is the horizontal phasor for reference (Fig. 14-13d) so the voltage V¢ can be considered to lag I¢
by 90°.

RC in Series

As with inductive circuits, the combination of resistance and capacitive reactance (Fig. 14-14a) is called
impedance. In a series circuit containing R and X, the same current / flows in X¢ and R. The voltage drop
across R is Vg = IR, and the voltage drop across X¢ is V¢ = IXc. The voltage across X¢ lags the current
through Xc by 90° (Fig. 14-14b). The voltage across R is in phase with I since resistance does not produce a
phase shift (Fig. 14-14b).
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IC
Lead
- direction
-
U o
g' 90 > — > I,
3 vV, V, -
a, » Ve
£
e
V., Ve
(a) Schematic diagram (b) Time diagram, i, (c) Phasor diagram, (d) Phasor diagram,
leads v, by 90° V reference I, reference

Fig. 14-13 Circuit with C only

u VR
> > /, reference

I R  [-90°

\4

Ve

(a) Circuit (b) Phasor diagram

Fig. 14-14 R and X in series

To find the total voltage V7, we add phasors Vi and V. Since they form a right triangle (Fig. 14-15),

Vi =/ V3 + V¢ (14-14)

Note that the IXc phasor is downward, exactly opposite from an IX;, phasor (see Fig. 13-11), because of the

opposite phase angle.
The phase angle 6 between Vr and Vg (Fig. 14-15) is expressed according to the following equation:

V.
tanf = _-¢
VR
Vi
6 = arctan <——C> (14-15)
VR

Example 14.13 An RC series ac circuit has a current of 1 A peak with R = 50 @ and X = 120 Q (Fig. 14-16a).
Calculate Vg, V¢, Vr, and 6. Draw the phasor diagram of V¢ and I. Also draw the time diagram of i, vg, vc, and vr.

Vg = IR = 1(50) = 50V peak  Ans.
Ve = IXc = 1(120) = 120V peak  Ans.
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> /
R =500Q —-67.4°
Ve = IR
5 I = 1 A peak
0

V.

r
Ve = IX, Vr

Ve = Vi + 12
(a) Circuit (b) Phasor diagram
Fig. 14-15 Voltage-phasor triangle Fig. 14-16a, b

Then Ve =/VE+ V2 (14-14)
= /502 + 1202

= /2500 + 14400 = /16900 = 130 V peak Ans.

v,
0 = arctan (— —C> (14-15)
VR

120
= arctan <_§) = arctan(—2.4) = —67.4° Ans.

In a series circuit since [ is the same in R and X, I is shown as the reference phasor at 0° (Fig. 14-16b). I leads V7 by
67.4° or, equivalently, V lags I by 67.4°. For the time diagram, see Fig. 14-16¢.

Impedance in series RC.  The voltage triangle (Fig. 14-15) corresponds to the impedance triangle (Fig. 14-17)
because the common factor 7 in V¢ and Vg cancels.

Ve =IXc
Vr = IR
IX X
anf = ——— = =€
IR R

Impedance Z is equal to the phasor sum for R and X¢.

The phase angle 6 is
Xc
6 = arctan R (14-17)

Example 14.14 A 40-Q X¢ and a 30-Q2 R are in series across a 120-V source (Fig. 14-18a). Calculate Z, I, and 6.
Draw the phasor diagram.

z=JR+x2 (14-16)

= /302 + 402 = /2500 = 50 Ans.
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i
1A}
|
| o e a
T - 4
0 l 90° 180° 270° 360°
I
-1A |
[ i reference waveform
|
oy
R
SOV
| y. y - v Y
L g ®
0 | o 1W0
-0V |
| Vg in phase with i
l
|
120V |- |
|
| Ve
] o .
® -
0 | 90° 180° 270° 360°
I
—120V |
| v, lags i by 90°
|
|
130V b | v
T
|
e g —l
|
0 6745 %0° 180° 270° 360°
oy v, lags i by 67.4°

(c¢) Time diagram of RC series circuit

Fig. 14-16¢

t—>

t—>

t—>

r—>

[CHAP. 14
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Fig. 14-17 Series RC impedance triangle

R =300

AN 244 >
! -s53.1°
Z
_ - h2
VT—IZOV@ q.\XC=409 IA
VT

(@) (b) Phasor diagram
Fig. 14-18
By Ohm’s law,
Vr 120
I =—=—=24A Ans.
Z 50
Xc
6 = arctan Xz (14-17)

40
= arctan(—%> = arctan(—1.33) = —53.1° Ans.

For the phasor diagram, see Fig. 14-18b.

RC in Parallel

In the RC parallel circuit (Fig. 14-19a), the voltage is the same across the source, R, and X¢ since they
are all in parallel. Each branch has its individual current. The resistive branch current /g = V7/R is in phase
with V7. The capacitive branch current Ic = Vr/X¢ leads V7 by 90° (Fig. 14-19b). The phasor diagram has
the source voltage Vr as the reference phasor because it is the same throughout the circuit. The total line
current /7 equals the phasor sum of /g and I¢ (Fig. 14-19¢).

1o
A
Iy Ig Ic
—
Vr @ R ~Xc
[ 190° > S
Ul Ul
I Vr
(a) Circuit (b) Phasor diagram (c) Current-phasor triangle

Fig. 14-19 X and R in parallel
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Iy = /13 + 12
1
tanf = —
Ig

I
f = arctan <
I

[CHAP. 14

(14-18)

(14-19)

Impedance in parallel RC. The impedance of a parallel circuit equals the total voltage Vr divided by the

total current I7.

Vr

ZT =
T Ir

(14-20)

Example 14.15 A 15-Q resistor and a capacitor of 20 2 capacitive reactance are placed in parallel across a 120-V ac

line (Fig. 14-20a). Calculate Ig, I¢, I, 0,

Ig =

Ic =

and Z7. Draw the phasor diagram.

\% 120
T2 8 A Ans.
R 15
\% 120
T 2 6A Ans.
Xc 20

It = /I3 + 1%

=v8 +62=+/100=10A

Ans.

1
6 = arctan <

IR
6 o
= arctan 3= arctan 0.75 = 36.9 Ans.
V
Zr=-L
It
120
=—=12Q Ans.
10
For the phasor diagram, see Fig. 14-20b.
I Iy Ic
_ i
VT=120V<f\> RII5Q X, =200 10 A
36.9°
>Vr
120V
(@) (b) Phasor diagram
Fig. 14-20
POWER IN RC CIRCUITS

The power formulas given previously for RL circuits are equally applicable to RC circuits.

Real power P = VI cosf, W

(14-18)

(14-19)

(14-20)

(14-21)
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v2
or P=1IR= -V (14-22)
Reactive power Q = VI sin6, VAR (14-23)
Apparent power S = VI, VA (14-24)

Capacitance, like inductance, consumes no power. The only part of the circuit consuming power is the
resistance. Reactive power 6 in an RC circuit is capacitive and shown below the horizontal axis.
Table 14-2 summarizes the relationships of current, voltage, impedance, and phase angle in RC circuits.

P

Table 14-2 Summary Table for Series and Parallel
RC Circuits

X and R in Series X and R in Parallel N

I the same in X¢ and R Vr the same across X¢ and R

Vr =,/V3+ V2 Iy = I} + 12
Vr Vr
Z=JR2+x2="L | z; =%
CT =7

Ve lags Vg by 90° Ic leads Ig by 90°
X 1

6 = arctan (——C> 6 = arctan <
R I

Solved Problems

14.1  What is the total capacitance of three capacitors connected in parallel if their values are 0.15 uF,
50V; 0.015 uF, 100 V; and 0.003 iF, 150 V (Fig. 14-21)? What would be the working voltage of this
combination?

Write Eq. (/4-5) for three capacitors in parallel.
Cr=C1+Cy+C3=0.1540.01540.003 = 0.168 uF Ans.

The working voltage of a group of parallel capacitors is only as high as the lowest working voltage.
Therefore, the working voltage of this combination is only 50 V.

c l
0.15 uF 0.015 uF 0.003 4F AX
O T

Fig. 14-21

14.2 A technician has the following capacitors available: 300 pF, 75 V; 250 pF, 50 V; 200 pF, 50 V; 150 pF,
75V; and 50 pF, 75 V. Which of these should be connected in parallel to form a combination with a
capacitance of 500 pF and 75 V working voltage?
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Capacitors with voltage ratings less than 75V must not be used because of possible short-
circuit damage. The remaining capacitors with 75-V ratings are 300, 150, and 50 pF, the sum
of which is 500 pF. Therefore, the safe parallel combination is as shown in Fig. 14-22, where
Cr =300+ 150 4 50 = 500 pF.

o

300 pF 150 pF 50 pF 71

Fig. 14-22

14.3  What is the range of total capacitances available in an oscillator circuit that uses a variable tuning
capacitor of 35- to 300-pF range in series with a fixed capacitor of 250 pF (Fig. 14-23)?

At the low point in the range of total capacitance, we have 35 pF in series with 250 pF.
Ci1C, 35(250) 8750

C = = =
= C ¥C,  35+250 285

= 30.7pF Ans.

At the high point in the range, we have 300 pF in series with 250 pF.

_300(250) 75000
T 3004250 550

72 = 136.4 pF Ans.

Therefore, the range is from 30.7 to 136.4 pF.

14.4  What capacitance must be added in parallel with a 550-pF capacitor in order to get a total capacitance
of 750 pF (Fig. 14-24)?

Write Eq. (14-7) for two capacitors in parallel.

Cr=C+C
750 =550+ C,
C> =750 — 550 = 200 pF Ans.

— :

250 pF

Cr=750pF ¢ 550 pF ARG, =?

35-300 pF

Fig. 14-23 Fig. 14-24
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14.5  Find the total capacitance of the capacitive networks shown in Figs. 14-25, 14-26a, and 14-27a.

(a) See Fig. 14-25. Simple series combination:

Cl
3 uF
cC 32 6
Cr = =2 _ 2) =—-—=12uF Ans.
Ci+C 342 5
G
(b) See Fig. 14-26a, b, and c. Series—parallel combination: 2 uF
Parallel: C,=Cr+C3=01402=03uF Fig. 14-25
c C 0.3(0.3 0.09
Series: cp= G1€ 0303 009 ok ans
Ci+C, 03403 0.6
c, c,
I
o o -
0.3 uF 0.3 uF
0.1 uF a; 02 yF —> C, 77~ 0.3 yF —> Cp A= 0.15 4F
G G
o— o— | [ S—

@) ®) ©
Fig. 14-26

(c¢) See Fig. 14-27a, b, and c. Parallel-series combination:

. C3Cy 4(5) 20
Series: C, = = = — =2.22pF
C3+ Cy 4+5 9

Parallel: Cr=C1+C,+C,=2+3+4222="722pF Ans.
C3
o— ¥4 o——
AN
4p

o
F
C, 7 <2 pF C, 7<3pF CA;E 5pF —> 2pF G, A<3pF C, a: 222 pF = C; AX7.22 pF
O- T /[
®

o

(@ ) ()

Fig. 14-27
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14.6

14.7

14.8
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Find the total capacitance of the series circuit and the capacitive reactance of the group of capacitors
when used in a 60-Hz circuit (Fig. 14-28).

I S (14-5) c
CT_CI C2 C3 ,

1
1 N 1 N 1 8 011\1:
T 0105025 05 Sk
0.5 4
8 c
3
0.159 \\
Xc = C (14-8) S}
! 0.159 0.25 yF
= =42400Q  Ans.
60(0.0625 x 1079) Fig. 14-28

A capacitor draws 6 mA when connected across a 110-V 60-Hz line. What will be the current drawn
if both the frequency and capacitance are doubled?

We look at two relationships. First, because Ic = V¢ /X, we can say I¢ is inversely proportional
to X¢, or

Ic 0« —
C Xc

Second, because X¢ = 0.159/fC, we can say Xc is inversely proportional to the product of f
and C, or

1
Xc X —

fc
So if f and C are doubled, X¢ is decreased by 1/4.

1 1
XX ——re = —
2HQec)  4/¢
And when X is decreased by 1/4, I¢ is increased four times. Therefore
Ic = 4(6) =24 mA Ans.

A 20-uF capacitor in an audio amplifier circuit produces a voltage drop of 5V at 1 kHz. Find the
current passed by the capacitor.

Find X¢ and then I¢.

0.159
= 14-8
c 7c ( )
_ 0.159 7050
(1 x 103)(20 x 10-9)
Ve
I — 14-12
c Xc ( )

5
=—=0629A Ans.
7.95
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14.9  Calculate the value of the bypass capacitor in an audio circuit if it is to have a reactance of 800 €2 at
10 kHz.

0.159
C =
fXc
0159
o (10 x 103)(800)

(14-9)
= 0.02 uF Ans.

14.10 A capacitor is inserted in a circuit to obtain a leading current of 5 A. If the voltage is 110V, 60 Hz,
what is the capacitance?

Find X and then C.

Ve
c=— -
X 14-13
Ic
110
= — =220
5

0159
fXc
0159

= —— —121x10°=121 uF  Ans.
60(22) x " s

C (14-9)

14.11 A capacitance of 20 pF draws 10 mA when connected across a 95-V source. Find the frequency of
the ac voltage.

Find X¢ and then f.

Ve
Xc = -S (14-13)
Ic
= L = 9500 2
10 x 10—3
;0159 1410
N CXc
0.159

= 838 kHz Ans.

~ (20 x 10-12)(9500)

14.12  Find the impedance of an RC combination when the coupling capacitor is 0.01 xF, the audio frequency
is 1 kHz, and the resistance of the circuit is 3 k<2 (Fig. 14-29). A coupling capacitor, because it provides
more reactance at lower frequencies, results in less ac voltage across R and more across C.

Find X and then Z. C
0.159 - - = 0——|
Xc=—— (14-8)
fc 0.01 yF
0.159 1 kHz 3 kO
= 15900 RI€— — — —

= (1 x 10%(0.01 x 107

7Z = . R2+ X2 (14-16)
¢ -

= +/30002 + 15900% = 16 180 2 Ans. Fig. 14-29
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14.13  In a series RC circuit, the higher the X¢ compared with R, the more capacitive is the circuit. With
higher X¢ there is more voltage drop across the capacitive reactance, and the phase angle increases
toward —90°. To illustrate, find the indicated quantity.

Case R,Q | Xc,Q | Z,2 | 6 | Nature of Circuit

(@ | Xc=R| 10 10 2 |2 ?
b | Xc<R| 10 1 2 |2 ?
© | Xc>R 1 10 2 |2 ?

(a) z= R+ x2 (14-16)
=V102+102=14.1Q  Ans.

Xc
arctan (—7) (14-17)

S
I

—10
= arctanw = arctan(—1) = —45° Ans.

The circuit is capacitive.
(b) Z=+v102+12=100Q  Ans.
0 = arctan(—0.1) = —5.7° Ans.

The circuit is only slightly capacitive.
(0) Z=+124+102=10.0Q Ans.

0 = arctan (—10) = —84.3° Ans.

The circuit is almost entirely capacitive. Recall that if R = 0 (pure capacitive circuit), Z =
Xc =10 at & = —90°. The complete table is as follows:

Case R, Q2| Xc,2 | Z,Q2 0 Nature of Circuit
(a) Xc =R 10 10 14.1 —45° Capacitive
b) Xc <R 10 1 10.0 —5.7° | Slightly capacitive
(c) Xc >R 1 10 10.0 —84.3° | Very capacitive

14.14 In a parallel RC circuit, as X¢ becomes smaller compared with R, practically all the line current is
the I¢c component. Thus the parallel circuit is capacitive. The phase angle approaches 90° because
the line current is mostly capacitive. To illustrate, find the indicated quantity. Assume Vr = 10 V.

Case R, Q2| Xc,Q2 | IR, A | Ic,A | IT,A | 6 | Nature of Circuit

@ | Xec=R| 10 10 ? ?
®) | Xc>R 1 10 ? ?
© | Xc<R| 10 1 ? ?
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14.15

(@) Vi 10
IR=—T=—=1A Ans.
R 10
V. 10
Ic=—-—F=—=1A  Ans.
Xc 10
Iy =\ I3 + I?
=vVI2+12=141A Ans.
I
0 = arctan-<
R
= arctan 1 = 45° Ans.
The circuit is capacitive.
(®)
10
Igr = T =10A Ans.
10
Ic = 0 =1A Ans.

It =v1024+12=10.0A Ans.

1
0 = arctan — = 5.7° Ans.
10

The circuit is only slightly capacitive.

() 10
Ir=—=1A Ans.
10
10
Ic = T =10A Ans.

It =v124+102 =100A Ans.

@ = arctan 10 = 84.3° Ans.

The circuit is almost entirely capacitive.
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(14-18)

(14-19)

Recall that if R = 0 (pure capacitive circuit), IT = Ic = 10 A at & = 90°. The complete table is as

follows:
Case R,Q | Xc,2 | I, A | Ic,A | IT, A [% Nature of Circuit
(a) Xc =R 10 10 1 1 1.4 45° Capacitive
b) Xc >R 1 10 10 1 10.0 5.7° | Slightly capacitive
(o) Xc <R 10 1 1 10 10.0 84.3° | Very capacitive

A voltage of 10V at a frequency of 20 kHz is applied across a 1-uF capacitor. Find the current and

the real power used. Draw the phasor diagram.
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Find X and then Ic.

0.159 — > I
Xe=—"—"+ (14-8)
fC
0.159
= =795Q
(20 x 103)(1 x 1079)
Vi
Ic =-% (14-12)
Xc Ve
= ﬂ =126A Ans. Fig. 14-30
7.95 Phasor diagram
Now find P.
P =VIcos6 (14-21)

V=Vc and I =1Ic so
P = 10(1.26)(cos 90°) = 10(1.26)(0) = 0W Ans.

No net power is consumed in the circuit when there is no resistance. For the phasor diagram, see
Fig. 14-30. I¢ leads V¢ by 90°.

14.16 A capacitance of 3.53 uF and a resistance of 40 Q2 are connected in series across a 110-V 1.5-kHz ac
source (Fig. 14-31). Find X¢, Z, 0, I, Vg, Vc, and P. Draw the phasor diagram.
Step 1. Find Xc.

0159 0.159

c= = =30Q Ans.
fc (1.5 x 10%)(3.53 x 10-9)

Step 2. Find Z and 6.

Z=\/R*+X:=V402+302=50Q  Ans.

Xc 30 o
6 = arctan R = arctan 10 = arctan (—0.75) = —36.9 Ans.

Step 3. Find /.

Step 4. Find Vg and V. By Ohm’s law,

Vr = IR =2.2(40) =88V Ans.
Ve = IXc =2.2(30) =66V Ans.

Step 5. Find P.
P =1°R = (22)*40) = 193.6 W  Ans.

Step 6. Draw the phasor diagram (see Fig. 14-31b). I leads V7 by 36.9°.
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AN
1 40 Q

~

VT: ]lOV C 3690 71
1.5 kHz ’l\3'53 uE '
1 v,
(a) (b) Phasor diagram
Fig. 14-31
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14.17  The purpose of a low-pass filter circuit (Fig. 14-32) is to permit low frequencies to pass on to the
load but to prevent the passing of high frequencies. Find the branch currents, total current, phase
angle, and the percentage of the total current passing through the resistor for (a) a 1.5-kHz (low)

audio-frequency signal and (b) a 1-MHz (high) radio-frequency signal.

(o

LI I

(@ V, =100V, 1.5 kHz

InF R 50000
() V, =100V, | MHz

o;

Fig. 14-32
(@) Step 1. Find X¢ at f = 1.5kHz.

0159 0.159
TR T 5% 1091 x 1079

= 106 k2

Step 2. Find branch currents /¢ and Ig.

Vr 100
Ie=-L =" __094mA  Ans.
€= X. T 106 x 107 m ns
% 100
Igp= L =_—""_—20mA Ans.
R 5% 103

Step 3. Find /7 and 6.

It =/ I3+ 12 =/202+(0.94)2 = +/400+0.88 = +/400.88 = 20.02 mA

Ic 0.94
6 = arctan — = arctan W =arctan0.047=2.7° Ans.
R

Step 4. Find Ig as a percentage of I7.

IR 20
— x 100 = ——=100 = 0.999(100) = 99.9% Ans.
I 20.02

Thus, practically all the 1.5 kHz audio-signal current passes through the resistor.

Ans.
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14.18

14.19

14.20

14.21

14.22
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(b) Step 1. Find X¢ now at f = 1 MHz.

0.159 0.159
fC T (1 x 109(1 x 1079)
Step 2. Find I¢ and Ip.
Ve 100
Jlo = — = —— —0.629=629mA  Ans.
Xc 159

Ir =20 mA Ans.

IR is the same as in part (a).
Step 3. Find I7 and 6.

I3 +12=v202+6292=/400+395641 =+/396041 =629.3 mA  Ans.

Ic 629 o
6 = arctan — = arctan — = arctan31.45 = 88.2 Ans.
IR 20

Step 4. Find Iy as a percentage of /7.

Ig 20
— x 100 = ——100 = 0.332(100) = 3.2% Ans.
It 629.3
Thus, only 3.2 percent of the 1-MHz radio signal current passes through the resistor.

It is clear that the circuit is an excellent low-pass filter by passing practically all the low-
frequency (1.5-kHz) current through the resistor, but very little of the high-frequency (1-MHz)
current through it.

Supplementary Problems

What is the capacitance of a capacitor that stores 10.35C at 3 V? Ans. C =345F
What charge is taken on by a 0.5-F capacitor connected across a 50-V source? Ans. Q =25C

Find the capacitance of a capacitor that has one plate area of 0.5 m2, a distance between plates of
0.01 m, and a dielectric of paper with dielectric constant of 3.5. Ans. C = 1549 pF

What is the reactance of a 500-pF capacitor at (a) 40 kHz, () 100 kHz, and (¢) 1200 kHz?
Ans. (a) Xc =79509; (b)) X¢c =3180%2; (c) X¢c =265

Two capacitors in parallel are connected across a 120-V line. The first capacitor has a charge of
0.00006 C and the second capacitor has a charge of 0.000048 C. What is the capacitance of each
capacitor and what is the total capacitance? Ans. Cy=05uF;, C,=04uF;, Cr=09uF
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14.23  Find the indicated quantity.

C,F|ocCl|v,vV Ans. C,F| o,C|V,V
@ | ? 1 | 110 @ | 01 | ..
® | 03 2 | 220 ® | ... | 66 | ..
© | 02 | 50 ? © | ... | ... | 250

14.24  The capacitance of a known parallel-plate capacitor with air as a dielectric is 0.248 uF. What is the
capacitance if (a) Teflon with a dielectric constant of 2.1 replaces air; (b) the area of one plate is
reduced by one-half; (c) the separation distance is increased by a factor of 11 and (d) rubber with a
dielectric constant of 3 replaces air, the area of a plate is increased by 11, and the separation distance

is reduced to three-fourths its original value?
Ans. (a) C =0.521 uF; (b) C =0.124 uF; (c) C =0.165 uF; (d) C = 1.24 uF

14.25  What is the reactance of an oscillator capacitor of 400 pF to a frequency of 630 kHz?
Ans. Xc =631Q

14.26  Find the total capacitance of the capacitive networks shown (Fig. 14-33).
Ans. (a) Cr = 040uF; (b)) Cr = 0.065 uF; (¢) Cr = 0.04 uF; (d) Cr = 0.05 uF;
(e) Cr = 0.84 uF

Cl Cl C'2
o |(___I¢
°—|€—‘— —k I\
0.1 uF 0.16 uF 0.16 uF
0.12 uF 0.03 uF 5 0.25 uF C, A< 0.3 uF
Cl CZ C3
C3 C4 C3
AY| A
o= °_9|'— oI
0.5 uF 0.16 uF 0.16 pF
(@) b ©

C] Cl C3

1£ 17 4

¥ K AN

0.15 uF 3 uF 2 uF

0.075 uF A~ 0.075 uF C, LuF  C, A<3uF
CZ C3

c, C Cq

| AY| AY/

°—‘9| Aa— 71

0.15 uF 3 uF 4 uF

(@ (e

Fig. 14-33
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14.27

14.28
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A 10-V 1-MHz signal appears across a 1200-pF capacitor. Find the current passed by the capacitor.
Ans. Ic =752mA; (Xc =133 Q)

A filter circuit consists of an inductor and two capacitors (Fig. 14-34). Its purpose is to smooth the

power-supply voltages so that a pure direct current is delivered to the load. If the reactance of Cj is
175 Q2 at a frequency of 60 Hz, what is its capacitance? Ans. Cy=15.1uF

Filter

I C = 0.005 uF
Power | L |
supply Tcl T c, Load

14.29

14.30

14.31

14.32

14.33

14.34

14.35

Fig. 14-34 Fig. 14-35

Find the impedance of the output of the tone control circuit (Fig. 14-35).
Ans. Z =47002Q; (Xc = 3980 Q)

What is the total capacitance of each of the following three capacitors connected in parallel:
300-pF 100-V, 0.001-uF 150V, and 0.003-uF 50-V? What is the working voltage of the parallel
combination? Ans. Cr = 4300 pF or 0.0043 uF, 50V

What capacitance must be added in parallel to a 200-pF capacitor in order to obtain a total capacitance
of 1100 pF? Ans. 900 pF

Two capacitors are placed in series across the secondary line of a transformer to reduce voltage
peaks. What is the total capacitance and what is the working voltage of the pair of 0.008-uF 650-V
capacitors? Ans. Cr =0.004 uF, 1300V

A Colpitts oscillator has two capacitors in series, C; = 300 pF and C, = 300 pF, and oscillates at a
frequency of 100 kHz. What is the total capacitance and what is the reactance?
Ans. Cr =150 pF; X¢c = 10600 2

What is the capacitive reactance between two transmission wires if the stray capacitance between
them is 10 pF and one wire carries a radio frequency of 1200 kHz?

Ans. Xc =13250 or 13.25 k2

Find the indicated quantity.

Xc, Q2 f C Ic Ve, V

(a) ? 120 Hz 10 uF 25 mA ?

(b) ? 4.2 MHz ? 160 mA 400
(c) 200 600 kHz ? ? 10
(d) ? 800 Hz 2 uF ? 20
(e) 1000 500 Hz ? 22 mA ?

f) ? ? 30 pF 20 mA 106
(g) ? ? 0.01 uF 4A 3
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14.37

14.38

14.39

14.40

14.41

14.42

Ans.

CAPACITANCE, CAPACITIVE REACTANCE, AND CAPACITIVE CIRCUITS

Xc, Q f C Ic Ve,V
(a) 133 3.32
(b) 2500 15.2 pF
(c) 1325 pF 50 mA
(d) 99.4 02A
(e) 0.318 uF 22
f) 5300 1 MHz
(g) 0.75 | 21.25 MHz
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Find the impedance of a capacitor if its reactance is 40 2 and its resistance is 20 €.
Ans. Z =447Q

Find the impedance of a capacitive circuit to a 1.5-kHz audio signal if the resistance is 2000 €2 and
the capacitance is 0.02 uF. Ans. Z =5670Q

What is the impedance of a capacitive circuit to 20-kHz frequency if its resistance is 400 2 and its
capacitance is 0.032 uF? Ans. Z =471Q

A 120-V 60-Hz ac voltage is impressed across a series circuit of a 10-€2 resistor and a capacitor whose
reactance is 15 Q. Find the impedance, phase angle, line current, voltage drop across the resistor and
the capacitor, and power. Draw the phasor diagram.

Ans. Z = 18; 0 = 56.3°, [ leading Vr; I = 6.67TA; Vg = 66.7V; Vc = 100V; P = 444 W.
For the phasor diagram, see Fig. 14-36.

Ve = 667V
———3 | reference
—56.3°
Ve =100V
f\\ Ve =100V 2667 Ir—> [ reference
7
)\ N S Ve =50V
) D
Fig. 14-36 Fig. 14-37

A 110-V 200-Hz ac voltage is applied across a series circuit of a 100-2 resistor and a 15.9-uF
capacitor. Find Z, 6, I, Vg, V¢, and P. Draw the phasor diagram.

Ans. Z =122Q;0 = 26.6° I leading V7; I = 0.982A; Vg =100V; Ve =50V; P = 100 W.
For the phasor diagram, see Fig. 14-37.

A 5-k€2 resistor and an unknown capacitor are placed in series across a 60-Hz line. If the voltage
across the resistor is 30 V and the voltage across the capacitor is 60V, find the impressed voltage, the
current in the resistor, the capacitive reactance, and the capacitance of the capacitor.

Ans. Vr =67.1V; 1 =1r =6mA; Xc = 10kQ; C = 0.265 uF

A circuit consisting of a 30-uF capacitance in series with a rheostat is connected across a 120-V
60-Hz line. What must the value of the resistance be in order to permit a current of 1 A to flow?
(Hint: Solve the impedance triangle in Fig. 14-38 for R.) Ans. R=812Q
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14.43  In a resistance-coupled stage (Fig. 14-39), the voltage drop across points A and B is 14.14 V. If the
frequency of the current is 1 kHz, find the voltage across the resistor. Draw the phasor diagram.
Ans. Vg = 10V; for the phasor diagram, see Fig. 14-40.

C

it

R =7 - 0.159 pF
6
R 1kQ

I?oe Xc-|88.3Q

BO-
Fig. 14-38 Fig. 14-39 Fig. 14-40

1444 A 15-Q resistor and an 8-$2 capacitive reactance are placed in parallel across a 120-V ac line. Find
the phasor branch currents, total current and phase angle, impedance, and power drawn; and draw
the phasor diagram.

Ans. Ip =8A; Ic =15A; It =17A,0 =61.9°, It leads Vr; Zr = 7.1 2; P = 960 W; for the
phasor diagram, see Fig. 14-41

I I,
Ay
v
Y, S
~
61.9° 63.4°
3 V.. reference » V.. reference
120 v T 110 V T
Fig. 14-41 Fig. 14-42

1445 A 20-Q2 resistor and a 7.95-uF capacitor are connected in parallel across a 100-V 2-kHz source. Find
the branch currents, total current and phase angle, impedance, and power drawn; and draw the phasor
diagram.

Ans. IR =5A;Ic =10A; It =112 A, 6 =63.4°, Iy leads Vy; Zy = 8.9Q; P =500 W, for
the phasor diagram, see Fig. 14-42

14.46  For the low-pass filter circuit (Fig. 14-43), find Ic, Ir, IT, and the percentage of I7 that passes
through the resistor for an audio frequency at 1 kHz and for a radio frequency at 2 MHz.
Ans. AF case: Ic = 0.5mA; I = 199mA; It = 19.9mA; 100 percent; RF case: Ic = 1 A;
Ir = 19.9mA; It = 1.002 A; 2 percent

o

I I, I

>
C 1 nF R::40009

AF: V. =795V, 1kHz
RF: V. =795V, 2MHz

O~

Fig. 14-43
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14.47  Find the indicated values for an RC parallel circuit.

Ans.

(a)
)
(9]

(a)
®)
()

Vr, Vv R Xc Ig | Ic | IT | Z7 | 6° | P,W
120 120 2 60 ? ? ? ? ?
8 4kQ 8k | ? ? ? ?
20 40 40 @ ? ? ? ?
Vr, VvV R Xc Ip Ic It Zr 0° P,W
1A 2A 224 A 545 Q 63.4 | 120
2mA | 1mA | 2.24mA 357k | 26.6 0.016
05A | 0.5A | 0.707A 282 Q 45 10
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Chapter 15

Single-Phase Circuits

THE GENERAL RLC CIRCUIT

The preceding two chapters have explained how a combination of inductance and resistance and then
capacitance and resistance behave in a series circuit and in a parallel circuit. We saw how the RL and RC
combination affect the current, voltage, power, power factor, and phase angle of a circuit. In this chapter, all
three fundamental circuit parameters—inductance, capacitance, and resistance—are combined and their effect
on circuit values studied.

RLC IN SERIES

Current in a series circuit containing resistance, inductive reactance, and capacitive reactance (Fig. 15-1a)
is determined by the total impedance of the combination. The current 7 is the same in R, X, and X¢ since
they are in series. The voltage drop across each element is found by Ohm’s law:

Vg = IR VL = IX Ve = IX¢
where Vg = voltage drop across the resistance, V

V1 = voltage drop across the inductance, V
V¢ = voltage drop across the capacitance, V

I
v, V,=IX,
A
N
+90° Ve = IR
”>
{900 VR
v
= Jy? 3
VC VC = IXC VT = VR + (VL - VC)
o v o
Xe TS 6 = arctan Vo = Ve
Ve
(@) Series RLC circuit diagram (b) Phasor diagram, ¥, > Ve (¢) Voltage-phasor triangle, V, > Ve

Fig. 15-1 R, X, and X in series; X7, > X for inductive circuit

The voltage drop across the resistance is in phase with the current through the resistance (Fig. 15-1b). The
voltage across the inductance leads the current through the inductance by 90°. The voltage across the capacitance
lags the current through the capacitance by 90° (Fig. 15-1b). Since Vi and V( are exactly 180° out of phase
and acting in exactly opposite directions, they are added algebraically. When X is greater than X ¢, the circuit
is inductive, Vp, is greater than V¢, and [ lags V7 (Fig. 15-1c¢).

332
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When X is greater than X, the circuit is capacitive. Now V¢ is greater than V so that I leads V7
(Fig. 15-2).

VL
N
+90°
3 > <9 I, reference
V,
-90° R
Vc - VL
) 4
v . .
VC VT = \/VR + (VC - VL)
Ve — V,
0 = arctan(—c——l‘)
V&
(a) Phasor diagram, Ve >V, (b) Voltage-phasor triangle, Ve >V,

Fig. 15-2 R, X, and X in series; X¢ > X for capacitive circuit

When X > Xc, the voltage-phasor diagram (Fig. 15-1¢) shows that the total voltage V7 and phase angle
are as follows:

Vi = Vi + (Ve = Vep? (15-1)
Vi —V,
0 = arctan——€ (15-2)
Vr
When X¢ > X (Fig. 15-2b),
Vr = V3 + (Ve - V1)? (15-3)
Ve -V,
§ = arctan <—¥> U5-4)
Vg

where V7 = applied voltage, V
Vg = voltage drop across the resistance, V
V1 = voltage drop across the inductance, V
Vc = voltage drop across the capacitance, V
0 = phase angle between V7 and I, degrees

Example 15.1 Inan RLC series ac circuit (Fig. 15-3a), find the applied voltage and phase angle. Draw the voltage-phasor
diagram.

By Ohm’s law,
VR=IR=24)=8V Vi =1Xp =2(19.5) =39V Ve=1Xc =2(12) =24V

With Vp > V¢,

Vr = \/v,% + (VL = V)2 = \/82 +(39-24)2=+82+152=17V  Ans. (15-1)
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R
A'AVAT
I=2A 49
% Vp=17V V, = V=15V
r X, 419
60 Hz @ L § 30
\ A
}(L ————3 ], reference
120 Ve =8V
(a) Series RLC circuit (b) Voltage-phasor diagram
Fig. 15-3
Vi =V,
0 = arctan - € (15-2)
VR
39 —-24 15 o
= arctan = arctan 3= arctan 1.88 = 61.9° [ lags Vp Ans.

For the phasor diagram, see Fig. 15-3b.

Impedance in Series RLC

Impedance Z is equal to the phasor sum of R, X, and Xc. In Fig. 15-4a:

When X; > X, Z =vVR2+ (X — Xc)? (15-5)
In Fig. 15-4b:
When X¢ > X, Z=vVR2+ (Xc — X1)2 (15-6)

It is convenient to define net reactance X as

X=X, - Xc (15-7)
Then, from Egs. (15-5) and (15-6),

Z =R+ Xx2 (15-8)

for both inductive and capacitive RLC series circuits (Fig. 15-4).

R N
VA [/
X, - X=X > Xe - X, =-X
9
R .
Z=JR + (X, - X)* = JR* + X* Z=JR+ X, - X =JR + X2
# = arctan X 6 = arctan — X
R R
@ X, > X, ®) X.> X,

Fig. 15-4 Series RLC impedance-phasor triangle
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Example 15.2 Find the impedance of the series RLC circuit in Example 15.1.

Z=+vR?2+ X2 (15-8)
X=X, —Xc=195-12=75Q

Then Z=1/42+(152=85Q Ans.

Or, more simply, by Ohm’s law,

Vp 17
7=-L__"_85Q Ans.
I 2

Example 15.3 When inductive reactance X and capacitive reactance X are exactly equal in a series RLC circuit,
a condition called series resonance exists. If in a series circuit R =4 Q and X; = X¢ = 19.5 Q, find Z and V7.

Z=+vR?2+X? (15-8)
X=X, —Xc=195-195=0

Then Z=vVR2=R=4Q Ans.
So Vi=IZ=IR=24)=8V Ans.

Note that in series resonance, the impedance of the circuit is equal to the resistance of the circuit. This is the minimum
value of impedance for the circuit. Therefore at resonance, the highest current will flow.

RLC IN PARALLEL

A three-branch parallel ac circuit (Fig. 15-5a) has resistance in one branch, inductance in the second
branch, and capacitance in the third branch. The voltage is the same across each parallel branch, so Vr =
Vg = VL = V. The applied voltage V7 is used as the reference line to measure phase angle 6. The total
current /7 is the phasor sum of I, I, and Ic. The current in the resistance I is in phase with the applied
voltage Vr (Fig. 15-5b). The current in the inductance I; lags the voltage V7 by 90°. The current in the
capacitor /¢ leads the voltage Vr by 90°. I, and I¢ are exactly 180° out of phase and thus acting in opposite

+90° I, I, V., reference

v

=
)
A
/1
I
|
\

—-90°

= B+, - 1)

v I, -1
1, 6 = arctan {— L - C
17

(a) Parallel RLC circuit diagram () Phasor diagram, I, > I. (¢) Current-phasor triangle, I, > I

Fig. 15-5 R, X, and X in parallel; I} > I¢ for inductive circuit
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directions (Fig. 15-5b). When I, > I¢, It lags Vr (Fig. 15-5¢) so the parallel RLC circuit is considered
inductive.

If Ic > I, the current relationships and phasor triangle (Fig. 15-6) show that I7 now leads Vr so this
type of parallel RLC circuit is considered capacitive.

1c
A
A

fe = Iy 1 4900 -1,
N > R
| > > >

_90° Ip Ve V., reference
v
1,
(@) Phasor diagram, I.>1, (b) Current-phasor triangle, /. > I,

Fig. 15-6 R, X, and X in parallel; /¢ > I, for capacitive circuit

When I; > I¢, the circuit is inductive and

It =\/Ig + UL = Ic)? (15-9)

I — 1
6 = arctan <—L—C> (15-10)
Ig

and when I¢c > I, the circuit is capacitive and

It = /I3 + (Ic — 11.)? (15-11)

Ic — 1
9 = arctan - (15-12)
Ir

In a parallel RLC circuit, when X7 > X, the capacitive current will be greater than the inductive current
and the circuit is capacitive. When X¢ > X, the inductive current is greater than the capacitive current and
the circuit is inductive. These relationships are opposite to those for a series RLC circuit.

Impedance in Parallel RLC

The total impedance Z7 of a parallel RLC circuit equals the total voltage Vr divided by the total
current I7.

Vr

Z =
T Ir

(15-13)

Example 15.4 A 400-Q resistor, a 50-Q inductive reactance, and a 40-Q capacitive reactance are placed in parallel
across a 120-V ac line (Fig. 15-7a). Find the phasor branch currents, total current, phase angle, and impedance. Draw the
phasor diagram.
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Ir I Ie
V = —
r=120V ﬁa RS 4000 X. 71N 40 0
60 Hz
Ip = 03A
(@) Parallel RLC circuit (b) Phasor diagram
Fig. 15-7
Step 1. Find ]R, IL,and [C.
\% 120
Ig=-L="2"_03A Ans.
R 400
\% 120
Ip=-L="""=24A Ans
Xr 50
Vr 120
Ic=—=—=30A Ans.
Xc 40

Step 2. Find I7 and 6. Since X > Xc (50 Q2 > 40 Q) or Ic > I, (3.0 A > 2.4 A), the circuit is capacitive.

It = /12 + (Ic — I1.)?

= \/ (0.3)2+(3.0—2.4)2 = \/ (0.3)2+(0.6)2=0.671 A Ans.

Ic -1t

6 = arctan
Ig

3. 4 0.6
= arctan ———— = arctan 03 = arctan2 = 63.4° Iy leads Vp

Step 3. Find Z7, using Eq. (15-13).

Vr 120
=—=——=179Q Ans.

z
=7 ~ 0671

Step 4. Draw the phasor diagram (Fig. 15-7b).

(15-11)

(15-12)

Ans.

Example 15.5 A parallel RLC circuit in which X; = X is said to be in parallel resonance. Since Xy and X¢ are
dependent upon the values of L, C, and frequency f, parallel resonance (that is, X; = X ) can be obtained by choosing
the proper values of L and C for a given frequency. If the values of L and C are already given, then the frequency can
be varied until X; = Xc. If in Example 154, X; = X¢ = 40 Q, find the values of the same quantities as in that

example.

Step 1. Find Ig, I7, and Ic.

Ve 120
R="R = 200 "
V 120
IL:]C——T: =3A Ans.

T X, 40
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Step 2. Find I7 and 6. Since I;, and I are equal and opposite in phase,
It = I3 + (¢ — I)? (15-11)
=\I3=Ig=03A  Ans.

Note that only 0.3 A comes from the source though the reactive branch currents are each 3 A. At resonance these
currents are equal and opposite so that they cancel each other.

I — 1
0 = arctan—=— € (15-12)
T
0 o . .
= arctan — = arctan(0 =0 It in phase with Vp Ans.
T

Step 3. Find Z7, using Eq. (15-13).

V 120
Zr=-L=-2=400Q Ans.
Ir 03
Step 4. Draw the phasor diagram.
Ie
A
I =1

L

Note that a parallel resonant circuit reduces to a resistive circuit (§ = 0°). Because /7, and I¢ cancel each
other, the current /7 is a minimum so impedance Z7 is a maximum.

RL AND RC BRANCHES IN PARALLEL

Total current I7 for a circuit containing parallel branches of RL and RC (Fig. 15-8) is the phasor sum of
the branch currents /1 and /. A convenient way to find /7 is to (1) add algebraically the horizontal components
of I} and I, with respect to the phasor reference Vr, (2) add algebraically the vertical components of /; and
I, and (3) form a right triangle with these two sums as legs and calculate the value of the hypotenuse (I7)
and its angle to the horizontal.

Example 15.6 An ac circuit has an RL branch parallel to an RC branch (Fig. 15-9a). Find the total current, phase angle,
and impedance of this circuit.

Step 1.  For the RL branch, find Z1, 61, and 1.

X 8
Z :,/R%+X%:\/62+82= 10 Q2 01 =arctanR—l =arctang =53.1°
1
V 60
=L ="c6A

h=X=2=-=
VA 10
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Step 2.

Step 3.

1S J@@

L, C, X C8¢Q X, T 4Q
Branch 1 Branch 2 (a)
Fig. 15-8 Parallel RL and RC branches Fig. 15-9a

I lags V7 in the RL branch (inductive circuit) by 53.1°. Resolve I; into its horizontal and vertical components
with respect to Vr (Fig. 15-9b).

Iy cosf = 6c¢os (—53.1°) =3.6 A
Iy sinf) = 6sin (—53.1°) = —4.8 A

Horizontal component:

Vertical component:

(b) (©)
Fig. 15-9b, ¢

For the RC branch, find Z5, 6;, and 1.

X 4
Zy = ,/R% + X% =V42 442 =566Q 6 = arctan (—R—2> = arctan —1= arctan —1 = —45°

2

—&—ﬂzloﬁA

I = =
277, " 566

I leads V7 in the RC branch (capacitive circuit) by 45°. Resolve I; into its horizontal and vertical components
with respect to V7 (Fig. 15-9c¢).

Horizontal component: I>cos6r = 10.6c0s45° =7.5A
Vertical component: Irsinfy = 10.6sin45° = 7.5 A
Find I7.

I7 is the phasor sum of /] and /. Add the horizontal components of /; and /5.

36+75=11.1A
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Add the vertical components of /1 and 1.

—484+75=27T7A

The resultant phasor is I7 (Fig. 15-9d).

It =y (1L.D2+2ND?=+1305=114A  Ans.
2.7 o I
60 = arctan —— = arctan 0.243 = 13.7 Ans. T: 2.7TA =
1.1 - —48A +7.5A
\% 60 >
Zr=-f =12 =529 A t — L ~¥e
T : 11.1A =36A +75A
Note that /7 leads Vr (Fig. 15-9d) so that the circuit is leading Fig. 15-9d

and thus capacitive.

POWER AND POWER FACTOR

The instantaneous power p is the product of the current i and the voltage v at that instant of time ¢.

P =vi (15-14)

When v and i are both positive or both negative, their product p is positive. Therefore, power is being expended
throughout the cycle (Fig. 15-10). If v is negative while i is positive during any part of the cycle (Fig. 15-11),
or if i is negative while v is positive, their product will be negative. This “negative power” is not available for
work; it is power returned to the line.

Power
/‘\/ Power
D, Voltage
Voltage
Negative power
by
Current
v, Current
i)
0 4 t
Time—>
A
-,

Fig. 15-11 Power-time diagram in series RL cir-
cuit where current lags voltage by phase
angle 0

Fig. 15-10 Power—time diagram when voltage and current
are in phase
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The product of the voltage across the resistance and the current through the resistance is always positive
and is called real power. Real power can be considered as resistive power that is dissipated as heat. Since
the voltage across a reactance is always 90° out of phase with the current through the reactance, the product
Px = Uyxly 1S always negative. This product is called reactive power and is due to the reactance of a circuit.
Similarly, the product of the line voltage and the line current is known as apparent power.

Real power, reactive power, and apparent power can be represented by a right triangle (Fig. 15-12a). From
this triangle the power formulas are:

Real power P = VgplIg = VIcos6, W (15-15)

or P=I°R, W (15-16)
V2

P=— W (15-17)
R

Reactive power Q = VxIx = VIsin6, VAR (15-18)

Apparent power S = VI, VA (15-19)

In a circuit where the net reactance is inductive, Q is lagging and shown above the horizontal axis
(Fig. 15-12b); when the net reactance is capacitive, Q is leading and shown below the horizontal axis
(Fig. 15-12¢).

/\ O lagging
| [
7

Reactive power P
Q=VI, = Vising
(Power returned to line)

l

(b) Lagging PF (e.g., induction motor)

P
P = V.ilg = VIcosé >
0
Real power ——y O leading
True power S

Active power
(Power available for work)
(c¢) Leading PF (e.g., synchronous

(@ General formulas motor, bank of capacitors)

Fig. 15-12 Power triangle
The ratio of real power to apparent power, called the power factor (PF), is

real power  VRIg _ Vicost _ cos 6 (15-20)

PF = =
apparent power \Z4 \Z4

Also from Eq. (15-15),

P
PF = cosf = — (15-21)
VI

The cos 6 of a circuit is the power factor, PF, of the circuit. The power factor determines what portion of
the apparent power is real power and can vary from 1 when the phase angle 6 is 0°, to 0 when 6 is 90°. When
0 = 0°, P = V1, the formula for voltage and current of a circuit in phase. When 6§ =90°, P = VI x 0 =0,
indicating that no power is being expended or consumed.



342 SINGLE-PHASE CIRCUITS [CHAP. 15

A circuit in which the current lags the voltage (i.e., an inductive circuit) is said to have a lagging PF
(Fig. 15-12b); a circuit in which the current leads the voltage (i.e., a capacitive circuit) is said to have a
leading PF (Fig. 15-12c¢).

Power factor is expressed as a decimal or as a percentage. A power factor of 0.7 is the same as a power
factor of 70 percent. At unity (PF = 1 or 100 percent), the current and voltage are in phase. A 70 percent PF
means that the device uses only 70 percent of the voltampere input. It is desirable to design circuits that have
a high PF since such circuits make the most efficient use of the current delivered to the load.

When we state that a motor draws 10 kVA (1 kVA = 1000 VA) from a power line, we recognize that this
is the apparent power taken by the motor. Kilovoltamperes always refers to the apparent power. Similarly,
when we say a motor draws 10 kW, we mean that the real power taken by the motor is 10 kW.

Example 15.7 A current of 7 A lags voltage of 220 V by 30°. What is the PF and real power taken by the load?

PF = cos @ (15-20)
= cos 30° = 0.866 Ans.
P = VIcosf (15-15)
= 220(7)(0.866) = 1334 W Ans.

Example 15.8 A motor rated at 240V, 8 A draws 1536 W at full load. What is its PF?
Use Eq. (I15-21).

P 1536
PF= —

= ———=0.8 or 80% Ans.
VI 240(8)

Example 15.9 In the RLC series ac circuit shown in Fig. 15-3a, the line current of 2 A lags the applied voltage of 17 V
by 61.9°. Find PF, P, Q, and S. Draw the power triangle.

PF = cos @ (15-20)
= c0s61.9° = 0.471 or 47.1% lagging  Ans.
P = VIcos® (15-15)
—17(2)(0471) = 16 W Ans.
or P=1%R (15-16)

=224)=16W  Ans.

Q = VIsin® (15-18)
= 17(2)(sin 61.9°) = 17(2)(0.882) = 30 VAR lagging Ans.
S=VI (15-19)

=172) =34 VA Auns.

S=34 VA O =30 VAR lagging Ans.

fo

P=16 W
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Power Factor Correction

In order to make the most efficient use of the current delivered to a load, we desire a high PF or a PF
that approaches unity. A low PF is generally due to the large inductive loads, such as induction motors, which
take a lagging current. In order to correct this low PF, it is necessary to bring the current as closely in phase
with the voltage as possible. That is, the phase angle 6 is made as small as possible. This is usually done by
placing a capacitive load, which produces a leading current, in parallel with the inductive load.

Example 15.10 With the use of a phasor diagram show how the PF produced by an inductive motor can be corrected
to unity.

We show an induction motor circuit (Fig. 15-13a) and its current-phasor diagram (Fig. 15-13b). Current [ lags the
voltage V by an angle 6 where PF = cos = 0.7. We desire to raise the PF to 1.0. We do this by connecting a capacitor
across the motor (Fig. 15-14a). If the capacitor current is equal to the inductive current, the two cancel one another
(Fig. 15-14b). The line current /] is now less than its original value and in phase with V so that PF = cos 0° = 1. Notice
that the current through the motor / remains unchanged. The reactive part of the current to the motor is being supplied by
the capacitor. The line now has only to supply the component of current for the resistive part of the motor load.

. Equivalent
I —>
motor load
Ip
—> v
vV PF = 0.7 lagging :
v
IL I
p. o=
(@) Circuit (b) Current-phasor diagram

Fig. 15-13 An induction motor represented by a series RL circuit

Ic Al =1

T '

(@) Circuit (b) Current-phasor diagram

Fig. 15-14 Induction motor with parallel capacitor added

Example 15.11 An induction motor draws 1.5 kW and 7.5 A from a 220-V 60-Hz line. What must be the capacitance
of a capacitor in parallel in order to raise the total PF to unity (Fig. 15-15a)?

Step 1. Find phase angle 0y, and then the reactive power Qs of the motor load.

Py = Vg IpgcosOy (15-15)
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o e
Ic
IL,=175A
220V —de
60 Hz TC¢=?
0O,r= 687 VAR lagging
PM = 1.5 kW 24.6° 0M
R P=1500 W -
(@) Adding parallel capacitor to raise PF to 1 ®)
Fig. 15-15
i P 1500
from which cos Oy = M — 0,909

Virly  220(7.5)
Oy = arccos 0.909 = 24.6°

From the motor power triangle (Fig. 15-15b),
QO = 1500 tan 24.6° = 687 VAR lagging

Step 2. Find the current /- drawn by the capacitor. For the current to have PF = 1, the capacitor must have a Q¢ =
687 VAR leading to balance the Q3 = 687 VAR lagging. Since reactive power in a pure capacitor is also its
apparent power,

Oc =S8c=Vclc (15-18)
S 687
Ic=2C=2"=312A
Ve o 220
Step 3. Find the reactance of the capacitor.
Vi 220
Xe=-£=22 27059
Ic 3.2

Step 4. Find the capacitance of the capacitor, using Eq. (14-9).

0.159  0.159
C=—"=_—"""_-376x10°=376 uF  Ans.
fXc — 60(70.5)

Example 15.12 An induction motor takes 15 kVA at 440 V and
75 percent PF lagging. What must be the PF of a 10-kVA capacitive
load connected in parallel in order to raise the total PF to unity?

Sy =15kVA

Step 1. Find the reactive power of the induction motor, Q py. 0, = 9.92 kVAR lagging

PF); = cosf =0.75

0 = arccos 0.75 = 41.4°
PM

Oy = VIsin® = 15sin41.4° = 9.92 kVAR lagging

Induction motor power triangle
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Step 2. Find the phase angle and then the PF for the capacitive load. Pg
To have a circuit with PF = 1, the total reactive power must w |
equal zero. Since the motor uses 9.92 kVAR lagging, the
leading PF load must also use 9.92 kVAR. From the power
triangle for leading load,

Sg=10kVA \ | O5=9.92 KVAR leading

92
sinf = 9s = 292 =0.992
Ss 10

6 = arcsin 0.992 = 82.7°

PF = cos 0 = c0s82.7° = 0.127 = 12.7% leading Ans.

Leading load power triangle

Solved Problems

15.1  For the RLC series circuit (Fig. 15-16a), find X1, X¢, Z, I, Vg, Vi, Vc, P, and PE. Draw the
voltage-phasor diagram.

1 240 Ve =24V
-» ], reference
V.=30V L4 2.55 mH
"2 kHz @ 3 —V, =18V
C
A
VAl
1.59 uF
(a) Series RLC circuit (b) Voltage-phasor diagram
Fig. 15-16
Step 1. Find X, X¢, and then Z.
X1 =6.28 fL (U3-4)
=6.282x10)(2.55%x107%) =32Q  Ans.
0.159
Xe=—2 (14-8)
fC
0.159

= =50Q Ans.
(2 x 103)(1.59 x 10-9)

X=Xr—Xc=32-50=-18Q

Minus indicates the circuit is capacitive (X¢ > X).

Z=vVR2+X2=y2424(—18)2=30Q  Ans.

X 18
@ = arctan— = arctan | —— | = —36.9° Ans.
R 24
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Step 2. Find I, Vg, Vz, and V¢ by Ohm’s law.

\%
I = z_ & =1A Ans.
Z 30
VR =IR=1(24) =24V Ans.
Vi =1IX; =132) =32V Ans.

Ve =IXc=1(50) =50V Ans.

Step 3. Find P and PF.

P=1I’R=1224) =24W  Auns.
PF = cos 0 = cos(—36.9°) = 0.8 leading Ans.
Step 4. Draw the voltage-phasor diagram (see Fig. 15-16b).
15.2  The output signal of a rectifier is 200 V at 120 Hz. It is fed to a filter circuit consisting of a 30-H

filter choke coil and a 20-uF capacitor (Fig. 15-17). How much 120-Hz voltage appears across the
capacitor? (The purpose of the filter is to reduce considerably the voltage across the capacitor.)

Ve =200V C 20 uF
120 Hz Ve = ? Output

N
>

Fig. 15-17 Filter choke coil

Step 1. Find X, X¢, and Z.

X; = 6.28 fL = 6.28(120)(30) = 22 600

0159 0.159

_ - — 66 Q
©T7FC T 120020 x 10-6)

X =X7—Xc =22600—-66 = 22534 Q2 = 22500 2 (rounded to three significant figures)
7RI X
Since X > R,
Z =~ X =22500 Q2

Step 2. Find /.
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Step 3. Find V.
Ve =IXc = (8.89 x 1073)(66) = 0.587V  Ans.

This is a satisfactory filter since only 0.587 V out of a total of 200 V ac gets through to the output
circuit.

15.3  Find the impedance and current of an RLC series circuit containing a number of series resistances
and reactances (Fig. 15-18).

R, Xa
10Q 200
X, g0
Vr=100 v@
Xy 7N 100
XLZ RZ
250 150

Fig. 15-18 Series RLC circuit

Add the values of similar circuit elements.

Resistance: Rr =R+ R =104+15=25Q

Capacitance: Xer=Xc1+Xc2=20+10=30Q
Inductance: Xer=X01+X2=304+25=55Q
Net reactance: Xr=Xr1—Xcr=55-30=25Q

Z=\/R}+X}=v252+252=354Q  Ans.

1
I=ﬁ=ﬂ=2.82A Ans.
Z 354

154 A 30-Q resistor, a 40-Q2 inductive reactance, and a 60-$2 capacitive reactance are connected in
parallel across a 120-V 60-Hz ac line (Fig. 15-19a). Find I7, 8, Z7, and P. Is the circuit inductive
or capacitive? Draw the current-phasor diagram.

Step 1. Find I7 and 6.

Vi 120 Ve 120
L CT X 60

R 30 X, 40
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I Iy 1 Ic Ip=4A
> V.
6 NLE T
0 Q
I = 412A I, —I.=1A

> R/ $300 X, & 400 X,

348

4

Vy=120V
60 Hz

(a) Parallel RLC circuit (b) Current-phasor diagram

Fig. 15-19

Since I; > I, the circuit is inductive.

Ir =\ I3+ (L~ Ic)? (15-9)

=vV42+12=4.12A Ans.

IL—1
L C) (15-10)
Ir

6 = arctan (—

1
= arctan (_Z) = —14° Ans.

Step 2. Find Z7.

Vi 120
Zr=—4=-"""=291A  Ans.
Ir 412

Step 3. Find P.

P = VyIrcos® = 120(4.12)(cos 14°) = 480 W Ans.

or P=1I3R=4°(30)=480W  Ans.

Step 4. Draw the current-phasor diagram (see Fig. 15-19b). I lags Vr by 14°.

15.5  An ac circuit can have a number of parallel resistances and reactances (Fig. 15-20). This circuit has
more components than Fig. 15-19a (Problem 15.4). Verify that it has the same value of I, Zr, and 6.

IT IRl ILI ICl lcz IL2 ICZ
vy = }1{20 v @ R 3600 X, €800 X, 1200 R, $600Q X,r880 X, ’—f 120 @
z

Fig. 15-20 Six-branch parallel RLC circuit
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IR1

Ir>

Ig.T

120
= =2A
60
120
= =2A
60
=242=4A

SINGLE-PHASE CIRCUITS

=2 _1s5a
=g — &

120
Ih=— =15A
L2 30

IrT=154+15=3A

U

=120~
120

Ier= — =1A

= 120

Icr=14+1=2A

349

The total resistance branch current is 4 A; total inductive branch current, 3 A; and total capacitive
branch current, 2 A. These current values are the same, respectively, in Fig. 15-19a. Therefore, Ir,

Z7, and 6 have the same values for both circuits.

15.6

An induction motor of 6-£2 resistance and 8-2 inductive reactance is in parallel with a synchronous

motor of 8- resistance and 15-2 capacitive reactance (Fig. 15-21a). Find the total current drain
from a 150-V 60-Hz source, phase angle, total impedance, power factor, and power drawn by the
circuit. Find the series impedance, current, and phase angle for each branch.

Branch 1 Branch 2 Branch 3
[T I, _12 _ _ 1_3 _
r~1-1 oo
| R,260 ' | R, $80 |
| | [ | !
V. =15V <> I ] {
T
N R S 150 !
60 Hz :, l I l I
: x,$ 80 : I x,, 159:
|
| SR | [ D
Ind:ction Synch}onous
motor motor
(RL series) (RC series)
(a) Three-branch parallel RLC circuit
I, = 882A 7.78 A
[ 2 > >V,
I =10A
61.9°
—

4.15 A

b) ©) (@)
232 A
P AL ; - V
9 T
-422 A
Ir
(e
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Step 1. Find Z;, I, and 6y, for branch 1.

1
_ﬁzﬂzmA

Z1=R; =15Q I =
1 1 1 R, 5

0, =0° since I is in phase with V7

Calculate horizontal and vertical components of current with respect to Vr (Fig. 15-21b).
Horizontal component: 10 A

Vertical component: 0 A

Step 2. Find Z,, I», and 6, for branch 2.
\% 150
Zy= R+ X, =V +8=10Q L=—--=-—"=1I5A

X 8
6, = arctan —=2 = arctan— = 53.1°
Ry 6

I> lags V7 in RL series branch by 53.1° (Fig. 15-21c¢).
Horizontal component: 15cos(—53.1°) =9 A
Vertical component: 15sin(—53.1°) = —12 A

Step 3. Find Z3, I3, and 65 for branch 3.

Vi 150
Z3= R4+ X2 =V +152=17Q L =_--=-=882A

T 7 17

X 1
03 = arctan ~ 29 ) _ arctan ——5 = —61.9°
R3 8

I3 leads V7 in RC series branch by 61.9° (Fig. 15-21d).
Horizontal component: 8.82¢c0s61.9°=4.15A
Vertical component: 8.82sin61.9° = 7.78 A
Step 4. Find L7, 6, Z7, PF, and P of the circuit. I7 is the phasor sum of Iy, I, and I3. The
horizontal component of I7 is the sum of the horizontal components of Iy, I, and I3, and

the vertical component of I7 is the sum of their vertical components.

Horizontal component of It = 10 +9+4.15=232A
Vertical component of It =0—1247.78 = —4.22 A

The resultant phasor is I7 (Fig. 15-21e).

Ir =/(23.2)2 + (—4.22)2 =23.6 A Ans.
0 = arct 422) _ 103 A
= arctan 232 = . ns.
Vr 150
Ir=-L =" —636Q Ans.

I 236
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15.7

15.8

15.9

15.10

PF = cos 6 = cos(—10.3°) = 0.984 lagging (It lags Vr) Ans.
P = VrlIr cos6 = 150(23.6)(0.984) = 3480 W Ans.

What value of resistance dissipates 800 W of ac power with 5 A rms current?

Use P=1I°R (15-16)
from which R = ﬂ = @ = @ =32Q Ans.
12 52 25

An ac motor operating at 75 percent PF draws 8 A from a 110-V ac line. Find the apparent and real
power.

Apparent power: S=VI (15-19)
= 110(8) = 880 VA Ans.
Real (true) power: P = VicosH (15-15)

PF = cosf = 0.75
P = 110(8)(0.75) = 660 W Ans.

A motor operating at 85 percent PF draws 300 W from a 120-V line. What is the current drawn?

P = VIcosd (15-15)

P 300

from which I = _
Veosf  120(0.85)

=294 A Ans.

A 10-kVA induction motor operating at 80 percent lagging PF and a 5-kVA synchronous motor operat-
ing at 70 percent leading PF are connected in parallel across a 220-V 60-Hz power line (Fig. 15-22a).
Find the total real power Pr, total reactive power Qr, total power factor (PF)r, total apparent
power S7, and total current /7.

A B
; T l
T Induction Synchronous
motor motor
v, =220V it @
o’ @ O
S, = 10kVA Sp = SkVA
(PF), = 0.80 lagging | (PF), = 0.70 leading
& ]
(@)
Fig. 15-22a

The approach to this problem with two motors in parallel is first to solve the power triangle
for the induction motor, then the power triangle for the synchronous motor, and finally to combine
by phasor addition the components of the two power triangles to arrive at the power triangle of the
combined motors.

Step 1. Find the power relationships of the induction motor.

S4 = VI = 10kVA, given
Py = VIcosHs = 10(0.80) = 8 kW
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64 = arccos 0.8 = 36.9°
Q4 = VIsinf4 = 10(sin 36.9°) = 10(0.6) = 6 kVAR lagging because circuit is inductive

The induction motor power triangle is as shown in Fig. 15-22b.

Pg=3.5kW
0, =6kVAR 04 =3.57 kVAR
lagging Sp=5kVA leading
S;=11.8 kVA
11.9° lagging
7 7
P, =8kW Pp=11.5kW

®) © )
Fig. 15-22b, c,d

Step 2. Find power relationships of the synchronous motor.

Sp = VI = 5kVA, given
Pg = VIcosfp = 5(0.70) = 3.5kW
0p = arccos 0.7 = 45.6°

QOp = VIsinfp = 5(sin45.6°) = 5(0.71) = 3.57 kVAR leading because circuit is
capacitive
The synchronous motor power triangle is as shown in Fig. 15.22¢.

Step 3. Find power relations of combined motors. If the power drawn by one branch is not in
phase with the power drawn by another branch, power must be added by phasor addition.
Therefore, Pr and Q7 are the phasor sums of P4, Pp and Q 4, QO p, respectively. St is the
resultant phasor of Pr and Q7.

Pr=Pys+ Pp=8+4+35=11.5kW Ans.

Or =04—0p=6-357 (Qa> 0p)
= 2.43 kVAR lagging Ans.

2.43
Or = arctan& = arctan—— = arctan 0.211 = 11.9°
Pr 11.5

(PF)r = cosfr = cos 11.9° = 0.979 = 97.9% lagging Ans.

Sr =/ P;+ 0% =(11.52 + (243)2 = 11.8 kVA  Ans.

The combined motors’ power triangle is as shown in Fig. 15-22d. Notice that the addition
of the synchronous motor has raised the PF from 0.80 to 0.979.

15.11  Aninduction motor takes 7.2 kW at 80 percent PF lagging from a 220-V 60-Hz power line (Fig. 15-23).
Find the capacitance of a capacitor placed across the motor terminals in order to increase the PF to 1.
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15.12

o . 2
I I Iy
Induction motor
z(z)OH\; C 7~ (MB PF = 0.8 lagging
P =172kW
o ——

Fig. 15-23

Step 1. Find S and Q of the induction motor.

P 2
= — = 7— =9kVA PF =cosf =0.8 O = arccos 0.8 =36.9°
PF 0.8

Q = Ptanf = 7.2tan 36.9° = 5.4 kVAR lagging

Step 2. Find the current drawn by the capacitor /c. To balance 5.4 kVAR lagging, it is necessary
that the capacitor take 5.4 kVAR leading. Since reactive power in a pure capacitor is also
its apparent power,

Sc = Vclc =5.4kVA

S 5400
Ic="5=2""=26A
Ve 220
Step 3. Find the reactance of the capacitor.
Vi 220
Xe=-5 =22 -894Q
Ic 246

Step 4. Find the capacitance of the capacitor.

c_ 0.159  0.159
T fXc o 60(8.94)

=296 x 1074 =296 uF  Ans.

An inductive load draws 5 kW at 60 percent PF lagging from a 220-V line. Find the kilovoltampere
rating of the capacitor needed to raise the total PF unity.

Step 1. Find the power relations of the inductive load (see Fig. 15-24).

S 0 lagging
P=5kW
Fig. 15-24
P
S =—=— =28733kVA PF = cosf® = 0.6 6 = arccos 0.6 = 53.1°

PF 0.6
Q = 8.33sin53.1° = 6.66 kVAR lagging
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Step 2. Find the kilovoltampere rating of the capacitor. In order to raise the PF to 1, the capacitor
must provide 6.66 kVAR of reactive power leading. Since the apparent power in a capacitor
is equal to its reactive power,

Sc = Q¢ = 6.66 kVA Ans.

A plant load draws 2000 kVA from a 240-V line at a PF of 0.7 lagging. Calculate the kilovoltamperage
required of a capacitor bank in parallel with the plant for the overall PF to be 0.9 lagging.

We use the method of power triangles.
PF =cosf = 0.7 0 = arccos 0.7 = 45.6°
Real power of the plant load:
P = VI cos6 = 2000(0.7) = 1400 kW
Reactive power of the plant load:
Q = VIsin6 = 2000sin 45.6° = 1430 kVAR lagging

Therefore, the power triangle of the original plant is as shown in Fig. 15-25a.

/1
I

s I' > Ocyp =753 kVAR leading
I
|

VI = 2000 kVA 0 = 1430 kVAR lagging ,

0 =677 kVAR lagging

45.6°
P =1400 kW P =1400 kW
(a) Original plant, PF = 0.7 (b) Plant with capacitors added, PF = 0.9

Fig. 15-25 Method of power triangles

We add a parallel capacitor bank to improve the power factor of the plant to 0.9 lagging. The total
real power remains the same. We calculate the new Q of the plant.

(PF); =cos6 =0.9 0; = arccos 0.9 = 25.8° 01 = 1400tan 25.8° = 677 kVAR lagging

The total reactive power of a circuit is equal to the algebraic sum of the reactive powers of each
branch. Therefore,

Q of the capacitor bank = original Q of the plant — new Q of the plant
= 1430 — 677 = 753 kVAR leading

Thus S of the capacitor bank = 753 kVA Ans.

The power triangle with the capacitor bank added (Fig. 15-25b) shows how the leading Q of the
capacitor reduces the overall plant Q to 677 kVAR lagging to produce an improved PF of 0.9.



CHAP. 15] SINGLE-PHASE CIRCUITS 355

15.14 A series RL combination in an ac circuit has R = 10 Q and X; = 12 Q. A capacitor is connected
across the combination (Fig. 15-26a). What should be the reactance of the capacitor if the circuit is
to have a PF of unity?

. 5L
I, I 1
RS100
V.(N —_—X.=1 . — V
T <> TN “*C 50.2° T
X, r12e 10 sin 50.2°
I, =10A
(@) (b)
Fig. 15-26

Step 1. Find I;.

X 12
Zi=R2+ X} =102+ 122 =156 Q 0 = arctanTL = arctan 1 = 50.2°

Assume Vr = 156 V. This choice is arbitrary but is conveniently used because the
impedance of the RL branch is 15.6 Q2. Then

Ve 156
=" _10A

I = =
Z1 15.6

The phasor diagram is as shown in Fig. 15-26b.

Step 2. Find ;. For PF = 1, IT must be in phase with V. I is the phasor sum of /1 and /5. The
current in the capacitor, 1> (leading V7 by 90°), must cancel the vertical component of I;
in order for I to be in phase with Vr (Fig. 15-26b). Therefore,

I, = 10sin 50.2° = 7.68 A

Step 3. Find Xc.

Vr 156
Xce=—=—-=203Q Ans.
I 7.68

Supplementary Problems

15.15 In a series circuit, R = 12 2, X1 = 7 2, and X¢ = 2 Q. Find the impedance and phase angle of the
circuit and the line current when the ac voltage is 110 V. Also find all voltage drops and draw the
voltage-phasor diagram.

Ans. Z =13Q,6 =22.6° I = 8.46 A (lagging); Vg = 101.5V; V;, =592V; Vc =169 V;
phasor diagram: Fig. 15-27.
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15.18

15.19

15.20

15.21
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I

Ve =169V

Fig. 15-27 Phasor diagram

In a series circuit, R=6Q2, X; =4Q,and X¢c =12Q.Find Z, 6, I, Vg, V., Vc, and P when the
line voltage is 115 V.

Ans. Z = 10Q; 0 = —=53.1°; I = 11.5A (leading); Vg = 69V; Vi = 46V; Vo = 138V;
P =794W

A 130-V 200-Hz power supply is connected across a 10-k€2 resistor, a 0.05-uF capacitor, and a 10-H
coil in series. Find X7, X¢, Z, 6, I, and P.

Ans. Xp = 125602; X¢c = 159002; Z = 105402; 6 = —18.5°; I = 12.3 mA (leading);
P=151W

A rectifier delivers 250V at 120 Hz to a filter circuit consisting of a filter choke coil having 25-H
inductance and 400-€2 resistance, and a 25-uF capacitor (Fig. 15-28). Find the reactance of the coil,
the reactance of the capacitor, the impedance of the circuit, the current, and the amount of the 120-Hz
voltage that will appear across the capacitor.

Ans. Xy = 18840Q2; Xc = 53 Q; Z = 18790 Q2. For practical purposes the circuit is predomi-
nantly inductive (Z =~ X1). I = 13.3mA; V¢ = 0.7 V. Note that only 0.7 V out of a total of 250 V
of the 120-Hz ac reaches the output.

From Vy =25V C 25 uF  Output
rectifier 120 Hz

9
v

Fig. 15-28

A series circuit has R = 300 2, X¢1 = 3002, X¢o =500 2, X1 =400, and X, = 800 €2, all
in series with an applied voltage Vr of 400 V. Calculate Z, I, and 6.
Ans. Z =500%; I = 0.8 A (lagging); 6 = 53.1°

A 10-H coil and a 0.75-uF capacitor are in series with a variable resistor. What must be the value of
the resistance in order to draw 0.4 A from a 120-V 60-Hz line?
Ans. R =186%; (X1 — Xc =235Q)

A series resonant circuit (X7 = X¢) has a 0.1-H inductance, a 1.013-uF capacitor, and a 5-2 resistor
connected across a 50-V 500-Hz supply line. Find the inductive and capacitive reactance, impedance,
phase angle, current, and voltage across each part of the circuit. Draw the phasor diagram.
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Ve = 3140 V; phasor diagram: Fig. 15-29.

®-

Ve =50V

Fig. 15-29 Phasor diagram
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Xp =314Q; Xc =314Q; Z =5Q;0 =0% 1 = 10A; Vg =50V; Vi = 3140V;

15.22  Fill in the indicated values for a series RLC circuit.
Ve,V 6° | LA| RQ | X.Q | Xe.Q | Z.Q | VR,V | Vi,V | Ve,V | P,W | Circuit Type
(a) ? ? 1 3 8 4 ? ? ? ? ?
®) | 104 ? ? 12 2 7 ? ? ? ? ?
(c) 110 ? ? 22 18 18 ? ? ? ? ? ?
(d) ? 45° ? 15 30 ? ? 30 ? ? ? ?
(e) 14.1 ? 0.1 ? 150 250 ? ? ? ? ? ?
Ans.

Ve,V 6° ILA| RQ| X..Q| Xc.Q| Z.Q| Vg, V| Vi,V| Ve, V| P,W | Circuit Type
(a) 5 53.1° 5 3 8 4 3 Inductive
(b) —22.6° 8 13 96 16 56 768 Capacitive
@ | ... 0 5 22 110 90 90 550 Resonant
d)| 424 2 15 21.2 60 30 60 Inductive
(e) —45° 99.4 141 10 15 25 1 Capacitive
15.23 A 30-Q2 resistor, a 15-Q inductive reactance, and a 12-Q capacitive reactance are connected in

parallel across a 120-V 60-Hz line. Find (@) the phasor branch currents, (b) total current and phase
angle, (¢) impedance, and (d) power drawn by the circuit; and (e) draw the current-phasor diagram.

Ans.
26.8 ;

(@) Ig =4A; I, = 8A; Ic =
(d) P = 480 W:

10 A;

(b) It = 4.47 A (leading); 6 = 26.6°;

(e) phasor diagram: Fig. 15-30

I, =447 A 1o -1,
26.6°

c=10A

I
A4

I, = 4A

v

L=8A

Fig. 15-30 Phasor diagram

(o) Zr =
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15.24 A 100-€2 resistor, a 3-mH coil, and a 0.05-uF capacitor are in parallel across a 200-V 10-kHz ac
source. Find (a) the reactance of the coil and capacitor, (b) phasor current drawn by each branch,
(c) total current, (d) impedance and phase angle, and (e) power drawn by the circuit; and (f) draw
the phasor diagram.
Ans. (a) Xp = 188Q; X¢c = 318Q; (b) Ir = 2A; I = 1.06A; Ic = 0.63A; (¢) It =
2.05A (lagging); (d) Zt = 97.6Q2; 6 = —12.1°; (e) P = 400W; (f) phasor diagram:
Fig. 15-31
I. =063 A
I, = 1.06 A
Fig. 15-31 Phasor diagram
15.25  With 420 mV applied, an ac circuit has the following parallel branches: R; = 100 2; R, =175 Q;
X11=60Q; Xp2=4209Q; Xc =70R. Calculate I, Z7, and 6.
Ans. It = 6.9mA (lagging); Zr = 60.9 Q; 0 = —16.9°
15.26  Repeat Problem 15.23 but substitute a 15-$2 capacitive reactance for the given 12-Q capacitive
reactance. Because X7 = Xc¢ = 15 2, we have now a parallel resonant circuit. A parallel resonant
circuit has a maximum impedance and a minimum current at the resonant frequency.
Ans. (a) I =4A; Ip =8A;Ic =8A; (b) It =4 A (compare with Problem 15.23); 6 = 0°;
(¢) Zt = 30 Q (compare with Problem 15.23); (d) P =480 W; (e) phasor diagram: Fig. 15-32
I - 1.=0
I, =4A
—F ;L_) vy
Iy
Fig. 15-32 Phasor diagram
15.27  Find the indicated values for an RLC parallel circuit.
V.,V R, Q X1, Q Xc, Q2 IR I, Ic It A 0 P,W Circuit Type
(a) | 110 27.5 22 55 ? ? ? ? ? ? ? ?
b) 90 45 40 30 ? ? ? ? ? ?
(o) 90 45 40 40 ? ? ? ? ? ?
Ans.

V.V RQ| X..Q| Xc.Q | In.A| IL,A| Ic.A| Ip,A| Z7.Q 6° P, W | Circuit Type

(@)
(b)
(©

4 5 2 5 22 —36.9° 440 Inductive
2 2.25 3 2.14 421 20.6° 180 Capacitive
2 2.25 2.25 2 45 0 180 Resonant

15.28

Find I7, 0, PF, and Z7 of an ac circuit with an RL branch in parallel to an RC branch (Fig. 15-33).
Ans. It =7.82 A; 0 = —33.5°;, PF = 0.834 lagging; Z = 3.07
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15.29

15.30

15.31

15.32

15.33

15.34

15.35

15.36

15.37

XczTBQ X, & 400 X“len

Fig. 15-33 Fig. 15-34

For the circuit shown, calculate I7, 8, Z7, PF, and P (Fig. 15-34).
Ans. It =448 A; 0 = 53°, Zr = 14.5 Q; PF = 0.602 leading; P = 17 530 W

With 420 mV applied, an ac circuit has the five following parallel branches: Ry = 100 Q; Ry =
175Q; X1 =60%Q; X7, =420Q; and X¢ = 70 . Find I, 0, and Z7.
Ans. It = 6.90 mA (lagging); 0 = —16.9°; Zr = 60.9 Q

Find the power factor of a washing-machine motor if it draws 4 A and 420 W from a 110-V ac line.
Ans. PF =0.955, or 95.5%

Find the PF of a refrigerator motor if it draws 300 W and 3.5 A from a 120-V ac line.
Ans. PF=71.4%

The lights and motors in a shop draw 20 kW of power. The PF of the entire load is 60 percent. Find
the number of kilovoltamperes of power delivered to the load. Ans. §=333kVA

A 50-V 60-Hz power supply is connected across an RLC series ac circuit with R =3 Q, X1 =6 Q,
and X¢ = 2 Q. Find the apparent power, real power, reactive power, and power factor; and draw the
power triangle.

Ans. S =500VA; P =300W; Q =400 VAR lagging; PF = 0.6; power triangle: Fig. 15-35

S§=500 VA 0 =400 VAR lagging

/o0

P=300W

Fig. 15-35 Power triangle

A current of 8 A lags a voltage of 250 V by 30°. What is the power factor and the real power taken
by the load? Ans. PF = 0.866 lagging; P = 1732 W

A motor operating at an 85 percent PF draws 300 W from a 120-V line. What is the current drawn?
Ans. [ =294 A

A 220-V line delivers 15 kVA to a load at 80 percent PF lagging. Find the PF of a 12-kVA synchronous
motor in parallel to raise the PF to 100 percent.
Ans. PF = 66.1% leading
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A bank of motors draws 30 kW at 75 percent PF lagging from a 440-V 60-Hz line. Find the kilovolt-
amperage and the capacitance of a capacitor placed across the motor terminals if it is to raise the total
PF to 1.0. Ans. § =26.5kVA; C =363 uF

A motor draws 2kW and 10 A from a 220-V 60-Hz line. Find the voltamperage and the capacitance
of a capacitor in parallel that will raise the total PF to 1. Ans. S =916 VA; C =50uF

A 220-V 20-A induction motor draws 3 kW of power. A 4-kVA capacitive load is placed in parallel to
adjust the PF to unity. What must be the PF of the capacitive load? Ans. PF = 59.3% leading

A plant load draws 2000 kVa from a 240-V line at a PF of 0.7 lagging. Find the kilovoltamperage
required of a capacitor bank in parallel with the plant for the overall PF to be 0.9 leading.
Ans. 2107 kVA

A series RL branch in an ac circuit has R = 8 Q2 and X; = 10 Q. A capacitor is connected in parallel
across the branch. What should be the reactance of the capacitor if the unit is to have PF of unity?
Ans. Xc=164Q

Find I7, 6, Z7, PF, and P for the circuit shown (Fig. 15-36).
Ans. It =449 A;0 = -20.9° Zr =22.3 Q; PF = 0.934 lagging; P =419W

>
R, i: 50 @ R, 400 X, ¢ 1100
Vv, = 100 v@ R; 2300
Xq 500 x,820 Xe, 100

. 4 g

Fig. 15-36



Chapter 16

Alternating-Current Generators and Motors

ALTERNATORS

Alternating-current generators are also called alternators. Almost all electric power for homes and industry
is supplied by alternators in power plants. A simple alternator consists of (1) a strong, constant magnetic field;
(2) conductors that rotate across the magnetic field; and (3) some means of making a continuous connection to
the conductors as they are rotating (Fig. 16-1). The magnetic field is produced by current flowing through the
stationary, or stator, field coil. Field-coil excitation is supplied by a battery or other dc source. The armature,
or rotor, rotates within the magnetic field. For a single turn of wire around the rotor, each is connected to a
separate slip ring, which is insulated from the shaft. Each time the rotor turn makes one complete revolution,
one complete cycle of alternating current is developed (Fig. 16-2). A practical alternator has several hundred
turns wound into the slots of the rotor. Two brushes are spring-held against the slip rings to provide the
continuous connection between the alternating current induced in the rotor or armature coil and the external
circuits.

Exciter

Fad 1 field

excitation rheostat

Stator
field (stationary)

Slip rings

Fig. 16-1 A simple alternator having a stationary field and a rotating
armature

The small ac generator usually has a stationary field and a rotating armature (Fig. 16-1). One disadvantage
is that the slip-ring and brush contacts are in series with the load. If these parts become worn or dirty, current
flow may be interrupted. However, if the dc field excitation is connected to the rotor, the formerly stationary
coils will have alternating current induced into them (Fig. 16-3). A load can be connected across these armature
coils without the necessity of any moving contacts in the circuit. Field excitation is fed to the rotating field
through the slip rings and brushes. Another advantage of this rotating-field and stationary-armature generator
is the greater ease of insulating stator fields compared with insulating rotating field coils. Since voltages as
high as 18000-24 000 V are commonly generated, this high voltage need not be brought out through slip
rings and brushes but can be brought directly to the switch gear through insulated leads from the stationary
armature.

The amount of generated voltage of an ac generator depends on the field strength and speed of the rotor.
Since most generators are operated at constant speed, the amount of emf depends on field excitation.
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Fig. 16-2 Generating 1 cycle of ac voltage with a single-coil alternator
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Stator field (rotating)

Rotor field
[~

Slip rings =3\ A

d brush
and brushes /S\

l \!E 3) ‘ AC output
N
Field 3 - b 4
excitation

Fig. 16-3 A simple alternator having a rotating field and a station-
ary armature

The frequency of the generated emf depends on the number of field poles and on the speed at which the
generator is operated, or

pn

=10

(16-1)

where f = frequency of generated voltage, Hz
p = total number of poles
n = rotor speed, revolutions per minute (rpm)

Regulation of an ac generator is the percentage rise in terminal voltage as load is reduced from the rated
full-load current to zero, with the speed and excitation being constant, or

-load voltage — full-load volt
Voltage regulation = Z0-oau vontage — T ~oad Vo age (16-2)
full-load voltage

Example 16.1 What is the frequency of a four-pole alternator operating at a speed of 1500 rpm?

_pn
f_120

_4(1500)
T 120

(16-1)

= 50Hz Ans.

Example 16.2 An alternator is operating at 120 V with no load. A load is now applied to the generator. The voltage
output drops (the field current remains the same) to 110 V. What is the regulation?

no-load voltage — full-load voltage

Voltage regulation (16-2)

full-load voltage

_120-110 10 — 0.091 = 9.1% A
= 110 =10 =% =9.1% ns.

‘When the output voltage is not steady, there would be a constant flickering of electric lights, and TV sets would not operate
properly. Automatic voltage-regulator devices are used to make up for the drop in output voltage by increasing the field
current. Voltage regulation is usually a function external to the alternator.
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PARALLELING GENERATORS

Most power plants have several ac generators operating in parallel in order to increase the power available.
Before two generators may be paralleled, their terminal voltages must be equal, their voltages must be in
phase, and their frequencies must be equal. When these conditions are met, the two generators are operating
in synchronism. The operation of getting the generators into synchronism is called synchronizing.

RATINGS

Nameplate data for a typical ac generator (Fig. 16-4) include manufacturer’s name, serial, and type number;
speed (rpm), number of poles, frequency of output, number of phases, and maximum supply voltage; capacity
rating in kilovoltamperes and kilowatts at a specified power factor and maximum output voltage; armature and
field current per phase; and maximum temperature rise.

Westinghouse

AC generator air cooled NO. 6750616 Type ATB
3600 RPM

2 poles 60 hertz 3-phase wye-connected for
13 800 volts

Rating 15625 KV A 12 500 kW 0.80 PF exciter
250 volts

Armature 654 amp field 183 amp

Guaranteed temp. rise not to exceed
60°C on armature by detector
80°C on field by resistance

Fig. 16-4 Nameplate data for typical ac generator

LOSSES AND EFFICIENCY

Losses of an ac generator are similar to those of a dc generator and include armature copper loss, field-
excitation copper loss, and mechanical losses.
Efficiency (Eff) is the ratio of the useful power output to the total power input:

output

Eff = (16-3)

input

Example 16.3 A 2-hp motor running at rated output acts as the prime mover for an alternator that has a load demand
of 1.1 kW. What is the efficiency of the alternator in percent? Neglect field excitation.

\%
Input power = 2 hp x = 1492 W Output power = 1.1 kW = 1100 W

output 1100
=——=0.737=73.7% Ans.

Eff = — =
input 1492

Since the prime mover is supplying 1492 W but the alternator is delivering 1100 W to the load, there must be 392 W of
loss in the alternator.
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POLYPHASE INDUCTION MOTORS

Principle of Operation

The induction motor is the most commonly used type of ac motor because of its simple, rugged construction
and good operating characteristics. It consists of two parts: the stator (stationary part) and the rotor (rotating
part). The stator is connected to the ac supply. The rotor is not connected electrically to the ac supply. The
most important type of polyphase induction motor is the three-phase motor. (Three-phase machines have three
windings and deliver an output between several pairs of wires.) When the stator winding is energized from a
three-phase supply, a rotating magnetic field is created. As the field sweeps across the rotor conductors, an emf
is induced in these conductors which causes current to flow in them. The rotor conductors carrying current in
the stator field thus have a torque exerted upon them that spins the rotor.

Squirrel-Cage Motor and Wound-Rotor Motor

Three-phase induction motors are classified into two types: squirrel-cage (Fig. 16-5) and wound-rotor
motors (Fig. 16-6). Both motors have the same stator construction, but differ in rotor construction. The stator
core is built of slotted sheet-steel laminations. Windings are spaced in the stator slots to form the three separate
sets of poles.

Fig. 16-5 Cutaway view of a squirrel-cage induction
motor (Courtesy of General Electric Com-
pany; from E. C. Lister, Electric Circuits and
Machines, Sth ed., McGraw-Hill, New York,
1975, p. 247)

The rotor of a squirrel-cage motor has a laminated core, with conductors placed parallel to the shaft
and embedded in slots around the perimeter of the core. The rotor conductors are not insulated from the
core. At each end of the rotor, the rotor conductors are all short-circuited by continuous end rings. If the
laminations were not present, the rotor conductors and their end rings would resemble a revolving squirrel cage
(Fig. 16-7).

The rotor of a wound-rotor motor is wound with an insulated winding similar to the stator winding.
The rotor phase windings are brought out to the three slip rings mounted on the motor shaft (Fig. 16-6).
The rotor winding is not connected to the supply. The slip rings and brushes merely provide a means of
connecting an external rheostat into the rotor circuit. The purpose of the rheostat is to control the speed of
the motor.
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Fig. 16-6 Cutaway view of a wound-rotor induction motor
(Courtesy of General Electric Company; from Lister,
p- 248)

End rings

conductors
welded to end
pieces

Fig. 16-7 A simple squirrel-cage
rotor with rotor conduc-
tors welded to end rings
on a shaft

Speed and Slip

The speed of the rotating magnetic field is called the synchronous speed of the motor.

120 f
n=—-—
)4

(16-4)

where n = speed of rotating magnetic field, rpm
f = frequency of rotor current, Hz
p = total number of poles

It is noted that the same relation exists between the frequency, number of poles, and synchronous speed of a
motor [Eq. (/6-4)] as exists between the frequency, number of poles, and speed of rotation of an ac generator
[Eq. (16-1)].
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An induction motor cannot run at synchronous speed since then the rotor would be standing still with
respect to the rotating field and no emf would be induced in the rotor. The rotor speed must be slightly less
than synchronous speed in order that current be induced in the rotor to permit rotor rotation. The difference
between rotor speed and synchronous speed is called slip and is expressed as a percent of synchronous speed.

Ng— N
Percent S = —— X100 (16-5)
Ns

where S =slip
Ng = synchronous speed, rpm
Npg = rotor speed, rpm

Example 16.4 A four-pole 60-Hz squirrel-cage motor has a full-load speed of 1754 rpm. What is the percent slip at
full load?

120f

Synchronous speed Ng = (16-4)
120(60
= 60 = 1800 rpm
4
Slip = Ng — Ng = 1800 — 1754 = 46 rpm
Ng — N
Percent § = >R 00 (16-5)
Ng
46 100 = 2.6% A
= = 2. S.
1800 v

Rotor Frequency
For any value of slip, the rotor frequency is equal to the stator frequency times the percent slip, or

fr=Sfs (16-6)

where fr = rotor frequency, Hz
S = percent slip (written as a decimal)
fs = stator frequency, Hz

Example 16.5 At a slip of 2.6 percent for the induction motor in Example 16.4, what is the rotor frequency?

fs =60Hz given
fr=15fs (16-6)
= 0.026(60) = 1.56 Hz Ans.

Torque

The torque of an induction motor depends on the strength of the interacting rotor and stator fields and the
phase relations between them.

T = k¢ Ig cosOg (16-7)

where T = torque, 1b - ft
k = constant
¢ = rotating stator flux, lines of flux
Ig = rotor current, A
cos O = rotor power factor
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Throughout the normal range of operation, &, ¢, and cos 6 are nearly constant so that T is directly proportional
to Ig. Rotor current Iz in turn increases in almost direct proportion to the motor slip. Variation of torque with
slip (Fig. 16-8) shows that as slip increases from zero to about 10 percent, the torque linearly increases with
the slip. As load and slip are increased beyond rated or full-load torque, the torque reaches a maximum value at
about 25 percent slip. This maximum value of torque is called the breakdown torque of the motor. If the load is
further increased beyond the breakdown point, the motor will quickly come to a stop. For typical squirrel-cage
motors, the breakdown torque varies from 20 to 300 percent of full-load torque. The starting torque is the
value at 100 percent slip (rotor speed is zero) and is normally 150-200 percent of full-load rating. As the rotor
accelerates, the torque increases to its maximum value and then decreases to the value required to carry the
load on the motor at a constant speed.

400

Breakdown torque

RV
/ T

300

/
/

i

Starting torque”

: |

0 20 40 60 80 100

Percent full-load torque

Percent slip

100 80 60 40 20 0
Percent synchronous speed

Fig. 16-8 Variation of torque with slip for a typical
squirrel-cage motor

SYNCHRONOUS MOTORS

Like induction motors, synchronous motors have stator windings that produce a rotating magnetic field.
But unlike the induction motor, the rotor circuit of a synchronous motor is excited by a dc source. The rotor
locks into step with the rotating magnetic field and rotates at the same speed, as given by Eq. (16-4). If the
rotor is pulled out of step with the rotating stator field, no torque is developed and the motor stops. Since a
synchronous motor develops torque only when running at synchronous speed, it is not self-starting and hence
needs some device to bring the rotor to synchronous speed.

Example 16.6 What is the slip of a synchronous motor?
Since the synchronous speed is equal to the rotor speed, Ng = Ng,

Ng — Np
Ns

Percent § = 100 (16-5)

0
= —100 = 0% Ans.
Ng

An ac electric clock uses a synchronous motor to maintain the correct time (as long as the frequency of the ac supply
remains constant).

Starting Synchronous Motors

A synchronous motor may be started rotating with a dc motor on a common shaft. After the motor is
brought to synchronous speed, alternating current is applied to the stator windings. The dc starting motor now
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acts as a dc generator, which supplies dc field excitation for the rotor. The load then can be coupled to the
motor. More often synchronous motors are started by means of a squirrel-cage winding embedded in the face
of the rotor poles. The motor is then started as an induction motor and is brought to about 95 percent of
synchronous speed. At the proper time, direct current is applied and the motor pulls into synchronism. The
amount of torque needed to pull the motor into synchronism is called the pull-in torque.

Effect of Loading Synchronous Motors

In the synchronous motor, the rotor is locked into step magnetically with the rotating magnetic field
and must continue to rotate at synchronous speed for all loads. At no load the center lines of a pole of the
rotating magnetic field and a dc field pole coincide (Fig. 16-9a). When load is added to the motor, there is
a backward shift of the rotor pole relative to the stator pole (Fig. 16-9b). There is no change in speed. The
angular displacement between the rotor and stator poles is called the torque angle «.

a =0
o> Torque angle
Stator Stator
Rotation of Rotation of
rotor and rotor and
! air-gap flux air-gap flux
(@) No load (b) With load

Fig. 16-9 Relative positions of a stator pole and a dc field pole

When a synchronous motor operates at no load (torque angle practically 0°), the counter emf V, is equal
to the applied or terminal voltage V; (neglecting motor losses) (Fig. 16-10a). With increasing loads and torque
angles, the phase position of V, changes with respect to V; which allows more stator current to flow to carry
additional load (Fig. 16-10b). V; and V, are no longer in direct opposition. Their resultant voltage V; causes
a current / to flow in the stator windings. I lags V, by nearly 90° because of the high inductance of the stator
windings. 6 is the phase angle between V; and /. An increase in load results in a larger torque angle, which
increases V, and I (Fig. 16-10c).

If the mechanical load is too high, the rotor is pulled out of synchronism and comes to a stop. The
maximum value of torque that a motor can develop without losing its synchronism is called its pull-out torque.
If the synchronous motor has a squirrel-cage winding, it will continue to operate as an induction motor.

Ratings and Efficiency

Synchronous-motor nameplate data include the same items found on ac generator nameplates, with the
horsepower rating replacing the kilovoltampere rating.

The efficiency of synchronous motors is generally higher than that of induction motors of the same
horsepower and speed rating. The losses are the same as those of synchronous generators.

Synchronous motors are used for constant-speed power applications in sizes above 20 hp. A common
application is driving air or gas compressors.

Power Factor Correction with Synchronous Motors

An outstanding advantage of a synchronous motor is that it operates at unity or leading power factor (PF).
By varying the strength of the dc field, the overall power factor of a synchronous motor can be adjusted over
a considerable range. Thus the motor can be made to appear as a leading load across the line. If an electrical



370 ALTERNATING-CURRENT GENERATORS AND MOTORS [CHAP. 16

Terminal or v,
Counter emf applied voltage

Vv v,
¢ 180°

& ~N

.~ >
a=0

(@) No load (b) With load
V V:

(¢) With increased load

Fig. 16-10 Phasor diagrams for a synchronous motor for three different load conditions with same dc field excitation

system is operating at a lagging power factor, synchronous motors connected across the line and adjusted for
leading PF can improve (that is, raise) the system PF. Any improvement in PF increases supply capacity to the
load, raises efficiency, and in general improves the operating characteristics of the system.

Field Excitation Used to Change Power Factor of Motor

For a constant mechanical load, the PF of a synchronous motor may be varied from a leading value to
a lagging value by adjusting its dc field excitation (Fig. 16-11). Field excitation is adjusted so that PF = 1
(Fig. 16-11a). At the same load, when the field excitation is increased, the counter emf V,, increases. This results
in a change in phase between stator current / and terminal voltage V; so that the motor operates at a leading PF
(Fig. 16-11b). If the field excitation is reduced below the value represented (Fig. 16-11a), the motor operates at

(c) Lagging PF, field underexcited

Fig. 16-11 Phasor diagrams for a synchronous motor with a constant load with different amounts of field excitation
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a lagging PF (Fig. 16-11¢). An example of a V curve for a synchronous motor, obtained from a manufacturer,
shows how stator current varies at a constant load with rotor field excitation (Fig. 16-12). Power factor may
also be read when the field current is varied.

Lagging >‘l< Leading——>
1.

/ AN
/ Power factor curve \

(=]

Power factor
N

Stator current curve /
(V curve) /

v

Stator current

Field current, dc amperes

lé—- Underexcited + Overexcited ———){

g. 16-12 Variation of stator current and synchronous
motor PF with varying dc field excitation
at a constant load

Fi

Example 16.7 The load of an industrial plant is 400 kVA at a PF of 75 percent lagging. What must be the PF of the
added 100-kW load of a synchronous motor if it improved the overall plant PF to 100 percent?
For PF = 1, the net reactive power of the plant must be equal to zero.

Step 1. Find the initial reactive power of the plant (Fig. 16-13a and b).

PF = cos6 = 0.75 given
0 = arccos 0.75 = 41.4° P = Scosf® = 400(0.75) = 300 kW
Q = Ssinf = 400sin41.4° = 264.5 kVAR lagging
Step 2. Find the PF of the synchronous motor load (Fig. 16-13c¢). For a net PF = 1, the reactive power of the motor must

equal the initial reactive power of the plant in the opposite direction. The Q of the plant (Step 1) is 264.5 kVAR
lagging. So the Q; of the added load must be 264.5 kVAR leading.

100
PF = cos 0, = c0s69.3° = 0.353 = 35.3% leading Ans.

f; = arctan = arctan 2.64 = 69.3°

The resultant power triangle (Fig. 16-13d) shows a plant load of 400 kW (300 kW + 100 kW) at a PF of unity.
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S = apparent power, kVA Q = reactive power, S'=400 kVA 0=2645kVAR
kVAR lagging lagging
0 41.4°
P = real power, kW P=300kW
PF = cos 6 = 0.75 lagging
(a) General power triangle (b) Initial plant power triangle
N
P =100 kW 0 =264.5 kVAR
lagging
0,
0; =264.5kVAR
leading
P =400 kW
0,=0,0=0° 0, =264.5kVAR
leading
\4
(¢) Synchronous motor power triangle (d) Resultant plant power triangle with PF = 1

Fig. 16-13 Power-triangle relationships

SINGLE-PHASE MOTORS

Single-phase motors are so called because their field windings are connected directly to a single-phase
source. Single-phase motors are classified as commutator, induction, or synchronous motors according to the
method used to start them, as follows:

1. Commutator motor

(a) AC series motor

(b) Repulsion motor
2. Induction motor
(a) Split-phase motors

(1) Capacitor-start motor

(2) Capacitor motor

(b) Repulsion-start induction motor

(c) Shaded-pole motor

3. Synchronous motor
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Commutator Motor

AC series motor. When an ordinary dc series motor is connected to an ac supply, the current drawn by
the motor is low due to the high series-field impedance. The result is low running torque. To reduce the field
reactance to a minimum, ac series motors are built with as few turns as possible. Armature reaction is overcome
by using compensating windings in the pole pieces.

The operating characteristics are similar to those of dc series motors. The speed increases to a high value
with a decrease in load. The torque is high for high armature currents so that the motor has a good starting
torque. AC series motors operate more efficiently at low frequencies. Some of the larger sizes used in railroad
engines operate at 25 Hz or less. However, fractional horsepower sizes are designed to operate at 50 or 60 Hz.

Repulsion motor. The repulsion motor has an armature and commutator similar to that of a dc motor.
However, the brushes are not connected to the supply but are short-circuited (Fig. 16-14). The stator windings
produce a current in the rotor windings by induction. This current produces magnetic poles in the rotor. The
orientation of these poles is dependent on the position of the brushes. The interaction of the rotor field with
the stator field creates the motor torque. The repulsion motor has a high starting torque and a high speed at
light loads. It is used where heavy starting loads are expected.

)
&

Rotor field Stator field

Short-circuiting Commutator
brushes

Fig. 16-14 Repulsion motor

Induction Motor

A single-phase induction motor is not self-starting. The magnetic field set up in the stator by the ac power
supply stays lined up in one direction. This magnetic field, though stationary, pulsates as the voltage sine wave
does. This pulsating field induces a voltage in the rotor windings, but the rotor field can only line up with the
stator field. With these two fields in direct line, no torque is developed. It is necessary then to turn the rotor by
some auxiliary device. Once the rotor is rotating with sufficient speed, the interaction between the rotor and
stator fields will maintain rotation. The rotor will continue to increase in speed, trying to lock into synchronous
speed. It finally will reach an equilibrium speed equal to the synchronous speed minus slip.

Split-phase motor.  If two stator windings of unequal impedance are spaced 90 electrical degrees apart but
connected in parallel to a single-phase source, the field produced will appear to rotate. This is the principle of
phase splitting.

In the split-phase motor, the starting winding has a higher resistance and lower reactance than the main
winding (Fig. 16-15a). When the same voltage V; is applied to both windings, the current in the main winding
I, lags behind the current in the starting winding I (Fig. 16-15b). The angle ¢ between the main and starting
windings is enough phase difference to provide a weak rotating magnetic field to produce a starting torque.
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When the motor reaches a predetermined speed, usually 70-80 percent of synchronous speed, a centrifugal
switch mounted on the motor shaft opens, thereby disconnecting the starting winding.

1 o y —> V,
v Main @ ‘:/ Centrifugal I
! winding switch
o ° Y I,
Starting
winding
(@) Schematic diagram (b) Phase relations

Fig. 16-15 Split-phase motor

Because it has a low starting torque, this motor type is widely used for easily started loads. It is seldom
used in sizes larger than %hp. Common applications include driving washing machines and woodworking
tools.

Capacitor-Start Motor. By placing a capacitor in series with the starting winding of a split-phase motor
(Fig. 16-15a), starting characteristics are improved. The current in the starting winding may be made to lead
the voltage (Fig. 16-16). ¢ may be made nearly 90°, resulting in a higher starting torque. This motor also
uses a centrifugal switch to disconnect the starting winding. Thus the capacitor is in the circuit only during the
starting period.

Running Starting
capacitor capacitor
I
/K S 1 1 /
>V,
¢
Main |
winding
- Starting
. . switch
Fig. 16-16 Phase relations
in th itor- o= - YV )
in the capacito Auxiliary
start motor winding

Fig. 16-17 Capacitor motor

Capacitor Motor.  The capacitor motor operates with an auxiliary winding and series capacitor perma-
nently connected to the line (Fig. 16-17). The capacitance in series may be of one value for starting and another
value for running. As the motor approaches synchronous speed, the centrifugal switch disconnects one section
of the capacitor.

Repulsion-start induction motor. Like a dc motor, the rotor of the repulsion-start induction motor has
windings connected to a commutator. Starting brushes make contact with the commutator so the motor starts
as a repulsion motor. As the motor nears full speed, a centrifugal device short-circuits all the commutator
segments so that it operates as an induction motor. This type of motor is made in sizes ranging from % to 15 hp
and is used in applications requiring a high starting torque.
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Shaded-pole motor. A shaded-pole is produced by a short-circuited coil wound around a part of each pole of
a motor. The coil is usually a single band or strap of copper. The effect of the coil is to produce a small sweeping
motion of the field flux from one side of the pole piece to the other as the field pulsates (Fig. 16-18). This slight
shift in the magnetic field produces a small starting torque. Thus shaded-pole motors are self-starting. As the
field in the pole piece increases, a current is induced in the shading coil. This current causes a magnetic field
that opposes the main field. The main field therefore will concentrate on the opposite side of the pole pieces
(Fig. 16-18a). As the field begins to decrease, the shading-coil field will aid the main field. The concentration
of flux then moves to the other edge of the pole piece (Fig. 16-18b). This method of motor starting is used in
very small motors, up to about % hp, for driving small fans, small appliances, and clocks.

Pole piece
Lo [
: NN
o ——— o
d Main-field
p ; coil
o— | o
| Shading
| coil
}'I/P\ Shaded
sk pole
Rotor Rotor
(@) Shaded pole weakens main field (b) Shaded pole aids main field

Fig. 16-18 Action of the magnetic field in a shaded-pole motor

Synchronous Motor

Several types exist to drive electric clocks, phonograph turntables, and other devices requiring precise
rotation. One type is called the Warren synchronous motor. It starts by the use of shading coils in the pole
piece. The motor is brought up to synchronous speed from the effects of eddy currents flowing in the rotor
iron and of hysteresis. Its principal use is in clocks and other timing devices.

Example 16.8 List the type of field excitation (dc or ac) and whether the field is usually the stator or the rotor for each
of the following: alternator, polyphase induction, synchronous motor.
The list is shown in the table below.

Field Excitation
Device Input Field Output Field
Alternator
Rotating armature DC (stator) | Rotor (ac output)
Stationary armature DC (rotor) | Stator (ac output)
Polyphase induction motor AC (stator)
Synchronous motor DC (rotor)
AC (stator)

Example 16.9 Fill in the appropriate word to complete each of the following sentences.

(a) The magnetic field of a single-phase motor does not appear to

(b) Repulsion motors have starting torques.




376

()
(d)
(e)

(a)

16.1

ALTERNATING-CURRENT GENERATORS AND MOTORS [CHAP. 16
Induction motors are classified by different methods.
must exist so that the stator and rotor fields are not exactly lined up.
Split-phase motors have separate windings.
rotate (a three-phase field does appear to rotate), (b) high, (c) starting, (d) Slip, (e) two Ans.

Solved Problems

An alternator has a characteristic curve showing percentage of terminal voltage and percentage of
full-load ampere output for three types of loading (Fig. 16-19). Calculate the percent regulation for
the three types of loading.

160

140
0.8 leading PF
J——_ [

120 =g 120
S —T PF = 1
S 10 W e
oD
] ——
= 0.8 lagging PF | ™~ 85
S 8o \\‘
- b 70
£
g
S
E

20

0

0 10 2 3 40 S0 6 70 80 90 100

Full-load ampere output, %
Fig. 16-19 Effect of power factor on alternator output
When 100 percent rated current is delivered by the alternator, the full-load (FL) voltages are 85,

70, and 120 percent of the no-load (NL) values for PF = 1, 0.8 lagging, and 0.8 leading, respectively
(Fig. 16-19).

NL - FL

Volt lation = ———— 16-2
oltage regulation i (16-2)
When PF = 1:
) 100 — 85
Voltage regulation = &5 = 0.176 = 17.6% Ans.
PF = 0.8 lagging:
100 — 70
Voltage regulation = 0 = 0.429 = 42.9% Ans.
PF = 0.8 leading:
. 100 — 120
Voltage regulation = BT —0.167 = —16.7% Ans.

The negative regulation indicates that the full-load voltage is greater than the no-load voltage.
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16.2  Draw phasor diagrams of an ac generator operating when PF = 1.0, 0.8 lagging, and 0.8 leading.

Let IR and IX}, be voltage drops due to resistance and inductive reactance in the armature winding,
respectively.

V, = generated emf V; = terminal voltage I = armature current

V, is the phasor sum of V;, the IR drop which is in phase with 7, and the IX; drop which leads I by
90° (Fig. 16-20). V, is not constant but varies with the amount of load and PF of the load. At lagging
PF, V, is lowered. The lower the PF in the lagging direction, the less V,. At leading PF, V, increases

with load.
vV
z
IX;
b LY
Cd Cd Cd
v, IR 1
(reference)
(@) AtPF =1.0,0 =0° (b) At PF = 0.8 lagging, (¢) At PF = 0.8 leading,

0 = 36.9° lagging 6 = 36.9° leading

Fig. 16-20 Phasor diagrams of ac generator operating at three different load factors

16.3 A diesel-driven 60-Hz synchronous generator produces 60 Hz when operated at 200 rpm. How many
poles does it have?

pn
=— 16-1
=10 (16-1)
120 120(60
from which p= ! = (60) = 36 poles Ans.
n 200
16.4 At what speed will a two-pole 25-Hz synchronous generator produce 25 Hz?
pn
= — 16-1
f 120 (16-1)

120 120(25)
n— —- =
p

from which = 1500 rpm Ans.

16.5 An alternator has a voltage regulation of 10.0 percent. If the full-load voltage is 220 V, what is the
no-load voltage?

. NL — FL
Voltage regulation = L 16-2)

from which NL = FL(voltage regulation + 1) = 220(0.10 + 1) =242V Ans.
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16.6 A four-pole 60-Hz induction motor has a full-load slip of 5 percent. What is the full-load rotor speed?

120
Ns = —f (16-4)
4
120(60
= (60) = 1800 rpm
4
Ns— N,
S = —S R (]6_5)
Ng

SNg = Ng — Ng
Nr = Ng — SNs = Ng(1 — §)

Then Ng = 1800(1 — 0.05) = 1800(0.95) = 1710 rpm Ans.

16.7 A squirrel-cage motor stator winding is wound for four poles. At full load, the motor operates at
170 rpm with a slip speed of 60 rpm. What is the supply frequency?

Slip = Ng — Ng
Ngs = Ng + Slip = 1740 + 60 = 1800 rpm
120
Ns = 1201 (16-4)
p

pNs _ 4(1800)
120 120

from which f= =60 Hz Ans.

16.8  What is the rotor frequency of an eight-pole 60-Hz squirrel-cage motor operating at 850 rpm?

_120f _ 120(60)

Ng = 900 rpm
p 8
Slip = Ng — Ng =900 — 850 = 50 rpm
Ns — N
s=Ns—Ne (16-5)
Ny
_ 0 = 0.056
900
SR =Sfs (16-6)

= 0.056(60) = 3.33 Hz Ans.

This means that a rotor conductor will have induced in it an emf with a frequency of 3.33 Hz.

16.9 How much larger is the rotor reactance of a squirrel-cage motor at start-up (with the rotor at a
standstill) than it is when the motor operates at 4 percent slip?

Rotor reactance Xg = 27 frLg

With Lg constant, Xgr X fr so
rotor reactance is directly proportional to rotor frequency.
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At start-up, the speed of the motor Ng = 0 so slip = 1.00. During motor operation slip = 0.04

(given), so
fri=S1fs (16-6)
fr2 = S2fs
Dividing, Sri _ St
fr2 S
S

1.00
— X frRo=—— X fro =25fr2

fr S, 0.04

Since Xg o fRr, the rotor reactance at start is 25 times greater than that at 4 percent slip. Ans.

16.10 A motor-generator set used for frequency conversion has a 10-pole 25-Hz synchronous motor and a
direct-connected 24-pole synchronous generator. What is the generator frequency?

Synchronous motor:

120  120(25)
NS = — =
P 10

= 300 rpm

Synchronous generator:

pNs  24(300)

pAs _ 22O GoHz  Ans.
120 o - VHz s

f:

16.11  The load of an industrial plant is 400 kVA at a PF of 75 percent lagging. An additional motor load of
100 kW is needed. Find the new kilovoltampere load and the PF of the load, if the motor to be added
is (a) an induction motor with a PF of 90 percent lagging, and (b) a synchronous motor with a PF of
80 percent leading.

The solution is simplified by drawing and solving a series of power triangles.

Step 1. Set up a power triangle for current industrial load (IL) (Fig. 16-21a).

Pi. = 400 cos 6 = 400(0.75) = 300 kW
O, = 400sin 6 = 400sin41.4° = 264.5 kVAR lagging

Sy =400 kVA .
Oy lagging

41.4°

PIL

Given: PF = cos 6 = 0.75 lagging
0=414°

(a) Industrial load

Fig. 16-21a
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Step 2. Add induction motor (IM) to industrial load (Fig. 16-21b).

O = 100tan 25.8° = 48.3 kVAR lagging

s o
312.8 kVAR
O lagging lagging
25.8° o
T
100 kW 400 kW
Py P
Given: PF = cos 6 = 0.9 lagging
0 =258°
(b) Induction motor (¢) Combined industrial load

and induction motor

Fig. 16-21b, ¢

The resultant power triangle is as shown in Fig. 16-21c.

P = Py, + Piv = 300 + 100 = 400 kW
0 = O + Omm = 264.5 4 48.3 = 312.8 kVAR lagging

400

0 = arctan Q = arctan = 38°
P
(a) PF = cosf = cos38° = 0.788 = 78.8% lagging  Ans.

P 400
cosf  cos38°

Step 3. Add synchronous motor (SM) to industrial load (Fig. 16-21d).

QOsm = 100tan 36.9° = 75.1 kVAR leading

Poy
100 kW
36.9°
s 0
Qg leading 189.4 kKVAR
Som lagging
0
400 kW
Given: PF = cos 0 = 0.80 leading P
0=136.9°
(d) Synchronous motor (e) Combined industrial load

and synchronous motor

Fig. 16-21d, e

= 508 kVA (3 significant figures) Ans.

[CHAP. 16
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The resultant power triangle is as shown in Fig. 16-21e.

P = P, + Psm = 300 4 100 = 400 kW
0 = Q1. — Osm = 264.5 — 75.1 = 189.4 kVAR lagging

0 = arctan =25.3°
b) PF = cos0 = c0s25.3° = 0.904 = 90.4% lagging Ans.
400
S=———=442kVA Ans.
c0s 25.3°

16.12 A 220-V 50-A induction motor draws 10 kW of power (Fig. 16-22a). An 8-kVA synchronous motor
is placed in parallel with it in order to adjust the PF to unity. What must be the PF of the synchronous
motor?

A B
o -
Induction Synchronous
motor motor
vV, =220V @
1, =50A Sy = 8kVA
P, = 10 kW PF = ?

(@) PF correction to unity

Fig. 16-22a

Step 1. Set up a power triangle for the induction motor (Fig. 16-22b).

Sa = Vilp =220(50) = 11000 VA = 11 kVA

Py 10
0 = arccos— = arccos — = 24.6°
Sa 11

Q4 = Sasinf = 11sin 24.6° = 4.58 kVAR lagging

Step 2. Set up a power triangle for the synchronous motor (Fig. 16-22c¢). For the load PF = 1,
the net number of kilovoltamperes reactive must be 0. Therefore, the reactive power of the
synchronous motor is

4.58
0Op = 4.58 kVAR leading 6 = arcsin % = arcsin = = 34.9°
B

PF = cos 0 = cos34.9° = 0.820 = 82.0% leading Ans.
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Sa

11 kVA
94
4.58 kVAR

24.6° lagging

10 kW
Py

(b) Induction motor

Pp
10 kW
34.9°
Op
Sy 4.58 kVAR
8 kVA leading

(c) Synchronous motor

Fig. 16-22b, ¢

Supplementary Problems

A 60-Hz alternator operates at 900 rpm. How many poles does it have? Ans.  Eight poles

How many cycles are generated in 1 revolution of a 12-pole ac generator? How many revolutions
per second (rps) must it make to generate a frequency of 60 Hz? How many revolutions per minute?
Ans. 6 cycles; 10 rps; 600 rpm

(a) At what speed must a six-pole synchronous generator be driven to produce 25 Hz? (b) At what
speed must a four-pole 60-Hz synchronous generator be driven to produce 60 Hz?
Ans.  (a) 500 rpm; (b) 1800 rpm

To produce 50 Hz with a two-pole rotating-coil alternator, what must be the prime-mover rpm?
Ans. 3000 rpm

Find the regulation of an ac generator that has a full-load voltage of 2600 V and a no-load voltage
of 3310V at a PF of 80 percent lagging. Will the percent regulation at a PF of unity be higher than,
lower than, or the same as at a PF of 80 percent lagging? Ans.  27.3%; lower than

When the load is light, is it more efficient to use one alternator operating at its rated capacity or to
share the load between two alternators operating at less than their rated capacity?
Ans. It is more efficient to use one alternator at rated capacity.

An alternator has a voltage regulation of 10.0 percent. If the no-load voltage is 220 V, what is the
full-load voltage? Ans. 220V

A fully loaded 10-hp electric motor is driving a 120-V ac output alternator delivering 6.5 kW to a
remote lighting system. If the transmission-line losses are 300 W, what is the approximate loss in the
alternator? What is the efficiency of the alternator? Ans. 600 W; Eff =91.2%
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16.32

A 440-V alternator operating from a 30-hp prime mover turning at full capacity produces 20 kW into
a load. Find the efficiency of the alternator. Ans. Eff =89.4%

A 5-kW alternator is known to be 92 percent efficient when it is at full load. What is the power
requirement in horsepower for the prime mover? Ans. 7.3hp

Find the synchronous speed of a 60-Hz motor that has an eight-pole stator winding.
Ans. 900 rpm

Make a table showing the synchronous speeds of 2-, 4-, 6-, 8-, and 12-pole induction motors for
frequencies of 25, 50, and 60 Hz.

Ans.
n, rpm
p f=25Hz | f=50Hz | f =60Hz
2 1500 3000 3600
4 750 1500 1800
6 500 1000 1200
8 375 750 900
12 250 500 600

A six-pole 60-Hz induction motor has a full-load slip of 4 percent. Find the rotor speed at full load.
Ans. 1152 rpm

What is the rotor frequency of a six-pole 60-Hz squirrel-cage motor operating at 1130 rpm?
Ans. 3.5Hz

The three-phase induction motors driving an aircraft carrier have stators that may be connected to
either 22 or 44 poles. The frequency of the supply may be varied from 20 to 65 Hz. What are the
maximum and minimum speeds available from the motors?

Ans.  Maximum speed, 354.3 rpm; minimum speed, 54.5 rpm

How much greater is the rotor reactance of an induction motor at start-up than it is when operating
at 5 percent slip? Ans. 20 times greater

What is the speed and speed regulation of a 30-pole 60-Hz 440-V synchronous motor?
Ans. 240 rpm; 0.0%

The propulsion motors used in a naval vessel are rated 5900 hp, three-phase, 2400V, 62.5 Hz, and
139 rpm. How many poles do they have? The speed of these motors may be changed by varying the
supply frequency between 16 and 62.5 Hz. What are the maximum and minimum speeds?

Ans. 54 poles; maximum speed, 139 rpm; minimum speed, 35.6 rpm

A transmission line delivers a load of 7500 kVA at a PF of 70 percent lagging. If a synchronous
condenser is to be located at the end of the line to improve the load power factor to 100 percent, how
many kilovoltamperes must it draw from the line? Assume the condenser is 100 percent reactive.
Ans. 5360 kVA

A 440-V line delivers 15 kVA to a load at a PF of 75 percent lagging. To what PF should a 10-kVA
synchronous motor be adjusted in order to raise the PF to unity when connected in parallel?
Ans.  PF = 12.6% leading
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A 220-V 20-A induction motor draws 3 kW of power. A 4-kVA synchronous motor is placed in parallel
to adjust the PF to unity. What must be the PF of the synchronous motor?
Ans.  PF = 59.3% leading

A 30-kW induction motor operates at a PF of 80 percent lagging. In parallel with it is a 50-kW
induction motor operating at a PF of 90 percent lagging. (a) Find the new kilovoltampere load and
PF of the load. (b) Find the PF adjustment which must be made on a 20-kW synchronous motor in
parallel with the two induction motors in order to raise the PF of the line to unity.

Ans. (a) 92.6 kVA, PF = 86.3% lagging; (b) PF = 39.4% leading

A synchronous motor which has an input of 500 kW is added to a system which has an existing load
of 800 kW at a PF of 80 percent lagging. What will be the new system kilowatt load, kilovoltampere
load, and PF if the new motor is operated at a PF of (a) 85 percent lagging, (b) 100 percent, and
(c) 85 percent leading?

Ans. (a) 1300kW, 1590kVA, 81.9% lagging; (b) 1300kW, 1430kW, 90.8% lagging;
(c) 1300 kW, 1320 kVA, 97.6% lagging

When is a synchronous motor said to be (a) overexcited, (b) underexcited?
Ans.  (a) Operates at leading PF (field excitation greater than that for PF = 1); (b) Operates at
lagging PF (field excitation less than that for PF = 1). (See Fig. 16-12.)

For a constant field excitation, what is the effect on a synchronous motor with a lagging PF if the
load is increased? Ans.  Phase angle increases in lagging direction so PF becomes less.

What is meant by (a) pull-in torque, and (b) pull-out torque for a synchronous motor?
Ans. (a) Torque value to pull the motor into synchronous speed; (b) Maximum torque developed
without losing synchronous speed (stalling).

Why is a centrifugal switch used in a split-phase motor?

Ans.  Starting winding is designed only to help develop starting torque. Once the motor approaches
running speed, it is no longer needed. Starting windings are usually wound with lighter-gauge wire,
which could overheat and burn out if not disconnected.

How does a shaded-pole motor create a rotating magnetic field?
Ans.  Short-circuited coil on one edge of pole piece produces a field that first weakens and then aids
the main field.



Chapter 17

Complex Numbers and Complex Impedance
for Series AC Circuits

INTRODUCTION

It is important to understand complex numbers because impedance, voltage, and current of ac circuits are
best expressed in terms of complex numbers. Circuit calculations are simplified when using complex numbers.
In previous chapters, ac circuits were analyzed without applying complex numbers.

DEFINITION OF A COMPLEX NUMBER

A complex number z has the form x + jy where x and y are real numbers and j is the unit imaginary
number. It is conventional to use a bold face letter symbol for all complex numbers. In complex number
x + jy, the first term x is called the real part and the second term jy is called the imaginary part.

x 4+ Jy
Real part 7 L Imaginary part

Complex numbers can be represented by perpendicular axes, one axis representing the real part and the
other axis the imaginary part (Fig. 17-1).

+ Imaginary axis

—Real axis + Real axis

— Imaginary axis

Fig. 17-1 Real and imaginary axes

Eight complex numbers, z;, through zg, are plotted in Fig. 17-2.

Note that for z; = 4, so y = 0 and hence z; is a real number 4 and corresponds to a point on the real
axis. Note that for z4 = j6, x = 0, so that z4 is a pure imaginary number j6 and corresponds to a point on
the j axis. Thus, complex numbers include all real and all pure imaginary numbers.

OPERATOR j

The unit imaginary number j is known as operator j. When operator j is multiplied by a real number a,
J x a means a 90° change of a in a counterclockwise direction (Fig. 17-3a). When we multiply j twice,
jxjxa=j*xa= —a, the result is 180° counterclockwise change in direction shown in (b). When we
multiply j three times, j x j X j xa = j3 xa = j(j?) xa = —j x a, the change in direction is 270° shown
in (¢). And when j is multiplied four times, j x j x j x j xa = j*xa = (j?) (j?) xa = (=1) (=1) xa = a,
we go back full circle as shown in (d).

385
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Jj /N Imaginary
JO 2,=j6
Rl
z3;=3+j4
F L .
i
B i
zg=—3+j2 ) i
O J2r |
i ) 2;=2+/1
i e P
I I i I I I i i oy N I Real
-6 -5 -4 -3 -2 -1 1 2 3 4 6
1 1 1
e i e e
1 1 1
1 1 1
1 1 1
! -2 | |
1 1 1
1 1 1
1 1 1
L 3 : :
z5=—4-j3 i i
1 1
—jAf-mmmmm e ¢ i
7,=3—j4 !
1
—jS e *
zg=6—j5
—J
Fig. 17-2 Plots of complex numbers
Imaginary
Jja &Counterclockwwe —_ —_ —_
JjXa jZXa j3><a j4Xa
®— Real 4 4 a
—a a a
(@ jxa () j*xa ©Jj*xa @) j*xa
Fig. 17-3 j operations
Mathematically, j is defined as j = v/ —1

=P =EDx (=D =1

PEitxi=1xj=]



CHAP. 17] COMPLEX NUMBERS AND COMPLEX IMPEDANCE FOR SERIES AC CIRCUITS 387

and so on. [i is used outside electrical engineering to represent j.] Figure 17-4 illustrates the operator j
principle when a = 3 for j3, —3, —j3, and 3.

J /N Imaginary
i3
- Sle -
- - h N
. N
L N
y - Ny
7/ \
/ \
/ \
/ \
1 \
! — \
! \
1
1 ‘1 Real
| ¢ | | | | ¢ |
-3 ! 0 la= 3
\ 1
\ | I
\ /
\ /
Ay /
A /
\\< | 7/
A 7
. A ber 90°
~ _. jrotates number
o7 counterclockwise

Fig. 17-4 Plot of points when a = 3

RECTANGULAR AND POLAR FORMS OF COMPLEX NUMBERS
Consider the complex number

Z=x+jy 7-1
The graph of z is shown in Fig. 17-5. The quadrature (90-degree) components of z are given by the numbers
x and y. Since y is multiplied by j, it lies on the imaginary axis. The form x + jy is called the rectangular
form. Another way to indicate a complex number is the polar form expressed as

z=z2/0 (17-2)
Imaginary
, z =x + jy, rectangular form
2 N 2=z /0, polar form

: |

|

() |

>l Real
X

Fig. 17-5 Graph of complex number z = x + jy
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where z = magnitude of z
6 = direction of z with respect to the positive real axis

To convert from rectangular to polar form, refer to Fig. 17-5. From trigonometry
x =zcosf

y =zsinf

Substituting z = x 4 jy = z(cosf + jsin6)
=TT
0 = arctan(y/x)

Substituting z and 6 values into Eq. (17-2),

z=,/x?+ y? /arctan(y/x)

Example 17.1  Convert the polar form z = 10 /30° into the rectangular form and show graph.
Write the rectangular form:

Z=x+jy
Find x:
x =zcos® = 10cos30° = 10(0.866) = 8.66
Find y:
y = zsin6 = 10sin 30° = 10(0.500) = 5
Therefore, z = 8.60 + j5 Ans.
Imaginary
J ) z=18.66+5
10 :
|
Graph. 30° = Real Ans.
x=28.66

Example 17.2 Convert the rectangular form z = 8.66 + j5 to the polar form.
Write the polar form:

i=z /b

Find z:

7= \/x2 +y2 = \/(8.66)2+ (52 = /100 = 10

[CHAP. 17

(17-3)

(7-1)

(17-2)
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Find 6:

_ Y _ > _ _ 300
6 = arctan = arctan 566~ arctan 0.577 = 30

Therefore, z =10 /30° Ans.

Many scientific calculators have keys that can convert between rectangular and polar forms. Some have the ability
to work with complex numbers without conversion. Refer to your calculator manual for the particular steps used.
If your calculator does not have a conversion feature, the following formulas can be used:

polar-to-rectangular, z /8 = zcos6€ + jzsin6

rectangular-to-polar, x + jy =,/x2 4+ y2 /arctan(y/x)

OPERATIONS WITH COMPLEX NUMBERS

As with ordinary numbers, complex numbers can be added, subtracted, multiplied, and divided.

Addition

Complex numbers may be added when they appear in rectangular form. To add two or more complex
numbers, add the reals, add the imaginaries, and then add the result. For example,

C+jH+C—-jhH=2+3) + j@d-1)=5+,3
—— [ ——) ———

sum sum sum
reals  imaginaries  result

Addition of complex numbers can be done graphically (Fig. 17-6).

2+j4
JAp .
_ i \“~\\5\+j3
J3pmmm A Hi ,
1 i
) i /i
2t | .
i L
Jl1F i /,’ E Resultant sum
| oo
| 1 | | |
0 1 2 3,/ 4 5
) \‘://
/ 3-j1

Fig. 17-6 Adding complex numbers graphically

Complete the parallelogram formed by sides 2 4 j4 and 3 — j1. The diagonal 5 + j3 is the resultant sum.
If complex numbers are given in the polar form, convert them first into rectangular form and then add.
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Subtraction

[CHAP. 17

To subtract one complex number from another, subtract the reals, subtract the imaginaries, and then add

the result. For example,

@+jH-G-jh) =@2-3) + jéd+1D = -1+5
— S——— ——

difference difference add
reals imaginaries result

Subtraction of complex numbers also can be done graphically (Fig. 17-7).

Resultant /

difference\/\
/

~

/

~(3-j1)=-3+j1 fgz-------t-- s

b=

Fig. 17-7 Subtracting complex numbers graphically

Multiplication

Complex numbers may be multiplied in either the rectangular or polar form. Given two numbers in

rectangular form, follow the rule of algebra for multiplying two terms. For example,

C+jHC—-jDH=20)+UHA+2(—;L+UHjD
=6+ j12—j2+4
= 6+4+j(12-2)
=10+ 10

When complex numbers are given in polar form, we have

(21 /61)(z2 /62) = 2122 /O + 62

Let us verify the result of the previous example by using Eq. (/7-4).
First, convert to polar form:

2+ j4=4.48/63.4°
3—j1=3.16/-184°

(17-4)
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Then multiply the magnitudes and add the angles algebraically:

(4.48 /63.4°)(3.16 /=18.4°) = (4.48)(3.16) /63.4° — 18.4°
= 14.16 /45°

Finally, convert product to rectangular form:

x = 14.16 cos45° = 14.16(0.707) = 10
y = 14.16sin45° = 14.16(0.707) = 10

Therefore,
2+ jH3B—j1) =14.16 /45° =10+ 10 Check Ans.

The Conjugate Complex Number

The conjugate of a complex number is obtained when the sign of the imaginary part of the number is
changed. For example, 3 + j2 has the conjugate 3 — j2. These two complex numbers are referred to as
conjugate pair. The conjugate of z is indicated by z*.

When we multiply zz*, we find

2" = 3+ j2)(3—j2) =3> + j6 — j6 +2°
= 9+ 4 = 13, a real number
We shall use this product property in the division of complex numbers.
Division
Complex numbers may be divided in either the rectangular or polar form. For example,

8—j4
2441

To eliminate the imaginary part from the denominator, we multiply both numerator and denominator by the
conjugate of the denominator.

§—j4 2-j1 16—;8—j8+%4 12—j16 12 16
X = = - — — ] —
2+ 12— 1 411 5 5 75

=24-j32

This process of converting the denominator to a real number without any j term is called rationalization.
When complex numbers are given in polar form, we may perform division by using the formula,

(0
alh_a g (17-5)
2/

Let us verify the result of the previous example by using Eq. (17-5).
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First, convert to polar form:

8 — j4 =894 /-26.5°
24 j1 =224 /26.5°

Then divide the magnitudes and subtract the angles algebraically:

8.94/°265 100 /s

2.24 /26.5°

Finally convert polar to rectangular form:

x = 3.99 cos(—53°) =3.99(0.602) = 2.4
y =3.99sin(—-53°) = 3.99(-0.799) = -3.2

Therefore,

8 — j4

11 =399 /-53°=24-j3.2 Check Ans.

COMPLEX IMPEDANCE IN SERIES

Consider the impedance Z of a circuit as a phasor quantity with magnitude and direction. A series RL
circuit is shown in Fig. 17-8a.

R R JXp
—_—> 7
L X,

Real
tan 6 = WL
(a) Circuit diagram (b)y Z=R+jX; (¢) Impedance triangle
Fig. 17-8 Series RL circuit
The impedance of a series RL circuit is
Z=R+jXL (17-6)

where Z = complex impedance of the circuit, 2
R = resistance of the circuit,
X, = inductive reactance of the circuit, Q (X = 2w fL)

Equation (/7-6) defines impedance Z as the phasor sum of the real quantity R and the imaginary quantity
jX,as shown in Fig. 17-8c. Inductive reactance is indicated as X in (b).
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In polar form, the impedance of a series RL circuit is

Z2=27/0 (17-7)

where Z=,/R?+ X?, magnitude of the impedance

6 = arctan X—L, phase angle with respect to the positive real axis
R

0 is the phase angle between the input voltage and its resulting current in the circuit. Although impedance Z
does not vary sinusoidally, it is considered as a phasor because it determines the phase angle between voltage
and current.

A series RC circuit is shown in Fig. 17-9a.

J
R R ‘
N 7
T LT
—JX¢

X,
tan = TC
(a) Circuit diagram (b)y Z=R—jXc (c) Impedance triangle
Fig. 17-9 Series RC circuit
The impedance of a series RC circuit is
Z=R-—-jXc 17-8)

where Z =impedance, Q2
R =resistance,
X ¢ = capacitive reactance, Q (X¢c = 1/2nfC)

Equation (/7-8) shows impedance as the phasor sum of R and —j X, as indicated in the impedance triangle
of Fig. 17-9c. Capacitive reactance is shown as —X¢ in (b).
In polar form, the impedance of a series RC circuit is

Z=2/,0 (17-7)

where Z=,/R?+ X%, magnitude of the impedance
0 =arctan(—Xc/R), phase angle with respect to the positive real axis

We may generalize for a circuit which contains R, L, and C in series. The impedance of a series RLC
circuit is
Z=R+jX 17-9)

where Z =impedance, Q2
R =resistance, Q2
X = X — X = net reactance, 2

When X; > Xc¢, X is positive so that X is inductive; and when X¢ > Xy, X is negative so that X is
capacitive.
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In polar form, the impedance of a series RLC circuit is

Z=2/ (17-7)

Z =+ R?+ X2, magnitude of the impedance,

X
0= arctan<E>, phase angle with respect to the positive real axis

A series RLC circuit is shown in Fig. 17-10a and impedance triangles if X; > X¢ (inductive) shown
in (c) or X¢ > X (capacitive) shown in (d).

JXp

R X X, ~Xe=X
A R
z R N

L
. X Xe—X, ==X
2 Q- Xe tan 0 = 7 7
C
" T T Y
—jX, tan 6 = z
(a) Circuit diagram (b) Z=R+jX, (¢) Impedance triangle, X; > X (d) Impedance triangle, X-> X,
X=X, X,

Fig. 17-10 Series RLC circuit

Example 17.3 For a series RL circuit with R = 5 Q and X; = 10 Q (Fig. 17-11), find the complex impedance Z in
rectangular and polar form. Draw the impedance triangle.

Label inductive reactance j10. RS50
Z=R+jX 17-6)
oL ( X, §/10Q
Z=5+j10Q Ans.
Fig. 17-11
To convert to polar form, write
Z=2/p (17-7)
where Z=\/R2+X% =\/(5)2+(10)2=«/125= 112 Q
Xy 10
6 = arctan| — ) = arctan| — ) = arctan2
R 5
=634°

Then Z=112 /634°Q Ans.
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Z
Impedance triangle: z=12Q X, =10Q Ans.
R=5Q

Example 17.4 In a series RC circuit, R = 15 Q and X¢ = 15 Q (Fig. 17-12). Find Z in rectangular and polar form.
Draw the impedance triangle.

Label capacitive reactance —j10.

R 15Q
Z=R-jXc 17-8)
Z=15—-j15Q Ans. Xe = —j15Q
To convert to polar form, write .
Fig. 17-12

2=2/9 7-7)

where Z = \/R? + X2 = Jas2+ 52 = vaso =212

—Xc —15 o
6 = arctan = arctan| — ) = arctan(—1) = —45
R 15
Then Z =21.2,/-45°Q Ans.

R=15Q

NV,

Impedance triangle: Ans.
Z=212Q Xc=15Q

y/

Example 17.5 Find the complex impedance Z in rectangular and polar form (Fig. 17-13), and show the impedance
triangle.

Label X; as j8 and X as —j4.

Z=R+jX (17-9) RZ3Q
X=X; —Xc=8—-4=4 X, > X, 4
X, 8 J8Q
s0 Z=3+j4 Ans.
or directly from Fig. 17-13, write, Z=3+j8—j4=3+4+j4Q Ans. Xe :l-\ —j4Q

Z=vVR2+X2=/3)2+@)2=v25=5Q Fig. 17-13
X 4
@ = arctan (E) = arctan 3= arctan 1.33 = 53.1°

Then Z=5/531°Q  Ans.
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Z
Impedance triangle: Z=5Q X=4Q Ans.
R=3Q

Note: If X; = j4 and X¢ = —j8 where now X¢ > X,

Z=R+jX=34+j4—j8=3—j4
Z=vVR2+X2=,/(3)2+(-42=/25=5Q

0 = arctan (T) = arctan —1.33 = —53.1°

o) Z=5,/-53.1°
R=3Q
and the impedance triangle is 7=5Q X=40Q

Solved Problems

17.1  Plot the following complex numbers: z; = —j3, 2z = 2 — j2, z3 = 1, 24 = -3 — j2,
75 =24 j3, 26 = -2+ j2.

Imaginary axis

) z5=2+/3
VE] iaiirits T
Zg=—2+j2 ) |
SR J2r |
I I
i i
: s :
I I
i =1 |
! L ! s . ' Real axis A7ns.
-3 -2 -1 1 2 3
i ) i
| EAE |
I I
I I
| |
[ JE . —j2 - .
z,=-3—-;2 z,=2-j2
3%z =3
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17.2  Convert from rectangular form x + jy to polar form z ﬁ Show the plot of z.
(a) 44 j4 b)) 4+;3 (c) R+jX d) 5-j3

(@) 2= 224y = V(@2 + (4?2 =32 =5.67

JAR T z
4
§ = arctan 2 = arctan - = arctan | = 45° I
X 4 66\ | A
z=z7/0=567/45  Ans. o I s
I
450 J
4
®) c= 2+ =+ 3P =V5=5 Y ,
3 I
6 = arctan 24 = arctan 1 = arctan 0.75 = 36.9° 5 I Ans.
X q
’ I
z=2z,/0=5,/369>  Ans. I
% 36.9° J
4
(©) :=VR?+ X2 2 N
0 = arctan (X/R) . I Ans.
| X
z=1z,/0 =+VR?+ X2 farctan(X/R)  Ans. f |
N
R
(d) z2=+/x24+y2 = \/(5)2 +(=3)2 =+/34 =583
5
- Y _ - _ _0.6 = —_31° 31° 7T
0 = arctan arctan 5 arctan —0.6 31 I Ans.
X
<x
z=z,/0=583/-31° Ans. ;3 :
-3 e z
17.3  Convert from polar to rectangular form. Show the plot of z.
(a) 100 /35° (b) 20,/-30° (c) 8/45° (d) 12 /240°
(a) z=x+]jy
x = 100co0s 35° = 100(0.819) = 81.9
y = 100sin 35° = 100(0.574) = 57.4 VALELY N z
z=2819+4 j574 Ans. & Ans.

w

%)

[3)
y

o0
—_
o
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(b) z=2x+ j4
x = 20cos(—30°) = 20(0.866) = 17.3 17.3
. —30° 1 Ans.
y = 20sin(—30°) = 20(—0.500) = —10.0 |
2=173—j100  Ans. X2 :
—j10.0 f--------------- z
(©) z=x+]jy
x = 8cos45° = 8(0.707) = 5.7 PINTTTTTTS ’
y = 8sin45° = 8(0.707) = 5.7 :
. 8
z=57+j5.7 Ans. I Ans.
I
45° J
5.7
() z=x+]y
x = 12¢08240° = 12(—0.500) = —6.0 2400/—
y = 125in240° = 12(—0.866) = —10.4 69 [
z=—-60—j104  Ans. | 60°
I Ans.
I /12
I
e ——Y 104
17.4  Find the sum of complex numbers 5 + j6 and 1 — j3. Also find the sum graphically.
Add the reals and imaginaries.
G+j6)+(1—-j3) =G+ +j6-3) L it S5 +j6
:6+/3 AI’lS. j5_ i\\\
Plot the point (5 4+ j6). Draw a straight jaf  Resultant ! \
line from the origin to that point. Follow sum P
the same procedure to draw (1 — j3). The J3Ip-mmmm N 4:——— \. 6+;3
two lines are the sides of a parallelogram. v A
Draw the dotted lines to complete the par- Jj2r /:// i 7.
allelogram. Its diagonal is the resultant sum ) // i i
6+ j3). nr S
I I L 7 ! !
0 } 2 3// 4 5 6
IR\
2\l
—j3---- I/1/ -Jj3
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17.5  What is the difference between (5 + j6) and (1 — j3)? Also find the difference graphically.

Subtract the reals and imaginaries.

G+j6)—(1—j3)=GE-D+j6+3)=4+,;9 Ans.

jl0
JOp-—mmm A 4179
7/ \
AN
i Resultant AV
g difference /. i \\\
/ by
- // | \
, | \
7 \
/ : \\
J6f--—--- PN 1772} 5+j6
7 i i Ans.
- 2
7/ 1
/7 I I
7/ 1 1
4t L
// 1 1
. i i
S 3= 143 Lo
i i i
1 . 1 1
P\J2 i i
1 1 1
1 1 1
1 1 1
1 — 1 1
1 1 1
1 1 1
1 1 1
! ! ! ! ! ! !
-1 0 } 2 3 4 5 6
1
— 1
1
1
1
1
L I
1
:
I,
—j3pF---- 1-53

Plot points (5 + j6) and (1 — j3). Show (1 — j3) in the opposite or 180° direction, which becomes
—(1 — j3) = —1 + j3. Draw straight lines from the origin to points (5 4+ j6) and (—1 + j3). Draw
dotted lines to complete the parallelogram. Its diagonal is the resultant difference (4 + j9).

17.6  Find the product of complex numbers 3 + j5 and 4 — j6.

Use algebraic multiplication of two terms.
B +j5E —j6) =3(4) +3(=j6) + j5(4) + j5(=j6)
=12 — j18 4 j20 — j?30
= (12+30) + j(—18 +20)
=42+ j2 Ans.

17.7  Find the quotient of 6 + j2 divided by 3 — j4.

6+j2
3—j4
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To clear the denominator of the imaginary, multiply both numerator and denominator by the conjugate
of the denominator.

6+j2 3+ j4 18+ j24+ j6+ 78

3_j4 344 9+ 16
_ 18—8+730 10+ ;30
N 25 25
_ 10 .30
=251/%s

=044+j1.2 Ans.

17.8  Multiply the polar form of complex numbers 10 /20° and 7 /25°.

Use formula (z1 @) (Zz 92) =z122 /01 + 6 17-4)
Q
Then, (10 /20°) (7 /25°) = (10)(7) /20° + 25° p
= 70&O Ans. 4°
179 Divide 10 /20° by 7 /25°.
Use formula als _a o, g, (17-5)
2/6, 22
Then, 10 /20° 10 . . .
= s == 20° —25° =143 /=5 Ans. \7/50JN
1.43

4—j3 —j3
17.10 Evaluate ‘—j4 5+j6'

The value of this second-order determinant equals the product of the elements on the principal
diagonal minus the product of the elements on the other diagonal, the same as for a determinant with
real elements. [Refer to Eq. (8-7).]

4—j3 =3 | _ .. s

‘ _ja%Ss (e =@=J3)E+j6) = (=j3I)(=jb
= (20 — j15+ j24 — j*18) — (j°12)
=204+ 9+ 18+ 12

=50+ ;9 Ans.

17.11  Perform the following operations:

(a) ]Ls so that the denominator is a real number

) 6+ j2)(3 — j5)(2 — j3) in polar and rectangular form
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(a) Multiply numerator and denominator by j1:

1 jl Jjl J .
—x=2_ L —_02 Ans.
J5 7 5/2 =5 / *

(b) Convert each complex number to polar form and then multiply:

6+ j2=1632/18.4°
3—j5=583/-59.0°
2 — j3) =3.61 /~56.3°

6+ j2)(3 — j5)(2— j3) = (6.32 /18.4°)(5.83 /=59.0°)(3.61 /=56.3°)

= (6.32)(5.83)(3.61) /18.4° — 59.0° — 56.3°

= 133 /=96.9°, polar form Ans.

Convert polar form to rectangular form:

By calculator,

133 /=96.9° = —16 — j132 Ans.

Or by trigonometry,

-

133 -------- g

x = 1335in(—96.9°) = 133(-0.12) = —16
y = 133 ¢08(—96.9°) = 133(—0.99) = —132
Then, x + jy = —16 — j132, rectangular form  Ans.
17.12 If z = z /B, show that its conjugate z* = z /—6.

Write z = z /0 = x + jy where z = \/x2 + y2 and 6 = arctan(z) )
x

For conjugate z* = x — jy, by definition

401
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17.13

17.14
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Magnitude of z* = z = \/x2 + (—y)? = /x2 + y2, same magnitude as z
Angle of z* = arctan = —6, negative angle of z
x

Lrr=z/-0  Ans.

Plotting z and z* makes this relationship clear. z and z* are symmetrical with respect to the real axis.

1 il | z=x+jy
I
I
f |
) x >I| Real
|
I
I
I
-y B z* =x—jy

An interesting result is when the inductive reactance equals the capacitive reactance, X; = X¢, in a
series ac current.

Z=R+jX (17-9)
=R+ jX. - Xc)
—R+j0O )

The impedance of the circuit is equal to its resistance and thus has its lowest value. Such a circuit is
called a series resonant circuit.
Find the impedance of a series RLC circuit when R = 10 Q2 and X; = X¢ =20 Q.

By Eq. (1), Z=R+ j0=10/0°  Ans.

‘ Z=R=10Q

Prepare a summary table of complex impedance in series circuit with

(@ R=5Q
b) X, =109
©) Xc=10Q

(d R=5Q,X,=15Q
() R=159Q,Xc=10Q
(f) R=3Q, X, =8Q, Xc=5Q

For each part show the impedance schematic, rectangular form, polar form, and impedance triangle.
It is instructive to look at the table and compare the different impedance expressions and triangles.
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Table 17-1 Summary Table of Complex Impedance
Schematic Rectangular Form Polar Form Impedance Triangle
Z=R+jX Z=2/p
(@ O
. o R
R§59 Z=5+0jQ Z=5/0°¢Q
Pure resistance
0—
b
JION X
XngIOQ Z=0+,10Q Z =10 /90°
Pure inductive
reactance
O—
(e °©
Pure capacitive
reactance —Jj10Y X¢
O—
SIS K--—-AZ
(d) |
RI5Q o/ |
Z=5+j15Q Z=158 /71.6° Q of |
. RL series |
X, §J15Q 71.6°
N|
5
(e) 15
RZ15Q 33.7° 1
Z=15+;10Q 7 =180 /-337°Q |
RC series ¢ E9) |
Xc :I\ -j10Q |
3Q
% R JBNTT 3 Z
" I
X, g +8Q Z=3+j8—j5 7 =42 /45° Q b |
=3+j3 Q |
Xc RLC series 45° J
: ) 3
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17.15

17.16
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Supplementary Problems

Plot the following complex numbers.

(a)

(b)

(©)

(@)

Write the conjugate pair to Problem 17.15 and plot it.

(a)

(b)

Ja4r

3+ j4 Ans. L
1—j2 Ans.

—-2—j3 Ans.

—2+4j2 Ans.

{5 Y Sy

3—j4 Ans.

1452 Ans.

JES R —— )

[CHAP. 17
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() —2+4j3 Ans.

d -2-j2 Ans.

-2 j2 ¥ -j2

Notice that the conjugate is the reflection of the original number with respect to the real axis.

17.17  Plot the following complex numbers: z; =3+ j2,z) =1 — j3,23 =5,24 = —j2,25 = —1 + j2,
and zg = —3 — j3.

Imaginary axis

Ans.
Z5?"].2 """""""" ®z
i i
1 1
AN i
1 1
i i %
! ! L ! ! L ! ¢ Real axis
-3 -2 -1 0 1 2 3 4 5
1 1
1 1
: i
1 1
i i
i —j2% 1z, |
! !
Zg®-—————----- —j3r-—--%z,
17.18  Evaluate and plot the following complex numbers: z; = j5, z, = j23, 73 = j42, 74 = — j24, and
75 = —j53.
Jj-axis
Ans.
58z,
4 -
3 -
2 —
1 —
2 23 Zy
é I I I é I é
-3 -2 -1 0 1 2 3 4
71 -
72 —
—39 1z
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17.19  Convert each of the following complex numbers to polar form:

(@) 40+ j30 Ans.  50,/36.9°

(b) 4-j4 Ans.  5.66,/—45°
() 3+ j4 Ans. 5/53.1°

(d 10—j8 Ans. 12.8/-38.7°
(e) 20+ j5 Ans.  20.6/14.0°

(h —30—j30  Ans. 42.4,/-135°
() 5—j15 Ans. 15.8/-71.6°
(hy 5+ ;8 Ans. 9.4/58.0°

(i) —104j20  Ans. 22.4/116.6°

X
() R—jX  Ans VREFXE/uctan T

17.20  Convert each of the following to rectangular form:

(@) 15/30° Ans. 13.0+ j7.5

(b) 15/=30° Ans. 13.0 — j7.5

() 50/53.1° Ans. 30+ j40

(d) 30/180° Ans. =30+ jO

(e) 100/~120°  Ans. —50.0 — j86.6
@ 50,90° Ans.  j50

(g) 8 A40° Ans. 6.134 j5.14
(h) 100 /35° Ans. 819+ j57.4
(i) 12/250° Ans. —4.1— j11.3
G Z/6° Ans. Zcosf + jZsin@

Perform the indicated operations:

1721 4.1+ j1.2)+ (3.6 — j0.8) Ans. 1.7+ j0.4

17.22 (50 — j50) 4 (100 + j50) Ans. 150

17.23 (550 — j200) — (430 + j215) Ans. 120 — j415
17.24 (700 + j1000) — (=700 + ;j500) Ans. 1400 + j500
1725 (B +j5+ (12— j3) —(6+ j10) Ans. 9 —j8
1726 50,/32° +20/18°  Ans. 614+ j32.7

17.27 45 /45° —200 /—35° Ans. —1324 j147

1728 (—10+ j4)(6+j2)  Ans. —68+ j4

1729 5+ j)(6+j4)  Ans. 26+ j26

[CHAP. 17
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1730 4+ j2)/B3+ j4) Ans. 0.8 —j0.4
1731 (5—j8/4+ jb Ans. —0.375 — j1.625
1732 6 /30° x 2 /22° Ans. 12 /52°
17.33 1.6 /62° x 3.4 /=30° Ans. 5.44 /32°
17.34 324 f40°/10 /20° Ans. 32.4 /20°
17.35 25 {15"/2 /—15° Ans. 12.5/30°
1736 I Z =3+ j2,find Z*,ZZ*, (Z + Z*), and (Z — Z*).
Ans. Z* =3 — j2, complex number (conjugate)
77* = 13, real number
Z + Z* = 6, real number
Z — 7* = j4, imaginary number
17.37  Find graphically:
(@ G+j2)+2-j4
b GB+j2)—2—-j4 (®)
Jjor A 1+j6
,’/jg B \\\
ek A
3l [ 8
(@) J 'goi \
j2r 2k R 53452
Jr Vi1
1 1 1 1 1
0 -2 -1 0 1 2 3
-j1 ik
-2 —i bk
714 - 7]'4 - 2*]4
Ans. 5—j2 Ans. 1+ j6

Find the complex impedance Z of the following ac series circuits in rectangular and polar forms.

17.38

R=10Q Ans.
XL =59

Z =10+ j5=11.2/26.6°Q

407
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17.39

17.40

17.41

17.42

17.43

17.44

17.45

17.46

17.47

17.48

COMPLEX NUMBERS AND COMPLEX IMPEDANCE FOR SERIES AC CIRCUITS

R=12Q Ans.
X, =59
R =100 Ans.
Xc =250Q
R =50Q Ans.
Xc =70
R=10Q Ans.
X, =12Q
Xc=8Q
R=10Q Ans.
X, =40Q
Xc=40Q
R=20Q Ans.
X, =78
Xc=12Q
R=20Q Ans.
XL =78
Xc=7Q
R =126% Ans.
X, =154Q
Xc =622
R =76.5% Ans.
X, =13.2Q
Xc =46.6 2
Evaluate

3—j4 2+ j4
@ G4 344

Z =12+ j5=13,/22.6°Q
Z =100 — j250 = 269 /—68.2° Q
Z =50 — j70 = 86 ,/—54.5° Q

Z =10+ j4=10.8/21.8°Q

Z =10+ j0 =10 /°Q

Z=20-j5=20.6/-14.0°Q

Z =20+ j0=20/0°Q

Z =126+ j9.2=15.6/36.1° Q

Z =76.5— j33.4=2835,/-23.6°Q

Ans. 5

[CHAP. 17

Note that by multiplying two sets of conjugate pairs and then subtracting them results in a real

number.

1—j2 3+ j4

®) ‘5 —j1

6

‘ Ans. —13 — j29



Chapter 18

AC Circuit Analysis with Complex Numbers

PHASORS

A phasor is a complex number associated with a phase-shifted alternating voltage or current. If the phasor
is in polar form, the magnitude is the effective (rms) value of the voltage or current and its angle is the phase
angle of its phase-shifted alternating voltage or current. (See section on phasors, Chapter 12, Principles of
Alternating Current.)

TWO-TERMINAL NETWORK

For a two-terminal circuit with an input phasor voltage V and an input phasor current I (Fig. 18-1), the
impedance Z of the circuit is defined as the ratio of V to L.

v
7Z=— 18-1
I (8-1)
v
Th I=-— 18-2
en Z (18-2)
and V=1Z (18-3)
Bold letters are used to show phasor quantities.
I—
+
\% Z

Fig. 18-1 Two-terminal network

Equation (/8-3) is sometimes called “Ohm’s law for alternating current.” Voltage, current, and impedance
quantities are complex numbers.

SERIES AC CIRCUIT

Figure 18-2 shows a series circuit with one voltage source V and three impedances, Z1, Z,, and Z3.

Fig. 18-2 General form of dc series circuit

409
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I causes a voltage drop across each impedance: Vi across Zp, V; across Z,, and V3 across Z3.
Kirchhoff’s voltage law states that the sum of the voltage rises is equal to the sum of the voltage drops
around any closed path. Applying this law to the series circuit (Fig. 18-2), we have

V=V +V,+V3 (18-4)
Also V=1IZ (18-3)
Then Vi =1Z,, Vo =1Z,, and V3 =173
So V=17, +1Z, +1Z3

=121+ 7, + Z3)
We can rewrite V=Vr=I7Z7 (18-5)

where V7 is total voltage, I7 is total current, and Zr is total impedance
where 17y =7,+7>,+ 73 (18-6)
For multiple » impedances in series,
Zr =L +1r+23+---+ 1, 18-7)

Example 18.1 In the series ac circuit (Fig. 18-3a), find Z7 and I, and draw the phasor diagram. Also verify KVL by
showing that the sum of the voltage drops is equal to the input voltage.

ﬁ 100 V Vo refs
Z rererence
Ir ! -53.1° r

vr=100/0°V(~) 2,8 s

000/

20A

Z,
\| I
vl T

—j4 Q

(a) Circuit diagram (b) Phasor diagram

Fig. 18-3 RLC series circuit

Step 1. Find Z7.

7y =71 +7)+ 73
=3+ j8—j4
Zr =3+ j4=5/53.1°Q Ans.

Step 2. Find I7.

vr
Ir = — 18-2
T Zr (18-2)
100 /0°
Ir = —*~~— =20/-53.1°A Ans.

5 /53.1°
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Step 3. Draw phasor diagram.
See Fig. 18-3(b).

Step 4. Verify KVL.
Write the impedances:

Z,=3+0j=3/0°Q
Z, =0+ j8=8 /90° Q
Z;=0—j4=4 /-90°Q
Find the individual voltage drops and then add them:
V) =1IrZ; = (20 /=53.1°) (3@) =60 /—53.1° =36 — j48V

V) =1I7Z; = (20 /~53.1°) (8 /90°) = 160 /36.9° = 128 + j96 V
Vi =IrZy = (20 /~53.1°) (4 /~90°) = 80 /—143.1° = —64 — j48 V

Vr =V +V,+V3 (18-4)
= (36 — j48) + (128 + j96) + (—64 — j48)
— (36+ 128 — 64) — j (48 — 96 + 48)

V7 =100 — jO =100 ﬁ V, which agrees with the given input voltage. Ans.

PARALLEL AC CIRCUIT

A single voltage source is applied to an ac parallel circuit with three impedances (Fig. 18-4). We may
apply Kirchhoff’s current law that the sum of the currents entering a junction, say at A, is equal to the sum of
the currents leaving a junction, so that

Ir=L+L+1I3 (18-7)
A% \Y% A%
where L =-L L=~ and I3 = -~ (18-2)
Z, /) Z;
_ Vr  Vr Vr
Th bstituting, Ir=—+—+ —
en substituting T Z1+Z2+Z3
1 1 1 Vr
d factoring, Ir=Vi(o0t+—4-—) =L
and factoring T T (Zl + z + Z3> Z

A
o ° .
’?T L L L
Vr z, z, Z,
o ® .

Fig. 18-4 General form of ac parallel circuit
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where the total or equivalent impedance for three parallel impedances is
L_1 + ! + ! (18-8)
Zr 7L, 1, 13
which can also be written as
Z ! 18-8
T = 1 1 1 ( - a)
7, 71, 1713
For two parallel impedances,
1 1 1
Zr 1, I
7,7
=122 (18-9)
7, +17,
Example 18.2 In the parallel circuit (Fig. 18-5) find I and Z7. Also draw the phasor diagram.
WT $ L, i L $ I
3Q § 8 Q
v =100/0°V(~) §209
Jj4Q -~ J6Q
Branch 1 Branch 2 Branch 3
Fig. 18-5 RLC parallel circuit
Step 1. Write the impedances of each branch.
Branch 1: Z; =20+ j0=20 /0°Q
Branch2: Z, =34 j4=5 /53.1°Q
Branch 3: Z3=8-—j6=10 /-36.9°Q
Step 2. Find the branch currents.
Vo 100 /0°
II1=—= =5/0°=54+j0A
Tz T 2000 !
A\ 100 /0°
L=-L=——4—=20/-531°=12—jI6 A
Z, 5/53.1°
Vr 100 /0°
Iihi=—=—-~——=10 /369°=8+j6 A
T3 T 10 /369° /
Step 3. Find I7.
Ir=L+L+1I3 (18-7)
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Then substituting,
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It =0G+,0)+ 12— j16) 4+ (8 + j6)

=(G5+12+8)+,(0—16+6)

=25—-j10=269 /-21.8° A Ans.
Step 4. Find Z7.
A\
Zr = - (18-1)
Iy
100 /0°
r=——"~——-=372/21.8° =345+ ;138 Q Ans.
26.9 /—21.8°
Step 5. Draw the phasor diagram.
Ans.
Vr
W
o180 V reference 269A I reference
2
6.94
Ir
(a) ®)

It is convenient to use V7 as the reference line because its given phase angle is 0°, as shown in (a). We also
could show the phasor diagram with Iy as the reference line shown in (b). In both phasor diagrams, I7 lags V1

by 21.8°.

Generally in drawing the phasor diagram for series circuits, we use current as the reference because current
is the same in all parts of the circuit. In parallel circuits the current may be different in each part, but the voltage
is the same for every branch. Thus, the reference line in parallel circuits is often chosen as the voltage.

Example 18.3 Find the input impedance at the terminals for two complex impedances in parallel (Fig. 18-6).

gSOQ

- —j150Q

o .
—
o |y
40 Q
Vo Zp—>
j30Q
Branch 1 Branch 2
o .
Fig. 18-6
Step 1. Find the impedance of each branch.
Branch 1:  Z; =40+ j30 =50 /36.9° Q
Branch 2:  Z, = 80— j150 =170 /—61.9° Q@
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Step 2. Find Z7.

VAV
=122 (18-9)
7, +7,
. (50 /36.9°)(170 /—61.9°) 8500 /—25.0°
Substituting, 17 = =

T (40 + j30) + (80 — j150) 120 — j120

8500 /=250° _ 500 0,00 4704+ 17.1Q A
= e = . . = . . ns.
170 /~45° /

Another method for finding Z7 is to assume a convenient input voltage V7 at the terminals and solve for I;
and I. Here is an example showing V7 cancelling out in the equation for Zr, thus allowing you to chose a
convenient value for Vr.

v v
= L= T —(0.02,/-36.9°)Vr = (0.016 — j0.012)V

I =
Z, 50 /36.9°

v v
=L T _ (000588 /61.9°)Vs = (0.00277 + j0.00518)V

I, = =
Z, 170 /—61.9°

Ir =1; + I = (0.01877 — j0.00682)Vy = 0.0200 /~20.0° V7

v
Then Zr = -L Ve =50.0 /200°Q  Ans.

7~ 0.0200 /-20.0° ¥g

SERIES-PARALLEL AC CIRCUIT

We will illustrate the solution of a series—parallel circuit by presenting an example.

Example 18.4 In the series—parallel circuit (Fig. 18-7), find Z7 and I7.

Z1
R
Lo10Q j10Q
—— M0
ﬁ ! |
| |
IT ,,,,,,,,,,,,,,,,, |
I2 13
RS
! 20Q | ! |
‘ : ‘ :
vr-s0l0v () - geen
. geoQ] | |
I j I j

Fig. 18-7 Series—parallel circuit
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Write the impedances.
Z, =10+ j10=14.1 /45° Q
Z) =20+ j60 =632 /71.6° Q

Z3 =0+ j6 =6 /90° Q

415

Step 2. Combine the impedances.
Z, and Z3 are in parallel so their equivalent impedance is
7,7 63.2 /71.6°)6 /90°  379.2 /161.6°
Us—9) 7, - Bt ( 09)6,/00° _ '
7, +173 (204 j60) + j6 20 + j66
379.2 /161.6°
= —~——— =5.50 /88.5° =0.144 + j5.50 @
69.0 /73.1°
Z, is in series with Z1 so
Zr =71 +Zs = (10+ j10) + (0.144 + j5.50)
=10.14 4+ j15.50 = 18.5 /56.8° Q Ans.
Step 3. Find I7.
v 50 /0°
Ip=-L—_"Z—  _27/58A Ans.
Zr 185 /56.8°
The circuit is inductive with input current lagging input voltage by 56.8°.
Summary Table 18-1 for ac circuits shows the relationships between R, X, X¢c, and Z.
Table 18-1 Summary Table for AC Circuit Relationships
Inductive reactance Capacitive reactance
Resistance R, Q2 X, Xc, Q Impedance Z, Q2
Definition Opposition to ac due | Opposition to ac due | Opposition to ac due | Opposition to ac due to

to resistance

to inductance

to capacitance

combined resistance and
reactance

Phase angle

IR in phase with Vp

0 o
—
I Ve

I1 lags Vi by 90°
\f:

I¢ leads V¢ by 90°

Z=+R24 X2

X=X, —Xc

tan6z = X/R in series

tan 0y = £1x /IR in parallel

I, Ve
Single or

combined

impedance

rectangular: R+0j 0+jXL 0—jXc R+jX
polar: R /0° Xy, /90° Xc /=90° Z /0
Kirchhoff’s V=IR V=I(Xr) V=I1(—jXc) vV=I1Z
law for =1IXx; /90° =1Xx; /-90°

voltage
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COMPLEX POWER

Introduction

AC power has been discussed without use of complex numbers in Chapters 13—15. Power formulas from
these chapters are repeated for quick reference.

Real power P = VI cos0, W (13-20) (14-21) (15-15)

P =I*R,W (13-21) (14-22) (15-16)

Reactive power Q = VIsinf, VAR  (13-22) (14-23) (15-18)

Apparent power S = VI, VA (13-23) (14-24) (15-19)
Power factor PF = cos 0 (15-20)

V is input voltage, I is input current, and 6 is the phase angle between V and I.

One use for complex power is to obtain the total complex power of several loads in parallel energized by
the same source. The total complex power is the sum of the individual complex powers regardless of how the
loads are connected. Therefore, total real power is the sum of the individual real powers, and total reactive
power is the sum of the individual reactive powers. The same is not true to obtain total apparent power. Another
use for complex power is in power factor correction.

Complex Power Formulas
By definition, the complex power formula is

S=P+,j0 (18-10)

having components P and Q (Fig. 18-8)

where S = complex power in voltamperes, VA
S = magnitude of S = VI = apparent power in voltamperes, VA
P = real power in watts, W
Q = reactive power in voltamperes reactive, VAR; also referred to as vars for industrial applications.

We see from Fig. 18-8 that

S=S/6=VI/0 (18-11)
P = Scos6 = VIcosO (18-12)
Q = Ssinf = VIsin6 (18-13)
Imaginary
S sle
| 3
S | //{ .
Jjo |jQ E— S JjO=jVIsin6
0 | 0
N I reference
P Real P="VIcos6
(a) S=P+jQ (b) S=VI(cos 6+ sin6)

Fig. 18-8 Complex power triangle
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Complex power S is a complex quantity with magnitude S equal to the product of the input voltage V and the
input current /, both in rms or effective values, and with a phase angle 6 between V and I.

Other formulas that can be used to determine components of the complex power triangle (Fig. 18-8), using
V =17, are

S=VI=UZ2)I=1*Z (18-14)
P = VIcosf = (IZ)I cos = I*(Zcos®) = I°R (18-15)
Q = VIsin6 = (IZ)I sin® = [>(Zsin0) = I°X (18-16)

V, I, and Z represent the magnitude of voltage, current, and impendence, respectively. The magnitude of these
quantities can be shown also as V = |V|, I = |I|, and Z = |Z| by placing bars by the phasor quantity.
A third formula for complex power is

S = VI* (18-17)

where I* is the conjugate of the input current phasor I and V is the input voltage phasor.

Note from Eq. (I8-15) that R = Z cos@ is the input resistance, the same as the real part of the input
impedance. R is usually not the resistance of a physical resistor, but the real part of the input impedance and
is usually dependent on inductive and capacitive reactances, as well as on resistances. It is important to note
that S is a complex number, but does not represent a sinusoidally varying quantity.

Power Factor

The term “cos 6” is called the power factor, PF. The angle 6 is called the power factor angle. 0 is often
also the impedance angle. The power factor of an inductive circuit is called a lagging power factor, and that
of a capacitive circuit is called a leading power factor. If a circuit has only resistance, the PF = 1; if it has
only reactance, PF = 0.

To deliver a large amount of power, a high PF, i.e., close to 1, is desirable.

We see from P =VIcos6 (18-12)

P P
" Vecos® V xPF

that by having a smaller PF, the current / to the load becomes greater. Larger than necessary currents are
undesirable due to the accompanying large IR voltage losses and >R power losses in power lines.

Reactive Power Q

Reactive power is often used for industrial power consideration. The sign convention for Q is positive
(+ Q) for an inductive load shown above the real axis, and is minus (— Q) for a capacitive load shown below
the real axis; that is, +Q consumes reactive power and —Q produces reactive power. Reactance does not add
to the real or effective power. Stored energy is being shuttled to and from the magnetic field of an inductance
or the electric field of a capacitance.

Example 18.5 An ac voltage with a rms value of 115V is applied to a load impedance of R = 75 Q and X; =38 Q
(Fig. 18-9a). Find the value of real power P, reactive power Q, apparent power S, and complex power S. Show the phasor
diagram and the power triangle.

Step 1. Find P.

It makes no difference what angle is assigned to V, so we conveniently assign 0° to voltage.
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Step 2.

Step 3.

Step 4.

AC CIRCUIT ANALYSIS WITH COMPLEX NUMBERS [CHAP. 18
S
1 G\IP»
R275Q 5\ j71.3 VAR lagging
115V 26.9°
115V \% I reference
—26.9° 140.5 W P
X, 8j38Q
I
(a) Circuit diagram (b) Phasor diagram (c) Power triangle
Fig. 18-9 RL series circuit
V=115 /0°V
Z =75+ j38 = 84.08 /26.9° Q

\% 115 /0°
Then I=—=——— =137 /-269°A

Z  84.08 /26.9°
(18-12) P = VIcost = (115)(1.37)(cos 26.9°) = 140.5 W Ans.
or P=1%R=(137)2(75) = 1408 ~ 140.5W  Ans.
Find Q.
(18-13) Q = VIsin6 = (115)(1.37)(sin 26.9°) = 71.3 VAR lagging Ans.

since I lags V.
Find S.
S =VI=(115(.37) = 157.6 VA Ans.

Write S.
(18-10) S=P+,jQ=140.5+ j71.3 =157.6 /26.9° Ans.

The phasor diagram and power triangle are shown in Fig. 18-9(b) and (c), respectively.

An alternate way of finding S without first solving for its components, P and Q, is to use the formula
S=VrI* (18-17)
From Step 1, I = 1.37 /=26.9°
Then I* = 1.37 Mhy changing the sign of the phase angle of I
S = (115 /0°)(1.37 /26.9°)
= 157.6 /26.9° VA Ans.

from which S = 140.5 4 71.3 VA in rectangular form so
—_— =~
P Q

P =1405W and Q = 71.3 VAR lagging.
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Table 18-2 Summary of Complex Power Relationships

S P
> +j0 > -jo
Complex power triangle: a
P S
(a) Inductive, PF lagging (b) Capacitive, PF leading
§$=P+j0 S=P-jQ
Complex power S, VA | Apparent power S, VA | Real power P, W | Reactive power O, VAR PF
Formulas: P+j0O VI VI cos 6 VI sin 6 cos @
S /6 VP2 + Q2 I’R ’x P/VI
VI*

Table 18-2 summarizes the quantities of complex power.

Example 18.6 A generator is to supply power to a welder, heater, and induction motor (Fig. 18-10). A capacitor is used
to supply reactive power for the welder and motor in order that the net load on the generator will have unity power factor.
Find the complex power and real or effective power that must be supplied by the generator, and the reactive power that
must be supplied by the capacitor. If the capacitor were not used, what apparent power would have to be supplied by the

generator?

j3Q
_ 1 Induction motor,
y=120v () T g (M 60 kW, 0.8 PF lagging
4Q
Capacitor Welder Heater
15 kW
Fig. 18-10

Step 1. Find the individual power requirements for the welder, heater, and induction motor.

Weld I \% 120 120 120 24.0 A
elder: = — = = — = 4.
Z |4+ j3| /42 4 32 5

P = I’R = 24.0)2(4) = 2304 W ~ 2.3 kW

0 =I°X; = (24.0)>(3) = 1728 VAR ~ 1.7 kVAR lagging
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Heater: P =15kW, given Q =0VAR
Induction motor: PF =cosf = 0.8, 6 = arccos0.8
P = VIcosf
P 60
= = — =75kVA
cosf 0.8

Q = VIsin® = 75sin(arccos 0.8) = 75(0.6) = 45 kVAR lagging

Step 2. Find S, P, and Q.

S equals the sum of the individual complex power. Arrange a table for P and Q:

Item P (kW) 0 (kVAR)

Welder 2.3 1.7

Heater 15 0

Motor 60 45

Total power requirements 77.3 kW 46.7 kVAR, lagging

S=P+j0 (18-10)

S =773+ j46.7=90.3 /31.1° kVA Ans.
P =T77.3 kW, real power from the generator. Ans.

Q =46.7kVAR leading is the reactive power produced by the capacitor
to offset the inductive reactive power of 46.7 kVAR so that
the net reactive power Q = 0 and the PF = 1. Ans.

Step 3. Find apparent power of circuit without the capacitor.
We found S = 90.3 /31.1° kVA = VI /8, so that apparent power VI is 90.3 kVA. Ans.

In practice, a capacitor would not be used because it would be cheaper to increase the size of the generator
to supply 90.3 kVA than to buy a capacitor to supply 46.7 kVAR.

Example 18.7 Adding sufficient capacitance to increase power factor to 1 may not be economical in the circuit shown
in Fig. 18-10, Example 18.6. What must be the capacitive reactance to achieve a power factor less than 1, say 0.90 lagging,
and what is the new apparent power?

Step 1. Draw the power triangle from the values solved in Example 18.6, where

0 =46.7 kVAR lagging

P=773kW

S =90.3 /31.1° =77.3 + j46.7kVA

Without the capacitor, PF of the circuit = cos31.1° = 0.856 lagging.
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Step 2. Draw the desired power triangle where PF = 0.90 lagging.

0; =37.4 kVAR lagging

P=P,=773kW

PF| = cos 61 = 0.90 lagging
01 = arccos 0.90 = 25.8°
Q) = 77.3tan25.8° = 37.4 kVAR

Th lue of ) s 71.3 71.3
e new value of apparent power S| = = —
PP P 1= Cos 01 0.90

= 85.9kVA Ans.

Step 3. Draw the combined power triangle.

P, =773 kW

Q — @ is the reduction of Q lagging by adding a capacitor.
The capacitive reactance Q¢ required to improve the PF is

Qc=0— 01 =46.7—-37.4=93kVAR leading Ans.

Note that the addition of Q1 has improved the PF from 0.856 to 0.90. The decrease of apparent power from
90.3kVA to 85.9kVA, 44kVA, is 4.9%. The transformers, the distribution system, and the utility company
attenuators are all noted in kVA or MVA. Thus an improvement in PF, with corresponding less kVA, releases
some of the generation and transmission capability that can serve other customers.

DETERMINANT SOLUTION FOR AC CIRCUITS

When reactances are present in networks which cannot be resolved into simple series—parallel circuits, we
can use the same determinant solution technique for ac networks as in dc networks.
Recall from Chapter 8 that in a two-mesh dc network, the resistance determinant A is

A =

‘ Rit —Ri2 $-11)

—Ry Ry
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and for a three-mesh dc network,

Ri1 —Ri2 —Ry3
A =|—Ry Ry —Ry3 (8-14)
—R31 —R3 R33

For an ac network of two meshes and three meshes, we can similarly write the impedance determinant A.

Z,, —Zp

18-18
—Z 7y ( )

a-|

and

7, -7, —Z;;
A=|-Zy Zn -1 (18-19)
713 13 I3

To find the mesh current I, we solve

=1 (18-20)

Vi —Zy —Zi;
where N[1 = |V, 7y, —7p; (18-21)
Vi —Zz  Zs;

The 1st column of net voltages, Vi in mesh 1, V; in mesh 2, and V3 in mesh 3, replaces the 1st column of the
impedance determinant. Nz, and Ny, are similarly found by replacing the 2nd and 3nd column respectively by
the net voltages.

Example 18.8 Find I; by use of determinants for the circuit shown in Fig. 18-11.

h L R, 215Q
v =10/0°v(~) R, § 3.0Q
X, 8 j20Q
Mesh 1 Mesh 2
Fig. 18-11
Step 1. Find the impedance determinant A.
Zy —Zp

A= 18-18
'_ZZI Zy ( )
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where Z1; = total impedance of mesh 1
=R +0j=3.0+0j=3.0,0°Q
Z,, = total impedance of mesh 2
=(R1+ Ry +jXr, =45+ j2.0=4.92 /24.0° Q
71, = mutual impedance between mesh 1 and 2
=R +j0=30+,0=3 /0°Q
7,1 = mutual impedance between mesh 2 and mesh 1
=R +j0=3.0+;0=3/0°Q

Substituting,
3.0 /0° -3.0 /0°
A= N
&
-3.0 /0° 4.92 /24.0°

A = (3.0 /0°)(4.92 /24.0°) — (3.0 /0°)(—3.0 /0°)

A =14.76 /24.0° — 9.0 /0°

= (13.48+ j6.0) —9.0 =448+ j6.0 =7.49 /533

Step 2. Find Ny,.

Vi —Zp
N;, =
Vo Zp
10 /0° -3.0 /0°
0 /0° 4.92 /24.0°
=49.2 /24.0°
Step 3. Solve for Ij.
N
L =0
A
49.2 /24.0°
| = —%—— =657 /—29.3° A Ans.
7.49 /53.3°

Note: This example illustrates the use of determinants.
I; could be solved more simply by noting that

v 10 /0°
current through Ry =1Ig, = R—l =—5 = 3.33 /0°A, and
1
Vi 10 /0° 10 /0°
current through Zo =1z, = — = — — =4 /-53.1° A
Z, 154,20 25 /53.1°
Then I} =1Ig, +1z, =333 /0°+4 /-53.1° =333 +2.4 - j32

=573 — j3.20 = 6.57 /—29.2° A, which agrees with the previous answer.

423

(18-21)

(18-20)

Nevertheless, determinant solutions for current values are useful in a 2-mesh circuit, and particularly in a 3- or higher mesh

circuit. See Solved Problem 18.15.
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AC A-Y AND Y-A CONVERSIONS

Chapter 9 presents the A-Y and Y-A conversion formulas for resistances. The only difference for
impedances is in the use of Z’s instead of R’s. Specifically for the A-Y arrangement shown in Fig. 18-12,
the A-Y conversion formulas are

VAVZ

=2 (from Eq. 9-1 18-22
A ( q ) ( )
Z 2.2, (from Eq. 9-2) (18-23)
= rom Eq. 9- -

P I Y 7o+ Zs a

2275 (from Eq. 9-3) (18-24)
= —_— TOm .- -
T I +1,+ 75 d

Fig. 18-12

and the Y-A conversion formulas are

 Z,Zy + L + L1,

7 (from Eq. 9-4) (18-25)
Z.
ZuZy +TpZe + 7.7
7, = Lot T ; et Lefa (from Eq. 9-5) (18-26)
a
ZaZp + TpZo + 1.7
7, = Lalo tlobet Bla o Bq. 9:6) (18-27)

Zy

Example 18.9 Using A-Y conversion, find I7 for the circuit shown in Fig. 18-13(a).

Step 1. Convert A configuration at abc terminals to Y configuration (Fig. 18-13b). Use Eqs. (18-22)—(18-24). The
denominator is the same for all the formulas.

Zp=7+Zy+Z3=3+4— j4=8.062 /~29.7° Q

YAV 3)(—j4 12 /—90°
(18-23) 7, = 13:()(1)_

= =149 /—60.3° Q
Zp Zp 8.062 /—29.7°

=074 - j129Q
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-j4Q
I
AN
2Q  jL5 3Q b 4Q
O—AA—T00™ 0 A% 4% c
I —>
V,;=220/0°V -j2Q %ﬂ Q
O L

(a) Circuit

a b

(b) A-Y conversion

, 149/-603°Q  1.98/-60.3°Q
2Q 15

j1Q

—j2Q
! T

1 2

(¢) Circuit with A-Y conversion

Fig. 18-13
VAY/ 34 12
(18-23) 7, = 172 _ O@ _ =1.49 /29.7° Q
Zp Zp 8.062 /—29.7°
=129+ j0.74Q
Z,Z 4)(—j4 16 /~90°
(18-24) Z. = 283 _ @B (=jb = 2 =1.98 /—60.3° Q
Zp Zp 8.062 /—29.7°
=098 —j1.72Q

The circuit with the A-Y conversion is shown in Fig. 18-13(c).
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Step 2. Find Z7 by circuit reduction.

First, find the equivalent impedance of the two parallel branches:
Branch 1:  Z, — j2 = (1.29+ j0.74) — j2 = 1.29 — j1.26 = 1.80 /—44.3°

Branch 2:  Z;+ j1 =0.98 — j1.72 + j1 = 0.98 — j0.72 = 1.22 /—36.3°

(1.80 /—44.3°)(1.22 /=36.3°)  2.20 /—80.6°
(1.29 — j1.26) + (0.98 — j0.72) ~ 2.27—j1.98

€q

220 /—80.6°

Z¢gq is in series with 2 + j1.5 and Zg.

Then Zr = Q2+ j1.5) + Za + Zeg

= @2+ j1.5) + (0.74 — j1.29) + (0.56 — j0.46)

Z7r =330—j025=331/-43Q Ans.

Step 3. Find Ir.

v 220 /0°
=L _ 2/ _665/43°A  Ans.

Ir = =
g Zr 331 /—4.3°

Example 18.10 An ac bridge circuit (Fig. 18-14) can be used to measure inductance or capacitance in the same way that
a Wheatstone bridge can be used to measure resistance, as explained in Chapter 9. For measurement, two of the resistances
are varied until the galvanometer G in the center arm reads zero when the switch is closed. The bridge is then balanced,
and the unknown impedance Zy can be found by the bridge balance equation:

_L\Z3

Z
X 7,

Fig. 18-14 Wheatstone bridge

This equation is the same as that for the Wheatstone bridge except for having Z’s instead of R’s. [Though no further
problems will be offered, the reason for presenting the A-Y and Y-A conversion formulas is to inform the student that
complex number techniques can be applied to solve for networks with A or Y configurations.]
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Solved Problems

18.1  The resistance of a coil is 1.5 Q and its inductive reactance is 2 2 (Fig. 18-15). When the current is
4 A, find the voltage V and draw the phasor diagram.

I reference

(a) Circuit diagram (b) Phasor diagram

Fig. 18-15 RL series circuit

Z=R+jX=15+j2=25/53.1°Q
Choose I as the reference phasor at 0°.
(18-3) V=1Z= (4 /0°)(2.5/53.1°) =10 /53.1° V Ans.
V leads I by 53.1° or equivalently I lags V by 53.1°. Phasor diagram is shown in (). Ans.

18.2  For RLC series circuit (Fig. 18-16), find the impedance Zr, current I, and the voltage drops around
the current. Draw the voltage phasor diagram. Check the solution by use of Kirchhoff’s voltage law.

Fig. 18-16 RLC series circuit

Step 1. Find Z7.
By inspection, Zr =R+ jX=R+j4—-j8=3—j4=5,/-53.1°Q Ans.
Step 2. Find I7.

% 20 /0°
(18-2) Ir = L = 204 _ 4 /53.1°A  Auns.
Zr  5/-53.1°

Vr is the reference phasor at 0° angle.
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Step 3. Find the voltage drops.

Ve =I7R = (4 /53.1°)(3 f0°) = 12 /53.1°V  Ans.

V. =IrX; = (4/53.1°)(4 /90°) = 16 /143.1°V  Ans.

Ve =1IrXc = (4 /53.1°)(8 /=90°) =32 /=36.9°V  Ans.

Step 4. Draw the voltage phasor diagram.

V,;=16[143.1°V Vep=12|53.1°V

Ans.

V=321-36.9°V

Step 5. Check solution.

Convert voltage drops from polar form to rectangular and then add.

Vr=12/53.1° =72+ jo.6V
VL =16 /143.1° = —12.8 4+ j9.6 V
Ve =32,/-369°=256— 192V

KVL states that the applied voltage of a series circuit equals the total voltage drops.

Vr=Vr+VL+Vc
=72+ j9.6) + (—12.8 + j9.6) + (25.6 — j19.2)
=20+0j =20 0°V Check
18.3 Figure 18-17 shows a parallel two-branch circuit. (a) Show that I} = (Zr/Z;)Ir and

I, = (Z7/Zy)Ir. These equations are current division formulas between two parallel branches.
(b) Also show that Iy = [Zy/(Z + Z3)] 17 and I, = [Z,/(Z + Z»)]I7.

(a) Write: Vr =17Z7 =11Z1 = 1,Z,, V7 is the common voltage

Zr

Solve for I;: I, = —Ir Ans.
Z,
Z

Solve for I: I, = —TIT Ans.
V)

The general formula to find individual currents for the nth branch if we know total current I7
and equivalent or total impedance Zr is I, = (Z7/Z,)Ir. For example, if there were n = 3
parallel branches, the current in the 3rd branch would be I3 = (Z7/Z3)Ir.
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IT% \Lll \J/IZ

<
~

7,—> 7, z,

[e;

Fig. 18-17 Current division between 2 parallel branches

7,7,

b) Write: 71 = 18-9
(b) rite T 7 172, (I8-9)
. Zr yAVZ) )( 1 ) ( V2 )
Substituting Z7y, I} = —1Ir = =——— — | Ir=(—"—]1 Ans.
gor, =g (Z1 v72,)\Z ) " \zv2.) "

Z Z 1 V/
L =21, = (—1Z2 ) <_) Iy = (—1 )IT Ans.
/) Z,+7,) \Z 7,+7,
18.4  Connect a resistor of 3.0 €2 in parallel with a coil having a resistance of 1.5 €2 and inductance of 2.0

(Fig. 18-18). The applied voltage is 10 ﬁ V. Find the total current and draw the current-phasor
diagram.

Vy=10/0°V R1§3Q

Fig. 18-18

Step 1. Write the impedances of the two branches.
Branch 1: Z; =R;+0j=3.0+0j=3 0°Q
Branch 2: Z; = Ry + jX; =154 j2.0=2.5 /53.1°Q

Step 2. Find I; and I,.

Vi 10 f0°
L= = L=3.33ﬁ=3.33+j0A

Tz 300
Vi 104 ,
L=l = 2Ll _400/-53.1°=2.40 — j3.20 A
T 7 T 25 /5500 /

Step 3. Find I7 by adding I; and I,.
Ir =1; + I, = (3.33 + jO) 4+ (2.40 — j3.20)

=5.73 - j3.20=6.56 /—29.2° A Ans.
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Step 4. Draw the current-phasor diagram.

Vrreference

Ans.

18.5 In the series circuit (Fig. 18-19), the effective value of the current indicated by the ammeter is 10 A.

What are the readings on a voltmeter placed across the entire circuit and then across each element?

Step 1. Find Z7.
Zr =2+ j6— j4=2+ j2=2383 /45° Q

Step 2. Find the voltmeter readings.

Since we are interested in finding the effective values of voltage, we need only multiply
magnitudes of current and of impedance to find voltage. Then

Ve =IrZr = (10)(2.83) =283V Ans.
Vi =IrR=(10)2) =20V Ans.
Vo=1Ir X, = (10)6) =60V Ans.
Vs=IrXc = (10)4) =40V Ans.

18.6  In a two branch parallel circuit, the voltmeter reads 50 V across the 5 Q-resistor (Fig. 18-20). What is
the reading of the ammeter?

Step 1. Find magnitude of I.

50
L=>2=10A
2775

Assume I, has a phase angle of 0°. Then

L =10 /0° A
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o\
(e}
(4
IT
I
I
I
|
I
v, |
I
I
I
I
I
I
O

Step 2. Write Z; and find V7.

7, =5—-j5=17.07 /—45° Q

Vr =hZ, = (10 0°)(7.07 —450)
=70.7 /—45°V
Step 3. Write Z; and find I;.

7, =10+ j4 =10.8 /21.8° Q

Vi 707 /-45° _
L= L= DL 655/ 66.8° = 2.58 — j6.02A
'TZ T 108 418 /

Step 4. Find I7.

Ir =1 +1, = (2.58 — j6.02) + (10 + jO) = 12.58 — j6.02
=139 /—25.6 A

The ammeter reads 13.9 A. Ans.

18.7  Find the input impedance of the series—parallel circuit (Fig. 18-21).

Zl
T T T T T T T T,
L se 20
! |
b ©lz, zZ, zZ,
A N N i
| I | I | |
! ! ! | | §3Q !
| . . :
| | ! | | |
2,—> 220 gpo :
} | ! | | |
| | | ! ! |
| I | | | |
| I | | I |
| | | | ! |
L ! L ! L |

Fig. 18-21
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Step 1. Find the equivalent impedance Z 4 to the three parallel impedances, Z,, Z3, and Zj.

1 111
_ 18-8
7. "7 + z + Zi (18-8)

L3l + 17+ 175

27
Then Zs= 2752 (18-8a)
1374 + 1274 + 1075

Z,=2+j0=2/0°Q
Z3 =0+ j2=2,/90°Q
Z4=3-j5=583/-59.0°Q

Substitute these impedances into Eq. (18-8a),

7, — (2 /0°)(2 /90°)(5.83 /~59.0°)
(2 /90°)(5.83 /=59.0°) + (2 /0°)(5.83 /=59.0°) + (2 /0°)(2 /90°)
23.32 /31.0°

~ 11.66 /31.0° + 11.66 /—59.0° + 4 /90°

B 23.32 /31.0°
"~ (9.99 + j6.01) + (6.01 — j9.99) + (0 + j4)

23.32 /31.0°  23.32 /31.0°
16 +j0.02 ~ 16.00 /0.07°

A =
Z, =1.46 /30.9° =1.25+ j0.75 Q

Step 2. Find Z7.

Z, is in series with Z. 4.

Ly =71+ 7,
= (54 j2) + (1.25 + j0.75)

Zr =6.25+ j2.75 =6.83 /23.7° Q Ans.

An alternate way to find Z 4, and simpler in this case, is to write Eq. (/8-8) and rationalize
the denominator in each term.

Substitute: — = — 4 —
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18.8

1 1 j 1 34+ /5
Rationalize: — =05+ (— i + . +].
Zy Jj2) \j 3—j5)\3+j5
345
34
—0.5— j0.5+0.088 + j0.148

=0.5—j0.5+

1
7= 0.588 — j0.352 = 0.685 /—30.9°
A

Take the reciprocal: 7, = 1.46 /30.9° Q Check

1
= 0.685 /=30.9°

When all three complex impedances have components of resistance and reactance, it is
recommended that formula (/8-8a) be used.

Determine the total impedance Z7 as seen from terminals A and B in the bridge circuit (Fig. 18-22).

[e;

Given:

Z; =100 /0° = 100 + jO Q
Zy =150 /30° = 130+ ;75 Q
Z3 =250 /0° =250+ jOQ

Z, =100 /—30° = 86.6 — j50 Q

S
SoNe

Fig. 18-22

Step 1. Write the formula for Z7 between terminals A and B. The parallel combination of Z;
and Z; is in series with the parallel combination of Z3 and Z4. Therefore,

L2, sl
S Iy +Zy, Z3+74

77 (I) from Eq. (18-9)

Step 2. Solve for Z7 by substituting the given impedance values into Eq. (/8-9) (/) and simplifying.
(100 /0°)(150 /30°) N (250 /0°)(100 /=30°)
r= (100 + jO) + (130 + j75) (250 4+ jO) + (86.6 — j50)

_ 15000, /50° | 25000/-30° _ 15000 /30° | 25000 /~30°
T 230+ ,75 ' 336.6—j50 2419 /18.1° ' 3403 /—8.4°

=62.0 /11.9° +73.5 /=21.6° = 60.7 + j12.8 + (68.3 — j27.1)
Zr =129.0 — j14.3 =129.8 /—6.3° Q Ans.
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18.9  The total current entering the parallel circuit is Ir = 20 /45° A (Fig. 18-23). Find the potential
difference between points A and B.

IT% J/Il \LIZ
B | S |
| .
! 10Q ! JjAQ
| I | |
| I | I — 0 = o
z, 4 | z, B | Z,=30+/0 30/0°Q
1 | | | Z,=0+/10=10/90°Q
| | | |
L 220Q - g6Q
L | N |
O
Fig. 18-23

Step 1. Find I; and I, by the parallel current division formula. See Solved Problem 18.3(b) for

formulas.
V4
L=(—)1I
! (Z1+Z2> T
10 90>
(20 /45°)
304 j10
200 /135° 200 /135°
304,10 31.6 /18.4°
I, =6.33 /116.6° A
Similarl I ( Z )I
1milarly, =
y 2 7.+ 7, T

- (330+£ ) (20 A45°)

600 /45°
31.6 /18.4°

I, =19.0 /26.6° A

Step 2. Calculate the voltage drop across the 20-€2 resistance and the j6-2 reactance.

Vaoq =1;(20 /0°) = (6.33 /116.6°) (20 A0°) = 126.6 /116.6° = —56.7 + j113.2V

Viso =1(6 /90°) = (19.0 /26.6°)(6 /90°) = 114 /116.6° = —=51.0 4+ j101.9V

Step 3. Find the voltage difference between A and B, V4p.
A B

o o

+ +

gzog §j69
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The sketch shows the correct polarity. So V4p is the difference between Vaoq and V jgq.
Vap = Voo — Vjeo = (—=56.7 + j113.2) — (=51.0 + j101.9)
Vap = —5.7+ j11.3 = 12.7 /116.8°

A voltmeter placed between points A and B would read 12.7 V. Ans.

18.10  An ac power line of 110 V operates a parallel bank of lamps and a small induction motor (Fig. 18-24).
Find (a) the total effective power Pr, (b) the total apparent power S, (c) the total reactive power Qr,
(d) the total PF, and (e) the total current I7.

A4 B

E $IA:10A @B:SA

Induction motor,
V,=110/0°V '\D C) CA/D PFp = 0.8 lagging
0p = arccos 0.8 = 36.9°

PF,=1.0
0,=0°

Fig. 18-24

Apparent power in branch A, Sy, is not in phase with the apparent power in branch B, Sp, since
they have different power factors. Thus, we must find the complex power for branch A, S4, and for
branch B, Sp, and then add them to obtain total power of the circuit, S7.

Step 1. Find Sy4.

Sa = Vals = (110)(10) = 1100 VA

Ps = Spco80s = S4c0s0° = (1100)(1) = 1100 W (18-12)
Q4= Sasinfy = 1100sin 0° = 1100 x 0 = 0 vars (18-13)
Sa=Pa+jO, =1100+ jO (18-10)
Step 2. Find Sp.
Similarly, Sg = VplIg = (110)(5) = 550 VA

Pp = Spcosfp = (550)(0.8) = 440 W
Qp = Spsinfg = (550)(sin 36.9°) = 330 vars, lagging
Sp=Pp+jOp =440+ ;330
Step 3. Find St.
St =84+S3
= (1100 + jO) + (440 + j330)

St = 1540+ j330 = 1575 /12.1

Pr or ST PFp angle
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Interpreting St as complex power, we have

(@) Pr=1540W Ans.

(b) St =1575VA Ans.

(¢) Qr =330vars, lagging Ans.

(d) PFr =cos12.1° = 0.978 lagging Ans.
Step 4. Find I7.

Sr=VrIr
St
Ir = —
=Y,

1575 /12.1° o
= Tﬁ =143 /12.1° A Ans.

A generator is in series with a fixed impedance Z¢g and a load impedance Zj (Fig. 18-25). Maximum
power is transferred from the generator to the load by making the load resistance Ry equal to the
generator resistance Rg, R = Rg, and the load reactance X (not to be confused with inductive
reactance) equal and opposite to the generator reactance X, X; = —X. In other words, make Zj,
equal to the conjugate of Zg,

Z, =75 %)

ﬁ Zs=Rc+jXs

(fixed)
vi(©)

Z;,=R, +jX]
(variable)

Fig. 18-25 Maximum power transfer

In an actual circuit, Z¢ is the internal impedance of the generator plus the impedance of connecting
lines and any other elements in the circuit. If Zg were a pure resistance, Z; would be an equal
resistance in order to receive maximum power. If Z; were inductive, Z; would need to be capacitive.
It is clear that a load can be adjusted to receive maximum power only if its resistance and reactance
can both be varied independently. Impedance matching to obtain maximum power to the load is
important in practically all communication engineering. Though the conjugate match is the ideal,
in practice both generator impedance and load impedance are likely to be mainly resistive, and often
it is adequate to make their impedance equal in magnitude,

|ZLl = 1Zg] )

If a 120-V generator has an internal resistance of Zg = 4 + j3, find (a) the load impedance Z;,
for the maximum power to be transferred to the load, (b) the power Py delivered to the load, (c) the
power factor, and (d) the power efficiency of the circuit.
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Step1l. FindZj.

(a) For maximum transfer of power, Z; = Z¢; =4 — j3 Ans.

Step 2. Find I7.

Zr =2¢+Zp =@+ j3)+ @ —j3)

—8+0/=8 0°Q

Let V7 =120 /0° V be the reference.
\% 120 A0°
Ir = r_ L = 15& A, V7 and Iy are in phase at 0°.

Zr — 8 N°
Step 3. Find P; and PF.
(b) PL=1I}R; = (15%(4) =900W Ans.
(¢) PF=cosf =cos0° =1 Ans.

Step 4. Find the power efficiency.

P tput at load P
Power efficiency = ower owlpwt a1 0a¢ _ L.

Power input T Py

Py = Vrlp = (120)(15) = 1800 W Ans.

900
P ffici =——=0.50= Ans.
(d) Power efficiency 1800 0.50 = 50% ns

A matched load is always 50% efficient, meaning that the load receives half the output from
the generator source, the other half dissipated by the generator resistance. This also means
that the terminal voltage drops to half when maximum load is applied. Neither of these
conditions is tolerable on a power system.

18.12 Two motors on the same line (Fig. 18-26) use 33 kW at 0.96 PF leading. The motor in branch B
draws 25 kW at 0.86 PF lagging. What is the real power, reactive power, apparent power, and PF of

motor A?
A B
P,=?
Pr=33kW 0,=? () Pp=25kW
M,
PF;=0.96 leading Cf\) v S=? 5 PFp =0.86 lagging
PF,=?

Fig. 18-26
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Step 1. Find the power relations of the total circuit, St.

Py=33kW
0
A —jOr leading
ST
P 33
Sp = — = = —344KkVA
PF;  0.96

PF7 = cosf = 0.96
6 = arccos0.96 = 16.3°
Or = Stsin6 = 34.45in 16.3° = (34.4)(0.281)
= 9.65 kvars leading
Then Sr=Pr—jOr =33—-j9.65kVA

Step 2. Find the power relations of motor B, Sp.

SB
SB
JOp lagging

05

Py=25kW
P 25

Sp=—2 — = _291kVA

PFz;  0.86

PFp = cosfp = 0.86
fp = arccos 0.86 = 30.7°
Qp = Spsinf = 29.1sin30.7° = (29.1)(0.511)
= 14.9 kvars lagging
Then Sp =25+ j14.86 kVA

Step 3. Find the power relations of motor A, S4.

Sr =S4+ Sp, total complex power equals the sum of the complex
power of branch A and branch B.

Then SA=S7r—Sp
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Total circuit: S7 =33 — j9.65

Motor B: Sp =25+ j14.86
Motor A: Sa=Sr—-Sp=_8 —j2451=258 /=71.9°kVA
Py 04 Vig
Thus, Py =8kW Ans.

Q4 = 24.5 kvars leading Ans.
Sa = VIg =258kVA Ans.
PF4 = cos 04 = cos(—71.9°) = 0.31 leading Ans.

Note that total PF7 does not equal the sum of the individual branches, PF4 + PFp. That is

PFr # PF4 + PFp
0.96 leading # 0.31 leading + 0.86 lagging

18.13  Find currents I; and I, in a series—parallel circuit (Fig. 18-27).

A B

4%

N, e by b,
vr=10[0°v(~) §59

j10Q

000/

Mesh 1 Mesh 2

Fig. 18-27

Step 1. Find total or equivalent impedance Z7.

10 Q-resistor is in series with parallel impedances in branch A and branch B.
Z=5+j0=5/0°
Z; =0+ j10 =10 /90°

Zr =10+ 2122
A
7.2,  (5,0°)(10,90°) 50 ,/90° 50 /90°

Zi+Z; (5+j0)+©+,10) 5+,10 11.18 /63.43°
=4.47 /26.57° = 4.00 + j2.00
So Z7 = 10 + (4.00 + j2.00) = 14.00 + j2.00 = 14.14 /8.13° Q@

Step 2. Solve for Ir.

v, 110 /0°
=L = 0 778 /813 =770— j1.10A
"= 7, " 1414 R13° /813 J
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Step 3. Find nodal voltage at A, Va.

Va=Vr —Vjq, the difference between the input voltage and the voltage
drop across the 10-2 series resistor.

Viog = I7R = (7.70 — j1.10)(10) = 77.0 — j11.0V

Va= 110+ j0) — (77.0 — j11.0) = 33 + j11 = 34.79 /18.43° V

Step 4. Solve for I} and I,.

Vi 3479 /18.43°
L= A=  (06 /184°A  Ans.
Tz 5 /0° "
Vi 3479 /18.43°
Lo A_2PL0% s 716°A  Ans.
=7 10 60° (7160 s

18.14  Find I, in Fig. 18-27 by the determinant method of solution.
Step 1. Find the impedance determinant A.
By inspection,
2, =10+5=15+,j0=150°Q
Zin=7Z =5+j0=5,0°Q

Zy, =5+ j10=11.18 /63.43° Q2

S0 5N
A= ‘_%“ _?2 = PR (18-18)
21 20 -5 00 11.18 /63.43°

= (15 /0°)(11.18 /63.43°) — (— 5 /0°)( — 5 0°)
= 167.70 /63.43° — 25 /0°

=75.01 + j149.99 — 25 = 50.01 + j149.99 = 158.11 /71.56°

Step 2. Find Ny, by replacing column 2 of Eq. /8-18 by the net mesh voltages, V| and Va.

N _‘ Z,, Vi|_ 15 0° 110 /0°
D70z Vo T =500 0
= (15 /0°) (0) — (110 /0°) (=5 /0°) = 550 0°
Step 3. Solve for I.
N 550 /0°
L=—2_— L A ans

A 158.11 /71.56°

Value of I, agrees with that found in Solved Problem 18.13.
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18.15  Find by mesh analysis the total current I through the generator and the impedance seen by the
generator if its voltage is 120V (Fig. 18-28). For simplification, assume 1-V service even though
the source voltage is 120 V. Resulting current values can then be multiplied by any given voltage to
determine the corresponding current produced by the given voltage.

V,=120/0°V G>/

Fig. 18-28 Reactances in a 3-mesh network

Step 1. Find the impedance determinant A.

7, -1, —Zi;
A=|-Zy Znn -1 (18-19)
713 -1z I3

Z =R +R)+jX;—jXc1=24+j2—j2=2Q
Z,=7Z)=R=1%Q

Zis=Z3 = —jXo = —j2Q

Ly =R+ R)+jXpp—jXca=2+j2—-jl=2+j1Q
Ly =Ty = —jXcy=—jlQ
Zy3=—jXc1—jXcra=—jl1—j2=—j3Q

Substitute impedance values in Eq. 18-19.

2 -1 j2
A=|—-1 2+j1 jl
2 j1 —j3

Expand the first column into second-order determinants.
2+ j1
j1
=2[2+jD(=j3) = GDGD] + [(=D(=)3) = GDGD] + j2[ = j = j2Q + j1)]
= (—j12+8)+ (j3+2)+ (10 + j4)

=20—j5

3 F2 Y N S 7] H B R )
s=2f i gl enfi i)

2471 jl1
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Step 2. Find N Iy and then I7.

Since I7 is the current in Mesh 3, we replace the 3rd column in A by the net voltages of
each mesh to find NIT. Assume V3 =1V;V; =V, =0V.

Z,, -Z;; V,
N[3 =N1T = |—Zn Zy, V» (from Eq. 18-21)
~Z31 —Z3 V;3
2 —1 0
—|-1 241 0
2 1
2+t 0 -1 0, .| -1 o
—2‘ j 1‘_(_1)‘]'1 1‘“2'24”'1 0‘

=22+ )+ (=) +0
=3+ 2

N;
Ir=—L
T="A

_3+2)
20— 5
. .. 3+25 204,75 504,55
Rationalizing, Iy = T 0775 — 5
—J J
=0.175 /47.6° A

=0.118 + j0.129

At Vr = 120V, the current will be 120 times greater at the same phase angle, so

Ir = (120)(0.175 /47.6°) = 21.0 /47.6° A Ans.
Step 3. Find the total impedance.

T Ir 210 /47.6°

18.16  Show for parallel-connected networks that the total real power Pr and the total reactive power Q7 are
the sum of the individual real power and the individual reactive power, respectively, in each branch.

v 120 /0°
Zr = - Vi =571 /-47.6°Q  Ans.

Write S = VIt (18-17)
Sr=VI; =V (I’f +L+L+-+ IZ) for n-branches
=VI} + VI3 + VI3 4 - - - + VI,

Therefore ST=S1+S+S3+---+8,

But Sr=Pr+jQr, Si=Pi+/0;, S2=P+j0,,
S3=P3+j03, Spn=P+j0,

So Pr+jOr=0F1+jO0D+P2+j0)+P3+j0)+ -+ (Pt )0,

from which Pr=P+P,+Ps+---+ P, Ans.

Oor=01+02+03+---+ 0, Ans.
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Supplementary Problems

Refer to Solved Problem 17.14. An applied voltage of V = 110 /0° V is applied to each series circuit
pictured, (a)-(f). For each circuit find the current I, voltage drops across each element, and draw

the phasor diagram.
Ans.
(a9 IT=22,0°A

Vg =110 0°V

) I=11,/-90°A
V. =110 0°V

(¢) I=11/90°A
Ve =110 0°V

(d I=696,/-71.6°A
Vi =348 /~71.6°V
V. = 104.4 /18.4°V

(e) I=6.11/33.7° A
Vg =916 /33.7°V
Ve =61.1 /-563°V

Phasor diagrams

‘ Vp=110/0°V

V reference
1=22/0°A

I and V in phase

V,=110/0°V
V reference
I lags V by 90°
I1=11/-90°A
I1=11/90°A
I leads V by 90°
90°
V reference
Ve=110/0°V
V,=1044/18.4°V
18.4°
V reference
=71.6°

I lags V by 71.6°

Vp=348/-71.6°V

1=696/-71.6°A
Vp=91.6/33.7°V

I=6.11/33.7°A

V reference

—56.3°

I leads V by 33.7°

Ve=61.1/-56.3°V
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(f) I=259/-45°A V,=2072/45°V
Vi =717 /-45°V
V. =207.2 /45°V
Ve =1295 /~135°V Phasor diagram

45°

V reference

Ve=T717[-45°V

Vo=1295/-135°V
¢ 1=259/-45°A

I lags V by 45°

18.18 120V is applied to a series RLC circuit (Fig. 18-29). Find the total impedance, resultant current, and
the voltage drops across each element in both polar and rectangular forms. Draw the phasor diagram.
Check your solution by equating the given applied voltage to the sum of the voltage drops.

8.0Q
o VY
I,—> R

V,=120/0°V X, % +j75Q

Xc

Y
Al

—j225Q

o

Fig. 18-29

Ans. Zr =8.0—j15.0Q2=17.0 /—61.9° Q
Ir =7.06 /61.9° A
Vg =56.48 /61.9°V =26.61 4+ j49.82V
Vp =5295/151.9°V = —46.71 + j2491V
Ve =158.85 /=28.1°V = 140.13 — j74.82V

I;=7.06/61.9°A

— o
V,=5295/151.9°V Vp=5648/61.9°V

ETRE Vp=120/0°V

Phasor diagram

Ve=15885[-28.1°V
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18.19  Find the branch currents I; and I, by the current division formula found in Solved Problem 18.3

(Fig. 18-30).
e}
woslea T, "
230
3
=40
(e}

Fig. 18-30

Ans. I} =2.8 /=26.6° A
I =28 /26.6° A

1820 IfIr =5 /30°Aand I} =3 /—30°A, find Z, (Fig. 18-31).

O
I;=5/30°A—> il
1
3 730°A§10§2 D Z,=?
O

Fig. 18-31

Ans. 7, =0.79 — j6.84 Q
Because the resistance is so small, the impedance Z; for practical purposes is a capacitor.

18.21  Find the equivalent impedance of the parallel circuit (Fig. 18-32).

2Q 10Q

® g

j8Q j5Q

Fig. 18-32

Ans. Zp =2.87 /27° Q
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18.22  In the series ac circuit (Fig. 18-33), find Zr and I7. Is the circuit a lagging or leading one?

20Q
Aa%Y%
o §
IT
Vy=120/0°V «D JX; % +10 Q
JXc
)|
Al
—j50 Q
Fig. 18-33

Ans. 72t =20— j40 =447 /—63.4° Q
Ir =2.68 /63.4° A
The circuit is leading because X¢ > X, resulting in I7 leading V7 by 63.4°.

18.23  For the circuit in Fig. 18-33, find the phasor voltages across each element and verify your answers
by showing that Vr equals the sum of the voltage drops.

Ans. Vg =153.6 /63.4° =24+ j48V
Vx, =268 /153.4° = =24+ j12V
Vxo =134 /=26.6° = 120 — j6O V

18.24  For the parallel circuit (Fig. 18-34), find branch currents I and I, and total current I7. Draw the
current-phasor diagram with Vr as the reference.

Py

o I I
3Q
V;=60/0°V «-) §69
Tj4§2
Fig. 18-34
Ans. Iy =12 /53.1° =72+ j9.6 A Iy

L =10,0°=10+j10A
Ir =172+ j9.6 = 19.7 /29.2° A

o\ Current-phasor

diagram

V reference
10A I
2
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18.25  Figure 18-35 shows a coil with negligible resistance, a capacitor, and a resistor connected in parallel

to a source voltage of 120 V. What will be the reading of ammeter A? Draw the current-phasor
diagram.

,— wl wz $I3

V,=120/0°V '\) Jj15Q —~j12Q §IOQ

o

Fig. 18-35

Ans. Iy =12+ j2 =122 /9.46° A. Ammeter will read effective value of 12.2 A.

L=10A
|
A ——= r
Ir=122A
9.46°
V reference
L=12A

Current-phasor diagram

I,=8A

18.26 A voltmeter placed across the 5-C2 resistor (Fig. 18-36) reads 30 V. What does the ammeter read?

A 20D
30 j3Q
Fig. 18-36

Ans. 25.8A

I =6 /0°A, I, =21.2 /~45° A)

18.27 A voltmeter placed across the 5-€2 resistor (Fig. 18-37) indicates 45 V. What is the ammeter reading?
What is the voltage reading between points A and B?

Ans. 18.0A

I =9/0°A, L=97/-313°A)

Vap =252V
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I‘i E@ Iw

B

—

j6Q 3Q jaQ

(e, g

Fig. 18-37

18.28  For the circuit shown in Fig. 18-38 solve for

(a) equivalent series impedance Zr
(b) total current Iz, and

(c) effective power drawn by the circuit.

10Q
%%
I, —>
joQ 7Q
V;=100/0°V fv) gzog
40 Q szuz
)|
Q00 vl
j15Q —j5Q
Fig. 18-38

Ans.  (a) 212/165°Q
(b) 4.7 /-16.5°A
() 451W

18.29  Inthe parallel circuit (Fig. 18-39), find (a) all the branch currents, () total current, (c) total impedance,
and (d) power drawn.

Ans. (@) I, =10,/0°=10+ jOA
L=4/-737"=1.12— j3.84 A
I3 =5/53.1° =3+ j4A
(b) Ir =141+ j0.16 = 14.1 /1° A
(¢) Zr=17.09 /-1°
(d) P=1410W
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TR TR (TR T

j24Q —j16 Q
VT=100L0°V6> §10§z

7Q 12Q

Fig. 18-39

18.30  In the series—parallel circuit (Fig. 18-40), (a) write the impedances of each branch and then find
(b) the total impedance and (c) total current.

A
IZ\L I3$ le
j19Q -j24Q
VT=100L0°V6> §209
40 Q 7Q
B

Fig. 18-40

Ans.  (a) Zi =10+ j10=14.14 /45° Q
Z, =20=120/0°Q
Z3; =40+ j19=1442 /254°Q
Zy=7—j24=25/-737°Q
(b) Zr =209+ j6.16 =218 /16.4° Q
(¢c) Ir =459 /-16.4°Q

18.31  For the circuit shown (Fig. 18-40), find the voltage drop across the parallel branch V4p. Then
find the branch currents I, I3, and Is. Finally, draw the current-phasor diagram with V7 as
reference.

Ans. Vup =43 —j31=53.0,/-358°V
Ib =2.65/-358°A
I; =120 /-61.2°A
L =212 /-37.9°A
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Ans.

Current-phasor diagram

V reference

~16.4°
—35.8° 459 4
‘05 1
4 |
IT
L\-61.2° I
I
'S @.\”h
I 2
I 7\ I
U g 1
| I3

18.32  For the circuit shown (Fig. 18-41), find the total effective power Pr, the total reactive power O,
the total apparent power ST, and the total power factor, PF7.

A B
o -
Induction motor Induction motor
P,=50kW @; Pp=30kW
PF, = 0.9 lagging PFp = 0.8 lagging
O L 4

Fig. 18-41

Ans. Pr = 80kW
Q07 = 46.7 kvars lagging
St =92.6kVA
PFr = 0.863 lagging

18.33 A 3-kW lamp load is in parallel with a motor operating at a PF of 0.6 lagging and drawing 4 kW (Fig.
18-42). Find the power relations of the total circuit and the total current.

Ans. Sr =7+ j5.33 =8.80 /37.3°kVA
from which Pr = 7kW
Q7 = 5.33 kvars lagging
St = 8.80kVA
PF7 = 0.795 lagging
Ir =80 /—37.3°A
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A B
_ R P,=3kW Pp=4kW
vy=110/0°v(>) ( % O % PF, = 1.0 (m PF,, = 0.6 lagging
Fig. 18-42

Find the power relations of the following circuits.

A

18.34 o A
$1A=5A $13=10A
V=110V PF,=09 @B PF;=07

lagging leading
& o
B
Fig. 18-43

Ans. St = 1265 — j547 = 1378 /—23.4° VA

Pr =1265W
Q7 = 547 vars leading
St = 1378 VA

PF7 = 0.918 leading

18.35 4 B ¢
9
L u=2a | 15=4a JIe=3a
PF;=0.6 PF-=0.8
V=220V =1. B M, C
T C> PF,=1.0 lagging CE lagging
e .
Fig. 18-44

Ans. St =2376 + j1760 = 2957 /36.5° VA

Pr =2376 W
Q07 = 1760 VAR lagging
St = 2957 VA

PFr = 0.804 lagging
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18.36 4 B c
o o .
S, =250 VA Pp=180 W @ Sc=300 VA
PF , = 0.5 lagging PFp = 0.8 leading D Oc =100 vars lagging
o - -
Fig. 18-45

Ans. St =588+ j181 =615 /17.1° VA
Pr =588 W
Q7 = 181 vars lagging
St =615 VA
PFr = 0.956 lagging

18.37  Find the mesh currents I; and I, by the determinant method (Fig. 18-46). What is the voltage across
the 20-£2 resistor?

200 [30°V (~) §409 gzog

Fig. 18-46

Ans. 11 =7.93 /45.8° A
I, =4.06 /6.04° A

Voo =81.2 /6.04°V
(Hint: Impedance determinant A = 1800 + ;j800)

18.38 (a) Find the current I by solving first for the total impedance Zr (Fig. 18-47).
(b) Confirm the I7 value by use of determinants.
Ans. (a) Zr =43.1 /48.6° Q

I =232 /—28.6° A
(b) (Hint: Impedance determinant A = 750 4 j200)
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10 Q
A
/_Im/
V,=110/20°V f\,) j20Q =30 Q

Y

Fig. 18-47

18.39  Solve by determinants in a generator-bridge circuit (Fig. 18-48).
(a) impedance determinant A
(b) mesh currents Iy, I, I3
(c) total impedance seen by the generator Zr

(d) voltage drop across the 1-2 resistor in the center branch

Vo=1/0°V @,

Fig. 18-48

Ans. (a) A=4£=4+j0
() I, =0.791 /=71.65° = 0.2490 — j0.7508 A
I, = 0.354 /~45° = 0.2500 — j0.2500 A
I; = 0.500 /0° = 0.5000 — jO A
() Zr=2,/0°=2+0;Q

@d 0-,05=05,/-90°V

18.40 How much capacitance must be provided by the capacitor bank (Fig. 18-49) to improve the power
factor of the circuit to 0.95 lagging? What is the resulting decrease in apparent power?
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Capacitor
V=220/0°V /le Z|35/[25°Q
bank
O
Fig. 18-49

Ans. 1725 vars leading. Decrease in apparent power 636 VA.

18.41 Aload of P = 1200 kW with PF = 0.5 lagging is fed by a 5-kV generator. A capacitor is added in
parallel to improve the PF to 0.85 lagging. Find the reduction in current drawn from the generator.
Ans. With the same amount of real power, the current is reduced to 198 A (480A — 282A),

representing a 41.3% current reduction.

18.42 A 24-V generator with impedance 600 + ;150 Q2 feeds a load impedance. Find the load impedance
to obtain maximum power, the power received, and the power efficiency.

Ans. Zjp =600 — j150 2
P =240 mW
Efficiency = 50%



Chapter 19

Transformers

IDEAL TRANSFORMER CHARACTERISTICS

The basic transformer consists of two coils electrically insulated from each other and wound upon a
common core (Fig. 19-1). Magnetic coupling is used to transfer electric energy from one coil to another. The
coil which receives energy from an ac source is called the primary. The coil which delivers energy to an ac
load is called the secondary. The core of transformers used at low frequencies is generally made of magnetic
material, usually sheet steel. Cores of transformers used at higher frequencies are made of powdered iron
and ceramics, or nonmagnetic materials. Some coils are simply wound on nonmagnetic hollow forms such as
cardboard or plastic so that the core material is actually air.

Iron core

Magnetic lines
| g

T
3{2—

AC ‘T_La | >
supply 4 @ v, di || < Al p Vv, RL; Load

Primary coil Secondary coil

Fig. 19-1 Simple diagram of a transformer

If a transformer is assumed to be operating under an ideal or perfect condition, the transfer of energy from
one voltage to another is accompanied by no losses.

Voltage Ratio

The voltage on the coils of a transformer is directly proportional to the number of turns on the coils. This
relationship is expressed by the formula

V N
L _ P 19-1)
Vs Ny

where V), = voltage on primary coil, V
Vi = voltage on secondary coil, V
N, = number of turns on primary coil
N = number of turns on secondary coil

The ratio V), / V; is called the voltage ratio (VR). The ratio N,/ Ny is called the turns ratio (TR). By substituting
these terms into Eq. (/9-7), we obtain an equivalent formula

VR = TR (19-2)

455
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A voltage ratio of 1:4 (read as 1 to 4) means that for each volt on the transformer primary, there is 4 V
on the secondary. When the secondary voltage is greater than the primary voltage, the transformer is called a
step-up transformer. A voltage ratio of 4: 1 means that for each 4 V on the primary, there is only 1 V on the
secondary. When the secondary voltage is less than the primary voltage, the transformer is called a step-down
transformer.

Example 19.1 A filament transformer (Fig. 19-2) reduces the 120 V in the primary to 8 V on the secondary. If there are
150 turns on the primary and 10 turns on the secondary, find the voltage ratio and turns ratio.

Vp 120 15

VR = T= 15:1 Ans.

Vs 8
N 15 15
RN D05 ysy
Ny 15 1
Note that VR = TR [Eq. (/9-2)].
Primary
Secondary
Vp V:
NS
Np
V. =120V V =8V
P K

Np = 150 turns NS = 10 turns

Fig. 19-2 Filament transformer

Example 19.2 An iron-core transformer operating from a 120-V line has 500 turns in the primary and 100 turns in the
secondary. Find the secondary voltage.

% N
—r_r 19-1)
Vs Ny
Solve for Vi and substitute known values.
N. 100
Vi=—V,=_——120=24V  Ans.
Np 500

Example 19.3 A power transformer has a turns ratio of 1:5. If the secondary coil has 1000 turns and the secondary
voltage is 30V, find the voltage ratio, the primary voltage, and the number of primary turns.

VR = TR (19-2)
=1:5 Ans.
1% 1
2 _VR=1:5=~
Vs 5
1 30
Vp:§V5:?:6V Ans.
N 1
TR=-2L =
Ny 5
1 1000

Np = gNs = — = 200 turns Ans.
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Current Ratio

The current in the coils of a transformer is inversely proportional to the voltage in the coils. This relationship
is expressed by the equation

V I
P s 19-3)
Vs Ip

where [, = current in primary coil, A

I; = current in secondary coil, A

From Eq. (/19-1) we may substitute N, /N, for V,/Vy, so we have
N 1
L= (19-4)
Ny 1,

Example 19.4 Derive the current-ratio equation V,,/ Vs = Is/1p.
For an ideal transformer, the power input to the primary is equal to the power output of the secondary. Thus, an ideal
transformer is assumed to operate at an efficiency of 100 percent. Therefore,

Power input = power output
Py =Py
Power input = P, = V1,

Power output = Ps = Vi

Substituting for P, and Ps, Vplp = Vsl
from which ﬁ = I—s Ans.
Vi I

Example 19.5 When the primary winding of an iron-core transformer is operated at 120 V, the current in the winding
is 2 A. Find the current in the secondary winding load if the voltage is stepped up to 600 V.

% I
L2 (19-3)
Vs Ip
Solve for I and substitute known values.
% 120
Ii=-"L1,=""2=04A  Ans.
Vs 600

Example 19.6 A bell transformer with 240 turns on the primary and 30 turns on the secondary draws 0.3 A from a
120-V line. Find the secondary current.

N I
P _ (19-4)
Ny Ip

Solve for I and substitute known values.

_ N

1
TN,

240
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Efficiency

The efficiency of a transformer is equal to the ratio of the power output of the secondary winding to the
power input of the primary winding. An ideal transformer is 100 percent efficient because it delivers all the
energy it receives. Because of core and copper losses, the efficiency of even the best practical transformer is
less than 100 percent. Expressed as an equation,

Bff — power (?utput _ i (19-5)
power input P,

where Eff = efficiency

P; = power output from secondary, W
P, = power input to primary, W

Example 19.7 What is the efficiency of a transformer if it draws 900 W and delivers 600 W?
Py
Pp

= 600 =0.667 = 66.7% Ans.
900

Eff = (19-5)

Example 19.8 A transformer is 90 percent efficient. If it delivers 198 W from a 110-V line, find the power input and
the primary current.

Py

Eff = 7 (19-5)
Solve for power input Pp.
Pp:%:%:220W Ans.
Write the power input formula.
Pp =Vplp
Solve for 1.
Q _ 20 2A Ans.

I = = — =
Py, T 110
Example 19.9 A transformer draws 160 W from a 120-V line and delivers 24 V at 5 A. Find its efficiency.
Pp =160 W, given
Py = ViIy = 24(5) = 120 W

P, 120
Then Eff = =% = = —075=75%  Ans.
P, ~ 160

TRANSFORMER RATINGS

Transformer capacity is rated in kilovoltamperes. Since power in an ac circuit depends on the power factor
of the load and the current in the load, an output rating in kilowatts must specify the power factor.
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Example 19.10 What is the kilowatt output of a 5-kVA 2400/120-V transformer serving loads with the following power
factors: (a) 100 percent, (b) 80 percent, and (c) 40 percent? What is the rated output current of the transformer?
Power output:

(@) Ps=kVA xPF=5(1.0)=5kW  Ans.
(b) Py =5(0.8)=4kW  Ans.
(¢) Py =5(0.4)=2kW  Ans.

Current output:

Py =I5 Vs
Solving for I,
P 5000
Iy=—=——=41.7A Ans.
Vs 120

Since rated current is determined by the rated kilovoltamperage, the full-load current of 41.7 A is supplied by the transformer
at the three different PFs even though the kilowatt output is different for each case.

IMPEDANCE RATIO

A maximum amount of power is transferred from one circuit to another when the impedances of the two
circuits are equal or matched. If the two circuits have unequal impedances, a coupling transformer may be
used as an impedance-matching device between the two circuits. By constructing the transformer’s winding
so that it has a definite turns ratio, the transformer can perform any impedance-matching function. The turns
ratio establishes the proper relationship between the ratio of the primary and secondary winding impedances.
This relationship is expressed by the equation

N\> Z
(-”) ==L (19-6)
Ny Z

Taking the square root of both sides, we obtain

Np

N

p
ZP 19-7
N;s Zs 7

where N, = number of turns on primary
Ny = number of turns on secondary
Z, = impedance of primary, 2
Z; = impedance of secondary, Q2

Example 19.11 Find the turns ratio of a transformer used to match a 14 400-2 load to a 400-2 load.

N Z
P |Zp 19-7)
NY ZS
14 400 6
=,/ —— =<3 =I=6:1 Ans.

V¥V 400

Example 19.12 Find the turns ratio of a transformer to match a 20-€2 load to a 72 000-<2 load.

Use Eq. (19-7).
N Z
P _ 2P _ /720 _J L :i:1;60 Ans.
Ny Zs 72000 3600 60
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Example 19.13 The secondary load of a step-down transformer with a turns ratio of 5: 1 is 900 2. Find the impedance

of the primary.

z Np\?

P (22 (19-6)
Zs Nj

Solve for Z, and substitute given values.

N, \2 5\2
Zp:<l> ZS:(T) (900) = 225002 Ans.

AUTOTRANSFORMER

An autotransformer is a special type of power transformer. It consists of only one winding. By tapping, or
connecting, at points along the length of the winding, different voltages may be obtained. The autotransformer
(Fig. 19-3) has a single winding between terminals A and C. The winding is tapped and a wire brought out
as terminal B. Winding AC is the primary while winding BC is the secondary. The simplicity of the auto-
transformer makes it economical and space-saving. However, it does not provide electrical isolation between
primary and secondary circuits.

4
R
é/ B
Input 4 N, }

B
N 1
V. Output
: L
C C

Fig. 19-3 Autotransformer schematic diagram

Example 19.14 An autotransformer having 200 turns is connected to a 120-V line (Fig. 19-3). To obtain a 24-V output,
find the number of turns of the secondary and the turn number at which the transformer should be tapped, counting from
terminal A.

Vo, N
L£__F (19-1)
Vs Ns
v, 24
Ny =—“Np=--200=40turns  Ans.
Vp 120

Since the secondary turns include primary, the B tap should be where the turn number is 160 (160 = 200 — 40). If
tap B is made movable, the autotransformer becomes a variable transformer. As the tap is moved downward toward C, the
secondary voltage decreases.

TRANSFORMER LOSSES AND EFFICIENCY

Actual transformers have copper losses and core losses. Copper loss is the power lost in the primary
and secondary windings due to the ohmic resistance of the windings. Copper loss in watts is obtained by the
formula

Copper loss = I;R), + I7 Ry (19-8)
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where I, = primary current, A
I; = secondary current, A
R, = resistance of the primary winding, €2
R = resistance of the secondary winding, 2

Core loss is caused by two factors: hysteresis loss and eddy-current loss. Hysteresis loss is the energy lost
by reversing the magnetic field in the core as the magnetizing alternating current rises and falls and reverses
direction. Eddy-current loss is the result of induced currents circulating in the core material.

Copper loss in both windings may be measured by means of a wattmeter. The wattmeter is placed in the
primary circuit of the transformer while the secondary is short-circuited. The voltage applied to the primary
is then increased until the rated full-load current is flowing in the short-circuited secondary. At that point the
wattmeter will read the total copper loss. Core loss may be determined also by a wattmeter in the primary
circuit by applying the rated voltage to the primary with the secondary circuit open.

The efficiency of an actual transformer is expressed as follows:

power output P

Eff . = (19-5)
power input P,
_ power output
~ power output 4 copper loss + core loss
Vsl x PF
and Eff s X (19-9)

- (VI x PF) + copper loss + core loss

where PF = power factor of the load
Example 19.15 A 10: 1 step-down 5-kVA transformer has a full-load secondary current rating of 50 A. A short-circuit
test for copper loss at a full load gives a wattmeter reading of 100 W. If the resistance of the primary winding is 0.6 €2,

find the resistance of the secondary winding and the power loss in the secondary.
Use Eq. (19-8).

Copper loss = IIERP + ISZRS =100 W

To find I}, at full load, write Eq. (/9-4).

Ny I
L= (19-4)
Ny I
Ny 1
f hich Iy=—""I,=—50=5A
rom whic p Np s 10

Solve for R from the copper-loss equation above.

I2R;

N

2
100 — I2R),

100~ I3Rp 100 — 52(0.6)

R, =
* 2 502

=0.034 Q Ans.

Power loss in secondary = ISZRS = 502 (0.034) =85W Ans.
or meannwmmMy=Km—ng=1W—5%0®=85w Ans.
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Example 19.16 An open-circuit test for core loss in the 5-kVA transformer of Example 19.15 gives a reading of 70 W.
If the PF of the load is 85 percent, find the efficiency of the transformer at full load.

VsIy x PF

Eff =
(Vs Is x PF) + copper loss + core loss

(19-9)

Vi Iy = transformer rating = 5 kVA = 5000 VA
PF = 0.85 Copper loss = 100 W Core loss = 70 W

Substitute known values and solve.

5000(0.85) 4250
5000(0.85) + 100 + 70 4420

Eff = =0.962 =96.2% Ans.

NO-LOAD CONDITION

If the secondary winding of a transformer is left open-circuited (Fig. 19-4a), the primary current is very
low and is referred to as the no-load current. The no-load current produces the magnetic flux and supplies the
hysteresis and eddy-current losses in the core. Therefore, the no-load current /g consists of two components:
the magnetizing-current component /), and the core-loss component /. The magnetizing current Iy, lags the
applied primary voltage V), by 90°, while the core-loss component / is always in phase with V), (Fig. 19-4b).
Note also that the primary applied voltage V), and the induced secondary voltage Vi are shown 180° out of
phase with each other. Since in practice /g is small in comparison with I3, the magnetizing current I, is
very nearly equal to the total no-load current /g. I is also called the exciting current.

f, —> I —> v, Iy vV
P S 5
o4 < P 2 rd

l

. |

1% Vv Open-circuit
@ 4 z | I § s secondary :
|
° vo_
Iy Ig
(@) No-load condition (b) Phasor diagram

Fig. 19-4 Iron-core transformer with the secondary open-circuited

Example 19.17 When the secondary of a 120/240-V transformer is open, the primary current is 0.3 A at a PF of 20
percent. The transformer is rated at 4 kVA. Find (a) the full-load current I, (D) the no-load exciting current /g, (c) the
core-loss current /7, and (d) the magnetizing current /3. (¢) Determine the percentages of each current with respect to
full-load current. ( f) Draw the phasor diagram.

’ transf KVA rati
“ Full-load current = ranstormer raling

primary voltage

4000
Ip=-——=333A  Ans.
120
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(b) The primary current measured at no load (secondary open) is the exciting current /g. Thus,
Ip =03A Ans.
(c) From Fig. 19-4b,
Iy =1Igcosé =1 x PF=0.3(0.2) =0.06 A Ans.
(d) From Fig. 19-4b,

IM = IE sin 6
@ = arccos 0.2 = 78.5°

Then Ipr = 0.35in78.5° = 0.3(0.980) = 0.294 A Ans.

(e) Percent no-load primary current (exciting current) to full-load primary current:

03 = 0.0090 = 0.90% Ans.
33.3

Percent core-loss current to full-load current:

0.06 =0.0018 = 0.18% Ans.
333

Percent magnetizing current to full-load current:

0294 _ 0.0088 = 0.88% A
33 =0 =0.88% ns.

Notice that the magnetizing current (0.294 A) has nearly the same values as the no-load primary current (0.3 A).
(f) Phasor diagram: See Fig. 19-5.

V., =240V I, = Vp = 120 V, reference
pra ~
- >z
78.5°
I, =029A¢ §I=03A

Fig. 19-5 Phasor diagram

COIL POLARITY

The symbol for a transformer gives no indication of the phase of the voltage across the secondary since the
phase of that voltage actually depends on the direction of the windings around the core. To solve this problem,
polarity dots are used to indicate the phase of primary and secondary signals. The voltages are either in phase
(Fig. 19-6a) or 180° out of phase with respect to the primary voltage (Fig. 19-6b).
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Input Qutput

L] L L]
0 [ -0

o -0 ©

o

(a) Voltages in phase (b) Voltages out of phase

Fig. 19-6 Polarity notation of transformer coils

Solved Problems

19.1 A power transformer is used to couple electric energy from a power-supply line to one or more

components of the system. In one type of power transformer (Fig. 19-7), there are three separate
secondary windings, each designed for a different voltage output. The primary of the transformer is
connected to a 120-V source of supply and has 100 turns. Find the number of turns on each secondary.

600-V
high-voltage
winding

o -0
6.3-V
é(Z)OH\; N, = 100 N, =1 filament
winding
o o

2.5-V
filament
winding

Primary Secondary

Fig. 19-7 Power transformer schematic diagram

Find N; by using Eq. (19-1).

Vv N V,
L__P from which N, = —SN,,
Vs Nj Vi
600
For the 600-V secondary: Ny = —100 = 500 turns Ans.

120
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19.2

19.3

194

6.3

For the 6.3-V secondary: Ny = mlOO ~ 5 turns Ans.
2.5

For the 2.5-V secondary: Ny = 20 100 =~ 2 turns Ans.

A transformer whose primary is connected to a 110-V source delivers 11 V. If the number of turns on
the secondary is 20 turns, find the number of turns on the primary. How many extra turns must be
added to the secondary if it must deliver 33 V?

Find N, by using Eq. (/19-1).

Vo _Np . Vp 110
—_ = — from which N, = — Ny = —(20) = 200 turns Ans.
Vs Ny Vs 11
Vs 33
For V; =33V, Ny = =N, = =200 = 60 turns
Vi 110

Hence 40 turns (60 — 20) must be added. Ans.

A step-down transformer with a turns ratio of 50000 : 500 has its primary connected to a 20 000-V
transmission line. If the secondary is connected to a 25-€2 load, find (a) the secondary voltage,
(b) the secondary current, (c¢) the primary current, and (d) the power output.

N, 50000 100

TR =—=—
N; 500 1
No Y
a _— = ]9-1
@) =V (19-1)
Th vo= Yy = L a0000) =200y 4
en s = N, » = 100 = ns.
(b) By Ohm’s law,
Vs 200
I, =—=—=8A Ans
RL 25
V I
() L2 (19-3)
Vi I,
200
Then Ip=—""—-8=0.08A Ans.
20000
(d) Py = VyI;, =200(8) = 1600 W Ans.
A 7:5 step-down transformer draws 2 A. Find the secondary current.
N, 7
TR=-"2=_
Ny 5
N I
L _ = (19-4)
Ny I,
Ny 7
Then I;—1,=-2=28A Ans.
N, 5
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19.5 A transformer draws 2.5 A at 110 V and delivers 7.5 A at 24 V to a load with a PF of 100 percent.
Find the efficiency of the transformer.

Power in = P, =V, 1, = 110(2.5) =275W
Power out = Py = VI, = 24(7.5) = 180 W
Ps

Eff = — 19-5
’, (19-5)

180
= —— = 0.655 = 65.5% Ans.
275

19.6 A transformer delivers 550 V at 80 mA at an efficiency of 90 percent. If the primary current is 0.8 A,
find the power input in voltamperes and the primary voltage.

Power out = P; = VI, = 550(80 x 1073) = 44 VA

P,
Eff = -2 (19-5)
P[’

P 44
Then Power in = P, = ﬁ =09 = 489 VA  Ans.

Since the PF of the load is not specified, power is expressed in voltamperes. Also

P,=V,I $O v Pp _ 489 611V A
p = Vplp p= 5 = = 0l. ns.
I, 08

19.7  The rating of a power-supply transformer that is to be operated from a 60-Hz 120-V power line may
read as follows: 600 V CT (center tap) at 90 mA, 6.3V at 3A, 5V at 2 A. Find the wattage rating of
this transformer.

The wattage rating is the total power delivered at 100 percent PF. It is found by adding the power
ratings of the individual secondary windings. The general formula to use is P; = Vi I;.

At600 V tap: Py = 600(90 x 1073) = 54 W

At 6.3 Vtap: P; =6.303) =189W
At5 Vtap: Py =52) =10W
Total power Pr = 829 W Ans.

19.8  The step-down autotransformer at a power factor of unity is designed to deliver 240 V to a load of
5kW (Fig. 19-8). The autotransformer’s primary winding is connected to a 600-V source. Find the
current in (a) the load, (b) the primary winding, and (c) the secondary winding.

Vp=600V

I -1
l s p V=240V 5-kW load

o

Fig. 19-8 Step-down autotransformer
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19.9

19.10

19.11

(a) Write Py = VI (I, in this case is the load current). So

Py 5000
[ =—=""=208A  Auns.
Ve 240

(b) At unity PF and 100 percent efficiency, VI, = V;I;. So

1 =M=@=833A Ans
P= v, 7600 T ‘

(¢) The current in the secondary winding is Iy — I, by Kirchhoff’s current law.
I, —1,=208-83=125A Ans.

A 60: 1 output transformer is used to match an output transistor to a 4-2 voice coil. Find the impedance

of the output circuit.
2
z N
Zr _ (22 (19-6)
Zs N
In this case the output transistor is in the primary circuit and the voice coil is in the secondary circuit.

N, \? 60>
Z,=(-L) zZ,=(=) 4)=14400Q  Ans.
P N, 1

A 1:10 step-up transformer is used to match a 500-2 line to a circuit. Find the impedance of the
circuit.

z Ny \?
Zr_ (22 (19-6)
Zs N;
In this case the circuit is in the secondary.
Ny \? 10\*
Zs = (N_s) Z, = (T) (500) = 50000 2 = 50k Ans.
p

A 240/720-V 5-kVA transformer undergoes a short-circuit test for copper loss. At the start of the
test, the primary voltage is varied until the ammeter across the secondary indicates rated full-load
secondary current. The measured resistance of the primary winding is 0.05 €2 and that of the secondary
winding is 1.5 Q. Calculate the total copper loss.

Step 1. Calculate the copper loss in the secondary.

5000
Full-load secondary current Iy = 70 = 6.94 A

So I2R; = (6.94)% (1.5) = 72.2 W
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Step 2. Calculate the copper loss in the primary.

5000
Full-load primary current /,, = 240 = 20.8 A

So IoR, = (20.8)* (0.05) = 21.6 W

Step 3. Calculate total copper loss. The total copper loss is the sum of the losses in both windings.

Total copper loss = I;Rp + ISZRS (19-8)
=21.6+722=93.8W Ans.

The wattmeter in the primary circuit should read 93.8 W.

19.12  On an open-circuit test for core loss in the 5-kVA transformer of Problem 19.11, when the primary
voltage is set at the rated voltage of 240V, the wattmeter in the primary circuit indicates 80 W. If the
power factor of the load is 0.8, find the efficiency of the transformer at full load.

Use the efficiency formula:

ViI; x PF

Eff =
(VsI; x PF) + copper loss + core loss

(19-9)

5000(0.8) 4000

= = =0.958 = 95.8% Ans.
5000(0.8) +93.8 +80 4174

19.13  When the secondary of a power transformer is open, the no-load current in the primary is 0.4 A.
If the power factor of the input primary circuit is 0.10, find the exciting current /g, the core-loss
current /g, and the magnetizing current .

The exciting current is the same as the no-load primary current.
So I =04A Ans.
From the right-triangle relationships (see Fig. 19-9),
Iy = Igcos® =0.4(0.10) = 0.04 A Ans. I
PF = cos6 = 0.10 6 = arccos0.10 = 84.3°

Then Iy = Igsin@ = 0.4sin84.3° = 0.4 A Ans. Fig. 19-9

19.14  The no-load current taken by a 110/220-V transformer is 0.7 A. The transformer is rated at 2.2 kVA.
If the power factors of the primary and secondary circuits are equal, find the primary current when
the secondary is supplying its rated 2.2 kVA to the load.

2200
Full-load secondary current Iy = 0 = 10A
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Since the PFs for primary and secondary are equal at full load, the main component of load current
in the primary is

LV 220
I=—"I ="—10=2(10) =20 A
v, 110

To I ;, we add directly the 0.7-A no-load current. So

I, =20+0.7=20.7A Ans.

Because the no-load components Iy and Iy of the primary current are much less than the load-
current component I/, the no-load current can be added arithmetically instead of vectorially to the
total load-current.

19.15  Indicate the correct polarity dots for the secondary circuit (Fig. 19-10a).

Input Output Input Output

JAN /N JAN /\
N4 N4 v U

Ae Be Ae Be

G

-
®
‘f::=:

-

)] @
()

Fig. 19-10a Coil polarity

For diagram (1) (Fig. 19-10a), the voltage at point B with respect to ground has the same phase
as the voltage at point A with respect to ground (Fig. 19-10b). For diagram (2) (Fig. 19-10a), the
secondary windings are now reversed so that the output voltage at B is now 180° out of phase with
the input voltage at A (Fig. 19-10c).

Qo Xx
L ]
®

o
bS
[ ]
-]

) ()
Fig. 19-10b, ¢
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19.17

19.18

19.19

19.20

19.21

19.22

19.23

19.24

19.25

19.26

19.27

19.28

19.29
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Supplementary Problems

A bell transformer reduces the voltage from 110 to 11 V. If there are 20 turns in the secondary, find
the number of turns on the primary and the turns ratio. Ans. N, =200 turns; TR = 10:1

Find the voltage at the spark plugs connected to the secondary of a coil with 60 turns on the primary
and 36 000 turns on the secondary, if the primary is connected to a 12-V alternator.
Ans. Vg =7200V

A coil with a primary winding of 80 turns must supply 4800 V. If the primary is connected to an 8-V
source, find the number of turns on the secondary. Ans. N, = 48000 turns

The 110-V primary of a power transformer has 220 turns. Three secondaries are to deliver (a) 600V,
(b) 35V, and (c) 12.5 V. Find the number of turns needed on each secondary.
Ans. (a) Ny = 1200 turns; (b) Ny = 70 turns; (c) Ny = 25 turns

The secondary coil of a transformer has 100 turns and the secondary voltage is 10 V. If the turns
ratio is 18:1, find (a) the voltage ratio, (b) the primary voltage, and (c) the number of primary turns.
Ans. (a) VR =18:1; (b) V, =180V; (¢) N, = 1800 turns

A step-down autotransformer with 55 turns is connected to a 110-V ac line. If a 28-V output is desired,
find the secondary turns and the turn number to be tapped.
Ans. Ny = 14 turns; tap at turn 31

A 220/110-V step-down transformer in a stage-lighting circuit draws 12 A from the line. Find the
current delivered. Ans. I, =24 A

An ideal transformer with 2400 turns on the primary and 600 turns on the secondary draws 9.5 A at
100 percent PF from a 220-V line. Find I, V;, and Ps.
Ans. Iy =38A; Vs =55V; P, =2090 W

A transformer with 96 percent efficiency is connected to a 2000-V line. If it delivers 10 000 VA, find
the power input P, in voltamperes and the primary current /.
Ans. P, =10417VA; I, =521A

A transformer with an efficiency of 85 percent delivers 650 V and 120 mA at 100 percent PF to a
secondary load. The primary current is 0.6 A. Find the power input and the primary voltage.
Ans. P, =918W;V, =153V

The three secondary coils of a power-supply transformer deliver 84 mA at 300V, 1.4 A at 12.6V,
and 1.9A at 2.5V. Find the power delivered to the secondary loads. Find also the efficiency if
the transformer draws 55 W from a 110-V line. (Assume unity PF in both primary and secondary.)
Ans. Py =479 W; Eff =87.1%

Find the current rating of each winding of a 100-kVA 2400/120-V 60-Hz transformer.
Ans. Primary winding, 41.7 A; secondary winding, 833.3 A

Find the turns ratio of a transformer used to match a 50-2 load to a 450-2 line. Ans. TR =3:1

Find the turns ratio of a transformer used to match a 30-2 load to a 48 000-$2 load.
Ans. TR =1:40
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19.30

19.31

19.32

19.33

19.34

19.35

19.36

19.37

19.38

19.39

19.40

19.41

19.42

Find the turns ratio of the transformer needed to match a load of 4000 2 to three 12-Q2 speakers in
parallel. Ans. TR =31.6:1~32:1

A 1:18 step-up output transformer is used to match a microphone with a grid circuit impedance of
35 k2. Find the impedance of the microphone. Ans. Z, =108 Q

A 6:1 step-down transformer matches an input load to a secondary load of 800 €2. Find the impedance
of the input. Ans. Z, =288k

A step-up autotransformer requires 100 turns for its 120-V primary. To obtain an output of 300V, find
the number of turns that must be added to the primary. Ans. 150 turns (Ny; = 250 turns)

A load of 12kW at 480V and 100 percent PF is to be supplied by a step-down autotransformer
whose high-voltage winding is connected to a 1200-V source. Find the current in (a) the load, (b) the

primary winding, and (c) the secondary winding.
Ans. (a) I; =25A; (D)1, =10A; (o) I;—1I,=15A

An autotransformer starter used to start an induction motor on a 440-V line applies 70 percent of line
voltage to the motor during the starting period. If the motor current is 140 A at start-up, what is the
current drawn from the line? Ans. 98A

A step-down 600/480-V autotransformer supplies a 10-kVA load. Find the primary and secondary line
currents and the current in the winding common to both primary and secondary circuits.
Ans. 1, =16TA; I =208A;;—1,=41A

A 5-kVA 480/120-V transformer is equipped with high-voltage taps so that it may be operated at 480,
456, or 432V depending on the tap setting. Find the current in the high-voltage winding for each tap
setting. The transformer supplies the rated kVA load at 120 V in each case.

Ans. 104Aat480V; 11.0A at 456 V; 11.6 A at 432V

A transformer with 800 turns in its primary and 160 turns in its secondary is rated 10 kVA at 480 V.
Find (a) the VR, (b) the primary voltage, (c) the rated full-load secondary current, and (d) the rated
full-load primary current, disregarding the no-load current.

Ans. (a) 5:1; (b)2400V; (c)20.8A; (d)4.16A

A 250-kVA 2400/480-V transformer has copper losses of 3760 W and core losses of 1060 W. What is
the efficiency when the transformer is fully loaded at 0.8 PF? Ans. Eff =97.6%

An open-circuit test for core loss in a 240/720-V 10-kVA transformer gives a reading of 60 W.
The measured resistance of the low side winding is 0.03 2 and that of the high side winding is
1.3 2. Find (a) the total copper loss and (b) the transformer efficiency when the power factor of the
load is 0.85. Ans. (a) Total copper loss = 303 W; (b) Eff =95.9%

A short-circuit test for copper loss at full load gives a wattmeter reading of 175 W. The transformer
undergoing the test is a 240/24-V step-down transformer that has a full-load secondary current rating
of 60 A. If the resistance of the primary is 0.7 €2, find the resistance of the secondary.

Ans. Ry =0.042Q

On an open-circuit test for core loss, the transformer of Problem 19.41 takes 1.5 A from a 240-V ac
source. The wattmeter reads 95 W. Determine (a) the copper loss at no-load condition and (b) the
core loss.

Ans. (a) 1.58W; (b) 93.4 W (In this case, the wattmeter reading of 95 W indicates core loss plus
copper loss at no load.)
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A 10-kVA 2400/240-V 60-Hz transformer has a primary winding resistance of 6 2 and a secondary
winding resistance of 0.06 2. The core loss is 60 W. Find (a) the full-load copper loss and (b) the effi-
ciency of the transformer when it is fully loaded at 0.9 PF. Ans. (a) 208 W; (b) Eff =97.1%

If the transformer of Problem 19.43 had operated at 0.6 PF with the same kilovoltampere loading,
what would be its efficiency? Ans. Eff =95.7%

A 10-kVA 7200/120-V transformer has a resistance in the primary winding of 12 Q and in the
secondary winding of 0.0033 2. Find the copper loss (a) at full load, (b) at half load (5 kVA),
and (c) at a load of 2 kVA. Ans. (a)46.0W; (b) 11.5W; (c) 1.84 W

A 5-kVA 480/240-V transformer has its secondary open-circuited. Under this no-load condition,
the primary current is 0.15 A at a PF of 0.6. Find (a) the full-load current I,, (b) the core-loss
component Iy, (c) the magnetizing current 17, and (d) the percentage of each current with respect
to full-load current; and (e) draw the phasor diagram.

Ans. (a) I, = 104A; (D) Iy = 0.09A; (¢) Iy = 0.12A; (d) percent exciting current
= 1.44%; percent core-loss current = 0.87%; percent magnetizing current = 1.15%; (e) see
Fig. 19-11

V,=240V 1, =009 A Vp = 480 V

'
.

& —

)

53.1°

. 4

Ly=012Ay I, =0I5A

Fig. 19-11 Phasor diagram

If a transformer circuit has a polarity (Fig. 19-12) where the output is 180° out of phase with the input,
show the correct polarity dots when the leads to the load are reversed. Ans. See Fig. 19-13

Input Output

JAN JAN
N 4

CHEE I

© ©
[ ] [ ]

Fig. 19-12 Transformer polarity

A secondary center-tapped transformer is shown in Fig. 19-14. Indicate the correct output waveforms
at points A and B. Ans. See Fig. 19-15

Two transformers can be connected together to obtain a higher voltage by connecting the primaries
together in parallel and connecting their secondaries in series. If the secondaries are properly phased,
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® w

Fig. 19-13

®
@ %” At output A4: —Qv
At output B: AUQ—

Fig. 19-14 Center-tap secondary Fig. 19-15

o]

the output will be the sum of the secondary voltages. If the output is the difference of the secondary
voltages, the connection to one of the secondaries may be reversed, or one of the primary windings
may be reversed. For a series connection of two transformers, each with a secondary output of 4 V
(Fig. 19-16), find the output voltage.

Ans. (a) Output = 8V; (b) output = 0V (secondaries “bucking”)

N -
- o |

& A (-3

. ~ <
AC input AC input
€4

LT T
ke 3

(@ (b)

Output = ?

Fig. 19-16 Connection of two transformers



Chapter 20

Three-Phase Systems

CHARACTERISTICS OF THREE-PHASE SYSTEMS

A three-phase (3-¢) system is a combination of three single-phase (1-¢) systems. In a 3-¢ balanced system,
the power comes from an ac generator that produces three separate but equal voltages, each of which is out of
phase with the other voltages by 120° (Fig. 20-1). Although 1-¢ circuits are widely used in electrical systems,
most generation and distribution of alternating current is 3-¢. Three-phase circuits require less weight of con-
ductors than 1-¢ circuits of the same power rating; they permit flexibility in the choice of voltages; and they
can be used for single-phase loads. Also, 3-¢ equipment is smaller in size, lighter in weight, and more efficient
than 1-¢ machinery of the same rated capacity. The three phases of a 3-¢ system may be connected in two
ways. If the three common ends of each phase are connected together at a common terminal marked N for
neutral, and the other three ends are connected to the 3-¢ line, the system is wye- or Y-connected (Fig. 20-2a).
If the three phases are connected in series to form a closed loop, the system is delta- or A-connected
(Fig. 20-2D).

V.
V] V2 V3 3
v 120°
120° €
Time —>
120°
4
(@) Three sine wave voltages (b) Three corresponding phasor voltages

Fig. 20-1 Three-phase alternating voltages with 120° between each phase

S YNY —0 B

Line conductor

(@) Wye or Y connection (b) Delta or A connection

Fig. 20-2 Connections for 3-¢ ac power

474
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THREE-PHASE TRANSFORMER CONNECTIONS

Three-phase transformers may consist of three separate but identical 1-¢ transformers or a single 3-¢ unit
containing three-phase windings. The transformer’s windings (three in the primary and three in the secondary)
may be connected to form a 3-¢ bank in any one of four common ways (Fig. 20-3). Each primary winding is
matched to the secondary winding drawn parallel to it.

I —> al —> I —> al —>
o—; —O o— x —0
v v
NE) a
v v 2 — Vv oy
a
o —0 o— ‘—o
g —> <— al
NE) V3
o— —0 o— °
Primary Secondary Primary Secondary
(@) Delta-to-delta (A-4) (b) Wye-to-wye (Y-Y)
I —> al —> ] —>
Oy o o~
1 )
\/j _K_ 14
A Via
! o
o al
o— o o-
Primary Secondary Primary Secondary
(¢) Wye-to-delta (Y-4) (d) Delta-to-wye (A-Y)

Fig. 20-3 Common 3-¢ transformer connections. The transformer windings are indicated by the heavy lines. a = N1 /Ny

Shown are the voltages and currents in terms of the applied primary line-to-line voltage V and line
current /, where a = Nj/N,, the ratio of the number of primary to secondary turns. A line voltage is a
voltage between two lines, while a phase voltage is a voltage across a transformer winding. A line current
is a current in one of the lines, while a phase current is a current in the transformer winding. Voltage and
current ratings of the individual transformers depend on the connections shown (Fig. 20-3) and are indicated in
tabular form (Table 20-1) for convenience in calculations. Ideal transformers are assumed. The kilovoltampere
rating of each transformer is one-third of the kilovoltampere rating of the bank, regardless of the transformer
connections used.

Example 20.1 If the line voltage V is 2200V to a 3-¢ transformer bank, find the voltage across each transformer
primary winding for all four types of transformer connection. Refer to Fig. 20-3 and Table 20-1.

A-A: Primary winding voltage = V = 2200 V Ans.

V2200

— =—=1270V Ans.
V3 1.73

Y-Y: Primary winding voltage =
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Table 20-1 Voltage and Current Relationships for Common 3-¢ Transformer Connections
Transformer Primary Secondary
Connection ; i
(Primary to Line Phase Line Phase
Secondary) | vypoltage | Current | Voltage | Current | Voltage* | Current | Voltage | Current
A-A v I v ! v I v af
- _ - a - full
V3 a a NG
Y-Y Vv I v I v I 4 I
- — — a — a
NE] a V3a
\% Vv Vv
Y-A v I — I — V3al | — al
V3 J3a V3a
1 3v I 14 I
AY v I v = /3 £ = Z
V3 a V3 a V3
*a = Ni/Ny; /3 =173
. . Vv 2200
Y-A: Primary winding voltage = — = —— = 1270 V Ans.
J3 173
A-Y: Primary winding voltage = V = 2200 V Ans.

It is clear that in any A connection the total voltage across any winding in the primary or secondary equals the line voltage
in the primary or secondary, respectively, because each winding is directly across the line. The voltage in each winding
will be out of phase by 120° with the voltages in the other windings.

Example 20.2 If the line current 7 is 20.8 A to a 3-¢ transformer connection, find the current through each primary
winding for all four transformer configurations. Refer to Fig. 20-3 and Table 20-1.

A-A:

Y-Y:

Y-A:

A-Y:

The current in each winding w

. L I 20.8
Primary winding current = — = — =12 A Ans.

/3 LT3

Primary winding current = / = 20.8 A Ans.
Primary winding current = / = 20.8 A Ans.

. . I 20.8
Primary winding current = — = —— =12 A Ans.

J3 173

ill be out of phase by 120° with the currents in the other windings.

Example 20.3 For each type of transformer connection, find the secondary line current and secondary phase current

if the primary line current / is

A-A:

Y-Y:

10.4 A and the turns ratio is 2:1. Refer to Fig. 20-3 and Table 20-1.

Secondary line current = al = 2(10.4) = 20.8 A Ans.

al _ 2(10.4)
J3 173

Secondary line current = al = 2(10.4) = 20.8 A Ans.

Secondary phase current = =12A Ans.

Secondary phase current = al = 2(10.4) = 20.8 A Ans.
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Y-A: Secondary line current = V3al = 1.73(2)(10.4) =36 A Ans.
Secondary phase current = al = 2(10.4) =20.8 A Ans.

al _ 2(10.4)

Y-A: Secondary line current = NG 73 = 12 A Ans.
al  2(10.4)
Secondary phase current = — = =12A Ans.
V3 1.73

The current in each secondary line will be out of phase by 120° with the currents in the other secondary lines. Likewise,
the current in each secondary winding will be out of phase by 120° with the currents in the other secondary windings.

POWER IN BALANCED THREE-PHASE LOADS

A balanced load has identical impedance in each secondary winding (Fig. 20-4). The impedance of each
winding in the A load is shown equal to Z, (Fig. 20-4a), and in the Y load equal to Zy (Fig. 20-4b). For
either connection, the lines A, B, and C provide a three-phase system of voltages. The neutral point N in the
Y-connection is the fourth conductor of the three-phase four-wire system.

1, =31, —> L, =1
A
v, = NEYZ
Vi
N o=
1
—>
B o
Vi
C o L
I, —>
(@) Balanced Aload, Z, = Z, = Z. = Z, (b) Balanced Yload, Z, = Zy = Z. = Z,

Fig. 20-4 Three-phase balanced load types

In a balanced A-connected load (Fig. 20-4a), as well as in the windings of a transformer, the line voltage
Vi and the winding or phase voltages V), are equal, and the line current /I, is /3 times the phase current / -
That is,

A-load: V=V, (20-1)

I, =31, (20-2)

For a balanced Y-connected load (Fig. 20-4b), the line current /7, and the winding or phase current /,, are
equal, the neutral current I is zero, and the line voltage V, is /3 times the phase voltage V. That is,
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Y load: =1, (20-3)
In=0 (20-4)
VL =3V, (20-5)

(These relationships are also observed in Fig. 20-3 and Table 20-1.)
Since the phase impedance of balanced Y or A loads have equal currents, the phase power or power of
one phase is one-third the total power. Phase power P, is

Py = Vyl,cos0 (20-6)
and total power Pr is

Pr =3V,I,cos0 (20-7)
Since Vi =V, [Eq. (20-1)] and I, = NEY /3 from Eq. (20-2), for a balanced A load,
A load: Pr = x@VL Iy cos6 (20-8)

Since Iy = I, [Eq. (20-3)] and V, = ﬁVL/3 from Eq. (20-5), for balanced Y loads, substitution in
Eq. (20-7) gives

Y load: Pr = x/gVLIL cos 6 (20-8)

Thus the total-power formulas for A and Y loads are identical. 8 is the phase angle between the voltage and
current of the load impedance, so cos 6 is the power factor of the load.

The total apparent power ST in voltamperes and the total reactive power Q7 in voltamperes reactive are
related to total real power Pr in watts (Fig. 20-5). Therefore, a balanced three-phase load has the real power,
apparent power, and reactive power given by the equations

Pr = ~/3V I cos6 (20-8)
Sy =~3V. I (20-9)
Or =3V, 1 sin6 (20-10)
Py, kW
0
Sy, kVA Or, kVAR Or, kVAR
lagging Sy, KVA leading
PF = cos 6 PF = cos 6
0
Py, kW
(a) Oy inductive (b) Oy capacitive

Fig. 20-5 Power-triangle relationships for 3-¢ circuit with net inductive or net
capacitive loads
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where  Pr = total real power, W
St = total apparent power, VA
Q7 = total reactive power, VAR
V1, = line voltage, V
I; = line current, A
6 = load phase angle
V3= 1.73, a constant

479

Transformer ratings are specified generally in kilovoltamperes. The relationships of voltage, current, and power

expressed in Egs. (20-1)—-(20-10) are applicable to all balanced 3-¢ circuits.

Example 20.4 How much power is delivered by a balanced 3-¢ system if each wire carries 20 A and the voltage between

the wires is 220 V at a PF of unity?
Using Eq. (20-8),

Pr =3V, I cos® = 1.73(220)(20)(1) = 7612 W Ans.

Example 20.5 Each phase of a 3-¢ A-connected generator supplies a full-load current of 100 A at a voltage of 240 V
and at a PF of 0.6 lagging (Fig. 20-6). Find the (a) line voltage, (b) line current, (c) 3-¢ power in kilovoltamperes, and

(d) 3-¢ power in kilowatts.

— B
Ip = IOOAT g

o C

Fig. 20-6 Three-phase A-connected generator

(a) Use Eq. (20-1).

VL=V, =240V  Ans.

(b) Use Eq. (20-2).

I, = 1.731p = 1.73(100) = 173 A Ans.
(c) Use Eq. (20-9).
St =~/3Vy I} = 1.73(240)(173) = 71800 VA = 71.8 kVA
(d) Py = St cos =71.8(0.6) =43.1 kW Ans.

Ans.

Example 20.6 Three resistances of 20 Q each are Y-connected to a 240-V 3-¢ line operating at a PF of unity (Fig. 20-7).

Find the (a) current through each resistance, (b) line current, and (c¢) power taken by the three resistances.

(a) VL = \/gvp

(20-5)
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A o
I, —>
Ao
Ip
V, =240V /
240 V v, =240V v, 200 200
240 V J{
B o
B o
240 V 240 V 20 Q
C o \l’ C Cﬁ\l/
Fig. 20-7 Y-connected load Fig. 20-8 A-connected load
V 240
Vp= &= -1387V
J3 173
Vv Vv 138.7
Ip=-L="L=""—-694A  Ans.

Z, R, 20
(b) Use Eq. (20-3).

1L=Ip=6~94A Ans.

(c¢) Use Eq. (20-6).
Pr =3P, =3V,I,cos0 = 3(138.7)(6.94)(1) = 2890 W Ans.
Example 20.7 Repeat Example 20.6 if the three resistances are reconnected in delta (Fig. 20-8).
(a) Use Eq. (20-1).
Vp =V, =240V

1% 1% 240
=-L="L=""=12A Ans.
Zp R, 20

(b) Use Eq. (20-2).
I = \/glp =1.73(12) =20.8 A Ans.
(¢) Use Eq. (20-6).
Pr =3Vplpcost = 3(240)(12)(1) = 8640 W Ans.
Or use Eq. (20-8).
Pr = V3V I cos6 = 1.73(240)(20.8)(1) = 8640 W Ans.

Example 20.8 A 3-¢ Y-connected transformer secondary has a four-wire 208-V ABC system (Fig. 20-9). Thirty lamps,
each rated at 120 V and 2 A, are to be connected across each phase. Show the connection of the lamp load if the load is
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Panel board

Phase A—L

A
2o;rv 201v 120 V | | 10 lamps
ol J/ ° | Phase B |
20];\v ’ 120V | |
c L ] Phase C
12(/)1\ v | I [ 10 lamps |
l I Neutral I ®

Fig. 20-9 Load connections for a balanced 3-¢ circuit

to be balanced, and determine the power assumed by each phase and the power consumed by the system. (Assume lamps
are resistive.)
The line voltage is given as V; = 208 V. The line-to-neutral voltage or the phase voltage is V). Using Eq. (20-5),

2
ﬁ_ﬁ:nov

Vi =3V vV, = -
L P50 PT RT3

In order to have a balanced load, 30 lamps must be distributed equally across three 120-V phases. Thus, 10 lamps are
connected across each 120-V phase (Fig. 20-9). The power per phase P) is found by using Eq. (20-6):

2A
Pp = Vplpcoso =120 (10 lamps X I

) (1) = 120(20)(1) = 2400 W Ans.
amp

and the total power is three times the phase power.
Py =3P, = 3(2400) = 7200 W Ans.
Example 20.9 A 3-¢ three-wire system has a line current of 25 A and a line voltage of 1000 V. The power factor of the

load is 86.6 percent lagging. Find (a) the real power delivered, (b) the reactive power, and (c) the apparent power, and
(d) draw the power triangle.

(a) Use Eq. (20-8).
Pr = \/§VL I7, cos® = 1.73(1000)(25)(0.866) = 37500 W = 37.5 kW Ans.

(b) 6 = arccos 0.866 = 30°

sinf = 0.5

Or = V3V, Iy sin® = 1.73(1000)(25)(0.5) = 21 600 VAR = 21.6kVAR lagging  Ans.
(©) Sy =3V I, = 1.73(1000)(25) = 43250 VA = 43.3kVA  Ans.

(d) See Fig. 20-10.
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Or = 21.6 kVAR lagging

Py =375kW

Fig. 20-10 Power triangle

UNBALANCED THREE-PHASE LOADS

A very important property of a 3-¢ balanced system is that the phasor sum of the three line (or phase)
voltages is zero and the phasor sum of the three line (or phase) currents is zero. When the three load impedances
are not equal to each other, the phasor sum and the neutral current Iy are not zero, and we have an unbalanced
load. An imbalance occurs when an open or short circuit appears at the load.

If a 3-¢ system has an unbalanced power source and an unbalanced load, the methods for solving them
are complex. We will consider an unbalanced load only with a balanced source.

Example 20.10 Consider a balanced 3-¢ system (Fig. 20-11a) with a Y load. The line-to-line voltage is 173 V and
the resistance in each branch is 10 . Find the line current and neutral current under the following three load conditions:
(a) balanced load, (b) open circuit in line A (Fig. 20-11b), and (c) short circuit in line A (Fig. 20-11c).

IA
—>

Open
circuit

Short
circuit

(a) Balanced 3-¢ system, I, = 0 (b) Unbalanced 3-¢ load, (¢) Unbalanced 3-¢ load,
open circuit, I, = Ig + I~ short circuit, I, = 1,

Fig. 20-11 Three-phase unbalanced load conditions

(a) Balanced 3-¢ load (Fig. 20-11a):

vp 173 Vp 100
=L _ I=-2X=—"=10A
V3 173 R, 10

Ip=1,=10A IN=0A  Ans.
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(b) OpenY circuit (Fig. 20-11b): Line voltage V; = 173 V remains fixed. But current in lines B and C now becomes
(two 10-2 resistors are in series)

Ig =1 173 _g66a 4
= = —— = 9. ns.
LT )

which is less than the line current under balanced conditions.
Iy =1Ip+1Ic =8.66+8.66=173A Ans.

(¢) Short Y circuit (Fig. 20-11¢): Line voltage V; = 173 V remains fixed. But current in lines B and C now becomes

173

which is +/3 times the value of the line current under balanced conditions. The current in line A is equal to the neutral
line current, /4 = I . I is the phasor sum of Ig and I, which are 120° out of phase, so that

Iy =3I =173(173) =30A  Ans.

which is three times its value under balanced conditions. Under a fault condition the neutral connector in the
Y-connected load carries more current than the line or winding under a balanced load.

Solved Problems

20.1  Each phase of a Y-connected generator delivers a current of 30 A at a phase voltage of 254 V and a
PF of 80 percent lagging (Fig. 20-12). What is the generator terminal voltage? What is the power
developed in each phase? What is the 3-¢ power developed?

VL =3V, (20-5)
/[\ o A
= 1.73(254) =439V Ans. vV =9
i ?
P, = V,I,cos6 (20-6) VA
= 254(30)(0.8) = 6096 W Ans.
o C

Pr =3V,I,cos0 =3P, (20-7)
Fig. 20-12 Y-connected generator
= 3(6096) = 18288 W Ans.

20.2  Identify the three-phase transformer connections (Fig. 20-13a and b).

If you follow the wiring sequence for the primary winding connection and the secondary winding
connection, you obtain the equivalent connections shown in Fig. 20-13¢. So (1) is a A-A connection
and (2) is a Y-A connection.

20.3 In a three-phase Y-A connection, each transformer has a voltage ratio of 4: 1. If the primary line
voltage is 660V, find (a) the secondary line voltage, (b) the voltage across each primary winding,
and (c) the voltage across each secondary winding.
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(@) ®

Three-phase transformer connections

Secondary Primary

XZ
Ay
2) Y-A
(¢) Equivalent transformer connections
Fig. 20-13
From Fig. 20-3c, the Y-A connection is as shown in Fig. 20-14.
(a) Given are V =660V and VR =4 = TR = a. Then
) 14 660
Secondary line voltage = = =954V Ans.
V3a  1.734)
. o 14 660
(b) Primary winding voltage = — = —— =382V Ans.
J3 173
(c) Voltage across the secondary winding = voltage of secondary line = 95.4 V Ans.

20.4 The secondary line voltage of a A-Y transformer bank is 411 V. The transformers have a turns ratio
of 3:1. Find (a) the primary line voltage, (b) the current in each secondary winding or coil if the
current in each secondary line is 60 A, and (c) the primary line current.



CHAP. 20] THREE-PHASE SYSTEMS 485

al
I—> J—>s
12 ! i , v
vV — a
3
R Ve 7 B 1
l a
(-2 0 o 0
Primary Y Secondary A Primary A Secondary Y
Fig. 20-14 Y-A transformer connection Fig. 20-15 A-Y transformer connection

From Fig. 20-3d, the A-Y connection is as shown in Fig. 20-15.
. 3V
(a) Secondary line voltage = —— =411V so
a

4lla _ 41103)

— 713V Ans.
7173 "

Primary line voltage V =

(b) When the secondaries are connected in Y, the current in each secondary coil equals the line
current, or 60 A.

I
(c) Secondary line current = a_3 =60A so

60v/3  60(3)
a

=346A Ans.

Primary line current I =

20.5  What are the primary and secondary current ratings of a 500-kVA 3-¢ transformer stepping down from
a 480-V delta to 120/208-V wye (Fig. 20-16)? The 120/208-V wye four-wire transformer secondary
is used in building electrical systems when both single-phase loads and three-phase motors are to be
supplied.

I, = T
O—
v, = 480 V
o
Primary A Secondary Y

Fig. 20-16 A-Y connection for a 3-¢ step-down transformer
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There are two secondary voltages in the Y transformer four-wire system: the phase voltage V),
of 120V and the line voltage V; of 208 V (120 x +/3 = 208). On the primary side:

Transformer rating = apparent power = V3viig (20-9)
So I = transformer rating _ 500000 _ 602 A Ans.
NEY 1.73(480)
On the secondary side:
Transformer rating = apparent power = V3viip (20-9)
So = transformer rating 500000 1390 A Ans.

NS T 1.73(480)

Delta-connected secondaries are generally used for three-phase three-wire loads. Show how a A
connection can be used to supply single-phase loads at two terminal voltages as well as three-phase
loads.

A four-wire system is obtained by adding a fourth wire from the midpoint of one of the three
A transformer windings (Fig. 20-17). The normal voltage is 240 V from phase to phase and 120 V
from the neutral (or midphase) wire to each of the phasor conductors connected to the winding ends.
With this system, single-phase loads are fed from 120-V terminals; and three-phase loads as well as
single-phase loads are fed from the 240-V phase terminals A, B, and C.

3-¢ 1-¢
motor load, 240 V motor loads, 240 V
g/fl j M) m ( M)
N
® _ _ 0 A
240 V
= 240 V
208 V
X —0 B
Y x o C
/ Neutral wire 128/ v
-9 ’ - N
Center tap
M M
I-¢
motor loads, 120 V
Fig. 20-17 A connections to four-wire line with neutral
20.7 A distribution transformer bank of three single-phase transformers is connected A-Y (Fig. 20-18a).

The transformer turns ratio is 100: 1. The secondaries of the bank supply power to a 208-V, 3-¢,
four-wire system. The load in the system consists of a 72-kW 3-¢ motor, PF = 1, terminal voltage
208 V; three 12-kW 1-¢ lighting circuits, terminal voltage 120 V; and three 1-¢ 10-kVA motors,
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3-¢ 72-kW motor 1-¢ 10-kVA motor
load, 208 V, PF = 1.0 load, 208 V, PF = 0.8

M M) (M) (M
N—

] _ > _ O
l T v, =4\120 v
' Vi

Each 12-kW 1-¢

I Lights I I Lights | I Lights | otor load, 120 V

(a) Distribution transformer bank

S=30kVA 0=
PF=cos0=0.8 S =kVA load?
lagging Or =18 kVAR lagging
0
pP=? Py =132kW
(b) Motor power triangle (c) Total power triangle

Fig. 20-18

PF = 0.8 lagging, terminal voltage 208 V. Find (a) the total kilovoltampere load of the circuit; (b) the
kilovoltampere rating of the transformer bank if ratings only of 100 kVA, 112.5 kVA, and 150 kVA are
available; (c) the kilovoltampere rating of the individual transformers; (d) the secondary line current;
(e) the primary line voltage; and (f) the primary line current.

Step 1. Find the phase-to-neutral voltage V), in the Y secondary.
Vi 208

Vp = —= —

V33

Step 2. Find the total kilovoltampere load and then the required kilovoltampere rating of the
transformer bank.

=120V

Lighting load: P=3x 12kW =36 kW
PF =1, motor load: P =72kW
PF = 0.8, motor load: S =3 x 10kVA = 30kVA

In order to find the P and Q components of the motor load with PF = 0.8, we use
relationships of the power triangle (Fig. 20-18b).

P = Scosf =30(0.8) =24 kW Q = Ssin6 = 30(0.6) = 18 kVAR lagging
The total kilowatt load is

Pr =36+472+24 =132kW
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The total kilovoltampere-reactive load Q7 is
Or = 18kVAR

So the total kilovoltampere load Sy (Fig. 20-18c¢) is

Sy =+ 1322 + 182

(a) Kilovoltampere load ST = 133 kVA Ans.
(b) The next larger rating available is the 150-kVA transformer bank. Ans.
(c¢) Therefore, this bank requires three 50-kVA single-phase transformers. Ans.

Step 3. Find Iz, in the secondary.

Kilovoltampere load = +/3V; I; = 133 kVA (20-9)
133(1000 133000
(d) Then I = ( ) = =370 A Ans.
V3V, 1.73(208)
Step 4. Find V7 in the primary.
(e) Primary V; = (TR)(secondary V) = 100(120) = 12000 V Ans.

Step 5. Find /7 in the primary.
Kilovoltampere load = V3 VeI = 133kVA

" L _1331000) _ 133000 _
(/) Then L= Ay, 1.73(12000)

6.41 A Ans.

If the transformer bank of Problem 20.7 is rated at 150 kVA, find the full-load current on the high
side and on the low side.

The low-side (secondary) voltage is given as 208 V.

Kilovoltampere load = V3 Vi Irp = 150 kVA (20-9)

;- 150(1000) 150000

Low side: L = =417 A Ans.

V3v,  173(208)

The high-side (primary) voltage is the product of the turns ratio and the corresponding winding voltage
on the low side (secondary), which is the phase voltage V. So

Vr = 100(120) = 12000 V
and, assuming ideal transformers without losses, on the high side

Kilovoltampere load = V3 VeI = 150kVA (20-9)

_150(1000) 150000

- —723A  Ans.
J3v, 1.73(12000) s

High side: I

Since maximum currents are present under full-load conditions, the cables connected to the high- and
low-voltage windings of the transformers would be sized according to these currents.
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20.9 A A-connected load (Fig. 20-19) is drawing 600 kW from a 5000-V line at a lagging power factor.
If each wire carries 75 A, what is the power factor and angle of lag?
PF = cos 8
Pr = \/§VL I1 cos 6 (20-8)
Solve for cos 8:
Pr
cosf) = ———
NEY/A1
Substitute known values:
600(1000
PF =cosf = # = 0.925 lagging Ans.
1.73(5000)(75)
Then 6 = arccos 0.925 = 22.4° Ans.
I, =75A__> L[ =7—>

P, = 600 kKW T
=7 —
5000 V I, v, =250V Py = 100 kW
= PF = 0.90

v, =
[, ZA [ l
o o-
Fig. 20-19 A-connected load Fig. 20-20 A-connected generator
20.10 A Y-connected generator (Fig. 20-20) supplies 100 kW at a PF of 0.90. If the line voltage is 250V,
find the line current.
PF = cosf6 = 0.90
Pr = /3V,I; cos 6 (20-8)
Solve for I :
P 100(1000
I = I _ 000 _ o557  ans.
V3V cos  1.73(250)(0.90)
20.11

Three loads, each having a resistance of 16 2 and an inductive reactance of 12 €2, are A-connected
to a 240-V 3-¢ supply (Fig. 20-21). Find the (a) impedance per phase, (b) current per phase, (c) the
3-¢ kilovoltamperage, (d) PF, and (e) the 3-¢ power in kilowatts.

@ Zp=R2+X2=VIZ+122=20Q Ans.

X, 12 o
0 of load = arctan — = arctan — = arctan 0.75 = 36.9

p
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M X
W

240 V L

o

Fig. 20-21 Impedance in A-connected load

(b) V, =V, =240V

(¢) St =3V,I, =3(240)(12) = 8640 VA = 8.64 kVA Ans.
(d) PF =cosf = cos36.9° = 0.80 lagging Ans.
(¢) Pr = Srcosf =8.64(0.8) = 6.91 kW Ans.

20.12  Find the indicated quantities (Fig. 20-22a), which show the connected loads for a balanced 3-¢ A
transformer bank.

I, = P>
—0
120V
i
| L °
1, =1 :
° @ 9 O
I~
M M M @ Total load
P.=17
3-¢ motor Each motor, 1-¢ 0, =71
10 hp 4.5 kW T,
PF = 0.8 PF = 0.9 Sp =2
Eff = 0.80 PF = ?
(@) Loads of 3-¢ A transformer bank
S7=26.6 kVA
S =11.7kVA T
= S=15kVA
0=7.02kVAR 0, 13.5KkVAR
lagging o= §~52 kVAR lagging
lagging
25.8° |
P =936 kW P=135kW Pr=229kW
(b) Power triangle; 3-¢ motor (c) Power triangle; three 1-¢ motors (d) Power triangle; total load

Fig. 20-22
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Step 1.

Step 2.

Step 3.

THREE-PHASE SYSTEMS

Find the power relationships for each load.

(a) 3-¢ motor (Fig. 20-22b):

hp x 746 10(746)
PF x Eff =~ 0.8(0.8)

S = motor load =

@ = arccos 0.8 = 36.9°
P =11.7c0s36.9° = 11.7(0.8) = 9.36 kW

Q = 11.75in36.9° = 11.7(0.6) = 7.02 kVAR lagging
(b) Three 1-¢ motors (Fig. 20-22¢):

P =135kW given 6 = arccos 0.9 = 25.8°
Q = 13.5tan 25.8° = 13.5(0.483) = 6.52 kVAR lagging

491

= 11656 = 11.7kVA (1Thp =746 W)

S=+vP2+ 02=1/(13.5)2 + (6.52)2 = V182 + 42.5 = /224.5 = 15kVA

Find the power relationships for the fotal load.
Total kW load Pr = 9.36 4+ 13.5 =22.9kW Ans.
Total kVAR load Q7 = 7.02 + 6.52 = 13.5 kVAR lagging Ans.

From the power-triangle relationships (Fig. 20-22d),

St =/ P2+ 02 = (22.9)2 4 (13.5)2 = /524 + 182 = /706 = 26.6 kVA

PF o= L1 229 (861 lagei A
=cosf=—=—=0. aggin ns.
St 266 gemne
Find the current relationships.
St = \/§VLIL
N 26.5(1000
from which I =—1 = 1000 _ 1ogA  ans.
J3v,  1.73(120)
I, = V31,
1 128
from which I, = L 74 Ans.
J3 173

Ans.

(20-9)

(20-2)

20.13  On a 120/208-V four-wire Y system, two lamps are connected from phase A to neutral, five lamps
from phase B to neutral, and four lamps from phase C to neutral (Fig. 20-23a). If all the lamps have
the same rating and each draws 2 A, find the current in each phase and the neutral current.

Since each lamp draws 2 A,

Iy =2lamps x 2A =4 A Ans.
Ip=5lamps x 2A =10A Ans.
Ic =4 lamps x 2A =8 A Ans.
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THREE-PHASE SYSTEMS
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— I
transformer secondary — — A 5
| Phase A |- 9
T ]
208 V 208 V 120 V | | ; 2 lamps
B
N J/ | —
T @ 1 Phase B I 4
208 V 120 V | | , | 5 lamps |
c
\ | —
T | Phase C
avl |1
\L — Neutral |
| I ¢
L — J Iy

(@
Fig. 20-23a Unbalanced loading on four-wire, 3-¢ Y circuit

Since the values of the load or phase currents are different, the load is unbalanced and current will
flow in the neutral wire. The magnitude of I/ is the phasor sum of the three phase currents 14, Ip,

and Ic.

Iy = /12 +1?

where I, is the sum of the phasor currents along the x axis and I, is the sum of the phasor currents
along the y axis. We draw the phasor diagram of currents, calculate their component values along the

x and y axes, add these components, and then solve for Iy .
Step 1. Draw the current-phasor diagram (Fig. 20-23b).
We show 14 as the reference phasor and then show each load current 120° out of phase
from the others.
¥y Y
10 A
IB
1.73 A
T
60° i20° / Iy
\/ 4A y '
] > X - X
/R 120° I, -SA I
60° 120°
._/
Ie 8 A

b) (c)

Fig. 20-23b, ¢
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20.14

20.15

20.16

20.17

20.18

20.19

20.20

20.21

20.22

20.23

20.24

Step 2. Find the component values of the three load currents and add them. Refer to Fig. 20-23b.
Along the x axis: Iy =4A Igp=—10c0os60°=—-5A Ic=—8cos60°=—4A
Along the y axis: Iy =0A Ip =10sin60° =8.66 A Ic = —8sin60° = —6.93 A
Then I, =4-5—-4=-5A [,=0+866—-693=173A

Step 3. Calculate I (Fig. 20-23c¢).

Iy= 2+ 1} =V(=5*+(1732=529A  Ans.

Supplementary Problems

If the winding or phase voltage in the secondary is 120V, find the secondary line voltage for Y and
A connections. Ans.  Y-connection: V; = 208 V; A-connection: V; = 120V

A A-connected generator supplies 100 V as line voltage and 25 A as line current. What is the voltage
and current for each winding or phase? Ans. V,=100V; I, =145A

A Y-connected generator supplies 40 A to each line and has a phase voltage of 50 V. Find the current
through each phase and the line voltage. Ans. I, =40A;V, =865V

In a Y-A transformer bank, each transformer has a voltage ratio of 3 : 1. If the primary line voltage is
625V, find (a) the voltage across each primary winding, (b) the secondary line voltage, and (c) the
voltage across each secondary winding. Ans. (a)361V; (b)120V; (c) 120V

The secondary line voltage of a A-A transformer bank is 405V and the secondary line current is
35 A. If each transformer has a turns ratio of 5: 1, find (a) the primary line voltage, (b) the secondary
winding or phase current, (c) the primary line current, and (d) the primary winding or phase current.
Ans. (a) 2025V; () 20.2A; (c)7A; (d)4.05A

Identify the three-phase transformer connections (Fig. 20-24a and b).
Ans. (a) A-Y connection; (b) Y-Y connection

A 3-¢ system with balanced load carries 30 A at 0.75 power factor. If the line voltage is 220 V, find
the power delivered. Ans. P =8.56kW

Find the kW and kVA drawn from a 3-¢ generator when it is delivering 25 A at 240 V to a motor
with 86 percent power factor. Ans. P =893kW; § =10.4kVA

Find the full-load line and phase currents for both A- and Y-connected 3-¢ alternators with ratings
of 75kVA at 480 V.
Ans.  A-connected: I, =903 A; I, =52.2A; Y-connected: Iy =90.3A;1, =903A

Of the four possible ways to connect transformers in three-phase systems, which one will give the
highest secondary voltage for a given primary voltage? Ans. A-Y

Find the line current in a balanced 3-¢ system which delivers 36 kW at 0.95 power factor and
225 V. Ans. Ip =974A
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20.25

20.26

20.27

20.28

20.29

20.30

20.31

20.32
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4, X,
[ > ©

B, Y,
——0 o ©
o o 8- - -0

A, X5

B3 Y,

() b)
Fig. 20-24

A 3-¢ system supplies 34.2 A at a line voltage of 208 V for a balanced load at 89 percent power factor.
Find the kilovoltampere rating of the transformer. Ans. S =12.3kVA

A balanced 3-¢ line carries 14 A in each line at 1100 V. If the power delivered is 22 kW, find the
power factor of the load. Ans. PF = 0.826 lagging

A three-phase system delivers a line current of 50 A at a line voltage of 220 V and 86.6 percent power
factor. Find (a) the real power, (b) the reactive power, and (c) the apparent power.
Ans. (a) P =165kW; (b) Q =9.53kVAR; (¢) S=19.1kVA

How many 60-W 110-V lamps can be connected to a balanced 3-¢ system if the line current is
28.4 A and the line voltage is 110 V on the load side? Ans. 90 lamps

At full load, each of the three phases of a Y-connected generator delivers 150 A and 1329V at a PF
of 75 percent lagging. Find (a) the terminal voltage rating, (b) the kilovoltampere rating, and (c) the
kilowatt rating. Ans. (a) 2300V; (b) 598 kVA; (c) 448 kW

It is desired that a 10 000-kVA 3-¢ 60-Hz generator have a rated terminal voltage of 13 800V when
it is Y-connected. (a) What must be the voltage rating of each phase? Find (b) the kilovoltampere
rating per phase and (c) the rated line current. Ans. (a) 7977V; (b) 3333kVA; (c)419A

A 3-¢ transformer bank is designed to supply a 240-V industrial distribution system. The connected
balanced 3-¢ loads are as follows: 50-kW motor at PF = 0.80, 40-kW motor at PF = 0.85, fluorescent
lighting load of 10 kW at PF = 0.90, and an incandescent lighting load of 15 kW at PF = 1.0. Find
the total real power, total apparent power, total reactive power, and total PF of the load.

Ans. Py =115kW; Or = 67.1 kVAR lagging; ST = 133 kVA; PF = 86.5% lagging

Find the total line current drawn by the connected loads of Problem 20.31, assuming balanced
conditions. Ans. I =320A
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20.33  For the distribution transformer bank (Fig. 20-25), find the total kilovoltampere load and the power
factor of the load.
Ans. St = 170kVA (Pr = 148 kW, Q7 = 84.5kVAR lagging); PF = 0.868 lagging

)
208 V
v

T -
@f l Lamps ] I Lamps l l Lamps] @{

70-kW motor Incandescent lamps, Four 5-hp motors
PF = 0.7 each 20 kW PF = 0.8
PF =1 Eff = 0.85
Fig. 20-25

20.34  From Fig. 20-26, find Pr, Qr, ST, PF, and Iy.
Ans. Pr =27.8kW; OQr = 6.18 kVAR lagging; St = 28.5 kVA; PF = 0.975 lagging; I = 150 A

I ="
©
ISTURY
—
@ P 0
—~
M M Q/I) I Lamps ] | Lamps | I Lamps l
Each motor, 1-¢ Incandescent lamps Total load:
S hp each bank 5 kW P =7
PF = 0.9 PF = 1.0 0, =2
Eff = 0.875 L
Sp =72
PF =?
Fig. 20-26

20.35  From Fig. 20-27, find Pr, Q7, S7, PF, I, and I,,.
Ans. Pr = 20.1kW; Or = 15.9kVAR lagging; St = 25.6kVA; PF = 0.785 lagging; I} =
67.3A;1,=389A

20.36  From Fig. 20-28, find Pr, Qr, ST, PF, and Iy.
Ans. Pr =13.1kW; Or = 6.24kVAR lagging; St = 14.5kVA; PF =0.903 lagging; I = 43.9 A

20.37 A 6-hp 3-¢ A-connected motor operates at a power factor of 0.85 with an efficiency of 80 percent. If
the line voltage is 220 V, find the line current. Ans. I, =173 A
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20.39
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?T—>

~
i

M M M@ M

8 hp Each motor, 1-¢ P = 6 kW Total load:
PF = 0.85 2.5 kW PF = 0.7 P. =2
Eff = 0.90 PF = 0.8 7 )
QT =
S =1
PF = ?
Fig. 20-27
I =?7—>
©
/|\ Vel
110 V
Vi o
9 %]
rLamps ] Lamps I I Lamps ] M
Incandescent lamps 10 hp Total load:
4.8 kW total PF = 0.8 p.=7
PF = 1.0 Eff = 0.90 T )
QT =7
S, =1
PF = ?
Fig. 20-28

A Y-connected load of three 10-S2 resistors is connected to a 208-V 3-¢ supply. Find the (a) voltage
supplied to each resistor, (b) line current, and (c) total power used.
Ans. (a) 120V; (b) IL =12 A; (c) 4320W

Three loads, each having a resistance of 16 €2 in series with an inductance of 12 €2, are Y-connected to
a 240-V 3-¢ supply. Find the (@) impedance per phase, (b) current per phase, (c) 3-¢ kilvoltamperage,
(d) PF, and (e) the 3-¢ power in kilowatts.

Ans. (a)Z, =20Q; (b) 1, =694A; (c)2.89kVA; (d)0.80lagging; (e)2.31kW

A A-connected load draws 28.8 kVA from a 3-¢ supply. The line current is 69.2 A and the PF of the
load is 80 percent lagging. Find the resistance and reactance of each phase (the kilovoltamperage of
one phase is one-third of the total). Ans. 4.8 Q resistance; 3.6 2 reactance
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20.41 Find the following indicated quantities:
Line Line Phase Phase
Voltage Current | Voltage Current
Three-Phase Connection Vi,V I;, A Vp, V I, A
(a) A 90 14 ? ?
(b) Y ? ? 50 10
Ans. Three-Phase Connection | V.,V | I, A | V,, V| I, A
(a) A 90 8.09
b) Y 86.5 10
20.42  Find the following indicated quantities for a A-connected load:
Vi,V | I,A | V,,V | I,,A | PF Lagging | Pr, kW
(a) 110 ? ? 18 0.9 ?
) ? 32 120 ? 0.8 ?
(c) ? ? 220 27 ? 16
Ans. Vi,V | IL,A | V,,V | I,,A | PF Lagging | Pr, kW
(a) 31.1 110 5.33
b) 120 18.5 5.31
(o) | 220 46.7 0.9
20.43  For the A-connected transformer secondary (Fig. 20-29), find the total line current.

THREE-PHASE SYSTEMS

Ans. I; =75.1A
I, =7"——
o
M M I Lamps I l Lamps I uamps I
3-¢ motor 3-¢ motor Incandescent lamps
15 A 20 A Each bank 24.5 A
PF = 0.8 PF = 0.95 PF =1

Fig. 20-29
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20.45
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For the A-connected loads (Fig. 20-30), find the total line current. Ans. Ip =577A

L =1—>

]

o

b~

@ M M I Lamps] [ Lamps ] I Lamps]
Each motor 1-¢ Incandescent lamps
15 A Each bank 20 A
PF = 0.8 PF = 1|

Fig. 20-30

Individual loads on separate feeders of a large power system are often unbalanced. The loads of

a Y-connected generator, consisting of electric heaters, draw 150, 100, and 50 A. Find the neutral
current. Ans. Iy =86.6 A

An unbalanced four-wire Y load has load currents of 3, 5, and 10 A. Calculate the value of the neutral
current. Ans. Iy =624 A



Chapter 21

Series and Parallel Resonance

We have observed that in many circuits inductors and capacitors are connected in series or in parallel.
Such circuits are often referred to as RLC circuits. One of the most important characteristics of an RLC circuit
is that it can be made to respond most effectively to a single given frequency. When operated in this condition,
the circuit is said to be in resonance with or resonant to the operating frequency.

A series or a parallel RLC circuit that is operated at resonance has certain properties that allow it to
respond selectively to certain frequencies while rejecting others. A circuit operated to provide frequency
selectivity is called a funed circuit. Tuned circuits are used in impedance matching, bandpass filters, and
oscillators.

SERIES RESONANCE

The RLC series circuit (Fig. 21-1a) has an impedance Z = \/ R? + (X1 — X¢)?. The circuit is at resonance
when the inductive reactance X is equal to the capacitive reactance X¢ (Fig. 21-1b).

XL =Xc
where X =2nfL
X 1
= 2fC
Then at resonance, 2nfL = ;
2rfC
. 1
Solving for f, 2
! (2m)2LC
fef = 1 _0.159 21-1)
T T anJIC T JIC
X, = 2nfL
R L b%
ANN Y L
! X, = Xpatf,
Frequency f
Ay
4 Xc
C
X
¢ 20fC
(@) Schematic diagram b) X, = X_ but are 180° out of phase at f,

Fig. 21-1 Series resonance for RLC circuit at resonant frequency f;

499
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where f, = resonant frequency, Hz
L = inductance, H
C = capacitance, F

For any LC product [Eq. (21-1)] there is only one resonant frequency. Thus, various combinations of
L and C may be used to achieve resonance if the LC product remains the same. Equation (2/-7) may be

solved for L or C to find the inductance or capacitance needed to form a series resonant circuit at a given
frequency.

1 .0254

L= _ 002 (21-2)
Am2f2C T f2C
1 0.0254

= 21-3)

C = =
4m2f2L ~ f2L

Since X; = X¢, X1 — X¢ = 0 so that

Z=VR+ (X, - Xc)?=VR*=R

Since the impedance at resonance Z equals the resistance R, the impedance is a minimum. With minimum
impedance, the circuit has maximum current determined by / = V/R. The resonant circuit has a phase angle
equal to 0° so that the power factor is unity.

At frequencies below the resonant frequency (Fig. 21-2a), X is greater than X so the circuit consists of
resistance and capacitive reactance. However, at frequencies above the resonant frequency (Fig. 21-2a), X is
greater than X¢ so the circuit consists of resistance and inductive reactance. At resonance, maximum current
is produced for different values of resistance (Fig. 21-2b). With a low resistance, the current increases sharply
toward and decreases sharply from its maximum current as the circuit is tuned to and away from the resonant
frequency. This condition where the curve is narrow at the resonant frequency provides good selectivity. With
an increase of resistance, the curve broadens so that selectivity is less.

Maximum
X, = Xc current at f,
— X, > X, Sk~ X, > X,—>
!
High
N [ - gh Q
8 ! =
g | g Medium Q
é Capacitive | Inductive (3
= region [ io
g ' region Low Q
| Resonant point
Z =R
A -
f=1/ f=1 Frequency f
Frequency f High
R
Medium R
Low R
(@) Impedance response curve (b) Current response curve

Fig. 21-2 Characteristics of series RLC circuit at resonance
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Example 21.1 Find the resonant frequency of a simple radio receiver tuning circuit (Fig. 21-3) if the inductance is
200 nH and the capacitor is set at 200 pF.
L=200uH=200x10"H=2x10"*H C=200pF=200x10""2F=2x10"10F
0.159
fr=—m
~LC
0.159

- —795000Hz = 795kHz  Ans.
J@x 1074 (2 x 10-19)

(21-1)

Notice that the voltage applied to this circuit is the voltage induced across the secondary winding, which is in series
with the capacitor. Thus, while the circuit looks like a parallel circuit, it is a series circuit because of the series voltage
input.

Y

L =200pH C = 200pF
—0

Fig. 21-3 Radio receiver tuning circuit

Example 21.2  Find the value in picofarads of a tuning capacitor placed in series with a 400-uH inductance in order to
provide resonance for a 500-kHz signal.

L=400 uH=400 x 100°H=4x10"*H  f = 500kHz = 500 x 10° Hz = 5 x 10° Hz
0.0254
T RL
0.0254

= =254x10710F =254 x 10712 F=254pF  Ans.
2
(5 x 10%)7 (4 x 1074)

c (21-3)

Example 21.3 A voltage of 15-V ac is applied to a 150-uH coil connected in series with a 169-pF capacitor (Fig. 21-4).
The total series resistance is 7.5 €2, which includes the coil winding resistance, the resistance of the connecting leads, and
the leakage resistance of the capacitor. This circuit is resonant at 1000 kHz. Find the magnitude of the current and of the
voltage drops across each element. Describe the circuit when the frequency of the applied voltage is 800 kHz, 1000 kHz,
and 1200 kHz.

Step 1. Find the current at resonance.

At resonance, Z=R=75Q
By Ohm’s 1 [ A R S
y Ohm’s law, =R =75 ns.

Step 2. Find the voltage drops at resonance.

Xy = Xc =2nfL =6.28(10°)(150 x 107%) =942 @
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Ve =1 v, =1
7.5Q 150 wH
I =7
Ve=15V <>
~
f, = 1000 kHz
c
)|
71
169 pF
Ve =1

Fig. 21-4 Series RLC circuit

Then VR=IR=2(75 =15V  Ans.
V= IX, =2(942) = 1884V Ans.
Ve =IXe =2(942) = 1884V Ans.

Thus we see that the voltage drops across both the inductance and the capacitance are 125 times greater than the
applied voltage. Since at resonance the high reactive voltages V; and V¢ cancel each other, they have no effect
on the load. However, the insulation of the coil connectors and the dielectric of the capacitor must be designed
to withstand a voltage about 125 times greater than the applied voltage.

Step 3. Describe the behavior of the circuit as a function of frequency. At frequency f = 800 kHz, which is below the
resonant frequency:

X1 = 6.28fL = 6.28(8 x 10°) (150 x 107) =754 ©

1 1

6.28/C  6.28(8 x 10)(169 x 10~12)

Xc

Since X¢ > X, the circuit is capacitive below the resonant frequency. Ans.
At the resonant frequency f, = 1000 kHz:

X, =Xc=942Q

Therefore, at resonance the circuit is purely resistive. Ans.
At a frequency f = 1200 kHz, which is above the resonant frequency:

X = 6.28/L = 6.28(12 x 10°)(150 x 107%) = 1130 @

1 1

6.28fC  6.28(12 x 105)(169 x 10~12)

Xc

Since X7 > X, the circuit is inductive above the resonant frequency. Ans.

Refer to Fig. 21-2a, which confirms the nature of this circuit as a function of frequency.
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0O OF SERIES CIRCUIT

The degree to which a series-tuned circuit is selective is proportional to the ratio of its inductive reactance
to its resistance. This ratio Xy /R is known as the Q of the circuit and is expressed as follows:
0=21L (21-4)
"R
where (Q = quality factor or figure of merit
X, = inductive reactance, 2
R = resistance,

The lower the reactance, the higher the value of Q. The higher the Q, the sharper and more selective is the
resonant curve. Q has the same value if calculated with X instead of X since they are equal at resonance.
Q = 1501is a high Q. Typical values are 50 to 250. Less than 10 is a low Q; more than 300 is a very high Q.
See Fig. 21-2b.

The Q of the circuit is generally considered in terms of X since the coil has the series resistance of the
circuit. In this case, the Q of the coil and the Q of the series resonant circuit are the same. If extra resistance
is added, the Q of the circuit will be less than the Q of the coil. The highest possible Q for the circuit is the
Q of the coil.

The Q of the resonant circuit can be considered a magnification factor that determines how much the
voltage across L or C is increased by the resonant rise of current in a series circuit.

VL =V =0Vy (21-5)
Example 21.4 Find the Q for the series resonant circuit and the rise of voltage across L or C due to resonance

(Fig. 21-4).
Use Eq. (21-4) to find Q.

Q=—=—=1256 Ans.

Use Eq. (21-5) to find V, or V.
Vi =Ve =0Vyr =125.6(15) = 1884 V Ans.

This is the same value calculated for V; or V¢ at resonance in Example 21.3.

PARALLEL RESONANCE
Pure Parallel LC Circuit

In the pure LC parallel-tuned circuit (that is, one in which there is no resistance), the coil and capacitor
are placed in parallel and the applied voltage V7 appears across these circuit components (Fig. 21-5a). In this
parallel-tuned circuit, as in the series-tuned circuit, resonance occurs when the inductive reactance is equal to
the capacitive reactance.

X =Xc
Because the applied voltage is common to both branches,
Vi, =Ve

so that 14 = Ve I = I¢c
XL Xc’
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The current in the inductive branch I;, equals the current in the capacitive branch Ic. Iy, lags the applied voltage
Vr by 90°, while I¢ leads the voltage by 90° (Fig. 21-5b). Since the phasor currents Iz and I¢ are equal and
out of phase by 180°, their vector sum is zero so that the total current I7 is zero. Under this condition, the
impedance of the circuit at the resonant frequency must be infinite in value.

I. A
c
17
I 1 IL = IC
L c
;=0
Ve=V, =V, @ X, == Xc > V,, reference
I ¥
(@) Schematic diagram (b) Current-phasor diagram at resonance

Fig. 21-5 Pure LC parallel circuit

The formula for the resonant frequency of a pure LC parallel-tuned circuit is the same as that for a series
tuned circuit.

;. 1 0.159 D
" onJILC  JIC

If the resonant frequency is known, then the inductance or capacitance for a parallel resonant LC circuit can
be found by formulas.

0.0254
r
0.0254
= 21-3)
’

Example 21.5 A parallel resonant circuit appears as an infinite impedance (or open circuit) at the resonant frequency.

This makes it possible to reject or “trap” a wave of a definite frequency in antenna circuits. A 400-uH coil and a 25-pF

capacitor are placed in parallel to form a “wave trap” in an antenna. Find the resonant frequency that the circuit will reject.
The resistance of the circuit is negligible.

L=400uH=4x10"*H C=25pF=25x10"12F

0.159
fr= = @1-1)
0.159

- —1590kHz  Ans.
J(@x 1074)(25 x 10-12)

Example 21.6 The capacitance of a parallel resonant circuit used as a wave trap in an antenna circuit is 400 pF. Find
the value of the parallel inductance in order to reject an 800-kHz wave.

f=800kHz=8x 100Hz  C =400 pF =400 x 10~ 12 F
0.0254

L=—
frc

(21-2)

0.0254 s
= =9.92x107 =992uH  Ans.
(8 x 103)(400 x 10~12) ) a "




CHAP. 21] SERIES AND PARALLEL RESONANCE 505

Practical Parallel LC Circuit

In a practical LC parallel-tuned circuit (Fig. 21-6a), there is some resistance, most of which is due to the
resistance of the inductor wire. The resonant frequency of a parallel circuit also is defined as that frequency
at which the parallel circuit acts as a pure resistance. Therefore, the line current /7 must be in phase with
the applied voltage V7 (unity power factor) (Fig. 21-6b). This means that the out-of-phase or quadrature
component of the current through the inductive branch I; must be equal to the current through the capacitive
branch I¢; and the total line current /7 equals the in-phase component of the current through the inductive
branch, or It = Ig (Fig. 21-6b). Since the impedance is maximum, /7 is minimum.

I- A
1.=1
c L
17
1
I c
RL
R Ip =1,
Yy
Vr @ -~ Xc
X,
1 \L —_—
(@) Schematic diagram (b) Current-phasor diagram at resonance

Fig. 21-6 Practical parallel LC circuit

The resonant frequency for the circuit (Fig. 21-6a) is

1 [ 1 R?

= m\ic 12 (@1-6)

Ir

where f, = resonant frequency, Hz
L = inductance, H
C = capacitance, F
R = resistance, 2

If the Q of the coil is high, say greater than 10, or the term 1/LC > R%/L?, then, for practical purposes,
the term R?/L? can be disregarded. The result is that Eq. (27-6) becomes Eq. (21-1), the resonant-frequency
formula for series resonance.

1
= — 21-1)
= avic
The total impedance at resonance of the practical LC parallel circuit is
Zr = L 21-7)
"~ ke

In terms of quality factor Q, Z7 at resonance can also be found by

Zr = X1Q =2nf,LQO (21-8)
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or 7 T = Q
27 f,C

(21-9)

The impedance Zr of a practical parallel circuit is maximum at the resonant frequency and decreases
at frequencies below and above the resonant frequency (Fig. 21-7a). An increase in resistance decreases the
impedance and causes the impedance to vary less “sharply” as the circuit is tuned over a band of frequencies
below and above the resonant frequency (Fig. 21-7b). At frequencies below resonance, X¢ > X and I > I¢
so that the parallel-tuned circuit is inductive (Figs. 21-7a and c). At frequencies above resonance, the reverse
condition is true, X; > X¢ and Ic > I, so that now the circuit is capacitive (Figs. 21-7a and c). Since the
impedance Zr is maximum at parallel resonance, /7 is minimum (Fig. 21-7c¢).

X, = X¢ I, =I¢
Maximum
éXC > XL XL > XC> impedancealf, 6—[,_>1C * IC> IL——>
N Indque Capaf:mve High O
N | region region -
[N N ¢ ..
= W = Capacitive
3 g Medium O ] region
2 3 5
E 2 S
E Low Q Inductive
region Minimum
line current
at f,
¢ +
f=1, Frequency f f=1
Frequency f ngh R Frequency f
Medium R
S Low R
(@) (b) (c)

Fig. 21-7 Impedance and current response curves of practical parallel LC circuit at resonance

O OF PARALLEL CIRCUIT

For a parallel resonant circuit in which R is very low compared with X,

0="t 21-4)

R
where R is the resistance of the coil in series with Xy (Fig. 21-6a). If the resistance of the source supply

is very high and there is no other resistance branch shunting the tuned circuit, the Q of the parallel resonant
circuit is the same as the Q of the coil.

Example 21.7 In the circuit shown (Fig. 21-8a) find (@) the resonant frequency of the circuit, (b) the impedance of the
circuit, and (c) the total current at resonance; and (d) draw the phasor diagram.

(a) Find f;.

11R2

— 21-6
271 LC ( )
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Compare 1/LC with R%/L2.

1 1 ]2
1 =9.85 x 10
LC ~ (203 x 10-9)(500 x 10-12) *
2 6.7)% .
B___ ) M9 109 x 108

L2 (203 x 10-6)%  (4.12x 107%)

Because 9.85 x 1012 > 10.9 x 108 or 1/LC > R2/L2, the R2/L2 term can be disregarded and Eq. (21-1) can

be used.
1 1 1
fr==—4— = ——v9.85 x 1012 = 500000 Hz = 500 kHz  Ans.
2V LC  6.28
R2 670
L 17 €3
VT=100V§\,> C 1< 500 pF > > PF=1

L 3203 4H 1.65 mA 100V

(a) Parallel LC circuit (b) Phasor diagram
Fig. 21-8
(b) Find Z7. Use Eq. (21-7).
L 203 x 107°

Zr = = 60600 Q = 60.6 k2 Ans.

RC ™ 6.7(500 x 10-12)
(¢) Find I7 by Ohm’s law.

v 100
T 1.65 mA Ans.

I = =
T = 77 T 606 x 103

(d) Draw the phasor diagram (see Fig. 21-8b).

Example 21.8 A coil with a Q of 71.6 is connected in parallel with a capacitor to produce resonance at 356 kHz. The
impedance at resonance is found to be 64 k2. Find the value of the capacitor. Assume the Q of the resonant circuit is the
same as the Q of the coil.

0
T 2nfC

Zr (21-9)

0 71.6

from which C= -
rom we 2frZr | 6.28(356 x 103)(64 x 109)

=5x10719F=500pF  Ans.
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BANDWIDTH AND POWER OF RESONANT CIRCUIT

The width of the resonant band of frequencies centered around f; is called the bandwidth of the tuned
circuit. In Fig. 21-9a, the group of frequencies with a response equal to 70.7 percent or more of maximum is
considered the bandwidth of the tuned circuit. For a series resonant circuit, the bandwidth is measured between
the two edge frequencies f1 and f>, producing 70.7 percent of the maximum current at f, (Fig. 21-9b). For
a parallel resonant circuit, the bandwidth is measured between the two frequencies, allowing 70.7 percent of
the maximum total impedance at f, (Fig. 21-9¢).

Bandwidth 70.7% of 70.7% of
Af = f, - f max. current max. impedance
100
70.7% |
80 ~  response |
e F———— s
S R
g oF Lo ~ N
2 b E 3
S ok Pl = 5
£ 40 5 -
P [ l | @] g.
ol Lo E
ol
0 Nn 5K N 0 Si fr fr 0 N1oKoNH
Frequency f Frequency f Frequency f
(a) General resonance (b) Series resonance (c) Parallel resonance

Fig. 21-9 Bandwidth of a tuned LC circuit

At each frequency f and f>, the net capacitive or net inductive reactance equals the resistance. Then Zr
of the series RLC resonant circuit is /2 or 1.4 times greater than R. The current then is //+/2 = 0.707 1.
Since power is I°R or V2/R and (0.707)*> = 0.50, the bandwidth at 70.7 percent response in current or voltage
is also the bandwidth of half-power points.

Bandwidth (BW) in terms of Q is

BW:fz—ﬁ:Af:ﬁ (21-10)

Q
High QO means narrow bandwidth, whereas low Q yields greater bandwidth (Fig. 21-10).
Either f or f> is separated from f, by one-half of the total bandwidth (Fig. 21-9), so these edge frequencies
can be calculated.

A

Ji=fr— —2f 21-11)
Af

H=f+ > (21-12)

Example 21.9 An LC circuit resonant at 1000 kHz has a Q of 100. Find the total bandwidth Af and the edge
frequencies f] and f;.

_ I
0

1000 x 10
© 100

Af (21-10)

—10x 10> = 10kHz  Ans.
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Highest Q

Amplitude -—>

Lowest Q

Frequency f—>

Fig. 21-10 Resonant response curves: higher Q provides
sharper resonance, lower Q provides broader
response

Since fi and f> have the same frequency spacing on each side of the resonant frequency, bandwidth can also be expressed as
Af = £5kHz Ans.
Use Eq. (21-11) to find f7.
fi=fr— %f = 1000 x 10° — (5 x 10°) =995 x 10> = 995kHz  Ans.
Use Eq. (21-12) to find f7,

Af 3 3 3
f2=fr+7=1000><10 +(5><10)=1005X10 = 1005 kHz Ans.

Example 21.10 For a series resonant circuit (Fig. 21-11), what is the real power consumed at resonance and at an edge
frequency?

R X,
et AAA e Y Y Y e
1 20 Q 1000 ©
Vp=100V @

XC

AY

/1
1000 ©

Fig. 21-11 Series resonant circuit
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. . \% 100
At resonance: =T _ " _s5A
R 20
Power at resonance: P = ’R = 52(20) =500 W Ans.
or Py = Vrl =100(5) = 500 W Ans.
2 2 2
1 I“R 54(20
Power at f] or f>: Pri=|—x) R=—= (20 =250 W Ans.
V2 2 2

or, since f] and f, are at the half-power points,

P 500

SUMMARY

Series and parallel resonance are compared in Table 21-1.

Table 21-1 Comparison of Series and Parallel Resonance

Series Resonance Parallel Resonance (Q > 10)
fr=— fr=—
" 2nJLC " 2 JIC

I maximum at f, with & = 0° | I7 minimum at f, with 6 = 0°
Impedance Z minimum at f Impedance Z7 maximum at f;

XL XL
e=7% C=%
Q rise in voltage = QVr Q rise in impedance = QX7

. Jr . fr

Bandwidth Af = E Bandwidth Af = 5
Capacitive below f;-, but Inductive below f;, but
inductive above f capacitive above f;

Solved Problems

21.1  What value of inductance must be connected in series with a 300-pF capacitor in order that the circuit
be resonant to a frequency of 500 kHz?

C=300pF=300x 1072F=3x10"1F  f=500kHz =500 x 10° Hz = 5 x 10° Hz

00254
= ¢

0.0254
= =339 uH Ans.

(5 x 105)*(3 x 10-10)

21-2)
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21.2  Prepare a table of various combinations of L and C required to produce resonance in a series RLC
circuit at a frequency of 600 kHz.

Find the LC product for f, = 600 kHz.

00254

LC =

f2C

0.0254  0.0254

fr2

(6% 10%)?

=7x 1071

If L is to be specified in microhenrys and C in microfarads, then

LC =

_Ix107M

10—12

=0.07

21-2)

Assume various values of L and solve for resulting values of C by Eq. (21-3). The result is the

following table.

Ans.

Resonant

Frequency, LC
kHz L, uH C, uF Product
600 100 0.0007 0.07
600 50 0.0014 0.07
600 10 0.007 0.07
600 1 0.07 0.07
600 0.2 0.35 0.07
600 0.05 1.4 0.07
600 0.005 14 0.07
600 0.0005 140 0.07

21.3 A 4-mH coil and a 50-pF capacitor form the secondary side of a transformer (Fig. 21-12). Find the

resonant frequency.

o— p————— o
Primary Secondary
i Ly 4 mH C + 50 pF
o—— —————o0
Fig. 21-12 Resonance in transformer secondary

L=4mH=4x10H

C=50pF=50x 1072 F
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Using Eq. (21-1),

0.159 0.159

= = = 356 kHz Ans.
VIC (4 x 1073)(50 x 10-12)

r

21.4 A series circuit has R =40, L = 0.5H, and C = 0.2 F. Find (a) the impedance and Q of the
circuit to a frequency of 400 Hz, (b) the capacitance that must be added in parallel with the 0.2 uF
to produce resonance at this frequency, and (c) impedance and Q of the coil at resonance.

(a) Find Z at f =400 Hz.

X1 =6.28fL = 6.28(400)(0.5) = 1256 @

1 1
T 2nfC T 6.28(400)(0.2 x 106)

Xc = 1990

Z=vR>+ (X, — Xc)? = 402 + (1256 — 1990)2 = /402 + (—734)2 =735Q  Ans.
_ X — Xc 734

=— =184 Ans.

At nonresonance,
0 R 40

(b) Find the C that will produce resonance.

f=400Hz L=05H
~0.0254
=L
_0.0254
©4002(0.5)

21-3)
=0.3175 uF = 0.318 uF

Since 0.318 uF is needed for resonance and we have only 0.2 uF, we must add 0.118 uF
(0.318 uF — 0.2 uF) in parallel with 0.2 uF, so

C =0.118 uF Ans.
(¢) Find Z and Q at resonance.
Z=R=40Q Ans.

Find X at resonance.

1 1

X = =
€7 22f,C " 6.28400)(0.3175 x 10-9)

= 1254 Q@ = 1256 Q2

Due to rounding off, X¢ is not exactly equal to X; (1256 2). X; = X at resonance, so

Xc 1256
0= —

= 2C_ 220 314 Aps.
R-R 40 s

21.5 An RLC series circuit with R = 5Q, C = 10 uF, and a variable inductance L has an applied
voltage Vr = 110V with a frequency of 60 Hz. L is adjusted until the voltage across the resistor is
a maximum. Find the current and voltage across each element.
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The maximum voltage across the resistor occurs at resonance. At resonance,

1 1

X = =
© 7 2nfC T 628(60)(10 x 10-6)

=265

X, =Xc=265Q and Z=R=5Q

V. 110
I:—T:—:ZZA Ans.
Z 5

and Vg =IR=22(5) =110V Ans.
V, = IX, = 22(265) = 5830V Auns.
Ve = IXc = 22(265) = 5830V Ans.

Then

21.6  Find the minimum and maximum values of the capacitor needed to obtain resonance with a 300-uH
coil to frequencies between 500 and 1500 kHz.

For a minimum C, f, is equal to its maximum value of 1500 kHz.

0.0254 0.0254
= = =376 x 107" F=37.6pF  Ans.

 fPmal (15 x 108)7(300 x 10-6)

min

For a maximum C, f, is equal to its minimum value of 500 kHz.

0.0254 0.0254
Crnax = = =339x107°F=339pF  Ans.

Fminl (5 x 105)%(300 x 10-6)

21.7 A series RLC circuit with R = 25 Q and L = 0.6 H has a leading phase angle of 60° at a frequency
of 40 Hz. Find the frequency at which this circuit will be resonant.

Step 1. Draw the impedance triangle (Fig. 21-13) and solve for the net reactance X.

X = Xc — X1 = 25tan 60° = 25(1.73) = 43.3

R =25Q

Impedance
v triangle
X = XC - XL
X > X, since circuit is leading
Z

Fig. 21-13 Impedance triangle

Step 2. Find X and then X¢.

X1 =6.28fL = 6.28(40)(0.6) = 151 Q
Xc— Xp =433 from Step 1

Then Xc =433+ X, =433+ 151 =194 Q
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Step 3. Find C.

1 1
C = =
2nfXc-  6.28(40)(194)

=20.5 uF

Step 4. Knowing L and C, find f,, using Eq. (21-1).

_0.159 0.159

== /0.6(205 x 10-6)

Step 5. As a check, determine whether X; = X¢ at f, = 45.3 Hz.

=45.3Hz Ans.

X = 6281 L = 6.28(45.3)(0.6) = 171 Q

1 1

XC = =
2nf,C 6.28(45.3)(20.5 x 10-9)

=171 Q

Therefore, X; = X¢c =171 Q.

21.8 A common application of resonant circuits is tuning a receiver to the carrier frequency of a desired
radio station. The tuning is done by the air capacitor C, which can be varied with the plates completely
in mesh (maximum capacitance) to out of mesh (minimum capacitance). Calculate the capacitance of
the variable capacitor to tune for radio stations broadcasting at 500, 707, 1000, 1410, and 2000 kHz

(Fig. 21-14).
0.0254
= (21-3)
fPL
0.0254
At f, =500kHz: C = =425x 10710 =425pF  Ans.

(5 x 109)2(239 x 10~°)

500 kHz 2000 kHz

Frequency range
500 to 2000 kHz

RF
signal
input

J

Fig. 21-14 Tuning LC circuit through the AM radio
band of 500 to 2000 kHz
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Since 1 2
Cx— C,= c(f—>
fr,n

Let C, = 425 pF, f,., = 500 kHz.

5002

At f, = 707 kHz: C=425(==) =213pF Ans.
707
500 \ 2

At f, = 1000 kHz: C =425 —— | = 106 pF Ans.
1000
500 \?

At f. = 1410 kHz: C=425(——) =534pF Ans
1410

At f, = 2000 kHz: C =425 S00 2—266F A

= Z: = 2000 ) =2 P ns.

21.9 The Q of a coil in a series resonant circuit can be determined experimentally by measuring the Q
rise in voltage across L or C and comparing this voltage with the generator or input voltage. As a
formula

Vout Vi Ve

Q: = — = —
Vin  Vin Vi

This method is better than the X /R formula for determining Q because R is the ac resistance of
the coil, which is not easily measured. A series circuit resonant at 400 kHz develops 100 mV across
a 250-uH coil with a 2-mV input. Calculate the Q and ac resistance of the coil.

V. 100 mV

— o _ m =50 Ans.
Vi 2mV

Xp =2nfL = 6.28(4 X 105)(250 X 1()_6) =628 Q

Xy

== 21-4
R (21-49)
XL 628

R=—=—=126Q Ans.

0 50

21.10 A 0.1-mH coil and a 1200-pF capacitor are connected in parallel to form the primary of an IF
transformer (Fig. 21-15). What is the resonant frequency?

(e ——————— B ——
Primary Secondary
C
7N A
[ ——— -

Fig. 21-15 LC tuning on the primary side of an IF transformer
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Since this is a case of a pure LC parallel tuned circuit,

0.159
= QI-1)
fr =
L=01mH=0.1x10H C=1200pF=1200x 1072F=12x10""F
0.159
fr= =459 kHz Ans.

J(0.1x1073) (12 x 10-9)

21.11  The parallel tank circuit of an oscillator contains a coil of 320 H. Find the value of the capacitance
at the resonant frequency of 1 MHz. Resistance is negligible.

Use Eq. (21-3).

00254 0.0254

C=—"= : =79x 107" F=79pF  Ans.
FFL (1% 106)7(320 x 1079)

21.12  For the practical LC parallel circuit (Fig. 21-16), the formula for the equivalent or total impedance
Z7 18

1
m\/(RXLXc —RXcX)2 + (R2X¢ + X1 XcX)? where X = X1 — X¢

Zr =

Find the total impedance Z7 when f = 1000kHz, R =4 @, L = 100 uH, and C = 200 pF. Round
off Zr to three significant figures.

O

R
z, —> y L
XL
. S—

Fig. 21-16 Equivalent impedance of an
LC parallel circuit

Step 1. Calculate X;, X¢, and X.

X, =27fL = 6.28(1 x 10°)(100 x 107°) = 628 @
1 1

© 27fC T 6.28(1 x 100)(200 x 10~12)
X=X, —Xc=628-796=-168%Q

Xc =796 Q2
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21.13

Step 2. Substitute values of R, X, X, and X¢ to calculate Z7.

R>+ X?> =47+ (—168)> = 2.82 x 10*
RX; Xc — RXcX = 4(628)(796) — 4(796)(—168) = 2.54 x 10°
R*Xc + X1 XcX = 4%(796) + 628(796)(—168) = —84 x 10°

(9
V(2.54 % 106)2+(_84x1o6)2=w=2979 Q=2980Q  Ans.
2.82x 104

1
T 2.82x 104

Zr

In this case X¢ > X (796 2 > 628 2) so that the circuit is inductive (more inductive current than
capacitive current).

A simpler method for evaluating Z7 when R < X, R <« X¢, and R < X is by reducing the for-
mula for Z7. For these conditions, X; Xc X is the dominating term so that the other terms under the
square root sign can be disregarded. The result is

1 \/72 X1 XcX _ X1 Xc
Z1 = =\ (X XcX)" = =
r =57V XeXcX) e X

Since the inequality conditions hold true for this circuit (10 2 <« 628 2, 10 Q2 « 796 2, and
10 2 « 168 Q2),

~ 628(796)

168 = 2976 2 = 2980, rounded off to three significant figures Ans.

which equals the value previously calculated.

Find the resonant frequency and total impedance Zr of the circuit (Fig. 21-16) when the component
values remain the same as those in Problem 21.12, R =4 Q, L = 100 uH, and C = 200 pF.

Step 1. Find f,.

1 1 R2
Ir=s\e 2 (@1-6)
Compare 1/LC with R?/L?.
1 1
— = =5x 10"
LC ~ (100 x 10-6)(200 x 10-12)
R? 4? 16
= =16 x 108

12~ (100 x 1062 — 10-8

Since 1/LC > R?/L?, the R*/L? term can be disregarded so f, can be found by using
Eq. (21-1).

1 [1 1
f,:E Ezﬁx/Sx1013=1.13x106Hz=1130kHz Ans.

Step 2. Find Zr at resonance, using Eq. (21-7).

L 100 x 10

RC  4(200 x 10712)

Zr
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21.14  Find the total impedance of Z7 of the circuit (Fig. 21-16) when f = 1300 kHz and the component
values remain the same as those in Problem 21.12, R =4 Q, L = 100 uH, and C = 200 pF. Round
off Zr to three significant figures.

Step 1. Calculate X, X, and X.

X1 =27fL = 6.28(1.3 x 10°)(100 x 107%) = 816 ©

1 1
- 27fC 6.28(1.3 x 109)(200 x 10-12)

X=Xr—Xc=816—-612=204Q

=612 Q

Xc

Step 2. Substitute in the formula for Z7 given in Problem 21.12.

R> 4+ X? =47 +204%> = 4.16 x 10*
RX;Xc — RXcX = 4(816)(612) — 4(612)(204) = 1.5 x 10°
R’Xc + X1 XcX = 4%(612) + 816(612)(204) = 1.02 x 10®

1 1.02x 108
e JU5x1092 4 (1.02x 1082 = 22" 9450 Q0=2450Q  Ans.
4.16><104‘/( > A0)7 (L0200 = e o s

Zr

In this case X1 > X¢ (816 Q2> 612 ) so that the circuit is capacitive (more capacitive current than
inductive current).
A simpler method is to use the formula developed in Problem 21.12.

_ X1 Xc . 816(612)
X T 204
= 2450 €2, rounded off to three significant figures

Zr = 2448 Q

which equals the value calculated by the exact formula.
In summary, the accompanying table shows the nature of a practical LC parallel circuit below
the resonant frequency, at the resonant frequency, and above the resonant frequency.

Nature of LC
Problem Number Frequency Zr Parallel Circuit
21.12 1000 kHz: 2980 2 | Inductive (X¢ > X1)
Below resonant
frequency
21.13 1130 kHz: 125 k2 | Resistive (X¢ = X)),
At resonant maximum impedance,
frequency minimum current
21.14 1300 kHz: 2450 Q | Capacitive (X7 > X¢)
Above resonant
frequency
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21.15

21.16

21.17

21.18

21.19

21.20

21.21

21.22

21.23

21.24

21.25

A parallel LC circuit tuned to 200 kHz with a 350-uH coil has a measured impedance Z7 of 19 800 €.
Calculate Q.

X1 = 27fX; = 6.28(2 x 10°)(350 x 107°) = 440 ©

Zr = X0 (21-8)
Zr 19800
ST 7T 45 Ans,
=%, = 0 s

Supplementary Problems

Find the resonant frequency of a series circuit if the inductance is 300 uH and the capacitance is
0.005 nF. Ans.  f, =130kHz

Find the resonant frequency of a transmitting antenna that has a capacitance of 300 pF, a resistance
of 40 2, and an inductance of 300 yH. Ans. f, =530kHz

Find the resonant frequency of a series resonant section of a bandpass filter when L = 350 uH and
C =20 pF. Ans.  f, = 1500 kHz

What is the resonant frequency of a series circuit that consists of an inductance of 500 uH and a
capacitance of 400 pF? Ans. f, =356kHz

How much capacitance is needed to obtain resonance at 1500 kHz with an inductance of 45 uH?
Ans. C =251pF

Find the value of inductance that will produce resonance to 50 Hz if it is placed in series with
a 20-uF capacitor. Ans. L =0.508 uH

What is the capacitance of an antenna circuit whose inductance is 50 uH if it is resonant to
1200 kHz? Ans. C =353pF

What is the inductance of a series resonant circuit with a 300-pF capacitor at a frequency of
1000 kHz? Ans. L =847 uH

A voltage of 100-V ac at a frequency of 10 kHz is impressed across a series circuit that consists of
a 220-pF capacitor and an 800-mH coil with an internal resistance of 125 2. Find (a) the current in
the circuit, (b) the voltage drops across the capacitor and the coil, (c) the power dissipated by the
circuit, and (d) the Q of the coil.
Ans. (a) I =4.52mA (Z =221009); (b) Ve =327V; V. =227V; (c) P =2.55mW,

(d) Q =402

Find (a) the resonant frequency of the circuit in Problem 21.24. As a series resonant circuit, find
(b) the current in the circuit, (c) the voltage drops across the capacitor and the coil, (d) the power
dissipated by the resonant circuit, (¢) the Q of the coil, ( f) the total bandwidth and edge frequencies,
and (g) the power dissipated by the circuit operating at the edge frequency.

Ans. (a) fr = 12.0kHz; (b) I = 0.8A; (c¢) Vc =48230V; VL, =48230V; (d) P =80W;
(e) O = 482; (f) Af = 25Hz; fi = 11988Hz; f, = 12012 Hz. Rounding off has distorted
these answers. If f. were rounded to unit hertz, f. = 11985 Hz (five significant figures). Then
fi=11973Hz and f, = 11997 Hz. (g) P =40W
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21.26

21.27

21.28

21.29

21.30
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What type and value of “pure reactance” must be added to the circuit in Problem 21.24 to make it
resonant at 10 kHz? Ans. L =355 mH added in series

A series circuit has a resistance of 30 €2, an inductance of 0.382 H, and a capacitance of 0.2 uF.

Find (a) the impedance of the circuit to a frequency of 500 Hz, (b) the Q of the circuit, (c) the

capacitance that must be added in parallel with the 0.2-uF capacitor to produce resonance at this

frequency, (d) the impedance of the circuit at resonance, (e) the Q of the resonant circuit, and ( f) the

bandwidth.

Ans. (a) Z=391%2; (b) Q=13; (c) C =0.065 uF (Total C = 0.265 uF at resonance);
d)Z=30%; () Q=40; (f)Af=125Hz

A tuning capacitor is continuously variable between 20 and 350 pF. Find (@) the inductance that must
be connected in series with it to produce a lowest resonant frequency of 550 kHz, and then () the
highest resonant frequency. Ans. (a) L =0.239mH; (b) f, = 2300 kHz

A 0.1-H inductance, a 1-uF capacitor, and a 5-Q resistor are connected in series across a supply
voltage of 50V at a frequency of 503 Hz. (@) Is the circuit resonant? (b) Find the impedance of the
circuit, and (c) find the amount of voltage across each component.

Ans. (a)Yes (Xc =X =316RQ); (b)Z=5%; (c) Vg=50V; V, =3160V; Vc =3160V

In a series RLC circuit, R = 102, L = 20 mH, and C = 1.26 uF. Fill in the indicated quantities in
the accompanying table, and plot the impedance as a function of frequency.

f X. | Xc | Z | Nature®* | Q

800 Hz ? ? ? ? ?
900 Hz ? ? ? ? ?
1 kHz ? ? ? ? ?
1.1 kHz ? ? ? ? ?
1.2 kHz ? ? ? ? ?

*Inductive, capacitive, or resistive (resonant)

Ans. fHz | X, @ | Xc.Q | z.@ | Nature 0
800 101 158 57.9 | Capacitive 5.7
900 113 140 28.8 | Capacitive 2.7
1000 126 126 10 Resonant, 12.6
resistive
1100 138 115 25.1 | Inductive 24
1200 151 105 47.1 Inductive 4.6

See Fig. 21-17 for plot of impedence as a function of frequency.
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21.31

21.32

21.33

21.34

21.35

21.36

21.37

21.38

21.39

A series RLC circuit with R = 250 2 and L = 0.6 H has a lagging phase angle of 30° at a frequency
of 60 Hz. Find the frequency at which this circuit will be resonant. Ans. f, =36.1Hz

A series RLC circuit with R = 10 Q2 and C = 10 uF has a leading phase angle of 45° at a frequency
of 500 Hz. Find the frequency at which this circuit will be resonant. Ans. f, =604 Hz

A series resonant circuit produces 240 mV across the coil with a 2-mV input. (@) What is the Q of
the coil? (b) Find R if the coil is 5 mH and f; is 300 kHz. (¢) How much C is needed for this f,.?
(d) What are the bandwidth and edge frequencies?

Ans. (a) Q =120; (b) R=178.5%; (c) C =56.4pF;, (d) Af =2.5kHz; fi = 298.75kHz;
f>» =301.25kHz

For f, = 450kHz and Q = 50, determine the bandwidth Af and the edge frequencies f; and f5.
Ans. Af =9kHz; fi =445.5kHz; f, = 454.5kHz

Find the lowest and highest values of C needed with 0.1-uH coil to tune through the commercial FM
broadcast band of 88-108 MHz.
Ans.  Cpin = 21.7 pF; Cmax = 32.7 pF

Find the resonant frequency of a filter made of a 150-uH coil and 40-pF capacitor in parallel.
Ans.  fr =2053kHz

A 0.001-uF capacitor and a coil are connected in parallel to form the primary of an IF transformer.
Find the inductance of the coil so that the circuit is resonant to a frequency of 460 kHz.
Ans. L =120 uH

A 16-uH coil and a 50-pF capacitor are connected in parallel (Fig. 21-18). If the effective resistance
of the coil is 25 €2, find the resonant frequency, the Q of the coil at resonance, the bandwidth, and
the edge frequencies.

Ans. f, =5620kHz; Q = 22.6; Af = 249kHz; f1 = 5495.5kHz; f, = 5744.5kHz

An inductor is connected in parallel with a 200-pF capacitor so that the circuit is resonant to 113 kHz.
A circuit magnification meter indicates that the Q of the inductor is 800. Find (a) the value of
the inductance, (b) the effective resistance of the inductor, and (c) the impedance of the circuit at
resonance. Ans. (@) L=991mH; (b)) R =8.79R; (c)Zr =5.64MQ
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21.40

21.41

21.42

21.43
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R2250Q
C A~ 50 pF
L <16 pH
P SE——
Fig. 21-18

An inductor with a measured Q of 100 resonates with a capacitor at 7500 kHz with an impedance of
65.9 k2. Find the value of the inductance and the capacitance of the test capacitor.
Ans. L =14 uH; C =32.2pF

An inductor of 0.1 mH with a Q of 90 is connected in parallel with a 253-pF capacitor. Find (a) the
resonant frequency and bandwidth, (b) the impedance of the circuit at resonance, and (c) the effective
resistance of the inductor.

Ans. (a) fr = 1000kHz; Af = 11.1kHz; (b) Zr =56.5kR2; (¢) R=7%2

Find the resonant frequency of the parallel circuit (Fig. 21-19). (Note that this is a very low Q circuit.)
Ans.  f, = 159 Hz [use Eq. (21-6)]

R27Q
C A~ 20 uF
L 41 mH
Fig. 21-19

Fill in the indicated quantities for the low-Q circuit (Fig. 21-19) for the various given frequencies.
Round off Z7 to three significant figures. (See Solved Problem 21.12.) What is the Q of the circuit at
resonance?

f,Hz ZT, Q Nature
(@ | 127 ? ?
® | 159 9 ?

© | 191 ? 9




CHAP. 21]
Ans.
(a)
(b)
(9]
21.44

Ans.  f, =500kHz

SERIES AND PARALLEL RESONANCE

f.Hz | Z7,Q Nature
127 7.09 20% below f-, essentially resistive
159 7.14 At f;, purely resistive
191 7.21 20% above f, essentially resistive
0=1714

o
R2175Q
C 1~ 500 pF
L 4203 uH
Fig. 21-20

523

Find the resonant frequency of the parallel LC circuit (Fig. 21-20). (Note that this is a high-Q circuit.)

21.45  Fill in the indicated quantities for the high-Q circuit (Fig. 21-20) for the given frequencies. Round
off Zr to three significant figures. (See Solved Problems 21.12-21.14.)
f,kHz Zr, Q Nature [0
(a) 400 ? ? ?
®) 500 ? ? ?
(c) 600 ? ? ?
Ans. f, kHz Zr, Q Nature 0
(a) 400 1420 20% below f;-, highly inductive 38.0
(b) 500 54.1k At fr, high resistance 84.9
(c) 600 1730 20% above f, highly capacitive 31.3
21.46 In a parallel resonant circuit with X; = 500 Q and Q = 50, calculate Z7. Zr =25kQ



Chapter 22

Waveforms and Time Constants

RL SERIES CIRCUIT WAVEFORMS
When a switch S is closed in a circuit having only resistance R (Fig. 22-1a), the readings on the ammeter A
and the voltmeter V both rise quickly to a value and remain steady at that value (Fig. 22-1b and c). If the
resistance R and the current I are known, the voltage V can be found by Ohm’s law,
V =1IR (22-1)

When switch S is opened, the current and voltage drop quickly to zero.

" Switch Switch Switch Switch

4 N
———-i I I|+—o/o— closed opened closed opened
v é Steady V /
Q) ! Steady /

I1=0 V=20
0 0 V

0 Time ¢ 0 Time ¢
(a) Circuit (b) Waveform of I (c) Waveform of V

Fig. 22-1 Response of circuit with R only

When a coil of wire is added in series with a resistor, we have an RL series circuit (Fig. 22-2a), where
V is the dc voltage, i is the instantaneous current, vy is the instantaneous voltage across the resistor, and vy, is
the instantaneous voltage across the coil. When the switch S is closed, the current begins to rise rapidly from
zero until it reaches a steady value I determined by the resistance R of the circuit and the dc voltage V of
the source (Fig. 22-2b). The shape that the current curve takes is exponential. When the switch is opened, the
voltage source is removed and the current decays to zero at an exponential rate (Fig. 22-2b). With regard to
voltage waveforms across R and L, when the switch is closed, the full dc voltage V appears across the coil

v s 1= % Stead

Lt % R teady value

1 I[ -~ ©-

i
I=0
L R
* w Switch Switch
closed opened
(@) Circuit (b) Current waveform

Fig. 22-2 Response of circuit with R and L in series
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Ve = V(1 - e R
|4 l\ v = Ve RUL
\ |
v, = Ve-Ri/L
v N L l
\\ ./ | vg =0
0 = -~ !
Switch 0 t ﬁ //’
closed | - v, =0
Switch I 7 L
-v opened |/
| /
v ’/ v, = - Ve~ R/L

(¢) Voltage waveforms of vy and v, (V = v, + v;)

Fig. 22-2 (cont.)

and vy decays to zero at an exponential rate; and vg begins at zero and rises exponentially to a steady value
of V (Fig. 22-2¢). When the switch is opened, the net series voltage across R and L, vg + vy, must equal
zero. Because vg cannot change quickly, vy drops to —V and decays to 0V (Fig. 22-2c¢).

The term exponential is used to describe the current and voltage waveforms because the formulas for
calculating i, vg, and v, when time 7 is given contain an exponent of e (constant equal to 2.718).

The specific formulas to describe the RL waveforms follow:

RL Series Charging Formulas When Switch Is Closed

Current (Fig. 22-2b) = Y eRLy (22-2)
R
14 .
I = R when ¢ is large (22-3)
Voltage (Fig. 22-2¢) V=g + s (22-4)
vg = V(1 — e—Rf/L) (22-5)
v, = Ve RI/L (22-6)

RL Series Discharging Formulas When Switch Is Opened

Current (Fig. 22-2b) i VL (22-7)
R

I =0 whentis large (22-8)

Voltage (Fig. 22-2c) 0=vg+vL (22-9)

vg = Ve KI/L (22-10)

vy = —Ve RI/L (22-11)
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where i = instantaneous current, A

V = applied dc voltage, V

R = resistance of the circuit,

L = inductance of the circuit, H

t = time, S

e = natural log base, constant equal to 2.718

I = final or steady-state value of current, A
vg = instantaneous voltage across the resistor, V
v, = instantaneous voltage across the coil, V

Example 22.1 Find the value of ¢~ &//L for the following values of R, L, and ¢.

R, Q| L,H | t,s

@ | 15 15
B | 15 15
© | 30 15
@] 15 30
e | 15 15
H | 30 20

—_— ) = = = O

The simplest way to evaluate exponentials is by use of an electronic calculator. First calculate —R?/L and
then e~ R!/L Round off numerical answers to three significant digits.

Ri _ —150) _

@ ~T=1
e RI/L = 0 = Ans.
Any quantity raised to a zero exponent equals 1.
Rt —15(1)
b) —— = =
L 15
e 1=0368  Ans. 1o
Rt -30(1)
© - = =-
L 15
0.607
e 2 =0.135 Ans. X os
L
Rt —151 0.368
d —-——= () =-05
L 30 0.223
.13
e™03 = 0.607 Ans. g,(‘,sf,
Rt  —15(3)
() —= = =-
L 15 x
e=3 =0.050 Ans. Fig. 22-3 Plot of exponential curve e™*
Rt —=30(1)
D -T="n =~

e 15 =0223  Ans.

If we let x = (R/L)t and plot these values, we obtain the curve e~ (Fig. 22-3).
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Example 22.2 A 20-H coil and a 20-€2 resistor are connected in series across a 120-V dc source (Fig. 22-4a). (a) What
is the current 1, 2, 3, 4, and 5 s after the circuit is closed? (b) What is the initial current at the instant the circuit is closed?
(c) What is the voltage across the coil and across the resistor at 1 s after the circuit is closed? (d) Plot the curve of current
versus time from ¢t =0tor =15s.

(a) Step 1. Write the formula for series RL current when the switch is closed.
Vv
i= 0= e Ri/Ly (22-2)

Step 2. Find the value of e RU/L for ¢ = 1,2,3,4,and 5s.
Rt -20(1)

Fort =1s: .~ 20 =-1 ‘S
e =0368  Ans. ~ )l
Forf— 26 Rt =202 J
orr=es L~ 2 _
5 V=120V = Ly 20H
e~ =0.135 Ans. T
Rt —20(3
Fort =3s: T = 20()=—3 R
¢e™3=0050  Ans. 20 Q
Rt —20(4) (a) Circuit
Fort =4s: - = = —4
L 20 Fig. 22-4 Series RL circuit with switch closed
e4=0018  Ans.
Rt —20(5)
= N —_—— = = —5
Fort=5s 2 20
¢ =0007  Ans.
Step 3. Find i by substituting values for e R/L v and R.
|4
i=—(1—e RI/Ly (22-2)
R
. 120
Fort =1s: i = %(1 —0.368) = 6(0.632) =3.79 A Ans.
120
Fort =2s: i= %(1 —0.135) = 6(0.865) =5.19 A Ans.
120
Fort =3s: i= %(1 —0.050) = 6(0.950) =5.70 A Ans.
120
Fort =4s: i= %(1 —0.018) =6(0.982) =5.89 A Ans.
120
Fort =5s: i= %(1 —0.007) = 6(0.993) =5.96 A Ans.

(b) The initial current is that current when r = 0's. So

Rt -20

= (O)=O and 0 =1
L 20
120

20
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(c¢) Write Egs. (22-5) and (22-6) and substitute proper values when 7 = 1 s.

Vg = V(l - e—R’/L) — 120(1 — 0.368) = 120(0.632) = 75.8  Ans.
v = Ve RI/L = 120(0.368) =442V Ans.

As a check, substitute values for vg and vy into Eq. (22-4).

V=vg+vp
120 =75.8 +44.2
120V =120V

(d) Plot of current curve is shown in Fig. 22-4b. Note that at t+ = 5's, the current has almost reached its steady-state

value of 6 A.
CES=======zZg== 5.96

50 5.89 :

sE 5.19
| | [ |
+ b | | | |
—— — X379 | | | I
< ,L | ! | | |
- | | I | |
. L | | | | |
| | | ] |
. | | | | i
I I | | I
o 1 | | | J
0 1 2 3 4 5

t, s

(b) Rising exponential current

Fig. 22-4 (Cont.)

Example 22.3 In Example 22.2, the switch is opened after having been closed for 7 s. What is the value of current 2 s
after the switch is opened?

For practical purposes, at time t = 7 s, the value of current has reached 6 A, its steady-state value. See Fig. 22-4b.
So write Eq. (22-7) and substitute values for t =2 s.

_ Ke—Rz/L or i— e RiL
R
Rt 20Q)
L~ 20
e 2 =0.135
120

oo (0-135) =6(0.135) =081 A Ans.

RL TIME CONSTANTS

Any value of ¢ can be inserted in the formula for current [Eq. (22-2)], and a corresponding value of the
current i can be found. Theoretically, the current never reaches the steady-state value of V/R on rise, zero, or
decay. However, from a practical standpoint, the ammeter does show steady current values, a finite number of
seconds after the circuit is closed or opened.
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A convenient unit of time measurement is the time constant 7', which is equal to the ratio L/R in an
RL circuit.

t=T = L (22-12)
- R
We say that
. L
One time constant = 17 = R
. 2L
Two time constants = 27T = x
. 3L
Three time constants = 3T = X
and so on.

By substituting one time constant, t = 17 = L/R, in Eq. (22-2),

1%
i=—(1—e R/ (22-2)
R
we obtain i = K(l _ ef(R/L)(L/R)) or i=— K(l . 671)
R R
Since e ! =0.368
1% 1%
then i =—(1-0.368) = (0.632)—
R R

Therefore, one time constant is the time in seconds required for the current in an RL circuit to rise to
0.632 times its steady-state value V/R, or at t = L/R the current is 63.2 percent of its final value.

Table 22-1 shows the value of the quantities e ®//L and 1 — e~ ®*/L for the number of time constants
ranging from O to 6.

Table 22-1 Time Constant Factors

Number of Time Constants e Rt/L 1 — e RI/L
0 1.000 0.000
0.5 0.607 0.393
1.0 0.368 0.632
1.5 0.223 0.777
2.0 0.135 0.865
2.5 0.082 0.918
3.0 0.050 0.950
3.5 0.030 0.970
4.0 0.018 0.982
4.5 0.011 0.989
5.0 0.007 0.993
5.5 0.004 0.996
6.0 0.002 0.998
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The table shows that the current reaches more than 99 percent (0.993) of its steady-state value in five time
constants. Since the rise during the sixth time constant is only 0.005 (0.998 — 0.993), the current is considered,
from a practical standpoint, to have reached its steady-state value at the end of five time constants.

Example 22.4 A circuit has total resistance of 10 Q and an inductance of 50 H. In how many seconds will the current
reach its steady-state value?
Write the formula for a time constant [Eq. (22-72)] and substitute L = 50 H and R = 10 €.

T = L/R =50/10 =5 s, one time constant
The total time to reach the steady-state value is equal to five time constants.
Total time = 5T =5(5) =25s Ans.

Example 22.5 Draw a plot of a rising current versus time constants in an RL series circuit.

Refer to Table 22-1 for values of 1 — e~ R/L or 1 — ¢~/ and the corresponding time constants. The plot is shown
in Fig. 22-5. Compare the similarity of this plot with that in Fig. 22-4b of Example 22.2d, where V/R = 6 A and one
time constant equals L/R = 20/20 = 1s. In that example, therefore, the horizontal scale of time is the same as that
of time constants for this example. To illustrate, at t = 4, i = 5.89 A (Fig. 22-4b); in this example, t = 4 = T, so
i =0.982(V/R) = 0.982(6) = 5.89 A.

| 4

— === g - (.998

REZZECEC 22500 Tosm To |

08 | 0.865 | ' [ l

! | I I |

s~ Aosnz | 1 ' | '

< ! | | f | |

sk [ I i | | |

| | | | | |

02 b | [ | | | |

! | | | | |

1 l | | | ]

1 2 3 4 s 6

T, time constants

Fig. 22-5 Plot of rising current in RL series circuit

RC SERIES CIRCUIT WAVEFORMS

When a capacitor is added in series with a resistor, we have the RC series circuit (Fig. 22-6a), where V is
the dc voltage, i is the instantaneous current, vg is the instantaneous voltage across the resistor, and vc is the
instantaneous voltage across the capacitor.

When switch S is closed and switch S; is opened, the current rises instantly to its maximum value of
V/R and then decays exponentially until it reaches zero, its steady-state or final value (Fig. 22-6b). Also, the
full voltage V of the battery is across the resistor, V = Vg. As the current decreases, the voltage across the
resistance vy decreases and the voltage across the capacitance v¢ rises so that the sum of the voltages vg and
vc is equal to V; vg reduces to zero and the capacitor charges to ve = V (Fig. 22-6¢).

After steady-state conditions are reached (i = 0, vg = 0, vc = V), switch S is opened and switch S>
is closed. Current now flows out of the capacitor in the direction opposite to the direction it flowed while the
capacitor was being charged. The current drops instantly to —V/R and gradually decays to zero (Fig. 22-6b).
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v, S,
”: "o Charging | Steady-state]) Discharging
iw condition | condition | condition
’ I |
V
5, IR i Y e-ure
:/ o~ R

I=0

|
!
I
I

0
: t

—i | Switch S, | Switch §;
closed, | open, V  —trC
Syopen | S, closed t=-xg¢€

Vv

R ] |
(@) Circuit () Current waveform

v, = V(1-e VRG
(C Charging)

A N1 e
7 /RC \ < :
Vg = Ve! (C Discharging)
v \
V=0 N\ ve =0
0
o
Switch S, Switch §,
closed, v open,
S, open §, closed
-V <r

(¢) Volage waveforms of vy and v (V = v, + vg)

Fig. 22-6 Response of circuit with R and C in series

Also, the voltage V across the capacitor cannot change instantly, so voltage V appears across the resistance
with opposite polarity, that of —V (Fig. 22-6¢). Then the two voltages vg and vc decay exponentially to zero.
The specific formulas to describe the RC waveforms follow:

RC Series Charging Formulas When Switch S; Is Closed and Switch S, Is Opened
Current (Fig. 22-6b)

.V
i=—e

R
I =0 when ¢ is large (22-14)

t/RC (22-13)
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Voltage (Fig. 22-6¢)

V=vg+vc

VR = Ve—[/RC

o=V (1-e k)

RC Series Discharging Formulas When Switch S; Is Opened and Switch S; Is Closed
Current (Fig. 22-6b)

\%4
;= _ L t/RC

R

I =0 when 7 is large

Voltage (Fig. 22-6¢)

0=vr+vc
VR = _Ve—I/RC
Ve = Ve t/RC

where i = instantaneous current, A
V = applied dc voltage, V
R = resistance of the circuit,
C = capacitance of the circuit, F
t = time, S
e = natural log base, constant equal to 2.718
I = final or steady-state value of current, A
vg = instantaneous voltage across the resistor, V
vc = instantaneous voltage across the capacitor, V

Example 22.6 Find the value of e ~//RC for the following values of R, C, and 1.

R C t

(a) 2Q 0.5F Is
) IMQ | 10uF 5s
(©) 1kQ | 500 uF 2s
@ | 200Q | 1000 uF | 035

The simplest way to find values of exponential expressions is to use an electronic calculator.
t 1

@ —Rc T 205

e t/RC — =1 — 0368  Ans.

t 5 5
®) RC (1 x 106) (10 x 1076) 10

Remember to convert R into ohms and C into farads before you calculate.

e 9320607  Ans.

[CHAP. 22

(22-15)
(22-16)

(22-17)

(22-18)

(22-19)

(22-20)
(22-21)
(22-22)
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t 2
_— = — = —4
© TRC T %10 (300 x 10°9)

e =0018  Ans.

t 0.3 0.3
@ ~%e (2 x 10%) (103 x 1079) 0.2

e 1520023  Ans.

Example 22.7 For an RC series circuit (Fig. 22-7), find (a) the current 1 s after the circuit is closed and (b) the voltage
across the resistance and the capacitor at that instant of time.

V=110V
i 1Y 5
1 ll 2 il * o
c
Y A
1000 uF 2kQ

Fig. 22-7 Series RC circuit with switch
closed

(a) Step 1. Write the formula for series RC current when the switch is closed.

i = L ot/RC (22-13)
R

Step 2. Find the value of e !/RC fort = 1.

LI : 1 o5 050607
RC — (2x103) (103 x 10°0) — 2 7 o

Step 3. Find i by substituting values in Eq. (22-13).

110
i = —— (0.607) = 0.0334 A = 33.4mA Ans.
i 2000 (0.607) 33 334m ns

(b) Write the formulas for voltage when the switch is closed and then substitute the proper values.
vg = Ve !/RC (22-16)
= 110(0.607) = 66.8 V Ans.
ve = v(l - e—’/RC) (22-17)
= 110(1 — 0.607) = 110(0.393) =43.2V Ans.
Check by using Eq. (22-15).
V=vg+vc

110 = 66.8 +43.2
110V =110V
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Example 22.8 After the circuit (Fig. 22-7) has reached steady state when the capacitor has charged to 110V, the switch
is opened. Find now (a) the current 1 s after the circuit is opened and (b) the voltages across the resistance and the capacitor
at that time.

(a) Step 1. Write the formula for series RC current when the switch is opened.

V. _t/rC

i= —Ee_ (22-18)
Step 2. Find ¢~ !/RC,
e !/RC = 6705 = 0,607
Step 3. Find i by substituting values in Eq. (22-18).
, 110
i =———(0.607) = —0.0334 A = —33.4 mA Ans.
2000
(b) Write the formulas for voltage when the switch is opened and then substitute proper values.
vg = —Ve /RC (22-21)
= —110(0.607) = —66.8 V Ans.
ve = Ve !/RC (22-22)
= 110(0.607) = 66.8 V Ans.
Check: 0=vg+vc
0= —66.8 4 66.8
Oov=0V
RC TIME CONSTANTS
The time constant T for a capacitive circuit is
T = RC (22-23)
We say that
One time constant = 1T = RC
Two time constants = 2T = 2RC
Three time constants = 37 = 3RC
and so on.

The time constant of a capacitive circuit is usually very short because the capacitance of a circuit may be
only a few microfarads or even picofarads.

Voltage and current values in capacitive circuits are assumed to reach their steady-state or final values
after five time constants, just as in inductive circuits. Table 22-1 applies also to capacitive circuits if e R!/L is
replaced by e~/RC.
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CALCULATION FOR TIME ¢
The time required for a specific voltage decay can be calculated by transposing Eq. (22-21) or Eq. (22-22).

v = Ve !/RC

where V is the higher voltage at the start and v (vg or vc) is the lower voltage at the finish.

o—1/RC _ v
Vv
Take the natural logarithm (In) of each side.
t
———Ine=1n—
RC Vv
Ine=1
t
So LI L S I 12
RC Vv
t Vv
R_C = —IHU+IHV :ln;
Vv
t=RCIn— (22-24)
v

Example 22.9 A dc circuit of source voltage V has a 10-MS resistance in series with a 1-uF capacitor. What is the
time constant of the circuit and how long will current flow in the circuit when the RC combination is short-circuited?
Write the formula for time constant in a capacitive circuit, Eq. (22-23).

T =RC=(10x10%(1 x 1079 =10s  Ans.
Since the steady-state current is assumed to be zero after five time constants, the time that current will flow is
5T =5(10) =50s Ans.
Example 22.10 Find the resistance necessary in an RC series circuit if the circuit has a capacitance of 10 uF and a
time constant of 1 s is desired.

Rewrite Eq. (22-23) and solve for R.

T 1
R=—

=— =100 =100k  Ans.
C 10x10-6

Example 22.11 One time constant for a series RC circuit is also defined as the time in seconds required for the capacitor
to charge to 63.2 percent of its final value. Show that this statement is true.
Write the capacitance voltage equation v when the capacitor is being charged.

ve = V(1 — e 1/RC) (22-17)
One time constant 7 = RC. Substitute RC for ¢.
ve = V(1 — e REREY — y(1 — 1) = v (1 -0.368) = 0.632 V

So ve is 63.2 percent of V in one time constant.
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Example 22.12 If an RC circuit has a time constant of 1 s, how long will it take for vg to drop from 100 to 50 V?
Write the time equation for voltage decay, Eq. (22-24).

Vv 100
v

t=RCln— =1 1n§>=1n2=0.693s Ans.

Solved Problems

22.1 A series circuit contains a resistance of 20 2 and an inductance of 10 H connected across a voltage
source of 110 V. (a¢) What is the current 1 s after the circuit is closed? (b) What are vg and v¢ at this
time?

Some time after the current reaches a steady value, the switch is opened. When the series circuit
is open, the RL circuit opposes the decay of current toward the steady-state value of zero. (¢) What
is the current 2 s after the circuit is opened? (d) What are vg and vc at this time?

(a) Step 1. Write the formula for charging or rising current when the switch is closed.
1%
i= (1= ) (22-2)

Step 2. Find the value of e ®*/L for t = Is.

Rt 20(1
_Re 200D, 2 3s
L 10

Step 3. Substitute values for e %/, V', and R in Eq. (22-2).

110
i =55 (1-0.135 = 5500865 =476 A Ans.

(b) Write the formulas for vg and v; after the switch is closed and solve them when r = 1.

vg = V(1 — e RI/LYy (22-5)
=110(0.865) =952V  Ans.

Also vg = iR = 4.76(20) = 95.2 V.

v = Ve—Rl/L

= 110(0.135) = 148V Ans.

Check: V=vg+vL (22-4)
110 =95.2 + 14.8
110V =110V

(c) The steady-state value of current is

vV 110
—=—=55A
R 20
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22.2

22.3

Write the formula for discharging or decaying current when the switch is opened and substitute

values with t = 2 s.

1%
i=—e RUL (22-7)
R
Rt 2002 A
L~ 10
e =0.018

i =5.5(0.018) =0.10A Ans.

(d) Write the formulas for vg and vy after the switch is opened and solve them when # = 2s.

vg = Ve RI/L (22-10)

= 110(0.018) = 1.98 V Ans.

vy = —Ve RI/L (22-11)

= —110(0.018) = —1.98 V Ans.

Check: 0=vg+vL (22-9)
0=1.98—-1.98
ov=0V

An RL series circuit has the following values: V =75V dc, R = 50, and L = 15 H. (a) Find the
time constant. (b) How long after the circuit is energized will the current reach a steady value? (c)

What is the steady-state value of current?

(a) Write the formula for the time constant, Eq. (22-12), and substitute given values.

L 15
T =—=—=03s Ans.
R 50

(b) A steady-state value of current is reached after five time constants.

5T =5(03)=15s Ans.

vV 75
(¢) I=—=-—=15A  Ans.
R~ 50

In the circuit shown (Fig. 22-8), find (a) the total inductance and () the time constant. Assume that

a current of 10 A is flowing when the switch S is opened. Find (c) the current 2 s later.
(a) Reduce the series—parallel combination of inductances to its equivalent.

. LiL 51y 5
Parallel: [ L S (R BEPAPE
Li+L, 5+1 6

LsL 44 1
_ L34 _ ()=—6=2.0H
L+ Ly 444 8

Parallel:

Then series: Lr=L,+L,=083+2.0=283H Ans.
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Ll L3

+ 1H 4H
I

00~ 'A%

S 5Q

Fig. 22-8 Circuit with branch inductances in
series with R

(b) The time constant of the circuit is the ratio of total inductance to the total resistance of the
circuit.

Lt 2.83
T=—=—=0.57s Ans.
R 5

(c) Write the formula for decaying current. The V/R value is 10 A.

4 —Rt/L
- 22-7
i R ( )
Rt 52)
Ly 283
e 33 =0.030
Then i =10(0.030) = 0.30 A Ans.

22.4  An RL circuit (Fig. 22-9) is used to generate a high voltage to light a neon bulb, which requires 90 V
for ionization at which time it glows. When the circuit is open, the high resistance R, produces a low
time constant L/R so that the current drops toward zero much faster than the rise of current when the
switch is closed. The result is a high value of self-induced voltage across a coil when the RL circuit is
open. This voltage can be greater than the applied voltage. (a) Find the time constants of the circuit
when the switch is opened and when the switch is closed. (b) When the switch is closed, find the
voltage across the neon bulb. Is it sufficient to start ionization? (c) When the switch is open, what is
the voltage across the neon bulb, and is it great enough to light it?

S
"o
£, .
leAAA— | Ly 2H |
-1 4 kQ )
ov = I | Coil
T | |
-4 1

Fig. 22-9 RL circuit produces a high voltage when switch is opened
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(a) The time constant is the ratio of total inductance to the total resistance.
Switch open:

L 2 2

T = = = =49x 1074 =049ms  Ans.
R+ R, 4000+ 100 4100

Switch closed (R; short-circuited):

L 2 )
T=—=—=2x107"=20ms Ans.
R 100

When the switch is open, there is a much shorter time constant for current decay. The current
decays practically to zero after five time constants, or 2.5 ms.

(b) When the switch is closed, there is 10 V across the neon bulb, which is far less than the 90 V
needed to ionize it to glow.

(c) When the switch is closed, Rj is short-circuited so that the 100-2 R; is the only resistance.
The steady-state current / = V/R; = 10/100 = 0.10 A. When the switch is opened, the rapid
drop in current results in a magnetic field collapsing at a fast rate, inducing a high voltage across
L. The energy stored in the magnetic field maintains / at 0.10 A for an instant before the current
decays. With 0.10 A in the 4-k2 Rj, its potential difference is 0.10(4000) = 400 V. This 400-V
pulse is sufficient to light the bulb.

22.5 For an RC series circuit (Fig. 22-10), find (@) the time constant of the circuit, (b) vc and vg one time
constant after the switch is closed and at 5s, (¢) vc and vg one time constant after discharge starts,
assuming the capacitor is fully charged to 10 V.

S
A
+
L
V=10V = C AN 204F
R
100 kQ

Fig. 22-10 RC circuit

(a) Write Eq. (22-23) for the time constant in an RC series circuit and substitute values for R and C.
T = RC = (100 x 101)(20 x 107%) =25 Auns.
(b) Write the formula for charging voltage, substitute values, and solve for v¢c and vg.
ve = V(1 — e /R (22-17)
Whent =T =2s:

ve = 10(1 — e %) =10(1 — e~ ') = 10(1 — 0.368) = 10(0.632) = 6.32V  Ans.
V =vg+vc (22-15)
vp=V —vc=10—-632=3.68V Ans.
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When t = 5s:

ve =10(1 —e™/?) = 10(1 — e™>%) = 10(1 — 0.082) = 10(0.918) =9.18V  Ans.
V=V —vc=10-9.18=0.82V Ans.

(c¢) Write the formula for discharging voltage, substitute values, and solve for v¢ and vg.
ve = Ve l/RC (22-22)
Whent =T =2s:

ve=Ve ?=Ve ! =10(0.368) =3.68V  Ans.
0=vr+vc (22-20)
VR = —vc = —3.68V Ans.
22.6  For the circuit shown (Fig. 22-11), a 40-uF capacitor is added across the 20-uF capacitor in the

circuit of Fig. 22-10. Find the time constant of this circuit and the voltage across this circuit 3 s after
the start of charge.

S
— o o v
+
v=10V= C, 2= 20 uF  C, =< 40 4F
R
100 kQ

Fig. 22-11 Circuit with C branch in series with R

Find the total capacitance for two capacitors in parallel.

Parallel: Cr=C1+Cr=20+40=60 uF

Then T = RCy = (100 x 10%)(60 x 107%) =65 Ans.
Write the formula for charging voltage and substitute values to find vc.

ve = V(1 — e /RC) (22-17)
=10(1 — ¢7¥/%) = 10(1 — ¢7%%) = 10(1 — 0.607) = 10(0.393) =393V Ans.

227 A simple switching circuit for producing a sawtooth wave is shown (Fig. 22-12a). The switch S is
closed and then opened very quickly so that the capacitor is not fully charged but only charged to the
linear portion of its charging exponential curve (Fig. 22-12b). (The linear portion is the straightest
portion at the start of the charge cycle.) The switch is opened and closed at specific intervals to
produce a sawtooth voltage wave across the capacitor. Find the magnitude of the vc curve when the
switching time interval is one-fifth the time constant of the circuit. What is the time interval?
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R
M | 20 [~ —_—
100 kQ -
—
-
~
+ ver V P e
b v
V=20V% c 1 uF Ve 0\5 362 ) c Y V=2V
0 0.02 ts
(a) Circuit (b) Sawtooth waveform
Fig. 22-12 RC circuit for generating a sawtooth waveform
Write the voltage formula for charging the capacitor.
ve = V(1 — e H/RC) (22-17)

22.8

1
Ifr = gRC, then
o~ 1/RC _ ,~(/S)RC/RC _ ,~1/5 _ ,~02 _ (3819

Then

ve = 20(1 — 0.819) = 20(0.181) = 3.62V  Ans.

(100 x 103)(1 x 107%)

=0.02
5 s

Ans.

1
Time interval r = §RC =

An RC series circuit with a rectangular pulse input is shown (Fig. 22-13). A rectangular pulse is
a special case of a constant dc source because the voltage is a constant V when the pulse is on and a
constant zero when the pulse is off. If a single pulse is applied to the circuit, find the voltage across
the resistance at the time of 0.5, 1, and 2 ms. The pulse has a maximum voltage of 10V and lasts
for 1 ms.

C
1¢ o

AN

1 pF

10V
Input, e Output
v Input R ;; 1 kQ Ve
0 ! RC = 1 ms

t, ms o

Fig. 22-13 RC circuit with rectangular pulse of applied voltage

Find the time constant of the circuit.

T=RC=(1x10>)1x10%=1x10"2=1ms

Write the formula for vg when the circuit is charging.

VR = Ve—t/RC

(22-16)
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When ¢t = 0.5 ms,
vg = 10e" %1 = 10e79° = 10(0.607) = 6.07V  Ans.
When ¢t = 1 ms,
vg = 10e™ /1 = 10e™!' = 10(0.368) =3.68 V. Ans.
At t = 1 ms, the pulse is turned off. At that instant the source voltage is zero, so

v +vc =0

VR = —VUC

Since the voltage across the capacitor vc cannot change instantly, the voltage across the resistor
becomes —vc. Now at an instant before t = 1 ms,

vg +vc =10
ve=10—vg =10—-3.68 =632V

Therefore, at t = 1 ms, vg = —vc = —6.32 'V and then vg decays to zero. So the formula for vy at
t = 1 msis:

vg = —6.32¢71/RC
Then in the next 1 ms or when # = 2 ms measured from the origin,
v = —6.32¢ 7! = —6.32(0.368) = —2.33 V Ans.

The plot for vg is as shown in Fig. 22-14.

= loe—r/RC

v

R

- Input pulse

6.07 '/ envelope

10 ¢

t, ms

Ve = —6.32¢"/RC

Fig. 22-14 Charge and discharge of an RC circuit
22.9  An RC series circuit with a square-wave input is shown (Fig. 22-15). The input is a periodic train

of pulses with an amplitude of 10 V and a width of 1 ms, with each pulse generated every 2 ms. Plot
the output voltage curve across the resistor.

T=RC=(1x10)0.1x10"% =0.1x 1073 =0.1ms
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c
I£
O
%lms'& OII\F T
dp
10V
Input, > Output
Y Input <V> RS; ke v,
>
o r 2z 3 4 5 T = RC = 0.1 ms L
{, ms

Fig. 22-15 RC circuit with square wave for input voltage

Find some values of vg within the O to 1 ms that the pulse is on, say at 7 = 0.1 ms, 27 = 0.2 ms,
and 37 = 0.3 ms. First, write the formula for vg when the circuit is charging.

vg = Ve !/RC (22-16)
Whent = T = 0.1 ms, vg = 10e~! = 10(0.368) = 3.68 V
When t =27 = 0.2 ms, vg = 10e72 = 10(0.135) = 1.35V
When ¢ = 37 = 0.3 ms, vg = 10e™3 = 10(0.05) = 0.5V

Att = 5T or 0.5 ms, vg will reach its steady-state value of 0 V.

When the pulse is turned off between 1 and 2 ms, vg will instantly drop to —10 V because the
capacitor charged to 10 V requires a finite time to discharge. Then vy will gradually rise to O V.
The formula for vg when the circuit is discharging is

v = —Ve /RC (22-21)

where ¢ represents time from 1 to 2 ms. So when ¢ = 1.1 ms from origin,

vg = —3.68V
When t = 1.2 ms, vp = —135V
When t = 1.3 ms, vg =—05V
When t = 1.5 ms, vg =0V

The symmetry of the output curve is shown in the plot (Fig. 22-16). Because the circuit has changed
the waveform of input pulses to peaks, it is called an RC peaker. 1t is called also a differentiating
circuit because vg can change instantaneously. We obtain a peak output when the circuit time constant
is small compared with the half-period of the input waveform. In this case 7 = 0.1 ms compared
with the half-period of 1 ms, so the ratio of the time constant to the half-period is 1 to 10.

In summary, to explain a short RC time circuit, a 10-V input is applied for 1 ms (10 time
constants of the RC circuit), allowing C to become completely charged and vg to be 0 V (Figs. 22-15
and 22-16). After C is charged, vc remains at 10V with vg at OV (V = vc + vg). After 1 ms,
the total voltage V drops to zero, C discharges completely in five time constants, and vc and
vr remain at O V while there is no applied voltage. On the next cycle, C charges and discharges
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Input square wave

0.1 03 05
Vs V o —

v

v-)——————-——]

01 03 05 1 2 3 4

Fig. 22-16 Charge and discharge of an RC circuit with a short time constant

completely again. The interval between pulses when the input voltage is 0 V acts as a “short” to the
RC circuit.

22.10  For the circuit shown (Fig. 22-17), (a) find the time constant. (b) If at time r = 0, the voltage across
the capacitor Cj is v; = 10V and the voltage across the capacitor C; is vo = 20 V with the polarity
shown, find the current when t = 0.26 s.

R
100 kQ
C, X2 2pF 02;1; 4 yF
+ -
€«

Fig. 22-17 RC circuit during discharge

(a) First, find the total capacitance for two capacitors in series with a single discharge path.

_ GG 24
T_C1+C2_2+4

= 1.33uF

The time constant is
T = RCr = (100 x 10*)(1.33 x 107%) = 0.1335s  Ans.

(b) The net voltage V is v — v =20 — 10 = 10 V so C| is being charged in the direction of i as
shown.

|4
i = Ee"/RC (Here V is the net voltage at t = 0)

10
= 100x 10 e 026/0-133 — 10747195 — (0.1 x 107)(0.142) = 0.0142 mA  Ans.
<107
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Supplementary Problems

22.11  Find the value of e~®/L for the following values of R, L, and .

R,Q|LH|¢s
@ ]| 10 | 10 | 1
| 5 10 | 1
© | 5 10 | 2
@ | 10 5 1
@ | 10 51 2

Ans. (a) 0.368; (b) 0.607; (c) 0.368; (d) 0.135; (e) 0.018

22.12  Calculate the time constants of the following inductive circuits:

(@)
(b)
()
(d)
()

L R
20H 400
20 uH | 500 k2
50 mH 50 Q
40 uH 5Q
20mH | 100
us; (e) 0.2 ms

Ans. (@) 50ms; (b)40 us; (c) Ims; (d) 8

545

22.13 In the circuit shown (Fig. 22-18) find (a) the current 1 s after the switch is closed, (b) the time
constant, and (c) the steady-state or final value of the current.
Ans. (@i=111A; ()T =4s; (c)I =5A

S V=2V
— |
L R
e YYY AN
20H 5Q

Fig. 22-18 RL circuit

22.14  The circuit (Fig. 22-18) is closed for 20 s. Then the switch is opened so that current decays through

L and R. Calculate i, vg, and vy, after 2 s.

Ans. i =3.03A; vg=152V; v, =-152V

22.15  Acurrent of 20 A is flowing in an RL series circuit the instant before the switch is opened. If R = 10

and L = 10 H, find the current after 3 s has elapsed. Also find vg and vy, at that time.

Ans. i =0.99A; vg=99V; vy =-99YV
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22.16

22.17

22.18

22.19

22.20

WAVEFORMS AND TIME CONSTANTS [CHAP. 22

A 5-Q resistor and a 10-H inductor are connected in series across a 60-V dc line. Find the time
constant, steady-state current, and time to reach the steady-state current value.
Ans. T=2s; I=12A; 5T =10s

A series circuit has the following values: V =80V, R =20 2, and L = 10 H. (a) What is the time
constant? (b) What is the current 1 s after the circuit is closed? (¢) What are vg and vy, at that time?
(d) How long after the circuit is closed will the current reach a constant value?

Ans. (@)T =0.5s; (b)i =346A; (c)vg=692V;vy =108V, (d)t=25s

A circuit contains three inductances in series with a resistance across a 120-V source. If each inductor
is 8 H and the resistor is 12 2, find (a) the time constant. Find the value of the current (b) 1s,
(¢) 2s, and (d) 3 s after the circuit is closed.

Ans. @T=2s; (b)i=394A; (c)i=0632A; (d)i=777TA

A circuit (Fig. 22.19) contains two inductances in parallel, a series inductance, and a series resistance
across a 110-V source. Find the time constant and the current 0.45 s after the circuit is closed.
Ans. T =0.895s (L7 =13.43H); i=290A

8 H
10 H
P 6H
110V
J( 15 Q
© AN

Fig. 22-19 Combination RL circuit

An RL series circuit is shown (Fig. 22-20a).

S V=60V

- +
e
oo .III
L R
—e sl l VY
10 H 15Q

Fig. 22-20a RL circuit

(a) Plot the rise of current after the switch is closed when time is equal to 0.5, 1, 2, and 3 s.

(b) After the current reaches its final value, the switch is opened. Plot the decay of current when
time is equal to 0.5, 1, 2, and 3 s after the switch is closed.

(c) Plot the voltages across the resistance and inductance when the switch is closed and opened for
the same time values at 0.5, 1, 2, and 3 s. Ans. See Fig. 22-20b, parts 1, 2, 3, and 4.
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[

Current decay
(switch opened)

()

7
7

I=4A
4 3.96
| 3.80 l
i 3.11 [ |
ia 2F 211 | ’ |
’ | | I
L | I | |
i I i |
i . . 1
0 0.5 1 2 3
s
Current rise
(switch closed)
¢}
v, Vg V=60V
L o
\ 7.0
ST\ L6 46.6 |
\ . | |
v, V30 = 28.4 | :
N |
s b [ Ny 134 |
| *\\\ | 30
| d 407 .
0 0.5 1 2 3
ts
-15
Switch closed
g +v, =V) -0
-45 -/
/
—¢0 L
3
Fig. 22-20b
22.21  Find the value of ¢~*/RC for the following values of R, C, and 7.

Ans. (a) 0.368;

(b) 0.135;

-
oy

R c t
(@) IMQ | 1puF 1s
(b) IMQ | 05uF | Is
(©) | 100kQ | 1uF 0.1s
(d) | 100kQ | 10 uF 0.5s
(| 10kQ | 2uF | 10ms

() 0.368; (d) 0.607; (e) 0.607

1 2 e ———
599 —0.667

-13.4

Switch opened
g+ v, =0

(O]
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22.22

22.23

22.24

22.25

WAVEFORMS AND TIME CONSTANTS

[CHAP. 22

Calculate the time constants of the following capacitive circuits:
R C
(a) 1 MQ 0.001 uF
(b) 1 MQ 1 uF
(c) | 250k 0.05 uF
(d) | 110k2 | 100 pF
(e) 5k | 300 pF
Ans. (a) 1ms; (b) 1ms; (¢)12.5ms; (d) 1 us; (e) 1.5 us
In the circuit shown (Fig. 22-21), what are (a) the current 1 s after the circuit is closed, and (b) vg
and v at that instant of time? Ans. (a)i =36mA; (b)vg =728V, (¢c)ve =472V
S C
—c/c ]I(
1000 uF
120 V=
R
2V]:V
Fig. 22-21 RC circuit
After the circuit (Fig. 22-21) has reached its steady-state condition where the capacitor has been
charged to 120V, the switch is opened. Find (a) the time required for the circuit to have reached
steady state, (b) the current 1.5 s after the circuit is opened, and (c) vg and v at that time.
Ans. (a)t =10s; (b)i = —-28mA; (¢)vg =—-56.7V; vc =567V
In a series RC circuit with the capacitor charging, fill in the missing values. Time ¢ is measured at
the instant the switch is closed.
V,V R C, uF T t I |i|vg | v
(a) | 115 | 100k 1 ? 0.1s 20?7 ? ?
) | 220 1k ? 1 ms 2ms | ? | ? | ? ?
(c¢) | 110 ? 10 10s S5s 70?7 ? ?
d) | 115 10 k2 100 ? 6s 20?7 ? ?
Ans.
Vv,V R C, uF T t 1 i vR, V | v, V
(a) ... | 0.1s 1.15 mA 0.42 mA 42.3 72.7
b) . 1 0.22A 29.8 mA 29.8 | 190.2
(o) 1 MQ . 0.11 mA 0.067mA | 66.8 432
) ls 11.5mA 0A 0 115
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22.26  In a series RC circuit with the capacitor discharging, fill in the same missing values as in the table
accompanying Problem 22.25. Time ¢ is measured at the instant the switch is opened. The circuit
constants of V, R, and C are the same as those in Problem 22.25.

Ans.
V,V R C, uF T t 1 i vR, V | ve, V
a | .... 0.1s | .... | —1.15mA —0.42mA —423 | 423
@ | .... 1 ceve | veeo | —0.22A —29.8 mA —29.8 | 29.8
| .... | 1MQ veve | veeo | —0.11mA —0.067mA | —66.8 | 66.8
@@ .... Is | ....|—11.5mA 0A 0 0

22.27  Find the time constant of the circuits shown (Fig. 22-22).
Ans. (a) T =1s
() T =8.33us (Rr =8.33Q)
(¢c) T=02ms(Cr =0.2uF)
d) T =90us (Cr =0.09 uF)

50
_J__ > >
100 4F = $10k9 1095: 59 >~ 1 uF
(2) (b)
1 kO 024F 1o
0.3 uF = =1 0.6 4F 0.3 uF =5 0.6 4F
Al
° 71
0.2 uF
© @)

Fig. 22-22 RC circuit configurations

22,28 The RC circuit (Fig. 22-23a) has its switch closed at time r = 0. Plot curves for i, vg, and v¢ for
t =0, 2,6, 10, and 14 ms during the charting cycle. Ans.  See Fig. 22-23b.
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Ve V

22.29

22.30

22.31
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c
Charge { (
/S 0.2 yF
Discharge s
V=6V = R 10kQ

)
1
A

(a) RC circuit

5.70

3.79

Ves v
w
I

b - e — -

o —— — — —
o —— — — — — — — —
5 — — — —— — —— ——

14 0

S

t, ms
(b) i, vg, vc curves during charging cycle

Fig. 22-23a, b

After the circuit (Fig. 22-23a) has reached steady-state values, the switch is opened. Plot curves for
i, VR, and vc fort =0, 2, 6, 10, and 14 ms during this discharging cycle. Ans. See Fig. 22-23c.

The dc source of 6 V in the circuit (Fig. 22-23a) is replaced by a single pulse of 6 V amplitude lasting
2 ms (Fig. 22-24a). Plot the voltage across the 10-k2 resistance for r = 0, 2, 4, 6, 10, and 14 ms after
the switch is closed. (Round off answers to two significant figures.) Ans. See Fig. 22-24b.

The source voltage for the circuit (Fig. 22-24a) is now replaced by a train of repetitive pulses
(Fig. 22-25a). Each pulse has a 6-V amplitude and a pulse width of 2 ms. The period of the pulse
train is 4 ms. Draw the plot of vg for r =0, 2,4, 6, 8, 10, 12, and 14 ms. (Round off answers to two
significant figures.) Ans. See Fig. 22-25b.
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6 ¢ 0.6
5
4
> s
QO
-
2
1
0
—1
-2
=4
5 -3
A
-4
-5
-6 & —-06 Note: vp + v

c=V

Fig. 22-23¢ i, vg, vc curves during discharging cycle
6 V‘ - Input pulse
" envelope
5
6V . II vg (C charging when 1<2)
v, = 6e—I/RC
Input, > I R
v -~ 3 !
&
0 2 2 b 2.2 4 N 2)
v, (drop when ¢ =
t, ms l / R (drop
6 8 12 14
0 * - -
C 0 0.00 t, ms
S o ¢ -1+
I\
0.2 uF -2
= 5L vg (C discharging when r>2)
Input V) R210kQ YR vp = —3.8e/RC
—4
-5 |-
_s L )
(a) RC circuit with square pulse input (b) Plotof vy vs. time
Fig. 22-24

22.32

For the circuit shown (Fig. 22-26), find (@) the time constant, and (b) the current at + = 10 ms when

the voltage across C; is 15 V and the voltage across C is 25 V, with the polarity as indicated at t = 0.

Ans. (a) T = 5ms;

22.33
Ans. i =—0.135mA

(b)i = 0.541 mA

If the polarity of capacitor C; is reversed (Fig. 22-26), find the current at = 10 ms.
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Input
pulse envelopes

Input i | r— r—" =
P N N Y
ve | 46 | 44! 44!
2 4 6 8 10 12 14 4 | I I |
¢, ms | | I |
3 I | I [
. b 22 | [ f
1.7 1.6 1.6
.
>
C ¥ 0
JL . a 2 4 6 8 10 12 14 t, ms
-0 m Ay 1k
0.2 uF -
-2 b 1.4 ~1.6 -16
y
Input <V> R :: 10 kQ Output -3
< VR
s b ¢-38
l -4.3 44 d-44
- -5+
(a) RC circuit with square wave input -6 L (b) Plotof v vs. time
Fig. 22-25
R
10 kQ

22.34

+

C, a:luF

|

Fig. 22-26 RC discharging circuit

required for vc to discharge down to 66 V?

22.35

Ans.

Ans.

t =4s (1T)

uF

A 0.05-uF capacitor is charged to 264 V. It discharges through a 40-kS2 resistor. How much time is
t =2.77Tms

A 100-V source is in series with a 2-M€2 resistor and a 2-uF capacitor. How much time is required
for vc to charge to 63.2V?
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The letter p following a page number refers to a problem.

AC circuits, 261 Ampere-turn per meter (At/m), 211, 218
parallel, 267p (See also Parallel ac circuits) Ampere-turn per weber (At/Wb), 214, 218
series, 261 (See also Series ac circuits) Analysis:
series—parallel, 268p mesh, 114-115

AC circuits, complex numbers, 409-425 nodal, 116-117
A to Y conversion, 424425 Angle, phase, 256
determinant solution, 421 Apparent power, 289, 317, 341, 478
impedance, 410412 Apparent power, complex, 416
Ohm’s law, 409 Armature, 229
parallel, 411 Armature coil, 231, 361
series, 409-410 Armature windings, 231
series—parallel, 414-415 duplex lap, 231
summary table, 415 simplex lap, 231
Y to A conversion, 424425 triplex lap, 231

AC generators, 361-363 (See also wave, 231

Generators, ac) Atom, 1-3
AC motors, 365-367 (See also energy levels, 1, 2
Motors, ac) inert, 3

AC series motor, 373 neutral, 1

AC voltage: unstable, 1
angle, 252-253 Atomic number, 1
definition, 9 Autotransformer, 460
effective value, 259-260 Average value, 259-260
frequency, 255
generation, 252 Balanced bridge, 166-167
instantaneous value, 254 Balanced three-phase load, 477-479
maximum value, 254 Balanced three-wire system,
period, 255 Edison, 170-171
phase angle, 256 Bandwidth, 508
wavelength, 256 Battery, 7, 97-105

Alkaline cell, 102, 105 capacity, 104

Alternating current: internal resistance, 103
average value, 259-260 lead—acid, 99-100
effective (rms) value, 259-260 shell life, 105
peak (maximum) value, 259-260 specific gravity, 104
peak-to-peak value, 259-260 (See also Cell)

Alternator, 100, 252, 361-363 BH magnetization, 212

American Wire Gauge (AWG), 58 Bilateral circuit, 157

Ampere (A), 5, 15 Block diagram, 30

Ampere-turn (At), 210, 218 Brush (generator, motor), 230, 361
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Capacitance, 306-307
Capacitive circuits, 311-316
parallel, 315
series, 311
Capacitive reactance, 310
Capacitor motor, 374
Capacitor-start motor, 374
Capacitors, 305
parallel, 309
series, 308
types, 308
working voltage, 309
Capacity, battery, 104
Carbon-zinc cell, 100-101, 105
Cell:
alkaline, 102, 105
carbon-zinc, 100-101, 105
dry, 105
Edison, 102, 105
internal resistance, 103
lead—acid, 99-100, 105
manganese—alkaline, 102, 105
mercury, 102, 105
nickel-cadmium, 102, 105
parallel, 98
primary, 99
recharging, 99
secondary, 99
series, 98
solar, 8
types, 105
voltaic chemical, 7, 97-98
wet, 98, 105
Charge, 3, 4
law of charges, 3
Choke coil, 295p
Choke coil filter, 346p, 356p
Circle, Ohm’s law, 4243
Circuit:
ac, 261
capacitive, 311-316
dc, 39
inductive, 281-287
magnetic, 213-214
open, 39, 80-81
resonant, 499
short, 39, 80-81
three-phrase, 474
Circular mils (CM), 57-58
Coercive force, 213
Cofactor, 129
Coils, 208-209
characteristics, 276
inductance, 275
quality, 287

INDEX

Commutator, 230
Commutator motor, 373
Complex conjugate, 417
Complex impedance, 392-394
series RC, 393-394
series RL, 392-393
series RLC, 394
triangle, 392
Complex numbers, 385-392
ac circuit, 409-425
addition, 389
conjugate, 391, 401-402p
definition, 385
division, 391
multiplication, 390-391
operator j, 385-387
polar form, 387-388
rectangular form, 387-388
subtraction, 390
Complex power, 416-421
apparent, 416
formulas, 416, 417
maximum, 436p
power factor, 417
power factor correction, 420
reactive, 416-417
real, 416
summary table, 419
total, 416, 442p
triangle, 416418
Compound, 1
Compound dc generator, 232
Conductance, 83
Conductor, 56-57
Conductor properties, 59
Conjugate complex number, 391,
401-402p
Conventional current flow
direction, 6-7
Conversion, ac:
A toY, 424-425
polar/rectangular, 387-389
Y to A, 424-425
Conversion dc:
AtoY, 153
source, 161
Y to A, 154
Copper loss, 235, 364, 460461
Copper wire table, 58
Core loss, magnetic, 277, 460-461
Coulomb (C), 4, 307
Coupling capcitor, 321p
Cramer’s Rule, 130-132

three simultaneous equations, 131-132

two simultaneous equations, 131



Cumulative-compound dc
generator, 232
Current, 5-6
conventional flow direction, 67
electron flow direction, 67
exciting, 462
full-load, 462
mesh, 114-115
no-load, 462
RC series, 311, 531
RL series, 282, 525
source, 161
three-phase, 476-477
Current division rule, 82
complex numbers, 428-429p
Current-phasor triangle, 286, 315,
336-337
Cycle, 252-253

DC (direct current), 8-9
DC circuits:
parallel, 75-80
series, 52-55
series—parallel, 164
DC generator, 229-234 (See also
Generator, dc)
DC motors, 229-230, 237-241 (See also
Motors, dc)
Delta (A) connection, 153, 474
A to Y conversion:
ac, 424-425
dc, 153
Determinant:
ac circuit, 421
coefficient, 131
cofactor, 129
Cramer’s Rule, 130-132
definition, 128
A to Y conversion, ac, 424-425
fourth order, 147p—148p
impedance, 422
minor array, 129
nth order, 147p
resistance, 421
second order, 128
third order, 129
three-mesh, 421-422, 441p
three-mesh currents, 136-137
two-mesh, 421-422
two-mesh currents, 135-136
Diagram:
block, 30-31
one-line, 30-31
pictorial, 28
schematic, 27-28, 30
wiring, 32-33
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Diamagnetic materials, 207

Dielectric, 305

Dielectric constant, 307

Differentiating circuit (see Peaker
circuit)

Direction of current, 67

Division of current, 82

Dot convention, 279, 463-464

Dry cell, 98, 105

Duplex lap winding, 231

Earth’s magnetic field, 219p
Eddy-current, 235, 277, 375, 462
Edison cell, 102, 105
Edison system, 170-171
Effective value, 259-260
Efficiency:
ac generator, 48p, 364
dc generator, 235
synchronous motor, 369
transformer, 458, 461
Electric charge, 3—4
Electric circuit, 39
Electric energy, 45
Electrical degrees, 253
Electrical plan, 32
Electrical symbols, 29
Electrodes, 97-98
Electrolyte, 97-98
Electromagnetic applications, 209-210
Electromagnetic induction, 215-216
Electromagnetism, 207
Electromotive force (emf), 5
Electron, 1
flow, 5-7
free, 6-7
shells, 2-3
Electrostatic field, 4-5
Elements, 1
Energy:
electric, 45
levels, atom, 1-2
thermal, 7
Equivalent circuit:
dc generator, 233
dc motor, 237-238
Norton’s, 161
Thevenin’s, 159
Equivalent sources, 161
Exponential form (e™¥), 526

Farad (F), 16, 306

Faraday’s law, 216

Ferrites, 206

Ferromagnetic materials, 206
Field intensity, 211, 218
Field winding, 231
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Filter: Ideal transformer, 455
choke coil, 346p Impedance:

high-pass, 292p, 295p
low-pass, 325p

Flux:
density, 206, 218
magnetic, 205, 218
mutual, 276

Force:
coercive, 213
electromotive, 5

coil, 287-288, 294p
parallel LC circuit, 505-506
parallel RC circuit, 287
parallel RL circuit, 287
parallel RLC circuit, 336
resonant circuit, 500, 505
series RC circuit, 313

series RL circuit, 283

series RLC circuit, 334

magnetomotive, 210 Impedance, complex numbers:
Four wire system, 486p, 487p, ac circuit, 410412
491-492p determinant, 422
Frequency, 255, 363 parallel, 412
resonant, 499, 505 series, 410
Fuse, 39 Impedance ratio, 459

Induced voltage, 216

Inductance, 275
Gauge number (wire size), 58 coil. 276

Generator, 7

mutual, 279
Generator, ac, 361-363 self, 275
alternator, 361 total, 279

efficiency, 364
frequency, 363

Induction, electromagnetic, 215
Induction motor, 363
Inductive circuits, 281-287

losses, 364 . parallel, 286-287
parallel operation, 364 series, 282-286

ratings, 364

three-phase, 474 Inductors:

voltage regulation, 363 parallel, 279
Generator, dc, 229-234

generated voltage, 361-362

Inductive reactance, 277

polarity, 279
components, 229-230

series, 279
compound, 232 series-aiding, 279
cumulative-compound, 232 series-opposing, 279
efficiency, 235 Inert atom, 3
equivalent circuit, 233 Instantaneous power, 340
generated voltage, 234 Instantaneous value, 254
long-shunt compound, 232-233 Internal resistance, 103, 287-288
losses, 235 International System of Units (SI) 15-16
self-excited, 232 ITonization, 3
separated excited, 232 Tons, 3, 97
series, 232-233
short-shunt compound, 232-233 Joule (1), 16, 45

shunt, 232-233

voltage regulation, 234
Geometric degrees, 252-253
Ground, 35p, 39

Kilo- (metric prefix), 15, 16, 19
Kilowatt hour, 45
Kirchhoft’s laws:

current law (KCL), 112-113

Half-power points, 508 voltage law (KVL), 110-111
Henry (H), 16, 275

Hertz (Hz), 16, 255 Lagging phase angle, 257
High-pass filter, 292p, 295p Lagging power factor, 341, 417
Horsepower, 4445, 238 Law:

Hydrometer, 104 charges, 34

Hysteresis, 213, 235, 277, 461 Faraday’s, 216



Law (continued)
Lenz’s, 217
Ohm’s, 42, 214
LC circuit, 501, 503-504
Lead-acid cell, 99-100
Leading phase angle, 257
Leading power factor, 341, 417
Left-hand rule (motor), 236
Lenz’s law, 217
Line current, 473-474
Line drop, 168
Line power loss, 169
Line voltage, 473-474
Linear circuit, 157
Linear equation, 130-131
Load:
balanced, 477-479
A-connected, 474
unbalanced, 482483
Y-connected, 474
Lodestones, 205
Long-shunt compound dc
generator, 232-233
Loop, 114
Loop analysis, 114-115
Loop current, 114-115
Losses:
ac generator, 364
dc generator, motor, 235
transformer, 460—461
Low-pass filter, 325p

Magnetic circuit, 213-214
Magnetic field, 205, 208-209
Magnetic flux, 205, 218
Magnetic flux density, 206, 218
Magnetic materials, 206

diamagnetic, 207

ferrites, 206

ferromagnetic, 206

paramagnetic, 207
Magnetic poles, 205
Magnetic units, 210, 218
Magnetite, 205
Magnetization curve, 212
Magnetohydrodynamic (MHD) conversion, 7
Magnetomotive force (mmf), 210, 214, 218
Magnets:

artificial, 205

natural, 205

permanent, 206

temporary, 206
Manganese—alkaline cell, 102, 105
Matter, 1
Maximum (peak) value, 259-260
Maximum power, complex, 426p, 436p

INDEX

Maximum power transfer theorem, 167
Mega- (metric prefix), 16
Mercury cell, 102, 105
Mesh current, 114-115
three-mesh network, 136-137
two-mesh network, 135-136
Metric prefixes, 15-16, 19
Micro- (metric prefix), 16, 19
Milli- (metric prefix), 16, 19
Mils, 57
circular, 57-58
Minor array, 129
Molecule, 1
Motors, 229
Motors, ac, 365-367
polyphase induction, 363
rotor frequency, 366
slip, 367
squirrel-cage, 365
synchronous speed, 366
torque, 367
single-phase, 372-375
ac series, 373
capacitor, 374
capacitor-start, 374
commutator, 373
induction, 373
repulsion, 373
shaded-pole, 375
split-phase, 373
synchronous, 375
synchronous, 368-370
efficiency, 369
field excitation, 370-371
loading, 369
power factor correction, 369
ratings, 369
single-phase, 372-375
synchronous speed, 366
torque, 367
Motors, dc, 229-230, 236-241
components, 229-230
compound, 240
equivalent circuit, 237-238
series, 240
shunt, 239-240
speed regulation, 239
starting resistance, 241
torque, 236
Mutual inductance, 279

Nano- (metric prefix), 16
Negative charge, 1

Network (see Circuit)

Network theorem (see Theorem)
Neutral atom, 1
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Neutral wire, 170 Phase angle (continued)
Neutron, 1 leading, 257
Nickel-cadmium cell, 102, 105 resistive circuit, 261
Nodal analysis, 116-117 Phase current, 475
Node, 116 Phase splitting, 373
principal, 116 Phase voltage, 475
reference, 116 Phasor, 256-257, 409
Node voltage, 116-117 po]ar form, 387-388
No-load voltage, 103 rectangular form, 387-388
Nonsinusoidal waveform, 266p Phasor diagram, 257-259
Norton’s theorem, 161-162 current triangle, 286, 315,
Nucleus, 1 336, 343
voltage triangle, 283, 313,
Ohm (2), 16, 40 332-333
Ohm’s law: Photoelectric effect, 8
electric circuit, 42 IT to T conversion, 153
magnetic circuit, 214 Pico- (metric prefix), 16
One-line diagram, 30-31 Piezoelectric effect, 8
Open circuit, 39, 80-81 Polarity:
Open-circuit test, transformer, 461, 468p battery, 97
Open-circuit voltage, 103, 160 coil, 208, 463464
Operations with complex numbers: induced voltage, 217
addition, 389 inductors, 279-280
division, 391 single conductor, 207
multiplication, 390-391 transformer, 463-464
operator j, 385-387 voltage drop, 55-56
subtraction, 390 Poles, magnetic, 205
Polyphase induction motor
Parallel ac circuits: (see Motors, ac)
complex, 411-413 Positive charge, 1
LC, 286-287 Potential difference, 5
resistances, 267p, 268p Potentiometer, 41
RC, 315 Power:
RL, 286-287 apparent, 289, 317, 341, 478
RLC, 338-340 half, 508
Parallel dc circuits, 75-85 instantaneous, 340
conductance, 83 maximum transfer of, 167
distribution of current, 75 reactive, 289, 317, 341, 478
division of current, 82 real, 288, 316, 341, 478
equal resistors, 79 resistor, 4344
power, 84 three-phase, 478-479
total current, 75 total ac, 416, 442p
total resistance, 77-80 total dc, 60-61, 84
voltage, 75 Power factor (PF), 289, 341, 370-371, 417
Parallel operation (generators), 364 lagging, 341, 417
Parallel resonance, 503-507 leading, 341, 417
Paramagnetic material, 207 Power factor correction, 343, 370-371
Peak (maximum) value, 259-260 complex, 420
Peaker (RC) circuit, 542-544p synchronous motor, 369-370
Peak-to-peak value, 259-260 Power transformer, 464p
Period, 255 Power triangle, 289, 416, 418, 478
Permeability, 206, 212, 218 Powers of ten, 16-19
Phase angle, 256, 409, 415 Primary cell, 99
capacitive circuit, 312-313, 315-316, 333, 336 Primary winding, transformer, 455
inductive circuit, 283-285, 332, 335 Principal node, 116

lagging, 257 Proton, 1



Q of coil, 287, 297p
measurement, 515p

Q of parallel circuit, 506

Q of resonant circuit, 508

Q of series circuit, 503

Radian, 15, 253
RC circuit:
parallel, 315
peaker, 542-544p
series, 311, 530-532
time constant, 534
Reactance:
capacitive, 310
inductive, 277
Reactive power, 289, 317, 341, 478
Reactive power, complex, 416417
Real power, 288, 316, 341, 478
Real power, complex, 416
Reference node, 116
Reference phasor, 257
Relative permeability, 206, 212, 218
Relay circuit, 209-210
Reluctance, 213-214
Repulsion motor, 373
Resistance, 40, 261
copper wire, 58-59
determinant, 421
internal, 103
parallel, 77-80
series, 52-53
specific, 58-59
temperature coefficient, 59—-60
Thevenin, 159
Resistivity, 58-59
Resistor, 40
carbon-composition, 40
fixed, 40
power rating, 41
tolerance, 40
variable, 41
wire-wound, 40
Resonance:
parallel, 503-507
series, 499-502
Resonant frequency, 499, 505
Retentivity, 213
Rheostat, 41
Right-hand rule, 208-209
RL circuit:
high-voltage, 538p
parallel, 286287
series, 282-286, 524-526
time constant, 528
RLC circuit:
parallel, 335-338
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RLC circuit (continued)
parallel branches, RL and RC, 338-340
resonant, 499, 501-502
series, 332-334
rms (root-mean-square) value, 258-259
Rotor, 229, 361, 365-366, 369
Rounding-off numbers, 20-21
Rule:
current division, 82, 428-429p
equal resistors in parallel, 79
left-hand, 236
Ohm’s law circle, 42
powers of ten, 16-19
right-hand, 207-208
voltage division, 61

Sawtooth waveform, 540-541p
Schematic diagram, 27-28, 30
Scientific notation, 20, 21
Secondary winding, transformer, 455
Self-excited dc generator, 232
Self-inductance, 275
Separated excited dc generator, 232
Series ac circuits:

complex, 409-411

C only, 311-312

L only, 281-282

R only, 261

RC, 311

RL, 282-286

RLC, 332-334
Series dc circuits, 52-55
Series dc generator, 232-233
Series dc motor, 240
Series—parallel circuit, ac complex,

414-415
Series—parallel dc circuits, 164
Series RC complex impedance, 393-394
Series resonance, 499-502
Series RL complex impedance, 392-393
Series RLC complex impedance, 394
Shaded-pole motor, 375
Shelf life, battery, 105
Short circuit, 39, 80-81
Short-circuit test, transformer, 461, 467p
Short-shunt compound dc generator,
232-233

Shunt dc generator, 232-233
Shunt dc motor, 239-240
SI (International System of Units), 15-16
Siemens (S), 16, 83
Significant digit, 20-21
Simplex lap winding, 231
Sine-wave, 254
Single-line diagram, 30-31
Single-phase motors, 372-375
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Sinusoid, 256
average value, 259-260
effective (rms) value, 259-260
peak (maximum) value, 259-260
peak-to-peak value, 259-260
table for conversions, 260
Slip, 366
Slip rings, 361
Solar cell, 8-9
Solenoid, 211
Sources, 7-9
ac, 9, 252
current, 161
dc, 8
equivalent current and voltage, 161
Norton, 161
Thevenin, 159
voltage, 8-9
Specific gravity, cell, 104
Specific resistance, 58-59
Speed—load characteristic:
compound motor, 241
induction motor, 366
series motor, 241
shunt motor, 241
Speed regulation, dc motor, 239
Speed, synchronous, 366
Split-phase motor, 373
Squirrel-cage motor, 365
Starting resistor, dc motor, 241
Stator, 361, 365, 369
Step-down transformer, 456
Step-up transformer, 456
Storage battery, 99—100
Summary complex number table:
ac circuit, 415
complex power, 419
Superposition theorem, 157-158
Switch, 33, 34-35p
Symbols, electrical, 29
Synchronizing ac generators, 364
Synchronous motors (see Motors, ac,
synchronous)

T to IT conversion, 154
Temperature coefficient of resistance, 59—60
Tesla (T), 16, 206, 218
Theorem:
maximum power transfer, 167
Norton’s, 161-162
superposition, 157-158
Thevenin’s, 159-160
Thermal energy, 7
Thermionic emission, 8
Thermocouple, 8
Thevenin’s theorem, 159-160

INDEX

Three-phase systems, 474-483
balanced load, 477479
A-connected, 474
power, 478-479
summary table, 476
transformer connections, 475
unbalanced load, 482483, 491-493p
Y-connected, 474

Three-wire distribution system, 170

Time constant, 528
RC circuit, 534
RL circuit, 528

Time diagram:

C only, 312

L only, 282

power, 340

R only, 261

RC peaker, 544

RC series, 314, 531

RL parallel, 258

RL series, 284, 524-525
sawtooth, 541

Time, exponential voltage decay or rise, 525, 531

Tolerance, resistance, 40—41
Torque:
dc motor, 236-237
induction motor, 367
synchronous motor, 367
Torque—load characteristic:
compound motor, 241
series motor, 241
shunt motor, 241
Total power, complex, 416, 422p
Transformers, 455-464
autotransformer, 460
basic construction, 455
current ratio, 457
efficiency, 458, 461
ideal, 455
impedance ratio, 459
losses, 460-461
no-load condition, 462
polarity, 463—464
power type, 464p
primary winding, 455
ratings, 458
secondary winding, 455
step-down, 456
step-up, 456
three-phase connections, 475
three-phase voltage, current table, 476
turns ratio, 455
voltage ratio, 455
Transistor:
radio receiver, 30-31
symbol, 29-30



Triplex lap winding, 231
Tuned circuit, 499, 508
Turns ratio, 455
Two-terminal network, 409

Unbalanced three-phase load, 482-483,
491-493p

Unbalanced three-wire system, Edison,
170-171

Units, SI, 15-16

Unstable atom, 2

VA (voltamperes), 289
Valence electrons, 1
VAR (voltamperes reactive), 289
Vector, 257
Volt (V), 5
Voltage, 5
induced, 216
node, 116
open circuit, 103, 160
polarity, 110-111
RC series circuit, 311-312, 531
RL series circuit, 287, 525
three-phase, 475-476
(See also AC voltage)
Voltage-divider circuit, 177p
Voltage division rule, 61
Voltage drop, 53-55
Voltage-phasor triangle, 283, 313,
332-333
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Voltage ratio, 455
Voltage regulation:
ac generator, 363
dc generator, 234
Voltaic chemical cell, 7, 97-98

Watt (W), 16, 43
Wattage rating, 41
Wave winding, 231
Waveforms:
RC peaker circuit, 542-544p
RC series circuit, 530-532
RL series circuit, 524-526
sawtooth, 540-541p
Wavelength, 256
Weber (Wb), 16, 206, 218
Wet cell, 98, 105
Wheatstone bridge:
ac, 426
de, 166-167, 180p
Winding, transformer:
primary, 455
secondary, 455
Wire Gauge, American (AWG), 58
Wire measurement, 57-58
Wire resistance, 58-59
Wiring diagram, 32
Work, 5

Y (Wye) connection, 153, 474
Y to A conversion:

ac, 424-425

dc, 154





