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APPROACH

The formal boundaries of traditional engineering disciplines have become fuzzy fol-
lowing the advent of integrated circuits and computers. Nowhere is this more evi-
dent than in mechanical and electrical engineering, where products today include
an assembly of interdependent electrical and mechanical components. The field of
mechatronics has broadened the scope of the traditional field of electromechanics.
Mechatronics is defined as the field of study involving the analysis, design, synthe-
sis, and selection of systems that combine electronic and mechanical components
with modern controls and microprocessors.

This book is designed to serve as a text for (1) a modern instrumentation and
measurements course, (2) a hybrid electrical and mechanical engineering course
replacing traditional circuits and instrumentation courses, (3) a stand-alone mecha-
tronics course, or (4) thefirst course in amechatronics sequence. The second option,
the hybrid course, provides an opportunity to reduce the number of credit hoursin a
typical mechanical engineering curriculum. Options 3 and 4 could involve the devel -
opment of new interdisciplinary courses and curricula.

Currently, many curricula do not include a mechatronics course but include
some of the elements in other, more traditional courses. The purpose of a course in
mechatronicsisto provide afocused interdisciplinary experience for undergraduates
that encompasses important elements from traditional courses as well as contempo-
rary developmentsin electronics and computer control. These elementsinclude mea-
surement theory, electronic circuits, computer interfacing, sensors, actuators, and
the design, analysis, and synthesis of mechatronic systems. This interdisciplinary
approach is valuable to students because virtually every newly designed engineering
product is a mechatronic system.

NEW TO THE FOURTH EDITION

The fourth edition of Introduction of Mechatronics and Measurement Systems has
been improved, updated, and expanded beyond the previous edition. Additions and
new features include:

¢ New sections throughout the book dealing with the “practical considerations”
of mechatronic system design and implementation, including circuit construc-
tion, electrical measurements, power supply options, general integrated circuit
design, and PIC microcontroller circuit design.

e Expanded section on LabVIEW data acquisition, including a complete music
sampling example with Web resources.

xXiii
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Preface

e More website resources, including Internet links and online video demonstra-
tions, cited and described throughout the book.

e Expanded section on Programmable Logic Controllers (PLCs) including the
basics of ladder logic with examples.

e Interesting new clipart images next to each Class Discussion Item to help provoke
thought, inspire student interest, and improve the visual look of the book.

e Additional end-of-chapter questions throughout the book provide more home-
work and practice options for professors and students.

e Corrections and many small improvements throughout the entire book.

CONTENT

Chapter 1 introduces mechatronic and measurement system terminology. Chapter 2
provides a review of basic electrical relations, circuit elements, and circuit analy-
sis. Chapter 3 dealswith semiconductor electronics. Chapter 4 presents approaches
to analyzing and characterizing the response of mechatronic and measurement sys-
tems. Chapter 5 covers the basics of analog signal processing and the design and
analysis of operational amplifier circuits. Chapter 6 presents the basics of digi-
tal devices and the use of integrated circuits. Chapter 7 provides an introduction
to microcontroller programming and interfacing, and specifically covers the PIC
microcontroller and PicBasic Pro programming. Chapter 8 deals with data acquisi-
tion and how to couple computers to measurement systems. Chapter 9 provides
an overview of the many sensors common in mechatronic systems. Chapter 10
introduces a number of devices used for actuating mechatronic systems. Finally,
Chapter 11 provides an overview of mechatronic system control architectures and
presents some case studies. Chapter 11 also provides an introduction to control
theory and its role in mechatronic system design. The appendices review the fun-
damentals of unit systems, statistics, error analysis, and mechanics of materials to
support and supplement measurement systems topics in the book.

Itis practically impossible to write and revise a large textbook without introduc-
ing errors by mistake, despite the amount of care exercised by authors, editors, and
typesetters. When errors are found, they will be published on the book website at:
www.mechatronics.colostate.edu/book/corrections_4th_edition.html. You should
visit this page now to see if there are any corrections to record in your copy of the
book. If you find any additiona errors, please report them to David.Alciatore@
colostate.edu so they can be posted for the benefit of others. Also, please let me know
if you have suggestions or requests concerning improvements for future editions of the
book. Thank you.

LEARNING TOOLS

Classdiscussion items (CDIs) are included throughout the book to serve as thought-
provoking exercises for the students and instructor-led cooperative learning activi-
tiesin the classroom. They can aso be used as out-of-class homework assignments


www.mechatronics.colostate.edu/book/corrections_4th_edition.html

Preface

to supplement the questions and exercises at the end of each chapter. Hints and
partial answers for many of the CDIs are available on the book website at www.
mechatronics.colostate.edu. Analysis and design examples are also provided
throughout the book to improve a student’s ability to apply the material. To enhance
student learning, carefully designed laboratory exercises coordinated with the lec-
tures should accompany a course using this text. A supplemental Laboratory Exer-
cises Manual is available for this purpose (see www.mechatronics.colostate.edu/
lab_book.html for more information). The combination of class discussion items,
design examples, and laboratory exercises exposes a student to a real-world practi-
cal approach and provides a useful framework for future design work.

In addition to the analysis Examples and design-oriented Design Examples
that appear throughout the book, Threaded Design Examples are also included. The
examples are mechatronic systems that include microcontrollers, input and output
devices, sensors, actuators, support electronics, and software. The designs are pre-
sented incrementally as the pertinent material is covered throughout the chapters.
This alows the student to see and appreciate how a complex design can be created
with a divide-and-conquer approach. Also, the threaded designs help the student
relate to and value the circuit fundamentals and system response topics presented
early in the book. The examples help the students see the “big picture”’ through inter-
esting applications beginning in Chapter 1.
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SUPPLEMENTAL MATERIALS ARE AVAILABLE
ONLINE AT:
www.mechatronics.colostate.edu

Cross-referenced visua icons appear throughout the book to indicate where additional
information is available on the book website at www.mechatronics.colostate.edu.

Shown below are the icons used, along with a description of the resources to
which they point:

Indicates where an online video demonstration is available for viewing. The online
videos are Windows Media (WMV) files viewable in an Internet browser. The clips
show and describe el ectronic components, mechatronic device and system examples,
Video Demo  and laboratory exercise demonstrations.

website. These links provide students and instructors with reliable sources of infor-

E Indicates where a link to additional Internet resources is available on the book
mation for expanding their knowledge of certain concepts.
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Indicates where a laboratory exercise is available in the supplemental Laboratory
Exercises Manual that parallels the book. The manual provides useful hands-on lab-
oratory exercises that help reinforce the material in the book and that allow students
to apply what they learn. Resources and short video demonstrations of most of the
exercises are available on the book website. For information about the Laboratory
Exercises Manual, visit www.mechatronics.colostate.edu/lab_book.html.

ADDITIONAL SUPPLEMENTS

Moreinformation, including arecommended course outline, atypical laboratory syl-
labus, Class Discussion Item hints, and other supplemental material, is available on
the book website.

In addition, a complete password-protected Solutions Manual containing solu-
tionsto all end-of-chapter problemsis available at the McGraw-Hill book website at
www.mhhe.com/alciatore.

These supplemental materials help students and instructors apply concepts in
the text to laboratory or real-world exercises, enhancing the learning experience.
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CHAPTER

Introduction

After you read, discuss, study, and apply ideas in this chapter, you will be able to:

1. Define mechatronics and appreciate its relevance to contemporary engineering
design

2. ldentify a mechatronic system and its primary elements

3. Define the elements of a general measurement system

1.1 MECHATRONICS

Mechanical engineering, as a widespread professional practice, experienced a surge
of growth during the early 19th century because it provided a necessary founda-
tion for the rapid and successful development of the industrial revolution. At that
time, mines needed large pumps never before seen to keep their shafts dry, iron
and steel mills required pressures and temperatures beyond levels used commer-
cialy until then, transportation systems needed more than real horse power to move
goods; structures began to stretch across ever wider abysses and to climb to dizzying
heights, manufacturing moved from the shop bench to large factories; and to support
these technical feats, people began to specialize and build bodies of knowledge that
formed the beginnings of the engineering disciplines.

The primary engineering disciplines of the 20th century—mechanical, electrical,
civil, and chemical—retained their individual bodies of knowledge, textbooks, and
professional journals because the disciplines were viewed as having mutually exclu-
sive intellectual and professional territory. Entering students could assess their indi-
vidua intellectual talents and choose one of the fields as a profession. We are now
witnessing anew scientific and social revolution known asthe information revol ution,
where engineering specialization ironically seems to be simultaneously focusing and
diversifying. This contemporary revolution was spawned by the engineering devel op-
ment of semiconductor electronics, which has driven an information and communi-
cations explosion that is transforming human life. To practice engineering today, we
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must understand new ways to process information and be able to utilize semicon-
ductor electronics within our products, no matter what label we put on ourselves as
practitioners. Mechatronics is one of the new and exciting fields on the engineering
landscape, subsuming parts of traditional engineering fields and requiring a broader
approach to the design of systems that we can formally call mechatronic systems.

Then what precisely is mechatronics? The term mechatronics is used to denote
arapidly developing, interdisciplinary field of engineering dealing with the design of
products whose function relies on the integration of mechanical and electronic com-
ponents coordinated by a control architecture. Other definitions of the term “mecha-
tronics” can be found online at Internet Link 1.1. The word mechatronics was coined
in Japan in the late 1960s, spread through Europe, and is now commonly used in the
United States. The primary disciplines important in the design of mechatronic sys-
tems include mechanics, electronics, controls, and computer engineering. A mecha
tronic system engineer must be able to design and select analog and digital circuits,
microprocessor-based components, mechanical devices, sensors and actuators, and
controls so that the final product achieves adesired goal.

Mechatronic systems are sometimes referred to as smart devices. Whiletheterm
smart is elusive in precise definition, in the engineering sense we mean the inclusion
of elements such as logic, feedback, and computation that in a complex design may
appear to simulate human thinking processes. It is not easy to compartmentalize
mechatronic system design within a traditional field of engineering because such
design draws from knowledge across many fields. The mechatronic system designer
must be a generalist, willing to seek and apply knowledge from a broad range of
sources. This may intimidate the student at first, but it offers great benefits for indi-
viduality and continued learning during one's career.

Today, practically all mechanical devices include electronic components and
some type of computer monitoring or control. Therefore, the term mechatronic sys-
tem encompasses a myriad of devices and systems. Increasingly, microcontrollers
are embedded in electromechanical devices, creating much more flexibility and
control possibilities in system design. Examples of mechatronic systems include
an aircraft flight control and navigation system, automobile air bag safety system
and antilock brake systems, automated manufacturing equipment such as robots and
numerically controlled (NC) machine tools, smart kitchen and home appliances such
as bread machines and clothes washing machines, and even toys.

Figure 1.1 illustrates all the components in a typical mechatronic system. The
actuators produce motion or cause some action; the sensors detect the state of the
system parameters, inputs, and outputs; digital devices control the system; condi-
tioning and interfacing circuits provide connections between the control circuits and
the input/output devices; and graphical displays provide visual feedback to users.
The subsequent chapters provide an introduction to the elements listed in this block
diagram and describe aspects of their analysis and design. At the beginning of each
chapter, the elements presented are emphasized in a copy of Figure 1.1. This will
help you maintain a perspective on the importance of each element as you gradually
build your capability to design a mechatronic system. Internet Link 1.2 provides
links to various vendors and sources of information for researching and purchasing
different types of mechatronics components.
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Figure 1.1 Mechatronic system components.

Example 1.1 describes a good example of a mechatronic system—an office
copy machine. All of the components in Figure 1.1 can be found in this common
piece of office equipment. Other mechatronic system examples can be found on
the book website. See the Segway Human Transporter at Internet Link 1.3, the
Adept pick-and-place industrial robot in Video Demos 1.1 and 1.2, the Honda
Asimo and Sony Qrio humanoid-like robots in Video Demos 1.3 and 1.4, and
the inkjet printer in Video Demo 1.5. As with the copy machine in Example 1.1,
these robots and printer contain al of the mechatronic system components shown
in Figure 1.1. Figure 1.2 labels the specific components mentioned in Video
Demo 1.5. Video demonstrations of many more robotics-related devices can be found

Mechatronic System—Copy Machine

Internet Link

1.3 Segway
human
transporter

Video Demo

1.1 Adept One
robot demon-
stration

1.2 Adept One
robot internal
design and
construction
1.3 Honda
Asimo Raleigh,
NC, demon-
stration

1.4 Sony “Qrio”
Japanese dance
demo

1.5 Inkjet printer
components

An office copy machineisagood example of acontemporary mechatronic system. It includes
analog and digita circuits, sensors, actuators, and microprocessors. The copying process
works asfollows: The user places an original in aloading bin and pushes a button to start the
process; the original is transported to the platen glass; and a high intensity light source scans
the original and transfers the corresponding image as a charge distribution to adrum. Next, a
blank piece of paper is retrieved from aloading cartridge, and the image is transferred onto
the paper with an electrostatic deposition of ink toner powder that is heated to bond to the
paper. A sorting mechanism then optionally delivers the copy to an appropriate bin.

Analog circuits control the lamp, heater, and other power circuits in the machine. Digital
circuits control the digital displays, indicator lights, buttons, and switches forming the user
interface. Other digita circuits include logic circuits and microprocessors that coordinate all
of the functions in the machine. Optica sensors and microswitches detect the presence or
absence of paper, its proper positioning, and whether or not doors and latches arein their cor-
rect positions. Other sensors include encoders used to track motor rotation. Actuators include
servo and stepper motors that load and transport the paper, turn the drum, and index the sorter.
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Figure 1.2 Inkjet printer components.

at Internet Link 1.4, and demonstrations of other mechatronic system examples can
be found at Internet Link 1.5.

H CLASS DISCUSSION ITEM 1.1
Household Mechatronic Systems

What typical household items can be characterized as mechatronic systems? What
components do they contain that help you identify them as mechatronic systems?
If an item contains a microprocessor, describe the functions performed by the
M Croprocessor.

1.2 MEASUREMENT SYSTEMS

A fundamental part of many mechatronic systems is a measurement system com-
posed of the three basic partsillustrated in Figure 1.3. The transducer is a sensing
device that converts a physical input into an output, usually a voltage. The signal
processor performs filtering, amplification, or other signal conditioning on the
transducer output. The term sensor is often used to refer to the transducer or to the
combination of transducer and signal processor. Finally, the recorder is an instru-
ment, a computer, a hard-copy device, or simply a display that maintains the sensor
data for online monitoring or subsequent processing.
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Figure 1.3 Elements of a measurement system.

These three building blocks of measurement systems come in many types with
wide variations in cost and performance. It is important for designers and users of
measurement systems to develop confidence in their use, to know their important
characteristics and limitations, and to be able to select the best elements for the mea-
surement task at hand. In addition to being an integral part of most mechatronic
systems, a measurement system is often used as a stand-alone device to acquire data
in alaboratory or field environment.

Measurement System—Digital Thermometer

The following figure shows an example of a measurement system. The thermocouple is a
transducer that converts temperature to a small voltage; the amplifier increases the magni-
tude of the voltage; the A/D (analog-to-digital) converter is adevice that changes the analog
signal to a coded digital signal; and the LEDs (light emitting diodes) display the value of
the temperature.

thermocouple

Supplemental information important to measurement systems and analysis is
provided in Appendix A. Included are sections on systems of units, numerical preci-
sion, and statistics. You should review this material on an as-needed basis.

1.3 THREADED DESIGN EXAMPLES

Throughout the book, there are Examples, which show basic analysis calculations,
and Design Examples, which show how to select and synthesize components and
subsystems. There are also three more complicated Threaded Design Examples,
which build upon new topics as they are covered, culminating in complete mecha-
tronic systems by the end. These designs involve systems for controlling the position
and speed of different types of motors in various ways. Threaded Design Examples
A.1, B.1, and C.1 introduce each thread. All three designs incorporate components
important in mechatronic systems: microcontrollers, input devices, output devices,
sensors, actuators, and support electronics and software. Please read through the
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following information and watch the introductory videos. It will also be helpful to
watch the videos again when follow-on pieces are presented so that you can see how
everything fitsin the “big picture.” Thelist of Threaded Design Example citations at
the beginning of the book, with the page numbers, can be useful for looking ahead or
reflecting back as new portions are presented.

All of the components used to build the systems in al three threaded designs
are listed at Internet Link 1.6, along with descriptions and price information. Most
of the parts were purchased through Digikey Corporation (see Internet Link 1.7)
and Jameco Electronics Corporation (see Internet Link 1.8), two of the better online
suppliers of electronic parts. By entering part numbers from Internet Link 1.6 at the
supplier websites, you can access technical datasheets for each product.

THREADED DESIGN EXAMPLE

A.1 DC motor power-op-amp speed controller—Introduction

=2

Internet Link

1.6 Threaded
design example
components
1.7 Digikey
electronics
supplier

1.8 Jameco
electronics
supplier

Video Demo

1.6 DC motor
power-op-amp
speed controller

This design example deals with controlling the rotational speed of adirect current (DC) perma-
nent magnet motor. Figure 1.4 illustrates the major components and interconnectionsin the sys-
tem. Thelight-emitting diode (LED) providesavisua cue to the user that the microcontroller is
running properly. The speed input deviceis a potentiometer (or pot), which isavariable resistor.
The resistance changes as the user turns the knob on top of the pot. The pot can be wired to pro-
duce avoltage input. The voltage signal is applied to a microcontroller (basically asmall com-
puter on asingle integrated circuit) to control aDC motor to rotate at a speed proportional to the
voltage. Voltage signals are “analog” but microcontrollers are “digital,” so we need analog-to-
digital (A/D) and digital-to-analog (D/A) convertersin the system to allow us to communicate
between the analog and digital components. Finally, because a motor can require significant
current, we need a power amplifier to boost the voltage and source the necessary current. Video
Demo 1.6 shows a demonstration of the complete working system shown in Figure 1.5.

With all three Threaded Design Examples (A, B, and C), as you progress sequentially
through the chapters in the book you will gain fuller understanding of the components in the
design.

light-emitting diode
indicator

power
amp
E%,; A/D D/A ——[>—-©
potentiometer - DC
for setting speed digital-to-analog motor

converter
PIC microcontroller
with analog-to-digital
converter

Figure 1.4 Functional diagram of the DC motor speed controller.
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Figure 1.5 Photograph of the power-amp speed controller.

Note that the PIC microcontroller (with the A/D) and the external D/A converter are not
actually required in this design, in its current form. The potentiometer voltage output could
be attached directly to the power amp instead, producing the same functionality. The reason
for including the PIC (with A/D) and the D/A components is to show how these components
can be interfaced within an analog system (thisis useful to know in many applications). Also,
the design serves as a platform for further development, where the PIC can be used to imple-
ment feedback control and a user interface, in amore complex design. An example where you
might need the microcontroller in the loop is in robotics or numerically controlled mills and
|athes, where motors are often required to follow fairly complex motion profilesin response to
inputs from sensors and user programming, or from manual inputs.

THREADED DESIGN EXAMPLE

Stepper motor position and speed controller—Introduction B.1

This design example deals with controlling the position and speed of a stepper motor, which
can be commanded to move in discrete angular increments. Stepper motors are useful in posi-
tion indexing applications, where you might need to move parts or tools to and from various
fixed positions (e.g., in an automated assembly or manufacturing line). Stepper motors are also
useful in accurate speed control applications (e.g., controlling the spindle speed of a computer
hard-drive or DV D player), where the motor speed is directly proportional to the step rate.
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Figure 1.6 Functional diagram of the stepper motor position and speed controller.

Figure 1.6 shows the major components and interconnections in the system. The input
devices include a pot to control the speed manually, four buttons to select predefined posi-
tions, and a mode button to toggle between speed and position control. In position control
mode, each of the four position buttons indexes the motor to specific angular positions rela-
tive to the starting point (0°, 45°, 90°, 180°). In speed control mode, turning the pot clockwise
(counterclockwise) increases (decreases) the speed. The LED providesavisua cueto the user
to indicate that the PIC is cycling properly. As with Threaded Design Example A, an A/D
converter is used to convert the pot’s voltage to a digital value. A microcontroller uses that
value to generate signals for a stepper motor driver circuit to make the motor rotate.

Video Demo 1.7 showsademonstration of the completeworking system showninFigure 1.7.
Asyou progress through the book, you will learn about the different elementsin this design.

speed stepper motor
pot PIC driver

mode
button

position
buttons

AID motion

indicator

stepper
motor

Figure 1.7 Photograph of the stepper motor position and speed controller.
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THREADED DESIGN EXAMPLE

DC motor position and speed controller—Introduction C.1

This design example illustrates control of position and speed of a permanent magnet DC
motor. Figure 1.8 shows the major components and interconnectionsin the system. A numeri-
cal keypad enables user input, and aliquid crystal display (LCD) is used to display messages
and a menu-driven user interface. The motor is driven by an H-bridge, which allows the volt-
age applied to the motor (and therefore the direction of rotation) to be reversed. The H-bridge
aso allows the speed of the motor to be easily controlled by pulse-width modulation (PWM),
where the power to the motor is quickly switched on and off at different duty cyclesto change
the average effective voltage applied.

A digital encoder attached to the motor shaft provides a position feedback signal. This
signal is used to adjust the voltage signal to the motor to control its position or speed.
This is called a servomotor system because we use feedback from a sensor to control
the motor. Servomotors are very important in automation, robotics, consumer electronic
devices, flow-control valves, and office equipment, where mechanisms or parts need to be
accurately positioned or moved at certain speeds. Servomotors are different from stepper
motors (see Threaded Design Example B.1) in that they move smoothly instead of in small
incremental steps.

Two PIC microcontrollers are used in this design because there are a limited number of
input/output pins available on a single chip. The main (master) PIC gets input from the user,
drivesthe LCD, and sends the PWM signal to the motor. The secondary (slave) PIC monitors
the digital encoder and transmits the position signal back to the master PIC upon command
viaaserid interface. Video Demo

Video Demo 1.8 shows a demonstration of the complete working system shown in

. . . . 1.8 DC motor
Figure 1.9. You will learn about each element of the design as you proceed sequentially position and
through the book. speed controller

liquid crystal display

Ooooooooooooooooooon
00000000000000000000

microcontrollers

keypad
decoder
MASTER SLAVE qlé:g:e
PIC PIC
@ and counter
button

H-bridge P\
buzzer driver \j/

DC motor with
digital position encoder

Figure 1.8 Functional diagram for the DC motor position and speed controller.
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Figure 1.9 Photograph of the DC motor position and speed controller.
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Electric Circuits
and Components

his chapter reviews the fundamentals of basic electrical components and dis-

crete circuit analysis techniques. These topics are important in understanding

and designing all elements in a mechatronic system, especially discrete cir-
cuits for signal conditioning and interfacing. ®
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CHAPTER OBJECTIVES

After you read, discuss, study, and apply ideas in this chapter, you will:
1. Understand differences among resistance, capacitance, and inductance

2. Be able to define Kirchhoff’s voltage and current laws and apply them to
passive circuits that include resistors, capacitors, inductors, voltage sources,
and current sources
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Know how to apply models for ideal voltage and current sources

Be able to predict the steady-state behavior of circuits with sinusoidal inputs
Be able to characterize the power dissipated or generated by a circuit

Be able to predict the effects of mismatched impedances

Understand how to reduce noise and interference in electrical circuits

® RN AW

Appreciate the need to pay attention to electrical safety and to ground compo-
nents properly

9. Be aware of several practical considerations that will help you assemble actual
circuits and make them function properly and reliably

10. Know how to make reliable voltage and current measurements

2.1 INTRODUCTION

Practically all mechatronic and measurement systems contain electrical circuits and
components. To understand how to design and analyze these systems, a firm grasp
of the fundamentals of basic electrical components and circuit analysis techniques
is a necessity. These topics are fundamental to understanding everything else that
follows in this book.

When electrons move, they produce an electrical current, and we can do use-
ful things with the energized electrons. The reason they move is that we impose an
electrical field that imparts energy by doing work on the electrons. A measure of
the electric field’s potential is called voltage. It is analogous to potential energy in
a gravitational field. We can think of voltage as an “across variable” between two
points in the field. The resulting movement of electrons is the current, a “through
variable,” that moves through the field. When we measure current through a circuit,
we place a meter in the circuit and let the current flow through it. When we measure a
voltage, we place two conducting probes on the points across which we want to mea-
sure the voltage. Voltage is sometimes referred to as electromotive force, or emf.

Current is defined as the time rate of flow of charge:

d
(1) = aif (2.2)

where | denotes current and q denotes quantity of charge. The charge is provided
by the negatively charged electrons. The Sl unit for current is the ampere (A), and
charge is measured in coulombs (C = A - s). When voltage and current in a circuit
are constant (i.e., independent of time), their values and the circuit are referred to as
direct current, or DC. When the voltage and current vary with time, usually sinusoi-
dally, we refer to their values and the circuit as alternating current, or AC.

An electrical circuit is a closed loop consisting of several conductors connect-
ing electrical components. Conductors may be interrupted by components called
switches. Some simple examples of valid circuits are shown in Figure 2.1.
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Figure 2.1 Electrical circuits.

The terminology and current flow convention used in the analysis of an electri-
cal circuit are illustrated in Figure 2.2a. The voltage source, which provides energy
to the circuit, can be a power supply, battery, or generator. The voltage source adds
electrical energy to electrons, which flow from the negative terminal to the positive
terminal, through the circuit. The positive side of the source attracts electrons, and the
negative side releases electrons. The negative side is usually not labeled in a circuit
schematic (e.g., with a minus sign) because it is implied by the positive side, which
is labeled with a plus sign. Standard convention assumes that positive charge flows
in a direction opposite from the electrons. Current describes the flow of this positive
charge (not electrons). We owe this convention to Benjamin Franklin, who thought
current was the result of the motion of positively charged particles. A load consists of
a network of circuit elements that may dissipate or store electrical energy. Figure 2.2b
shows two alternative ways to draw a circuit schematic. The ground indicates a refer-
ence point in the circuit where the voltage is assumed to be zero. Even though we do
not show a connection between the ground symbols in the top circuit, it is implied
that both ground symbols represent a single reference voltage (i.e., there is a “com-
mon ground”). This technique can be applied when drawing complicated circuits to
reduce the number of lines. The bottom circuit is an equivalent representation.

T
m
. flow +
C) voltage voltage load = =
source drop common
= \ground/
flow +
Iy
/ v .:-
———— flow of free electrons
e_,e_e’_,e"ﬁe_’ through the L
conductor =
(a) Electric circuit (b) Alternative schematic

representations of the circuit

Figure 2.2 Electric circuit terminology.
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H CLASS DISCUSSION ITEM 2.1
Proper Car Jump Start

Draw an equivalent circuit and list the sequence of steps to connect jumper cables
properly between two car batteries when trying to jump-start a car with a run-down
battery. Be sure to label both the positive and negative terminals on each battery and
the red and black cables of the jumper.

It is recommended that the last connection you make should be between the
black jumper cable and the run-down car; and instead of connecting it to the nega-
tive terminal of the battery, you should connect it to the frame of the car at a point
away from the battery. What is the rationale for this advice? Does it matter in what
order the connections are removed when you have started the car?

Note - Hints and partial answers for many of the Class Discussion Items
throughout the book (including this one) are provided on the book website at
mechatronics.col ostate.edu.

2.2 BASIC ELECTRICAL ELEMENTS

There are three basic passive electrical elements: the resistor (R) , capacitor (C),
and inductor (L). Passive elements require no additional power supply, unlike active
devices such as integrated circuits. The passive elements are defined by their voltage-
current relationships, as summarized below, and the symbols used to represent them
in circuit schematics are shown in Figure 2.3.

There are two types of ideal energy sources: a voltage source (V) and a
current source (). These ideal sources contain no internal resistance, induc-
tance, or capacitance. Figure 2.3 also illustrates the schematic symbols for ideal
sources. Figure 2.4 shows some examples of actual components that correspond to
the symbols in Figure 2.3.

2.2.1 Resistor

A resistor is a dissipative element that converts electrical energy into heat. Ohm’s
law defines the voltage-current characteristic of an ideal resistor:

V = IR (2.2)

voltage current

resistor capacitor inductor source source

R ©) 0}

SARE

Figure 2.3 Schematic symbols for basic electrical elements.
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voltage
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Figure 2.4 Examples of basic circuit elements.

The unit of resistance is the ohm (€2). Resistance is a material property whose value
is the slope of the resistor’s voltage-current curve (see Figure 2.5). For an ideal resis-
tor, the voltage-current relationship is linear, and the resistance is constant. How-
ever, real resistors are typically nonlinear due to temperature effects. As the current
increases, temperature increases resulting in higher resistance. Also a real resistor
has a limited power dissipation capability designated in watts, and it may fail when
this limit is exceeded.

If a resistor’s material is homogeneous and has a constant cross-sectional
area, such as the cylindrical wire illustrated in Figure 2.6, then the resistance is
given by

_pL
R=E (2.3)

\V \ failure

real

ideal

—

Figure 2.5 \oltage-current relation for an ideal resistor.

15



16

Internet Link

2.1 Conductor
sizes

2.2 Conductor
current ratings

CHAPTER 2 Electric Circuits and Components

Figure 2.6 \Wire resistance.

Table 2.1 Resistivities of common conductors

Material Resistivity (10°Qm)
Aluminum 2.8
Carbon 4000
Constantan 44
Copper 1.7
Gold 2.4
Iron 10
Silver 1.6
Tungsten 55

where p is the resistivity, or specific resistance of the material; L is the wire length;
and A is the cross-sectional area. Resistivities for common conductors are given in
Table 2.1. Example 2.1 demonstrates how to determine the resistance of a wire of
given diameter and length. Internet Links 2.1 and 2.2 list the standard conductor
diameters and current ratings.

Resistance of a Wire

As an example of the use of Equation 2.3, we will determine the resistance of a copper wire
1.0 mm in diameter and 10 m long.
From Table 2.1, the resistivity of copper is

p=1.7x10"Qm

Because the wire diameter, area, and length are

D =0.0010 m
A=nD¥4 =7.8x 107 m*
L=10m

the total wire resistance is
R=pL/A=022Q

Actual resistors used in assembling circuits are packaged in various forms
including axial-lead components, surface mount components, and the dual in-
line package (DIP) and the single in-line package (SIP), which contain multiple
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resistors in a package that conveniently fits into circuit boards. These four types are
illustrated in Figures 2.7 and 2.8. Video Demo 2.1 also shows several examples of
resistor types and packages.

An axial-lead resistor’s value and tolerance are usually coded with four colored
bands (a, b, ¢, tal) as illustrated in Figure 2.9. The colors used for the bands are listed
with their respective values in Table 2.2 and at Internet Link 2.3 (for easy reference).
A resistor’s value and tolerance are expressed as

R = ab x 10° +£ tolerance (%) (2.9)

where the a band represents the tens digit, the b band represents the ones digit, the ¢
band represents the power of 10, and the tol band represents the tolerance or uncer-
tainty as a percentage of the coded resistance value. Here is a popular (and politically
correct) mnemonic you can use to remember the resistor color codes when you don’t
have a table handy: “Bob BROWN Ran Over YELLOW Grass, But VIOLET Got
Wet.” The capitalized letters identify the colors: black, brown, red, orange, yellow,
green, blue, violet, gray, and white. The set of standard values for the first two

solder tabs
wires

W & L

pins
axial-lead surface dual in-line single in-line
mount package package

Figure 2.7 Resistor packaging.

surface
axial-lead SIP DIP mount

Figure 2.8 Examples of resistor packaging.
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—{HIIT T+

a b ¢ tol

Figure 2.9 Axial-lead resistor color bands.

Table 2.2 Resistor color band codes

a, b, and ¢ Bands tol Band
Color Value Color Value

Black Gold +5%
Brown Silver +10%
Red Nothing +20%
Orange
Yellow
Green
Blue
Violet
Gray
White

o

O© 00N Ol WN PP

digits (ab) are 10, 11, 12, 13, 14, 15, 16, 18, 20, 22, 24, 27, 30, 33, 36, 39, 43, 47,
51, 56, 62, 68, 75, 82, and 91. Often, resistance values are in the kQ range and some-
times the unit is abbreviated as k instead of kQ. For example, 10 k next to a resistor
on an electrical schematic implies 10 kQ.

The most common resistors you will use in ordinary electronic circuitry are 1/4
watt, 5% tolerance carbon or metal-film resistors. Resistor values of this type range
in value between 1 Q and 24 MQ. Resistors with higher power ratings are also avail-
able. The 1/4 watt rating means the resistor can fail if it is required to dissipate more
power than this.

Precision metal-film resistors have 1% or smaller uncertainties and are available
in a wider range of values than the lower tolerance resistors. They usually have a
numerical four-digit code printed directly on the body of the resistor. The first three
digits denote the value of the resistor, and the last digit indicates the power of 10 by
which to multiply.

Resistance Color Codes

An axial-lead resistor has the following color bands:
a = green, b = brown, ¢ = red, and tol = gold
From Equation 2.4 and Table 2.2, the range of possible resistance values is

R =51x102°Q+5% = 5100+ (0.05 x 5100) Q
or

4800 Q2 < R <5300 Q
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Resistors come in a variety of shapes and sizes. As with many electrical compo-
nents, the size of the device often has little to do with the characteristic value (e.g.,
resistance) of the device. Capacitors are one exception, where a larger device usually
implies a higher capacitance value. With most devices that carry continuous current,
the physical size is usually related to the maximum current or power rating, both of
which are related to the power dissipation capabilities.

Video Demo 2.2 shows various types of components of various sizes to illustrate
this principle. The best place to find detailed information on various components is
online from vendor websites. Internet Link 2.4 points to a collection of links to the
largest and most popular suppliers.

Variable resistors are available that provide a range of resistance values con-
trolled by a mechanical screw, knob, or linear slide. The most common type is called
a potentiometer, or pot. The various schematic symbols for a potentiometer are
shown in Figure 2.10. A potentiometer that is included in a circuit to adjust or fine-
tune the resistance in the circuit is called a trim pot. A trim pot is shown with a little
symbol to denote the screw used to adjust (“trim”) its value. The direction to rotate
the potentiometer for increasing resistance is usually indicated on the component.
Potentiometers are discussed further in Sections 4.8 and 9.2.2.

Conductance is defined as the reciprocal of resistance. It is sometimes used as
an alternative to resistance to characterize a dissipative circuit element. It is a mea-
sure of how easily an element conducts current as opposed to how much it resists it.
The unit of conductance is the siemen (S = 1/Q = mho).

2.2.2 Capacitor

A capacitor is a passive element that stores energy in the form of an electric field.
This field is the result of a separation of electric charge. The simplest capacitor
consists of a pair of parallel conducting plates separated by a dielectric material
as illustrated in Figure 2.11. The dielectric material is an insulator that increases
the capacitance as a result of permanent or induced electric dipoles in the material.

L @
10k — 10k 10k

displacement
current

dielectric
(nonconducting)
material conducting

+ plates

Figure 2.11 Parallel plate capacitor.
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Strictly, direct current (DC) does not flow through a capacitor; rather, charges are dis-
placed from one side of the capacitor through the conducting circuit to the other side,
establishing the electric field. The displacement of charge is called a displacement
current because current appears to flow through the device as it charges or dis-
charges. The capacitor’s voltage-current relationship is defined as

_ L _ q()
V) = 2 j I(tyde = L2 2.5)
where q(t) is the amount of accumulated charge measured in coulombs and C is the
capacitance measured in farads (F = coulombs/volts). By differentiating this equa-
tion, we can relate the displacement current to the rate of change of voltage:
dv
I(t) = C s (2.6)

Capacitance is a property of the dielectric material and the plate geometry and
separation. Values for typical capacitors range from 1 pF to 1000 wF, but they are
also available with much larger values. Because the voltage across a capacitor is the
integral of the displacement current (see Equation 2.5), the voltage cannot change
instantaneously. As we will see several times throughout the book, this characteristic
can be used for timing purposes in electrical circuits using a simple RC circuit, which
is a resistor and capacitor in series.

The primary types of commercial capacitors are electrolytic capacitors, tantalum
capacitors, ceramic disk capacitors, and mylar capacitors. Electrolytic capacitors are
polarized, meaning they have a positive end and a negative end. The positive lead of a
polarized capacitor must be held at a higher voltage than the negative side; otherwise,
the device will usually be damaged (e.qg., it will short and/or explode with a popping
sound). Capacitors come in many sizes and shapes (see Video Demo 2.3). Often the
capacitance is printed directly on the component, typically in wF or pF, but some-
times a three-digit code is used. The first two digits are the value and the third is the
power of 10 multiplied times picofarads (e.g., 102 implies 10 X 10? pF = 1 nF). If
there are only two digits, the value reported is in picofarads (e.g., 22 implies 22 pF).
For more information, see Section 2.10.1.

2.2.3 Inductor

An inductor is a passive energy storage element that stores energy in the form of a
magnetic field. The simplest form of an inductor is a wire coil, which has a tendency
to maintain a magnetic field once established. The inductor’s characteristics are a
direct result of Faraday’s law of induction, which states

d\
V(t) = — 2.7
(1 =3 (27)
where \ is the total magnetic flux through the coil windings due to the current.
Magnetic flux is measured in webers (Wb). The magnetic field lines surrounding an

inductor are illustrated in Figure 2.12. The south-to-north direction of the magnetic
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magnetic flux

Figure 2.12 Inductor flux linkage.

field lines, shown with arrowheads in the figure, is found using the right-hand rule
for a coil. The rule states that, if you curl the fingers of your right hand in the direc-
tion of current flow through the coil, your thumb will point in the direction of mag-
netic north. For an ideal coil, the flux is proportional to the current:

A= LI (2.8)

where L is the inductance of the coil, which is assumed to be constant. The unit of
measure of inductance is the henry (H = Wb/A). Using Equations 2.7 and 2.8, an
inductor’s voltage-current relationship can be expressed as

drl
V(t) = L (2.9)
The magnitude of the voltage across an inductor is proportional to the rate of
change of the current through the inductor. If the current through the inductor is
increasing (dl/dt > 0), the voltage polarity is as shown in Figure 2.12. If the current
through the inductor is decreasing (dl/dt < 0), the voltage polarity is opposite to
that shown.
Integrating Equation 2.9 results in an expression for current through an inductor
given the voltage:

I(t) = % IV(r)dt (2.10)
0

where T is a dummy variable of integration. From this we can infer that the current
through an inductor cannot change instantaneously because it is the integral of the
voltage. This is important in understanding the function or consequences of induc-
tors in circuits. It takes time to increase or decrease the current flowing through an
inductor. An important mechatronic system component, the electric motor, has large
inductance due to its internal coils, so it is difficult to start or stop the motor very
quickly. This is true of electromagnetic relays and solenoids as well.

Typical inductor components range in value from 1 wH to 100 mH. Inductance
is important to consider in motors, relays, solenoids, some power supplies, and high-
frequency circuits. Although some manufacturers have coding systems for inductors,

21
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there is no standard method. Often, the value is printed on the device directly, typi-
cally in wH or mH.

2.3 KIRCHHOFF’S LAWS

Now we are ready to put circuit elements and sources together in circuits and cal-
culate voltages and currents anywhere in the circuit. Kirchhoff’s laws are essential
for the analysis and understanding of circuits, regardless of how simple or complex
the circuit may be. In fact, these laws are the basis for even the most complex circuit
analysis such as that involved with transistor circuits, operational amplifiers, or inte-
grated circuits with hundreds of elements. Kirchhoff’s voltage law (KVL) states
that the sum of voltages around a closed loop or path is O (see Figure 2.13):

N
> Vi=0 (2.11)
i=1
Note that the loop must be closed, but the conductors themselves need not be closed
(i.e., the loops can go through open circuits).

To apply KVL to a circuit, as illustrated in Figure 2.13, you first assume a cur-
rent direction on each branch of the circuit. Next assign the appropriate polarity to
the voltage across each passive element assuming that the voltage drops across each
element in the direction of the current. Where assumed current enters a passive ele-
ment, a plus is shown, and where the assumed current leaves the element, a minus is
shown. The polarity of voltage across a voltage source and the direction of current
through a current source must always be maintained as given. Now, starting at any
point in the circuit (such as node A in Figure 2.13) and following either a clock-
wise or counterclockwise loop direction (clockwise in Figure 2.13), form the sum of
the voltages across each element, assigning to each voltage the first algebraic sign
encountered at each element in the loop. For Figure 2.13, the result would be

-Vi=V,+Vi+.-.=Vy =0 (2.12a)
P —
V,
_ +
1
| I +
V3 l I3
loop

Figure 2.13 Kirchhoff's voltage law.
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Alternatively, you can assign the signs based on whether the voltage increases
(from — to +, assigning +) or drops (from + to —, assigning —) across the ele-
ment. Using this convention, the equation would be:

Vi+V,=Vi+ - +V,y =0 (2.12b)

Equations 2.12a and 2.12b are equivalent, but the second convention is more
intuitive because it represents what actually occurs in the circuit. However, the first
convention is more common, probably because it involves less thought.

Kirchhoff’s Voltage Law

KVL will be used to find the current I in the following circuit.

The first step is to assume the current direction for I. The chosen direction is shown in the
figure. With a circuit this simple, the current direction is obvious based on the polarity of the
source; but in more complex circuits, current directions might not be so obvious. Then we
use the current direction through the resistor to assign the voltage-drop polarity. If the cur-
rent were assumed to flow in the opposite direction instead, the voltage polarity across the
resistor would also have to be reversed. The polarity for the voltage source is fixed regard-
less of current direction. Starting at point A and progressing clockwise around the loop, we
assign the first voltage sign we come to on each element yielding
-V.+Ve=0

Applying Ohm’s law,
~V,+IR =0
Therefore,

Iy =V,/R=10/1000 A = 10 mA

23

Kirchhoff’s current law (KCL) states that the sum of the currents flowing into
a closed surface or node is 0. Referring to Figure 2.14a,

L+1L—1,=0 (2.13)

More generally, referring to Figure 2.14b,

I =0 (2.14)
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(a) Example KCL (b) General KCL

Figure 2.14 Kirchhoff's current law.

Note that currents entering a node or surface are assigned a positive value, and cur-
rents leaving are assigned a negative value.

It is important to note that, when analyzing a circuit, you arbitrarily assume
current directions and denote the directions with arrows on the schematic. If the
calculated result for a current is negative, the current actually flows in the opposite
direction. Also, assumed voltage drops must be consistent with the assumed current
directions. If a calculated voltage is negative, its actual polarity is opposite to that
shown.

Lab Exercise 1 introduces many of the basic concepts presented so far in this
chapter. The following practical skills are developed:

B Assembling basic circuits using a breadboard (see Video Demo 2.4)
B Making voltage and current measurements (see Video Demo 2.5)
B Reading resistor and capacitor values

More information and resources dealing with all of these topics can also be found in
Section 2.10.

2.3.1 Series Resistance Circuit

Applying KVL to the simple series resistor circuit illustrated in Figure 2.15 yields
some useful results. Assuming a current direction I, starting at node A, and following
a clockwise direction yields

~Vi+ Vg + Vg =0 (2.15)
From Ohm’s law,
Vi = IR, (2.16)
and
Vi, = IR, (2.17)

Substituting these two equations into Equation 2.15 gives

~V,+IR,+IR, = 0 (2.18)
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Figure 2.15 Series resistance circuit.

and solving for | yields

V.
[ = —— 2.19
(R, +Ry) (219)
Note that, if we had a single resistor of value R, + R,, we would have the same
result. Therefore resistors in series add, and the equivalent resistance of a series
resistance circuit is
Req = Rl +R2 (220)

In general, N resistors connected in series can be replaced by a single equivalent
resistance given by

R, = Z R, (2.21)

i=

N
1

By applying KVL to capacitor and inductor circuits, it can be shown (Questions
2.11 and 2.13) that two capacitors in series combine as

GG
oq = C.1C, (2.22)
and two inductors in series add:
Lg=L+L, (2.23)

A circuit containing two resistors in series is referred to as a voltage divider
because the source voltage V; divides between each resistor. Expressions for the
resistor voltages can be obtained by substituting Equation 2.19 into Equations 2.16
and 2.17 giving

> R, +R, '

Vsa VR (2.24)

25
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In general, for N resistors connected in series with a total applied voltage of V,, the
voltage Vg across any resistor R, is

R; R;
Ve = —V, = Vv
R,

i s

ﬁ . (2.25)

\oltage dividers are useful because they allow us to create different reference
voltages in a circuit even if the circuit is energized only by a single output supply.
However, care must be exercised that attached loads do not drain significant current
and affect the voltage references produced with the dividers (see Class Discussion
Item 2.2).

H CLASS DISCUSSION ITEM 2.2
Improper Application of a Voltage Divider

Your car has a 12 V battery that powers some circuits in the car at lower voltage
levels. Why is it inappropriate to use a simple voltage divider to create a lower volt-
age level for circuits that might draw variable current?

2.3.2 Parallel Resistance Circuit

Applying KCL to the simple parallel resistor circuit illustrated in Figure 2.16 also
yields some useful results. Because each resistor experiences the same voltage V,, as
they are both in parallel with the source, Ohm’s law gives

=2 2.26
=R (2.26)
and
I, = £ 2.27
= & (2.27)
Applying KCL at node A gives
Substituting the currents from Equations 2.26 and 2.27 yields
v, V
1= e oy(Ly LZ) (2.29)
R, R, R, R

Replacing the resistance values R, and R, with their conductance equivalents 1/G,
and 1/G, gives

[ = V(G,+G,) (2.30)
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J

Ry § Ry

+

“C

Figure 2.16 Parallel resistance circuit.

A single resistor with a conductance of value (G, + G,) would have given the same
result; therefore, conductances in parallel add. We can write Equation 2.30 as

I'=VG, = R_eq (2.31)
where G, is the equivalent conductance and R, is the equivalent resistance. By
comparing the right-hand side of this equation to Equation 2.29, we get

Lol (2.32)
Req Rl R2 .
or
R, = RiR (2.33)
R, +R,

In general, N resistors connected in parallel can be replaced by a single equivalent
resistance given by

1 _ <1
R Zl R (2.34)
or
N
1
Ry =1/ > (2.35)

i=1 !

By applying KCL to capacitor and inductor circuits, it can be shown (Questions
2.12 and 2.14) that two capacitors in parallel add:

Cq=Ci+ G (2.36)
and two inductors in parallel combine as

L - LiL,
‘7 L +L,

(2.37)
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A circuit containing two resistors connected in parallel is called a current
divider because the source current | divides between each resistor. Expressions for
the divided currents can be obtained by solving Equation 2.29 for V, and substituting
into Equation 2.26 and 2.27 giving

__ R R
"R,+R," "’ R,+R, (2.38)

2§

Video Demo 2.6 illustrates the differences between parallel and series wiring of
lighting. The demonstration illustrates voltage and current division and the effects
on power output.

When drawing circuit schematics, by hand or with software tools, it is
important to be consistent with how you show connections (or the lack thereof)

Circuit Analysis

As an example of how the tools presented in the previous sections apply to a nontrivial
circuit, consider the following network, where the goal is to find |, and \,,,. At any node
in the circuit, such as the one labeled by V,,, the voltage is defined with respect to the
ground reference denoted by the ground symbol-L. Voltage differences between any two
points can be obtained by taking the difference between the ground-referenced values at
the points.

R, =4kQ

Vout

§R5:SKQ R, =6kQ

R,=3kQ
+

The first step is to combine resistor clusters between and around the sources (V; and V,)
and the branches of interest (those dealing with | ;. and \,,,) using the series and parallel resis-
tance formulas (Equations 2.20 and 2.33). Resistors R, and R, are in series, with an equivalent
resistance of (R, + R,), and this is in parallel with resistor R;. Resistors R; and R; are also in
parallel. Therefore, the resultant resistances for the equivalent circuit that follows are

- M = 2.00 kKQ
BT (R4 Ry R, .
RsR¢
Ry = —% = 273 kQ

Rs+Rg
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Wy Vour

|||—
C

Applying KVL to the left loop gives

V,=I,R,

— Tout

SO
I, =V,/R, =10 V/1 kQ =10 mA

Applying KVL to the right loop tells us that the total voltage across Ry, and R in the
assumed direction of 1,5, is (V, — V,). Voltage division (Equation 2.24) can then be used to
determine the voltage drop across Ry, in the assumed direction of 1,5,

Vs = &(Vl —-V,) = 423V
Ry34 + Rsg
Because V; is referenced to ground, the voltage on the left side of resistor Ry, is V,; and
because the voltage drops by V,,, across the resistor, the desired output voltage is

Vou=V,—Vy, =142V

Note that because V,;, was found to be negative, the actual flow of current through R,
would be in the opposite direction from that assumed in this solution.

A myriad of methods may be used to solve this problem (e.g., see Question 2.24), and
the one presented here is just an example solution, not necessarily the best method.
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at intersecting lines on the drawing. Figure 2.17 illustrates two conventions for
doing this. The first convention (Figure 2.17a) is the most common and is what
was used in Example 2.4. With this convention, a dot implies a connection, and the
absence of a dot (at crossing lines only) implies no connection. Figure 2.17b shows
an alternative convention where a dot is not required to indicate a connection as
long as a crossing arc is used to indicate a nonconnection. Because the circuit dia-
grams in this chapter have been very simple, we really didn’t need a convention—
any crossing lines have been assumed to be connected. Even with the circuit in
Example 2.4, the connection dots are not really required. People will assume there
are connections at all intersecting lines in simple diagrams unless dot or arc fea-
tures appear at one or more intersections. However, with more complicated circuits
(e.g., those in Chapter 7 dealing with complicated microcontroller-based solutions),
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connection no connection

(a) dot convention

| J
| 1"

connection no connection

(b) arc convention

Figure 2.17 Circuit schematic connection conventions.

a clear and consistent convention is very important to present and interpret the
intent of the designer.

Lab Exercise 2 provides experience with using various instruments includ-
ing an oscilloscope, multimeter, power supply, and function generator (see
Video Demo 2.5). The Lab also covers practical application of Ohm’s law, KVL,
and KCL, as applied to making voltage and current measurements in circuits.
Video Demo 2.7 shows the various types of cables and connectors that are used
to connect instruments to each other and to circuits. Internet Link 2.5 is an
excellent resource reviewing many topics related to electricity and DC circuit
analysis.

2.4 VOLTAGE AND CURRENT SOURCES
AND METERS

When we analyze electrical networks on paper, we usually assume that sources and
meters are ideal. However, actual physical devices are not ideal, and it is sometimes
necessary to account for their limitations when circuits contain these devices. The
following ideal behavior is usually assumed:

B Anideal voltage source has zero output resistance and can supply infinite
current.

B Anideal current source has infinite output resistance and can supply infinite
voltage.

B Anideal voltmeter has infinite input resistance and draws no current.

B Anideal ammeter has zero input resistance and no voltage drop across it.

Unfortunately, real sources and meters have terminal characteristics that are some-
what different from the ideal cases. However, the terminal characteristics of the real
sources and meters can be modeled using ideal sources and meters with their associ-
ated input and output resistances.
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Figure 2.18 Real voltage source with output impedance.

As shown in Figure 2.18, a “real” voltage source can be modeled as an ideal
voltage source in series with a resistance called the output impedance of the device.
When a load is attached to the source and current flows, the output voltage V,,, will
be different from the ideal source voltage V due to voltage division. The output
impedance of most commercially available voltage sources (e.g., a power supply)
is very small, usually a fraction of an ohm. For most applications, this impedance
is small enough to be neglected. However, the output impedance can be important
when driving a circuit with small resistance because the impedance adds to the
resistance of the circuit. Figure 2.19 shows examples of two commercially available
voltage sources. The top unit is a triple-output power supply that can provide three
different voltages relative to ground, adjustable from 0V to 9V, 20 V, and —20 V.
The bottom unit is a programmable power supply that provides digitally controlled
voltage sources.

As shown in Figure 2.20, a “real” current source can be modeled as an ideal
current source in parallel with a resistance called the output impedance. When a load

triple-output
power supply

programmable
power supply

Figure 2.19 Example of commercially available voltage sources.
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Figure 2.20 Real current source with output impedance.

is attached to the source, the source current I, divides between the output impedance
and the load. The output impedance of most commercially available current sources
is very large, minimizing the current division effect. However, this impedance can be
important when driving a circuit with a large resistance.

As shown in Figure 2.21, a “real” ammeter can be modeled as an ideal amme-
ter in series with a resistance called the input impedance of the device. The input
impedance of most commercially available ammeters is very small, minimizing
the voltage drop Vg added in the circuit. However, this resistance can be important
when making a current measurement through a circuit branch with small resistance
because the output impedance adds to the resistance of the branch.

As shown in Figure 2.22, a “real” voltmeter can be modeled as an ideal volt-
meter in parallel with an input impedance. The input impedance of most commer-
cially available voltmeters (e.g., an oscilloscope or multimeter) is very large, usually
on the order of 1 to 10 MQ. However, this resistance must be considered when mak-
ing a voltage measurement across a circuit branch with large resistance because the

VR ideal ammeter |

ey + - :
o AN (1) o

-/ ]

Rin !

i

]

input impedance

+0

input
impedance

Vi E Ri”§ ideal G’) ;

voltmeter

Figure 2.22 Real voltmeter with input impedance.
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parallel combination of the meter input impedance and the circuit branch would
result in significant error in the measured value.

Figure 2.23 shows examples of commercially available digital multimeters
(DMMs) that contain, among other things, ammeters and voltmeters. Figure 2.24
shows an example of a commercially available oscilloscope that contains a voltme-
ter capable of digitizing, displaying, and recording dynamic measurements. Internet
Link 2.6 provides links to various online resources and vendors that offer an assort-
ment of instrumentation (power supplies, function generators, multimeters, oscillo-
scopes, data acquisition equipment, and more).

Lab Exercise 2 provides experience with the effects of input and output imped-
ance of various instruments. It is important to know how these instrument char-
acteristics can affect voltage and current measurements. Section 2.10.3 has more
information and resources on these topics. Lab Exercise 3 provides a complete over-
view of how to use an oscilloscope. Features and concepts covered include how to
connect signals, grounding, coupling, and triggering. Video Demo 2.8 demonstrates
how to use a typical analog oscilloscope. Many of the concepts involved with using
an analog scope are also relevant with other scopes, even more sophisticated digital
scopes. More information and resources dealing with how to use an oscilloscope
properly can be found in Section 2.10.5.

Figure 2.23 Examples of commercially available digital multimeters. (Courtesy of
Hewlett Packard, Santa Clara, CA)

Figure 2.24 Example of a commercially available oscilloscope. (Courtesy of Hewlett
Packard, Santa Clara, CA)
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Input and Output Impedance

This example illustrates the effects of source and meter output and input impedance on mak-
ing measurements in a circuit. Consider the following circuit with voltage source Vg and
voltage meter V,,,

“OQ 2w 2R Ow

The equivalent resistance for this circuit is
R1R2
“ " R, +R,

R

If the source and meter were both ideal, the measured voltage V,,, would be equal to V,, and
the equivalent circuit would look like this:

However, if the source has output impedance Z,
“real” circuit actually looks like this:

and the meter has input impedance Z,,, the

ut n’

real
voltage
source

real

The parallel combination of R,, and Z;, yields the following circuit (). Z,,, and the parallel
combination of R,, and Z, are now effectively in series because no current flows into the
ideal meter V.. Thus, the total equivalent resistance shown in circuit (b) is

R.Z
R, = —s"h L7

- t
eq Req + Zin ou
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Zout
L g Ow LowZ Ow

T T

@ (b)

Note that R, defined in the previous equation approaches R,, as Z;, approaches infinity and
as Z,,, approaches 0. From voltage division in circuit (a), the voltage measured by the actual
meter would be

Re Zin

—_cqgTn
V. o= (Reg +Zin) V o= Reg — Zoul 1
" RegZin + * R:’«q '

V4
(Req + Zin) ot

The measured voltage V,,, equals V for Z;, = o and Z,,, = 0, but with a real source and real
meter, the measured voltage could differ appreciably from the expected ideal result. For
example, if R, = R, = 1 kQ,

R, = Lo = 05kQ
9 1+1

and if Z, = 1 MQand Z,, = 50 Q,

= 95:1000 65 k0 = 0.550 kO
4~ 0.5+ 1000
Therefore, if Vo= 10V,
v, = <(-)—5§9—_—QQ§)10V - 909V
0.550

This differs substantially from the result that would be expected (10 V) with an ideal source
and meter.
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2.5 THEVENIN AND NORTON
EQUIVALENT CIRCUITS

Sometimes, to simplify the analysis of more complex circuits, we wish to replace
voltage sources and resistor networks with an equivalent voltage source and series
resistor. This is called a Thevenin equivalent of the circuit. Thevenin’s theorem
states that, given a pair of terminals in a linear network, the network may be replaced
by an ideal voltage source V. in series with a resistance Ry,. V¢ is equal to the
open circuit voltage across the terminals, and Ry, is the equivalent resistance across
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the terminals when independent voltage sources are shorted and independent current
sources are replaced with open circuits.

We will illustrate Thevenin’s theorem with the circuit shown in Figure 2.25.
The part of the circuit in the dashed box will be replaced by its Thevenin equivalent.
The open circuit voltage V. is found by disconnecting the rest of the circuit and
determining the voltage across the terminals of the remaining open circuit. For this
example, the voltage divider rule gives

(2.39)

To find Ry, the supply Vi is shorted (i.e., V, = 0), grounding the left end of R,. If
there were current sources in the circuit, they would be replaced with open circuits.
Because R; and R, are in parallel relative to the open terminals, the equivalent resis-
tance is

R\R,
R =
™= RIR, (2.40)

The Thevenin equivalent circuit is shown in Figure 2.26.

Another equivalent circuit representation is the Norton equivalent, shown in
Figure 2.27. Here the linear network is replaced by an ideal current source |4 and
the Thevenin resistance Ry, in parallel with this source. | is found by calculating

remaining
circuit

to be replaced with network

Thevenin equivalent

network

v
I

I

I I

I

! i

1 |

i | remaining

i C) Voc ! circuit

! i

! |

! i

I

| |

Figure 2.26 Thevenin equivalent circuit.
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remaining

I I

I |
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I I

I I

I I . .
:Q e Ry : circuit
I I

I I

I

I I

network

Figure 2.27 Norton equivalent circuit.

the current that would flow through the terminals if they were shorted together, hav-
ing removed the remaining load circuit. It can be shown that the current |4 flowing
through Ry, produces the Thevenin voltage V¢ just discussed.

The Thevenin and Norton equivalents are independent of the remaining circuit
network representing a load. This is useful because it is possible to make changes in
the load without reanalyzing the Thevenin or Norton equivalent.

2.6 ALTERNATING CURRENT
CIRCUIT ANALYSIS

When linear circuits are excited by alternating current (AC) signals of a given
frequency, the current through and voltage across every element in the circuit are
AC signals of the same frequency. A sinusoidal AC voltage V (t) is illustrated in
Figure 2.28 and can be expressed mathematically as

V(t) = V,sin(of+ ) (2.41)

where V,, is the signal amplitude, o is the radian frequency measured in radians
per second, and ¢ is the phase angle relative to the reference sinusoid V,, sin(wt)
measured in radians. The phase angle is related to the time shift (At) between the
signal and reference:

o onr (2.42)
V(t) = Vi sin(ort + ¢) Vppsin(ot)

\%
/] 1 t
[
time shift: At -]

period: T

amplitude: Vp, peak-to-peak voltage: Vpp

Figure 2.28 Sinusoidal waveform.
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V(1) = Vge+ Vi Sin(ot +0)

DC offset: V.

A\

Vp, sin(ot)

Figure 2.29 Sinusoidal signal DC offset.

A positive phase angle ¢ implies a leading waveform (i.e., it occurs earlier on the
time axis), and a negative angle implies a lagging waveform (i.e., it occurs later on
the time axis). The period T of the waveform is the time required for a full cycle.
The frequency of the signal, measured in hertz (Hz = cycles/sec), is related to the
period and radian frequency as

1 Q)
f= T 2n

Figure 2.29 illustrates another important sinusoidal waveform parameter
called the DC offset. It represents the vertical shift of the signal from the refer-
ence sinusoid. Mathematically, the DC offset is represented by the term V. in the
equation;

(2.43)

V(t) = Vdc +VmSi n((")t + q)) (244)

Figures 2.28 and 2.29 illustrate a positive phase angle (¢), where the voltage
signal V/(t) leads (i.e., occurs earlier in time relative to) the reference sine wave.

AC Signal Parameters

As an example of how the AC signal parameters are discerned in a signal equation, consider
the following AC voltage:

V(t) = 5.00sin (t-1) V
The signal amplitude is

V,=5.00V

The signal radian frequency is

o = 1.00 rad/sec

w is the coefficient of the time variable t in the argument of the sinusoid. Likewise, the fre-
quency in hertz is

=2 Ly, 0159 12
2t 27n

f
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and the phase angle is
¢ =-1rad = -57.3°
The negative phase indicates the signal lags (i.e., occurs later in time relative to) the refer-

ence (sin(t)). The arguments of the sinsusoids are always assumed to be specified in radians
for computational purposes.
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Alternating current power is used in many applications where direct current
(DC) power is impractical or infeasible. Principal reasons for using AC power
include

B AC power is more efficient to transmit over long distances because it is easily
transformed to a high-voltage, low-current form, minimizing power losses (see
Section 2.7) during transmission. In residential areas, it is easily transformed
back to required levels. Note that the voltage drop in the transmission line is
small compared to the voltage level at the source.

B AC power is easy to generate with rotating machinery (e.g., an electric
generator).

B AC power is easy to use to drive rotating machinery (e.g., an AC electric
motor).

B AC power provides a fixed frequency signal (60 Hz in the United States, 50 Hz
in Europe) that can be used for timing purposes and synchronization.

H CLASS DISCUSSION ITEM 2.3
Reasons for AC

Justify and fully explain the reasons AC power is used in virtually all commercial
and public utility systems. Refer to the reasons just listed.

The steady state analysis of AC circuits is simplified by the use of phasor anal-
ysis, which uses complex numbers to represent sinusoidal signals. Euler’s formula
forms the basis for this analysis:

@0 = cos(wt+ ) +jsin(of+ ) (2.45)

where j=/-1. This implies that sinusoidal signals can be expressed as real and imag-
inary components of complex exponentials. Because of the mathematical ease of
manipulating exponential expressions vs. trigonometric expressions, this form of
analysis is convenient for making and interpreting calculations.

Once all transients have dissipated in an AC circuit after power is applied, the
voltage across and current through each element will oscillate with the same fre-
quency o as the input. The amplitude of the voltage and current for each element
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will be constant but may differ in phase from the input. This fact lets us treat circuit
variables V and | as complex exponentials with magnitudes V,, and |, and phase ¢
for a “steady state” analysis. A phasor (e.g., voltage V) is a vector representation of
the complex exponential:

V=V, = v, () = V,[cos(or +9) +jsin(or+9)]  (2.46)

where V, g1 * ®) js the complex exponential form, V, (b} is the polar form,
and V. [cos(wt + ¢) + j sin (wt + )] is the complex rectangular form of the
phasor. A graphical interpretation of these quantities is shown on the complex
plane in Figure 2.30. Note that the phase angle ¢ is measured from the wt
reference.

Useful mathematical relations for manipulating complex numbers and phasors
include

r= ey (2.47)

¢ = tan’ (%) (2.48)

X = I cos(d) (2.49)

y = rsin(¢) (2.50)

(% +yid) + (6 + Yal) = (X + %) + Yy + V)i (2.51)
PO a0 = 1y + 6 (252)
ri(91) /() = /{0 —by) (2.53)

where r is the phasor magnitude, ¢ is the phasor angle, x is the real component, and
y is the imaginary component. Note that the quadrant determined by the arguments
(%, y) of the arctangent function must be carefully considered when converting from
rectangular to polar form. For example, if x =y = —1, ¢ = —135°, not 45° that you

imaginary (j) axis
Vim (0

Y =Vmsin ¢

real axis
(ot reference)

X=Vmcos ¢

Figure 2.30 Phasor representation of a sinusoidal signal.
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would get if you carelessly used a single argument tan™* function on a calculator or
in a computer program.

Ohm’s law can be extended to the AC circuit analysis of resistor, capacitor, and
inductor elements as

V =2zl (2.54)

where Z is called the impedance of the element. This is a complex number, and you
can imagine Z as a complex, frequency-dependent resistance. Impedances can be
derived from the fundamental constitutive equations for the elements using complex
exponentials. The unit of impedance is the ohm (Q).

For the resistor, because V = IR,

Zp = R (2.55)
For the inductor, because V = L%—j, it 7 = 1,6/, then

V = Ljol,e"""" " = (Ljo)! (2.56)
Therefore, the impedance of an inductor is given by
Z, = joL = oL{90°% (2.57)

which implies that the voltage will lead the current by 90°. Note that because a DC
signal can be considered an AC signal with zero frequency (o = 0), the impedance
of an inductor in a DC circuit is 0. Therefore, it acts as a short in a DC circuit. At
very high AC frequencies (w = ), the inductor has infinite impedance, so it behaves
as an open circuit.

For the capacitor, because J = c%‘t-/, itV =v,e " then

I = CjoV,d""? = (Cjo)V (2.58)

giving

v= (g (2.59)

Therefore, the impedance of a capacitor is given by

1 —j 1 o
v =L = —(-90% (2.60)
which implies the voltage will lag the current by 90°. The impedance of a capaci-
tor in a DC circuit (o = 0) is infinite, so it acts as an open circuit. At very high
AC frequencies (o = =), the capacitor has zero impedance, so it acts as a short
circuit.

As illustrated in Example 2.7, every result presented in previous sections for
analyzing simple DC circuits, including Ohm’s law, series and parallel resistance
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combinations, voltage division, and current division, applies to the AC signals and
impedances just presented! Internet Link 2.7 is an excellent resource that reviews
AC electricity, circuit analysis, and devices.

In circuits with multiple sources, it is important to express them all in either
their sine or cosine form consistently so that the phase relationships are relative to
a consistent reference. The following trigonometric identities are useful in accom-
plishing this:

sin(ot+¢) = cos(ot+d—m/2) (2.61)

cos(ot+¢) = sin(wr+ o+ m/2) (2.62)

AC Circuit Analysis

Internet Link

2.7 All about
circuits -
Vol. Il - AC

The following is an illustrative example of AC circuit analysis. The goal is to find the steady
state current | through the capacitor in the following circuit:

Ry =1kQ 4
N R,=3kQ
. 1
@ V.. =5cos(3000t + 1/2) V C=02uF
L=05H

Because the input voltage source is
T
Vin =15 cos(SOOOH— 9 v

each element in the circuit will respond at the radian frequency:

o = 3000 rad/sec

Because the voltage source has a magnitude of 5 V and a phase of /2, relative to cos(3000t),
the phasor and complex form of the source is

Vin = 5(90°) V = (0+5j) V
The complex and phasor form of the capacitor impedance is
Zs = —j/oC = -1666.67j Q = 1666.67(-90°) Q
The complex and phasor form of the inductor impedance is
Z, = joL = 1500j Q = 1500¢90°) Q

To find the current (I) through the capacitor, we will first find the current through
the entire circuit (1;) and then use current division. Therefore, we need the impedance
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of the middle branch of the circuit, along with the equivalent impedance of the entire
circuit.

Resistor R, and inductor L are in series, so their combined impedance, in both rectangu-
lar and phasor form, using Equations 2.47 and 2.48, is:

R, + Z = (3000 + 1500j) Q = 3354.1(26.57°) Q

This impedance is in parallel with capacitor C, and the combined impedance of this parallel
combination, using Equation 2.33, is:

(R +7Z)Z,
ERZ+ ZLj + ZC

The numerator of this expression can be calculated using Equation 2.52:
(R, + Z)Z- = 3354.1(26.57°) - 1666.67 (-90°) Q= 5,590,180 (—63.43°) Q
The denominator can be found using Equation 2.51:
(R, + Z,) + Z. = ((3000 +1500j) - 1666.67j) = (3000 —166.67)) Q

Using Equations 2.47 and 2.48, the phasor form of this impedance, which is required to
perform the division with the numerator, is:

(R, + Z) + Z. = (3000 - 166.67j) Q2 = (3004.63 (—3.18") Q
Therefore, the parallel combination of (R, + Z;) and Z, using Equation 2.53, is:

(R+Z)Z. _ 5590,180(—63.43")
RFZ)+Z. ~300463(—3.18)

The rectangular form of this impedance, using Equations 2.49 and 2.50, is:

Q = 1860.52 (—60.25") Q

(Rz + ZL)Z
—1860 52 (—60.25") Q = (923.22 — 1615.30j) Q
This impedance is in series with resistor R;, so the equivalent impedance of the entire circuit is:
R+Z)Z,

Zy =R + W =1000 + (923.22 — 1615.30j)) Q = 1923.22 — 1615.30j Q

From Equations 2.47 and 2.48, the phasor form of this impedance is:
Z,,=1923.22 — 1615.30j) Q = 2511.57 (—40.03°) Q
We can now find I, from Ohm’s law:

in 5(90°)
I = =2 = —=2— /1 — 1991(130.03°) mA
' Zy,  2511.57(-40.03°) ¢ ) m

Current division is used to find |

R,+Z °
__(R+Z)) I = 33541<2657>1991“30030> mA
(Ry+Z,)+Z: "~ 3004.63(-3.18°)

(continued)
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which, using Equations 2.52 and 2.53, gives
I = 2.22(159.8°) mA
so the capacitor current leads the input reference by 159.8° or 2.789 rad, and the resulting
current is
I(t) = 2.22 cos(30007 + 2.789) mA
Note that if the input voltage were V,, = 5 sin(3000t + =/2) V instead, the resulting
current would be | (t) = 2.22 sin(3000t + 2.789) mA. But in this example, the reference was

c0s(3000t).
MathCAD Example 2.1 executes all of the analyses above in software. Phasors can be

MathCAD Example oo or displayed in polar or rectangular form, and all calculations are performed with
2.1 AC circuit ease. If you are not familiar with MathCAD, you might want to watch Video Demo 2.9,
analysis which describes and demonstrates the software and its capabilities.
2.7 POWER IN ELECTRICAL CIRCUITS
All circuit elements dissipate, store, or deliver power through the physical interac-
tion between charges and electromagnetic fields. An expression for power can be
derived by first looking at the infinitesimal work (dW) done when an infinitesimal
charge (dq) moves through an electric field resulting in a change in potential repre-
sented by a voltage V. This infinitesimal work is given by
Video Demo dW = Vdg (2.63)
2.9 MathCAD Because power is the rate of work done,
analysis software
demo dw dg
P==—=V=2=1VI :
dt dt (2.64)

Therefore, the power consumed or generated by an element is simply the product
of the voltage across and the current through the element. If the current flows in
the direction of decreasing voltage as shown in Figure 2.31, P is negative, imply-
ing that the element is dissipating or storing energy. If the current flows in the
direction of increasing voltage, P is positive, implying that the element is gen-
erating or releasing energy. The instantaneous power in a resistive circuit can be
expressed as

P =VI=TIR=V/R (2.65)

For AC signals, because V = V,, sin(ot + ¢,) and | = I, sin(wt + ¢,), the
power changes continuously over a period of the AC waveform. Instantaneous
power is not a useful quantity by itself, but if we look at the average power deliv-
ered over a period, we get a good measure of the circuit’s or component’s overall
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circuit
\Y element
consuming
power

element
voltage

o

Figure 2.31 Power in a circuit element.

power characteristics. It can be shown (Question 2.42) that the average power over
a period is

VmIm
Py = —— cos(0) (2.66)

where 6 is the difference between the voltage and current phase angles (b, — &),
which is the phase angle of the complex impedance Z = V/I.

If we use the rms, or root-mean-square values of the voltage and current
defined by

and V__ =

rms

the average AC power consumed by a resistor can be expressed in the same form as
with DC circuits (see Question 2.43):

P, =Vl =RI* =V> /R (2.68)

avg rms “rms

H CLASS DISCUSSION ITEM 2.4
Transmission Line Losses

When power is transmitted from power plants over large distances, high-
voltage lines are used. Transformers (see Section 2.8) are used to change volt-
age levels both before and after transmission. Because current is lower at the
higher voltage, less power is lost during the transmission, based on the middle
expression for power in Equation 2.65. But doesn’t the last expression imply
that more power is lost at a higher voltage? How do you explain this apparent
discrepancy?
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H CLASS DISCUSSION ITEM 2.5
International AC

In European countries, the household AC signal is 220 V,,,, at 50 Hz. What effect
does this have on electrical devices such as an electric razor purchased in the United
States but used in these countries?

For AC networks with inductance and capacitance in addition to resistance, the aver-
age power consumed by the network can be expressed, using Equations 2.66
and 2.67, as

P, =1,V

avg rms ° rms

cosO= 12,17 cos®= (V%,./1Z]) cos® (2.69)

where |Z] is the magnitude of the complex impedance. Cos6 is called the power
factor, because the average power dissipated by the network is dependent on this term.

H CLASS DISCUSSION ITEM 2.6
AC Line Waveform

Draw a figure that represents one cycle of the AC voltage signal present at a typical
household wall receptacle. What is the amplitude, frequency, period, and rms value
for the voltage? Also, what is a typical rms current capacity for a household circuit?

2.8 TRANSFORMER

A transformer is a device used to change the relative amplitudes of voltage and cur-
rent in an AC circuit. As illustrated in Figure 2.32, it consists of primary and second-
ary windings whose magnetic fluxes are linked by a ferromagnetic core.

Video Demo 2.10 shows an example of an actual transformer, in this case a
laminated core, shell-type power transformer.

Using Faraday’s law of induction and neglecting magnetic losses, the voltage
per turn of wire is the same for both the primary and secondary windings, because
the windings experience the same alternating magnetic flux. Therefore, the primary
and secondary voltages (V, and V) are related by

Ve _ Vs _ _d§

= 2.70
N, TNl (2.70)

where N is the number of turns in the primary winding, Ng is the number of turns
in the secondary winding, and & is the magnetic flux linked between the two coils.
Thus, the secondary voltage is related to the primary voltage by
N
Ve = =V, 2.71
s= Ve 271

P
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Figure 2.32 Transformer.

where Ng/Np is the turns ratio of the transformer. If Ng > N, the transformer
is called a step-up transformer because the voltage increases. If Ng < Np, it is
called a step-down transformer because the voltage decreases. If Ng = Np, it
is called an isolation transformer, and the output voltage is the same as the input
voltage. All transformers electrically isolate the output circuit from the input
circuit.

If we neglect losses in the transformer due to winding resistance and magnetic
effects, the power in the primary and secondary circuits is equal:

1V, = IV (2.72)

Substituting Equation 2.71 results in the following relation between the secondary
and primary currents:

I = Ne, (2.73)

s = N P .

Thus, a step-up transformer results in lower current in the secondary and a step-down
transformer results in higher current. An isolation transformer has equal alternating
currents in both the primary and secondary. Note that any DC component of voltage
or current in a transformer primary will not appear in the secondary. Only alternating
currents are transformed.

H CLASS DISCUSSION ITEM 2.7
DC Transformer

Can a transformer be used to increase voltage in a DC circuit? Why or why not?

2.9 IMPEDANCE MATCHING

Often we must be careful when connecting different devices and circuits together.
For example, when using certain function generators to drive a circuit, proper
signal termination, or loading, may be required as illustrated in Figure 2.33. Plac-
ing the 50 Q termination resistance in parallel with a higher impedance network
helps match the receiving network input impedance to the function generator output
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function generator

output amplifier

*I ANV
50 Q high-

500 0Q _
output termination impedance
impedance resistance network

L

Figure 2.33 Signal termination.

thin string thick string
— -

— —— N
reflected wave transmitted wave

Figure 2.34 Impedance matching—string analogy.

impedance. This is called impedance matching. If we do not match impedances,
a high-impedance network will reflect frequency components of the driving circuit
(e.g., the function generator), especially the high-frequency components. A good
analogy to this effect is a thin string attached to a thicker string. As illustrated in
Figure 2.34, if we propagate transverse vibrations along the thin string, there will
be partial transmission to the thick string and partial reflection back to the source.
This is a result of the mismatch of the properties at the interface between the two
strings.

In addition to signal termination concerns, impedance matching is important
in applications where it is desired to transmit maximum power to a load from a
source. This concept is easily illustrated with the simple resistive circuit shown in
Figure 2.35 with source voltage V,, source output impedance R, and load resistance
R.. The voltage across the load is given by voltage division:

v, = Ry
L — RL+RS s (274)
Therefore, the power transmitted to the load is
Vi R
P =—t=—+t— (2.75)

RL (RL+Rs)2
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source

R (load resistance)

Figure 2.35 Impedance matching.

To find the load resistance that maximizes this power, we set the derivative of the
power equal to 0 and solve for the load resistance:

dP, S (R.+R)’ 2R, (R, +R,)

TR F R 0 (2.76)
The derivative is 0 only when the numerator is 0, S0
(R, +R,)* = 2R, (R, +R)) (.77)
Solving for R_gives
R, =R, (2.78)

The second derivative of power can be checked to verify that this solution results in
a maximum and not a minimum. The result of this analysis is as follows: To maxi-
mize power transmission to a load, the load’s impedance should match the source’s
impedance.

H CLASS DISCUSSION ITEM 2.8
Audio Stereo Amplifier Impedances

Why are audio stereo amplifier output impedances important specifications when
selecting speakers?

H CLASS DISCUSSION ITEM 2.9
Common Usage of Electrical Components

Cite specific examples in your experience where and how each of the following
electrical components is used:

Battery
Resistor
Capacitor
Inductor
\oltage divider

Transformer
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2.10 PRACTICAL CONSIDERATIONS

This chapter has presented all of the fundamentals and theory of basic electrical cir-
cuits. This final section presents various practical considerations that come up when
trying to assemble actual circuits that function properly and reliably. The Labora-
tory Exercises book (see mechatronics.colostate.edu/lab_book.html) that accompa-
nies this textbook provides some useful experiences to help you develop prototyping
and measurement skills, and the sections below provide some additional supporting
information.

2.10.1 Capacitor Information

As we saw in Section 2.2.1, determining resistance values from a discrete resis-
tor component is very easy—a simple matter of looking up color values in a table.
Unfortunately, capacitor labeling is not nearly as straightforward.

A capacitor is sometimes referred to as a “cap.” Large caps are usually the
electrolytic type that must be attached to a circuit with an indicated polarity.
Because large capacitors have a large package size, the manufacturer usually prints
the value clearly on the package, including the unit prefix. The only thing you need
to be careful with is the capital letter M, which is often used to indicate micro,
not mega. For example, an electrolytic capacitor labeled *“+500MF” indicates a
500 wF capacitor.

Itis very important to be careful with electrolytic-capacitor polarity. The capaci-
tor’s internal construction is not symmetrical, and you can destroy the cap if you
apply the wrong polarity to the terminals: the terminal marked + must be at a higher
voltage than the other terminal. Sometimes, violating this rule will result in gas for-
mation internally that can cause the cap to explode. Improper polarity can also cause
the cap to become shorted.

As the caps get smaller, determining the value becomes more difficult. Tanta-
lum caps are silver-colored cylinders. They are polarized: a + mark and/or a metal
nipple mark the positive end. An example label is +4R7m. This is fairly clear as
long as you know that the “R” marks the decimal place: A +4R7m is a 4.7 mF
(millifarad) cap. The same cap could also be labeled +475K, which you might
think is 475 kilofarads, but you would be wrong. Here, the “K” is a tolerance indi-
cator, not a unit prefix. “K” means =10% (see more below). Capacitance values
are usually quite small on the Farad scale. The values are usually in the microfarad
(wF = 107°F) to picofarad (pF = 10~*2 F) range. Labeling on tantalum caps mim-
ics the resistor code system: 475 indicates 47 times ten to the fifth power, and the
unit prefix pF is assumed. In general, if a cap’s numerical value is indicated as
a fraction (e.g., 0.01), the unit prefix will almost always be micro (w.); and if the
value is a large integer (e.g., 47 X 10°), pF will apply. The prefix nano (n = 10 °)
is usually not used for capacitance values. Returning to the example, a tantalum cap
labeled “475” must be 47 X 10° pF, which is 4.7 X 10° pF, which is 4.7 X 10 °F
or 4.7 wF.

Mylar capacitors are usually yellow cylinders that are rather clearly marked.
For example, “.01M” is just 0.01 wF. Mylar caps are not polarized, so you can orient
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them at random in your circuits. Because they are fabricated as long coils of metal
foil (separated by a thin dielectric—the “mylar” that gives them their name), mylar
caps betray their function at very high frequencies where the inductance of the coil
become significant, blocking the very high frequencies you would expect a cap to
pass. Ceramic caps, described next, are better in this respect, although they are very
poor in other characteristics.

Ceramic caps have a flat, round shape (like pancakes) and are usually orange-
colored. Because of their shape and construction (in contrast to the coiled mylars),
they act like capacitors even at high frequencies. The trick in reading these is to
ignore the markings that might accidentally be interpreted as units. For example, a
ceramic cap labeled “Z5U .02M 1kV” is a 0.02 wF cap with a maximum voltage rat-
ing of 1kV. The M is a tolerance marking, in this case = 20%.

CKaO5 caps have a small box shape, with their leads 0.2 inches apart so they can
be easily inserted in prototyping or printed circuit boards. Therefore, they are com-
mon and useful. An example marking is 101K, which is 100 pF (10 X 10! pF), as
described above.

The tolerance codes that often appear on capacitors are listed in Table 2.3. These
codes apply to both capacitors and resistors with printed labels. Note that the Z toler-
ance code indicates a very tight tolerance if on a resistor, but a very large tolerance
if on a capacitor!

Table 2.3 Capacitor and resistor tolerance codes

Code Letter Meaning

Z +80%, —20% for caps, = 0.025
(precision resistors)
+ 20%
+ 10%
+ 5%
+ 2%
+ 1%
+ 0.5%
+ 0.25%
+0.1%
+ 0.02%
+ 0.005

PZWOUTMO<XZ

More information dealing with practical considerations concerning capacitors
can be found at Internet Link 2.8.

2.10.2 Breadboard and Prototyping Advice

A breadboard is a convenient device for prototyping circuits in a form that can
be easily tested and modified. Figure 2.36 illustrates a typical breadboard layout
consisting of a rectangular matrix of insertion points spaced 0.1 inches apart. As

=

Internet Link

2.8 Capacitor
practical
considerations

51



52

Video Demo

2.11 Breadboard
construction

2.12 Breadboard
advice and rules
of thumb

=2

Internet Link

2.9 Prototyping
tips

CHAPTER 2 Electric Circuits and Components

points internally connected

\

14 pin DIP IC resistor

Figure 2.36 Breadboard.

shown in the figure, each column a through e, and f through j, is internally con-
nected, as illustrated by the arrows in the diagram. The + and — rows that lie
along the top and bottom edges of the breadboard are also internally connected
to provide convenient DC voltage and ground busses. As illustrated in the figure,
integrated circuits (ICs, or “chips”) are usually inserted across the gap between
columns a through e, and f through j. A 14-pin dual in-line package (DIP) IC is
shown here. When the IC is placed across the gap, each pin of the IC is connected
to a separate numbered column, making it easy to connect wires to and from the
IC pins. The figure also shows an example of how to construct a simple resistor
circuit. The schematic for this circuit is shown in Figure 2.37. The techniques for
measuring voltage V, and current I are described in Section 2.10.3. Figure 2.38
shows an example of a wired breadboard including resistors, an integrated cir-
cuit, and a push-button switch. When constructing such circuits, care should be
exercised in trimming leads so the components lie on top of the breadboard in an
organized geometric pattern. This will make it easier to see connections and find
potential problems and errors later.

Video Demo 2.11 shows how a breadboard is constructed, and Video Demo
2.12 provides “rules of thumb” for how to properly assemble circuits on the board.
Internet Link 2.9 is an excellent resource, providing useful tips when prototyping
with breadboards (solderless protoboards), perf boards (soldered protoboards), and
printed circuit boards (PCBs) for when a design is finalized.

+ A
5V () R, Rs I3

Figure 2.37 Example resistor circuit schematic.
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Figure 2.38 Example Breadboard Circuit.

Below is a set of basic guidelines you should follow when using breadboards

to prototype circuits involving integrated circuits. Generally, if you carefully follow
this protocol, you will save a lot of time and avoid a lot of frustration:

a.

Start with a clearly drawn schematic illustrating all components, inputs, out-
puts, and connections.

Draw a detailed wiring diagram, using the information from datasheets regard-
ing device pin-outs. Label and number each pin used on each IC and fully
specify each component. This will be your wiring guide.

Double-check the functions you want to perform with each device and test
them individually.

Insert the ICs into your breadboard.

Wire all connections carefully, checking off or highlighting each line on your
schematic as you insert each wire. Select wire colors in a consistent and mean-
ingful way (e.g., red for +5V, black for ground, other colors for signals), and
use appropriate lengths (~ 1/4 in) for exposed wire ends. If the ends are too
short, you might not establish good connections; and if too long, you might
damage the breadboard or risk shorts. Also be careful to not insert component
(e.g., resistor and capacitor) leads too far into the breadboard holes. This can
also result in breadboard damage or shorting problems.

Be very gentle with the breadboards. Don’t force wires into or out of the holes.
If you do this, the breadboard might be damaged, and you will no longer be
able to create reliable connections in the damaged holes or rows. Use a “chip
puller” (small tool) to remove ICs from the breadboard to prevent bent or
broken pins.
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g. Make sure your wiring is very neat (i.e., not a “rat’s nest”), and keep all of your
wires as short as possible to minimize electrical magnetic interference (EMI)
and added resistance, inductance, and capacitance.

h. Make sure all components and wires are firmly seated in the breadboard, estab-
lishing good connections. This is especially important with large ICs like PIC
microcontrollers.

i. Double check the +5V and ground connections to each IC.

Before connecting the power supply, set the output to +5V and turn it off.
k. Connect the power supply to your breadboard and then turn it on.
I.  Measure signals at inputs and outputs to verify proper functionality.

m. If your circuit is not functioning properly, go back through the above steps in
reverse order checking everything carefully. If you are still having difficulty,
use the beep continuity-check feature on a multimeter to verify all connections
and to check for shorts (see Video Demo 2.13).

n.  When prototyping with a soldered protoboard or PCB, use IC sockets to allow
easy installation and removal of ICs.

2.10.3 Voltage and Current Measurement

It is very important that you know how to measure voltage and current, especially
when prototyping a circuit. Figure 2.39 illustrates how you measure voltage across an
element in a circuit, in this case a resistor. To measure voltage, the leads of the volt-
meter are simply placed across the element. However, as shown in Figure 2.40, when
measuring current through an element, the ammeter must be connected in series with
the element. This requires physically altering the circuit to insert the ammeter in
series. For the example in the figure, the top lead of resistor R, is removed from the
breadboard to make the necessary connections to the ammeter. A demonstration of
these techniques can be found in Video Demo 2.13. It is also important to be aware
of input impedance effects, especially when measuring voltage across a large resis-
tance or measuring current through a circuit branch with low resistance (see Section
2.4 for more information).

2.10.4 Soldering

Once a prototype circuit has been tested on a breadboard, a permanent prototype
can be created by soldering components and connections using a protoboard (also
called a perf board, perforated board, or vector board). These boards are manufac-
tured with a regular square matrix of holes spaced 0.1 inch apart as with the insertion
points in a breadboard. Unlike with the breadboard, there are no prewired connec-
tions between the holes. All connections must be completed with external wire and
solder joints. The result is a prototype that is more robust and reliable.

For multiple versions of a prototype or production version of a circuit, a printed
circuit board (PCB) is usually manufactured. Here, components are inserted and
soldered to perforations in the board and all connections between the components



2.10 Practical Considerations
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Figure 2.39 Measuring voltage.

are “printed” on the board with a conducting medium. For more information about
PCBs and how to make them, see Internet Links 2.10 and 2.11.

Solder is a metallic alloy of tin, lead, and other elements that has a low melting
point (approximately 375°F). The solder usually is supplied in wire form, often with
a core of flux, which facilitates melting, helps enhance wetting of the metal surfaces,
and helps prevent oxidation. Solder is applied using a soldering iron consisting of a
heated tip and support handle (see Figure 2.41). Some soldering irons also include
a rheostat to control tip temperature. When using a soldering iron, be sure the tip is
securely installed. Also, after heating, make sure the tip is clean and shiny, wiping it
on a wet sponge or steel wool if necessary.

Here is a helpful list of steps you should follow to create a good solder
connection:

(1) Before soldering, make sure you have everything you need: hot soldering iron,
solder, components, wire, protoboard or PCB, tip-cleaning pad, and magnify-
ing glass.

(2) Clean any surfaces that are to be joined. You can use fine emery paper, steel
wool, or a metal brush to remove oxide layers and dirt so that the solder can eas-
ily wet the surface. Rosin core (flux) solder will enhance the wetting process.
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Figure 2.40 Measuring current.

handle

heating
element

Figure 2.41 Soldering iron.

(3) Make a mechanical connection between the wires to be joined, either by
bending or twisting, and ensure the components are secure so that they will
not move when you apply the iron. Figure 2.42 illustrates two wires twisted
together and a component inserted into a protoboard in preparation for
soldering.

(4) Heating the wires and metal surfaces to be joined is necessary so that the solder
properly wets the metal for a strong bond to result. When soldering electronic
components, practice in heating is necessary so that the process is swift enough
to not damage components. Soldering irons with sharper tips are convenient
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K protoboard
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component

(a) wires twisted together (b) bent leads through protoboard holes

Figure 2.42 Preparing a soldered joint.

for joining small electronic components, because they can deliver the heat very
locally.

When the surfaces have been heated momentarily, apply the solder to the
work (not the soldering iron) and it should flow fluidly over the surfaces. Feed
enough solder to provide a robust but not blobby joint. (If the solder balls up
on the work, the iron is not hot enough.) Smoothly remove the iron and allow
the joint to solidify momentarily. You should see a slight change in surface
texture of the solder when it solidifies. If the joint is ragged or dull, you may
have a cold joint, one where the solder has not properly wetted the surfaces.
Such a joint will not have adequate or reliable conductivity and must be
repaired by resoldering. Figure 2.43 illustrates a successful solder joint where
the solder has wet both surfaces, in this case a component lead in a metal-rim-
hole perforated board.

If flux solvent is available, wipe the joint clean.
Inspect your work with a magnifying glass to make sure the joint looks good.

Often you may have a small component or IC that you do not want to heat

excessively. To avoid excessive heat, you can use a heat sink. A heat sink is a
piece of metal like an alligator clip connected to the wire between the component
and the connection to help absorb some of the heat that would be conducted to
the component. However, if the heat sink is too close to the connection, it will be

smooth, shiny
solder joint

= =

Figure 2.43 Successful solder joint.
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iron
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sucker

I
Figure 2.44 Removing a soldered joint.

difficult to heat the wires. When using an IC, a socket can be soldered into the
protoboard first, and then the IC inserted, thereby avoiding any thermal stress on
the IC.

When using hook-up wire, be sure to use solid (nonbraided) wire on a proto-
board, because it will be easy to manipulate and join. Wire must be stripped of its
insulating cover before soldering. When using hook-up wire in a circuit, tinning
the wire first (covering the end with a thin layer of solder) facilitates the joining
process.

Often you may make mistakes in attaching components and need to remove
one or more soldered joints. A solder sucker makes this a lot easier. To use a solder
sucker (see Figure 2.44), cock it first, heat the joint with the soldering iron, then trig-
ger the solder sucker to absorb the molten solder. Then the component can easily be
removed, because very little solder will be left to hold it.

For more information and advice on how to solder properly, see Internet Links
2.12 and 2.13. Video Demo 2.14 is also an excellent resource.

2.10.5 The Oscilloscope

The oscilloscope, or o-scope for short, is probably one of the most widely used
electrical instruments and is one of the most misunderstood. Lab Exercise 3 pro-
vides experiences to become familiar with the proper methods for connecting inputs,
grounding, coupling, and triggering the oscilloscope. Video Demo 2.8 provides a
demonstration of typical oscilloscope functionality, and this section provides infor-
mation on some important oscilloscope concepts.

Most oscilloscopes are provided with a switch to select between AC or DC cou-
pling of a signal to the oscilloscope input amplifier. When AC coupling is selected,
the DC component of the signal is blocked by a capacitor inside the oscilloscope
that is connected between the input terminal and the amplifier stage. Both AC and
DC coupling configurations are illustrated in Figure 2.45. R;, is the input resistance
(impedance) and C;, is the input capacitance. C, is the coupling capacitor, which is
present only when AC coupling is selected.
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circuit DC-coupled
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circuit AC-coupled
network oscilloscope

Figure 2.45 Oscilloscope coupling.

AC coupling must be selected when the intent is to block any DC component
of a signal. This is important, for example, when measuring small AC spikes and
transients ona 5 V TTL (transistor-transistor logic) supply voltage. However, it must
be kept in mind that with AC coupling:

B One is not aware of the presence of any DC level with respect to ground.
B The lower-frequency components of a signal are attenuated.

B When the oscilloscope is switched from DC to AC coupling, it takes a little
time before the display stabilizes. This is due to the time required to charge
the coupling capacitor C, to the value of the DC component (average value)
of the signal.

B Sometimes the input time constant ( = R;,C,) is quoted among the
oscilloscope specifications. This number is useful, because after about five
time constants (57), the displayed signal is stable.

AC coupling can be explained by considering the impedance of the coupling
capacitor as a function of frequency: Z. = 1/(joC). With a DC voltage (o = 0)
the impedance of the capacitor is infinite, and all of the DC voltage at the input is
blocked by the capacitor. For AC signals, the impedance is less than infinite, result-
ing in attenuation of the input signal dependent upon the frequency. As the input
frequency increases, the attenuation decreases to zero.

Triggering is another important concept when attempting to display a signal
on an oscilloscope. A trigger is an event that causes the signal to sweep across the
display. If the signal being measured is periodic, and the trigger is consistent with
each sweep, the signal will appear static on the display, which is desirable. The oscil-
loscope may be level triggered, where the sweep starts when the signal reaches a
selectable voltage level, or slope triggered, where a certain rate of signal change
triggers the sweep. Another triggering option available is line triggering, where the
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AC power input is used to synchronize the sweep. Thus, any terminal voltage syn-
chronized with the line frequency of 60Hz or multiples of 60Hz can be triggered in
this mode. This is useful to detect if 60 Hz noise from various line-related sources is
superimposed on a signal.

Normally all measurement instruments, power sources, and signal sources in a
circuit must be referenced to a common ground, as shown in Figure 2.46. However,
to measure a differential voltage AV, it is correct to connect the scope as shown in
Figure 2.47. Note that the oscilloscope signal ground and external network ground
are not common, allowing measurement of a potential difference anywhere in a
circuit. However, in some oscilloscopes, each channel’s “—" signal reference is
attached to chassis ground, which is attached to the AC line ground. Therefore, to
make a differential voltage measurement, you must use a two-channel signal differ-
ence feature, using the “+” leads of each channel for the measurement. An alterna-
tive for DC circuits is to measure the voltage at each node separately, relative to
ground, and then manually subtract the voltage readings.

The input impedance of an oscilloscope is typically in the 1 MQ range, which
is fairly large. However, as described in Section 2.4, when measuring the voltage
drop across an element whose impedance is of similar or greater magnitude than the
input impedance, serious errors can result. One approach to avoid this problem is to
increase the input impedance of the oscilloscope using an attenuator probe, which
increases the input impedance by some known factor, at the same time decreasing

circuit Oscilloscope
network +

function

generator |— -

common
ground

Figure 2.46 Common ground connection.

circuit AV Oscilloscope
X network
function y +

generator -
+_‘J_

circuit
network

Figure 2.47 Relative ground connection.
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the amplitude of the input signal by the same factor. Thus a 10X probe will increase
the magnitude of the input impedance of the oscilloscope by a factor of 10, but the
displayed voltage will be only 1/10 of the amplitude of the actual terminal voltage.
Most oscill oscopes offer an alternative scale to be used with a 10X probe.

2.10.6 Grounding and Electrical Interference

It is important to provide a common ground defining a common voltage refer-
ence among all instruments and power sources used in a circuit or system. As
illustrated in Figure 2.48, many power supplies have both a positive DC output
(+ output) and a negative DC output (— output). These outputs produce both posi-
tive and negative voltages referenced to a common ground, usually labeled COM.
On other instruments and circuits that may be connected to the power supply, al
input and output voltages must be referenced to the same common ground. It is
wise to double-check the integrity of each signal ground connection when assem-
bling a group of devices.

It is important not to confuse the signal ground with the chassis ground. The
chassis ground is internally connected to the ground wire on the power cord and
may not be connected to the signal ground (COM). The chassis ground is attached
to the metal case enclosing an instrument to provide user safety if thereisan internal
fault in the instrument (see Section 2.10.7).

Figure 2.49 illustrates an interference problem where high-frequency electrical
noise can be induced in a signal by magnetic induction in the measurement leads.
The area circumscribed by the leads encloses external magnetic fields from any AC
magnetic sources in the environment, such as AC power lines or electric machinery.
This would result in an undesirable magnetically induced AC voltage, as a result of
Faraday’s law of induction, given by

dB
V o =A==
noise dt

where A is the area enclosed by the leads and B is the external magnetic field. The
measured voltage differs from the actual value according to

(2.79)

Vmeasured = Vactual + Vnoise (280)
circuit
double output power
supply
chassis + input + ouput + power input + ouput —output
ground . © o o - 0 o
—input —output  —power input common
o o ? o o ground
| (Com)
|
oscilloscope :_____ o chassis
internal connection ground
(common ground)

Figure 2.48 Common ground.
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Figure 2.49 Inductive coupling.

B CLASS DISCUSSION ITEM 2.10
Automotive Circuits

Often, electrical components in an automobile such as the alternator or starter motor
are grounded to the frame. Explain how this results in an electrical circuit.

Many types of electromagnetic interference (EMI) can reduce the effective-
ness and reliability of a circuit or system. Also, poorly designed connections within
a circuit can cause noise and unwanted signals. These effects can be mitigated using
a number of standard methods. The first approach is to eliminate or move the source
of the interference, if possible. The source may be a switch, motor, or AC power line
in close proximity to the circuit. It may be possible to remove, relocate, shield, or
improve grounding of the interference source. However, this is not usually possible,
and standard methods to reduce external EMI or internal coupling may be applied.
Some standard methods are

B Eliminate potential differences caused by multiple point grounding. A common
ground bus (large conductor, plate, or solder plane) should have a resistance
small enough that voltage drops between grounding points are negligibly small.
Also, make the multiple point connections close to ensure that each ground point
is at approximately the same potential.

B Isolate sensitive signal circuits from high-power circuits using optoisolators or
transformer couplings. Optoisolators are LED-phototransistor pairs (described
in Chapter 3) that electrically decouple two sides of a circuit by transmitting a
signal as light rather than through a solid electrical connection. One advantage
is that the sensitive signal circuits are isolated from current spikes in the high-
power circuit.

B Eliminate inductive coupling caused by ground loops. When the distance
between multiple ground points is large, noise can be inductively coupled
to the circuit through the conducting loops created by the multiple ground
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grouqd loop

Figure 2.50 Ground loop.

points. Figure 2.50 illustrates how you should be careful to not create large
ground loops when wiring a circuit on a breadboard. Both circuits shown
are providing power (5V and ground) to an integrated circuit. The wiring on
the left, connected at points A and B via wires a and b creates a large ground
loop area which can pick up induced voltages in the presence of fluctuating
magnetic fields, as described above. The wiring on the right, connected

to points C and D via wires ¢ and d creates very little area in the resulting
circuit; therefore, very little induced voltage will occur even in the presence
of external fields.

B Shield sensitive circuits with earth-grounded metal covers to block external
electric and magnetic fields.

B Use short leads in connecting all circuits to reduce capacitive and inductive
coupling between leads.

B Use “decoupling” or “bypass” capacitors (e.g., 0.1 wF) between the power
and ground pins of integrated circuits to provide a short circuit for high-
frequency noise.

B Use coaxial cable or twisted pair cable for high-frequency signal lines to
minimize the effects of external magnetic fields.

B Use multiple-conductor shielded cable instead of ribbon cable for signal lines
in the presence of power circuits (where large currents produce large magnetic
fields) to help maintain signal integrity.

B If printed circuit boards are being designed, ensure that adequate ground
planes are provided. A ground plane is a large surface conductor that
minimizes potential differences among ground points.

Much more information and advice concerning how to prototype circuits prop-
erly and carefully can be found in Sections 2.10.2 and 7.10.4.

2.10.7 Electrical Safety

When using and designing electrical systems, safety should always be a concern.
In the United States, electrical codes require outlets with three terminals: hot,
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hot (black) wire neutral (white) wire

earth ground (green) wire

Figure 2.51 Three-prong AC power plug.

neutral, and ground. Figure 2.51 illustrates the prongs on a plug that is inserted
into an outlet. The wires in the plug cable include a black wire connected to the
hot prong, a white wire connected to the neutral prong, and a bare or green wire
connected to the ground prong. The two flat prongs (hot and neutral) of a plug
complete the active circuit, allowing alternating current to flow from the wall
outlet through an electrical device. The round ground prong is connected only to
the chassis of the device and not to the power circuit ground in the device. The
chassis ground provides an alternative path to earth ground, reducing the danger
to a person who may contact the chassis when there is a fault in the power cir-
cuit. Without a separation between chassis and power ground, a high voltage can
exist on the chassis, creating a safety hazard for the user because he or she can
complete a path to ground. Removing the ground prong or using a three-prong-
to-two-prong adapter carelessly creates a hazard (see v Discussion Items 2.11
and 2.12).

H CLASS DISCUSSION ITEM 2.11
Safe Grounding

Consider the following oscilloscope whose power cord ground prong has been
broken so that the chassis is not connected to ground. If you use this instrument,
describe the possible danger you face.

chassis

oscilloscope
+ hot prong — neutral

wire prong

\ + internal - e

power circuit
power cord

!

round prong
ground wire ground prong
connected to chassis broken off

internal
electrical
short
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H CLASS DISCUSSION ITEM 2.12
Electric Drill Bathtub Experience

The following electric drill runs on household power and has a metal housing. You
use a three-prong-to-two-prong adapter to plug the drill into the wall socket. You
are standing in a wet bathtub drilling a hole in the wall. You are unaware that the
black wire’s insulation has worn thin and the bare copper black wire is contacting
the metal housing of the drill. How have you created a lethal situation for yourself?
How could it have been prevented or mitigated?

electric
drill

plug

H CLASS DISCUSSION ITEM 2.13
Dangerous EKG

A cardiac patient is lying in his hospital bed with electrocardiograph (EKG) leads
attached to his chest to monitor his cardiac rhythm. An electrical short occurs in
the next room, and our patient experiences a cardiac arrest. You and the hospital
facilities engineer have determined that there were multiple grounding points in the
patient’s room (see the illustration), and a fault in electrical equipment in the next
room caused current to flow in the ground wire from the piece of the equipment.
You are on the scene to determine if there could have been a lethal current through
the patient. Consider the fact that ground lines have finite resistance per unit length
and that a few microamps through the heart can cause ventricular fibrillation (a fatal
malfunction).

ground bus A

only ground
lines shown N_

faulty
EKG equipment

)

ground bus B
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H CLASS DISCUSSION ITEM 2.14
High-Voltage Measurement Pose

When performing a high-voltage test, a creative electrical technician claims that
standing on your right foot and using your right hand to hold the probe is the safest
posture for making the measurement. What possible logic could support this claim?

H CLASS DISCUSSION ITEM 2.15
Lightning Storm Pose

A park ranger at Rocky Mountain National Park recommends that if your hair rises
when hiking in an open area during a lightning storm, it is imperative to crouch
down low to the ground keeping your feet together. Explain why this might be life-
saving advice.

Electricity passing through a person can cause discomfort, injury, and even
death. The human body, electrically speaking, is roughly composed of a low-
resistance core (on the order of 500 Q across the abdomen) surrounded by high-
resistance skin (on the order of 10 kQ through the skin when dry). When the skin
is wet, its resistance drops dramatically. Currents through the body below 1 mA
are usually not perceived. Currents as low as 10 mA can cause tingling and muscle
contractions. Currents through the thorax as low as 100 mA can affect normal heart
rhythm. Currents above 5 A can cause tissue burning. Video Demo 2.15 shows an
electronic toy that illustrates how current can flow through human skin. In this
case a person’s hand is being used to complete a circuit to control a blinking LED.
Video Demos 2.16 and 2.17 graphically illustrate what can happen to animals and
humans when they are not careful around high-voltage lines.

QUESTIONS AND EXERCISES

Section 2.2 Basic Electrical Elements

2.1. What is the resistance of a kilometer-long piece of 14-gage (0.06408 inch diameter)
copper wire?

2.2. Determine the possible range of resistance values for each of the following:
a. Resistor R, with color bands: red, brown, yellow.
b. Resistor R, with color bands: black, violet, orange.
c. The series combination of R, and R,.
d. The parallel combination of R, and R,.
Note: the color bands are listed in order, starting with the first.



Questions and Exercises

2.3. What colors should bands a, b, c, and d be for the following circuit B to have the
equivalent resistance of circuit A?

brown gold a
black b
red brown c
reen
gold rged d
circuit A circuit B

2.4. When using a trim pot in a circuit, it is usually placed in series with another fixed
value resistor. Why is it not placed in parallel instead? Support your conclusions with
analysis.

2.5. Document a complete and thorough answer to Class Discussion Item 2.1.

Section 2.3 Kirchhoff’s Laws

2.6. Does it matter in which direction you assume the current flows when applying Kirch-
hoff’s laws to a circuit? Why?

2.7. You quickly need a 50 Q resistor but have a store of only 100 Q resistors. What can
you do?

2.8. Using Ohm’s law, KVL, and KCL, derive an expression for the equivalent resistance
of three parallel resistors (R;, R,, and R;).

2.9. Derive current division formulas, similar to Equation 2.38, for three resistors in parallel.

2.10. Given two resistors R, and R,, where R, is much greater than R,, prove that the paral-
lel combination is approximately equal to R,.

2.11. Derive an expression for the equivalent capacitance of two capacitors attached in series.

2.12. Derive an expression for the equivalent capacitance of two capacitors attached in
parallel.

2.13. Derive an expression for the equivalent inductance of two inductors attached in series.
2.14. Derive an expression for the equivalent inductance of two inductors attached in parallel.
2.15. Find I, and V,, in the following circuit:

0
+

+

1v 5Q lout Vout
o
2.16. Find \,, in the following circuit:
10kQ
—AW o
5V
40kQ Vout
15V

+
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2.17.

2.18.

2.19.

2.20.

For the circuit in Question 2.27, with R, = 1 kQ, R, = 2 kQ, R, = 3kQ, and
V,, =5V, find

a. the current through R,

b. the current through R,

c. the voltage across R,

For the circuit in Example 2.4, find

a. the current through R,

b. the voltage across R;

You can use results from the example to help with your calculations.

Given the following circuit with R, = 1 kQ, R, = 2 kQ, R; = 3kQ, R, = 4 kQ,
Ry = 1 kQ, and Vg = 10V, determine

a. the total equivalent resistance seen by Vg

b. the voltage at node A

c. the current through resistor Ry

Given the following circuit with R, = 2 kQ, R, = 4 kQ, R; = 5kQ, R, = 3kQ,
Ry = 1kQ, and V, = 10V, determine

a. the total equivalent resistance seen by Vg

b. the voltage at node A

c. the current through resistor Ry

Also, how is this circuit different from the circuit in Question 2.19? If the resistance
values were the same, would the circuits be identical? If not, what parts are different?

?,
Wy A

\ 4
\ 4

o<
)
S+
D
A
P
A




Questions and Exercises

2.21. For the following circuitwithV, =1V, |, = 1A/ R, = 10 Q, and R, = 100 Q,
what is Vi, ?

Ry

wQ  wir O

2.22. For the following circuit with R, = 1 kQ, R, = 9kQ, R, = 10 kQ, R, = 1 k€,
Ry =1kQ,V, =5V,and V, =10V, find | and the voltage at node A.

2.23. Find the equivalent resistance of the circuit below, as seen by voltage source V. Use
the following values for the resistors: R, = 1 kQ, R, = 2kQ, R, = 3kQ, R, = 4 kQ,
and R; = 5 kQ.

2.24. Solve for I, and V,,, in Example 2.4 by writing and solving KVL and KCL equa-
tions for all loops and nodes in the original circuit.

Section 2.4 Voltage and Current Sources
and Meters

2.25. What is the output impedance of your laboratory DC power supply? What is the
input impedance of your laboratory oscilloscope when DC coupled?

2.26. Explain why measuring voltages with an oscilloscope across impedances on the
order of 1 MQ may result in significant errors. Document your conclusions with
analysis.
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2.27.

2.28.

For the following circuit, what is \,,, in terms of V;, for
a. R =50Q R,=10kQ, R, = 1.0 MQ?
b. R =50€Q, R, =500k R, =1.0MQ?

Ry

S+

N
2

N
D
<

i C

If R, represents the input impedance associated with a device measuring the voltage
across R,, what conclusions can you make about the two voltage measurements?

For the circuit in Question 2.27, if R, represents the output impedance of a voltage
source and Ry is assumed to be infinite (representing an ideal voltmeter), what
effect does R; have on the voltage measurement being made? Also, what would
the effect be for each of the R, values in Question 2.27? Please comment on the
results.

Section 2.5 Thevenin and Norton Equivalent

2.29.
2.30.

Circuits

What is the Thevenin equivalent of your laboratory DC power supply?

What is the Thevenin equivalent of the circuit in Question 2.27 for the resistance val-
ues in part “a?”

Section 2.6 Alternating Current Circuit Analysis

2.31.

2.32.

2.33.

For the circuit in Example 2.7, find the steady state voltage across the capaci-
tor as a function of time. You can use results from the example to help with your
calculations.

For the following circuit, what are the steady state voltages across R;, R,, and C, if
V,=10VDC, R, = 1kQ, R, = 1 kQ, and C = 0.01 pF?

O :éL zn
TC

Find the steady state current I(t) in the following circuit, where R, = R, = 100 k€,
C=1pFandL = 20H for

a. V,=5VDC
b. Vg =5cos(nt) V




2.34.

Questions and Exercises

Ry L

+
I
Ve c R, l ®

T

For each of these waveforms, what is the frequency in Hz and in rad/sec, the peak-to-
peak amplitude, and the DC offset?

a. 2.0sin(mwt)

b. 10.0 + cos(2mt)
c. 3.0sin(2wt + )
d. sin(w) + cos(m)

Section 2.7 Power in Electrical Circuits

2.35.

2.36.

2.37.

2.38.
2.39.

2.40.

2.41.

2.42.
2.43.

If 100 volts rms is applied across a 100 Q power resistor, what is the power
dissipated in watts?

If 100 volts peak-to-peak is applied across a 100 Q power resistor, what is the power
dissipated in watts?

If standard U.S. household voltage is 120 volts rms, what is the peak voltage that
would be observed on an oscilloscope?

Write a function to represent a typical household voltage signal.

A circuit designer needs to choose an appropriate size resistor to be used in series
with a light emitting diode (LED). The LED manufacturer claims that the LED
requires 2 V to keep it on and 10 mA to generate bright light. Also, the current
should not exceed 100 mA. Assuming that a 5 V source is being used to drive the
LED circuit, what range of resistance values would be appropriate for the job? Also,
what resistor power rating would be required?

For the following circuit with R, = 1kQ, R, = 2kQ, R, = 3kQ, R, = 4 kQ,
V,=10V,V,=5V,and V; = 10V, find

a. V,

out

b. the power produced by each voltage source

N T
ANV ) o
V. R

+ 3 4
Ry § C) A § Rg Vout

Vo

Solve the previous question with R; = 2 kQ and R, = 1 k€, keeping everything else
the same.

Prove Equation 2.66.
Derive the rms expressions in Equation 2.67 and show that Equation 2.68 is correct.
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2.44. Sketch the output waveform for \/,, in the following circuit on the axes as shown:

5kQ
A\A% o
10 kQ|10kQ *
.
~ Vout
V; = sin(2nt)
o
Vout
1
ﬁ [
S 0 t ; i
> 1 2 3s

A

2.45. Document a complete and thorough answer to Class Discussion Item 2.6.

Section 2.8 Transformer

2.46. If you were to design a transformer for 24V, low-voltage lighting in a new kitchen,
what should the turns ratio of the primary to secondary windings be to provide a sat-
isfactory voltage source?

Section 2.9 Impedance Matching

2.47. If your audio stereo amplifier has an output impedance of 8 €, what resistance
should your speaker coils have to maximize the generated sound power?

Section 2.10 Grounding and Electrical
Interference

2.48. When making high-frequency voltage measurements with an oscilloscope, why is it
good practice to use BNC (coaxial) cable rather than two separate wires to the probe?
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CHAPTER

Semiconductor
Electronics

his chapter presents semiconductor diodes and transi stors, important for sens-
ing, interfacing, and display in mechatronic systems. B

MECHANICAL SYSTEM
-syssemmodel - dynamic response
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- DC motors i o AND INTERFACING
- Stepper motors hotoelectrics- accelerometet )
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- Servo motors i discrete circuits - filters
- hydraulics, pneumatics - digitdl encoder - MEMs - amplifiers -A/D, DID
I
OUTPUT SIGNAL DIGITAL CONTROL
GRAPHICAL CONDITIONING ARCHITECTURES
DISPLAYS <—] AND INTERFACING - logic circuits - sequencing and timing
LEDs -LCD _DI/A. DID . - microcontroller - logic and arithmetic
~digital displays - CRT _ amplifiers power transistors| -SBC - control agorithms
_PWM - power op amps -PLC - communication
CHAPTER OBJECTIVES

After you read, discuss, study, and apply ideas in this chapter, you will:
1. Comprehend the basic physics of semiconductor devices
2. Beaware of the different types of diodes and how they are used

3. Know the similarities and differences between bipolar junction transistors and
field-effect transistors

4. Understand how atransistor can be used to switch current to aload

73



74
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5. Beableto design circuits using diodes, voltage regulators, bipolar transistors,
and field-effect transistors

6. Be ableto select semiconductor components for your designs

3.1 INTRODUCTION

We will examine some extraordinary materials that scientists and engineers have
transformed into inventions that affect all aspects of life in the 21st century and
beyond. To understand these inventions, we need to understand the physical charac-
teristics of aclass of materials known as semiconductors, which are used extensively
in electronic circuits today. We examine the physics of semiconductors, discuss how
electronic components are designed using different types of semiconductor materi-
als, learn the circuit schematic symbols for different semiconductor diodes and tran-
sistors, and use the devicesin circuit design.

3.2 SEMICONDUCTOR PHYSICS AS THE
BASIS FOR UNDERSTANDING
ELECTRONIC DEVICES

Metals have a large number of weakly bound electrons in what is called their con-
duction band. When an electric field is applied to a metal, the electrons migrate
freely producing a current through the metal. Because of the ease by which large
currents can flow in metals, they are called conductors. In contrast, other materials
have atoms with valence electrons that are tightly bound, and when an electric field
is applied, the electrons do not move easily. These materials are called insulators
and do not normally sustain large electric currents. In addition, a very useful class
of materials, elementsin group 1V of the periodic table, have properties somewhere
between conductors and insulators. They are called semiconductors. Semiconduc-
tors such as silicon and germanium have current-carrying characteristics that depend
on temperature or the amount of light falling on them. Asillustrated in Figure 3.1,
when a voltage is applied across a semiconductor, some of the valence electrons
easily jump to the conductance band and then move in the electric field to produce a
current, although smaller than that which would be produced in a conductor.

In a semiconductor crystal, a valence electron can jump to the conduction band,
and its absence in the valence band is called ahole. A valence electron from anearby
atom can move to the hole, leaving another hole in its former place. This chain of
events can continue, resulting in a current that can be thought of as the movement of
holesin one direction or electrons in the other. The net effect is the same, so perhaps
Ben Franklin wasn't completely wrong when he thought currents were the move-
ment of positive charges, the common convention used today.

The properties of pure semiconductor crystals can be significantly changed by
inserting small quantities of elementsfrom group I11 or group V of the periodic table
into the crystal lattice of the semiconductor. These elements, known as dopants, can
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Figure 3.1 Valence and conduction bands of materials.

be diffused or implanted into semiconductors. A thin crystal of silicon, often called a
chip, can have a minute pattern of dopants deposited on and diffused into its surface,
resulting in devices that are the basis of al modern electronics.

Properties really get interesting when different amounts and different types of
dopants are added to semiconductors. Consider what happens if dopants are embed-
ded inthe crystal lattice of silicon. Silicon has four valence electrons that form sym-
metrical electron bonds in the crystal lattice. However, if arsenic or phosphorous
from group V is added to the crystal lattice, one of the five valence electrons in
each dopant atom remains freer to move around. In this case, the dopant is called a
donor element because it enhances the electron conductivity of the semiconductor.
The resulting semiconductor is called n-type silicon due to the electrons available
inthe crystal lattice as charge carriers. Conversely, if the silicon is doped with boron
or gallium from group 111, holes form due to missing electrons in the lattice where
the so-called acceptor dopant atoms have replaced silicon atoms. This is because
the dopant atom only has three valence electrons. A hole can jump from atom to
atom, effectively producing a positive current. What really happens is that elec-
trons move to occupy the holes, and this effectively looks like holes moving. The
resulting semiconductor is called p-type silicon due to the holes, which are effec-
tively positive charge carriers. In summary, the purpose for doping a semiconduc-
tor such as silicon is to elevate and control the number of charge carriers in the
semiconductor. In an n-type semiconductor, the charge carriers are electrons, and
in a p-type semiconductor, they are holes. As we will see shortly, the interaction
between n-type and p-type semiconductor materials is the basis for most semicon-
ductor electronic devices.

3.3 JUNCTION DIODE

Contemporary electronic devices are produced by creating microscopic interfaces
between differently doped areas within semiconductor material. If ap-type region of
siliconis created adjacent to an n-typeregion, apn junction istheresult. The p-type
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side of the diode is referred to as the anode, and the n-type side is called the
cathode. Asillustrated in the top of Figure 3.2, at the pn junction, electrons from
the n-type silicon can diffuse to occupy the holes in the p-type silicon, creating
what is called a depletion region. A small electric field develops across this thin
depletion region due to the diffusion of electrons. This results in a voltage differ-
ence across the depletion region called the contact potential. For silicon, the con-
tact potential is on the order of 0.6-0.7 V. The positive side of the contact potential
is in the n-type region, and the negative side is in the p-type region due to the
diffusion of the electrons. Note that we still have not connected the junction to an
external circuit.

Now, as shown in the bottom left of Figure 3.2, if a voltage source is connected
to the pn junction with the positive side of the voltage source connected to the anode
and the negative side connected to the cathode forming a complete circuit, the diode
is said to be forward biased. The applied voltage overcomes the contact potential
and shrinks the depletion region. The anode in effect becomes a source of holes and
the cathode becomes a source of electrons so that holes and electrons are continu-
ously replenished at the junction. As the applied voltage approaches the value of the
contact potential (0.6-0.7 V for silicon), the current increases exponentially. This
effect is quantitatively described by the diode equation:

qVp
I, = Io(e o 1) (31)

where |5 is the current through the junction, |, is the reverse saturation cur-
rent, g is the charge of one electron (1.60 X 107%° C), k is Boltzmann's constant
(1.381 x 1072 JK), V, is the forward bias voltage across the junction, and T is the
absolute temperature of the junction in Kelvin.

If, as shown in the bottom right of Figure 3.2, the anode is connected to the
n-type silicon and the cathode to the p-type silicon, the depletion region is enlarged,
inhibiting diffusion of electrons and thus current; and we say the junction is reverse
biased. A reverse saturation current (I;) does flow, but it is extremely small (on
the order of 10 °to 107 ° A).

internal contact
anode cathode no field applied potential
o ole © ) §§ ©
—o p & of— — —
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electron field applied -~ region
)
flow (_’ 20, j O+
I_ o Y86 <o | 3 S
op “¥dneo °p ne
o ¥ <ol ° o
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Figure 3.2 pn junction characteristics.
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Therefore, a pn junction passes current in only one direction. It is known as a
silicon diode and is sometimes referred to as a rectifier. The schematic symbol for
the silicon diode is included in Figure 3.3. Figure 3.4 and Video Demo 3.1 show
examples of various common diodes. Included are a small signal diode, a small
power diode, and various types of light-emitting diodes. LEDs are described morein
Section 3.3.3, and seven-segment displays are presented in Section 6.12.1. The diode
is analogous to a fluid check valve, which allows fluid to flow only in one direction
as illustrated in Figure 3.5. We will soon see that pn junctions also occur in more
advanced devices like transistors and integrated circuits. As we will see, the on-off
action of the pn junction provides the basis for all digital devices.

anode cathode

* |\| - schematic
I/I symbol
+ -

example
IN314 I i

forward-biased
current flow

_—
|

Figure 3.3 Silicon diode.

small
signal  power light-emitting diodes 2-digit, 7-segment
diode diode (LEDs) LED display

Figure 3.4 Examples of common diodes.

77

Video Demo

3.1 Diodes



CHAPTER 3 Semiconductor Electronics
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Figure 3.5 Diode check valve analogy.
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Figure 3.6 Ideal, approximate, and real diode curves.

As described by Equation 3.1, the current-voltage characteristic curve for a
semiconductor diode is exponential and is shown graphically in the first quadrant of
Figure 3.6 (the curve labeled “real diode”). There is a dramatic nonlinear increase
in current as the forward bias voltage approaches 0.7 V. Note the different scales
used on the positive and negative sides of the voltage axis. In a first analysis, we
approximate the behavior of the semiconductor diode using what we call an ideal
diode model. The current-voltage characteristic curve for the ideal diode is shown
by the dark solid lines in Figure 3.6. This model implies that the diode is fully on
for any voltage greater than or equal to 0. Also, when reverse biased, the reverse
saturation current is assumed to be 0. Later in actual circuit design, a good first
approximation for the real diode is given by the dashed lines as this replicates the
real voltage drop of 0.6 to 0.7 V measured across the silicon diode when it is for-
ward biased. In summary, an ideal diode has zero resistance when forward biased
and infinite resistance when reverse biased. For analytic purposes, it can be replaced
by a short circuit if it is forward biased and an open circuit if it isreverse biased. A
real diode requires about 0.7 V of forward bias to enable significant current flow.
When areal diodeis reverse biased, it can withstand a reverse voltage up to a limit
known as the breakdown voltage, where the diode will fail as the reverse current
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increases precipitously. We will see in the next section that there is aso a class of
diodes, called zener diodes, designed for use in the reverse bias region for special
applications.

A diodeis useful asarectifier, whereit passes only the positive half or the nega-
tive half of an AC signal. Example 3.1 illustrates how to analyze asimpleideal diode
circuit called a half-wave rectifier. Rectifier circuits are used in the design of power
supplies, where AC power must be transformed into DC power for usein electronic
devices and digital circuits.

The important specifications that differentiate diodes are the maximum forward
current and the maximum reverse hias voltage where breakdown occurs. The instan-
taneous surge current and average current are usually both specified, and the values
calculated for a circuit must not exceed these limits. You must also confirm that
reverse bias voltages in your circuit do not exceed the specified breakdown value.
Rectifier and power diodes are capable of carrying very large currents. They are
designed to be attached to heat sinksin order to efficiently dissipate heat produced in
the junction. Diodes require nanoseconds to switch between their on and off states.
This switching time is fast enough for most applications, but when designing high-
speed circuits it may pose a constraint.

Half-Wave Rectifier Circuit Assuming an Ideal Diode

Given the following circuit containing adiode, we will illustrate how to determine the output
voltage V,; given asinusoidal input V..

A good approach to solving this problem is to analyze separately the response when
V,, > 0 and then when V;, < 0. When V,, is positive, the diode is reverse biased and therefore
equivalent to an open circuit. No current flows through the resistor, and the output \,, equals
Vi, When V,, is negative, the diode is forward biased, and it is equivalent to a short circuit.
Therefore, there is no voltage drop across the diode and V,, is 0 V. Combining these two
cases, the resulting output waveform retains the positive peaks in the sine wave and loses
the negative peaks (see the following figure). Because only the positive half of the wave
remains, thiscircuit is known as a half-wave rectifier. Question 3.6 at the end of the chapter
deals with afull-wave rectifier.

Vout

lV\/\/\,

t
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H CLASS DISCUSSION ITEM 3.1
Real Silicon Diode in a Half-Wave Rectifier

In Example 3.1, we assumed that the diode was ideal. The first approximation to
aread diode assumes that 0.7 V is required to forward bias the diode. Using the
current-voltage relation shown by the dashed curve in Figure 3.6, show how the
output of the half-wave rectifier would be different.

H CLASS DISCUSSION ITEM 3.2
Inductive “Kick”

The following inductive circuit illustrates a common application of a diode to
reduce current arcs (sparks) between the switch contacts when the switch is opened.
Diodes used in thisway are called flyback, freewheeling, or snubber diodes. Arcs
can damage the switch and can create electromagnetic interference (EMI) that can
affect surrounding circuits. Why does a switch arc when it is used to open an induc-
tive circuit? What is the purpose of the diode? Consider the current flow in the
inductor and how it changes as a function of time. Start with the switch closed and
then describe what happens when it is opened.

inductive load
switch (e.g., relay coil)

]
I

H CLASS DISCUSSION ITEM 3.3
Peak Detector

The following circuit is known as a peak detector. When atime-varying signa V,,
is applied at the input, the output V,, retains the maximum positive value of the
input signal. Under what condition does the capacitor charge? Sketch an arbitrary
input signal and the resulting ideal output. What behavior would you expect from
an actual circuit where the capacitor is“leaky”; that is, the capacitor’s charge gradu-
ally dissipates? Draw the resulting V,, for the “real” (nonideal) capacitor.

wno—pTvm
1
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Lab Exercise 4 introduces diodes and how they are used in basic circuits. The
L ab also shows the differences between signal diodes and LEDs.

3.3.1 Zener Diode

Reflect back on the current-voltage relationship for a diode shown in Figure 3.6.
Note that when a diode is reverse biased with a large enough voltage, the diode
alows a large reverse current to flow. This is called diode breakdown. For most
diodes the breakdown value is at least 50 V and may extend to kilovolts. A special
class of diodes is designed to exploit this characteristic. They are known as zener,
avalanche, or voltage-regulator diodes. This family of diodes exhibits steep break-
down curves with well-defined breakdown voltages; thus, they can maintain anearly
constant voltage over a wide range of currents (see Figure 3.7). This characteristic
makes them good candidates for building simple voltage regulators, because they
can maintain a stable DC voltage in the presence of a variable supply voltage and
variable load resistance.

To properly use the zener diode in acircuit, the zener should be reverse biased
with a voltage kept in excess of its breakdown or zener voltage V,. Using a zener
diode in series with a resistor as shown in Figure 3.8 results in a simple circuit
known as a voltage regulator. The output voltage of the circuit \,, is maintained
or regulated by the zener diode at the zener voltage V,. Even when the current
through the zener diode changes (Al, in the figure), the output voltage remains
relatively constant (i.e., AV, is small). The narrowness of the voltage range for a
given current change is a measure of the voltage regulation of the circuit. If the
input voltage and load do not change much, this circuit is effective in obtaining
steady and lower DC voltage values from a source, even if the source is not well
regulated.

Because the load applied to the voltage regulator will change with time in most
applications and the voltage source will exhibit fluctuations, careful consideration

zener

schematic symbol

operating
point

current-voltage relationship

Figure 3.7 Zener diode symbol and current-voltage relationship.
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<

Figure 3.8 Zecner diode voltage regulator.

must be paid to the effect on the regulated voltage V,. For the circuit shown in
Figure 3.8, the zener current isrelated to the circuit voltages according to
Vi, —V.)
o 3.2
L= (32)
To determine how changes in current are related to changes in voltage, we take the
finite differential of Equation 3.2, which yields

1
AIZ = E(Avln - sz) (33)

The zener diode isanonlinear circuit element, and therefore AV, is not directly pro-
portional to Al,. However, it is useful to define a dynamic resistance R, that is the
slope of the zener characteristic curve at a particular operating point. This allows us
to express the zener current change in terms of the zener voltage change:

_ AV,

Al
) Rd

(3.4)

Normally a manufacturer specifies the nominal zener current 1, and the maxi-
mum dynamic impedance (R,) at the nominal zener current. In acircuit design using
a zener diode, the zener current must exceed |,; otherwise, the zener may operate
near the “knee” of the characteristic curve where regulation is poor (i.e., where there
isalarge changein voltage with asmall change in zener current).

By substituting Equation 3.4 into Equation 3.3 and solving for AV,, we can
express changes in the regulator output voltage AV, in terms of fluctuations in the
source voltage AV,

Ry

AV, =
R,+R

out

AV, (35)

= AV,
Therefore, the circuit acts like a voltage divider (for a change in voltage) with the
zener diode represented by its dynamic resistance at the operating current of the
circuit.
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Zener Regulation Performance

We wish to determine the regulation performance of the zener diode circuit shown in
Figure 3.8 for a voltage source V;, whose value ranges between 20 and 30 V. For the zener
diode, we select a 1IN4744A manufactured by National Semiconductor from the family
1N4728A to IN4752A (having different zener voltage values). Itisa 15V, 1 W zener diode.
We select avalue of R based on the specifications of this diode.

To limit the maximum power dissipation to less than 1 W, the current through the diode
must be limited to

I. =1W/15V =66.7mA

“ma;

Therefore, using Equation 3.2, the value for resistance R should be chosen to be at least
Ruiw = (Vi =V)/I, = (30 V=15 V)/66.7 mA =225 O

The closest acceptable standard resistance value is 240 Q. From the manufacturer’s speci-
fications for this zener diode, its dynamic resistance R, is 14 Q at 17 mA. The current |, in
thisexampleislarger than thisvalue, so the operating point of the zener diodeis on the well-
regulated portion of the characteristic curve. Using the given value for R, in Equation 3.5,
we can approximate the resulting output voltage range:

R
AV, = AV, = —4— AV, =
° R,+R 14 + 240

(30-20) V=0.55 V

which is ameasure of regulation of this circuit. This can be expressed as a percentage of the
output voltage for arelative measure:

AV 055V
— M 100% = ———100% = 3.7%
V. 15V

out
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H CLASS DISCUSSION ITEM 3.4
Effects of Load on Voltage Regulator Design

Example 3.2 ignored the current that would be drawn by aload. What effect would
aload have on the results of the analysis?

Figure 3.9 illustrates a simple voltage regulator circuit where R isaload resis-
tance and V,, is an unregul ated source whose val ue exceeds the zener voltage V,. The
purpose of this circuit is to provide a constant DC voltage V, across the load with a
corresponding constant current through the load. Providing a stable regulated volt-
age to asystem containing digital integrated circuitsis a common application.

If we assume the zener diode isided (i.e., its breakdown current-voltage curve
isvertical), we can draw some conclusions about the regulator circuit. First, the load
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Figure 3.9 Zener diode voltage regulator circuit.

voltage will be V, as long as the zener diode is subject to reverse breakdown. There-
fore, theload current | is

I—2 3.6
LR 36)

Second, the load current will be the difference between the unregulated input current
|, and the zener diode current |

IL: Iin_lz (37)

Aslong as V, is constant and the load does not change, I, remains constant. This
means that the diode current changes to absorb changes from the unregulated source.
Third, the unregulated source current I, is given by
Vin - V,)
] = 3.8

= (38)
Risknown as acurrent-limiting resistor because it limits the power dissipated by the
zener diode. If 1, getstoo large, the zener diode fails.

Zener Diode Voltage Regulator Design
EXAMPLE 3.1 Lt IR LI IS :
! Suppose we need to design aregulated 15V DC source to power a mechatronic system, and :

we would like to use the voltage regul ator circuit shown in Figure 3.9. Furthermore, suppose
we have access to only a poorly regulated DC source V,,, whose nominal valueis 24 V. :

As the load R_changes, the zener current I, increases for larger R_and decreases for :
smaller R . If we know the maximum possible load resistance (assuming that the output
never is an open circuit), we can size the zener diode with regard to its power dissipation :
characteristics and select a current-limiting resistor. Combining Equations 3.6 and 3.7 and
using the maximum value of the load RLmaxgives :

17 = (Iin_ VZ )
“max RL

‘max

Thisisthelargest current the zener experiences. The power dissipated by the zener diode is

V.
Zmax = IzmMVz = (Iin_ . )Vz
L

‘max
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I, is controlled by the current-limiting resistor R. Substituting Equation 3.8 yields

Vin—=V. 2
P, = (2)v,- L
“max R < RL

max

Furthermore, for this design problem, we assume that RLmax 15240 Q, and wewish to select a
: 1 W zener. Therefore,

_ 24V -15V
R

225 V?

1w
240 Q

(15V) -

min

We can now solve for the minimum required current-limiting resistance R:
Ry = 69.7 Q

The closest acceptable standard resistance value is 75 Q.

.
.............................................................................................................................................

In summary, zener diodes are useful in circuits where it is necessary to derive
smaller regulated voltages from a single higher-voltage source. When designing
zener diode circuits, one must select appropriate current-limiting resistors given the
power limitations of the diodes. In simple mechatronic designs that may be pow-
ered by a9V battery and require good 5 V DC supplies for digital devices, a well-
designed zener regulator is acheap and effective solution if the current requirements
are modest.

3.3.2 Voltage Regulators

Although the zener diode voltage regulator is cheap and simple to use, it has some
drawbacks. The output voltage cannot be set to a precise value, and regulation
against source ripple and changesin load is limited. Special semiconductor devices
are designed to serve as voltage regulators, some for fixed positive or negative values
and others easy to adjust to a desired, nonstandard value. One group of regulators
that is easy to use is the three-terminal regulator designated as the 78X X, where the
last two digits (X X) specify avoltage with standard values: 5 (05), 12, or 15V. Using
aregulator such as the LM7815C, awell-regulated 15 V source is easy to create, as
shown in Figure 3.10.

We could use this design instead of the zener regulator shown in Design
Example 3.1 (see Class Discussion Item 3.5). The 78X X can deliver up to 1 amp of
current and is internally protected from overload. Using this device, the designer

unregulated 15V
inpit ~ ——— LM7815C regulated
(17.7 to 35V) output

—

Figure 3.10 15V regulated DC supply.
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need not perform the design cal culations shown with the zener diode regulator. The
78X X series of regulators have complementary 79X X series values for the design of
+/— voltage supplies.

H CLASS DISCUSSION ITEM 3.5
78XX Series Voltage Regulator

In Design Example 3.1, we used a zener diode to provide a desired DC voltage.
Now show how a 78X X voltage regulator can do the same job. Specify the regulator
and describe its characteristics.

In some cases, you may need a regulated voltage source with a value not pro-
vided in amanufacturer’s standard sequence. Then you may use athree-terminal reg-
ulator designed to be adjustable by the addition of external resistors. The LM317L
can provide an adjustable output with the addition of two external resistors as shown
in Figure 3.11. The output voltage is given by

R2
Vou = 1251+ 17) v (3.9)
These adjustable regulators are available in higher current and voltage ratings.

Three-terminal voltage regulators are accurate, reject ripple on the input, reject
voltage spikes, have roughly a 0.1% regulation, and are quite stable, making them
useful in mechatronic system design.

<>

H CLASS DISCUSSION ITEM 3.6
Automobile Charging System

\)
5

Vi

The typical automobile hasa 12 VV DC electrical system where a lead-acid battery
is charged by a belt-driven AC alternator whose frequency and voltage vary with
engine speed. What type of signal conditioning must be performed between the
aternator and the battery, and how can this be done?

unregulated regulated

inputvoltage — | LM317L I output
(1.2 to37V) % R, 10pF voltage
> I
ail )

Figure 3.11 1.2 to 37 V adjustable regulator.
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3.3.3 Optoelectronic Diodes

Light-emitting diodes are diodes that emit photons when forward biased. The typi-
cal LED and its schematic symbol are illustrated in Figure 3.12. The positive lead,
or anode, is usually the longer of the two leads. The LED is usually encased in a
colored plastic material that enhances the wavelength generated by the diode and
sometimes helps focus the light into a beam. The intensity of light is related to the
amount of current flowing through the device. LEDs are manufactured to produce a
variety of colors, but red, yellow, and green are usually the most common and |east
expensive. It isimportant to remember that an LED hasavoltage drop of 1.5t0 2.5V
when forward biased, somewhat more than small signal silicon diodes. It takes only
afew milliamps of current to dimly light the diode. It isimportant to include a series
current-limiting resistor in the circuit to prevent excess forward current, which can
quickly destroy the diode. Usually a330 Q resistor isincluded in serieswith an LED
when used in digital (5 V) circuit designs. Figure 3.13 shows atypical LED circuit.
Note that the current is limited to about 9 mA (3 V/330 Q), which is enough to fully
light the LED and iswell within the current limit reported by manufacturers for most
LEDs. Lab Exercise 4 demonstrates how to build LED circuits properly and shows
how much forward bias voltage and current is required to fully light an LED.

Earlier we said that a pn junction is sensitive to light. Special diodes, called
photodiodes, are designed to detect photons and can be used in circuits to sense
light as shown in Figure 3.14. Note that it is the reverse current that flows through
the diode when sensing light. It takes a considerable number of photons to provide
detectable voltages with these devices. The phototransistor (see Section 3.4.6) can

colored plastic lens

&
— >

schematic symbol

anode (+) cathode (-)

Figure 3.12 Light-emitting diode.

9mA

Figure 3.13 Typical LED circuit in digital systems.

87

Lab Exercise

Lab 4 Band-
width, filters, and
diodes
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W light

QO

Figure 3.14 Photodiode light detector circuit.

be amore sensitive device, although it is slower to respond. The photodiodeis based
on gquantum effects. If photons excite carriersin areverse-biased pn junction, avery
small current proportiona to the light intensity flows. The sensitivity depends on the
wavelength of the light.

3.3.4 Analysis of Diode Circuits

Although most of your analyses include single isolated diodes in circuits, there are
situations when you design a circuit containing multiple diodes. Because the diodeis
anonlinear device, one has to be careful not to naively apply the linear circuit analy-
sis methods discussed so far.

DC circuits that contain many diodes may not be easy to analyze by inspec-
tion. The following procedure is a straightforward method to determine voltages and
currents in these circuits. First, assume current directions for each circuit element.
Next, replace each diode with an equivalent open circuit if the assumed current isin
areverse bias direction or a short circuit if it isin the forward bias direction. Then
compute the voltage drops and currents in the circuit loops using KVL and KCL.
If the sign on a resulting current is opposite to the assumed direction through an
element, you have made the wrong assumption and must change its direction and
reanalyze the circuit. Repeat this procedure with different combinations of current
directions until there are no inconsi stencies between assumed and cal culated voltage
drops and currents.

Analysis of Circuit with More Than One Diode

This exampleillustrates the application of the procedure just outlined to a circuit containing
two ideal diodes. In the following circuit, we want to determine all currents and voltages. We
begin by arbitrarily assuming the current directions as shown.

2R
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Having assumed the current directions, we replace each diode with a short, because each is
assumed to be forward biased. The equivalent circuit follows.

By applying KVL to theloop containing I, and I;, wefind that 1, = — 2I,. We conclude
that one of the current directions was incorrectly assumed. Therefore, we need to change one
of our initial assumptions. Assume I, is in the direction opposite to that first chosen. With
this assumption, the diode must be replaced with an open circuit becauseit is reverse biased.
The equivalent circuit is shown next.

2R
——
* Iy R 2R
1v +

Vitiode + l2 |3*

-1

Notethat I, = O in thiscircuit and V.4 IS the voltage across the reverse-biased diode.
By applying KVL to the loop containing |5 and 1, the result is that |, < 0. Therefore, our
assumed direction for |5 isincorrect. We must reverse | ; and replace the diode with an open
circuit. The resulting circuit is shown.

+ —

-1 '+
B

Note that |, and |; are both 0 in this circuit and each reverse-biased diode has a nonzero
voltage across its terminals. The diode branches are in parallel, so they must have the same
voltage across them, which is the voltage across nodes A and B. Because the diode currents
are assumed to be zero, there would be no drops across the diode-branch resistors. Therefore,
the voltage across each diode would need to be the same (magnitude 