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1.1 Definitions of
“mechatronics”

Internet Link
1.2 Online

mechatronics
resources

CHAPTER 1 Introduction

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 a desired goal.

Mechatronic systems are sometimes referred to as smart devices. While the term
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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CHAPTER 1 Introduction

DC motors with piezoelectric
belt and gear drives inkjet head

digital
encoders
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interrupters

limit
switches

printed circuit boards

LEDjght tube with integrated circuits

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.

B 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
MiCroprocessor.

1.2 MEASUREMENT SYSTEMS

A fundamental part of many mechatronic systems is a measurement system com-
posed of the three basic parts illustrated 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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CHAPTER 1 Introduction

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 fits in the “big picture.” The list 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 all 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

b

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 a direct current (DC) perma-
nent magnet motor. Figure 1.4 illustrates the major components and interconnections in the sys-
tem. The light-emitting diode (LED) provides a visual cue to the user that the microcontroller is
running properly. The speed input device is a potentiometer (or pot), which is a variable resistor.
The resistance changes as the user turns the knob on top of the pot. The pot can be wired to pro-
duce a voltage input. The voltage signal is applied to a microcontroller (basically a small com-
puter on a single integrated circuit) to control a DC 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) converters in 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
§§? 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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Video Demo

1.7 Stepper
motor position and
speed controller

CHAPTER 1 Introduction

light-
emitting
diode
potentiometer
AD 1
stepper
mode button &_, PIC — motor ﬁ q
driver
EE LI} LI
&& stepper
microcontroller etor

position buttons

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 provides a visual cue to 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 shows a demonstration of the complete working system shown in Figure 1.7.
As you progress through the book, you will learn about the different elements in this design.

speed stepper motor

pot PIC driver '

mode
button

position
buttons

A/D .
motion

indicator

stepper
motor

Figure 1.7 Photograph of the stepper motor position and speed controller.
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10 CHAPTER 1 Introduction

master DC
buzzer PIC H-bridge motor

keypad

.......

keypad
decoder

slave

PIC

encoder
counter

LCD

Figure 1.9 Photograph of the DC motor position and speed controller.
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CHAPTER 2 Electric Circuits and Components

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

® NP R W

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) = d—j’ @.1)

where / denotes current and ¢ denotes quantity of charge. The charge is provided
by the negatively charged electrons. The SI 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.

S~ e T N
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CHAPTER 2 Electric Circuits and Components

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.colostate.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 Sotirce SOUTCE
(R) ©) (L)

(0]

190

Figure 2.3 Schematic symbols for basic electrical elements.
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16 CHAPTER 2 Electric Circuits and Components

! e -
y al

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

Internet Link where p is the resistivity, or specific resistance of the material; L is the wire length;

2.1 Conductor and A is the cross-sectional area. Resistivities for common conductors are given in
sizes Table 2.1. Example 2.1 demonstrates how to determine the resistance of a wire of
2.2 Conductor given diameter and length. Internet Links 2.1 and 2.2 list the standard conductor
current ratings 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=17x10"%Qm

Because the wire diameter, area, and length are

D=0.0010m
A=n1D%4 =78 x 1077 m?
L=10m

the total wire resistance is
R=pL/A=0.22Q

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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18 CHAPTER 2 Electric Circuits and Components

—{IIT T

a b

tol

Figure 2.9 Axial-lead resistor color bands.

Table 2.2 Resistor color band codes

a, b, and ¢ Bands

Color

Value

tol Band

Color

Value

Black
Brown
Red

o

Gold
Silver
Nothing

+5%
+10%
+20%

Orange
Yellow
Green
Blue
Violet
Gray
White

O 003N LB~ W —

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 k€2 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 k€.

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 = 51x10*°Q+5% = 5100 £ (0.05 x 5100) Q

4800 Q < R <5300 Q
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20 CHAPTER 2 Electric Circuits and Components

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

V(1) = % [ 10y ar = ﬂcﬂ @.5)
0

where ¢(f) 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:

_cV
I(r) = C Y (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.g., 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-
2.3 Capacitors 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.

Video Demo

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

dA
V(t) = — 2

=3 2.7)

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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CHAPTER 2 Electric Circuits and Components

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
3V, =0 @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- 3
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

V-V, + Vgt o=V =0 (2.12a)

L i
V2

8 e
st d "
V3 L I3
KVL —
loop

A 1
VN

—_ o Iy

1t

Figure 2.13 Kirchhoff’s voltage law.
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Lab Exercise

Lab 1
Introduction—
Resistor codes,
breadboard,
and basic
measurements

Video Demo

2.4 Breadboard
construction

2.5 Instrumentation
for powering

and making
measurements in
circuits
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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 /, starting at node A, and following
a clockwise direction yields

= Vit Vi, + Vp, (2.15)

From Ohm’s law,

= IR, (2.16)

= IR, (2.17)
Substituting these two equations into Equation 2.15 gives

~V,+IR, +IR, = 0 (2.18)
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In general, for N resistors connected in series with a total applied voltage of V,, the
voltage V. across any resistor R; is

(2.25)

Voltage 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).

B 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

V

I, = 17? (2.26)
and
I, = Y (2.27)
RZ
Applying KCL at node A gives
I-1,-1, =0 (2.28)

Substituting the currents from Equations 2.26 and 2.27 yields
Ve V,
j g el 48 vy(i + 1) (2.29)
Rl R2 l Rl R2

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

1= V(G,+G)) (2.30)
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Video Demo

2.6 Light bulb
series and parallel
circuit comparison

CHAPTER 2 Electric Circuits and Components

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,

1 ’ 2

(2.38)

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

CEITTRRY

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 Z,, and V,,. 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.

N
V,=20V

The first step is to combine resistor clusters between and around the sources (V, and V,)
and the branches of interest (those dealing with I, and V, ) 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 Rs and Ry are also in

parallel. Therefore, the resultant resistances for the equivalent circuit that follows are

R, +R,R
g = (2—4)3 = 2.00 kQ
(Ry+Ry) + Ry
RsR
56 = ——— = 2.73 kQ

Rs+ Ry




‘(suonnjos paseq-Ia[[onuod0ITW pjedrjdwod yim Suresp £ 1dey)) ur asoy) “3a)
$JINOIIO PaJeI[dWOo0 Q10U (IIM TOASMOY] *SUOT)O9SIIUT QIOW IO U0 Je readde So1m)
-B3J OIe 10 J0p SS[uUn sweiSerp ofdwirs ur soul] SUNOSSIAUI [[B I8 SUOHOAUUOD oxp
a0y dwnsse [[I4 9[dodq ‘parmbai A[[eaI Jou oIe S)Op UOOAUUOD I A gldwexH
UL JINOIIO U} IIM USAH "PRjosuuod 9q O) PIWNSSE Usaq dABY SUI] JUISSOI0 Aup
—UONUSAUOD & PIJU 1 UpIp A[[ear am ‘dpduirs A10A uaaq oAey 1a3deyd siy) ur sure;g
-BIP JINOIIO 9} 9SNBOY "UOIIOSUUOIUOU B J)JBIIPUI 0) PISN SI oIe JUISSOID ® sp Suoy
S& UO[DUUOD & JJEJIPUL 0) parmbar Jou ST JOp & AIAYM UONUIAUOD IATIBUINE ue
SMOys q/1°Z 9131 'uonoduuod ou sorjdwr (K[uo saury SuIssoIo 1e) 10p e jo ouasqe
Y} pue ‘UONIAUUOD B SAI[dWI JOP © ‘UONUIAUOD SIY) YPIM ‘' S[dwexy ur pasn sem
JeyM ST PUB UOWWOD JSOW 9y ST (8,7 9InSL]) UOUSAUOD ISIYJ Y, ST Surop
10} SUOTUSAUOD OM} SABNSN[[T £ ['7 AINTL “SUIMBIP dY) UO SaUI| Funoesisur e

"Poyow 3s3q 9y A[Hessadau jou ‘uonnjos adwexs ue 3snf st 919y pajuasard suo

pue ‘(4Z" uonsang) 99s 39) wayqoid sIy) 9AJ0S 0] Pasn 9q ABUI SPOYIOU JO PRLIAW Y
"uONN[OS SIY} UI PAWINSSE Jey) Wolj uonodaxp Arsoddo oy ur oq pinom
" y3noIy) JuALINd JO mO[J [emde oY) ‘oAnESou oq 0) punoy sem Y4 osnesaq jey SI0N

ATPI =" -4 ="

st a8e)[oa Indino paxrsap ayy “103s1sa1 oY Ss0108 ¢4 £q sdoip a3erjoa oyp asnesaq
pue :'A st "¥y 101SISAI JO SPIS 139] A UO 2Fe)[OA OY) ‘PUNOIF 0} PASUAIRJAI ST |4 dsnecog

9¢ veT
5 ks g+ d — PET
AEZV‘—(ZA_IA)W— A

:P£¢] 3o uonoarp pawnsse oy ur ¥4y ssoxoe doxp 95e)[oa oy suruLIlop
0} pasn 2q udy) ued (7' uonenby) uorsiap agejjop (‘A — 'A) St ¢ Jo uonoamp pownsse
oy ur %y pue "¢y ssoroe a3eijoa [e10) oyy jeyy sn syey doof WS oy 01 TAY Surkddy

VYWOI =0 1/A 0T ='3/'A ="

n

Wr="aA

soA18 doof 1391 oy 03 TAY Surkjddy

SMET SHOYYOIIY €2




30

Lab Exercise

Lab 2 Instrument
familiarization and
basic electrical
relations

Video Demo

2.5 Instrumen-
tation for power-
ing and making
measurements
in circuits
2.7 Connectors
(BNC, banana
plugs, alligator
clips)

Internet Link
2.5 All about

circuits -
Vol. | - DC

CHAPTER 2 Electric Circuits and Components

TR

connection 1o connection connection

(a) dot convention

Tt 4+

CDﬂI‘ICClIOn 1no connection 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 An ideal voltage source has zero output resistance and can supply infinite
current.

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

B An ideal 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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I
! —o
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i ]

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 V, 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

|
i I
fn ! Vi ideal ammeter |
—_— : + = m :
o | ANN\— 2
: Rin :
! !

Figure 2.21 Real ammeter with input impedance.

+ 0

input
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| 1

| |

: l

| |

1 ]

v i i
f R. 1
5 ! 1 § ideal C") !
i I

! |

! l

i I

| :

voltmeter

Figure 2.22 Real voltmeter with input impedance.
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CHAPTER 2 Electric Circuits and Components

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 V, and

voltage meter V,,.

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

m
the equivalent circuit would look like this:

However, if the source has output impedance Z

. and the meter has input impedance Z;, the

in

“real” circuit actually looks like this:

voltage

yields the following circuit (a). 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

in ut

The parallel combination of R, and Z,

. _ RaZa

eq — R +2Z out

eq in
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CHAPTER 2 Electric Circuits and Components

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

R,

Voo = —2—V,
55 R +R, "’

(2.39)

To find Ry, the supply V, 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

_ RR,
B R, +R,

Rry (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 /g and
the Thevenin resistance Ry, in parallel with this source. Iy is found by calculating

remaining
circuit

to be replaced with network

Thevenin equivalent

network

i
! |
! H
| |
H I
! + | k.
! : remaining
: C) Voc : circuit
H |
H |
|
; i
T
! .

Figure 2.26 Thevenin equivalent circuit.
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V(D) =V, + V. sin(wt+¢)

m

DC offset: V,

AN

V,, sin(@?)

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
PR ) (2.43)
T 2=
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:

V(t) =V, +V, sin(w + ¢) (2.44y

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() = 5.00sin (t = 1) V

The signal amplitude is
V,=500V

The signal radian frequency is

o = 1.00 rad/sec

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

Hz = 0.159 Hz

21 b
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will be constant but may differ in phase from the input. This fact lets us treat circuit
variables V and 7 as complex exponentials with magnitudes V,, and I, 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+¢) +jsin(or+0)]  (2.46)

where V,e1“" * ¢ s the complex exponential form, V,(¢) 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= Aty (2.47)

¢ = tan (%) (2.48)

x = rcos() (2:49)

y = rsin(¢) (2.50)

G+ yi) + G+ yi0) = () + x) + () + )] 2.51)
ri{0) () = 1y 1y + ¢ (2.52)
1100/ ra () = /(¢ ¢ (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
(x, 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
VHI <¢)
y="Vpsin ¢

real axis
(ot reference)

x=Vycos ¢

Figure 2.30 Phasor representation of a sinusoidal signal.
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CHAPTER 2 Electric Circuits and Components

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(owt+¢) = cos(wt+dp—7n/2) (2.61)

cos(wt+¢) = sin(owt+ ¢ +n/2) (2.62)

AC Circuit Analysis

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:

R, =1kQ ,J
I R,=3kQ
. =
C—D V,, =5 cos(3000¢ + m/2) V =02 E
L=05H

Because the input voltage source is
Vi, =5 cos(30002+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(3000¢),
the phasor and complex form of the source is

Vie = 5(90°%) V= (0+5j) V
The complex and phasor form of the capacitor impedance is
Ze = —j/0C = -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 (I,) and then use current division. Therefore, we need the impedance
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(concluded)

‘r‘;ﬁ)ﬂ:—;ﬁ Zab +
MathCAD Example

2.1 AC circuit
analysis

CHAPTER 2 Electric Circuits and Components

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(3000z + m/2) V instead, the resulting
current would be I (f) = 2.22 sin(3000¢ + 2.789) mA. But in this example, the reference was
cos(3000z).

MathCAD Example 2.1 executes all of the analyses above in software. Phasors can be
entered or displayed in polar or rectangular form, and all calculations are performed with
ease. If you are not familiar with MathCAD, you might want to watch Video Demo 2.9,
which describes and demonstrates the software and its capabilities.

Video Demo

2.9 MathCAD
analysis software
demo

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 (dg) moves through an electric field resulting in a change in potential repre-
sented by a voltage V. This infinitesimal work is given by

dW = Vdg (2.63)
Because power is the rate of work done,

dw dg

P = rrie 1% rri VI (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=IR=V)R (2.65)

For AC signals, because V = V, sin(w? + ¢,) and I = I, sin(ot + ¢)), 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




9\/";‘“?’1 cwa\: )]
srad vy
Swo 1 s‘wal\ -Q

r—od +M~3JJV

{Kourdarostp
juaredde sty) ure[dxs nok op Moy ;98e3[0A 19431y B 1 1507 ST Jomod arow ey
Arduwr uorssoxdxe jse[ oy 3,useop Ing ‘69’z uonenbsg ur romod 10} uorssardxa
S[PPIUr 9y} UO paseq ‘uoIssTwsue) 9y) Sutmp 3sof St Jomod ssof ‘ogerjoa IySy
3Y) J& J9MO] ST JUSLIND 9SNBOSY "UOISSIWSUEI) Id)Je PUE 10J3q YIOq S[9AA] oSk
~}]0A 9ZUBYD 0} PISN AT (§°7 UONOSS 99S) SIOULIOJSUBIL], ‘PISN oIe SauIy 98e)j0A
-y3ry ‘sodue)sIp 95Ie] 10A0 sjue[d Jomod woIy pepIwWISUBY SI Iomod LETIYY

$9SS07 9u[] UoIsSsnsueyy
P'¢ W3Ll NOISSNOSIA SSV19 m

(890 H/swéA — swéIH = Swipsml, d

{(€p'T uonsan() 99s) SINOID (] YPim
SB WLIOJ Qures 9y} Ul passaIdxa oq ueo 10)s1sal & Aq pawinsuod 1omod Dy oSeiose oy

(L9

%
wA_

£q pouyep

JualINd pue o3el[0A oY) JO son[eA drenbs-uedW-}00X IO ‘SULI Oy} SN M J
T/A = Z douepadur xo[dwoo oy jo o[3ue oseyd oy st yorgm
‘("¢ — ) sor3ue aseyd juarmo pur 9Feijoa oY) UGOMIaq QOURISJJIP ) ST § dISYM

. 4
(99 Z) )SOO = e
® ““A

st porrad ®
ToA0 1omod a8e1oAt ay) 1Y) (7' UONSONY)) UMOYS 9q UBD 1] *SONSLIDIORIRYD Jomod

‘JusWwis|d INDUIO B Ul 1IoMOd &2 @anbig

1omod
Surunsuoo
JUETHETE]
1INoIIO

a3ejjon
RUEIHEI )

SHNDJID [BOLIOB|T Ul JOMOd 2




46

Video Demo

2.10 Power
transformer with
laminated core

CHAPTER 2 Electric Circuits and Components

B 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

|Z| cos®= (V2../|2Z]) cos® (2.69)

cosO= 12

rms

Posi= LV,

avg rms " rms

where |Z| is the magnitude of the complex impedance. Cos0 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

LB o

= =R 2.70
Np Ny dt e

where N, is the number of turns in the primary winding, N 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

Vs = Nsy, (2.71)
S—NP P .
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function generator

output amplifier

4[/ AW
500 high-

50Q Vhas, )
output Ierrfunz\tnon impedance
impedance resistance network

sle

Figure 2.33 Signal termination.

thin string thick string

J\F
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:

R,
V =
LT R, +R. " (2.74)
Therefore, the power transmitted to the load is
Vi R
Py w2t g VY 2.75)

R, (R,+R,)’
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CHAPTER 2 Electric Circuits and Components

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.

It is 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~'? 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 107 F
or4.7 uF.

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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Video Demo

2.11 Breadboard
construction

2.12 Breadboard
advice and rules
of thumb

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 ; 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.

v (

Figure 2.37 Example resistor circuit schematic.
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Video Demo

2.13 Current
measurement
and checking
continuity

CHAPTER 2 Electric Circuits and Components

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.
1. 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
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ammeter

R,

sv R 3 Ry

(a) circuit schematic

(b) photograph

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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Internet Link

2.12 Electronics
Club “Guide to
Soldering”

2.13 Curious
Inventor—"How to
Solder”

Video Demo

2.14 How and
why to solder
correctly

Lab Exercise

Lab 3 The
oscilloscope

Video Demo

2.8 Oscilloscope
demonstrations
using the Tektronix
2215 analog
scope
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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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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 —] -

l

&
common
ground

Figure 2.46 Common ground connection.

circuit AV Oscilloscope

. network
function A

genera[or -
1

circuit
network

Figure 2.47 Relative ground connection.
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oscilloscope

Vmcasurcd _'_— J ' Vaclual [\'\_\)J\‘
% 8

fluctuating
external
magneticfield B

leadwire

Figure 2.49 Inductive coupling.

H 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 [solate 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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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).

B 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

+ hot prong - neutral

prong

] wire
‘ \ i mternal |- / wire

| 3 P
i power circuit

I power cord
internal round prong
electrical ground wire ground prong

short connected to chassis broken off
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Video Demo

2.15 Human
circuit toy ball
2.16 Squirrel
zapped by power
lines

2.17 Stupid man
zapped by power
lines

CHAPTER 2 Electric Circuits and Components

B 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 carefui 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.




-

o +
ASI
) Aoy
AS
+ +
o WV

BA0I

IO SUIMO[[0F ) Ul ™Y pury 91z

noy (X9 Al
%

3MOIId SUIMO[[of ays ut Y pue 7 purg

“[o[[ered Ul paydRNE SI00NPUT 0M} JO IOUBIINPUT JUSTBAINDS 91y 10 uotssardxo ue AR P

"SOLILS UL PaydE))E SI0)ONPUT 0M) JO ddurIoNpuUI Jud[eAmba oy 10J uorssardxe ue sarraq €17

‘Torrered
ut payoeye siojoeded om) Jo soueoedes jusfeAmbe oY) 10§ uorssardxe Ue AL e

"SOLISS UT payoene $10j19eded om) Jo soueyroedes jusfeAmba ay) 1oy uorssaIdxa ue sALa( I

‘ *%y 01 [enba A[erewrxoxdde st uoneUIqUIOD o
-[exed ay3 jeyy oa01d %y uey 1ojea1s yonw st 'y a1oym Ty pue 'y SI0ISISAT OM) UAID  *0T°Z
‘[o[Tered Ul SI0)SISAX 201U 10§ ‘g€ 7 uonenbe 0 JE[IIIS ‘SE[NULIOJ UOISIAIP JUSLIND JALID(] 6T

; (% pue ¢y “y) s103s1891 Jo1RIRd 9011 JO
‘ 20UB)SISAI JUATEAINba dy) 103 uoISsaIdxa ue oALIp “TD] PUE “TA ‘Me[ s, uyQ Sursp ‘87

{,Op nok

UBD JBYA 'SI0ISISAI ¢5 OO [ A[UO JO 910)S © 9ABY Inq IOISISAI ¢y (S € paou Appomnb nox  * LT
(LAY (IMOIIO B 0] SME S, JjOy

-yoiry] Surkdde uaym SOy JuaLmd oY) SWNSse NOA UONOIIP YOTYA UT IO)JEur J1 se0(

.
SMET S JJoYydaly €°Z Uo1des

"1°C W)Y UOISSNOSI( SB[ 0} Jomsue Y3noIoy) pue 93o[dwiod & jusmnooq gy

‘sIsA[eue
i suotsn[ouod moA yoddng ;peassur [orered ur paoerd jou 3t st AYA\ I0ISISAI an[eA
PoXIJ I9YJOUR (3IM $ILISS Ut pade[d A[fensn st 31 4noImo e ur jod win e Suisn uayp ‘g

g 1noI V 1INo11o

pro3

umoiq par

oeiq
umoiq

SIS

{V 1IN2IIO JO 90UB)SISAI Jud[eAInba
Y3 9ARY 0} g IINDIIO FUIMO[OF 9y} 10 3G P pUB O ‘G ‘D SPUBQ PNOYS SIO[0D IBYM  *€°T

S9s1019X3 pUB SUolseNY




CHAPTER 2 Electric Circuits and Components

2.17. For the circuit in Question 2.27, with R, = 1 kQ, R, = 2kQ, Ry = 3kQ, and
Vi, =5V, find
a. the current through R,
b. the current through R,
c. the voltage across R,
2.18. 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.
2.19. Given the following circuit with R, = 1kQ, R, = 2kQ, R; = 3kQ, R, = 4kQ,
Rs=1kQ,and V, = 10 V, determine
a. the total equivalent resistance seen by V
b. the voltage at node A
c. the current through resistor R

2.20. Given the following circuit with R, = 2kQ, R, = 4kQ, R; = 5kQ, R, = 3kQ,
Rs = 1kQ, and V,; = 10V, determine
a. the total equivalent resistance seen by V
b. the voltage at node A
c. the current through resistor Rs

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?
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70 CHAPTER 2 Electric Circuits and Components

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

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?

2.28. For the circuit in Question 2.27, if R, represents the output impedance of a voltage
source and R, 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
Circuits
2.29. What is the Thevenin equivalent of your laboratory DC power supply?

2.30. 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. 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.

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

%o % 3
_|_C

2.33. Find the steady state current I(?) in the following circuit, where R, = R, = 100 k€,
C =1pF and L = 20 H for

a. V,=5VDC
b. V= 5cos(mt) V
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72 CHAPTER 2 Electric Circuits and Components

2.44. Sketch the output waveform for V,,, in the following circuit on the axes as shown:

5kQ
AN\\— —O
10kQfokQ *
%
Vout
V; = sin(2mr)
—o0

volts
o —
—

l i i 3s
=1

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

Section 2.8 Transformer w

2.46. If you were to design a transformer for 24 V¢ 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 Q, 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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