Sinusoidal Alternating
Waveforms

13.1 INTRODUCTION

The analysis thus far has been limited to dc networks, networks in
which the currents or voltages are fixed in magnitude except for tran-
sient effects. We will now turn our attention to the analysis of networks
in which the magnitude of the source varies in a set manner. Of partic-
ular interest is the time-varying voltage that is commercially available
in large quantities and is commonly called the ac voltage. (The letters
ac are an abbreviation for alternating current.) To be absolutely rigor-
ous, the terminology ac voltage or ac current is not sufficient to
describe the type of signal we will be analyzing. Each waveform of Fig.
13.1 is an alternating waveform available from commercia supplies.
The term alternating indicates only that the waveform alternates
between two prescribed levels in a set time sequence (Fig. 13.1). To be

o‘ \/t 0 t 0‘ \/ t
Sinusoidal Square wave Triangular wave
FIG. 13.1

Alternating waveforms.

absolutely correct, the term sinusoidal, square wave, or triangular must
also be applied. The pattern of particular interest is the sinusoidal ac
waveform for voltage of Fig. 13.1. Since this type of signal is encoun-
tered in the vast majority of instances, the abbreviated phrases ac volt-
age and ac current are commonly applied without confusion. For the
other patterns of Fig. 13.1, the descriptive term is always present, but
frequently the ac abbreviation is dropped, resulting in the designation
square-wave or triangular waveforms.
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One of the important reasons for concentrating on the sinusoidal ac
voltage is that it is the voltage generated by utilities throughout the
world. Other reasons include its application throughout electrical, elec-
tronic, communication, and industrial systems. In addition, the chapters
to follow will reveal that the waveform itself has a number of charac-
teristics that will result in a unique response when it is applied to the
basic electrical elements. The wide range of theorems and methods
introduced for dc networks will also be applied to sinusoidal ac sys-
tems. Although the application of sinusoidal signals will raise the
required math level, once the notation given in Chapter 14 is under-
stood, most of the concepts introduced in the dc chapters can be applied
to ac networks with a minimum of added difficulty.

The increasing number of computer systems used in the industrial
community requires, at the very least, a brief introduction to the termi-
nology employed with pulse waveforms and the response of some fun-
damental configurations to the application of such signals. Chapter 24
will serve such a purpose.

13.2 SINUSOIDAL ac VOLTAGE
CHARACTERISTICS AND DEFINITIONS

Generation

Sinusoidal ac voltages are available from a variety of sources. The
most common source is the typical home outlet, which provides an ac
voltage that originates at a power plant; such a power plant is most
commonly fueled by water power, oil, gas, or nuclear fusion. In each
case an ac generator (also called an alternator), as shown in Fig.
13.2(a), is the primary component in the energy-conversion process.

Inverter

—

© (d) ©

FIG. 13.2

Various sources of ac power: (a) generating plant; (b) portable ac generator;
(c) wind-power station; (d) solar panel; (€) function generator.

The power to the shaft developed by one of the energy sources listed
will turn a rotor (constructed of alternating magnetic poles) inside a
set of windings housed in the stator (the stationary part of the
dynamo) and will induce a voltage across the windings of the stator,
as defined by Faraday’s law,
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do
e=N dt
Through proper design of the generator, a sinusoidal ac voltage is
developed that can be transformed to higher levels for distribution
through the power lines to the consumer. For isolated locations where
power lines have not been installed, portable ac generators [Fig.
13.2(b)] are available that run on gasoline. As in the larger power
plants, however, an ac generator is an integral part of the design.

In an effort to conserve our natural resources, wind power and solar
energy arereceivingincreasing interest from variousdistricts of theworld
that have such energy sourcesavailableinlevel and duration that makethe
conversion process viable. The turning propellers of the wind-power sta-
tion[Fig. 13.2(c)] are connected directly to the shaft of an ac generator to
provide the ac voltage described above. Through light energy absorbed in
the form of photons, solar cells [Fig. 13.2(d)] can generate dc voltages.
Through an electronic package called an inverter, the dc voltage can be
convertedto oneof asinusoidal nature. Boats, recreational vehicles(RVs),
etc., make frequent use of theinversion processin isolated areas.

Sinusoidal ac voltages with characteristics that can be controlled by
the user are available from function generators, such as the onein Fig.
13.2(e). By setting the various switches and controlling the position of
the knobs on the face of the instrument, one can make available sinu-
soidal voltages of different peak values and different repetition rates.
The function generator plays an integral role in the investigation of the
variety of theorems, methods of analysis, and topics to be introduced in
the chapters that follow.

Definitions

Thesinusoidal waveform of Fig. 13.3withitsadditional notationwill now
beused asamodel indefining afew basicterms. Theseterms, however, can

e
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FIG. 13.3
Important parameters for a sinusoidal voltage.

beappliedtoany aternatingwaveform. Itisimportant to remember asyou
proceed through the various definitions that the vertical scalingisin volts
or amperes and the horizontal scaling isalwaysin units of time.

Waveform: The path traced by a quantity, such as the voltage in
Fig. 13.3, plotted as a function of some variable such as time (as
above), position, degrees, radians, temperature, and so on.
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Instantaneousvalue:  The magnitude of awaveform at any instant
of time; denoted by lowercase letters (e, €).

Peak amplitude: The maximum value of awaveform as measured
from its average, or mean, value, denoted by uppercase |etters (such
as E,, for sources of voltage and V,, for the voltage drop across a
load). For the waveform of Fig. 13.3, the average value is zero valts,
and E,, is as defined by the figure.

Peak value: The maximum instantaneous value of a function as
measured from the zero-volt level. For the waveform of Fig. 13.3,
the peak amplitude and peak value are the same, since the average
vaue of the function is zero volts.

Peak-to-peak value: Denoted by E,, or V,,, the full voltage
between positive and negative peaks of the waveform, that is, the
sum of the magnitude of the positive and negative peaks.

Periodic waveform: A waveform that continually repeats itself
after the same time interval. The waveform of Fig. 13.3 isaperiodic
waveform.

Period (T): Thetime interval between successive repetitions of a
periodic waveform (the period T, = T, = Tz in Fig. 13.3), aslong as
successive similar points of the periodic waveform are used in deter-
mining T.

Cycle: The portion of awaveform contained in one period of time.
The cycles within Ty, T,, and T3 of Fig. 13.3 may appear different in
Fig. 13.4, but they are al bounded by one period of time and there-
fore satisfy the definition of a cycle.

lcycle 1lcycle le—— 1 cycle ———»
<7T14> <7T24> <7T34>
FIG. 13.4

Defining the cycle and period of a sinusoidal waveform.

Frequency (f): The number of cycles that occur in 1 s. The fre-
quency of the waveform of Fig. 13.5(a) is 1 cycle per second, and
for Fig. 13.5(b), 2% cycles per second. If a waveform of similar
shape had a period of 0.5 s[Fig. 13.5(c)], the frequency would be 2
cycles per second.
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T =04s T=05s
(b) (©)
FIG. 13.5

Demonstrating the effect of a changing frequency on the period of a sinusoidal

waveform.
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The unit of measure for frequency is the hertz (Hz), where

| 1 hertz (Hz) = 1 cycle per second (c/s) | (13.1)

The unit hertz is derived from the surname of Heinrich Rudolph Hertz
(Fig. 13.6), who did original research in the area of alternating currents
and voltages and their effect on the basic R, L, and C elements. The fre-
quency standard for North America is 60 Hz, whereas for Europe it is
predominantly 50 Hz.

As with al standards, any variation from the norm will cause dif-
ficulties. In 1993, Berlin, Germany, received al its power from east-
ern plants, whose output frequency was varying between 50.03 and
51 Hz. The result was that clocks were gaining as much as 4 min-
utes a day. Alarms went off too soon, VCRs clicked off before the
end of the program, etc., requiring that clocks be continually reset. In
1994, however, when power was linked with the rest of Europe, the
precise standard of 50 Hz was reestablished and everyone was on
time again.

Using a log scale (described in detail in Chapter 23), a frequency
spectrum from 1 Hz to 1000 GHz can be scaled off on the same axis, as
shown in Fig. 13.7. A number of terms in the various spectrums are
probably familiar to the reader from everyday experiences. Note that the
audio range (human ear) extends from only 15 Hz to 20 kHz, but the
transmission of radio signals can occur between 3 kHz and 300 GHz.
The uniform process of defining the intervals of the radio-frequency
spectrum from VLF to EHF is quite evident from the length of the bars
in the figure (although keep in mind that it is a log scale, so the fre-
guencies encompassed within each segment are quite different). Other
frequencies of particular interest (TV, CB, microwave, etc.) are also
included for reference purposes. Although it is numerically easy to talk
about frequencies in the megahertz and gigahertz range, keep in mind
that a frequency of 100 MHz, for instance, represents a sinusoidal
waveform that passes through 100,000,000 cycles in only 1 s—an
incredible number when we compare it to the 60 Hz of our conventional
power sources. The new Pentium |1 chip manufactured by Intel can run
at speeds up to 450 MHz. Imagine a product able to handle 450,000,000
instructions per second—an incredible achievement. The new Pentium
IV chip manufactured by Intel can run at a speed of 1.5 GHz. Try to
imagine a product able to handle 1,500,000,000,000 instructions in just
1 s—an incredible achievement.

Since the frequency isinversely related to the period—that is, as one
increases, the other decreases by an equal amount—the two can be
related by the following equation:

f=Hz

f=2
T T = seconds (s)

(13.2)

1
or T==
f

(13.3)
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German (Hamburg,
Berlin, Karlsruhe)

(1857-94)

Physicist

Professor of Physics,
Karlsruhe
Polytechnic and
University of Bonn

Courtesy of the
Smithsonian Institution
Photo No. 66,606

Spurred on by the earlier predictions of the English
physicist James Clerk Maxwell, Heinrich Hertz pro-
duced electromagnetic waves in his laboratory at the
Karlsruhe Polytechnic while in his early 30s. The
rudimentary transmitter and receiver were in es-
sence the first to broadcast and receive radio waves.
He was able to measure the wavelength of the
electromagnetic waves and confirmed that the ve-
locity of propagation is in the same order of magni-
tude as light. In addition, he demonstrated that the
reflective and refractive properties of electromag-
netic waves are the same as those for heat and light
waves. It was indeed unfortunate that such an inge-
nious, industrious individual should pass away at the
very early age of 37 due to a bone disease.

FIG. 13.6
Heinrich Rudolph Hertz.
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+—— Microwave
Microwave
oven  EHF

SHF [30 GHz - 300 GHz
(Extremely High Freq.)
UHF [3GHz — 30 GHz (Super-High Freq,)

VHF 300 MHz — 3 GHz (Ultrahigh Freq.)

HF 30 MHz — 300 MHz (Very High Freq.)

MF 3 MHz - 30 MHz (High Freq.)

LF 300 kHz — 3 MHz (Medium Freq,)

VLF 30 kHz — 300 kHz (Low Freq.)

3 kHz-30kHz (Very Low Freq.)
RADIO FREQUENCIES (SPECTRUM)

3kHz — 300 GHz Infrared
AUDIO FREQUENCIES

[ |
: 15 Hz — 20 kHz '

1Hz 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100 MHz 1GHz 10 GHz 100GHz 1000GHz 7(Iog scale)

FM
':' 88 MHz — 108 MHz

TV channels (2-6)
54 MHz — 88 MHz

TV channels (7 — 13)
TV < l:l174MHz—216MHz

TV channels (14 — 83)
':'470 MHz - 890 MHz

L

CB Countertop microwave oven
26.9 MHz — 27.4 MHz | |2.45 GHz

Shortwave
1.5MHz-30 MHz

Cordless telephones

Cellular pho”&‘{ ':'46 MHz — 49 MHz

Pagers VHF
l:lSO MHz - 50 MHz
Pagers
“ Pagers UHF
1:1405 MHz - 512 MHz
FIG. 13.7

Areas of application for specific frequency bands.
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EXAMPLE 13.1 Find the period of a periodic waveform with a fre-
quency of

a 60 Hz.

b. 1000 Hz.

Solutions:

aT= F OHE 0.01667 sor 16.67 ms

(arecurring value since 60 Hz is so prevalent) e
10V,

_1_ 1 g
b. T= : 1000 Hz 10 °s=1ms /\ /\ [
o 5 15 25 3B t(my)
EXAMPLE 13.2 Determine the frequency of the waveform of Fig.
1338.

Solution: From the figure, T = (25 ms — 5 ms) = 20 ms, and FIG. 13.8
1 1 Example 13.2.

f="g——
T 20x10°%s

=50Hz

EXAMPLE 13.3 The oscilloscope is an instrument that will display I
alternating waveforms such asthose described above. A sinusoidal pattern \ \ / 1\
appears on the oscilloscope of Fig. 13.9 with the indicated vertical and I
horizontal sensitivities. The vertical sensitivity definesthe voltage associ- 1
ated with each vertical division of the display. Virtually all oscilloscope NV 1 7
screens are cut into a crosshatch pattern of lines separated by 1 cminthe T
vertical and horizontal directions. The horizontal sensitivity defines the

time period associated with each horizontal division of the display. . i )
For the pattern of Fig. 13.9 and the indicated sensitivities, determine Vertical sensitivity = 0.1 V/div.
the period, frequency, and peak value of the waveform. Horizontal sensitivity = 50 us/div.
Solution: One cycle spans 4 divisions. The period is therefore FIG. 13.9
Example 13.3.

T= 4d‘rv.(5d0_ré‘.s) = 200 ps

and the frequency is

1 1
P
T~ 200x 1055 > KH?

The vertical height above the horizontal axis encompasses 2 divisions.
Therefore,

01V

V.=2dwv.—| =02V
= 2di0 S0 <0

Defined Polarities and Direction

In the following analysis, we will find it necessary to establish a set of
polarities for the sinusoidal ac voltage and a direction for the sinusoidal
ac current. In each case, the polarity and current direction will be for an
instant of time in the positive portion of the sinusoidal waveform. This
is shown in Fig. 13.10 with the symbols for the sinusoidal ac voltage FIG. 13.10

and current. A lowercase letter is employed for each to indicate that the (a) Snusoidal ac voltage sources;
quantity is time dependent; that is, its magnitude will change with time. (b) sinusoidal current sources.

@ (b)
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R L,orC |v
FIG. 13.11
The sine wave is the only alternating
waveform whose shape is not altered by the

response characteristics of a pure resistor,
inductor, or capacitor.

Sine wave
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0° 90° 18Q° 270° 0°

Cosine wave
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0° o 180° 0° 360° a
FIG. 13.12

Sne wave and cosine wave with the
horizontal axisin degrees.

/i

1radian

FIG. 13.13
Defining the radian.
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The need for defining polarities and current direction will become quite
obvious when we consider multisource ac networks. Note in the last
sentence the absence of the term sinusoidal before the phrase ac net-
works. This phrase will be used to an increasing degree as we progress,
sinusoidal is to be understood unless otherwise indicated.

13.3 THE SINE WAVE

The terms defined in the previous section can be applied to any type of
periodic waveform, whether smooth or discontinuous. The sinusoidal
waveform is of particular importance, however, since it lends itself
readily to the mathematics and the physical phenomena associated with
electric circuits. Consider the power of the following statement:

The sinusoidal waveform isthe only alternating waveform whose
shape is unaffected by the response characteristicsof R, L, and C
elements.

In other words, if the voltage across (or current through) a resistor,
coil, or capacitor is sinusoidal in nature, the resulting current (or volt-
age, respectively) for each will also have sinusoidal characteristics, as
shown in Fig. 13.11. If a square wave or a triangular wave were
applied, such would not be the case.

The unit of measurement for the horizontal axis of Fig. 13.12 is the
degree. A second unit of measurement frequently used is the radian
(rad). It is defined by a quadrant of a circle such asin Fig. 13.13 where
the distance subtended on the circumference equals the radius of the
circle.

If we define x as the number of intervals of r (the radius) around the
circumference of the circle, then

C=2ar =x0
and we find
X =27

Therefore, there are 27 rad around a 360° circle, as shown in Fig.
13.14, and

27 rad = 360° (13.4)

rrradians
(3.14 radians)

2rrradians
(6.28 radians)

FIG. 13.14
There are 27 radians in one full circle of 360°.
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with | 1rad = 57.296° = 57.3° | (135)

A number of electrical formulas contain a multiplier of . For this
reason, it is sometimes preferable to measure angles in radians rather
than in degrees.

The quantity « istheratio of the circumference of a circleto its
diameter.

« has been determined to an extended number of places primarily in
an attempt to see if a repetitive sequence of numbers appears. It does
not. A sampling of the effort appears below:

x = 3.14159 26535 89793 23846 26433. . .

Although the approximation = = 3.14 is often applied, all the calcula-
tionsin this text will use the 7 function as provided on al scientific cal-
culators.

For 180° and 360°, the two units of measurement are related as
shown in Fig. 13.14. The conversion equations between the two are the
following:

q ™
= X .
Radians ( 180°) (degrees) (13.6)
Degrees = (180 ) X (radiang) (13.7)
™
Applying these equations, we find
0. i = T °) — 1
90°: Radians 180° (90°) 5 rad
(o i — 71" °) — 1
30°: Radians 180° (30°) 6 rad
™ 180° ([«
— . D = — | = 60°
3 rad egrees - ( 3) 60
Eul rad: Degrees= 180 (ﬁ) = 270°
2 T 2

Using the radian as the unit of measurement for the abscissa, we would
obtain a sine wave, as shown in Fig. 13.15.

It is of particular interest that the sinusoidal waveform can be
derived from the length of the vertical projection of a radius vector
rotating in a uniform circular motion about a fixed point. Starting as
shown in Fig. 13.16(a) and plotting the amplitude (above and below
zero) on the coordinates drawn to the right [Figs. 13.16(b) through (i)],
we will trace a complete sinusoidal waveform after the radius vector
has completed a 360° rotation about the center.

The velocity with which the radius vector rotates about the center,
called the angular velocity, can be determined from the following
equation:

distance (degrees or radians)
time (seconds)

Angular velocity = (13.8)
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v, i, etc.
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FIG. 13.15
Plotting a sine wave versus radians.
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a=o0 0 a
Note equality
AT
(b) /(('1 =4 |
0° 45° o
P
o = 90°
@ 8 7
0 90 a
TN
(d)t/\<\o( =135 /[ i
0° 45° 90° 135° a
a = 180°
@
0° 180° o
o = 225°
225°
) :
a

270°

a = 315°

0@

Sine wave
a = 360°
0 225° 270° 315° 360°
@ 0° 45° 90° 135° 18\/ a
LiT(period)

FIG. 13.16
Generating a sinusoidal waveform through the vertical projection of a
rotating vector.

315°

~N
S g

/\
© (\ O/-\
/\




QU

Substituting into Eq. (13.8) and assigning the Greek letter omega (w)
to the angular velocity, we have

a
w=—
t

(13.9)

and (13.10)

Since w is typically provided in radians per second, the angle «
obtained using Eqg. (13.10) is usualy in radians. If « is required in
degrees, Equation (13.7) must be applied. The importance of remem-
bering the above will become obvious in the examples to follow.

In Fig. 13.16, the time required to complete one revolution is equal
to the period (T) of the sinusoidal waveform of Fig. 13.16(i). The radi-
ans subtended in this time interval are 27. Substituting, we have

=T (rad/s) (13.12)

In words, this equation states that the smaller the period of the
sinusoidal waveform of Fig. 13.16(i), or the smaller the time interval
before one complete cycle is generated, the greater must be the angu-
lar velocity of the rotating radius vector. Certainly this statement
agrees with what we have learned thus far. We can now go one step
further and apply the fact that the frequency of the generated wave-
form is inversely related to the period of the waveform; that is, f =
UT. Thus,

(rad/s) (13.12)

This equation states that the higher the frequency of the generated
sinusoidal waveform, the higher must be the angular velocity. Equations
(13.11) and (13.12) are verified somewhat by Fig. 13.17, where for the
same radius vector, » = 100 rad/s and 500 rad/s.

EXAMPLE 13.4 Determine the angular velocity of a sine wave hav-
ing a frequency of 60 Hz.

Solution:
w = 2xf = (27)(60 HZ) = 377 rad/s

(arecurring value due to 60-Hz predominance)

EXAMPLE 13.5 Determine the frequency and period of the sine wave
of Fig. 13.17(b).

Solution: Since w = 2x/T,

_ 2 _ 2w rad _ 2w rad
w 500rad/s 500 rad/s
1 1

and =t L1 _ _7958H
T~ 1257x10 °s z

= 12.57 ms
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Decreased w, increased T,

decreased f
w = 100rad/s
@ V U
— T ——»|
(€Y '
Increased w, increased T,
increased f
w = 500rad/s
@ {l a
(b) T
FIG. 13.17

Demonstrating the effect of w on the
frequency and period.
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EXAMPLE 13.6 Given w = 200 rad/s, determine how long it will take
the sinusoidal waveform to pass through an angle of 90°.

Solution: Eg. (13.10): a = «t, and

However, o must be substituted as #/2 (= 90°) since w isin radians per
second:
a wl2rad 7

t= % = 200radis _ 4005~ 18MS

EXAMPLE 13.7 Find the angle through which a sinusoidal waveform
of 60 Hz will passin a period of 5 ms.

Solution: Eg. (13.11): a = wt, or
o = 2xft = (27)(60 Hz)(5 X 10 3s) = 1.885rad

If not careful, one might be tempted to interpret the answer as
1.885°. However,
180°

o () = -~ (1.885 rad) = 108

13.4 GENERAL FORMAT FOR THE SINUSOIDAL
VOLTAGE OR CURRENT

The basic mathematical format for the sinusoidal waveform is

w19

where A, is the peak value of the waveform and « is the unit of mea-
sure for the horizontal axis, as shown in Fig. 13.18.

Am
| m 180° 27 360°
0 a (° or rad)
Am
FIG. 13.18

Basic sinusoidal function.

The equation o = wt states that the angle « through which the rotat-
ing vector of Fig. 13.16 will pass is determined by the angular velocity
of the rotating vector and the length of time the vector rotates. For
example, for a particular angular velocity (fixed w), the longer the
radius vector is permitted to rotate (that is, the greater the value of t),
the greater will be the number of degrees or radians through which the
vector will pass. Relating this statement to the sinusoidal waveform, for
a particular angular velocity, the longer the time, the greater the num-
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ber of cycles shown. For a fixed time interval, the greater the angular
velocity, the greater the number of cycles generated.

Due to Eg. (13.10), the general format of a sine wave can aso be
written

@310

with wt as the horizontal unit of measure.
For electrical quantities such as current and voltage, the general for-
mat is
i =IlpSnowt=I1,SNna
e=E,sShot=E,sSin«

where the capital letters with the subscript m represent the amplitude,
and the lowercase letters i and e represent the instantaneous value of
current or voltage, respectively, at any timet. Thisformat is particularly
important since it presents the sinusoidal voltage or current as a func-
tion of time, which is the horizontal scale for the oscilloscope. Recall
that the horizontal sensitivity of a scope is in time per division and not
degrees per centimeter.

EXAMPLE 13.8 Givene = 5sin ¢, determineeat o« = 40° and o =
0.87.

Solution: For o = 40°,
e = 5sn40° = 5(0.6428) = 3.214V
For o = 0.8,
o 180°
a(®) =
™

and e = 5sin 144° = 5(0.5878) = 2.939V

(0.87) = 144°

The conversion to degrees will not be required for most modern-day
scientific calculatorssincethey can performthefunction directly. First, be
surethat the calculator isin the RAD mode. Then simply enter theradian
measure and use the appropriate trigonometric key (sin, cos, tan, etc.).

The angle at which a particular voltage level is attained can be
determined by rearranging the equation

e=E,Sha
in the following manner:
siha = £
Em
which can be written
«=snt= (13.15)
=
Similarly, for a particular current level,
a=sntl- (13.16)
Im

The function sin™! is available on all scientific calculators.
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v (V)
Ao
1
i
!
0 o 90° a, 180° o
t t,
FIG. 13.19
Example 13.9.
e
{ 10
1
! 180° 270°  360° R
0° | 30° 90° a()
10
FIG. 13.20

Example 13.10, horizontal axisin degrees.

0]

10

s 2

a (racT)

o
oy [
Ny

2n
\ 10

FIG. 13.21
Example 13.10, horizontal axisin radians.
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EXAMPLE 13.9

a. Determine the angle at which the magnitude of the sinusoidal func-
tionv = 10sin 377tis4 V.

b. Determine the time at which the magnitude is attained.

Solutions:
a Eq. (13.15):
_-71L:-714V:-71 _ o
oy = Sin E. sin 0V sin -~ 04 = 23578

However, Figure 13.19 reveals that the magnitude of 4 V (posi-
tive) will be attained at two points between 0° and 180°. The second
intersection is determined by

ap = 180° — 23.578° = 156.422°

In general, therefore, keep in mind that Equations (13.15) and
(13.16) will provide an angle with a magnitude between 0° and 90°.

b. Eq. (13.10): o = wt, and sot = a/w. However, o must be in radians.
Thus,

j— s O —
o (rad) = 180° (23.578°) = 0.411 rad
_a _041lrad _
and t, = o 377radls 1.09 ms

For the second intersection,

o (rad) = 1ér0° (156.422°) = 2.73 rad
o 2.73 rad
t,=% = 22 — 724 ms
27w  377radls

The sine wave can also be plotted against time on the horizontal
axis. The time period for each interval can be determined fromt = a/w,
but the most direct route is simply to find the period T from T = 1/f and
break it up into the required intervals. This latter technique will be
demonstrated in Example 13.10.

Before reviewing the example, take specia note of the relative sim-
plicity of the mathematical equation that can represent a sinusoidal
waveform. Any alternating waveform whose characteristics differ from
those of the sine wave cannot be represented by a single term, but may
require two, four, six, or perhaps an infinite number of terms to be rep-
resented accurately. Additional description of nonsinusoidal waveforms
can be found in Chapter 25.

EXAMPLE 13.10 Sketch e = 10 sin 314t with the abscissa
a. angle («) in degrees.

b. angle («) in radians.

c. time (t) in seconds.

Solutions:

a. See Fig 13.20. (Note that no calculations are required.)

b. See Fig. 13.21. (Once the relationship between degrees and radians
is understood, there is again no need for calculations.)
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c. 360°: T=%—%:20ms
180°; % = 202”‘5 - 10ms
90°: % = % =5m
30°; % - 201;“5 — 167ms
See Fig. 13.22.

EXAMPLE 13.11 Giveni = 6 X 1072 sin 1000t, determine i at t =
2 ms.

Solution:
o = wt = 1000t = (1000 rad/s)(2 X 10 3s) = 2 rad
180°
°) = 2rad) = 114.59°
o () = rad (2 rad)

i = (6 X 10 3)(sin 114.59°)
= (6 mA)(0.9093) = 5.46 mA

13.5 PHASE RELATIONS

Thus far, we have considered only sine waves that have maxima at /2
and 37/2, with azero value at 0, , and 2, as shown in Fig. 13.21. If the
waveform is shifted to the right or left of 0°, the expression becomes

| Ansin(wt = 0) |

where 6 is the angle in degrees or radians that the waveform has been
shifted.

If the waveform passes through the horizontal axis with a positive-
going (increasing with time) slope before 0°, as shown in Fig. 13.23,
the expression is

(13.17)

| Aysint+6) | (13.18)

At wt = a = 0°, the magnitude is determined by A,, sin 0. If the wave-
form passes through the horizontal axis with a positive-going slope
after 0°, as shown in Fig. 13.24, the expression is

| Ausin(t — ) | (13.19)

And a wt = o = 0°, the magnitude is A, sin(—#), which, by atrigono-
metric identity, is —A, sin 6.

If the waveform crossesthe horizontal axiswith apositive-going slope
90° (w/2) sooner, asshownin Fig. 13.25, itiscalled acosinewave; that is,

sin(t + 90°) = sin(wt + %) = cos (13.20)
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le— T = 20ms
. 10
i 10 15 20 -
0(167 5 t (ms)
10
FIG. 13.22
Example 13.10, horizontal axisin
milliseconds.
| An
Ansing (m =~ 0)
i ‘
27 —0)
FIG. 13.23

Defining the phase shift for a sinusoidal
function that crosses the horizontal axis with
a positive slope before 0°.

An
@2r + 0)
| m S
e
—A,sing @
_T_
FIG. 13.24

Defining the phase shift for a sinusoidal
function that crosses the horizontal axiswith
a positive slope after 0°.

Am sino
- \/ 3
_T T 3
2 2 \2 v+ 2" o
——0 \ / o
90° N %
7
~ - P
FIG. 13.25

Phase relationship between a sine wave and a
cosine wave.
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+cosa
—sina +sina

—cosa

FIG. 13.26
Graphic tool for finding the relationship
between specific sine and cosine functions.

or Sin wt = cos(wt — 90°) = cos<wt = %) (13.21)

The terms lead and lag are used to indicate the relationship
between two sinusoidal waveforms of the same frequency plotted on
the same set of axes. In Fig. 13.25, the cosine curve is said to lead
the sine curve by 90°, and the sine curve is said to lag the cosine
curve by 90°. The 90° is referred to as the phase angle between the
two waveforms. In language commonly applied, the waveforms are
out of phase by 90°. Note that the phase angle between the two
waveforms is measured between those two points on the horizontal
axis through which each passes with the same dlope. If both wave-
forms cross the axis at the same point with the same slope, they are
in phase.

The geometric relationship between various forms of the sine and
cosine functions can be derived from Fig. 13.26. For instance, starting
at the sin o position, we find that cos « is an additional 90° in the coun-
terclockwise direction. Therefore, cos o = sin(a + 90°). For —sin «
we must travel 180° in the counterclockwise (or clockwise) direction so
that —sin o = sin(a = 180°), and so on, as listed below:

cosa = sin(a + 90°)
sina = cos(a — 90°)

—sina = sin(e = 180°) (13.22)
—cosa = sin(a + 270°) = sin(a — 90°)
etc.

In addition, one should be aware that

sin(—a) = —sina
cos(—a) = cos (13.23)

If a sinusoidal expression should appear as
e= —E,sinwt

the negative sign is associated with the sine portion of the expression,
not the peak value E,,.. In other words, the expression, if not for conve-
nience, would be written

e = E,(—sinwt)
Since
—sin wt = sin(wt = 180°)
the expression can also be written
e = E, sin(wt * 180°)
revealing that a negative sign can be replaced by a 180° change in
phase angle (+ or —); that is,

e= E,snowt = E, sin(wt + 180°)
= E, sin(wt — 180°)

A plot of each will clearly show their equivalence. There are, there-
fore, two correct mathematical representations for the functions.
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The phase relationship between two waveforms indicates which
one leads or lags, and by how many degrees or radians.

EXAMPLE 13.12 What is the phase relationship between the sinu-
soidal waveforms of each of the following sets?
a. v = 10 sin(wt + 30°)
i = 5sin(wt + 70°)
b. i = 15 sin(wt + 60°)
10 sin(wt — 20°)
= 2 cos(wt + 10°)
3 sin(wt — 10°)
—sin(wt + 30°)
2 sin(wt + 10°)
= —2 cos(wt — 60°)
3 sin(wt — 150°)

o
<7< T< <
|

Solutions:
a. SeeFig. 13.27.
i leads v by 40°, or v lagsi by 40°.

7

© 40°r 30°
—

70°

FIG. 13.27
Example 13.12; i leads v by 40°.

b. See Fig. 13.28.
i leads v by 80°, or v lagsi by 80°.

FIG. 13.28
Example 13.12; i leads v by 80°.
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c. SeeFig. 13.29.

i = 2 cos(wt + 10°) = 2 sin(wt + 10° + 90°)
= 2sin(wt + 100°)
i leads v by 110°, or v lagsi by 110°.

i
2
'
wt
FIG. 13.29
Example 13.12; i leads v by 110°.
d. SeeFig. 13.30.
ote
—sin(wt + 30°) = sin(wt + 30° — 180°)
= sin(wt — 150°)
v leadsi by 160°, or i lags v by 160°.
/ ’
[
z e 5
=T
. 2 XD o 2 e
p 10 7 3 277\/ wt
_—— N %_J — 1T
10°
- 160° —>
200°
360°
FIG. 13.30
Example 13.12; v leadsi by 160°.
Or using
Note
—sin(wt + 30°) = sin(wt + 30° + 180°)
= sin(wt + 210°)
i leads v by 200°, or v lagsi by 200°.
e. SeeFig. 13.31.
/By choice
i = —2cos(wt — 60°) = 2 cos(wt — 60° — 180°)
= 2 cos(wt — 240°)
Y
\%
~_ !
; 3
1 1 % 1 I 1 1 * 1 1" > wt
o 0 A 3. 2m S 37
2 2 2
[«—— 150° —»|

FIG. 13.31
Example 13.12; v and i arein phase.
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However, cos a = sin(a + 90°)

sothat 2 cos(wt — 240°) = 2 sin(wt — 240° + 90°)
= 2 sin(wt — 150°)
vandi arein phase.

Phase Measurements

The hookup procedure for using an oscilloscope to measure phase
angles is covered in detail in Section 15.13. However, the equation for
determining the phase angle can be introduced using Fig. 13.32. First,
note that each sinusoidal function has the same frequency, permitting
the use of either waveform to determine the period. For the waveform
chosen in Fig. 13.32, the period encompasses 5 divisions at 0.2 ms/div.
The phase shift between the waveforms (irrespective of which is lead-
ing or lagging) is 2 divisions. Since the full period represents a cycle of
360°, the following ratio [from which Equation (13.24) can be derived]
can be formed:

360° _ 0
T (no. of div.)  phase shift (no. of div.)

) B phase shift (no. of div.) < 1394
an T T(no.of div) (13.24)
Substituting into Eq. (13.24) will result in

4 (@dv) 360° = 144
— X o — o
(5div.)

and e leadsi by 144°.

13.6 AVERAGE VALUE

Even though the concept of the average value is an important one in
most technical fields, its true meaning is often misunderstood. In Fig.
13.33(a), for example, the average height of the sand may be required
to determine the volume of sand available. The average height of the
sand is that height obtained if the distance from one end to the other
is maintained while the sand is leveled off, as shown in Fig. 13.33(b).
The area under the mound of Fig. 13.33(a) will then equa the area
under the rectangular shape of Fig. 13.33(b) as determined by A =
b X h. Of course, the depth (into the page) of the sand must be the
same for Fig. 13.33(a) and (b) for the preceding conclusions to have
any meaning.

In Fig. 13.33 the distance was measured from one end to the other.
In Fig. 13.34(a) the distance extends beyond the end of the origina pile
of Fig. 13.33. The situation could be one where a landscaper would like
to know the average height of the sand if spread out over a distance
such as defined in Fig. 13.34(a). The result of an increased distance is
as shown in Fig. 13.34(b). The average height has decreased compared
to Fig. 13.33. Quite obviously, therefore, the longer the distance, the
lower is the average value.
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]
]
~ |
0 —i bl

T

/

~ 311

Vs

Vertical sensitivity =2 VV/div.
Horizontal sensitivity = 0.2 ms/div.

FIG. 13.32
Finding the phase angle between waveforms
using a dual-trace oscilloscope.

Height

Sand

— Distance —>|

@
Height ’

Average height

(b)

FIG. 13.33
Defining average value.
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4 Height
Sand
Distance ~|
@
Height ’

Average height I

| Same l
distance

(b)

FIG. 13.34
Effect of distance (Iength) on average value.

4 Height
Sand
Ground level
L' |
[«—— Distance —>|
@
Height ’
Average height
Sand I
| Same l
distance
(b)
FIG. 13.35
Effect of depressions (negative excursions) on
average value.

If the distance parameter includes a depression, as shown in Fig.
13.35(a), some of the sand will be used to fill the depression, resulting
in an even lower average value for the landscaper, as shown in Fig.
13.35(b). For a sinusoidal waveform, the depression would have the
same shape as the mound of sand (over one full cycle), resulting in an
average value at ground level (or zero volts for a sinusoidal voltage over
one full period).

After traveling a considerable distance by car, some drivers like to
calculate their average speed for the entire trip. Thisis usually done by
dividing the miles traveled by the hours required to drive that distance.
For example, if a person traveled 225 mi in 5 h, the average speed was
225 mi/5 h, or 45 mi/h. This same distance may have been traveled at
various speeds for various intervals of time, as shown in Fig. 13.36.

By finding the total area under the curve for the 5 h and then divid-
ing the area by 5 h (the total time for the trip), we obtain the same result
of 45 mi/h; that is,

area under curve
A =——— 13.25
verage speed length of curve ( )
A + A
Average speed = ———2
5h
_ (60 mi/h)(2 h) + (50 mi/h)(2.5 h)
B 5h
_25
=5 mi/h
= 45mi/h

Equation (13.25) can be extended to include any variable quantity, such
as current or voltage, if we let G denote the average value, as follows:

G ( aue) algebraic sum of areas (13.26)

average value) = .

« length of curve
Speed (mi/h)

70+
60
50f
0F A ****** e Average speed
30F 1 A,
20+
10 o 1 1 1 1

0 1 2~ 3 4 5 6 t(h

Lunch break
FIG. 13.36

Plotting speed versus time for an automobile excursion.

The algebraic sum of the areas must be determined, since some area
contributions will be from below the horizontal axis. Areas above the
axis will be assigned a positive sign, and those below, a negative sign.
A positive average value will then be above the axis, and a negative
value, below.

The average value of any current or voltage is the value indicated on
a dc meter. In other words, over a complete cycle, the average value is
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the equivalent dc value. In the analysis of electronic circuits to be con-
sidered in a later course, both dc and ac sources of voltage will be
applied to the same network. It will then be necessary to know or deter-
mine the dc (or average value) and ac components of the voltage or cur-
rent in various parts of the system.

EXAMPLE 13.13 Determine the average value of the waveforms of
Fig. 13.37.

A
1 (Square wave)
10V 14V
0 1 2 3 4 t(ms) 0 i 2 3 4 t(ms)
—10V oV
b
@ (b)
FIG. 13.37
Example 13.13.
Solutions:

a. By inspection, the area above the axis equals the area below over
one cycle, resulting in an average value of zero volts. Using Eq.
(13.26):

G = (10V)(1 ms) — (10V)(1 ms)
2ms
0

=——=0V
2ms

b. Using Eq. (13.26):
(14V)(1 ms) — (6 V)(1 ms)
2ms

14V -6V _ 8V _
2 2

G=

4V

as shown in Fig. 13.38.
In reality, the waveform of Fig. 13.37(b) is smply the square wave
of Fig. 13.37(a) with adc shift of 4V; that is,

Vo=V + 4V

EXAMPLE 13.14 Find the average values of the following waveforms
over one full cycle:

a. Fig. 13.39.

b. Fig. 13.40.
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14V
4V fompomf oo .
-6V
FIG. 13.38

Defining the average value for the waveform
of Fig. 13.37(b).

v (V)
1lcycle »
3
0 4 8
AF = = = = = g t (ms)
FIG. 13.39

Example 13.14, part (a).
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dc voltmeter (between 0 and 8 ms)

FIG. 13.41
The response of a dc meter to the waveform of
Fig. 13.39.

dc ammeter (between 0 and 10 ms)

FIG. 13.42
The response of a dc meter to the waveform of
Fig. 13.40.

FIG. 13.43
Approximating the shape of the positive pulse
of a sinusoidal waveform with two right
triangles.

>

n n 2
3 2 3T
FIG. 13.44
A better approximation for the shape of the
positive pulse of a sinusoidal waveform.

i (A)
1cycle >
Ao
0 | 6 8 ~
DY D | 2 4 I ] 10 t (ms)
-10
FIG. 13.40

Example 13.14, part (b).

Solutions:
+@V)(@ms) — (1V)(4ms) _ 12V -4V _
8ms 8
Note Fig. 13.41.
—(10V)(2ms) + (4V)(2ms) — (2V)(2ms)
10ms

_ —20V+8V -4V _ 16V _ _
= T - 16V

Note Fig. 13.42.

a G=

1V

b. G=

We found the areas under the curves in the preceding example by
using a simple geometric formula. If we should encounter a sine wave
or any other unusual shape, however, we must find the area by some
other means. We can obtain a good approximation of the area by
attempting to reproduce the origina wave shape using a number of
small rectangles or other familiar shapes, the area of which we already
know through simple geometric formulas. For example,

the area of the positive (or negative) pulse of a sinewaveis 2A,,.

Approximating this waveform by two triangles (Fig. 13.43), we obtain
(using area = 1/2 base X height for the area of atriangle) arough idea
of the actual area

b h
—of Lpon) = o (A E\an] =
Area shaded = 2( th) 2[( Z)C Zj(Ang] TAn
= 1.58A,
A closer approximation might be a rectangle with two similar trian-
gles (Fig. 13.44):
T 1 T, T 2
Area Am3 2<2bh> Am3 3Am 37rAm
= 2.09%4A,,

which is certainly close to the actual area. If an infinite number of
forms were used, an exact answer of 2A,, could be obtained. For irreg-
ular waveforms, this method can be especially useful if data such asthe
average value are desired.

The procedure of calculus that gives the exact solution 2A,, is
known as integration. Integration is presented here only to make the
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method recognizable to the reader; it is not necessary to be proficient in
its use to continue with this text. It is a useful mathematical tool, how-
ever, and should be learned. Finding the area under the positive pulse of
a sine wave using integration, we have

Areazf A Sin a do
(0]

where [ is the sign of integration, 0 and = are the limits of integration,
A Sin « is the function to be integrated, and do indicates that we are
integrating with respect to «.
Integrating, we obtain
Area = A, [—C0S a]g
= —Ay(cos m — cos 0°)
“A-1 - (D] = —An(—2)

m 2
0 T

Since we know the area under the positive (or negative) pulse, we
can easily determine the average value of the positive (or negative)
region of a sine wave pulse by applying Eqg. (13.26):

and | G=0637A, | (13.28)

For the waveform of Fig. 13.45,

_(2AW/2) _ 2A,  (averagethesame

G w2 T asfor afull pulse)

EXAMPLE 13.15 Determine the average value of the sinusoidal
waveform of Fig. 13.46.

Solution: By inspection it is fairly obvious that

the average value of a pure sinusoidal waveform over one full cycleis
zero.

Eq. (13.26):

+2An — 2An _

G=
2w

ov

EXAMPLE 13.16 Determine the average value of the waveform of
Fig. 13.47.

Solution: The peak-to-peak value of the sinusoidal function is
16 mV + 2mV = 18 mV. The peak amplitude of the sinusoidal wave-
form is, therefore, 18 mV/2 = 9 mV. Counting down 9 mV from 2 mV
(or 9 mV up from —16 mV) resultsin an average or dc level of —7 mV,
as noted by the dashed line of Fig. 13.47.
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,/
’/

’f

NI

FIG. 13.45
Finding the average value of one-half the
positive pulse of a sinusoidal waveform.

lcycle

QY

0 us 2
&

FIG. 13.46
Example 13.15.

FIG. 13.47
Example 13.16.
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10

v (V)

«——1cycle

Sine wave

2w

10 mv

FIG. 13.48
Example 13.17.

FIG. 13.49
Example 13.18.

o

EXAMPLE 13.17 Determine the average value of the waveform of
Fig. 13.48.

Solution:
_2AL+ 0 2(10V)

G 2T 2T

=318V

EXAMPLE 13.18 For the waveform of Fig. 13.49, determine whether
the average value is positive or negative, and determine its approximate
vaue.

Solution: From the appearance of the waveform, the average value
is positive and in the vicinity of 2 mV. Occasionally, judgments of this
type will have to be made.

Instrumentation

The dc level or average value of any waveform can be found using a
digital multimeter (DMM) or an oscilloscope. For purely dc circuits,
simply set the DMM on dc, and read the voltage or current levels.
Oscilloscopes are limited to voltage levels using the sequence of steps
listed below:

1. First choose GND from the DC-GND-AC option list associated
with each vertical channel. The GND option blocks any signal to
which the oscilloscope probe may be connected from entering the
oscilloscope and responds with just a horizontal line. Set the
resulting line in the middle of the vertical axis on the horizontal
axis, as shown in Fig. 13.50(a).

e N e N
‘f
Shift = 2.5 div.
ot
. J N J

@

Vertical sensitivity = 50 mV/div.
(b)

FIG. 13.50

Using the oscill oscope to measure dc voltages: (a) setting the GND condition;
(b) the vertical shift resulting from a dc voltage when shifted to the DC option.

2. Apply the oscilloscope probe to the voltage to be measured (if
not aready connected), and switch to the DC option. If a dc volt-
age is present, the horizontal line will shift up or down, as
demonstrated in Fig. 13.50(b). Multiplying the shift by the verti-
cal sensitivity will result in the dc voltage. An upward shift is a
positive voltage (higher potential at the red or positive lead of the
oscilloscope), while a downward shift is a negative voltage
(lower potential at the red or positive lead of the oscilloscope).
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In generd,

| Vi = (vertical shift in div.) X (vertical sensitivity inV/div) | (13.29)

For the waveform of Fig. 13.50(b),
Ve = (25 div.)(50 mV/div.) = 125 mV

The oscilloscope can also be used to measure the dc or average level
of any waveform using the following sequence:

1. Using the GND option, reset the horizontal line to the middle of
the screen.

2. Switch to AC (all dc components of the signal to which the probe
is connected will be blocked from entering the oscilloscope—
only the alternating, or changing, components will be displayed).
Note the location of some definitive point on the waveform, such
as the bottom of the half-wave rectified waveform of Fig.
13.51(a); that is, note its position on the vertical scale. For the
future, whenever you use the AC option, keep in mind that the
computer will distribute the waveform above and below the hori-
zontal axis such that the average value is zero; that is, the area
above the axis will equal the area below.

3. Then switch to DC (to permit both the dc and the ac components
of the waveform to enter the oscilloscope), and note the shift in
the chosen level of part 2, as shown in Fig. 13.51(b). Equation
(13.29) can then be used to determine the dc or average value of
the waveform. For the waveform of Fig. 13.51(b), the average
value is about

V, = Ve = (0.9.div)(5 V/div) = 45V

Reference || E | __iShift:O.9div.
level

(€) (b)

FIG. 13.51
Determining the average value of a nonsinusoidal waveform using the
oscilloscope: (a) vertical channel on the ac mode; (b) vertical channel on the
dc mode.

The procedure outlined above can be applied to any alternating
waveform such as the one in Fig. 13.49. In some cases the average
value may require moving the starting position of the waveform under
the AC option to a different region of the screen or choosing a higher
voltage scale. DMMs can read the average or dc level of any waveform
by ssimply choosing the appropriate scale.
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13.7 EFFECTIVE (rms) VALUES

This section will begin to relate dc and ac quantities with respect to
the power delivered to a load. It will help us determine the amplitude
of a sinusoidal ac current required to deliver the same power as a
particular dc current. The question frequently arises, How is it possi-
ble for a sinusoidal ac quantity to deliver a net power if, over a full
cycle, the net current in any one direction is zero (average value =
0)? It would almost appear that the power delivered during the posi-
tive portion of the sinusoidal waveform is withdrawn during the neg-
ative portion, and since the two are equal in magnitude, the net
power delivered is zero. However, understand that irrespective of
direction, current of any magnitude through a resistor will deliver
power to that resistor. In other words, during the positive or negative
portions of a sinusoidal ac current, power is being delivered at each
instant of time to the resistor. The power delivered at each instant
will, of course, vary with the magnitude of the sinusoidal ac current,
but there will be a net flow during either the positive or the negative
pulses with a net flow over the full cycle. The net power flow will
equal twice that delivered by either the positive or the negative
regions of sinusoidal quantity.

A fixed relationship between ac and dc voltages and currents can be
derived from the experimental setup shown in Fig. 13.52. A resistor in
awater bath is connected by switchesto adc and an ac supply. If switch
1 is closed, a dc current |1, determined by the resistance R and battery
voltage E, will be established through the resistor R. The temperature
reached by the water is determined by the dc power dissipated in the
form of heat by the resistor.

@—:;thh 2 % Switch 1M

\ R

|dc
e ac generator E-|_ dc source

FIG. 13.52
An experimental setup to establish a relationship between dc and ac quantities.

If switch 2 is closed and switch 1 left open, the ac current through
the resistor will have a peak value of |,. The temperature reached by
the water is now determined by the ac power dissipated in the form of
heat by the resistor. The ac input is varied until the temperature is the
same as that reached with the dc input. When this is accomplished, the
average electrical power delivered to the resistor R by the ac source is
the same as that delivered by the dc source.

The power delivered by the ac supply at any instant of time is

Pac = (ix)’R = (Imsin wt)’R = (13 sinwt)R
but

sinfwt = %(1 — COS 2wt) (trigonometric identity)
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Therefore,
o[1
Py =1 m[E(l — CoS Zwt)}R
12R  I2R
and Py = 5 T o COS 2wt (13.30)

The average power delivered by the ac source is just the first term,
since the average value of a cosine wave is zero even though the wave
may have twice the frequency of the original input current waveform.
Equating the average power delivered by the ac generator to that deliv-
ered by the dc source,

Pa\/(ac) = Py
12R
mT =12.R and I,= V24
m
or lge = —\/5 = 0.707l,,

which, in words, states that

the equivalent dc value of a sinusoidal current or voltageis 1/ V2 or
0.707 of its maximum value.

The equivalent dc value is called the effective value of the sinusoidal

guantity.
In summary,
| ey = lar = 0.7071,, (13.31)
or Im = V204 = 1.414l (13.32)
and | Eq = 0.707E, (13.33)
or Em = V2E4 = 1.414E« (13.34)

As asimple numerical example, it would require an ac current with
a peak value of V/2(10) = 14.14 A to deliver the same power to the
resistor in Fig. 13.52 as a dc current of 10 A. The effective value of any
quantity plotted as a function of time can be found by using the fol-
lowing equation derived from the experiment just described:

[ o
N (13.35)

or I = /%iz(t)) (13.36)

EFFECTIVE (rms) VALUES m 547



548 m SINUSOIDAL ALTERNATING WAVEFORMS C

12

i (mA)

12

which, in words, states that to find the effective value, the function i(t)
must first be squared. After i(t) is squared, the area under the curve is
found by integration. It is then divided by T, the length of the cycle or
the period of the waveform, to obtain the average or mean value of the
squared waveform. The final step is to take the square root of the mean
value. This procedure gives us another designation for the effective
value, the root-mean-square (rms) value. In fact, since thermstermis
the most commonly used in the educational and industrial communities,
it will used throughout this text.

EXAMPLE 13.19 Find the rms values of the sinusoidal waveform in
each part of Fig. 13.53.

(mA)

T
/\ /\ /\ 169|.7V

\/13

@

VU=V ="

(b) ©

FIG. 13.53
Example 13.19.

Solution: For part (a), I;ms = 0.707(12 X 107 % A) = 8.484 mA.
For part (b), again |, = 8.484 mA. Note that frequency did not
change the effective value in (b) above compared to (a). For part (c),
Vims = 0.707(169.73 V) = 120V, the same as available from a home
outlet.

EXAMPLE 13.20 The 120-V dc source of Fig. 13.54(a) delivers
3.6 W to the load. Determine the peak value of the applied voltage
(Ewn and the current (I,) if the ac source [Fig. 13.54(b)] is to
deliver the same power to the load.

lgc Jac
e<E.
+
E—=—120V | P = 36 W P =36W
Load @ Load
@ (b)
FIG. 13.54

Example 13.20.
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Solution:
Pd(: = Vdcldc
P 3.6W
and o=~ =" =30mA
©7 Ve 120V

I = V2l = (1.414)(30 mA) = 42.42 mA
Em = V2E, = (1.414)(120V) = 169.68V

EFFECTIVE (rms) VALUES m 549

EXAMPLE 13.21 Find the effective or rms value of the waveform of
Fig. 13.55.

Solution:
v (Fig. 13.56):

_ 9@+ M@ _ /40 _
Vims = | o -~ \/; = 2236V

EXAMPLE 13.22 Calculate the rms value of the voltage of Fig. 13.57.

v (V)
lcycle
N [
] gy pap—— 4- - - -6——18 10 t(y
-10
FIG. 13.57
Example 13.22.

Solution:
v? (Fig. 13.58):
v — \/(100)(2) +(16)(2 + () _ \/240

10 10
=4899V
V2 (V)
100
16
Ly L - _ .
0 2 4 6 8 10 t(9

FIG. 13.58
The sguared waveform of Fig. 13.57.

v (V)
1lcycle ;
3 l
|
0 4 8:
oo 1 e
FIG. 13.55
Example 13.21.
V2 (V)
9
12=1
| P _Ll
0 4 8§ 1

FIG. 13.56
The squared waveform of Fig. 13.55.



550 m SINUSOIDAL ALTERNATING WAVEFORMS C

v(Vv)
40

0 10 20 t (ms)

A0 - -
=— 1cycle—|

FIG. 13.59
Example 13.23.

1600 = = =

0 10 20 t (ms)

FIG. 13.60
The squared waveform of Fig. 13.59.

EXAMPLE 13.23 Determine the average and rms values of the square
wave of Fig. 13.59.

Solution: By inspection, the average value is zero.

v? (Fig. 13.60):

_[(1600)(10 X 103 + (1600)(10 X 103
Vrms -

20X 1073
/32,000 X 10°° _ | 7ess
= [ — /1600
20X 1073
Vs = 40V

(the maximum value of the waveform of Fig. 13.60)

The waveforms appearing in these examples are the same as those
used in the examples on the average value. It might prove interesting to
compare the rms and average values of these waveforms.

The rms values of sinusoidal quantities such as voltage or current
will be represented by E and |. These symbols are the same as those
used for dc voltages and currents. To avoid confusion, the peak value
of a waveform will aways have a subscript m associated with it I,
sin wt. Caution: When finding the rms value of the positive pulse of a
sine wave, note that the squared area is not simply (2A,)? = 4A%; it
must be found by a completely new integration. This will always be
the case for any waveform that is not rectangular.

A unique situation arises if awaveform has both adc and an ac com-
ponent that may be due to a source such as the one in Fig. 13.61. The
combination appears frequently in the analysis of electronic networks
where both dc and ac levels are present in the same system.

V1
+

+
3sinwt 75V
_ as 6V
45V

6V

If 0 t

FIG. 13.61
Generation and display of a waveform having a dc and an ac component.

The question arises, What is the rms value of the voltage v{? One
might be tempted to simply assume that it is the sum of the rms values
of each component of the waveform; that is, V¢ = 0.7071(1.5V) +
6V =106V + 6V = 7.06 V. However, the rms value is actualy
determined by

Vims =V V%Jc + Vaz\c(rms) (13-37)
which for the above example is
Vims = V(6V)? + (1.06 V)2

='V37.124V
=6.1V
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This result is noticeably less than the above solution. The development
of Eg. (13.37) can be found in Chapter 25.

Instrumentation

It is important to note whether the DMM in use is a true rms meter or
simply a meter where the average value is calibrated (as described in
the next section) to indicate the rms level. A true rms meter will read
the effective value of any waveform (such as Figs. 13.49 and 13.61)
and is not limited to only sinusoidal waveforms. Since the label true
rms is normally not placed on the face of the meter, it is prudent to
check the manua if waveforms other than purely sinusoidal are to be
encountered. For any type of rms meter, be sure to check the manual for
its frequency range of application. For most it is less than 1 kHz.

13.8 ac METERS AND INSTRUMENTS

The d’' Arsonval movement employed in dc meters can also be used to
measure sinusoidal voltages and currents if the bridge rectifier of Fig

13.62 is placed between the signal to be measured and the average read-
ing movement.
The bridge rectifier, composed of four diodes (electronic switches), movement

will convert the input signa of zero average value to one having an v

average value sensitive to the pesk value of the input signal. The con-

version process is well described in most basic electronics texts. Fun-

damentally, conduction is permitted through the diodes in such a man-

ner as to convert the sinusoidal input of Fig. 13.63(a) to one having the

appearance of Fig. 13.63(b). The negative portion of the input has been
effectively “flipped over” by the bridge configuration. The resulting
waveform of Fig. 13.63(b) is called a full-wave rectified waveform.

+0

ol

FIG. 13.62
Full-wave bridge rectifier.

Vi Vmovement
| V/ey S Vo beogme----- 5
m m V. = 0.637V,
0 77\/277 a 0 T 2r «
VA SR —
@ (b)
FIG. 13.63

(a) Sinusoidal input; (b) full-wave rectified signal.

The zero average value of Fig. 13.63(a) has been replaced by a pat-
tern having an average value determined by
2V, + 2V, 4V, 2V,
=0 T = —0 = —% =0.637V,

27 2w T

The movement of the pointer will therefore be directly related to the
peak value of the signal by the factor 0.637.
Forming the ratio between the rms and dc levels will result in

Vims _ 0.707V,,
Ve  0.637V,

=111
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Vmovement
Vin | -
S Vg = 0.318V,
T 21T
FIG. 13.64
Half-wave rectified signal.
| ﬁ
' r L
FIG. 13.65

Electrodynamometer movement. (Courtesy of
W\eston Instruments, Inc.)

revealing that the scale indication is 1.11 times the dc level measured
by the movement; that is,

| Meter indication = 1.11 (dc or average value) | full-wave (13.38)

Some ac meters use a half-wave rectifier arrangement that results in
the waveform of Fig. 13.64, which has half the average value of Fig.
13.63(b) over one full cycle. The result is

| Meter indication = 2.22 (dc or average value) | half-wave (13.39)

A second movement, caled the electrodynamometer movement
(Fig. 13.65), can measure both ac and dc quantities without a change in
internal circuitry. The movement can, in fact, read the effective value of
any periodic or nonperiodic waveform because a reversal in current
direction reverses the fields of both the stationary and the movable
coils, so the deflection of the pointer is always up-scale.

The VOM, introduced in Chapter 2, can be used to measure both dc
and ac voltages using a d’ Arsonval movement and the proper switching
networks. That is, when the meter is used for dc measurements, the dial
setting will establish the proper series resistance for the chosen scale
and will permit the appropriate dc level to pass directly to the move-
ment. For ac measurements, the dial setting will introduce a network
that employs afull- or half-wave rectifier to establish adc level. As dis-
cussed above, each setting is properly calibrated to indicate the desired
quantity on the face of the instrument.

EXAMPLE 13.24 Determine the reading of each meter for each situ-
ation of Fig. 13.66(a) and (b).

d’Arsonval
movement
rmsscale de a
+ +
(full-wave > >
rectifier) < 20v 2V = 20V
© _ _
Voltmeter P
o 7
(1) o)
@
Electrodynamometer
movement
rmsscale »| dc
+ +
—_—25V @e = 15 sin 200t
o - a
\oltmeter .
ot 7
(€N @)
(b)
FIG. 13.66

Example 13.24.



QU

Solution: For Fig. 13.66(a), situation (1): By Eq. (13.38),
Meter indication = 1.11(20V) = 22.2V
For Fig. 13.66(a), situation (2):
Vims = 0.707V,, = 0.707(20V) = 14.14V
For Fig. 13.66(b), situation (1):
Vims = Vge = 25V
For Fig. 13.66(b), situation (2):
Vims = 0.707V,, = 0.707(15V) = 10.6 V

Most DMMs employ a full-wave rectification system to convert the
input ac signal to one with an average value. In fact, for the DMM of
Fig. 2.27, the same scale factor of Eq. (13.38) is employed; that is, the
average value is scaled up by a factor of 1.11 to obtain the rms value.
In digital meters, however, there are no moving parts such as in the
d’Arsonva or electrodynamometer movements to display the signal
level. Rather, the average value is sensed by a multiprocessor integrated
circuit (1C), which in turn determines which digits should appear on the
digital display.

Digital meters can also be used to measure nonsinusoidal signals,
but the scale factor of each input waveform must first be known (nor-
mally provided by the manufacturer in the operator’'s manual). For
instance, the scale factor for an average responding DMM on the ac rms
scale will produce an indication for a square-wave input that is 1.11
times the peak value. For atriangular input, the response is 0.555 times
the peak value. Obviously, for a sine wave input, the response is 0.707
times the peak value.

For any instrument, it is always good practice to read (if only briefly)
the operator’'s manual if it appears that you will use the instrument on a
regular basis.

For frequency measurements, the frequency counter of Fig. 13.67
provides a digital readout of sine, square, and triangular waves from
5 Hz to 100 MHz at input levels from 30 mV to 42 V. Note the relative
simplicity of the panel and the high degree of accuracy available.

The Amp-Clamp® of Fig. 13.68 is an instrument that can measure
aternating current in the ampere range without having to open the cir-
cuit. The loop is opened by squeezing the “trigger”; then it is placed
around the current-carrying conductor. Through transformer action, the
level of current in rms units will appear on the appropriate scale. The
accuracy of thisinstrument is 3% of full scale at 60 Hz, and its scales
have maximum values ranging from 6 A to 300 A. The addition of two
leads, as indicated in the figure, permits its use as both a voltmeter and
an ohmmeter.

One of the most versatile and important instruments in the electron-
ics industry is the oscilloscope, which has aready been introduced in
this chapter. It provides a display of the waveform on a cathode-ray
tube to permit the detection of irregularities and the determination of
quantities such as magnitude, frequency, period, dc component, and so
on. The analog oscilloscope of Fig. 13.69 can display two waveforms at
the same time (dual-channel) using an innovative interface (front
panel). It employs menu buttons to set the vertical and horizontal scales
by choosing from selections appearing on the screen. One can also store
up to four measurement setups for future use.

ac METERS AND INSTRUMENTS m 553

FIG. 13.67
Frequency counter. (Courtesy of Tektronix,
Inc.)

_ il

FIG. 13.68
Amp-Clamp®. (Courtesy of Smpson
Instruments, Inc.)

FIG. 13.69
Dual-channel oscilloscope. (Courtesy of
Tektronix, Inc.)
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A student accustomed to watching TV might be confused when
first introduced to an oscilloscope. There is, at least initidly, an
assumption that the oscilloscope is generating the waveform on the
screen—much like a TV broadcast. However, it is important to
clearly understand that

an oscilloscope displays only those signals generated elsewhere and
connected to the input terminals of the oscilloscope. The absence of
an external signal will smply result in a horizontal line on the screen
of the scope.

On most modern-day oscilloscopes, there is a switch or knob with
the choice DC/IGND/AC, as shown in Fig. 13.70(a), that is often
ignored or treated too lightly in the early stages of scope utilization.
The effect of each position is fundamentally as shown in Fig. 13.70(b).
In the DC mode the dc and ac components of the input signal can pass
directly to the display. In the AC position the dc input is blocked by the
capacitor, but the ac portion of the signal can pass through to the
screen. In the GND position the input signal is prevented from reaching
the scope display by a direct ground connection, which reduces the
scope display to a single horizonta line.

&~ “Oslore ( one
isplay ] —=° ;
GND | -L- N 6GND Input Slgnal
DC ! = L———oncC
@ (b)
FIG. 13.70

AC-GND-DC switch for the vertical channel of an oscilloscope.

13.9 APPLICATIONS
(120V at 60 Hz) versus (220V at 50 Hz)

In North and South America the most common available ac supply is
120V at 60 Hz, while in Europe and the Eastern countries it is 220 V
at 50 Hz. The choices of rms value and frequency were obviously made
carefully because they have such an important impact on the design and
operation of so many systems.

The fact that the frequency difference is only 10 Hz reveals that
there was agreement on the general frequency range that should be used
for power generation and distribution. History suggests that the ques-
tion of frequency selection was originally focused on that frequency
that would not exhibit flicker in the incandescent lamps available in
those days. Technically, however, there really wouldn't be a noticeable
difference between 50 and 60 cycles per second based on this criterion.
Another important factor in the early design stages was the effect of fre-
guency on the size of transformers, which play a major role in power
generation and distribution. Working through the fundamental equa-
tions for transformer design, you will find that the size of a transformer
is inversely proportional to frequency. The result is that transformers
operating at 50 Hz must be larger (on a purely mathematical basis about
17% larger) than those operating at 60 Hz. You will therefore find that
transformers designed for the international market where they can oper-
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ate on 50 Hz or 60 Hz are designed around the 50-Hz frequency. On the
other side of the coin, however, higher frequencies result in increased
concerns about arcing, increased losses in the transformer core due to
eddy current and hysteresis losses (Chapter 19), and skin effect phe-
nomena (Chapter 19). Somewhere in the discussion we must consider
the fact that 60 Hz is an exact multiple of 60 seconds in a minute and
60 minutes in an hour. Since accurate timing is such a critical part of
our technological design, was this a significant motive in the final
choice? There is also the question about whether the 50 Hz is a result
of the close affinity of this value to the metric system. Keep in mind
that powers of 10 are all powerful in the metric system, with 100 cm in
ameter, 100°C the boiling point of water, and so on. Note that 50 Hz is
exactly half of this special number. All in all, it would seem that both
sides have an argument that would be worth defending. However, in the
final analysis, we must also wonder whether the difference is simply
political in nature.
The difference in voltage between North America and Europe is a
different matter entirely in the sense that the difference is close to
100%. Again, however, there are valid arguments for both sides. There
is no question that larger voltages such as 220 V raise safety issues
beyond those raised by voltages of 120 V. However, when higher volt-
ages are supplied, there is less current in the wire for the same power
demand, permitting the use of smaller conductors—a real money saver.
In addition, motors, compressors, and so on, found in common home
appliances and throughout the industrial community can be smaller in
size. Higher voltages, however, aso bring back the concern about arc-
ing effects, insulation requirements, and, due to real safety concerns,
higher installation costs. In general, however, international travelers are
prepared for most situations if they have a transformer that can convert
from their home level to that of the country they plan to visit. Most
equipment (not clocks, of course) can run quite well on 50 Hz or 60 Hz
for most travel periods. For any unit not operating at its design fre-
quency, it will simply have to “work a little harder” to perform the ]
given task. The major problem for the traveler is not the transformer " 1[ ’t '
itself but the wide variety of plugs used from one country to another. i ’
Each country has its own design for the “female” plug in the wall. For .1 “f I '
the three-week tour, this could mean as many as 6 to 10 different plugs
of the type shown in Fig. 13.71. For a 120-V, 60-Hz supply, the plug is
quite standard in appearance with its two spade leads (and possible
ground connection).

In any event, both the 120 V at 60 Hz and the 220 V at 50 Hz are FIG. 13.71
obviously meeting the needs of the consumer. It is a debate that could Variety of plugs for a 220-V, 50-Hz
go on at length without an ultimate victor. connection.

Safety Concerns (High Voltages and dc versus ac)

Be aware that any “live” network should be treated with a calculated
level of respect. Electricity in its various forms is not to be feared but
should be employed with some awareness of its potentially dangerous
side effects. It is common knowledge that electricity and water do not
mix (never use extension cords or plug in TVs or radios in the bath-
room) because a full 120 V in a layer of water of any height (from a
shallow puddle to a full bath) can be lethal. However, other effects of
dc and ac voltages are less known. In general, as the voltage and cur-
rent increase, your concern about safety should increase exponentially.
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V(volts)

170

120V rms
ac voltage

FIG 13.72
Interval of time when sinusoidal voltage is
near zero volts.

For instance, under dry conditions, most human beings can survive a
120-V ac shock such as obtained when changing a light bulb, turning
on a switch, and so on. Most electricians have experienced such a jolt
many times in their careers. However, ask an electrician to relate how it
feelsto hit 220V, and the response (if he or she has been unfortunate to
have had such an experience) will be totaly different. How often have
you heard of a back-hoe operator hitting a 220-V line and having a fatal
heart attack? Remember, the operator is sitting in a metal container on
a damp ground which provides an excellent path for the resulting cur-
rent to flow from the line to ground. If only for a short period of time,
with the best environment (rubber-sole shoes, etc.), in a situation where
you can quickly escape the situation, most human beings can also sur-
vive a 220-V shock. However, as mentioned above, it is one you will
not quickly forget. For voltages beyond 220 V rms, the chances of sur-
vival go down exponentially with increase in voltage. It takes only
about 10 mA of steady current through the heart to put it in defibrilla-
tion. In genera, therefore, aways be sure that the power is discon-
nected when working on the repair of electrica eguipment. Don’t
assume that throwing a wall switch will disconnect the power. Throw
the main circuit breaker and test the lines with a voltmeter before work-
ing on the system. Since voltage is a two-point phenomenon, don’t be a
hero and work with one line at at time—accidents happen!

You should also be aware that the reaction to dc voltagesis quite dif-
ferent from that to ac voltages. You have probably seen in movies or
comic strips that people are often unable to let go of a hot wire. Thisis
evidence of the most important difference between the two types of
voltages. As mentioned above, if you happen to touch a“hot” 120-V ac
line, you will probably get a good sting, but you can let go. If it hap-
pens to be a “hot” 120-V dc line, you will probably not be able to let
go, and a fatality could occur. Time plays an important role when this
happens, because the longer you are subjected to the dc voltage, the
more the resistance in the body decreases until a fatal current can be
established. The reason that we can let go of an ac line is best demon-
strated by carefully examining the 120-V rms, 60-Hz voltage in Fig.
13.72. Since the voltage is oscillating, there is a period of time when the
voltage is near zero or less than, say, 20V, and is reversing in direction.
Although this time interval is very short, it appears every 8.3 ms and
provides a window to let go.

Now that we are aware of the additional dangers of dc voltages, it is
important to mention that under the wrong conditions, dc voltages as
low as 12 V such as from a car battery can be quite dangerous. If you
happen to be working on a car under wet conditions, or if you are
swesating badly for some reason or, worse yet, wearing a wedding ring
that may have moisture and body salt underneath, touching the positive
terminal may initiate the process whereby the body resistance begins to
drop and serious injury could take place. It is one of the reasons you
seldom see a professional electrician wearing any rings or jewelry—it
is just not worth the risk.

Before leaving this topic of safety concerns, you should also be
aware of the dangers of high-frequency supplies. We are all aware of
what 2.45 GHz at 120V can do to a meat product in a microwave oven.
As discussed in Chapter 5, it is therefore very important that the seal
around the oven be as tight as possible. However, don’t ever assume
that anything is absolutely perfect in design—so don’t make it a habit
to view the cooking process in the microwave 6 in. from the door on a
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continuing basis. Find something else to do, and check the food only
when the cooking process is complete. If you ever visit the Empire
State Building, you will notice that you are unable to get close to the
antenna on the dome due to the high-frequency signals being emitted
with a great deal of power. Also note the large KEEP OUT signs near
radio transmission towers for local radio stations. Standing within 10 ft
of an AM transmitter working at 540 kHz would bring on disaster. Sim-
ply holding (not to be tried!) a fluorescent bulb near the tower could
make it light up due to the excitation of the molecules inside the bulb.
In total, therefore, treat any situation with high ac voltages or cur-
rents, high-energy dc levels, and high frequencies with added care.

Bulb Savers

Ever since the invention of the light bulb, consumers have clamored for
ways to extend the life of a bulb. | can remember the days when | was
taught to aways turn a light off when leaving a room and not to play
with a light switch because it cost us a penny (at a time when a penny
had some real value) every time | turned the switch on and off. Through
advanced design we now have bulbs that are guaranteed to last a num-
ber of years. They cost more, but there is no need to replace the bulb as
often, and over time there is a financia savings. For some of us it is
simply a matter of having to pay so much for a single bulb.

For interest sake, | measured the cold dc resistance of a standard
60-W bulb and found it to be about 14 ). Forgetting any inductive
effects due to the filament and wire, this would mean a current of
120 V/14 O = 8.6 A when the light is first turned on. This is a fairly
heavy current for the filament to absorb when you consider that the nor-
mal operating current is 60 W/120 V = 0.5 A. Fortunately, it lasts for
only a few milliseconds, as shown in Fig. 13.73(a), before the bulb
heats up, causing the filament resistance to quickly increase and cut the
current down to reasonable levels. However, over time, hitting the bulb
with 8.6 A every time you turn the switch on will take its toll on the fil-
ament, and eventualy the filament will simply surrender its natura
characteristics and open up. You can easily tell if abulb is bad by sim-
ply shaking it and listening for the clinking sound of the broken fila-
ment hitting the bulb. Assuming an initial current of 8.6 A for a single
bulb, if the light switch controlled four 60-W bulbs in the same room,
the surge current through the switch could be as high as 4(8.6 A) =
34.4 A as shown in Fig. 13.73(b), which probably exceeds the rating of
the breaker (typically 20 A) for the circuit. However, the saving graceis
that it lasts for only a few milliseconds, and circuit breakers are not
designed to react that quickly. Even the GFI safety breakers in the bath-
room are typically rated at a 5-ms response time. However, when you
look at the big picture and imagine all these spikes on the line gener-
ated throughout a residential community, it is certainly a problem that
the power company has to deal with on a continuing basis.

One way to suppress this surge current is to place an inductor in
series with the bulb to choke out the spikes down the line. This method,
in fact, leads to one way of extending the life of alight bulb through the
use of dimmers. Any well-designed dimmer (such as the one described
in Chapter 12) has an inductor in the line to suppress current surges.
The results are both an extended life for the bulb and the ability to con-
trol the power level. Left on in the full voltage position, the switch
could be used as a regular switch and the life of the bulb could be
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FIG 13.73

Surge currents: (a) single 60-W bulb; (b) four
parallel 60-W bulbs.
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bV (volts) p V(volts)
170+ 170+ / Vapplied
120V rms //
ac voltage /
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FIG. 13.74
Turn-on voltage: (a) equal to or greater than one-half the peak value; (b) when
a dimmer isused.

extended. In fact, many dimmers now use triacs designed to turn on
only when the applied voltage passes through zero. If welook at the full
sine wave of Fig. 13.74(a), we find that the voltage is at least half of its
maximum value of 85 V for a full two-thirds of each cycle, or about
67% of the time. The chances, therefore, of your turning on alight bulb
with at least 85V on the line is far better than 2 to 1, so you can expect
the current for a 60-W light bulb to be at least 85V/14 () = 6 A 67%
of the time, which exceeds the rated 0.5-A rated value by 1100%. If we
use a dimmer with a triac designed to turn on only when the applied
voltage passes through zero or shortly thereafter, as shown in Fig.

o) =

@

120-V rmsline

/Ilam

(forppo_sitive region -
of applied voltage) High resistance

e
pek Low —

Open circuits for resistance Ve
positive region of d
applied voltage

- 0

— Vy
e High resistance
= Return (diode open circuit)

(b) ©

FIG. 13.75
Bulb saver: (a) external appearance; (b) basic operation; (c) diode
characteristics at high current levels.
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13.74(b), the applied voltage will increase from about zero volts, giving
the bulb time to warm up before the full voltage is applied.

Another commercial offering to extend the life of light bulbs is the
smaller circular disc shown in Fig. 13.75(a) which is inserted between
the bulb and the holder. Contacts are provided on both sides to permit
conduction through the simple diode network shown in Fig. 13.75(b).
You may recall from an earlier chapter that the voltage across diodes in
the on state is 0.7 V as shown for each diode in Fig. 13.75(b) for the
positive portion of the input voltage. The result is that the voltage to the
bulb is reduced by about 1.4 V throughout the cycle, reducing the
power delivered to the bulb. For most situations the reduced lighting is
not a problem, and the bulb will last longer simply because it is not
pressed to work at full output. However, the real saving in the deviceis
the manner in which it could help suppress the surge currents through
the light bulb. The true characteristics of a diode are shown in Fig.
13.75(c) for the full range of currents through the diode. For most
applications in electronic circuits, the vertical region is employed. For
excessive currents the diode characteristics flatten out as shown. This
region is characterized as having a large resistance (compared to very
small resistance of the vertical region) which will come into play
when the bulb is first turned on. In other words, when the bulb is first
turned on, the current will be so high that the diode will enter its high-
resistance region and by Ohm’'s law will limit the surge current—
thereby extending the life of the bulb. The two diodes facing the other
way are for the negative portion of the supply voltage.

New methods of extending the life of bulbs hit the marketplace every
day. All in all, however, one guaranteed way to extend the life of your
bulbs is to return to the old philosophy of turning lights off when you
leave aroom, and “Don’t play with the light switch!”

13.10 COMPUTER ANALYSIS

PSpice

OrCAD Capture offers a variety of ac voltage and current sources.
However, for the purposes of this text, the voltage source VSIN and
the current source ISIN are the most appropriate because they have a
list of attributes that will cover current areas of interest. Under the
library SOURCE, a number of others are listed, but they don't have
the full range of the above, or they are dedicated to only one type of
analysis. On occasion, ISRC will be used because it has an arrow
symbol like that appearing in the text, and it can be used for dc, ac,
and some transient analyses. The symbol for ISIN is smply a sine
wave which utilizes the plus-and-minus sign to indicate direction. The
sources VAC, IAC, VSRC, and ISRC are fine if the magnitude and
the phase of a specific quantity are desired or if atransient plot against
frequency is desired. However, they will not provide a transient
response against time even if the frequency and the transient informa-
tion are provided for the simulation.

For al of the sinusoidal sources, the magnitude (VAMPL) is the
peak value of the waveform and not the rms value. This will become
clear when a plot of a quantity is desired and the magnitude cal cul ated
by PSpice is the peak value of the transient response. However, for a
purely steady-state ac response, the magnitude provided can be the rms
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value, and the output read as the rms value. Only when aplot is desired
will it be clear that PSpice is accepting every ac magnitude as the peak
value of the waveform. Of course, the phase angle is the same whether
the magnitude is the peak or the rms value.

Before examining the mechanics of getting the various sources,
remember that

Transient Analysis provides an ac or a dc output versustime, while
AC Sweep is used to abtain a plot versus frequency.

To obtain any of the sources listed above, apply the following sequence:
Place part key-Place Part dialog box-Source-(enter type of source).
Once selected the ac source VSIN will appear on the schematic with
VOFF, VAMPL, and FREQ. Always specify VOFF as 0 V (unless a
specific value is part of the analysis), and provide a value for the ampli-
tude and frequency. The remaining quantities of PHASE, AC, DC, DF,
and TD can be entered by double-clicking on the source symbol to
obtain the Property Editor, athough PHASE, DF (damping factor),
and TD (time delay) do have adefault of 0 s. To add a phase angle, sim-
ply click on PHASE, enter the phase angle in the box below, and then
select Apply. If you want to display a factor such as a phase angle of
60°, simply click on PHASE followed by Display to obtain the Dis-
play Properties dialog box. Then choose Name and Value followed by
OK and Apply, and leave the Properties Editor dialog box (X) to see
PHASE=60 next to the VSIN source. The next chapter will include the
use of the ac source in a simple circuit.

Electronics Workbench

For EWB, the ac voltage source is available from two sources—the
Sources parts bin and the Function Generator. The major difference
between thetwo isthat the phase angle can be set when using the Sour ces
parts bin, whereas it cannot be set using the Function Generator.

Under Sour ces, the ac voltage source is the fourth option down on
the left column of the toolbar. When selected and placed, it will display
the default values for the amplitude, frequency, and phase. All the param-
eters of the source can be changed by double-clicking on the source
symbol to obtain the AC Voltage dialog box. The Voltage Amplitude
and Voltage RMS are interlinked so that when you change one, the
other will change accordingly. For the 1V default value, the rms value
is automatically listed as 0.71 (not 0.7071 because of the hundredths-
place accuracy). Note that the unit of measurement is controlled by the
scrolls to the right of the default label and cannot be set by typing in the
desired unit of measurement. The label can be changed by smply
switching the Label heading and inserting the desired label. After all
the changes have been made in the AC Voltage dialog box, click OK,
and all the changes will appear next to the ac voltage source symbol. In
Fig. 13.76 the label was changed to Vs and the amplitude to 10 V while
the frequency and phase angle were left with their default values. It is
particularly important to realize that

for any frequency analysis (that is, where the frequency will change),
the AC M agnitude of the ac source must be set under Analysis Setup
in the AC Voltage dialog box. Failure to do so will create results
linked to the default values rather than the value set under the Value
heading.
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Using the oscill oscope to display the sinusoidal ac voltage source available in

the Electronics Workbench Sources tool bin.

To view the sinusoidal voltage set in Fig. 13.76, an oscilloscope can
be selected from the I nstrument toolbar at the right of the screen. It is
the fourth option down and has the appearance shown in Fig. 13.76
when selected. Note that it is a dual-channel oscilloscope with an A
channel and a B channel. It has a ground (G) connection and a trigger
(T) connection. The connections for viewing the ac voltage source on
the A channel are provided in Fig. 13.76. Note that the trigger control
is also connected to the A channel for sync control. The screen appear-
ing in Fig. 13.76 can be displayed by double-clicking on the oscillo-
scope symbol on the screen. It has &l the mgjor controls of a typica
laboratory oscilloscope. When you select Simulate-Run or select 1 on
the Simulate Switch, the ac voltage will appear on the screen. Chang-
ing the Time base to 100 us/div. will result in the display of Fig. 13.76
since there are 10 divisions across the screen and 10(100us) = 1 ms
(the period of the applied signal). Changes in the Time base are made
by simply clicking on the default value to obtain the scrolls in the same
box. It is important to remember, however, that

changesin the oscilloscope setting or any network should not be
made until the simulation is ended by disabling the Simulate-Run
option or placing the Simulate switch in the 0 mode.

The options within the time base are set by the scroll bars and can-
not be changed—again they match those typically available on a labo-
ratory oscilloscope. The vertical sensitivity of the A channel was auto-
matically set by the program at 5 V/div. to result in two vertical boxes
for the peak value as shown in Fig. 13.76. Note the AC and DC key
pads below Channel A. Since there is no dc component in the applied
signal, either one will result in the same display. The Trigger control is
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set on the positive transition at alevel of 0 V. The T1 and T2 refer to
the cursor positions on the horizontal time axis. By simply clicking on
the small red triangle at the top of the red line at the far |eft edge of the
screen and dragging the triangle, you can move the vertical red line to
any position along the axis. In Fig.13.76 it was moved to the peak value
of the waveform at ¥4 of the total period or 0.25 ms = 250 us. Note the
value of T1 (250.3 us) and the corresponding value of VA1 (10.0V). By
moving the other cursor with a blue triangle at the top to ¥2 the total
period or 0.5 ms = 500 us, we find that the value at T2 (500.3 us) is
—18.9 mV (VA2), which is approximately 0 V for a waveform with a
peak value of 10 V. The accuracy is controlled by the number of data
points called for in the simulation setup. The more data points, the
higher the likelihood of a higher degree of accuracy for the desired
quantity. However, an increased number of data points will also extend
the running time of the simulation. The third display box to the right
gives the difference between T2 and T1 as 250 pus and difference
between their magnitudes (VA2-VA1) as —10 V, with the negative sign
appearing because VA1 is greater than VA2.

As mentioned above, an ac voltage can aso be obtained from the
Function Generator appearing as the second option down on the
I nstrument toolbar. Its symbol appearsin Fig. 13.77 with positive, neg-
ative, and ground connections. Double-click on the generator graphic
symbol, and the Function Generator-XFG1 dialog box will appear in
which selections can be made. For this example, the sinusoidal wave-
form is chosen. The Frequency is set at 1 kHz, the Amplitudeis set at
10V, and the Offset isleft at 0 V. Note that there is no option to set the
phase angle as was possible for the source above. Double-clicking on the
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FIG. 13.77

Using the function generator to place a sinusoidal ac voltage waveform on the

screen of the oscilloscope.
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oscilloscope will generate the oscilloscope on which a Timebase of
100 pg/div. can be set again with a vertical sensitivity of 5 V/div. Select
1 on the Simulate switch, and the waveform of Fig. 13.77 will appear.
Choosing Singular under Trigger will result in afixed display; then set
the Simulate switch on 0 to the end the simulation. Placing the cursors
in the same position shows that the waveforms for Figs. 13.76 and 13.77
are the same.

For most of the EWB analyses to appear in this text, the
AC_VOLTAGE_SOURCE under Sources will be employed. How-
ever, with such a limited introduction to EWB, it seemed appropriate
to introduce the use of the Function Generator because of its close
linkage to the laboratory experience.

C++

Calculating the Average Value of a Waveform The absence of
any network configurations to analyze in this chapter severely limits the
content with respect to packaged computer programs. However, the
door is till wide open for the application of a language to write pro-
grams that can be helpful in the application of some of the concepts
introduced in the chapter. In particular, let us examine the C++ pro-
gram of Fig. 13.78, designed to calculate the average value of a pulse
waveform having up to 5 different levels.

The program begins with a heading and preprocessor directive.
Recall that the iostream.h header file sets up the input-output path

Heading[ //C++ Average Waveform Voltage Calculation
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Pﬁiﬁiﬁ”[#include <iostream.h> //needed for input/output
main()
|
Define float Vave; //average value of waveform
form float Vlevel; //voltage level during time Tlevel
and float VTsum = 0; //used for adding voltage-time products
e float T = 0; //total waveform time
of float Tlevel; //time duration of Vlevel
bl int levels; //the number of levels in the waveform
VETELES || int count; //loop counter
Obtain
#of cout << "How many levels do you wish to enter (1..5) ? ";
levals L cin >> levels; //get number of levels from user
Body r for(count = 1; count <= levels; count++) //begin loop
of {
program cout << "\n";
cout << "Enter voltage level " << count << ": ';
Iterative cin >> Vlevel; //get voltage from user
for cout << "Enter time for level " << count << ": ";
statement cin >> Tlevel; //g9et time from user
VTsum += Vlevel * Tlevel; //add product to VTsum
T += Tlevel; //add Tlevel to total waveform time
}
M Vave = VTsum / T; //calculate average value
CalculateVave[ Cout << "\n“ :
Display cout << "The average value of the waveform is ";
results cout << Vave << " volts.\n";

FIG. 13.78

C++ program designed to cal cul ate the average value of a waveformwith up

to five positive or negative pulses.
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FIG. 13.79

\Waveform with five pulses to be analyzed by
the C++ program of Fig. 13.78.

between the program and the disk operating system. Note that the main
() part of the program extends al the way down to the bottom, asiden-
tified by the braces{ }. Within this region all the calculations will be
performed, and the results will be displayed.

Within the main () part of the program, al the variables to be
employed in the calculations are defined as floating point (decimal val-
ues) or integer (whole numbers). The comments on the right identify
each variable. Thisis followed by a display of the question about how
many levels will be encountered in the waveform using cout (comment
out). The cin (comment in) statement permits a response from the user.

Next, the loop statement for is employed to establish a fixed number
of repetitions of the sequence appearing within the parentheses () for
a number of loops defined by the variable levels. The format of this for
statement is such that the first entry within the parentheses () is the
initial value of the variable count (1 in this case), followed by a semi-
colon and then a test expression determining how many times the
sequence to follow will be repeated. In other words, if levelsis 5, then
the first pass through the for statement will result in 1 being compared
to 5, and the test expression will be satisfied because 5 is greater than
or equal to 1 (< =). On the next pass, count will be increased to 2, and
the same test will be performed. Eventually count will equal 5, the test
expression will not be satisfied, and the program will move to its next
statement, which is Vave = VT sum/T. The last entry count++ of the
for statement simply increments the variable count after each iteration.
The first line within the for statement calls for aline to be skipped, fol-
lowed by a question on the display about the level of voltage for the
first time interval. The question will include the current state of the
count variable followed by a colon. In C++ all character outputs must
be displayed in quotes (not required for numerical values). However,
note the absence of the quotes for count since it will be a numerical
value. Next the user enters the first voltage level through cin, followed
by arequest for the time interval. In this case units are not provided but
simply measured as an increment of the whole; that is, if the total
period is 5 us and the first interval is 2 us, then just a 2 is entered.

The area under the pulse is then calculated to establish the variable
VTsum, which was initialy set a 0. On the next pass the value of
VTsum will be the value obtained by the first run plus the new area. In
other words, VTsum is a storage for the total accumulated area. Simi-
larly, T is the accumulated sum of the time intervals.

Following a FALSE response from the test expression of the for
statement, the program will move to calculate the average value of the
waveform using the accumulated values of the area and time. A line is
then skipped; and the average value is displayed with the remaining
cout statements. Brackets have been added aong the edge of the pro-
gram to help identify the various components of the program.

A program is now available that can find the average value of any
pulse waveform having up to five positive or negative pulses. It can be
placed in storage and simply called for when needed. Operations such as
the above are not available in either form of PSpice or in any commer-
cialy available software package. It took the knowledge of a language
and a few minutes of time to generate a short program of lifetime value.

Two runs will clearly reveal what will be displayed and how the out-
put will appear. The waveform of Fig. 13.79 has five levels, entered as
shown in the output file of Fig. 13.80. Asindicated the average value is
1.6 V. The waveform of Fig. 13.81 has only three pulses, and the time
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FIG. 13.81
Waveform with three pulses to be analyzed by
the C++ program of Fig. 13.78.

FIG. 13.80
Output results for the waveform of Fig. 13.79.

FIG. 13.82
Output results for the waveform of Fig. 13.81.

interval for each is different. Note the manner in which the time inter-
vals were entered. Each is entered as amultiplier of the standard unit of
measure for the horizontal axis. The variable levels will be only 3,
requiring only three iterations of the for statement. The result is a neg-
ative value of —0.933V, as shown in the output file of Fig. 13.82.

PROBLEMS v(v)

SECTION 13.2 Sinusoidal ac Voltage Characteristics
and Definitions

1. For the periodic waveform of Fig. 13.83:
a. Find the period T. 0
b. How many cycles are shown?
¢. What is the frequency?
*d. Determine the positive amplitude and peak-to-peak
value (think!).

\Mo 16 Mo t (ms)

FIG. 13.83
Problem 1.

oF - - - =
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2. Repeat Problem 1 for the periodic waveform of Fig.

13.84.
v (V)
10
0 5 10 15 20 25 30 35 tps)
-10
FIG. 13.84
Problems 2, 9, and 47.

3. Determine the period and frequency of the sawtooth

waveform of Fig. 13.85.
v (V)
) 7I/I/I/I/
0 6 16 26 36 t(m9
FIG. 13.85
Problems 3 and 48.

4. Findthe period of aperiodic waveformwhosefrequency is
a. 25Hz. b. 35 MHz.
c. 55kHz. d. 1Hz.

5. Find the frequency of a repeating waveform whose
period is
a. 1/60s. b. 0.01s.
c. 34 ms d. 25 us.

6. Find the period of a sinusoidal waveform that completes
80 cyclesin 24 ms.

7. If a periodic waveform has a frequency of 20 Hz, how
long (in seconds) will it take to complete five cycles?

8. What is the frequency of a periodic waveform that com-
pletes 42 cyclesin 6 s?

4 ) 9. Sketch a periodic square wave like that appearing in Fig.
13.84 with a frequency of 20,000 Hz and a peak value of
10 mv.
/ \ / \ / \ 10. For the oscilloscope pattern of Fig. 13.86:

a. Determine the peak amplitude.
b. Find the period.
\ / \ / c. Calculate the frequency.
Redraw the oscilloscope pattern if a +25-mV dc level
were added to the input waveform.

Vertical sensitivity = 50 mV/div.
Horizontal sensitivity = 10 ug/div.

FIG. 13.86
Problem 10.
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SECTION 13.3 The Sine Wave

11.

12.

13.

14.

15.

16.

17.

Convert the following degrees to radians:
a. 45° b. 60°

c. 120° d. 270°

e 178° f. 221°
Convert the following radians to degrees:
a wl/4 b. 7/6

C. 35T d. i

e 3w f. 0.557
Find the angular velocity of a waveform with a period of
a. 2s b. 0.3 ms.
c. 4pus d xs

Find the angular velocity of awaveform with a frequency
of

a. 50 Hz. b. 600 Hz.

c. 2kHz d. 0.004 MHz.

Find the frequency and period of sine waves having an
angular velocity of

a. 754 rad/s. b. 8.4 radls.

c. 6000 rad/s. d. 5 radls.

Given f = 60 Hz, determine how long it will take the
sinusoidal waveform to pass through an angle of 45°.

If a sinusoidal waveform passes through an angle of 30°
in 5 ms, determine the angular velocity of the waveform.

SECTION 13.4 General Format for the Sinusoidal
Voltage or Current

18.

19.

20.

21.

22.

23.
24.
*25.

*26.

Find the amplitude and frequency of the following
waves:

a. 20sin 377t b. 5sin 754t
c¢. 10° sin 10,000t d. 0.001 sin 942t
e —7.6sn436t f. (s) sin 6.283t

Sketch 5 sin 754t with the abscissa

a. anglein degrees.

b. anglein radians.

c. timein seconds.

Sketch 10° sin 10,000t with the abscissa
a. angle in degrees.

b. anglein radians.

c. timein seconds.

Sketch —7.6 sin 43.6t with the abscissa
a. angle in degrees.
b. anglein radians.
c. timein seconds.

If e = 300 sin 157t, how long (in seconds) does it take
this waveform to complete 1/2 cycle?

Giveni = 0.5sin «, determinei at o« = 72°.
Givenv = 20 sin «, determinev at o = 1.27.

Given v = 30 X 102 sin «, determine the angles at
which v will be 6 mV.

Ifv=40V a « = 30° and t = 1 ms, determine the
mathematical expression for the sinusoidal voltage.

PROBLEMS m 567
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SECTION 13.5 Phase Relations

27. Sketch sin(377t + 60°) with the abscissa
a. angle in degrees.
b. anglein radians.
c. timein seconds.

28. Sketch the following waveforms:

a. 50 sin(wt + 0°) b. —20 sin(wt + 2°)
c. 5sin(wt + 60°) d. 4 cos wt
e. 2 cos(wt + 10°) f. —5 cos(wt + 20°)
29. Find the phase relationship between the waveforms of
each set:

a. v = 4sin(wt + 50°)
i = 6sin(wt + 40°)
b. v = 25sin(wt — 80°)
i =5 x 10 3 sin(wt — 10°)
c. v=0.2sin(wt — 60°)
i = 0.1sin(wt + 20°)
d. v = 200 sin(wt — 210°)
i = 25 sin(wt — 60°)
*30. Repeat Problem 29 for the following sets:
a. v = 2cos(wt — 30° b. v = —1sin(wt + 20°
i = 5sin(wt + 60°) i = 10 sin(wt — 70°)
Cc. V= —4cos(wt + 90°
i = —2sin(wt + 10°)
31. Write the analytical expression for the waveforms of Fig.
13.87 with the phase angle in degrees.

v (V) i(A)
f = 1000 Hz

25 - |- f = 60 Hz 2,”_>
3

wt

mla_t:

- -3 x 107

@ (b)
FIG. 13.87
Problem 31.

32. Repesat Problem 31 for the waveforms of Fig. 13.88.

v (V) i (A)

00L[- - - - -~ f=25Hz - 42 x 10°®
/\ /\ f = 10kHz

o
f
by [
N
<
4
| o

\/ ot

@ (b)

FIG. 13.88
Problem 32.
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*33. The sinusoidal voltage v = 200 sin(271000t + 60°) is
plotted in Fig. 13.89. Determine the time t,.

*34. The sinusoidal current i = 4 sin(50,000t — 40°) is plot-
ted in Fig. 13.90. Determine the time t,.

Vv
1 l tl 1 1 n l 1 1
U 0 htl_’lv 2T t —W\j(j Itl T \7 t (us)
60°1— —40°

FIG. 13.89 FIG. 13.90
Problem 33. Problem 34.

*35. Determine the phase delay in milliseconds between the e T ~
following two waveforms: ¥

v = 60 sin(1800t + 20°) =
i = 1.2 sin(1800t — 20°)

36. For the oscilloscope display of Fig. 13.91: (R p i N [ [
a. Determine the period of each waveform. /
b. Determine the frequency of each waveform. 3
c. Find the rms value of each waveform. \/
d. Determine the phase shift between the two waveforms
and which leads or lags.

Vertical sensitivity = 0.5 V/div.
Horizontal sensitivity = 1 mg/div.

FIG. 13.91
Problem 36.

SECTION 13.6 Average Value

37. For the waveform of Fig. 13.92:
a. Determine the period.
b. Find the frequency.
c. Determine the average value.
d. Sketch the resulting oscilloscope display if the verti-
cal channel is switched from DC to AC.

AAA SAYA
LY/ VY

Vertical sensitivity = 10 mV/div.
Horizontal sensitivity = 0.2 ms/div.

FIG. 13.92
Problem 37.
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38. Find the average value of the periodic waveforms of Fig.
13.93 over one full cycle.

v (V) i (MA)
6 F----—---—_
3 =
0 1 3 t 0 4 6 8 t
® 9 4 (ms)
3
1lcycle
@ (b)
FIG. 13.93
Problem 38.
39. Find the average value of the periodic waveforms of Fig.
13.94 over one full cycle.
v (V) i (mA)
1cycle |
10
5 -
0
/ wt
/_5 L
10+

FIG. 13.94
Problem 39.

*40. a. By the method of approximation, using familiar geo-
metric shapes, find the area under the curve of Fig.
13.95 from zero to 10 s. Compare your solution with
the actual area of 5 volt-seconds (V- S).
b. Find the average value of the waveform from zero to

10s.
v (V)
|
e e - S
1~ 0981 t
0.951 V=g
1 /0.865 e
v =1-¢t 0.368
0.632 A\ 0.135
' 0049
N 0019
' 0007
1 1 1 1 1 1 1 1 ] »
of, 1 2 3 4 5 6 7 8 9 10 t(9)

FIG. 13.95
Problem 40.
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*41.

For the waveform of Fig. 13.96:

a. Determine the period.

b. Find the frequency.

c. Determine the average value.

d. Sketch the resulting oscilloscope display if the verti-
cal channel is switched from DC to AC.

SECTION 13.7 Effective (rms) Values

42.

45.

Find the rms values of the following sinusoidal wave-
forms:

a. v =20sn 754t

b. v =7.07 sin 377t

c. i = 0.006 sin(400t + 20°)

d. i =16 x 10 3 sin(377t — 10°)

. Write the sinusoidal expressions for voltages and cur-

rents having the following rms values at a frequency of
60 Hz with zero phase shift:
a. 1414V

c. 0.06A

b. 70.7V
d. 24 uA

. Find the rms value of the periodic waveform of Fig.

13.97 over one full cycle.

Find the rms value of the periodic waveform of Fig.
13.98 over one full cycle.

v (V)

1cycle !

-1
-2

|6|7891011

46.

47.

48.

1 2 3 4 5 12 t(9

FIG. 13.97
Problem 44.

What are the average and rms values of the square wave
of Fig. 13.99?

What are the average and rms values of the waveform of
Fig. 13.84?

What is the average value of the waveform of Fig. 13.85?
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e B\
N J
Vertical sengitivity = 10 mV/div.
Horizontal sensitivity = 10 ug/div.
FIG. 13.96
Problem 41.
v (V)
I

3 lcycle L
2__|_|
1k
o 1 3 4 5 [67 8 9 1011 |12 t(9
1+
2k _,_
-3F

FIG. 13.98

Problem 45.

v (V)
1lcycle
10
0 4 8 t (ms)
-10
FIG. 13.99

Problem 46.
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Vertical sensitivity = 20 mV/div.
Horizontal sensitivity = 10 ug/div.

@
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49. For each waveform of Fig. 13.100, determine the period,
frequency, average value, and rms value.

4 + N

VLV

v

Vertical sensitivity = 0.2 V/div.
Horizontal sensitivity = 50 us/div.

(b)

FIG. 13.100
Problem 49.

SECTION 13.8 ac Meters and Instruments
50. Determine the reading of the meter for each situation of

Fig. 13.101.
d’ Arsonval movement 1
le = 4MA ac
rms scale
(half-wave
rectifier) DS - .
32 kQ § v = 16 sin(377t + 20°)
O - E—— -
o —— |
Voltmeter
@ (b)
FIG. 13.101
Problem 50.

GLOSSARY

Alternating waveform A waveform that oscillates above
and below a defined reference level.

Amp-Clamp® A clamp-typeinstrument that will permit non-
invasive current measurements and that can be used asacon-
ventional voltmeter or ohmmeter.

SECTION 13.10 Computer Analysis

Programming Language (C++, QBASIC, Pascal, etc.)

51. Given a sinusoidal function, write a program to deter-
mine the rms value, frequency, and period.

52. Given two sinusoidal functions, write a program to deter-
mine the phase shift between the two waveforms, and
indicate which is leading or lagging.

53. Given an alternating pulse waveform, write a program to

determine the average and rms values of the waveform
over one complete cycle.

Angular velocity The velocity with which a radius vector
projecting a sinusoidal function rotates about its center.
Average value The level of a waveform defined by the con-
dition that the area enclosed by the curve above this level is
exactly equal to the area enclosed by the curve below this

level.
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Cycle A portionof awaveform containedin oneperiod of time.

Effective value The equivalent dc value of any aternating
voltage or current.

Electrodynamometer meters Instruments that can measure
both ac and dc quantities without a change in internal cir-
cuitry.

Frequency (f) The number of cycles of a periodic waveform
that occur in 1 second.

Frequency counter  Aninstrument that will provide a digital
display of the frequency or period of a periodic time-vary-
ing signal.

Instantaneous value The magnitude of a waveform at any
instant of time, denoted by lowercase |etters.

Oscilloscope  Aninstrument that will display, through the use
of a cathode-ray tube, the characteristics of a time-varying
signal.

Peak amplitude The maximum value of awaveform as mea-
sured from its average, or mean, value, denoted by upper-
case letters.

Peak-to-peak value The magnitude of the total swing of
a signal from positive to negative peaks. The sum of the
absolute values of the positive and negative peak values.
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Peak value The maximum value of a waveform, denoted by
uppercase letters.

Period (T) Thetime interval between successive repetitions
of a periodic waveform.

Periodic waveform A waveform that continually repeats
itself after a defined time interval.

Phase relationship An indication of which of two wave-
forms leads or lags the other, and by how many degrees or
radians.

Radian (rad) A unit of measure used to define a particular
segment of a circle. One radian is approximately equal to
57.3°; 2w rad are equal to 360°.

Root-mean-square (rms) value The root-mean-square or
effective value of a waveform.

Sinusoidal ac waveform  An aternating waveform of unique
characteristics that oscillates with equal amplitude above
and below a given axis.

VOM A multimeter with the capability to measure resistance
and both ac and dc levels of current and voltage.

Waveform  The path traced by a quantity, plotted as a func-
tion of some variable such as position, time, degrees, tem-
perature, and so on.






