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12.1 INTRODUCTION

We have examined the resistor and the capacitor in detail. In this chap-
ter we shall consider a third element, the inductor, which has a number
of response characteristics similar in many respects to those of the
capacitor. In fact, some sections of this chapter will proceed paralel to
those for the capacitor to emphasize the similarity that exists between
the two elements.

12.2 FARADAY’S LAW OF
ELECTROMAGNETIC INDUCTION

If a conductor is moved through a magnetic field so that it cuts mag-
netic lines of flux, a voltage will be induced across the conductor, as
shown in Fig. 12.1. The greater the number of flux lines cut per unit
time (by increasing the speed with which the conductor passes through
the field), or the stronger the magnetic field strength (for the same tra-

Motion

FIG. 12.1
Generating an induced voltage by moving a
conductor through a magnetic field.
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FIG. 12.2
Demonstrating Faraday's law.
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FIG. 12.3
Demonstrating the effect of Lenz's law.
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In the early 1800s the title Professor of Natural Phi-
losophy was applied to educators in the sciences. As
a student and teacher at the Albany Academy, Henry
performed extensive research in the area of electro-
magnetism. He improved the design of electromag-
nets by insulating the coil wire to permit a tighter
wrap on the core. One of his earlier designs was
capable of lifting 3600 pounds. In 1832 he discov-
ered and delivered a paper on self-induction. This
was followed by the construction of an effective elec-
tric telegraph transmitter and receiver and extensive
research on the oscillatory nature of lightning and
discharges from a Leyden jar. In 1845 he was
appointed the first Secretary of the Smithsonian.

FIG. 124
Joseph Henry.
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versing speed), the greater will be the induced voltage across the con-
ductor. If the conductor is held fixed and the magnetic field is moved so
that its flux lines cut the conductor, the same effect will be produced.

If acoil of N turns is placed in the region of a changing flux, asin
Fig. 12.2, a voltage will be induced across the coil as determined by
Faraday’s law:

N 92

e =
at

(volts, V) (12.1)

where N represents the number of turns of the coil and d¢/dt is the
instantaneous change in flux (in webers) linking the coil. The term link-
ing refers to the flux within the turns of wire. The term changing sim-
ply indicates that either the strength of the field linking the coil changes
in magnitude or the coil is moved through the field in such a way that
the number of flux lines through the coil changes with time.

If the flux linking the coil ceases to change, such as when the coil
simply sits still in a magnetic field of fixed strength, d¢/dt = 0, and the
induced voltage e = N(d¢/dt) = N(0) = 0.

12.3 LENZ'S LAW

In Section 11.2 it was shown that the magnetic flux linking a coil of N
turns with a current | has the distribution of Fig. 12.3.

If the current increases in magnitude, the flux linking the coil also
increases. It was shown in Section 12.2, however, that a changing flux
linking a coil induces a voltage across the coil. For this coil, therefore,
an induced voltage is developed across the coil due to the change in
current through the coil. The polarity of this induced voltage tends to
establish a current in the coil that produces a flux that will oppose any
change in the original flux. In other words, the induced effect (g,¢) isa
result of the increasing current through the coil. However, the resulting
induced voltage will tend to establish a current that will oppose the
increasing change in current through the coil. Keep in mind that thisis
al occurring simultaneously. The instant the current begins to increase
in magnitude, there will be an opposing effect trying to limit the
change. It is “choking” the change in current through the coil. Hence,
the term choke is often applied to the inductor or coil. In fact, we will
find shortly that the current through a coil cannot change instanta-
neously. A period of time determined by the coil and the resistance of
the circuit is required before the inductor discontinues its opposition to
a momentary change in current. Recall a similar situation for the volt-
age across a capacitor in Chapter 10. The reaction above is true for
increasing or decreasing levels of current through the coil. This effect is
an example of a general principle known as Lenz's law, which states
that

aninduced effectisalwayssuch asto opposethe causethat producedit.

12.4 SELF-INDUCTANCE

The ability of a coil to oppose any change in current is a measure of the
self-inductance L of the coil. For brevity, the prefix self is usualy
dropped. Inductance is measured in henries (H), after the American
physicist Joseph Henry (Fig. 12.4).
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Inductors are coils of various dimensions designed to introduce
specified amounts of inductance into a circuit. The inductance of a coil
varies directly with the magnetic properties of the coil. Ferromagnetic
materials, therefore, are frequently employed to increase the inductance
by increasing the flux linking the coil.

A close approximation, in terms of physical dimensions, for the
inductance of the coils of Fig. 12.5 can be found using the following
equation:

L = (henries, H) (12.2)

where N represents the number of turns; u, the permeability of the core
(as introduced in Section 11.4; recal that p is not a constant but
depends on the level of B and H since u = B/H); A, the area of the core
in square meters; and |, the mean length of the core in meters.
Substituting g = u, po into Eq. (12.2) yields
NzﬂrMoA NZM’OA
L= A

and 123

where L, is the inductance of the coil with an air core. In other words,
the inductance of a coil with a ferromagnetic core is the relative per-
meability of the core times the inductance achieved with an air core.

Equations for the inductance of coils different from those shown
above can be found in reference handbooks. Most of the equations are
more complex than those just described.

EXAMPLE 12.1 Find the inductance of the air-core coil of Fig. 12.6.

Solution:

B= Beto = (Do) = Ko
ad? _ (m)(4 % 10 *m)?

A= =1257x 10 °m?
4 4 m
_ N%moA (100 %(4r X 1077 WHIAI)(12.57 X 10~° m?)
Lo = =
I 0.1lm
=158 puH

EXAMPLE 12.2 Repeat Example 12.1, but with an iron core and con-
ditions such that p, = 2000.

Solution: By Eq. (12.3),
L = u, L, = (2000)(1.58 X 10 ®H) = 3.16 mH

12.5 TYPES OF INDUCTORS

Practical Equivalent

Inductors, like capacitors, are not ideal. Associated with every inductor
are a resistance equal to the resistance of the turns and a stray capaci-
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N turns

¢ (LRI

T

Magnetic or nonmagnetic core
Solenoid (for (IE >>10)

@

N turns A

Magnetic or
nonmagnetic core

Toroid

(b)

FIG. 12.5
Inductor configurations for which Equation
(12.2) is appropriate.

L | = 100 mm Air (Mo)
d = 4mm
100 turns

FIG. 12.6
Example 12.1.
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Resistance of the Inductance of
turns of wire coil
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FIG. 12.7
Complete equivalent model for an inductor.
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L R L

FIG. 12.8
Practical equivalent model for an inductor.
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tance due to the capacitance between the turns of the coil. To include
these effects, the equivalent circuit for the inductor is as shown in Fig.
12.7. However, for most applications considered in this text, the stray
capacitance appearing in Fig. 12.7 can be ignored, resulting in the
equivalent model of Fig. 12.8. The resistance R, can play an important
role in the analysis of networks with inductive elements. For most
applications, we have been able to treat the capacitor as an ideal ele-
ment and maintain a high degree of accuracy. For the inductor, however,
R must often be included in the analysis and can have a pronounced
effect on the response of a system (see Chapter 20, “Resonance”). The
level of R can extend from a few ohms to a few hundred ohms. Keep
in mind that the longer or thinner the wire used in the construction of
the inductor, the greater will be the dc resistance as determined by R =
pl/A. Our initial analysis will treat the inductor as an ideal element.
Once a general feeling for the response of the element is established,
the effects of R, will be included.

Symbols

The primary function of the inductor, however, is to introduce induc-
tance—not resistance or capacitance—into the network. For this reason,
the symbols employed for inductance are as shown in Fig. 12.9.

Air-core Iron-core  Variable
(permeability-tuned)

FIG. 12.9
Inductor symbols.

Appearance

All inductors, like capacitors, can be listed under two general headings:
fixed and variable. The fixed air-core and iron-core inductors were
described in the last section. The permeability-tuned variable coil has a
ferromagnetic shaft that can be moved within the coil to vary the flux
linkages of the coil and thereby its inductance. Severa fixed and vari-
able inductors appear in Fig. 12.10.

Testing

The primary reasons for inductor failure are shorts that develop
between the windings and open circuits in the windings due to factors
such as excessive currents, overheating, and age. The open-circuit con-
dition can be checked easily with an ohmmeter (o ohms indication), but
the short-circuit condition is harder to check because the resistance of
many good inductors is relatively small and the shorting of a few wind-
ings will not adversely affect the total resistance. Of course, if one is
aware of the typical resistance of the coil, it can be compared to the
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(b)

(d) C) (f)

FIG. 12.10

Various types of inductors: (a) toroidal power inductor (1.4 pH to 5.6 mH)
(courtesy of Microtan Co., Inc.); (b) surface-mount inductorson reels (0.1 uH
through 1000 uH on 500-piece reelsin 46 values) (courtesy of Bell Industries);

(c) molded inductors (0.1 pH to 10 pH); (d) high-current filter inductors
(24 uH at 60 A to 500 pH at 15 A); (e) toroid filter inductors (40 puH to 5 H);
(f) air-coreinductors (1 to 32 turns) for high-frequency applications. [Parts (c)

through (f) courtesy of Dale Electronics, Inc.]

measured value. A short between the windings and the core can be
checked by simply placing one lead of the meter on one wire (terminal)
and the other on the core itself. An indication of zero ohms reflects a
short between the two because the wire that makes up the winding has
an insulation jacket throughout. The universal LCR meter of Fig. 10.20
can be used to check the inductance level.

Standard Values and Recognition Factor

The standard values for inductors employ the same numerical multipli-
ers used with resistors and inductors. Like the capacitor, the most com-
mon employ the same numerical multipliers as the most common resis-
tors, that is, those with the full range of tolerances (5%, 10%, and
20%), as appearing in Table 3.8. However, inductors are also readily
available with the multipliers associated with the 5% and 10% resistors
of Table 3.8. In general, therefore, expect to find inductors with the fol-
lowing multipliers: 0.1 pH, 0.12 puH, 0.15 pH, 0.18 uH, 0.22 uH, 0.27
uH, 0.33 uH, 0.39 uH, 0.47 uH, 0.56 uH, 0.68 uH, and 0.82 uH, and
then 1 mH, 1.2 mH, 1.5 mH, 1.8 mH, 2.2 mH, 2.7 mH, and so on.
Figure 12.11 was devel oped to establish a recognition factor when it
comes to the various types and uses for inductors—in other words, to
help the reader develop the skills to identify types of inductors, their
typical range of values, and some of the most common applications.
Figure 12.11 is certainly not all-inclusive, but it does offer afirst step in
establishing a sense for what to expect for various applications.
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Type: Open Core Coil

Typical Values: 3 mH to 40 mH
Applications: Used in low-pass
filter circuits. Found in speaker
crossover networks.

Type: Toroid Coil

Typical Values: 1 mH to 30 mH
Applications: Used asachokein AC
power lines circuitsto filter transient
and reduce EMI interference. This
coil isfound in many electronic
appliances.

Type: Hash Choke Coil

Typical Values: 3 uH to1 mH
Applications: Used in AC supply
linesthat deliver high currents.

Type: Delay Line Cail

Type: RF Chokes

Typical Values: 10 uH to 50 uH
Applications: Used inradio,
television, and communication
circuits. Found inAM, FM, and
UHF circuits.

Type: Moiled Coils

Typical Values: 0.1 uH to 100 uH
Applications: Used in awide variety
of circuit such as oscillators, filters,
pass-band filters, and others.

Type: Surface Mounted Inductors
Typical Values: 0.01pH to 100 yH
Applications: Found in many

Typical Values: 10 uH to 50 uH
Applications: Used in color
televisionsto correct for timing
differences between the color

Plastic tube electronic circuits that require
3" miniature components on
multilayered PCB.
Coil Inner

signal and black and whitesignal. ~ Fiber
insulator

core

Type: Adjustable RF Coil

Type: Common Mode Choke Coil Typical Values: 1 uH to 100 uH @
Typical Values: 0.6 mH to 50 mH Applications: Variable inductor —
Applications: Usedin AC linefilters, used in oscillators and various RF il
switching power supplies, battery circuits such as CB transceivers, ﬁ
charges and other electronic equipment. televisions, and radios.

FIG. 12.11

Typical areas of application for inductive elements.

12.6 INDUCED VOLTAGE

The inductance of a coil is also a measure of the change in flux linking
a coil due to a change in current through the coil; that is,

_ N
L=N-J (H) (12.4)

where N is the number of turns, ¢ isthe flux in webers, and i is the cur-
rent through the cail. If a change in current through the coil fails to
result in asignificant change in the flux linking the coil through its cen-
ter, the resulting inductance level will be relatively small. For this rea-
son the inductance of a coil is sensitive to the point of operation on the
hysteresis curve (described in detail in Section 11.8). If the coil is oper-
ating on the steep slope, the change in flux will be relatively high for a
change in current through the cail. If the coil is operating near or in sat-
uration, the change in flux will be relatively small for the same change
in current, resulting in areduced level of inductance. This effect is par-
ticularly important when we examine ac circuits since a dc level asso-
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ciated with the applied ac signal may put the coil at or near saturation,
and the resulting inductance level for the applied ac signa will be sig-
nificantly less than expected. You will find that the maximum dc current
isnormally provided in supply manuals and data sheets to ensure avoid-
ance of the saturation region.

Equation (12.4) also revedls that the larger the inductance of a coil
(with N fixed), the larger will be the instantaneous change in flux
linking the coil due to an instantaneous change in current through the
coil.

If we write Eq. (12.1) as

(e[ de\idi
& =N _(N d )(dt)

and substitute Eq. (12.4), we then have

_ g
o =L (V) (12.5)

revealing that the magnitude of the voltage across an inductor is directly
related to the inductance L and the instantaneous rate of change of cur-
rent through the coil. Obviously, therefore, the greater the rate of
change of current through the coil, the greater will be the induced volt-
age. This certainly agrees with our earlier discussion of Lenz's law.

When induced effects are employed in the generation of voltages
such as those available from dc or ac generators, the symbol e is appro-
priate for the induced voltage. However, in network analysis the voltage
across an inductor will always have a polarity such as to oppose the
source that produced it, and therefore the following notation will be
used throughout the analysis to come:

=L = 12.6
VL ot ( )

If the current through the cail fails to change at a particular instant,
the induced voltage across the coil will be zero. For dc applications,
after the transient effect has passed, di/dt = 0, and the induced voltage
is

di
=L = L(0) =0V

Recall that the equation for the current of a capacitor is the follow-

ing:

Note the similarity between this equation and Eq. (12.6). In fact, if we
apply the duality v<si (that is, interchange the two) and L < C for
capacitance and inductance, each eguation can be derived from the
other.

The average voltage across the coil is defined by the equation

vi, =L %‘t (V) (12.7)

INDUCED VOLTAGE m 479
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where A signifies finite change (a measurable change). Compare this to
ic = C(AV/At), and the meaning of A and application of this equation
should be clarified from Chapter 10. An example follows.

EXAMPLE 12.3 Find the waveform for the average voltage across the
coil if the current through a 4-mH cail is as shown in Fig. 12.12.

i (mA)
10+
5|
o T 2 3 4 5 6 7 8 9 10t
FIG. 12.12
Example 12.3.
Solutions:

a 0to 2 ms: Sincethereis no change in current through the coil, there
is no voltage induced across the coil; that is,

Ai 0
VL_LAt_LAt_O
b. 2msto4 ms:
Ai _3,,/10X 103A 3
V=L =(4x10 H)<2X10_3S> 20 X 1073V
=20mV
Cc. 4msto 9 ms:
Ai _3,,/10X 1073A 3
=L —=(-4X ——_—|=-8X
A LAt (-4 %10 H)(5x103s) 8 X 10°°V
= -8mV
d. 9 msto o
Ai 0
VL_LAt_LAt_O

The waveform for the average voltage across the coil is shown in
Fig. 12.13. Note from the curve that

v, (mV)
201
10+
0 | | 1 1 1 1 | |
12345678|910t(ms)
_10,

FIG. 12.13
\oltage across a 4-mH coil due to the current of Fig. 12.12.
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the voltage across the coil is not determined solely by the magnitude
of the changein current through the cail (Ai), but also by the rate of
change of current through the coil (Ai/At).

A similar statement was made for the current of a capacitor due to a
change in voltage across the capacitor.

A careful examination of Fig. 12.13 will also reveal that the area
under the positive pulse from 2 ms to 4 ms equals the area under the
negative pulse from 4 ms to 9 ms. In Section 12.13, we will find that
the area under the curves represents the energy stored or released by
the inductor. From 2 ms to 4 ms, the inductor is storing energy,
whereas from 4 ms to 9 ms, the inductor is releasing the energy
stored. For the full period zero to 10 ms, energy has simply been
stored and released; there has been no dissipation as experienced for
the resistive elements. Over a full cycle, both the idea capacitor and
inductor do not consume energy but simply store and release it in their
respective forms.

12.7 R-L TRANSIENTS: STORAGE CYCLE

The changing voltages and current that result during the storing of
energy in the form of a magnetic field by an inductor in adc circuit can
best be described using the circuit of Fig. 12.14. At the instant the
switch is closed, the inductance of the coil will prevent an instantaneous
change in current through the coil. The potential drop across the coil,
vy, will equal the impressed voltage E as determined by Kirchhoff’'s
voltage law since vg = iR = (0)R = 0 V. The current i_ will then build
up from zero, establishing a voltage drop across the resistor and a cor-
responding drop in v,. The current will continue to increase until the
voltage across the inductor drops to zero volts and the full impressed
voltage appears across the resistor. Initialy, the current i, increases
quite rapidly, followed by a continually decreasing rate until it reaches
its maximum value of E/R.

You will recall from the discussion of capacitors that a capacitor has
a short-circuit equivalent when the switch is first closed and an open-
circuit equivalent when steady-state conditions are established. The
inductor assumes the opposite equivalents for each stage. The instant
the switch of Fig. 12.14 is closed, the equivalent network will appear as
shown in Fig. 12.15. Note the correspondence with the earlier com-
ments regarding the levels of voltage and current. The inductor obvi-
ously meets all the requirements for an open-circuit equivalent: v, = E
volts, and i, = OA.

When steady-state conditions have been established and the storage
phase is complete, the “equivalent” network will appear as shown in
Fig. 12.16. The network clearly reveals the following:

An ideal inductor (R, = 042) assumes a short-circuit equivalentin a
dc network once steady-state conditions have been established.

Fortunately, the mathematical equations for the voltages and current
for the storage phase are similar in many respects to those encountered
for the R-C network. The experience gained with these equations in
Chapter 10 will undoubtedly make the analysis of R-L networks some-
what easier to understand.
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> of TR~ i

T o—AW Ik
R

+

E—=— LS v
FIG. 12.14

Basic R-L transient network.

Ve = iR= (OR = 0V

MWy i, = 0A
i=20 R l¢+
E—F/ v, = Evolts
FIG. 12.15
Circuit of Fig. 12.14 the instant the switch is
closed.
Vg = iR = (E)R = Evolts
W Jer
E—F] vp = 0V
FIG. 12.16

Circuit of Fig. 12.14 under steady-state
conditions.



482 m

INDUCTORS

&

The equation for the current i, during the storage phase is the fol-
lowing:

i = 11— V)= E(l g VURY (12.8)

Note the factor (1 — e "), which also appeared for the voltage v of a
capacitor during the charging phase. A plot of the equation is given in
Fig. 12.17, clearly indicating that the maximum steady-state value of i
is E/R, and that the rate of change in current decreases as time passes.
The abscissa is scaled in time constants, with 7 for inductive circuits
defined by the following:

L
T=R (seconds, 9) (12.9)
i ip=E@-e"®)
Im = % _______________ |
"0.051I | 0-981m | 0993Iy,
108651, | I I
| | | |
10632l | I I I
| | | | |
| | | | |
| | | | |
| | 1 | | -
0 17 2T 3r 4t 57 t
FIG. 12.17

Plotting the waveform for i, during the storage cycle.

The fact that 7 has the units of time can be verified by taking the
equation for the induced voltage

di
vL—Ldt
d solving for L: -
and solving for L. = dildt
which leads to the ratio
Vi
di/dt
L —_ v Vv _ ¥
TTRTR Td, R v CO
at ot

Our experience with the factor (1 — e ") verifies the level of 63.2%
after one time constant, 86.5% after two time constants, and so on. For
convenience, Figure 10.29 is repeated as Fig. 12.18 to evaluate the
functions (1 — e ¥") and e " at various values of 7.

If we keep R constant and increase L, the ratio L/R increases and the
rise time increases. The change in transient behavior for the current i,
is plotted in Fig. 12.19 for various values of L. Note again the duality
between these curves and those obtained for the R-C network in Fig.
10.32.
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y
1.0 ————
\ — |
0.9
\ A
AN
0.8 y=1- et
0.7 \
N1 4 0632 (close o2
06 .632 (close to 2/3)
0.5
/
04 1/ 1. 0.368 (closeto ¥/3)
0.3 \
/ y = e-tr
0.2
01}/ ™~
/ ~
\~~ _ t
0 17 27 37 A7 57 67
%{_/
17
FIG. 12.18
Plotting the functionsy = 1 — e " andy = e *".
A .
El' -
R L,
2 L3
L3> L, > L,
(Rfixed)
t(s)
FIG. 12.19
Effect of L on the shape of thei, storage
waveform.

For most practical applications, we will assume that

the storage phase has passed and steady-state conditions have been
established once a period of time equal to five time constants has
occurred.

In addition, since L/R will always have some numerical value, even
though it may be very small, the period 57 will always be greater than
zero, confirming the fact that

the current cannot change instantaneously in an inductive network.

In fact, the larger the inductance, the more the circuit will oppose a
rapid buildup in current level.

Figures 12.15 and 12.16 clearly reved that the voltage across the
coil jumpsto E volts when the switch is closed and decays to zero volts
with time. The decay occurs in an exponential manner, and v, during
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- Ry
0 T o—AM Ji
2kO
+
E—= 50V L%HM v,
FIG. 12.21
Example 12.4.
i
BMAF — — = = — = = — — — — — _ _
T =2ms
1 1 1 1 1

Vi
50V

T =2ms

0 1r 27 3r 47 57

FIG. 12.22
i_ and v, for the network of Fig. 12.21

t
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the storage phase can be described mathematically by the following
equation:

u210

A plot of v_ appears in Fig. 12.20 with the time axis again divided
into equal increments of 7. Obviously, the voltage v, will decrease to
zero volts at the same rate the current presses toward its maximum
value.

Vi

0368E v, = Ee U7

0.135E

0.049E  0.019E 0.007E

0 17 27 37 A7 57 67 t

FIG. 12.20
Plotting the voltage vy versus time for the network of Fig. 12.14.

In fivetime constants, i, = E/R, v, = 0V, and the inductor can be
replaced by its short-circuit equivalent.

SH’ICG VRziRRziLR
E 1/
then Vg = [E(l —e T)}R
and | v=E1-¢e") | (12.12)

and the curve for vg will have the same shape as obtained for i, .

EXAMPLE 12.4 Find the mathematical expressions for the transient
behavior of i, and v, for the circuit of Fig. 12.21 after the closing of the
switch. Sketch the resulting curves.

Solution:
7= L_48_ 2ms
R, 2kQ
By Eq. (12.8),
E 50 s

In=—=——=25x 10 3A = 25mA

"R, 2kQ
and i = (25 x 1073)(1 — e7V@x1079)

By Eq. (12.10),
v, = 5Qe—!(2%10-9)

Both waveforms appear in Fig. 12.22.
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12.8 INITIAL VALUES

This section will parallel Section 10.9 (Initial Values—Capacitors) on
the effect of initial values on the transient phase. Since the current
through a coil cannot change instantaneously, the current through a
coil will begin the transient phase at the initial value established by
the network (note Fig. 12.23) before the switch was closed. It will
then pass through the transient phase until it reaches the steady-state
(or final) level after about five time constants. The steady-state level of
the inductor current can be found by simply substituting its short-
circuit equivalent (or R for the practical equivalent) and finding the
resulting current through the element.

Using the transient equation developed in the previous section, an
equation for the current i, can be written for the entire time interval of
Fig. 12.23; that is,

=L+ 0-Na-e"

with (I; — ;) representing the total change during the transient phase.
However, by multiplying through and rearranging terms:

i|_ = Ii + If - If€7t/7 - Ii + Iieit/T
= If - Ifeit/T + Iieit/T

we find

iL=1lg+ ( — lpe” (12.12)

If you are required to draw the waveform for the current i, from ini-
tial value to final value, start by drawing aline at the initial value and
steady-state levels, and then add the transient response (sensitive to the
time constant) between the two levels. The following example will clar-
ify the procedure.

EXAMPLE 12.5 Theinductor of Fig. 12.24 has an initial current level

of 4 mA in the direction shown. (Specific methods to establish the ini-

tial current will be presented in the sections and problems to follow.)

a. Find the mathematical expression for the current through the coil
once the switch is closed.

b. Find the mathematical expression for the voltage across the coil dur-
ing the same transient period.

c. Sketch the waveform for each from initial value to final value.

Solutions:

a. Substituting the short-circuit equivalent for the inductor will result in
afina or steady-state current determined by Ohm'’s law:

E 16V 16V
Iy = = = = 1.78 mA
‘TR tR, 22KQ+68ka _okn _ L78m
The time constant is determined by
;= L 100 mH _ 100mH _ 11.11 s

Rr  22kQ +68kQ  9kQ
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I
initial
conditiong
0 t

FIG. 12.23
Defining the three phases of a transient waveform.

o/\V/o AMN

22k0 1| fAma

+
E— 16V L=lOOmH§ VL

Ry

6.8 k)

FIG. 12.24
Example 12.5.
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Applying Eq. (12.12):
i|_ = If + (II - |f)e7t/T

= 178mMA + (4mA — 178 mA)e Viies
= 1.78 MA + 2.22 mAg "1

. Since the current through the inductor is constant at 4 mA prior to

the closing of the switch, the voltage (whose level is sensitive only
to changes in current through the coil) must have an initial value of
0 V. At the instant the switch is closed, the current through the cail
cannot change instantaneously, so the current through the resistive
elements will be 4 mA. The resulting peak voltage at t = 0 s can
then be found using Kirchhoff’s voltage law as follows:

Vi = E — Vg, — Vi,
=16V — (4mA)(2.2kQ) — (4 mA)(6.8kQ)
— 16V — 88V — 27.2V = 16V — 36V
- —20V

Note the minus sign to indicate that the polarity of the voltage v, is
opposite to the defined polarity of Fig. 12.24.

The voltage will then decay (with the same time constant as the
current i) to zero because the inductor is approaching its short-
circuit equivalence.

The equation for v, is therefore:

V|_ — _zoe—t/].l.ll S

. SeeFig. 12.25. The initia and final values of the current were drawn

first, and then the transient response was included between these
levels. For the voltage, the waveform begins and ends at zero, with
the peak value having a sign sensitive to the defined polarity of v, in
Fig. 12.24.

i (MmA)
4 mA
3 -
Y 1.78 mA
1k 7=1111us
1 1 1 1 1 -
0 1r 2r 3r 4t 51 t (us)
v (volts)
ov of % ¥ & F oy
- 20V

FIG. 12.25
i_ and v, for the network of Fig. 12.24.
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Let us now test the validity of the equation for i, by substituting
t = 0 sto reflect the instant the switch is closed.

e =e"=1

and i, = 178 mA + 2.22mAe " = 1.78 mA + 222 mA

=4 mA
When t > 57,
e’"=0
and i =178 mA + 2.22mAe " = 1.78 mA

12.9 R-L TRANSIENTS: DECAY PHASE

In the analysis of R-C circuits, we found that the capacitor could hold
its charge and store energy in the form of an electric field for a period
of time determined by the leakage factors. In R-L circuits, the energy is
stored in the form of a magnetic field established by the current through
the coil. Unlike the capacitor, however, an isolated inductor cannot con-
tinue to store energy since the absence of a closed path would cause the
current to drop to zero, releasing the energy stored in the form of a
magnetic field. If the series R-L circuit of Fig. 12.26 had reached
steady-state conditions and the switch were quickly opened, a spark
would probably occur across the contacts due to the rapid change in
current from a maximum of E/R to zero amperes. The changein current
di/dt of the equation v, = L(di/dt) would establish a high voltage v,
across the coil that in conjunction with the applied voltage E appears
across the points of the switch. This is the same mechanism as applied
in the ignition system of a car to ignite the fuel in the cylinder. Some
25,000 V are generated by the rapid decrease in ignition coil current
that occurs when the switch in the system is opened. (In older systems,
the “points” in the distributor served as the switch.) This inductive reac-
tion is significant when you consider that the only independent source
inacarisal2-V battery.

If opening the switch to move it to another position will cause such
arapid discharge in stored energy, how can the decay phase of an R-L
circuit be analyzed in much the same manner as for the R-C circuit?
The solution is to use a network such as that appearing in Fig.
12.27(a). When the switch is closed, the voltage across the resistor R,
is E volts, and the R-L branch will respond in the same manner as
described above, with the same waveforms and levels. A Thévenin net-
work of E in paralel with R, would simply result in the source as

R-L TRANSIENTS: DECAY PHASE m 487

J%{gw vRi,i\?VR:(OA)R:OV
R

+ Veontact —
Veontact = VL + _

Ei__— Lng
- +

= i
Hoa

FIG. 12.26
Demonstrating the effect of opening a switch
in serieswith an inductor with a steady-state
current.

. +Vj, — i + Vg, — i
TR KAl
+ + 1 + III'D» + 1 +
E—= VR, Ry L 7 E—F/ L A
— 2- - _ — _
@ (b)
FIG. 12.27

Initiating the storage phase for the inductor L
by closing the switch.
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(same polarity)

7 +}\\;\'}1\{_ i (same
o\ l L direction)
i R
(reversed ~ .
rever:
polarity) 'R Re L§VL
+ m -
FIG. 12.28
Network of Fig. 12.27 the instant the switch
is opened.

&

shown in Fig. 12.27(b) since R, would be shorted out by the short-
circuit replacement of the voltage source E when the Thévenin resis-
tance is determined.

After the storage phase has passed and steady-state conditions are
established, the switch can be opened without the sparking effect or
rapid discharge due to the resistor R,, which provides a complete path
for the current i,. In fact, for clarity the discharge path isisolated in Fig.
12.28. The voltage v, across the inductor will reverse polarity and have
a magnitude determined by

| vi=—(Vr * V) | (12.13)

Recall that the voltage across an inductor can change instanta-
neously but the current cannot. The result is that the current i, must
maintain the same direction and magnitude as shown in Fig. 12.28.
Therefore, the instant after the switch is opened, i, is still 1, = E/Ry,
and

VL= —(Vr, t Vry) = —(i1Ry + 12Ry)

. E R R
=—-il(Ri+R)=— E(Rl +R) = _(El + EZ>E
1 1 1

Ry
and VL= —<1 + g)E (12.14)

which is bigger than E volts by the ratio R,/R;. In other words, when
the switch is opened, the voltage across the inductor will reverse polar-
ity and drop instantaneously from E to —[1 + (R,/R))]E volts.

As an inductor releases its stored energy, the voltage across the coil
will decay to zero in the following manner:

| vi=-Ve"” (12.15)
R
with V. = (1 + —2)E
Ry
L L
and '=—=
"TR R+R,

The current will decay from a maximum of |, = E/R; to zero. Using
Eq. (12.20), |; = E/R; and I; = 0 A so that

iL=1l+ (i — lpe
=0A + E 0Ale V"
~0A+ (g ~0AJe

1

—t/7'

and

"R, (12.16)

with
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The mathematical expression for the voltage across either resistor
can then be determined using Ohm'’s law:
VRl = iRlRl = iLRl
—t/7'

E
=—Re
R, ©

and Vg, = Ee" (12.17)

The voltage vg, has the same polarity as during the storage phase since
the current i, has the same direction. The voltage Vg, is expressed as
follows using the defined polarity of Fig. 12.27:

VR2 = _iRsz = _iLR2
E_ _ur
= ——Re
R, °
and VR, = _Repevr (12.18)
2 Rl

EXAMPLE 12.6 The resistor R, was added to the network of Fig.

12.21, as shown in Fig. 12.29.

a Find the mathematical expressions for iy, vi, Vg, and Vg, for five
time constants of the storage phase.

b. Find the mathematical expressions for iy, vi, Vg, and Vg, if the
switch is opened after five time constants of the storage phase.

c. Sketch the waveforms for each voltage and current for both phases
covered by this example and Example 12.4 if five time constants
pass between phases. Use the defined polarities of Fig. 12.27.

+ Vg, —
S S
o |
2kQ
+ +
E=50V — Vg, RRS 3k L ||4HvL
FIG. 12.29
Defined polarities for VRys VRyr VL and current direction for i, for
Example 12.6.

Solutions:
a 7= . L 2ms
R 2kQ

Eq. (12.10): v, = Ee V"
v, = 5o~ t2x 1073

Eq. (12.8): i, = I(1 — e ¥

R-L TRANSIENTS: DECAY PHASE m 489
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E 50V
In= = = 2= = 25 mA
mTR, 2k M

i, = 25 x 10731 — e "2x107%
Eq. (12.11): vg, = E(1 —e™™)

Ve, = 50(1 — €712¥1079)

Vg, = 50V
L 4H 4H 4
b 7 = = = - 08x10%s
"TR+R 2kQ+3kQ 5x10°Q
=0.8ms

By Eq. (12.15),

R 3kO
Vi=(1+ 22E=(1+>—|(50V) =125V
| ( Rl) ( 2kQ>( )
and v = —VieV" = 125 U(08x107)

By Eq. (12.16),

E _ 50V
li=lp=— =2t =25mA
MR 2kQ

and i = (25 x 1073)e V08107
By Eq. (12.17),
Vg, = Ee*t/T' — soe—t/(O.SXlO_3)
1

By Eq. (12.18),
3kQ

Ro u» Ly _ -
Vi, = —EjEe = =g (BOV)e ! = — 750

¢. See Fig. 12.30 (opposite page).

In the preceding analysis, it was assumed that steady-state conditions
were established during the charging phase and |, = E/R;, with v, =
0 V. However, if the switch of Fig. 12.28 is opened before i, reachesits
maximum value, the equation for the decaying current of Fig. 12.28
must change to

219

where |; is the starting or initial current. Equation (12.15) would be
modified as follows:

| vi=-ve” (12.20)

with V, = li(Rl + Rz)

12.10 INSTANTANEOUS VALUES

The development presented in Section 10.10 for capacitive networks
can also be applied to R-L networks to determine instantaneous volt-
ages, currents, and time. The instantaneous values of any voltage or cur-
rent can be determined by simply inserting t into the equation and using



v

VL

T50V
Switch opened

57 = 5(0.8ms) = 4ms
—

Defined /o
olarit
PO qwitéh
closed

%{_/
57
5(2 ms)
= 10ms

Instantaneous
L change

. I
L'L (mA) No instantaneous
H 257> change
I
!
1
Defined oM——""
direction 57 57'
VRi© yvolts
tovg — S0t
Same shape
A | =i
| VR, = iU R,
Defined
H 0"
polarity LS oy
VR* avolts
n 50
VR, = R,
- 57
Defined
polarity 0 P
~
/]
FIG. 12.30

The various voltages and the current for the network of Fig. 12.29.

a calculator or table to determine the magnitude of the exponential

term.

The similarity between the equations ve = E(1 — e %) and i, =
I(1 — e ") results in a derivation of the following for t that is iden-
tical to that used to obtain Eq. (10.24):

Im
= rIoge(I .

)

(12.22)

INSTANTANEOUS VALUES m 491
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E——/12V

FIG. 12.31
Example 12.7.

4

For the other form, the equation vc = Ee "" is a close match with
v, = Ee™"", permitting a derivation similar to that employed for Eq.
(210.25):

t = 7 loge (12.22)

Vi

The similarities between the above and the equations in Chapter 10
should make the equation for t fairly easy to obtain.

12.11 THEVENIN EQUIVALENT: 7 = L/Ry,

In Chapter 10 (“Capacitors’), we found that there are occasions when
the circuit does not have the basic form of Fig. 12.14. The same is true
for inductive networks. Again, it is necessary to find the Thévenin
equivalent circuit before proceeding in the manner described in this
chapter. Consider the following example.

EXAMPLE 12.7 For the network of Fig. 12.31:

a. Find the mathematical expression for the transient behavior of the
current i and the voltage v, after the closing of the switch (I; =
0 mA).

b. Draw the resultant waveform for each.

Solutions:

a. Applying Thévenin's theorem to the 80-mH inductor (Fig. 12.32)
yields
R 20kQ

Rm =~
Th N 2

= 10kQ

R, + Ry =

S 4k0 + 16k0
3 = 20kQ

R, 2 20k0

20 kQ) 4 kQ

l MWy

Ry Ry

E—=—12V Em R3§ 16kQ

T

FIG. 12.33
Determining Exy, for the network of Fig. 12.31.

FIG. 12.32
Determining Ry, for the network of Fig. 12.31.

Applying the voltage divider rule (Fig. 12.33),
(R. + RYE
R+ R +Rg
_ _(4kQ +16kM)(12V) _ (20k))(12V) _
20kQ + 4 kQ + 16 kQ) 40 kQ)

The Thévenin equivalent circuit is shown in Fig. 12.34. Using Eq.
(12.8),

Em=

6V



. E .
|L:?Th(1_etl7)

L _80x10°H

=——=—""""7>—=8x10"s
" Rm 10X 10°Q
Em 6V o
=——=——">—=06X10"A
™ Rn 10x10°Q
and i, = (0.6 X 1073)(1 — g (®x1079)
Using Eq. (12.10),
V= EThe*t/T
s0 that v, = 6e—t/(8><10—6)
b. SeeFig. 12.35.
mn
Em =6V
! _E_I;h Y i
—06mALA - - L ___

1 1 1 1 1 | —
5 10 15 20 25 30 35 40 45 50 ths)

* 57 ‘I

FIG. 12.35
The resulting waveforms for i, and v, for the network of Fig. 12.31.

EXAMPLE 12.8 The switch S, of Fig. 12.36 has been closed for a
long time. Att = 0s, S; is opened at the same instant S, is closed to
avoid an interruption in current through the coil.

_% -—
(t:Os) R, (t=0y9) Ry

L —
g2k ||l 1kQ

FIG. 12.36
Example 12.8.

THEVENIN EQUIVALENT: 7 = L/Ry, @ 493

Thévenin equivalent circuit:

Rm
i
10kQ l -
+
Em = 6V v, &) 80 mH
FIG. 12.34

The resulting Thévenin equivalent circuit for
the network of Fig. 12.31.
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FIG. 12.37
Thévenin equivalent circuit for the network of
Fig. 12.36fort=0s.

4

a. Findtheinitial current through the coil. Pay particular attention to its
direction.

b. Find the mathematical expression for the current i, following the
closing of the switch S,.

c. Sketch the waveform for i, .

Solutions:
a. Using Ohm's law, the initial current through the coil is determined
by

E 6V
= —-—— = — A
R~ 1k om

b. Applying Thévenin's theorem:
Em = IR, = (12mA)(2.2kQ) = 26.4V

The Thévenin equivalent network appearsin Fig. 12.37.
The steady-state current can then be determined by substituting
the short-circuit equivalent for the inductor:

. _E _ 264V
"Ry 104kQ

The time constant:

=254 mA

;= L _ 680mH
R 10.4kQ
Applying Eq. (12.12):

i|_ = If + (II - |f)eit/T
=254mA + (—-6mA — 254 mA)eftlss.sg,Ls
=254 mA — 854 mAe—t/(65.39p,S)

= 65.39 us

c. Note Fig. 12.38.

FIG. 12.38
The current i_ for the network of Fig. 12.37.
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12.12 INDUCTORS IN SERIES AND PARALLEL

Inductors, like resistors and capacitors, can be placed in series or paral-
lel. Increasing levels of inductance can be obtained by placing inductors
in series, while decreasing levels can be obtained by placing inductors
in parallel.

For inductors in series, the total inductance is found in the same
manner as the total resistance of resistors in series (Fig. 12.39):

| LT:L1+L2+L3+"'+LN | (1223)
A
_ Ly Lo Ls Ln
Lt
O
FIG. 12.39

Inductorsin series.

For inductors in paralel, the total inductance is found in the same
manner as the total resistance of resistors in parallel (Fig. 12.40):

11 1 1 1
R S 12.24
Ly L, L, Ls N (12.24)
— +-
i 338 33
S N N N o
FIG. 12.40

Inductorsin parallel.

For two inductors in parallel,

Lilo
Ly =——" 12.2
AL (12.25)
EXAMPLE 12.9 Reduce the network of Fig. 12.41 to its simplest L Ly
form. —T0™ 0
. . . . 0.56 H 18H
Solution: Theinductors L, and L3 are equal in value and they are in . &3: 12H
paralldl, resulting in an equivalent parallel value of 12&%” \
, L _12H _ R
LT—N——2 =0.6H o— MW
1.2k
The resulting 0.6 H is then in parallel with the 1.8-H inductor, and
FIG. 12.41
_ (L9)(Ls)  (06H)(18H) Example 12.9.

n
L'y =

L't+L, O06H+18H
= 045H
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90

H 1.01H

R

12kQ
FIG. 12.42

Terminal equivalent of the network of

Fig. 12.41.

4

The inductor L, is then in series with the equivalent parallel value, and

Ly=L; +L"r=056H + 045H
= 1.01H

The reduced equivalent network appearsin Fig. 12.42.

12.13 R-L AND R-L-C CIRCUITS
WITH dc INPUTS

We found in Section 12.7 that, for all practical purposes, an inductor
can be replaced by a short circuit in a dc circuit after a period of time
greater than five time constants has passed. If in the following circuits
we assume that all of the currents and voltages have reached their final
values, the current through each inductor can be found by replacing
each inductor with a short circuit. For the circuit of Fig. 12.43, for
example,

E _ 10V _

"R 20

5A
R,

Iy

R

+

E—=—/10V

20

i
L:2H§H R2§39 - £ — 10V R2§3Q

FIG. 12.43
Substituting the short-circuit equivalent for the inductor for t > 57.

For the circuit of Fig. 12.44,
E 21V

" RJIR 20

I =10.5A

10 mH |
LN

FIG. 12.44
Establishing the equivalent network for t > 57.
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Applying the current divider rule,

LRl _ (6O)(105A) _63A _
" RR+R, 6Q+30 9

In the following examples we will assume that the voltage across
the capacitors and the current through the inductors have reached their
fina values. Under these conditions, the inductors can be replaced
with short circuits, and the capacitors can be replaced with open cir-
cuits.

EXAMPLE 12.10 Find the current I, and the voltage V. for the net-
work of Fig. 12.45.

FIG. 12.45
Example 12.10.

Solution:

E 10V
R+R 50

RE _ BO)I0V) _

I

V: =
S R+R  30+20

EXAMPLE 12.11 Find the currents I, and |, and the voltages V; and
V, for the network of Fig. 12.46.

FIG. 12.46
Example 12.11.
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Solution: Note Fig. 12.47:

E <é?ﬂ
- T Vl V2
Q- -

FIG. 12.47
Substituting the short-circuit equivalents for the inductors and the open-circuit
equivalents for the capacitor for t > 57.

_ E _ 50V _ 50V _
R+Rs+R 20+10+7Q 10Q
V, = 1,Rs = (5A)7 Q) =35V
Applying the voltage divider rule,

v Ra+RJE _ (1O+70)50V) _ (BN(EOV) _ 0
" R+R+R 20+10+70Q 100

5A

Iy

12.14 ENERGY STORED BY AN INDUCTOR

The ideal inductor, like the idea capacitor, does not dissipate the elec-
trical energy supplied to it. It stores the energy in the form of a mag-
netic field. A plot of the voltage, current, and power to an inductor is
shown in Fig. 12.48 during the buildup of the magnetic field surround-
ing the inductor. The energy stored is represented by the shaded area
under the power curve. Using calculus, we can show that the evaluation
of the area under the curve yields

102 | (oules 9) (12.26)

Weored = 2

Energy stored

FIG. 12.48
The power curve for an inductive element under transient conditions.
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EXAMPLE 12.12 Find the energy stored by the inductor in the circuit
of Fig. 12.49 when the current through it has reached its final value.

MWV AN
30 30
+ +
E—==15V L%GmH - - — 15V Iilm
20 - 20
MWy
2 R, - R,
FIG. 12.49
Example 12.12.
Solution:
| = E _ 15V _ 15V —3A
" RR+R 30+20 50
Woyrog = %un% - %(6 X 10 2 H)(3A)? = % % 1072
=27mJ

12.15 APPLICATIONS

Camera Flash Lamp and Line Conditioner

The inductor (or coil as some prefer to cal it) played important rolesin
both the camera flash lamp circuitry and the line conditioner (surge pro-
tector) described in the Applications section of Chapter 10 on capaci-
tors. For the camera it was the important component that resulted in the
high spike voltage across the trigger coil which was then magnified by
the autotransformer action of the secondary to generate the 4000 V nec-
essary to ignite the flash lamp. Recall that the capacitor in parallel with
the trigger coil charged up to 300 V using the low-resistance path pro-
vided by the SCR. However, once the capacitor was fully charged, the
short-circuit path to ground provided by the SCR was removed, and the
capacitor immediately started to discharge through the trigger coil.
Since the only resistance in the time constant for the inductive network
is the relatively low resistance of the coail itself, the current through the
coil grew at avery rapid rate. A significant voltage was then developed
across the coil as defined by Eq. (12.6): v, = L(di/dt). This voltage was
in turn increased by transformer action to the secondary coil of the
autotransformer, and the flash lamp was ignited. That high voltage gen-
erated across the trigger coil will also appear directly across the capac-
itor of the trigger network. The result is that it will begin to charge up
again until the generated voltage across the coil drops to zero volts.
However, when it does drop, the capacitor will again discharge through
the coil, establish another charging current through the coil, and again
develop a voltage across the coil. The high-frequency exchange of
energy between the coil and capacitor is called flyback because of the
“flying back” of energy from one storage element to the other. It will
begin to decay with time because of the resistive elements in the loop.
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The more resistance, the more quickly it will die out. If the capacitor-
inductor pairing were isolated and “tickled” along the way with the
application of a dc voltage, the high frequency-generated voltage across
the coil could be maintained and put to good use. In fact, it is this fly-
back effect that is used to generate a steady dc voltage (using rectifica-
tion to convert the oscillating waveform to one of a steady dc nature)
that is commonly used in TVs.

In the line conditioner, the primary purpose of the inductors is to
“choke” out spikes of current that may come down the line using the
effect described under the discussion of Lenz's law in this chapter.
Inductors are such that a rapidly changing current through a coil will
result in the development of a current in the coil that will oppose the
current that established the induced effect in the first place. This effect
is so strong that it can squelch current spikes of a significant number of
amperesin the line. An undesirable result in line conditioners, however,
is the voltage across the coil that will develop when it “chokes’ this
rapidly changing current through the coil. However, as mentioned in
Chapter 10, there are two coils in the system that will generate oppos-
ing emf’s so that the net voltage to ground is zero. This is fairly clear
when you carefully examine the two coils on the ferromagnetic core
and note that they are wound in a way to develop opposing fields. The
reaction of the coils in the line conditioner to different frequencies and
their ability to help out with the blocking of EMI and RFI disturbances
will have to wait until we discuss the effect of frequency on the reac-
tion of an inductor in alater chapter.

Household Dimmer Switch

Inductors can be found in a wide variety of common electronic circuits
in the home. The typical household dimmer uses an inductor to protect
the other components and the applied load from “rush” currents—cur-
rents that increase at very high rates and often to excessively high lev-
els. This feature is particularly important for dimmers since they are
most commonly used to control the light intensity of an incandescent
lamp. At “turn on,” the resistance of incandescent lamps is typicaly
very low, and relatively high currents may flow for short periods of time
until the filament of the bulb heats up. The inductor is also effective in
blocking high-frequency noise (RFI) generated by the switching action
of the triac in the dimmer. A capacitor is also normally included from
line to neutral to prevent any voltage spikes from affecting the operation
of the dimmer and the applied load (lamp, etc.) and to assist with the
suppression of RFI disturbances.

A photograph of one of the most common dimmers is provided in
Fig. 12.50(a), with an internal view shown in Fig. 12.50(b). The basic
components of most commercially available dimmers appear in the
schematic of Fig. 12.50(c). In this design, a 14.5-pH inductor isused in
the “choking” capacity described above, with a 0.068-uF capacitor for
the “bypass’ operation. Note the size of the inductor with its heavy wire
and large ferromagnetic core and the relatively large size of the two
0.068-uF capacitors. Both suggest that they are designed to absorb
high-energy disturbances.

The general operation of the dimmer is shown in Fig. 12.51. The
controlling network is in series with the lamp and will essentialy act as
an impedance that can vary between very low and very high levels: very
low impedance levels resembling a short circuit so that the majority of



Rheostat
housing

14.5-pH inductor

e co——
,!
- 0.068-4F

capacitors

47-kQ
resistor

(b)

N
@
-

Feed A ———
+ DIMMER
Dimmer
switch
on/off
120V ac 0.068 uF — 330-kQ)
rheostat
145uH 7
Lamp
under control
Return T
(©
FIG. 12.50
Dimmer control: (a) external appearance; (b) internal construction;
(c) schematic.

the applied voltage appears across the lamp [Fig. 12.51(a)] and very
high impedances approaching open circuit where very little voltage
appears across the lamp [Fig. 12.51(b)]. Intermediate levels of imped-
ance will control the terminal voltage of the bulb accordingly. For
instance, if the controlling network has a very high impedance (open-
circuit equivalent) through half the cycle as shown in Fig. 12.51(c), the
brightness of the bulb will be less than full voltage but not 50% due to
the nonlinear relationship between the brightness of a bulb and the
applied voltage. There is aso alagging effect present in the actual oper-
ation of the dimmer, but this subject will have to wait until leading and
lagging networks are examined in the ac chapters.

The controlling knob, slide, or whatever other method is used on the
face of the switch to control the light intensity is connected directly to
the rheostat in the branch parallel to the triac. Its setting will determine
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Triac

Heat sink
for triac
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Basic operation of the dimmer of Fig. 12.50: (a) full voltage to the lamp; (b)
approaching the cutoff point for the bulb; (c) reduced illumination of the lamp.
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FIG. 12.52

=

Direct rheostat control of the brightness of a

60-W bulb.

when the voltage across the capacitor reaches a sufficiently high level
to turn on the diac (a bidirectional diode) and establish a voltage at the
gate (G) of the triac to turn it on. When it does, it will establish a very
low resistance path from the anode (A) to the cathode (K), and the
applied voltage will appear directly across the lamp. A more detailed
explanation of this operation will appear in alater chapter following the
examination of some important concepts for ac networks. During the
period the SCR is off, its termina resistance between anode and cath-
ode will be very high and can be approximated by an open circuit. Dur-
ing this period the applied voltage will not reach the load (lamp). Dur-
ing such intervals the impedance of the parallel branch containing the
rheostat, fixed resistor, and capacitor is sufficiently high compared to
the load that it can also be ignored, completing the open-circuit equiv-
aent in series with the load. Note the placement of the elementsin the
photograph of Fig. 12.50 and the fact that the metal plate to which the
triac is connected is actually a heat sink for the device. The on/off
switch is in the same housing as the rheostat. The total design is cer-
tainly well planned to maintain a relatively small size for the dimmer.
Since the effort here is ssimply to control the amount of power get-
ting to the load, the question is often asked, Why don’t we simply use
a rheostat in series with the lamp? The question is best answered by
examining Fig. 12.52, which shows a rather simple network with a
rheostat in series with the lamp. At full wattage, a60-W bulb on a120-V
line theoretically has an internal resistance of R = V%P (from the equa-
tion P = V?R) = (120 V)%60 W = 240 (. Although the resistance
is sengitive to the applied voltage, we will assume this level for the
following calculations. If we consider the case where the rheostat is set
for the same level as the bulb, as shown in Fig. 12.52, there will be
60 V across the rheostat and the bulb. The power to each element will
then be P = VR = (60V)?%240 O = 15W. The bulb is certainly quite
dim, but the rheostat inside the dimmer switch would be dissipating 15W
of power on a continuous basis. When you consider the size of a 2-W
potentiometer in your laboratory, you can imagine the size rheostat you
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would need for 15 W, not to mention the purchase cost, athough the
biggest concern would probably be al the heat developed in the walls
of the house. You would certainly be paying for electric power that
would not be performing a useful function. Also, if you had four dim-
mers set at the same level, you would actually be wasting sufficient
power to fully light another 60-W bulb.

On occasion, especialy when the lights are set very low by the dim-
mer, afaint “singing” can sometimes be heard from the light bulb. This
effect will sometimes occur when the conduction period of the dimmer
is very small. The short, repetitive voltage pulse applied to the bulb will
set the bulb into a condition that could be likened to a resonance (Chap-
ter 20) state. The short pulses are just enough to heat up the filament
and its supporting structures, and then the pulses are removed to alow
the filament to cool down again for alonger period of time. This repet-
itive heating and cooling cycle can set the filament in motion, and the
“singing” can be heard in a quiet environment. Incidentally, the longer
the filament, the louder the “singing.” A further condition for this effect
is that the filament be in the shape of a coil and not a straight wire so
that the “dlinky” effect can develop.

TV or PC Monitor Yolk

Inductors and capacitors play a multitude of roles in the operation of a
TV or PC monitor. However, the most obvious use of the coil isin the
yolk assembly wrapped around the neck of the tube as shown in Fig.
12.53. As shown in the figure, the tube itself, in addition to providing
the screen for viewing, is actually alarge capacitor which plays an inte-
gral part in establishing the high dc voltage for the proper operation of
the monitor.

A photograph of the yolk assembly of a black-and-white TV tubeis
provided in Fig. 12.54(a). It is constructed of four 28-mH coils with
two sets of two coils connected at one point [Fig. 12.54(b)] so that they
will share the same current and will establish the same magnetic field.
The purpose of the yolk assembly isto control the direction of the elec-
tron beam from the cathode to the screen of the tube. When the cathode
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FIG. 12.53
Yolk assembly for a TV or PC tube.
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(a) Black-and-white TV yolk assembly; (b) schematic representation.
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Deflection coils: (a) vertical control;
(b) right-hand-rule (RHR)
for electron flow.

is heated to a very high temperature by a filament internal to the struc-
ture, electrons are emitted into the surrounding media. The placement
of avery high positive potential (10 kV to 25 kV dc) to the conductive
coating on the face of the tube will attract the emitted electrons at a
very high speed and therefore at a high level of kinetic energy. When
the electrons hit the phosphorescent coating (usually white, green, or
amber) on the screen, light will be emitted which can be seen by some-
one facing the monitor. The beam characteristics (such as intensity,
focus, and shape) are controlled by a series of grids placed relatively
close to the cathode in the neck of the tube. The grid is such that the
negatively charged electrons can easily pass through, but the number
and speed with which they pass can be controlled by a negative poten-
tial applied to the grid. The grids cannot have a positive potential
because the negatively charged electrons would be attracted to the grid
structure and would eventually disintegrate from the high rate of con-
duction. Negative potentials on the grids control the flow of electrons
by repulsion and by masking the attraction for the large positive poten-
tial applied to the face of the tube.

Once the beam has been established with the desired intensity and
shape, it must be directed to a particular location on the screen using
the yolk assembly. For vertical control, the two coils on the side estab-
lish a magnetic flux pattern as shown in Fig. 12.55(a). The resulting
direction of the magnetic field is from left to right as shown in Figs.
12.55(a) and 12.55(b). Using the right hand, with the index finger point-
ing in the direction of the magnetic field and the middle finger (at right
angles to the index finger) in the direction of electron flow, will result
in the thumb (also at right angles to the index finger) pointing in the
direction of the force on the electron beam. The result is a bending of
the beam as shown in Fig. 12.53. The stronger the magnetic field of the
coils as determined by the current through the coils, the greater the
deflection of the beam.

Before continuing, it is important to realize that when the electron
beam hits the phosphorescent screen as shown in Fig. 12.56, it is mov-
ing with sufficient velocity to cause a secondary emission of X rays that
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will scatter to al sides of the monitor. Even though the X rays will die
off exponentially with distance from the source, there is some concern
about safety, and all modern-day monitors have shields all around the
outside surface of the tube as shown in Fig. 12.56. It is therefore inter-
esting that it is not the direct viewing that is of some concern but rather
viewing by individuals to the side, above, or below the screen. Monitors
are currently limited to 25 kV at the anode because the application of
voltages in excess of 25 kV can result in a direct emission of X rays.
Internally, all monitors currently have a safety shutoff to ensure that this
level is never attained in the operating system.

Time and space do not permit a detailed discussion of the full oper-
ation of a monitor, but there are some facts about its operation that
reveal the sophistication of the design. When an image is generated on
a screen, it is done one pixel a a time along one horizontal line at a
time. A pixel is one point on the screen. Pixels are black (no signal) or
white (with signal) for black-and-white (monochromic) TVs or black
and white or some color for color TVs. For EGA monitors the resolu-
tion is 640 pixels wide and 35 pixels high, whereas VGA monitors are
also 640 pixels wide but 480 pixels high. Obviously the more pixelsin
the same area, the sharper the image. A typical scan rate is 31.5 kHz
which means that 31,500 lines can be drawn in 1 s, or one line of 640
pixels can be drawn in about 31.7 us.

Patterns on the screen are devel oped by the sequence of lines appear-
ing in Fig. 12.57. Starting at the top left, the image moves across the
screen down to the next line until it ends at the bottom right of the screen,
at which point there is a rapid retrace (invisible) back to the starting
point. Typical scanning rates (full image generated) extend from 60
frames per second to 80 frames per second. The slower the rate, the
higher the possibility of flickering in the images. At 60 frames per sec-
ond, one entire frameis generated every 1/60 = 16.67 ms = 0.017 s.

Color monitors are particularly interesting because all colors on the
screen are generated by the colorsred, blue, and green. Thereason isthat
the human eye is responding to the wavelengths and energy levels of the
various colors. The absence of any color is black, and the result of full
energy to each of the three colors is white. The color yellow is a combi-
nation of red and green with no blue, and pink isprimarily red energy with
smaller amounts of blue and green. An in-depth description of this*“addi-
tive” type of color generation must be |eft as an exercise for the reader.

The fact that three colors define the resulting color requires that
there be three cathodes in a color monitor to generate three electron
beams. However, the three beams must sweep the screen in the same
relative positions. Each pixel is now made up of three color dots in the
same relative position for each pixel, as shown in Fig. 12.58. Each dot
has a phosphorescent material that will generate the desired color when
hit with an electron beam. For situations where the desired color has no
green, the electron beam associated with the color green will be turned
off. In fact, between each pixel, each beam is shut down to provide def-
inition between the color pixels. The dots within the pixel are so close
that the human eye cannot pick up the individua colors but simply the
color that would result from the “additive” process.

During the entire “on” time of a monitor, a full 10 kV to 25 kV are
applied to the conductor on the screen to attract electrons. Over time
there will naturally be an accumulation of negative charge on the screen
which will remain after the power is turned off—a typical capacitive
storage charge. For a brief period of time, it will sit with 25 kV across
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the plates which will drop as the “capacitor” begins to discharge. How-
ever, the lack of a low-resistance path will often result in a storage of
the charge for a fairly long period of time. This stored charge and the
associated voltage across the plates are sufficiently high to cause severe
damage. It is therefore paramount that TV's and monitors be repaired or
investigated only by someone who is well versed in how to discharge
the tube. One commonly applied procedure isto attach along lead from
the metal shaft of a flat-edge screwdriver to a good ground connection.
Then leave the anode connection to the tube in place, and simply insert
the screwdriver under the cap until it touches the metal clip of the cap.
You will probably hear aloud snap when discharge occurs. Because of
the enormous amount of residual charge, it is recommended that the
above procedure be repeated two or three times. Even then, treat the
tube with a great deal of respect. In short, until you become familiar
with the discharge procedure, leave the investigation of TVs and moni-
tors to someone with the necessary experience. A further concern is the
very high pulse voltages generated in an operating system. Be aware
that they are of a magnitude that could destroy standard test equipment.

The capacitive effect of the tube is an integral part of developing the
high dc anode potential. Its filtering action smooths out the repetitive,
high-voltage pulses generated by the flyback action of the TV. Other-
wise, the screen would simply be a flickering pattern as the anode
potential switched on and off with the pulsating signal.

12.16 COMPUTER ANALYSIS
PSpice

Transient RL Response The computer analysis will begin with a
transient analysis of the network of parallel inductive elements in Fig.
12.59. The inductors are picked up from the ANALOG library in the
Place Part dialog box. As noted in Fig. 12.59, the inductor is displayed
with its terminal identification which is helpful for identifying nodes
when calling for specific output plots and values. In general, when an
element is first placed on a schematic, the number 1 is assigned to the
left end on a horizontal display and to the top on a vertical display.
Similarly, the number 2 is assigned to the right end of an element in the
horizontal position and to the bottom in the vertical position. Be aware,
however, that the option Rotate rotates the element in the CCW direc-
tion, so taking a horizontal resistor to the vertica position requires
three rotations to get the number 1 to the top again. In previous chap-
ters you may have noted that a number of the outputs were taken off
terminal 2 because a single rotation placed this termina at the top of
the vertical display. Also note in Fig. 12.59 the need for a series resis-
tor R, within the parallel loop of inductors. In PSpice, inductors must
have a series resistor to reflect real-world conditions. The chosen value
of 1 mQ) is so small, however, that it will not affect the response of the
system. For VPulse, the rise time was selected as 0.01 ms, and the
pulse width was chosen as 10 ms because the time constant of the net-
work is7 = Ly/R= (4 H || 12 H)/2 kQ) = 1.5 msand 57 = 7.5 ms.
The simulation is the same as applied when obtaining the transient
response of capacitive networks. In condensed form, the seguence to
obtain aplot of the voltage acrossthe coilsversustimeisasfollows: New
SimulationPr ofilekey-TransientRL -Create-TimeDomain(Transient)-
Run to time:10ms-Start saving data after:0s and Maximum step
size:5us-OK-Run PSpice key-Add Trace key-V1(L 2)-OK. The result-
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FIG. 12.59
Using PSpice to obtain the transient response of a parallel inductive network due to an applied
pulse of 50 V.

ing trace appears in the bottom of Fig. 12.60. A maximum step size of 5
usS was chosen to ensure that it was less than the rise or fall times of 10
us. Note that the voltage across the coil jumps to the 50-V level amost
immediately; then it decaysto 0V in about 8 ms. A plot of the total cur-
rent through the parallel coils can be obtained through Plot-Plot to Win-
dow-Add Trace key-1(R)-OK, resulting in the trace appearing at the top
of Fig. 12.60. When the trace first appeared, the vertical scale extended
from O A to 40 mA even though the maximum value of ig was 25 mA. To
bring the maximum value to the top of the graph, Plot was selected fol-
lowed by Axis Settings-Y Axis-User Defined-0A to 25mA-OK.

For values, the voltage plot was selected, SEL >>, followed by the
Toggle cursor key and a click on the screen to establish the crosshairs.
The left-click cursor was set on one time constant to reveal a value of
18.461V for Al (about 36.8% of the maximum as defined by the expo-
nential waveform). The right-click cursor was set at 7.5 ms or five time
constants, resulting in a relatively low 0.338 V for A2.

Transient Response with Initial Conditions The next applica
tion will verify the results of Example 12.5 which has an initial condi-
tion associated with the inductive element. VPUL SE is again employed
with the parameters appearing in Fig. 12.61. Since 7 = L/R = 100 mH/
(2.2kQ + 6.8kQ) = 100 mH/9 kQ) = 11.11 ysand 57 = 55.55 us, the
pulse width (PW) was set to 100 ps. The rise and fall times were set at
100 us/1000 = 0.1 us. Note again that the labels 1 and 2 appear with
the inductive element.

Setting the initial conditions for the inductor requires a procedure
that has not been described as yet. First double-click on the inductor
symbol to obtain the Property Editor dialog box. Then select Parts at
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FIG. 12.60
Thetransient response of v, and i for the network of Fig. 12.59.

the bottom of the dialog box, and select New Column to obtain the
Add New Column dialog box. Under Name, enter |1 C (an abbreviation
for “initial condition”—not “ capacitive current”) followed by the initial
condition of 4 mA under Value; then click OK. The Property Editor
dialog box will appear again, but now the initial condition appears as a
New Column in the horizonta listing dedicated to the inductive ele-
ment. Now select Display to obtain the Display Properties dialog box,
and under Display Format choose Name and Value so that both IC
and 4mA will appear. Click OK, and we return to the Property Editor
dialog box. Finaly, click on Apply and exit the dialog box (X). The
result is the display of Fig. 12.61 for the inductive element.

Now for the simulation. First select the New Simulation Profile key,
insert the name I nitialCond(L ), and follow up with Create. Thenin the
Simulation Settings dialog box, select Time Domain(Transient) for
the Analysis type and General Settings for the Options. The Run to
time should be 200 us so that we can see the full effect of the pulse
source on the transient response. The Start saving data after should
remain at 0 s, and the Maximum step size should be 200 us/1000 =
200 ns. Click OK and then select the Run PSpice key. The result will
be a screen with an x-axis extending from 0 to 200 us. Selecting Trace
to get to the Add Traces dialog box and then selecting 1(L) followed
by OK will result in the display of Fig. 12.62. The plot for I (L) clearly
starts at the initial value of 4 mA and then decaysto 1.78 mA as defined
by the left-click cursor. The right-click cursor reveals that the current
has dropped to 0.222 uA (essentially 0 A) after the pulse source
has dropped to 0 V for 100 us. The VPulse source was placed in the
same figure through Plot-Add Plot to Window-Trace-Add Trace-
V(VPulse: +)-OK to permit a comparison between the applied voltage
and the resulting inductor current.
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Using PSpice to determine the transient response for a circuit in which the
inductive element has an initial condition.
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FIG. 12.62
A plot of the applied pulse and resulting current for the circuit of Fig. 12.61.
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Electronics Workbench

The transient response of an R-L network can also be obtained using
Electronics Workbench. The circuit to be examined appears in Fig.
12.63 with a pulse voltage source to simulate the closing of a switch at
t = 0 s. The source, referred to as PUL SE_VOLTAGE_SOURCE in
the Source listing, is the near the bottom left of the Sources parts bin.
When selected, it will appear with alabel, an initial voltage, a step volt-
age, and a frequency. All can be changed by simply double-clicking on
the source symbol to obtain the Pulse Voltage dialog box. As shown in
Fig. 12.63, the Pulsed Value will be set at 20 V, and the Delay Time to
0 s. The Rise Time and Fall Time will both remain at the default lev-
els of 1 ns. For our analysis we want a Pulse Width that is at least
twice the 57 transient period of the circuit. For the chosen values of R
and L, 7 = L/R = 10 mH/100 ) = 0.1 ms = 100 ps. The transient
period of 57 istherefore 500 us or 0.5 ms. Thus, a Pulse Width of 1 ms
would seem appropriate with a Period of 2 ms. The result is a fre-
quency of f = /T = 1/2 ms = 500 Hz. When al have been set and
selected, the parameters of the pulse source will appear as shown in Fig.
12.63. Next the resistor, inductor, and ground are placed on the screen
to complete the circuit.

This time we will want to see the node names so that we can call for
them when we set up the simulation process. This is accomplished
through Options-Preferences-Show node names. In this case we have
two—one at the positive terminal of the supply (1) and the other at the
top end of the inductor (2) representing the voltage across the inductor.

The simulation process is initiated by the following sequence: Sim-
ulate-Analyses-Transient Analysis. Theresult isthe Transient Analy-
sis dialog box in which Analysis Parameters is chosen first. Under
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FIG. 12.63

Using Electronics Workbench to obtain the transient response for an inductive circuit.
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Parameters, use 0 sasthe Start time and 4 ms as the End time so that
we get two full cycles of the applied voltage. After enabling the M axi-
mum time step settings(TMAX), we set the Minimum number of
time points at 1000 to get a reasonably good plot during the rapidly
changing transient period. Next, the Output variables section must be
selected and the program told which voltage and current levels we are
interested in. On the left side of the dialog box isalist of Variables that
have been defined for the circuit. On theright isalist of Selected vari-
ables for analysis. In between you see a Plot during simulation or
Remove. To move a variable from the left to the right column, simply
select it in the left column and choose Plot during simulation. It will
then appear in the right column. For our purposes it seems appropriate
that we plot both the applied voltage and the voltage across the coil, so
1 and 2 were moved to the right column. Then Simulateis selected, and
awindow titled Analysis Graphs will appear with the selected plots as
shown in Fig. 12.63. Click on the Show/Hide Grid key (ared grid on
a black axis), and the grid lines will appear. Then selecting the
Show/Hide L egend key on the immediate right will result in the small
Transient Anal dialog box that will identify the color that goes with
each nodal voltage. In our case, blueis the color of the applied voltage,
and red is the color of the voltage across the cail.

The source voltage appears as expected with its transition to 20 V,
50% duty cycle, and the period of 2 ms. The voltage across the cail
jumped immediately to the 20-V level and then began its decay to 0 V
in about 0.5 ms as predicted. When the source voltage dropped to
zero, the voltage across the coil reversed polarity to maintain the same
direction of current in the inductive circuit. Remember that for a coil,
the voltage can change instantaneously, but the inductor will “choke”
any instantaneous change in current. By reversing its polarity, the
voltage across the coil ensures the same polarity of voltage across the
resistor and therefore the same direction of current through the coil
and circuit.

PROBLEMS

SECTION 12.2 Faraday’s Law of
Electromagnetic Induction

1. If the flux linking a coil of 50 turns changes at a rate of
0.085 Wh/s, what is the induced voltage across the coil?

2. Determine the rate of change of flux linking a coil if
20V are induced across a coil of 40 turns.

3. How many turns does a coil have if 42 mV are induced
across the coil by a change of flux of 0.003 Wh/s?
SECTION 12.4 Self-Inductance

4. Find the inductance L in henries of the inductor of Fig.
12.64.

5. Repeat Problem 4 with| = 4in.andd = 0.25in. d = 0.005m
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FIG. 12.64
Problems 4 and 5.
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300 turns 6. a. Find the inductance L in henries of the inductor of

A =15 x 104m?2 Fig. 12.65.

b. Repeat part (a) if a ferromagnetic core is added hav-
ing a p, of 2000.

| =01m
FIG. 12.65
Problem 6.
SECTION 12.6 Induced Voltage
7. Find the voltage induced across a coil of 5 H if the rate
of change of current through the coil is
a. 0.5A/s
b. 60 mA/s
c. 0.04A/ms
8. Find the induced voltage across a 50-mH inductor if the
current through the coil changes at a rate of 0.1 mA/us.
9. Find the waveform for the voltage induced across a 200-
mH coil if the current through the coil is as shown in Fig.
12.66.
iL
T e+ e e

9 10 11 12 13 14 15 16 17 t(ms)

FIG. 12.66
Problem 9.

10. Sketch the waveform for the voltage induced across a
0.2-H coil if the current through the coil is as shown in
Fig. 12.67.

66 PA[———————————————-
50 pA - -

t(us)

—44 uA

FIG. 12.67
Problem 10.
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*11. Find the waveform for the current of a 10-mH cail if the
voltage across the coil follows the pattern of Fig. 12.68.
Thecurrenti, is4mA att =0s.

SECTION 12.7 R-L Transients: Storage Cycle

12. For the circuit of Fig. 12.69:

a. Determine the time constant.

b. Write the mathematical expression for the current i
after the switch is closed.

c. Repeat part (b) for v, and vg.

d. Determinei, and v,_ a one, three, and five time con-
stants.

e. Sketch the waveforms of i, v, and vg.

13. For the circuit of Fig. 12.70:

a. Determine 7.

b. Write the mathematical expression for the current i,
after the switchisclosedatt = O s.

c. Write the mathematical expressions for v, and vg
after the switchisclosedatt = O's.

d. Determinei, andv,_att = 17, 37, and 57.

e. Sketch the waveforms of i, v, and v for the storage
phase.

SECTION 12.8 Initial Values

14. For the network of Fig. 12.71:
a. Write the mathematical expressions for the current i
and the voltage v, following the closing of the switch.
Note the magnitude and direction of the initial cur-
rent.
b. Sketch the waveform of i, and v, for the entire period
from initial value to steady-state level.
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Problem 15.
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FIG. 12.73
Problem 16.

FIG. 12.74
Problems 17, 45, and 46.

FIG. 12.75
Problem 18.

&

15. For the network of Fig. 12.72:

a. Write the mathematical expressions for the current i
and the voltage v following the closing of the switch.
Note the magnitude and direction of the initial cur-
rent.

b. Sketch the waveform of i and v, for the entire period
from initial value to steady-state level.

*16. For the network of Fig. 12.73:

a. Write the mathematical expressions for the current i,
and the voltage v following the closing of the switch.
Note the magnitude and direction of the initia cur-
rent.

b. Sketch the waveform of i, and v, for the entire period
frominitial value to steady-state level.

SECTION 12.9 R-L Transients: Decay Phase
17. For the network of Fig. 12.74:

*18.

a. Determine the mathematical expressions for the cur-
rent i, and the voltage v, when the switch is closed.

b. Repeat part (a) if the switch is opened after a period
of five time constants has passed.

c. Sketch the waveforms of parts (a) and (b) on the same
set of axes.

For the network of Fig. 12.75:

a. Write the mathematical expression for the current i,
and the voltage v following the closing of the switch.

b. Determine the mathematical expressions for i, and v,
if the switch is opened after a period of five time con-
stants has passed.

c. Sketch the waveforms of i and v, for the time peri-
ods defined by parts (a) and (b).

d. Sketch the waveform for the voltage across R; for the
same period of time encompassed by i, and v,_. Take
careful note of the defined polarities and directions of
Fig. 12.75.
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*19. For the network of Fig. 12.76: - Ry )
a. Determine the mathematical expressions for the cur- \t\o MN T'L
rent i, and the voltage v, following the closing of the 2kQ .
12

switch.
b. Repeat part (a) if the switch is opened at t = 1 us. E "' v R2§10 k@ LEg1mH Vi
=

c. Sketch the waveforms of parts (a) and (b) on the same
set of axes.

FIG. 12.76
Problem 19.

SECTION 12.10 Instantaneous Values

20. Referring to the solution to Example 12.4, determine the
timewhenthecurrent i, reachesalevel of 10 mA. Thende-
termine the time when the voltage dropsto alevel of 10V.

21. Referring to the solution to Example 12.5, determine the
time when the current i, drops to 2 mA.

SECTION 12.11 Thévenin Equivalent: 7 = L/Ry,

22. a. Determine the mathematical expressions for i and v, _O)/ Ry
following the closing of the switch in Fig. 12.77. v i
b. Determinei_andv,_att = 100 ns. 24kQ .

| =
4 mA Ri=12kQ LLS2mH v

=

FIG. 12.77
Problem 22.

*23. a. Determine the mathematical expressions for i, and v, E=+8V
following the closing of the switch in Fig. 12.78.
b. Caculatei and v, att = 10 us.
c. Write the mathematical expressions for the current i,
and the voltage v, if the switchisopened at t = 10 us.
d. Sketch the waveformsof i and v, for parts (a) and (c). ‘\;

R, = 2.2kQ

FIG. 12.78
Problem 23.
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Problem 25.

FIG. 12.81
Problems 26 and 27.
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FIG. 12.82
Problem 28.
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*24. a.

*25.

*26.

27.

*28.

&

Determine the mathematical expressions for i and v,
following the closing of the switch in Fig. 12.79.

. Determine i, and v, after two time constants of the

storage phase.

Write the mathematical expressions for the current i
and the voltage v, if the switch is opened at the
instant defined by part (b).

. Sketch the waveforms of i, and v, for parts (a) and (c).

For the network of Fig. 12.80, the switch is closed at
t=0s

a.

2o o

Determinev, att = 25 ms.
Findv, at=1ms.
Calculate vg at t = 17.

. Find the time required for the current i, to reach

100 mA.

The switch for the network of Fig. 12.81 has been closed
for about 1 h. It is then opened at the time defined ast =

Os.

a. Determine the time required for the current ik to drop
to 1 mA.

b. Find thevoltagev, att = 1 ms.

c. Caculate Vpgatt = 57.

The network of Fig. 12.81 employs a DMM with an
internal resistance of 10 M() in the voltmeter mode. The
switchisclosedatt = 0s.

a.

b.
C.
d.

Find the voltage across the coil the instant after the
switch is closed.

What is the final value of the current i, ?

How much time must pass before i, reaches 10 nA?
What is the voltmeter reading at t = 12 pus?

The switch in Fig. 12.82 has been open for a long time.
Itisthenclosedatt = 0s.

a.

b.

Write the mathematical expression for the current i
and the voltage v, after the switch is closed.

Sketch the waveform of i, and v, from the initial
value to the steady-state level.
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*29. The switch of Fig. 12.83 has been closed for along time.

PROBLEMS m 517

(t=09)
Itisthenopenedatt = Os. >
a. Write the mathematical expression for the current i_
and the voltage v, after the switch is opened. R R,
b. Sketch the waveform of i, and v, from initial value to AMN MN _
the steady-state level. 22kQ a7k ||
+
E—/24V %‘ 12H vi
FIG. 12.83
Problem 29.
*30. The switch of Fig. 12.84 has been open for along time. i, VL - R,
Itisthenclosedatt = Os. —= 500 AMY
a. Write the mathematical expression for the current i 220 mH 1.2kQ
and the voltage v, after the switch is closed.
b. Sketch the waveform of i, and v, from initial value to R1§ 1kQ I (T) 4 mA PAYY E —=— 18V
the steady-state level. Q=09
FIG. 12.84
Problems 30 and 43.

SECTION 12.12 Inductors in Series and Parallel

31. Find the total inductance of the circuits of Fig. 12.85.

4H ©
o—{0 H 36H
. HsH HsH . gum
Lt oH Lt
o rm HG H H4H
O
@ (b)
FIG. 12.85
Problem 31.

32. Reduce the networks of Fig. 12.86 to the fewest elements.

5mH

7000

O
12;1F\/y HF
10 uF
14 mH I/ - /\ 42 uF &
I\ \|

. /l

35 mH T~ 9uF == 90 uF 20 mH

O

(b)

@

FIG. 12.86
Problem 32.
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00,

4H 1kQ _AH
T—Wy o0
E—==—20V 6 H 9.1kQ
= 47kQ
FIG. 12.87
Problem 33.

i

FIG. 12.88
Problem 34.

16V == H3H A

FIG. 12.89
Problems 35 and 38.

V, 7=<C = 5uF §60
- 20V

i

FIG. 12.90
Problems 36 and 39.

&

33. Reduce the network of Fig. 12.87 to the fewest number

of components.

*34. For the network of Fig. 12.88:

a. Find the mathematical expressions for the voltage v,
and the current i, following the closing of the switch.

b. Sketch the waveformsof v, and i, obtained in part (a).

c. Determine the mathematical expression for the volt-
age v, following the closing of the switch, and
sketch the waveform.

SECTION 12.13 R-L and R-L-C Circuits
with dc Inputs

For Problems 35 through 37, assume that the voltage across
each capacitor and the current through each inductor have
reached their final values.

35. Find the voltages V; and V, and the current I, for the cir-
cuit of Fig. 12.89.

36. Find the current 1, and the voltage V; for the circuit of
Fig. 12.90.
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37. Find the voltage V; and the current through each inductor
in the circuit of Fig. 12.91.

AWy Wy
200 30
50 30
50V — + §GQ
| Vl/T\ 6 uF |2l H4H
~ -
000
= 05H
FIG. 12.91
Problems 37 and 40.

SECTION 12.14 Energy Stored by an Inductor
38. Find the energy stored in each inductor of Problem 35.

39. Find the energy stored in the capacitor and inductor of
Problem 36.

40. Find the energy stored in each inductor of Problem 37.
SECTION 12.16 Computer Analysis

PSpice or Electronics Workbench

*41. Verify the results of Example 12.6 using the VPULSE
function and a pulse width (PW) equal to five time con-
stants of the charging network.

GLOSSARY

Choke A term often applied to an inductor, due to the ability
of an inductor to resist a change in current through it.

Faraday’s law A law relating the voltage induced across a
coil to the number of turnsin the coil and the rate at which
the flux linking the coil is changing.

Inductor A fundamental element of electrical systems con-
structed of numerous turns of wire around a ferromagnetic
core or an air core.
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*42. Verify the results of Example 12.3 using the VPULSE
function and a PW equal to 1 ns.

*43. Verify the results of Problem 30 using the VPUL SE func-
tion and the appropriate initial current.

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

44. Write a program to provide a general solution for the cir-
cuit of Fig. 12.14; that is, given the network parameters,
generate the equations for i, v, and vg.

45. Write a program that will provide a general solution for
the storage and decay phase of the network of Fig. 12.74;
that is, given the network values, generate the equations
for i_ and v, for each phase. In this case, assume that the
storage phase has passed through five time constants
before the decay phase begins.

46. Repeat Problem 45, but assume that the storage phase
was not completed, requiring that the instantaneous val-
ues of ip and v, be determined when the switch is
opened.

LenzZ's law A law stating that an induced effect is dways
such as to oppose the cause that produced it.

Self-inductance (L) A measure of the ability of a coil to
oppose any change in current through the coil and to store
energy in the form of a magnetic field in the region sur-
rounding the coil.






