. Become familiar with the basic construction'of a

iECTIVES .
Oh] ECTIV capacitor and the factors that affect its ability to
store charge on its plates.
. Be able to determine the transient (time-varying)
" response of a c_:apaciﬂ‘vs network and plot the
. resulting voltages and currents.
. Understand the impact of combining capacitors
i series or parallel and how to read the .
. nameplate data. _ .
. Develop some familiarity with the use of computer
methods to analyze networks with capacitive
‘elements.

0.1 INTRODUCTION ,

Thus far; the resistor has been the only network component appearing in our analyses. In
“this chapter, we introduce the capacitor, which has a significant impact on the types of
networks that you will be able to design and analyze. Like the resistor, it is a two-terminal - F8
device, but its characteristics are tatally different from those of a resistor. In fact, the ca-
pacitor displays its true characteristics only when a change in the voltage or current is
made-in the network. All the power delivered to a resistor is dissipated in the form of heat. &
An ideal capacitor, however, stores the energy delivere%m itin a form that can be returned

to the system. :

Although the basic construction of capacitors is actually quite simple, it is a component
that opens the door to all types of practical applications, extending from touch pads to sophis-
ticated control systems. A few applications are introduced and discussed in detail later in this

chapter.

10.2 THE ELECTRIC FIELD .

“Recall from Chapter 2 that a force of attraction or repulsion exists between two charged
bodies. We now examine this prenomenon in greater detail by considering the electric field
that exists in the region around any charged body. This electric field is representetl by
electric flux lines, which are drawn to indicate the strength of the electric field at any,point
around the charged body. The denser the lines of flux, the stronger is the electric field. In
Fig. 10.1, for example, the electric field strength is stronger in region a than region b
because the flux lines are denser in region a than in b. That is, the same numberof flux &8
lines pass through each region, but the area A, is much smaller than area A;. The symbol for
electric flux is the Greek letter ¥ (psi). The flux per unit area (flux density) is represented

by the capital letter D and is determined by
(10.1)

D = ‘—":- (flux/unit area)
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* FIG. 10.2
Determining the force on g unit charge r meters
from a charge O of similar polarity,

+

Flux lines radiate

outward for positive
“charges and inward
for negative charges,
™ Positive

Higher density

flux lines -~

b O
BN

ch'argcQ- N

FIG. 10.1
Flux distribution from an isolated pesitive charge,

The larger the charge Q in coulombs, the greater is the number of flux
lines extending or terminating per unit area, independent of the sus-
rounding medium. Twice the charge produces twice the flux per-unit

area. The two can therefore be equated:

(couion}t;s. C)

By definition, the electric field strength (designated by the capital

‘seript letter %) at 4 point s the force acting on a unit positive charge at
that point; that is, . . .

: F
1 : (newtons/coulomb, N/C)

In Fig. 10.2, the force exerted on a unit (1 coulomb) positive charge
by a charge 0, r meters away, can be determined using Coulomb’s law
(Eq. 2.1) as follows: Sy :

(16.2)

(10.3)

2(1C) ko

rt er

-F=k—Q—‘§3=k (k=9 x 10°N-m¥/C?)
g .

:
Substituting the result into Eq. 10.3 for a unit positive charge results in

: _'F _kQr?
== 1/C

and | H
‘ S

‘The result clearly reveals that the electric field strength is directly re.

(NIC) (10.4)

- lated to the size of the charge Q. The greater the charge Q, the greater is

the electric field intensity on a unit charge at any point in the neighbor-
hood. However, the distance is a squared term in the denominator. The:-
result is that the greater the distance from the charge Q, the less is the
electric field strength, and dramatically so because of the squared term,

In Fig. 10.1, the electric field strength-at region A, is therefore signifi-

cantly less than at region A Ti- %

For two chatges of similar and opposite polarities, the flux distribu-.
tion appears as shown in Fig. 10.3. In general, T
nkcwcﬁxx-ﬁué!_ always extend from a positively charged body to a
negatively charged body, always extend or terminate perpendicular to
the charged surfaces, and never intersect,
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FIG. 10.3
Eleciric flux distributions: (a) opposite charges; (b) I:ke charges.

~ Note in Fig. 10.3(a) that the electric flux lines establish the most di-

rect pattern possible from the positive to negative charge. They are
evenly distributed and have the shortest distance on the horizontal be-
tween the two charges. This pattern is a direct result of the fact that elec-
tric flux lines strive to establish the shortest path from one charged body
to another. The result is a natural pressure to be as close as possible. If
two bodies of the same polarity are in the same vicinity, as shown in Fig.
10.3(b), the result is the direct opposite. The flux lines tend to establish a
buffer action between the two with a repulsive action that grows as the
two charges are brought closer to one another.

\ :
10.3 CAPACITANCE

Thus far, we have 8xamined only isolated positive and negative spherical

-

charges, but the description can be extended to charged surfaces of any

shape and size. I Fig. 10.4, for example, two parallel plates of a mate-
rial such as aluminum (the most commonly used metal in the construc-
tion of capacitors) have been, connected through a swiich and a resistor
to a baitery. If the parallel plates are initially uncharged and the switch is
left open, no net positive or negative charge exists on eithef’ plate, The
" instant the switch is closed, however, electrons are drawn from the upper
plate through the resistor to the positive terminal of the battery. There
“will be a surge of current at first, limited in magmmdc by the resistance
present. The level of flow then declines, as will be demonstrated in the

sections to follow. This action creates a net positive charge on the top

plate: Electrons are being repelled by the negative terminal through the
lower conductor to the bottom plate at the same rate they are being
drawn to the positive terminal. This transfer of electrons continues until
the potential difference across the parallel plates is exactly equal to the
battery voltage. The final result is a net positive charge on the top plate

1

Plates of a
conducting material

FIG. 10.4
Fundamental chareing circuit.

CAPACITANCE 1| 397




‘)
L]

il

398 |II CAPACITORS : . 4 ' ¢ : ) I

and g negative charge on the bottom plate, very similar in many respects
to the two isolated charges in Fig. 10.3(a).

Before continuing, it is important to note that the entire flow of
charge is through the. battery and resistor—not l'hrough the region be-
tween the plates. In every sense of the definition, there is an open circuit
between the plates of the capacitor.

This element, constructed simply of two conducting surfaces sepa-
rated by the air gap, is called a capacitor.

Capacitance is a measure of a capacitor’s ab:'ti!y 1o store charge on its

FIG. 105 ' plates—in other words, its-storage capacily.
Michael Faraday. _ s . :
Courtesy of the Smithsonian In addition,
Im;m‘m : the higher the capacitance of a capacitor, the greater is the amount of
Photo No. 51,147 ; )
s 3 gz ckdrge stored on the plates for the same applied voltage.
Ex 15: dm FEelh i

i) (Lon ) Wedea e Rty The unit of measure applied to capacitors is the farad (F), named after

an English scientist, Michael Faraday, who did extensive research in the
ﬁeld (Fig. 10.5). In pamcular.

a capacitor has a capacitance of 1 F if I'C of charge (6.242 X 10%
electrons) is deposited on the piam by a potential difference of 1 V
across its plates, % .

The farad, howevcr. is generally too large a measure of capacitance for
most J:ract ical applications, so the mierofarad (10™%) or picofarad

Hononrme: Oxfuﬂ Univamy. 1332 :

(10™'2) are more commonly encountered,
The relationship connecting the applied voltage, the charge on the
plates, and the capacitance level is defined by the following equation:
~g] C=farads (F)
= C= v Q = coulombs (C) (10.5)
i s TR -V =velts (V)

Eq. (10.5) reveals tha: for the same voltage (V), the greater Lhe charge
(@) on the plates (in the numerator of the equation), the hzgher is the
capacitance level (C) :

If we write the cquanon in the form

ok ~ (covlombs,©) (106

. it becomes obvious rhrou‘éh the product relationship that the higher the
capacitance (€) or applied voltage ( V}. the greater 1s the charge on the
platcs

EXAMPLE 10.1
, a I 82.4 X°10" electrons are deposited on the negatwc piatc of a

. - capacitor by an applied voltage of 60 V, fi nd the cnpammncc ofthe .’

capacitor.
b. 1f 40V are applied across a 470 uF capacitor, fi f nd the charge on the

« °  plates.

Solutions: !
&, First find the number of coulombs of charge as follows:
' ' ot o |
6.242-% 10'® elsetrons

- 824 % 10""¢.hmrrs( )- 132 mC
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. .nnd\ﬂicn .
¥ 1.32mC
60V
b. Applying Eq. (10.6) gives
' Q'=CV = (470 uF)(40 V) = 188 mC

-

C = % = =22 uF (a standard value)

oA

* A cross-sectional view of the parallel plates in Fig. 10.4 is provided

in Fig, 10.6(a). Note thé fringing that occurs at the edges as the flux ' LR KR R0
lines or'iginating from the points farthest away from the negative plate " _
strive to complete the connection. This fringing, which has the effect v : s

" of reducing the net capacitance somewhat, can be ignored for most -
applications. Ideally, and the way we will assume the distributionto . ' ]
'be in this text, the electric flux distribution appears as shown in = . y . ib)
Fig. 10.6(b), where all the flux lines are equally distributed and “fring- A
ing” does not occur. : WEL :

The electric field strength-between the plates is determined by the °
voltage across the plates and the distance between the plates as follows:

v % = volts/m (V/m)
5 V = volts (V) . (10.7)
d = meters (m) '

FIG.10.6
Electric flux distribution berween the plates of a-
capacitor: (d) including fringing; (b) ideal.

] Y-

‘s:

Note that the distance between the plates is measured in meters, not cen-
timeters or inches. 3 e
The equation for the electric field strength is determined by two fac-
" tors only: the applied voltage and the distance between the plates. The
_ charge on the plates does not appear in the equation, nor does the size of
the capacitor or the plate material. 3 .
‘Many values of capacitance can be obtained for the same set of paral-
lel plates by the addition of certain insulating materidls between the )
plates, In Fig. 107, an insulating material has been placed between a set L
of parallel plates having a potential difference of V volts across them.

4

L V (volts). "

. FIG. 10.7 | .
Effect of a dielectfic on the field distribution between the plates of a capacitor:
(a) alignment of dipoles in the dielectric; (b) electric field components ’
_ between the plates of a capacitor with a dielectric present, ¥

~_ Since the material is an insulator, the electrons within the insulator
are unable to leave the parent atom and travel to the positive plate. The
Positive components, (protons) and negative components (electrons) of
each atom do shift, however [as shown in Fig, 10.7(a)], to form dipoles.
_ When the dipoles align themselves as shown in Fig. 10.7(a), the ma-
terial is polarized. A close examination within this polarized material <
reveals that the positive and negative components of adjoining dipoles
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Hos are neutralizing the effects of each other {mte the ovdl arca in Fig.

10. 7(a)). The layer of positive charge on one surface and the negative

o " charge on the other are not neutralized, however, resulting in the estab-

i lishment of an electric field within the insulator [€yejeciic; Fig. 10.7¢b)].
In Fig, 10.8(a), two plates are separated by an air gap and have layers of

charge on the plates as established by the applied voltage and the distance

between the plates. The electric field strength is €, as defined by Eq. (10.7).

In Fig. 10.8(b), a slice of mica is introduced, which, through an alignment

of cells within the dielectric, establishes an electric field %, that will op-
i ~ pose clectric fi¢ld %;. The effect is to try to reduce the electric field |
| : strength between the plates. However, Eq, (10.7) states that the electric
field strength must be the value established by the applied voltage and the
distance between the plates. This.condition is maintained by placing more
charge on the plates, thereby increasing the electric field strength between
the plates to a level that cantels out the opposing electric field introduced
by the mica sheet. The net result is aff increase in charge on the plates and

an increase in the capacitance level as established by Eq. (10.5).

s M ; " . Resultant
el electric field
. on plates

]
-
.

I TRy R _ -
[ ) Dielectric
(mica sheet)

_ Opposing field
p ; .
(a) 5 (b} :
FIG. 108" '

Demansrmnng the effect of inserting a dielectric between the plates of a capacitor:
(a) air capacitor; (b) dielectric being inseited.

. . Different materials placed between the plates establish different

Y . amounts of additional charge on the plates. All, however, must be insula- -

. tors and must have the ability to set up an electric field within the struc-

Wmy 5 ture. A list of common materials appears.in Table 10.1 using air as the

. T : - reference level of 1.* All of these materials are referred to as dielectrics,

oo + the “di" for opposing, and the “electric” from electric field. Thg symbol

; “he b €, in Table 10.1 is called the relative permittivity (or dielectric

‘constant). The term permittivity is applied as a measure of how easily a _

material “permits” the establishment of an electric field in the material.

The relative permittivity compares the permittivity of a material to that of
air. For instance, Table 10.1 reveals that mica, with-a relative permittivity
S of 5, “permits” the establishment of an opposing electric field in the ma-

i *at e terial five times better than in air. Note the ceramic material at the bottom
' / . : of the chart with a relative permittivity of 7500—a relative permittivity
: i & that makes it a very special dielectric in the manufacture of-capacitors.

» X 3 J o [

"Nmugh there is a difference in dieléctric cllmmuhrmm air and a vacuum, the
difféance {2 30 small that wic e commeanlv niad ne ks salasmmen Taval



i Alummum oxlde

© Glass

- Tantalum tjxlde..

Ceramics -

'”Banum—stmnnum ntamw (ommuc).: E

=

Defining &, as the permittivity of air, we define the relative permittiv-

ity of a material with a permittivity € by

€

Note that €,, which (as mentioned previously) is often called the
~ dielectric censtant, is a dimensionless quantity because it is a ratio of -
~ similar quantities. However, permittivity does have the units of

* farads/meter (F/m) and is 8.85 X 10™'2 F/m for air. Although the rela-

tive penmmv:ty for the air we breathe is listed as.1.006, a value Uf 1is
normally used.for the relative permittivity of air.

For every dieléctric there is a potential that, if applied across the di-
electric, will break down the bonds within it and tause current to flow
through it. The voltage required pef unit length is an indication of its

- dielectric strength and is called the breakdown voltage. When break-

down occurs, the capacitor has characteristics very similar to those of a

conductor. A typical example of dielectric breakdown is lightning,

which occurs when the potential between the clouds and the earth is so
high.that charge can pass from one to the other through the atmosphere

(the dielectric). The average dielectric strengths for various dielectrics

are tabulated in volts/mil in Table 10.2 (1 mil =-1/1000 inch).

One of the important parameters of a capacitor is the maximum
working voltage. It defines the maximum voltage that can be placed
across the capacitor on a continuous basis without damaging it or chang-
ing its characteristics. For most capacitors, it is the dielectric strength
that defines the maximum working voltage.

10.4 CAPACITORS-
Capacitor €onstruction

We are now aware of the basic components of a capacitor: conductive
plates, separation, and dielectric. However, the question remains, How
do all these factors inferact to determine the capacitance of a canacitor?

g =— (dimensionless) -

gl CAPACITORS 11 401

&

TABLE 10.2
Dielectric strength of some dielectric materials.

 Dielectric

Bariumestrontium . R A T
~fitanite (cemm.lc) L R T e
Ceraniics ~~ © " T 1lul < 751000
Porcelain. - vy B ) ‘200
Oilis s 400
Bakelite® - 400
Rubber ' 700
Paper paraffined 1300
Teflon® .= © 1500
Glass 3000
Mica " 5000

L
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Larger plates permit an increased area for the storage of charge, so the
area of the plates should be in the numerator of the deﬁnmg equation,
The smaller the distance between the plates, the larger is the capaci-
tanee, so this factor should appear in the numerator of the equation, Fi-
nally, since higher levels of permittivity result in higher levels of - .
capacitance, the factor € should appear in the numerator of the defining
equation. ¢
The result is the fullbwmg general equation for capacitance:

; C = farads (F)
A €= pemum\uty {F!m) (10.9)
C=e—
‘d A=m?
d=m

If we substitute Eq. (10.8) for the permittivity of the material, we obtain
the following equation for the capacitance:

o oA
C=coer |  (farads, F) (10.10)

orif We substitute the known value for the pcrmiuivi:} of air, we obtain
the following useful equation: :

C=885Xx 10"25,1;? (farads, F) (10.11)

It is important to note in Eq. (10.11) that the area uf the plates (actually
the area of only one plate) is in meters squared (m?); the distance be-
tween the plates is measured in meters; and the numerical value of €, ls
simply taken from Table 10.1.

You should also be aware that most capacitors are in the p.E, nF, or pF
range, not the | F or greater range. A 1 F capacitor can be as large as a
typical flashlight, requiring that the housing for the system be quite
large. Most capacitors in electronic systems are the siz€ of a thumbnail
or smaller. -

If we form the ratio of th:: equation for the capacitance of a capacitor _
with a specific dielectric td that of the same capacitor with air as'the di-
electric, the following results: '

A
Sapais] G AR i
= A C & 4
Co= ‘o}'
ad : (10.12)

The result is that

the capacitance of a capacitor with a dielectric having a relative
permittivity of €, is €, times the capacitance using air as the dieléctric.

The next few examples review the concepts and equations just presented.

EXAMPLE 10.2 In Fig, 10.9, if each air capacitor in the Jeft column is .
changed to the type appearing in the right column, find the new capaci-
tance level: For each change; the other factors remain the same.

-
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FIG. 108 415 e
Example 10.2. iy o

So.'utrons' oy

a. InFig. 10.9(a), the area has increased by a factor of three, providing ! )
more space for the storage of chargg or each plate. Since the area -
appears in the numerator of the capacitance equation, the capadi- . '
tance increges by a factor of three. That is,

C = 3(C,) = 3(5 uF) = i5 uF -

b. In Fig. 10.9(b), the area stayed the same, but the distance between % B ' ~ibl
the plates was increased by a factor of two. Increasing the distance !
reduces the capacitance level, so the resulting capacitance is one-
half of what it was before: That is, T

i ¢ ='l(o.1 WF) = 0.05 uF

. ¢. In Fig, 10 9(c), the area and the distanée between the plat.::s were 3
‘maintained, but a dielectric of paraffined (waxed) paper was added
between the plates. Since the permittivity appcm in the numerator
of the capacitance equation, the capacitance increases by a factor
determined by the relative pemu:uwty That is,

—E,C,-—25(20p.F) T Lol

d. In Fig. 10 9(d), a'multitude of changes are happening at-the same
' time. However, solving the problem is simply a matter of determin-
ing whether the change increases or decreases the capacitance and
then placing the mulnplymg factor in the numerator or denomina-
tor of the ‘equation. The increase in area by a factor of four pro-
duces a multiplier of four in the numerator, as shown in-the
equation below. Reducing the distance by a factor of 1/8 will in-
crease the capacitance by its inverse, or a factor of eight. Inserting
the mica dielectric increases the capacitance by a factor of five. The
result is - ;

- (5}(—1/-8—){@) " 160(1000 pF) = 0.16 uF ' '
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~ FIG.10.10 -
Air capacitor for Example 10.3.

2l
T

In the next example, the dimensions of an air capacitor are provided
and the capacitance is to be determined. The example emphasizes the
importance of knowing the units of each factor of the equation. Failing
to make a conversion to the proper set of*units will probably produce a
meaningless result, even if the proper equation were used and the math-
ematics properly executed. | ;

EXAMPLE 10.3 For the capacitor in Fig. 10.10:

. a. Find the capacitance.
b. 'Find the strength of the electric field between the plates if 48 V are
applied across the plates.

* c¢. Find the charge on each plate.

Solutions:

a. First, the area and the distance between the plates must be converted
to the SI system as required by Eq. (10.11):

R AR ks ]
% m.(smv iﬂ.) —_0.794 mm

= )

: 1 Clm. r
and A= (2-;«.)(:{;«.)(39‘3‘7“%)( 39_3;‘;‘) = 2.581 X 1073 m?

Eq. (10.11):
; (2.581x 10~ *m?)

. ) A
= ~12 A L ges s iom By B e
C=885%10 E,d 38_5 107%(1) —=28.8 pF

- 0.794.
b. The electric field between the piates is determined by Eq. (10.7):
v a8V
E B E i —
: 4= 07%m 60.5 kV/m
c. The charge on the plates is delcmmed by Eq. (10.6):

0=CvV= (28.8 pF)(48 V) =‘1.3s nC .

" i
In the next example, we will msert a ceramic dielectric hetwccn the
‘plates of the air capacitor in Fig. 10. 10 and see how it affects the capaci-
tance level, electric field, and charge on the plates.

EXAMPLE 10.4

a. Insert a ceramic dielectfic With an e, of 250. between lhe plates of
the capacitor4n Fig. 10.10. Then determine the new level of capaci-
tance. Compare your results to the solution in Example 10.3,

~ b. Find. the resulting electric field strength between the plates, and
compare your answer to the result in Example 10.3,

c. Determine the charge on each of the plates, and compare your an-

swer to the result i in Example 10 a.

Solutions:
4. _Frum'Eq, (TO.IZ)._Khe new capacitance level is
C=¢C, = _(I25_0_}(28.8 pF) = 7200 pF = 7.2 nF = 0.0072 puF
which is s:'gmﬁcémly higher than the level in Example 10.3.



i

-

Ly e

R Cg 2 605k ;
b ¥=3 shmm e

" 'Sinﬁe the. apb}'i_ed.bouage and the distance between the pldtes did

. notchange, the electric field between the plates remains the same.,
L e @=CV=(7200 pF)(@8 V) = 3456 nC = 0.35 uC.

1 -

We now know that the insertion of a diclectric between the plates

increases the amount of charge stored on the plates. In Example 10.4,

" since the relative permittivity increased by a factor f 250, the charge on
the plates increased by the same amount. : .

L

EXAMPLE 10,5 Find the maximum voliage that can be 2 plied across
the capacitor in Example 10.4 if the dielectrit strength is 80 V/mil.

Solutiun: N _
1 1000 mils \ '
d =g ——— ] = i 1
| _'32“‘( T ) 31.25 mils
and Ve = 3125 m(%) = 25KV

although the provided working voltage may be.only 2 kV 10 provide a
- margin of safety. = Sl ;

Types of Capacitors

_Capacitors, like resistors, can be listed undér two general headings:

_fixed and variable. The syinbo_i for the fixed capacitor appears in

" Fig. 10.11(a). Note that the curved side is normally connected to
ground or to.the point of lower d¢ potential. The symbol for variable
capacitors appears in Fig. 10:1 1(b). -

Fixed Capacitors Fixed-type capacitots come in all shapes and
sizes. However, . 2 ; '

in general, for the same 1ype of construction and dielectric, the larger
the required capacitance, the larger is the physical size of the capacitor.

In Fig. 10.12(a), the 10,000 pF electrolytic capacitor is significantly

Jarger than the 1 pF capacitor. However, it is certainly not 10,000 times -

larger. For the polyester-film type of Fig. 10.12(b), the 2.2 pF capacitor
is significantly larger than the 0.01 wF capacitor, but agaid it is not
220'times larger. The 22 uF tantalum capacitor of Fig. 10.12(c) is about
6 times larger than the 1.5 uF capacitor, even though the capacitance
“level is about 15 times higher, It is particularly interesting to note that
due to the difference in dielectric and construction, the 22 pF tantalum

capacitor is significantly smaller than the 2.2 pF polyester-film capaci-.

tor and fuch smaller than 1/5 the size of the 100 uF electro Iytic capac-
itor. The relatively large 10,000 pF electrolytic capacitor is normally

used for high-power applications, such as in power supplies and high--

output speaker systems. All the others may appear in any commercial
electronic system. ;

Introductory, C.- 274

.

(a)

Symbols for the

-

A

FIG. 1011

cgpa

citot: (a) fixel; (b) variable.

5
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©l00gE 10.0001F = 0,01 F = 1/100F .

0.0 pF 0.22 uF 22uE
' v (b

T | b £ P

1.54F 22 yF
fc)
: FIG. 10.12 ,
Demonstrating thai, in general, for éach type of construction, the size of a
' ; _ capacitor increases with the capacitance vgiué.' (a) e!:crru!)irr’gr'
A ; (b) polyester-film; (¢) tantaium.

} The increase in size is due primarily to the effect of area and thickness

» ' ~* of the dielectric on the capacitance level. There aré a iumber of ways to
increase the area without making the capacitor too large. One is to lay out

the plates and the dielectric in long, narrow strips and then roll them all to-

3% gether, as shown in Fig, 10.13(a). The dielectric (remember that it has the
o ' characteristics of an insulator) between the conducting strips ensures
' ; the strip$ niever touch. Of course, the dielectric must be the type that can be

N ! rolled without breaking up. Depending on how the materials are wrapped,

- the capacitor can be either a cylindrical or a rectangular, box-type shape.

e

Connectedto . Connected to :
one foil ™ o, Ve [ - ik etk fe i : _L

Kraft paper
Aluminum fofl e
- Polyester (plastic) film
Aluminum foil :

Kraft paper
0. e weap g R = ©
o R <l 4 FIG.1013 g e
 Three ways to increase the area of a capacitor: (a) rolling; (b) stacking; (c) insertion. WL

* A second popular method is to stack the plates and the dielectrics, as

_ ‘ s shown in Fig. 10.14(b). The area is now a multiple of the number of di-

B PreladS e 0 - electric layers. This construction is very popular for smaller capacifors.
4 B s = K 3 : i@ Introductorv, C.-278



"~ A third method is to usé the dielectric to establish the body shape [a

cylinder in Fig. 10.13(¢)]. Then simply insert a rod for the positive plate,
and coat the surface of the cylinder to form the negative piate, as shown
in Fig. 10.13(c). Although the resulting “plates” are not the same in con-
struction or surface area, the effect is to provide.a large surface area for
storage. (the density of eledtric field lines will be different on the two
“plates’™), although the resulting distance factor may. be larger than de-
sired. Using a dielectric with a high €., however, compensates for the in-
creased distance between the plates. ' '

There are other variations of the above to increase the area factor, but
the three depicted in Fig. 10.13 are the most popular.

The next controllable factor is the distance between the plates. This
factor, however, is very sensitive to how thin the dielectric can be made,
 with natural concerns because the working voltage (the breakdown volt-
age) drops s the gap decreases. Some of the thinnest dielectrics are just
oxide coatings on one of the conducting surfaces (plates). A very thin
polyester material, such as Mylar®, Teflon®, or even paper with a paraffin
coating, provides a thin sheet of material than can easily be wrapped for
_ increased areas. Materials such as mica and some ceramic materials can
be made only so thin before crumbling or breaking down under stress.

The last factor is the dielectric, for which there is a wide range of pos-
sibilities. However, the following factors greatly influence which dielec-
tric is used: ' '

The level of capacitance desired.

" The resulting size '
The possibilities for rolling, stacking, and so on
Temperature sensitivity :

Working voltage

The range of relative permittivities is enormous, as shown in
Table 10.2, but all'the factors listed above must be considered in the
‘construction process. e b g

In general, the most common fixed capacitors are the electrolytic,
film, polyester, foil, ceramic, mica, dipped, and oil types.

The ‘electrolytic capacitors in Fig. 10.14 are usually easy to identify
by their shape and the fact that they usually have a polarity marking on
the body (although special-application electrois tics are available that are
not polarized), Few capacitors have a polarity marking, but those that
. do must be connected with the negative terminal connected to ground or
to the point of lower potential. The markings often ased to denote the
positive terminal or plate include +, 0, and A. In general, electrolytic

@ ® . ©
o

. 'FIG. 10.14
Various types of electrolytic capacifors: {a) miniature radial leads; (b
(d) surface-mount; (e) screw-in terminals.

(d)

) axial leads; (c) flatpack;
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capacitors offer some of the highest capacitance values available, although
! their working voltage levels are limited, Typical values range from 0.1 uF -
. 10 15,000 uF, with working voliages from 5 V to 450 V. The basic con-
struction uses the rolling process in Fig, 10.13(a) in which a roll of alu-
minum foil is coated on onc sidé with alurginum oxide—the aluminum
being the positive plate and the oxide the dielectric, A layer of paper or
gauze saturated with an electrolyte (a solufion or paste that forms the con-
_ : ducting medium between the electrodes of the capacitor) is placed over the
L - aluminum oxide coating of the positive plate. Another layer of sluminum
without the oxide coating is then placed over this layer to assume the role
of the negative plate. In most cases, the negative plate is connected directly
to the alumiffum container, which then serves as the negative terminal for -
~external connections. Because of the size of the roll of aluminum foil, the
_ overall size of the clectrolytic capacitor is greater than most. '
L ; Film, polyester, foil, polypropylene, or Teflon® capacitors use a
! ' rolling or stacking process té increase the surface ared, as shown in
i 5 N - Fig, 10.15. The resulting shape can be either round or'rectangular, with
: radial or axial leads. The typical range for such capacitors is 100 pF to .
10 wF, with units available up to 100 uF. The name of the unit defines
. the type of dielectric employed. Working voltages can extend from a
- “few volts to 2000 V, depending on the type of unit.

Sl® Y @

o

. FIG.10.15 .
(a) Filmjoil polyester radial lead: () metalized polyester-film axial lead: (c) surface-mount
; polyesier-film; (d) polypropylene-fitm, radial lead :

- Ceramic capacitors (ofien called dise capacitérs} use a 'cc'ramlic di- ~
electric; as shown in Fig."10.16(a), to utilize the excellent e, values and
. ; © . high working voltages associated with a nuffiber of ceramic materials,

' Lead wirg soldered
. to silver electrode W

Dipped phenolic coating

Silver electrodes deposited-on
top and bottom of ceramic dise

o . ' @
g FIG. 1016 _
Ceramic {disc) capacitor: (a) constriction: | b) appearance.
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: FIG. 10.17 i
Mica capacitors.(a) and (b) surface-mount monolithic chips; {c) high#oltage/temperature mica paper capacitors.
[(a) and (b) covrtesy of Vishay Intertechnojogy, Inc.; (¢} courtesy of Custom Electronics, Inc.]

 Stacking c4n also be applied to increase the surface afea. An cxmplc‘ of..

the disc variety appears in Fig. 10.16(b). Ceramic capacitors typically
range in value from 10 pF to 0.047 pF, with high working voltages that
can reach as high as 10 kV. : ; :

Mica capacitors use a mica dielectric that can be monolithic (single
chip) or stacked. The relatively small size of monolithic mica chip ca-
pacitors is demonstrated in Fig. 10,17(a), with their placement shown
in Fig. 10.17(b). A variety of high-voltage mica paper capacitors are
displayed in Fi . 10.17(c). Mica capacitors typically range in value from
2 pF to several microfarads, with working voltages up to 20 kV.

Dipped capacitors are made by dipping the dielectric (fantalum or
mica) infe a conductor in a molten state to form a thin, conductive sheet
on the dielectric. Due to the presence of an electrolyte in the manufactur-
ing process, dipped tantalum capacitors require a polarity marking to en-
sure that the positive plate is always at a higher potential than the
negative plate, as shown in Fig. 10:18(a). A series of small positive signs

“is typically applied to the casing near the positive lead. A group of non-
polarized, mica dipped capacitors are shown in Fig. 10.18(b). They typi-
cally range in Yalue from 0.1 uF to 680 wF, but with lower working
voltages ranging from 6 V to 50 L' ' _

Mpst oil capacitors such as appearing in Fig. 10.19 are used for indus-
{rial applications such as welding, high-voltage power supplies, surge pro-
tection, and power-factor ¢orrectiop (Chapter 19). They can provide
capacitance levels extending from 0.001 uF all the way up to 10,000 uF,
with working voltages up to 150 kV. Internally, there are a number of paral-
lel plates sitting in a bath of oil or oil-impmg:lated material (the dielectric).

Variable, Capacitors All the parameters in Eq. (10.11) can be
changed to some degree to create a variable capacitor. For example, in
Fig. 10.20(a), the capacitance of the variable air capacitor is changed by
turning the shaft at the end of the unit. By turning the shaft, you control
the amount of common area between the plates: The less common
area there is, the lower is the capacitance. In Fig. 10.20(b), we have a
much smaller air trimmer capacitor. Tt works under the sae principle,
but the rotating blades are totally hidden inside the structure. In

CAPACITORS |1} 409°

FIG. 1018
Dipped capacitors: {a) polarized tantalint: '
(h) nonpolarized miea.

|
\

CORNELL
DUBILIER

_ 'FIG. 10.18
Oil-filled, metallic oval case snubber capacitor ( the
snubber removes unwanted voltage spikes).
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_ FIG. 10.20
Variable capacitors: (a)air; (b) air trimmer; (c) ceramic dielectric compression irimmer.
C [(a) courtesy of James Millen Manufacturing Co.] _

b 0 Fig. 10.20(c), the ceramic trimmer capacitor permits varying the ca-
pacitance by changing the common area as above or by applying pres-
sure to the ceramic pl ate 1o reduce the distance between the plates.

Leakage Current and ESR = - '

Although we would like to think of capacitors as ideal elements, unfortu-
nately, this is not the case. There is a dc resistance appearing as R, in the
equivalent model of Fig. 10.21 due to the resistance introduced by the
contacts, the leads, or the plate. or foil materials. In addition, up to this
) * point, we have assumed that the insulating characteristics of dielectrics A
. prevent any flow of charge between the plates unless the breakdown volt-_
.age is exceeded. In reality, however; dielectrics are not perfect insulators,
and they do carry a few free electrons in their atomic structure,

RS
- L 4
c oS
. G e 4,:; R, ’
() ) .
. "
: FIG. 10.21 ;
a8 Leakage current: (a) including the leakage resistance in the equivalent model for

a capacitor; (b) internal discharge of a capacitor due to the leakage current.

When a voltage is applied across a capacitor, a leakage current is estab-
lished between the plates. This current is usually so small that it can be'ig-
+ nored for the application ungler investigation. The availability of free
electrons to support current flow is represented by a large parallel resistor
R, in the equivalent circuit for a capacitor as shown in Fig, 10.21(a). If we
apply 10 V across a capacitor with an internal resistance of 1000 M, the
; current will be 0.01 2A—a level that can be ignored for most applications.

: The real problem assocjated with leakage currents is not evident until
you ask the capacitors to sit in a charged state for long periods of time. As
shown in Fig. 10.21(b), the yoltage(V = Q/C) across a charged capacitor
alsa appears acress the parallel leakage resistance and establishes a
discharge currept through the resistor, In time, the capacitor is totally -
_ : p



- discharged. Capacitors such as the electrolytic that have high leakage cur-
rents (a leakage resistance of 0.5 M{} is typical) usually have a limited
shelf life due to this internal discharge characteristic. Ceramic, tantalum,

 and mica capacitors typically have unlimited shelf life due to leakage re-

 sistances in excess of 1000 M(L. Thin-film capacitors have lower levels of
leakage resistances that result in some concern about shelf life. -
There.is another quantity of importance when defining the complete
‘capacitive equivalent: the equivalent series resistance (ESR). It is a
quantity-of such importance to the design of switching and linear power
supplies that it holds equal weight with the actual capacitance level. It is’
a frequency-sensitive characteristic that will be examined in Chapter 14
" after the concept of frequency response has been introduced in detail. As
‘the name implied, it is included in the equivalent model for the capacitor

. as a series resistor that includes all the dissipative factors in an actual ca-

pacitor that go beyond just the dc resistance, '

Temperature Effects: ppm

Every capacitor is temperature sensitive, with the nameplate capacitance
level specified at room température. Depending on the type of dielectric,
incfeasing or decreasing temperatures can cause éither a drop or arise in
capacitance. If temperature is a concern for a particular application, the
manufacturer will provide a temperature plot, such as shown in Fig.
10.22, or a ppm/°C (parts per million per degree Celsius) rating for the ,
capacitor, Note in Fig: 10.20 the 0% variation from the nominal (name-
plate) value at 25°C (room temperature). At 0°C (freezing), At has
dropped 20%, while at 100°C (the boiling point of water), it has dropped
70%—a factor 1o consider for some applications, = :

As an-example of using the ppm level, consider a 100 uF capacitor
with a temperature coefficient or ppm of —150 ppm/°C. It is important
to note the negative sign in front of the ppnr value because it reveals that
the capacitance will drop with increase in temperature. Tt takes a mo-
‘ment to fully appreciatg a term such as pafts per million. In equation
form, 150 parts per million can be written as :

150 .o o,
1,000,000

If we then multiply this term by the capacitor value, we can obtain the
change in capacitance for each 1°C change in temperature. That is,_

150 el Y )
. 300,000V 100 HF)/2C = ~0.018 JF"C = —15,000 pF/ c

If the temperature should rise by 25°C, the capacitance would decrease by
15,000 pF,__ b -
- —-TE—P—{zs 5¢) = —0,38 pF
chang'ipg.thc-cgppcitance level to
100 uF = 0.38 uF = 99.62 uF
1 I
Capacitor Labeling

Due to the small size of some capagitors, various marking schemes have
been adopted to provide the capacitance level, tolerance, and, if possible,
working voltage. In general, however, as pointed out above, the size of
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25U Ceramié typical values

_lgﬁji/ ] ]

:ig_ # .' hY ]

40 |— v 3 ¥
-50 |—; : =
60
=70 [— Y
80 -
80 |- T
=100 :
—60-40-20 0 20 40 60 80 100 (°C)

— Temp.

Capacitance (%) -

FIG. 10.22 . <
Variation of capacitor value with temperature.

-



412 |1l CAPACITORS

§ FIG. 10.24

Digital reading capacitance meter,

_ (Courtesy of B+K Precision.)

3

(a) ) ek ()

FIG. 10.23
- Various marking schemes for small capacitors.

the capacitor i the first indicator of its value. In fact, most marking
schemes do pot indicate whether it is in wF or pF. It is assumed that you
can make that judgment purely from the size. The smaller units are typi-
cally in pF and the larger units in uF. Unless indicated by an n or N,
most units are not provided in nF. On larger uF units, the value can often . -
be printed on the jacket with the tolerance and working voltage. How-

ever, smaller units need to use some form of abbreviation as shown in

Fig. 10.23. For very small units such as those in Fig. 10.23(a) with only

two niimbers, the value is recognized immediately as being in pF with

the' K an indicator of a +10% tolerance level. Too often the K is read as

a multiplier of 10, and the capa.cuancc is read .as 20,000 pF or 20 nF

rather than the actual 20 pF. .

For the unit in Fig. 10. 23(b) there was room far a lawercase n to
represent a multiplier of 1072 s resulting in a value of 200 nF. To avoid
unnecessary confusion, the letters used for toleranca do not include N,
U, or P, so the presence of any of these letters in upper- or lowercase -
normally refers tg.the multiplier level. The J appearing on the unit in
Fig. 10.23(b). represents a =5% tolerance level. For the capacitor in
Fig. 10.23(c), the. first two numbers are the numerical value of the ca-
pacitor, while the third number is the power of the multiplier (or num-
ber of zeros to'be ‘added to the first two numbers), The question then
remains whether the units are uF or pF: With the 223 representing &
number of 22,000, the units are certainly not uF because the unit istoo
small for such a large capacitance. It is a 22,000 pE = 22 nF capacitor.

- The F reprcsenls a £ 1% toleramnce level. Multlphers of 0.0] use.an 8

for the third digit, while multipliers of 0.1 use a 9. The capacitor in
Fig. 10.23(d) is a 33 X 0.1 = 3.3 uF capacitor-with a tolerance of
£20% as defined by the capital letter M. The capacitance is not 3.3 pF
because the unit is too large; again, the factor of size is very helpful in
making a judgment about the capacitance level. It should also be noted
that MFD is sometimes used to signify rnicrefarads.

Measuren\ent and Testiﬁg of Capacutors

The capacitance of a capacnor can be read directly using a metamuch as’
the Universal LCR Meter in F1g 10.24. If you set the meter on C for

" capacitance,-it will automatically choose the most appropriate unit of

measurement for the element, that is, F, uF, qF or pE. Note the polarity

_mm‘kmgs on the meter for capacitors that have a- speclficd polarity.

The best chéck is to use a meter such as the one in Fig. 10.24. How-
ever, if it is unavailable, an ohmmeter can be used to determine whether
the dielectric is still in good working order or whetlier it has deteriorated
due to age or use (especially fpr paper and electrolytics). As the dielec-
tric breaks' down, the insulating qualities of the material decrease to the
pomt }vhere ‘the refistance between T.h:: plates dmps toa relutwcly low\
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“level. To usé an chmmeter, be sure that the capacitor is fully discharged,
“by placing a lead diréctly across its terminals. Then hook up the meter

 (paying attention to the polarities if the unit is polarized) as shown in
Fig. 1025, and note whether the resistance has dropped to a relatively
low value (0 t6 a few kilohms). If so, the capacitor should be discarded.
You may find that the reading changes when the meter is first connected.

" Thischange is due to the charging of the capacitor by the internal supply
of the chmmeter. In time the capacitor becomes stable, and the correct .
reading can be observed. Typically, it should pin at the highest level on
the megohm scales or indicate OL on a digital meter. -

The above ohmmeter test is not all-inclusive because some capac;tors
‘exhibit the breakdown characteristics only when a large voltage is ap-
plied. The test, however, does help isolate capacitors in whlch the dielec-
tric has’ detcnorated

FIG 10.26
Chech'ng the dielectric of an r!ec:mfync capacitor.

Standard Capacttor Values

Tke masr common. capacitors use the sqme nmmncal multipliers
encountered for resigtors.

The vast majority are available with 5%, 10%, or 20% tolerances, There
are capacitors available, however, with-tolerances of 1%, 2%, or 3%, if
you are willingto pay the price. Typical values include 0.1 uE, 0.15 uF,
0.22 uF, 0.33 uF, 0.47 pF, 0.68 uF; and 1 uF, 1.5 pF, 2.2 pF, 3.3 pF,
4.7 uF, 6.8 -p.F‘. and 10 pF, 22 pF. 33 pF. 100 pF,; and so on.

10.5 TRANSIENTS IN CAPACITNE NETWORKS S +og - :
THE CHARGING PHASE - Lhe ‘VRW——_q

. U
The placement of charge on the plates of a capacitor does not occur in-

A+
+

stantaneously. Instead, it eccurs over a period of time determined by the £ a_."’ : C e
components of the network. The charging phase—the phase during - ) -

which charge, is deposited on the plates—can be described by reviewing ’ :
the response of the simple series circuitin Fig, 10.4, The circuit has begn

redrawn in Fig.10.26 with the symbol for a fixed capacitor. e

"Recall that the instant the switch is closed, electrons are drawn from the FIG. 10.26
top plate and deposited on the bottom plate by the battery, resulting in a net Basic R-C charging network. )
positive charge on the top plate and a negative charge on the bottom plate. - "‘

The transfer of electrons is very rapid at first, slowing down as {ge potential
_ across the plates approaches the applied voltage of the battery. Eventually,
when the voltage across the capacitor equals the applied voltage, the trans-
fer of electrons ceases, and the plates have a net charge determined by 0 = -
CVc = CE. This period of time during which charge is being deposited on
the plates is called the transient period—a period of timé where the volt-
age or current changes from one steady-state level to another.

Since the voltage across the plates is directly related to the charge on
the plates by V = Q/C, a plot of the voltage-across the capacitor will
have the same shape as a'plot of the charge on the plates over time. As
shown in Fig. 10.27, the voltage across the capacitor is zero volts when

Small increase i
the switch is closed (# = 0 s). It then builds up very quickly at first sincg adad
charge is being deposited at a very high rate of specd As time passes, the Rapid increase
charge is deposited at a slower rate, and the change in voltage drops off.

The voltage continues to grow, but at amuch slower rafe. Eventually, as
the voltage across the plates approaches the applied voltage, the charg- )
ing rate is very slow, until finally the voltage across the plates is-equal to FIG.10.27

the applied voltage—the transient phase has passed. ’ v during the charging phase.

Switch closed 4
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FIG. 10.28
Universal time constant chart.
TABLE 10.3 ¥ ‘Fortunately, the waveform n Fig. 10.27 from beginning to end cap
Selected values of e™. . be described using the mathematical function e, It is an exponential

function that decreases with t1mc as shown in Fig. 10.28. If we substi-
tute zero for x, we obiam e~ Y, which by definition is 1, as shown in
Table 10.3 and on the pIot in Fig. 10.28. Table 10.3 reveals that as x in-
creases, the function e~ decreases in rnagmtude until it is very close
to zero after x = 5. As noted in Table 10.3, the exponential factor ¢! =
e = 2.71828. : *

A plotof 1 — ™" is also provided in Fig. 10.28 since it is a compo-
nent of the voltage ve in Fig. 10.27. Whene ™ is 1,1 — ¢ " is zero as
shown'in F& 10,28, and when e™* decreases in magnitude, 1 — ¢~ ap-
proaches T, as shown in the same figure.

You may wonder how this function can help us if it decreases with

: time and the curve for the voltage across the capacitor increases with

time. We simply place the exponential in the proper mamernancal form
as follows: .

: T
ve = EFJ. —e . ) T (volts, V) (10.13)
First note in Eq. (10.13) that the voltage v¢ is written in lowercase
(not capital) italic to point out that it is a function that will change with
time—it is not a constant. The exponent of the exponential function is no
longer just x, but now is time () divided by a constant 7, the Greek letter
tau. The quantity 7 is defined by 5

o [r=kc] o mes - 019

i
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Tha facwr 7, called Lhc time constant of the network, has the units of =
umc as shown below using some of the basic equations introduced ear- .

- her In t}us text:

s () (Z)(E) o

A plol of Eq. (10.13) results in the curve in Fig. 10.29, whose shape isan
_exact match with that in Fig. 10.27.

lec
5 " t
X 0.95E '0932£: 0.993E
r(,gff};‘;f, (95%) 1(98.2%)! | (99.3%) |
| .. . y . ¥
i e
{ B o *
| 63.2% b .
ey g
I 1 1]
“f [L5=5 i )
I L 1 L 2
0% Ir 2r I 4r 57 67 t

Switch closed

FIG. 10. 29
P!omng the equation ve = E(] — g~ ) versus time (1).

Fa

In Eq, (10.13), if we substitute r = 0 s, we find that

and ‘ ._ u¢=E(ll—e"”’}=E(l—l}-=_ﬂV.

* as appearing in the plot in Fig. 10.29,

Itis important to realize at this point that the plot¥in Fig. 10.29 isnot ~ +
against simply time but against 7, the time constant of the network. If we
want to know the voltage across the plates after one time constant, we
s1mp1y plug ¢ = 17 into Eq (10.13). The result is

_ ; e = = "l = 0368
and  ye=Hl-e "") E(L - 0.368) = 06328
as shown in Fig. 10.29.
Atr= 27 i :
% - ,‘fs"r”= e~ = o= = 0135 ’ I. , _ : KL e
and ve=El - ¢ =K1 —0135)sausﬁsE

as shown in Fig. 10. 29, ~

As the number of time constants increases, the voltagc across the
capacitor does indeed approach the applied voltage

Atz = 57

e eI S = 0007
and ve=El — ¢/ = E1 - 0.007) = 0.993E = E
4 - [}

In fact, we can conclude from the results just obtained that
the voltage across a capacitor in a de network is essentially equal to

the applied voltage afier five time constants of the charging phase
have passed.
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/T\
Or, in more general terms,

the transient or charging phase of'a capacitor has essentially ended
after five timeg constants.

It is indeed fortunate that, the same exponential function can be
used to plot the current of the capacitor versus time. When the switch
is first closed, the flow of charge or current jumps very quickly to a
value limited by the applied voltage and the circuit resistance, as
shown in Fig. 10.30. The rate of deposit, and hence the current, then
decreasés quite rapidly, until eventually charge is not being deposited
on the plates and the current drops to zero amperes.

The equation for the current is '

. i
R R
ic= Re (amperes, A) (10.15)
charging !

In'Fig. 10.26, the current (conventional flow) has the direction shown
since electrons flow in the opposite direction.

Y Atr=10s

E
R
'H
368% (36.8%) LA
N ik 0.018% (1:3%)
(01355 (13.5%) axpoam. . .,
N 005K %) / . P.Oﬂﬁ:?ﬁ (0.67%)
0 15 7 3 4r 5t - 6T it
: FIG. 10.30

B -
Plotiing the equation ic = Ee"f' versus time (1),

§ e =glm}
' ¥ VE E g o=
[ = — ~tt = = =
and i e, R(l) R
Attt = 1t i
el = ¢ = 71 = 0368
7
- E E
and - . sig= Ee"f' = 2(0368) = 0.368 2

R
In general, Fig. 10.30 clearly reveals that "

the current of a capacitive dc network is essentially zero amperes
after five tinre constants of the charging phase have passed.

Itis also important to recognize that j

during .th'__c charging phase, '!he'-mqur change in voltage and current
occurs during the first time constant. -

] 4



A0 , . : - : . 5 .
W AT i TRANSIENTS [N CAPACITIVE NETWORKS: THE CHARGING PHASE [11 417

The voi:agc across ;he capacitor reaches about 63.2% (about 2)3) of
- s fingl value, whereas the current drops to 36.8% (about 1/3) of its peak
~value. During the next time constant, the voltage increases only about , ) -
23.3%, whereds the current drops.to 13.5%. The first time constant is -
therefore a very dramatic time for the changing parameters. Between the ;
foyrth and fifth time constants, the voltage increases only about 1.2%,
whereas the current drops to less than 1% of its peak value.
Refurning to Figs. 10.29 and 10.30, note that when the voltage across
- the capacitor reaches the applied voltage E, the current drops to zero am-
peres, as reviewed in Fig. 10.31. These conditions maich those of an
oper circuit, permitting the following conclusion:

A capacitor can be replaced by an open-circuit equivalent once lkle
charging phase in a dc network has passed.

+up=0V -
4 :
o o AA- “‘ ic=0A
S e

+| e xS
uttmi ve=E volts i : PR
- -[- : - T_Open circuit b y
- ; A : . :

FIG. 10.31

Demonstrating that a capacitor has the characteristics of an.open cireuit
afier the charging phase has passed.

This conclusion will be partlcularly useful when analyzing dc networks
that have been on for a long period of time or have passed the transient
phase that normally occurs when a system is first turned on.

A similar conclusion-can be reached if we cbnsider the instant the
switch is closed in the circuit in Fig, 10.26, Rcfemng to Figs. 10.29 and
10,30 again, we find that the current is a peak valué at 7 = 0 s, whereas
the voltage across the capacitor.is 0 V, as shown in the equivalent cm:ul(
in Fig. 10.32. The result is that »

a capacitor has the characteristics of a shor! circuit equivalent at ihe
instant the switch is closed in an uncharged series R-C circuit.

'

+ up=E -
= AAA Lal.ak
< 2 YYy e
5 = » +
E = - b V=0V
"~ Short circuit
- £ #
FIG, 10.32

Revealing the short-circuit equivalént for the capacitor that occurs
when the switch is first closed.

In Eq. (10.13), the time constant 7 will always have some value be- .
cause some resistance is always present in a capacitivesnetwork. In some .
cases, the value of T may be very small, but five times that value of 7, n0 - A
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“T=

matter how small, must therefore always exist; it cannot be zero. The re-
sult is the following very important conclusion:

The voltage across a capacitor cannot change instantaneously.

~ In fact, we can take this statement a step further by saying that the ca-
pacitance of a network is a measure of how much it will opposc a change
in voltage in a network. The larger the capacitance, the larger is the time
constant, and the longer it will take the voltage across the capacitor to
reach the applied value. This can prove very helpful when lightning ar-
resters and surge suppressors are designed to protect equipment from
unexpected high surges in voltage. : '
Since the resistor and the capacitor in Fig. 10.26 are in series, the cur-
rent through the resistor is the same as that associated with the capacitor.
*  The voltage across the resistor can be determined by using Ohm's law in
the following manner: it :

vg = igR = icR

so that ; = (-ge"’{")R'. .

and vg=Ee™"T|  (volts, V) (10.16) -
Peharging

A plot of the voltage.as shown in Fig. 10.33 has the same shape as
that for the current because they are related by the constant R. Note,
however, that the voltage across the resistor starts at a level of E volts be-
cause the voltage across the capacitor fs zero volts and Kirchhoff's volt-
age law must always be satisfied. When the capacitor has reached the
applied voltage, the voltage across the resistor must drop to zero volts
for the same reason, Always remember that '

Kirchhoff'’s voltage law is applicable at any instant of tinie for any
type of voltage in any type of network. '

3

Ur

Ir 2r - 3 4r - 57 61 1

FIG.10.33
Plotting the equation vy = Ee™"" versus time (z).

‘Using the Calculator to Solve

Exponential Functions :
Before looking at an example, we will first discuss the use of the TI-89
calculator with exponential functions. The process is actually quite sim-
ple for a number such as ¢™'2, Just select the 2nd function (diamond) key,
followed by the function &*. Then insert the (—) sign front the numerical
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-

m«*-mmm--mzﬂa' ST T

, FIG. 10.34 _
: Caleulator key strokes to determine e~ "2,

keyboard (not the matheratical functions), and insert the number .
1.2 followed by ENTER ‘to obtain the result of 0.301, as shown in  ~
Fig. 10.34. The use of the computer software program Mathcad is
demonstrated in a later example

. i

EXAMPLE 10.6 For the circuit in Fig. 10.35: . o :} ie
a. Find the mathematical expression for the transient behavior of v, Y s”m' X j

. I, and vg if the switch isclosed att = 05 - vy _ g .

. b. Plot the waveform of v¢ versus the time constant of the network.  p—— 40V B
c. Plot the waveform of v versus time. & . CATT4KF v
d. Plot the waveforms of ixand vg versus the time constant of the network.
€. What is the value of vcatr = 20 ms? e
f. On a practical basis, how much time must pnss before we can assume = _

that the charging phase has passed? - ’ " FIG.1035
g. When the charging phasc has passed, how much charge is sitting on Transient weswork for Example 1056,
" the plates? _ .

. h. If the capacitor has a lcakage resrsiancq of 10 000 M{}, what is the
initial leakage current? Once the capacitor is separated from the cir-
.cuit, how long will it take to totally dw.-ha:ge, assuming a lmear
(unchanging) discharge rate? ;

Solutions: _ ' Egne o
a. The time constant of the network e, ; : :
T=RC = (8kfl)(4 uF) = 32 ms
msuiting'in the follotving mathematical equdtions:
' ¢ = Bl - £77) = 40 V(1 ~¢~¥P2m)
ic = i’-‘e“'f" = ;Omve"f‘-‘"” = SmAe-tIms
: vgp = Ee™/* = 40 Ve ~"/32ms
b.” The resulting plot appears in Fig. 10.36.
¢. The horizontal scale will now be against time rather than time con-

stants, as shown in Fig. 10.37. The plot points in Fig. 10.37 were
taken from Fig. 10.36.

. ve (V)
) 40 o,
ve (V) ;
aol- y 0 i “
1 BV 393V 97V ook >
30k 346V _ P 0
] 1
2ok 2528V : : v 107/ 1 | I
S ormm ) | S
10 o / 50 150\__ 200 1 (ms)
. : i . " A 17 (32 ms). mssmn - Sr (160 ms)
ov Ir ' 2r 3 4r 5t 6r 1 2+ (64 ms) 4r (128 ms)
" FG.1036 ' FIG. 10.37

Ve versus time for the charging network in Fig. 10.35 Y “Ploting the waveform in Fig. maammm
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! 5
[ ] 4t
3
2l
' ¥ l.-
0
[
L )
1 ", + Uy -
i —HW':;
R
4 E 3 +
ER | CFRue
k3

: . AG108 . T
(a) Chargivig merwork; (b) discharging configuration.

up (V)
40
£l S
B Naary
5 o : ]
0.034 mA av (‘]_73\?9_21\;
5 5 0 1t 2r 3 4t 57 ¢
(b)
FIG. 10.38

ic and vy for the charging network in Fig. 10.36,

d. Both plots appear in Fig. 10.38. :
e. Substituting the time f = 20 ms results in the following for the expo-
nential part of the equation: -
AT = g~ 0msI2ms o ,~0625 = 0 535 (using a calculator)
50 that ve = 40 V(1 — e™32™%) = 40V (1 ~.0.535) -

= (40 V)(0.465) = 18.6 V  (as verified by Fig. 10.37)
f. Assuming a full charge in five time constants results in
Sr.= 5(32 ms) = 160 ms = 0.16 5

g 'Using Eq. (10.6) gives

0 ="CV = (4 uF)40 V) = 160 uC
h. Using Ohm's law gives -

WY e
10,000 MQ

Finally, the basic équation I = Q/f resulls in

- Q_160puC (mm)( Lh )_
dorie7a (40,000 8) | =" ) g0 ) = LL11R

 lieakage =

10.6 TRANSIENTS IN CAPACITIVE NETWORKS:
THE DISCHARGING PHASE . i

We now investigate how to discharge a capacitor while exerting some-
control on how long the discharge time will be. You can, of course, place
a lead directly actoss a capacitor to discharge it very quickly—and pos-
sibly cause a visible spark, For larger capacitors such those'in TV sets,
this procedure should not be atichpied because of the high voltages in-
volved—unless, of course, you are trained inr the maneuver.

In Fig. 10.39(a), a second contact for the switch was added to the cir-
cuit in Fig. 10.26 to permit a controlled discharge of the capacitor. With
the switch in position 1, we have the charging network described in the
Jast section. Following the full charging phase, if we move the switch to

. position 1, the capacitor can be discharged through the resulting circuit

in Fig. 10.39(b). In Fig. 10.39(b), the voltage across the capacitor ap-
pears directly across the resistor to establish a discharge current. Ini-

~ tially, the current jumps to a relatively high value; then it begins to drop.

Tt drops.with time because charge is leaving the plates of the capacitor,
which in turn reduces the voltage across the capacitor and thereby the

woltage across the resistor and the resulting l:u(rré_‘.n[.
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Before lqdmig at thewaw shapes for each quantity of i interest, note that
current lc]ﬂl now reversed direction as shown in Fig. 10. 39[b] Asshown
ifn parts (a) and (b) in Fig, 10.39, the Voltage across the capacitor does not
. reverse polarity, but the current reverses direction. We will show the rever-
" sals on the resulting plots by sketching the waveforms in the negative re-
gions of the graph. In all the waveforms, note that all the mathematical
expressions use the same e~ factor appearing during the charging phase.

For the voltage across the capacitor that is decmasmg with time, Lhe
nmhamaucal axpresswn is

=’ =it
ve Ee dmmms (10.17)

For tms circuit, the time constant 7 is defined by the same cquanon as
used for the charging phase That is, :

-r:f?C o - (10.18)

—

Since the current decreasés with time, it will have a similar format:

= _ :
X ic = =e™" (10.19)
£ - Ry discharging

For the configuration in Fig. 10.39(b), since vg = vc (in parallel), the
equation for the voltage vg has the same format: '

=t Ny e :
B (1020)

~ The complete discharge will occur, for all practical purposes, in five
~ time constants. If the switch is moved between terminals 1 and 2 every
five time constants, the wave shapes ia Fig. 10.40 will result for v, ics

? !r Zf 31' 41 St-r 6‘r ‘?-r 87 97!(?’[“'121'137}41’[51‘ 1 Ol Ir 2r 3r 4r
Switch in Position 2 Position 1 Position 2
position 1 - : ; )
B - e S
: R
-

L =k ke L 1 1 b o
67 Gri0rllri2ridriacl (i

(=]

0] LA

FIG. 10.40

Introductory, C.-28A

I7 27 37 41 X 1' 91'101'[11'121']31'[41‘1 1

Vg, i and g for 57 switching between contacts in Fig. 10.3%a).
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=
1

and vg. For gach curve, the current directions and voltage polarities are
as defined by the configurations in Fig. 10.39. Note, as pointed out
above, that the current reverses direction during the discharge phase.

The discharge rate does not have to equal the charging rate if a differ-
ent switching arrangement is used. In fact, Example 10.8 will demon-
strate how to change the discharge rate. :

EXAMPLE 10.7 Using the values in Example 10.6, plot the wave-
forms for ve and i resulting from switching between contacts 1 and 2 in

- Fig.'10.39 every five time constants.

Solution: The time constant is the safne for the charging and discharg-
ing phases. That is;

T=RC=(8k(Q)(4uF) =32ms
For the discharge phase, the equations are
ve = Ee™T = 40 Ve 132 ms

3 __E. -ifr 0V —432ms _ ~1/32 ms
= ~gt TN = —5 mAe iR

Vp =Y = 40\’:"'-’”’“'

A continuous plot for the charging and discharging phases appears in
Fig. 1041, : E '

] 5r '
L swiich in 4 position 2 $ position 1 4 position 2

position 1

fe
+imA .

7=32ms ;
L 1 1 1 1 I
0 1 !
S A [ oo
FIG. 10.41

veand ic for the network in Fig. 10.39(a) with the values in Example 10.6.

The Effect of v on the Response

In Example 0.7, if the value of 7 were changed by changing the resis-
tance, the capacitor, or-both, the resulting waveforms would appear the
same because they.were plotied against the time constant of the network.:
[f they were plotted. against time, there could be a dramatic change in the
appearance of the resulting plots. In fact, on an oscilloscope; an instrument
designed to display such waveforms, the plots are against time, and the

change will be immediately apparent. In Fig. 10.42(a), the waveforms i
, Tee B o dicton, t.- 208
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SmA |

480 ms

T=8ms

y .. i N o : . ' ST \mmkmmkmmskmﬂmk 45;0.1:!: \
0| 40ms 80ms 160ms ; Bl 10 30r :
(57) (101) "(207) : :
: “SmA pedemem bl

(b)

~ FIG.10.42 -
Plotting vcahdic vemﬁ:’ time in ms: (a) 7= 32 ms; (b) 7= 8ms.

Fig. 10.41 for vc and i¢ were plotted against time. In Fig. 10.42(b), the -
capacitance was decreased to 1 pF, which reduces the time constant to
8 ms. Note the dramatic effect on the appearance of the waveform.

For a fixed-resistance network, the effect of increasing the capacitance
is clearly demonstrated in Fig. 10.43. The larger the capacitance, and hence
the time constant, the longer it takes the capacitor to charge np—thm is

+smore charge 10 be stored. The same effect can be created by holding the'ca-
pacitance constant and increasing the resistance, but now the longer time is -

FIG. 10.43
due to the lower currents that are__'g result of the’ mgimndstgnoe Effect of increasing values of C (with R consiant)
By i on the charging curve for Ve.

EXAMPLE‘IOSFurlheeI’rcmthig 10.44: % £ = .

a. Find the niathematical expressmns for the transient hehavmr of the
voltage ve and the current i if the capacitor was initially uncharged
and the switch is thrown into position 1 atf = 0s.

b. Find the mathematical expressions for the voltage v¢ and the cur-
rent ¢ if the switch is moved to position 2 at t = 10 ms. (Assume

R
1 - |
3‘:\9- MW ||‘r
20 20k0 L A
+ .03 _ +
Eumme 12V C 7 7~0.054F ve
Ry 10k} .
»
FIG. 10.44

_ Nerwork to be analyzed in Example 10.8.
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aCiclt that the leakage resistance of the capacitor is infinite ohms; that is,

there is no ge current.) '

3 c. Find the maxhcmumal expressions for the voltage v and the cur-
rent ig if the nmch is thrown into position 3 at f = 20 ms.

d. Plot the wans obtained in parts (a)~(c) on the same time axis

using the daﬁ-u! polarities in Fig. 10.44.
Solutions: ; ‘;'
a. Charging phase;
_ _1':!- R\C = (20 k2)(0.05 uF) = 1 ms

= i e =E(1 - ¢7) = 12 V(1 - ¢~V ms)
. & B -ifr 12V =11 ms ~f/1ms
. "R -=20er ; = 0.6 mAe

: b. Swmge phase: At 10 ms, a period of time equal to 107 has passed,
sk . umption that the capacitor is fully charged. Since

; .R]uluge _ mdr ‘the capacitor will hold its charge indefinitely. The

result is tl'latlfbthvc and e will remain at a fixed value: %
N v(_ = lzv
ic=0A
e Ducharge phase (using 20 ms as the new 1 = 0 s for the equnuons)
- The new ummnsmm is
_ S = RC.~4l+ R;)C = (20kQ + 10kQ)(0.05 uF) = 1.5 ms
G - i ! ve = Ee~ o 5 gv‘*!!l.-i_ml
I TP SR
fp= = Re Ri+ R,
e ' = : e e ~1/15ms
20 k@ 10ka © e
d. SeeFig. 10M8"

nv

“

|5 ms) (22.5 ms)

: Ol e T o S
. .'. s‘rf -
' bt - =157 :
0.6mA &
: Ll (10 ms) (15 ms) (22.5 ms)
» 0] 1 V ]
By R o b
I8 " Y . "
O FIG. 10.45 ’ .

vcand i¢ for the nerwork in Fig. 10.44.
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mm Fwﬁwmo'kinﬁg W046: <

a MWMmmeMMmmdhmlt-
mmﬂm@f&sm@uﬁmhﬁmlﬂt=ﬂa . -

b. Find the mathematical expression for the transien vicr of the voli-
age across the capacitor if the switch is moved to'pesition 2 at r = 17,

“¢. Plotthe rewlung waveform for the voiuge ve as‘hmmned by parts
(a) and (b).

d. Repeatpaﬂs(a)»-{c}furlhemnum "c

]
-
AAA
Wy
wn

= S LS N
FIG. 10.46
Nerwork to be ml‘y:ed’ In Em'lpfe lﬂil
a. Converting the current source to a meum in the con-
figuration in Fig. 10.47 for the charging phase. .,
-Rl . ar
praeii—
syt

The charging phase farr}wmmori:mﬂg }0.46.
For the source conversion : )
E=IR = (4mA)(S ki) = 20V et
and - Ry=R,=5k0) ’ o '
r=RC=(Ry + R;)C (5kQ1 + 3kQ)(10 uF) = BOms :
= g1 - ‘-lﬁ) =20V (1'= -l/ﬂm)' o _ 5 “ .
b. With lheswihchmposiuonz thr.nﬂ\mklppuhassrmnm Fig.
* 10.48. The voltage at 17 can be found by using the fact that the volt-

age is 63.2% of ts final value of 20V, so that 0.632(20 V) = 12.64V. — e
: Altcmanvely. you can substitute into the derived equation as follows: 3 i

- - : + +

" e =TT = 071 = 0,368 : . ve € < 10uF 1264V

and ve =20 V(1 — ¢ "80™) = 20 V(1 ~0.368) RSk gy =

= (20 V)(0. 632) = 1264V : R
Using this voltage as the smtmg pomt and nubﬂhumg inta the dis- - ;'A:;‘;
charge equation results in

FiG. m.u

T =RC= (Rz +R)C= (1A + 3“")('“#") = 40 ms Network i Pig. 1047 when the switch (s moved to
uC::Eg = MV‘-'M- : . po.rmon2mr-h-|
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Ve v)
Y prrs—omyo e s s e fus ::;::;:;:l-l'”‘"-—— '''''''
R g
1264 V frommmemnioue® ey
i i 1 I i
] 80 | 160 240 320 400 1 (ms)
\.—v—l‘- - » )
T 3¢
FIG. 10,49

. ugcfor the hetwork in Fig. 10.47.
c. SeeFig. 10.49,
d. The charging equation for the current is

lc - e oHe ottt = 20V —y80ms

o i e 'mh-usom.
R i ' R] + Rg-— a8

which, at r = 80 ms, results in
ie=12.5 mAe 20 m/80ms =5 5 mAe~! = (2.5 mA)(0.368) = 0.92 mA
When the switch is moved to position 2, the 12.64 V across the
capacitor appears across the fesistor to establish a current of 12.64

V/4 k() = 3.16 mA. Substituting into the discharge equation with
V;=12.64 V and 7" = 40 ms yields

I Vf - = - 1-2'64 VI e-!{dﬁ ms
R L 1kQ + 3%,
1264 V
e S P |

--l,’40 ms _ =40 ms
1K 3.16 mAe

The equation has a minus sign because tha. direction of the dis-
charge current is opposite to that defined for'the current in Fig. 10.48
The resulting plot appears in Fig. 10.50.

o 4 ig(mA)

320 1400 r(ms)

. FIG. 10.50
i'cﬁ)f’ the nerwar& in }“lg 10. 47
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10.7. INITIAL CONDITIONS
Inall the mmpllcs in the previous sections, the capacitor was uncharg;:d
before the switch was thrown. We now examine the effect of a charge,
and therefore a voltage (V = Q/C), on the plates at the instant the switch-
ing action takes place. The voliage across the capacitor at this instant is

called the initial value, as shown for the general waveform in Fig. 10.51.

Vi

|
1
[l
i
i
]
(4]
i
I
)
i
i

. Vi Stuad;,r-mte'
ol response - % region
conditions i : =

] ’ t

_ FIG. 10.51
Defining the regions associated with a transien! response.

Once the switch is thrown, the transient phase commences until a
leveling off occurs after five time constants. This region of relatively

fixed value that follows the transient response is called the steady-state:

region, and the resulting value is called the steady-state or final value,
The steady-state value is found by substituting the open-cirouit.equiva-
% lent for the capacitor and finding the voltage across the plates. Using the
transient equation developed in the previous section, we can write an
equation for the voltage v¢ for the entire time interval in Fig. 10.51.

That is, for the transient period, the voltage rises from V; (previously

0 V) to a final value of V¢ Therefore,
ve = E(1 - ey = (vp = Vi)(1 - ™)
Adding the starting value of V; to the equation results in s .
ve =V = (- V=T
However, by multiplying through and rearranging terms, we obtain

ve=V;+ Vy— Ve Vit |
=V Ve T+ Ve

We find

-

v |ve=Vi+ (Vi= Ve : (10.21)

Now that the equation has been developed, it is important 10 recog-
nize that " :

Eq. (10.21) is a universal equation for the transient response of a
capacitor.

That is, it can be used whether or not the capacitor has an initial value. If -

the initial valye is O V as it was in al] the previous examples, simply set
V, equal to zero in the equation, and the desired equation results. The
final value is the voltage across the capacitor when the open-circuit
equivalent is substituted. :

INITIAL CONDITIONS |11 427

N
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Solutions:
a. Substituting the open-circuit equivalent for the capacitor résults ina -

Ve
- MY T
5T ——
0 56.1 ms t

0 56.1 ms

- FIG. 10.53

ve and ic for the network in Fig, 10.52, .

EXAMPLE 10.10 The capacitor in Fig. 10.52 has an initial voltage of 4 V.

. Find the mathematical expression for the volta ge across the capacitor

once the switch is cloSed,

. Find the mathematical expression for the current during the transient

period.. '
. Sketch the waveform for each from initial value to final value.
' < & R:
t O : Ay i
| Vvt s g al _
+ + +
E=_21v : Ve C ==~ 33 uF 4V
Ry
"‘VAV .
"é" 1.2k02
FIG. 10.52
Example 10.10.

final or steady-state voltage ve of 24 V.
The time constant is determined by

7= (R + R;)C s
=22k + 12kQ)B.3uF) = 1122 ms

. with 5t = 56.l ms

Applying Eq. (10.21) gives
ve= Vit (Vi= VDe™ =24V + (4 V = 24 V)e~t/1122 ms
and Ue =24V = 20 Ve /112 ms

. Since the voltage across the capacitor is constant at 4 V prior to the

closing of the switch, the current (whose level is sensitive only to
changes in voltage across the capa‘tor) must have an initial value
of 0'mA. At the instant the switch is closed, the voltage across the
capacitor cannot change instantaneously, so the voltage across the
resistive elements at this instant is the applied voltage less the initial
voltage across the capacitor. The resulting peak current is
E-Ve 24V -4V 20V
SRR, T 22k0 F 12K0 - 3akn = S8mA
The current then decays (with the same time constant as the volt-
age vc) to zero because the capacitor is approaching its open-circuit
equivalence. - ' BT
The equation for i is therefore

ic = 5.88 m‘-:m.zz ms

. -See Fig. 10.53, The initial and final values of the voltage were

drawn first, and then the transient response was included between
these levels. For the current, the waveform begins and ends at za‘m._
with the peak value having a sign sensitive to the defined direction
of i in Fig. 10.52. '
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. correct levels of V and Vg

L]

: I.et us now test ﬂ]e validity of the equation for uc by suhsutuung
Ve Osto reflect the instant the switch is closed. We have

: CYS E—:,ff_—=,1
"L":hd'- ue =24V - 20V U=V =20V =4V
When t > 5r, _ B e Mgws
e V=0 ; y
and uc=24V—20Vew=24V—OV=.24;J’.

Eq. (10.21) can alwbe applied to the d:scharge pim.re by applying the

Fof the dlschargc pattern in Fig. 10. 54, Vp=0 V and Eq. (10. 21)
becomes

L ] “}"’ (i~ y}.}e'lﬁ' =0V + (V- UIV)eHr'& : o 1. 2r 3 e t
A : i NI g . ¥=CV
ad e L (10.22) Y “me.10ss
scharging . Defining the parameters in Eq. (10.21) for the
Substituting V; = E volts results in Eq. (10.17). : discharge phase.
'10.8 INSTANTANEOUS VALUES - ‘ | .

Occasionally; you may need to determine the voltag= or current at a par-

* ticular instant of time that is not an integral multiple of 7, as in the previ-
- ous sections, For example, if

=20 V(1 — el~"2ms))- .

the voltage v may be rcqmred at t = 5.ms, which does not correspond

to a particular value of 7. Fig, 10.28 reveals that [1 ~ "7} is approxi- - .

mately 0.93'at 1 = 5 ms = 2.57, resulting in ve — 20(0.93). — 18,6 V.

Additional accuracy can be obtained by substituting v = 5 ms into the |

equanon and solving for vc using a calculator or table to deternine
5. Thus,

.uc=20V(l e~ maflome) — {20V)(1—e‘”)—(20v}(1 0.082)
= (20 V)(0.918) = 18.36 V ;e y

The results are close, but accuracy beyonﬂ the tenths plnce is suspect
using Fig. 10.29. The above procedure ¢an also be applied to any other -
equation introduced in this chapter for currents or other voltages. :
Occasionally, you may need to determine the time required to reach a
partieular voltage or cyrrent. The procedure is complicated somewhat by
the use of natural logs (log,, or In), but today's calculators are equipped
to handle the opération with ease. '
. For exampfe solving for t in the equatmn

Y- Vf + (Vl = VI)E i

results in

Vi =¥

. 1= *r(lt:ag,)'-—w)|

(10.23)
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* For example, suppose that

ve =20 V(1 — ¢~ 12ms)

and the time ¢ to reach 10V is desired. Since V; = 0V, and V;= 20V, we
have .

Vi - V) 0V-20V)
= r(loge)m:—_‘f‘-)- =(2 ms)(]og,)*iiav_—w
=(2 ms){log,(-:-_%g—::)J = (2 ms)(log,2) = (2 ms)(0.693)
= 1.386 ms ' "%
The T1-89 calculator key strokes appear in Fig, 10.55.

LY 133 (5) |3 [£3 [0 JoN 2303 Bred 1.395-3

FIG. 1055 :
Key strokes to deterinine (2 ms)(log,2) using the TI-89 calcularor.

For the diécha,rge equation,
i ve=Ee™" = Vi(e™/") . with V;=0V
Using Eq. (10.23) gives

o V=V Vi=0V)
f'= fﬂﬂ&)m = T(]‘}Se)w

_ . =
and ’: = TIO&;C'L ©(1024)

For the current equation,

ic =§e"’/’ I m% I;=0A

and : Irm log L] : (10.25)
e - ; :

qﬂ 109 THEVENIN EQUIVALENT: 7 = Ry,C

You may encounter instances in which the network does not have the
/ simple series form in Fig: 10.26. You then need to find the Thévenin
equivalent circuit for the network external to the capacitive element, Ep
will be the source voltage £ in Eqs. (10.13) through (10.25), and Ry, will
be the resistance R. The time constant is then 7 = Ry,C: ;

EXAMPLE 10.11 For the network in Fig. 10.56:

a. Find the mathematical expression for the transient behavior of the
voltage vc and the current i¢ following the closing of the switch
(position 1 at ¢t = 0 s).

i ' ; : F
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' %1, |
' E . C=02uF PRy Ry 10k0
.,T : B ! )
FIG. 10.56 '
Example 10.11.
- . -
b. Find the mathematical expression for the voltage v¢ and the current Rt = 60KN ’ 10k

i as a function of time if the switch is thrown into position 2 at7 = -
9 ms. g s
c. Draw the resultant waveforms of parts (a) and (b) on the same time

Solutions:

a. Applying Thévenin's theorem to the 0.2 wF capacitor, we obtain
Fig. 10.57. We have ;

60 k)(30 k2
————————( X ) + 10 k)

R = + =
m=FR R+ Ry 90 k1
= 20kQ + 10k} = 30k

RE & (BOKOD2IV) 1, . ' -
Ep; = 2 = (GO ) ==21V)=1V ok .F-!G' 10.57 - :
"Ry + R 30kQ+60kQ 3 Applying Thévenin’s theorem to the network in
_ o - : | Fig, 10.56. :
The resultant Thévenin equivalent circuit with the capacitor re- i b
placed is shown in Fig. 10.58.. 5
Using Eq. (10.21) with Vy = Em and V; = 0V, we find that * Ry = 0kD ¢
ve = Vet (Vi — V,)e'.”" % ; 4] -
becomes UC-’. Eqy+ (uv - E_n)ﬂ‘_"r: : e Ep = TV:':'-—- : C=.0.2#F T ":-C
BE R T
with = RC = (30 k0.2 uF) = 6 ms )
‘ s 6}( o+ ’ FIG. 1058 - :
Therefore, ve=TVl-e 1f6miy . " Substituting the Thévenin equivalent for the network
" For the ¢urrent i¢: PEig 0
B, IV o
£ /RC =1 /6 ms . )
i B 0k ° .

= 023 mAe~"/6™
b. Atflr = 0 ms, ' a
ve=Enp{l —e ") =7V(1 - ¢~ O ms/6ms))
= (7V)(1 — ™) = (7V)(1 = 0.223)
= (7V)(0.777) = 544V
’ ET?I ~1f ) .—1.5
and i¢c = Te T = (.23 mAe
= (023 X 1073)(0.233) = 0.052 X 107* = 0.05mA
Using Eq. (10.21) with V; =0V and V; = 5.44 V, we find that
ve = Vpk (V= Vet
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FIG. 10.60
Example 10.12.

R’y

Thévenin 5kQ

40 uF Ry
1 ] -

FIG. 10.61 .
Network in Fig. 10.60 redrawn,

¥

e EpymT e e g ——————

r” 3r =t

fo—sr—
| Ils 1 I ]
: 20 25 30 35 ((ms)
R e —
-
-0.54
1 -
FIG. 10.59

The resulting waveforms for the network in Fig. 10.56.

becomes ' v =0V + (544 V - 0 V)e "
= 544 Ve 'l
with 7" = RyC = (10k)(0.2 uF) = 2 ms
and ve = 5.44 Ve /2 ms 5
By Eq. (10.19),
» 544V .
dy = 0kD =.0.54 mA
and ic=1lg™"" - 0.54 mAe~">me

<. See Fig. 10.59. ..

EXAMPLE 10.12 The capacitor in Fig. 10.60 is initially charged to
4Q V. Find the mathematical expression for uc after the closing of the

switch. Plot the waveform for vc, )

Solution: The retwork is redrawn in Fig. 10,61,
Ery: I d i

o RE__ (8k)12V)
Ry+ R+ Ry 18KQ + 7k0 + 2k0)

Em 0V

Rm:

Rew = SKQ + (18K0) | (7k0 + 2 KQ)
=5k} + 6k =11kN
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'nfhefore V=40V and = Vy=80V g kA ' poe _
and 7= RpyC = (11 k)0 pF) = 0.44's TR S i X
Eq (021: - ve=VeH(Vi- Ve -
: i Y o =80V + (40V — 80 V)e /044 40V
g ' ¢ . r=044¢g =
and _  yp =80V — 40 VeT! /0445 , :
Thie waveform appears as in Fig. 10.62. : : S
FIG. 10.62

g EXAMPLE 10.13 For the network in Fig. 10.63, find the mathematical uC for the network in Fig. 10.60.

expression for the voltage v after the closing of the switch (at t = 0).

Solution: : : ' . R
Rm=R +Ry=602+10Q=160 - . mv_;; j\
Ep=Vy+Va=1IR +0 n g . _ !
= (20X 102 A)(60) =120 X 1073V =0.12V Il 20mA =R, = 6Q \'C_T_smpF *
v
and 7= RpC=(160)500 X 10"°F) = 8 ms 7 - -5
so that + ye=012V(1 - Pl L)
. . é- ;
FIG. 10.63
_Example 10.13.

. 10.10 THE CURRENT i¢c

. There is a very special relationship between the current of a capacitor
and the voltage across it. For the resistor, it is defined by Ohm's law:
ig = vg/R. The current through and the voltage across the resistor are
related by a constant R—a very simple direct linear relationship. For the
capaciltor, it is the more complex relationship defined by

o 1026)
b | Jg=Cr | . . (10. .)

The factor C reveals that the higher the capacitance, the greater is the
resulting current. Intuitively, this relationship makes sense because y
higher capacitance levels result in increased levels of stored charge, pro-
viding a source for increased current levels. The second term, dugldt, is
sensitive to the rare of change of vc with time. The function dvg/dr is -
called the derivative (calculus) of the voltage ve With respect (© time 1.

. The faster tne voltage v changes with time; the larger, will be the factor
ducddt and the larger will be the resulting current i¢. That is why the cur-

~ rent jumps to its maximum of E/R in a charging circuit the instant the
switch is closed. At that instant, if you look at the charging curve for vc,
the voltage is changing at ils greatest rate. As it approaches its final
value, the rate of change decreases, and, as confitmed by Eq. (10,26), the
level of current decreases.

Take special note of the following:

. The. capacitive current is directly related to the rate of change of the
. voltage across the capacitor, not the levels of voltage involved.

.\\ . For example, the current of a capacitor will be greater when the volt-
age changes from 1V to 10 Vin 1 ms than when it changes from 10V to
\ 100V in 1 s; in fact, it will be 100 times more.

»
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(6

If the voltage fails to change over time, then.

—_ =

p
d
. and ic-sc—;EE=cm}=0A

In an effort fo develop a clearer understanding of Eq. (10:26), let us
calculate the average current associated with a capacitor for various
voltages impressed across the capacitor. The average currént is defined
by the equation

. . Aue : ~
i B G D)

where A indicates a ﬁnﬁe (measurable) change in voltage or ﬁmc. The
instantaneous current can be derived from Eq. (10.27) by letting At be-
come vanishingly small; that is,

A ﬂvc - dvc'
i " AR T

In the following example, the change in voltage Ave will be consid-
ered for each slope of the voltage waveform. If the voltage increases
with time, the average current is the change in voltage divided by the
thange in time, with a positive sign. If the voltage decreases with time,
the average current is again the change in voltage divided by the change
in time, but with a negative sign.. ' ;

L9

'

 EXAMPLE 10.14 Find the waveform for the average current if the
voltage across a 2 uF capacitor is as shown in Fig. 10.64.

ve (Y)
. ST
i
. Sy
Mzt |
U o 08
; :J ! L L "
) T R T R )
=t I
At
. FIG: 10.64
. ) ve for Example 10.14.
Solutions: _
a. From 0 ms to 2 ms, the voltage increases linearly from 0V to 4 Vi
; _ : the changl in voltage Av =4V — 0 = 4 V (witha positive sign since.
N ; the voltage increases with time). The change in time Ar = 2 ms —

0 = 2 ms, and

ﬁb‘c - . 4V
o= C—=C = (3 x 10 (——~—)
Sl SR AR

=4X10%A =4mA
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v ; 3 i LI
b. From 2/mis to 5 ms, the voltage remains constant at 4 V; the change
. involtage Av = 0. The change in time Ar = 3 ms, and '
s i - 2 = 3‘19 == —0- = .
Pl - IC"’-'CAI CA: o
¢: From 5ms to 11 ms, the voltage decreases from 4 V 1o 0 V. The
 change in voltage Au is, therefore, 4 V. — 0 = 4 V (with a nega-
tive signi since the voltage is decre asing with time). The change in
time At = 11 ms — 5 ms = 6 ms, and
“w Ave 4V
o =C—=-(2X107°F (——-—)
G e Tl Nex 107
==133X 10 A=~-133mA ;
d. From 11 ms on, the voltage remains constant at 0 and Av = 0, so
ic,, = 0 mA, The waveform for the average current for the im-
pressed voliage is as shown in Fig. 10.65. -
ic (mA)
4
0 I i i 1 1 1 L i = L
_ TR 3 4 6 yi e 9 10 3 12 1(ms)
Lt | et il :

FIG. 10.65 ’
The resulting current ic for the applied voltage in Fig. 10.64.

Note in Example 10.14 that, ifi general, the steeper the slope, the
greater is the current, and when the voltage fails to change, the current is
zero. In addition, the average value is the same as the instantaneous.
value at any point along the slope over which the average valué was
found: For example, if the interval Ar is reduced from 0 — 1, to 1, = I3, ’ ;
as noted in Fig. 10.64, Av/Az is still the same. In fact, no matter how
small the interval At, the slope will be the same, and therefore the cur-
rent ic. will be the same,.If we consider the limit as At —0, the slope
will still remain the same, and therefore ie,, = ic,,, at any instant of
fime between 0 and r,. The same can be said about any portion of the
voltage waveform that has a constant slope. '

An important point to be gained from this discussion is that it is not
the magnitude of the voltage.across a capacitor that determines the cur-
rent but rather how quickly the voltage changes across the capacitor.. An
applied steady dc voltage of 10,000 V would (ideally) _not create any
flow of charge (current), but a change in voltage of 1V in a very brief

‘= period of time could create a significant current.

The method described above is only for waveforms with straight-line
(linear) segments. For nonlinear (curved) waveforms, a method of calcu-
lus (differentiation) must be used.

10.11 CAPACITORS IN SERIES AND IN PARALLEL

Capacitors, like resistors, can be placed in series and in parallel. Increasing
levels of capacitance can be obtainefl by placing capacitors in parallel,
- while decreasing levels can be obtained by placing capacitors in series.
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»

Q10 |79

+N=+\N=—F=
] Va v
* _ Or
E=-
-
FIG. 10.66

Series capacitors.

+ 2] +HO o + O

= v Va —_ Vi
FIG. 10.67 ~©

Farallel capacitors.

—_
Vi

For capacitors in series, the charge is the same on each capacitor
(Fig. 10.66):

* ' "31" =01 =0,=0, (10.28) .

Applying Kirchhoff's voltage law around the closed loop gives
E= V] + V; + Vg

: %
Ho ] V==
WeVer, C

o_o, o, 0
Cr C. G G

Using Eq. (10.28) and dividing both sides by Q yields

so that

=
-l iyl (10.29)

which is similar to the manner in whichwe found the total msis[anbe.o; a

parallel resistive circuit. The tota! capacitance of two capacitors in series is

e
Cpm s 1¢2

. S (10.30)

The voltage across each capacitor in Fig. 10.66 can be found by first rec-
ogrizing that

; L 9r=sQ

or CE=qV,
| ‘ CrE

Solving for V, gives v, = -é—.

and substituting for Cy gives

i, A
T (rzcl e

(10.31)

A similar equation results for each capacitor of the network.

For capacitors in parallel, as shown in Fig. 10.67, the voltage is the
same across each capacitor, and the total charge is the sum of that on
each capacitor: iy :

C|2r=01+0,+ 0)] (1032)
However, o=CVv 2
Therefore, CrE = GV =GV =0V
but : E=vVi=V=V,
: Thm,  V Cr=C+G+G| 103
which is simi > manner in which tiic total resistance of a series

circuit is found: ¥
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EXAMPLE 10.15 For the circuit in Fig 10‘@&} e B
25 il 5 ' ' ' . N I\ X
a. Fm'_d“_i‘? total capacitance. - .- . - : *_l_.c" W0uF  SOuF 10 uF
bs Determine the charge on each plate. , =0y
c. Find the voltage across each capacitor. ' :T— '
Solutions: . ' R= a
gy Al R '
O G Cy C; FIG. 10.68
; Evample 1015, .| &

- e + —_— +‘_t_____._.—
200 % 107SF = 50 X 107°F 10 X 10°°F

= 0,005 X 10° + 0.02 X 106 + 0.1 x 10°

= 0.125 % 10° -

1
=8 F
0.125 x 10° &

. and Crz

b Or=01=02=0s R
= CpE = (8 % 107 F) (60V) = 480 uC

' 480 % 1078 - .
‘e v,=9—‘=—?'-ﬂ—a——f£=z.4_v ¥
C, 200x 10°%F _
480 %, 107° .
VZ":'Q'}' M=9.6V i

C: 50X 107SF

0y 480 X orser. -

e B A0 = =480V
3¢ 10 X 107°F

andE=Vy + Vo V3 =28V +06V + 48V =60V (checks)

EXAMPLE 10.16 For the network in Fig. 10.69: - ~ '
_ z ale, Gl Gl
. a. ‘Find the total capacitance. [ e | :

y : = 18: 800 uF |60 uF [1200 uF

b. Determine the charge on each plate.’

¢. Find the total charge. £ 3 \ 4 _-I-_QT
Solutions: ; : 3
- - o " FIG.10.69
a. Cr=C + Cy+Cs = 800 uF + 60 uF + 1200 P.F = 2060 uF ~ . Example 10.16.
b. 0, = CiE = (800 X 10°5F)48 V) = 384 mC ) ' : -
0, = CiE = (60 X 1079 F)(48 V) = 2.88 mC
Q3 = C3E = (1200 X 107 F)48 V) = 57.6 mC ;
0=t Ot O = 384 mC + 2.88 inC + 57.6mC = 98.88mC
+ V- -

EXAMPLE 10.17 Find the voltage across and the charge on each ¢ Cry3uF
pacitor for the network in'Fig. 10.70.~ o
) ) - g +G |0, Gil@  *
E=120V -

Solution: . = v V3
i z - i 4 uF 2 puF =
Cp=Cy + C3 = 4pF + 2puF = 6uF ' ' ; :

C\Ct (3 PF)(é pF) =
MLEC = === 2 uF
€+ Cr 3uF+6uF FIG. 10.70
Or=CrE=(2 X 10"°F)(120 V) = 240 uC Example 10.17.

" Introductorv, C.-29A .
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An equivalent circuit (Fig. 10.71) has

Qr=0, =Qf
and, therefore, Q) =240 uC
X 1076¢C
- and Vi=9.1=—2£_30_6____80v
. G 3x10°F, - .
e o Qr = 24Quc
JORE Q7 240 X 1078 ¢
¥ Therefore, = vy = <L - 22 X100 °C v
G . T8 ex 107%F- .
i and Q2= GV’ = (4 X 1075F)(40 V) = 160 uC
" FIG.'10.71 = GV = (2. X 10-5F)40 V' — g
Reduced equivalent for the nenvork in Fig. 10.70. 4 1 Qj' e, ( 0 )40 V) = 80 nC

EXAMPLE 10.18 Find the voltage across and the charge on' capacitor
Cy in Fig. 10.72 after it has charged up to its final va]t;e.
=20 uF ;;: Solution: As previously discussed, the capacitor is cPfectiire_ly an open
- - circuit for dc after chargifig up to its final value (Fig. 10.73).
" Therefore, : '

- _ _ (8O)(24v)
FIG. 10,72 - _ MRET Y Dby

ple:]0.18. ! )
Example10.18 Q1= GVe = (20 X 1075F)(16 V) = 329 kC

EXAMPLE 10.19 Find the voltage across and the. charge on each ca-

pacitor of the network in Fig. 10.74(a) after each has charged up to its fi-
nal value, ;e ' '

Solution: See Fig, 10.74(b). We have

. (TQnvy - i
_ Vo,=———2L =56 y
, ~ FIG.10.73 ) t10+20
_ De_:armlning the final (steady-state) value Jor v 20)72 V)

B LT e
" Q=G = (2 X 1075F)(16 V) =32ucC
=GV = (3 x 106 F)(56 V) = 168 uC

& R e
Ci=2uF . + Vf, =
+ V- :
R, @ Cy=3 uF
X A b s
; n N g
T A + "
Ea?sz. RTTO . KZTE0 e
. @ - foaagse ' Cm
4
v s FIG. 10.74
. Examplé 10,19,

Inbradimbam: ~ 20D
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An ideal capacitor does nol dissipate any of the energy supplied to it. It

" stores the energy in the form of an electric field between the conducting
-~ surfaces. A plot of the voltage, current, and power to a capacitor during -
* the charging phase is shéwn in Fig. 10.75. The power ¢urve can be ob-
tained by finding the product of the voltage and current at selected in-
stants of time and Gonnecting the points obtained. The energy stored is
represented by the shaded area under the power curve. Using calculus,
‘e can defermine the area under the curve:

We = %pﬁ”
mgeneral, | Ve -%C‘_’I ) 1034
’wherg Vis the steady-state \;ult;gc across the capacitor. I terms pf QandC,
R wemge(g) Sl
or .Wc =% ) f__ ‘_ ot 3

* - -

EXAMPLE 10.20 For the fietwork in Fig. 10.74(a), determine th&a_ﬁ-
ergy stored by each capacitor.  « 4 -
Solution: For Cy: : :

e S
= = VI “ ]
We=5C . .
1 . . = x
5@ 1078 F)(16 V) = (1 X 10"%(_251?) = 256 puJ-
FOI"C}I : .- J ', :
; s _
=—CV
We=5C .
= %(3 x 1075 F)(56 V)2 = (1.5 X 107%)(3136) = 4704 pJ

Due to the squared term, the energy. stored increases rapidly with in-
creasing voltages.

10.13 STRAY CAPACITANCES .

In addition to the capacitors discussed so far in this chapter, there are
stray capacitances that exist not through design but simply because two
conducting surfaces are relatively close to-each other. Two conducting
_ wires in the same network have a capacitive effect between them, as
shown in Fig. 10.76(a). In electronic circuits, capacitance levels exist be-
, tween conducting surfaces of the transistor, as shown in Fig. 10.76(b). In
. ¢Chapten11, we will discuss another element, called the indictor, which

v i, p
E—;---_.;---_.. _______ ,'___..q._-
; Ue
p=vclc
sfes
0% !

FIG. 10.75 iy
Plotting the power 10 a capacitive element during
" the transient phase. '

W
n

L ==
i

FIG. 10.76
Examples of stray capacitance.
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has eapacitive effects between the windings [Fig. 10.76(c)). Stray capac-
v - itances can often lead to serious errors in system design if they are not
* considered carefully. ’ .

-~ -

10.14 APPLICATIONS

This section includes a description of the operation of touch pads and
: qne of the less expensive, throwaway cameras that have become so pop-
& I ular, as well as a discussion of the use of capacitors in the line condition-
ers (surge protectors) that are used in many homes and throughout the
business world. Additional examples of the use of capacitors appear in
Chapter 11. '

“Touch Pad N 3

The touch pad on the computer of Fig. 10.77 is used to control the posi-
tion of the pointer on the computer screen by providing a link between
the position of a finger on the pad to a position on the screen. There are two :
. Beneral approaches to providing this linkage: capacitance sensing and -
conductance sensing. Capacifance sensing depends on the charge car-
- ::EE:_F_' o ried by the humap body, while conductance sensing only requires that.
£ pressure be applied to a particular position on the pad. In other words,
the wearing of #loves or using a pencil will not wark with capacitance
sensmg but is effective with conductance sensing.
& FIG. 10.77 There are two methods commonly employed for capacitance testing.
Laptop touch pad. . One is referred to as the mat_rﬁf approach, and the other is called the
: ' capacitive shunt approach. The matrix approach requires two sets of
parallel conductors separated by a dielectric and perpendicular to each
other as shown in Fig. 10.78. Two sets of perpendicular wires are re-
* quired to permit the determination of the location of the point on the two-
dimensional plane—one for the horizontal diSpllacement and the other

thducm,r;'
above dielectric
.

High-frequencysignal
sequentially applied to
conductors on top of
dielectric -

a

As each grid wire on the top is energized. an 1C N
- | sensor scans all the perpendicular wires in the bottorn

of the structure 10 determine the location of the y ﬁmﬂ: o8 ekl
change in capacitance. e e : -

oy FIG. 10.78
Mairix approachi 1o capaci:';‘ve_mnﬂ'ng in a touch pad.
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for the vertical displacement. Thesult when looking down at the pad ' 3

is a two-dimensional grid with intersecting points or nodes, Its opera-

tion requires the application of a high-frequency signal that will permit

the monitoring of the capacitance between each set of wires at each in-

tersection as shown in Fig. 10.78 using ICs connected to cach set of v
yires. When a finger approaches a particular intersection the charge on

the finger will change the field distribution at that point by drawing

_ some of the field lines away from the intersection. Some like to think of

the finger as applying a virtual ground to the point as shown in the fig-
ure. Recall from the discussion in Section 10.3 that any change in elec-
tric field strength for 2 fixed capacitor (such as the insertion of a
dielectric between the plates of a capacitor) will change the charge on’ .

. the plates and the level of capacitance determined by C = Q/V. The Haa ' J ’ .
‘change in capacitance at the intersection will be noted by the 1Cs. That '
change in capacitance can then be translated by a capacitance to digi-
tal converter (CDC) and used to define the location on the screen. Re-
cent experiments have found that this type of sensing is most effective

-~ with a soft, delicate touch on the pad rather than hard, firm pressure.

The capacitive shunt approach takes a totally different approach.

Rather than establish a grid, a sensor is used to detect changes in ca-

pacitive levels, The basic construction for an analog device appears in

Fig. 10.79. The sensor has a transmitter and a receiver, both of which

are -formed on separate. printed circuit board (PCB) platforms with a

plastic cover over the transmitter 1o avoid actual contact with the fin-

ger. When the excitation sighal of 250 kHz is applied to the transmitter,
platform, an electric field is established between the transmitter and re-

ceiver, with a strong fringing effect on the surface of the sensor. If a

finger with its negative charge is brought close to the transmitter sur- ; .

face, it will distort the fringing effect by attracting some of the electric X

field as shown in the figure. The resulting change in total field strength

will affect the charge level on the plates of the sensor and therefore the
capacitance between the transmitter and receiver. This will be detected
by the sensor and provide either the horizontal or vertical position of
the contact. The resultant change in capacitance is only in the order of
femtofarads, as compared to the pigofarads for the sensor, but is still
cufficient 1o be detected by the sensor. The change in capacitance is
picked up by 4 16-bit Z-A capacitor to digital convertor (CDC) and the -

-
" s
T
y . Fringing
# ’ effect
TIERY S |
b . s
e, ; L] = —HER +——————— Plastic cover
A e S -
Source = i H""""_ Dielectric
(SRC) i Cv i S
250 kHz / . ase .
Iransmitter Senkor Receiver .
cpe 16-bit
) E data
FIG. 10.79

Capacitive shunt approach.
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Regiop of g
Fig. 10,79

_ FIG. 10.81 -
Flash camera: general appearahce,

pointing devices because of environmental concerns,

(? L
Source i Cin Cix Cin Cix Cin Cix
ety : = —v—L—-—-r—v—-ﬁ——;r—r—
| EIEEED [ 1] [} |
Il U] 11 [ [
HINRANIENERIA LT SNENIENENIND

(b}

o FIG. 10.80 _
Capacitive shunt sensors: (a) bottom, (b) slice.

results fed ingo the contoller for the system to which the Sengor is con-
nected. The term shunt comes from the fact that some of the electric
field is “shunted” away from the sensor. The sensors themselves can be
made of many different shapes and sizes. For applications such as the

- circular button for.an elevator, the circular pattern of Fig, 10.80(a) may

be applied, while for a sl ide control, it may appear as shown in Fig.
10.80(b). In each casé the excitation is applied to the red lines and re-
gions and the capacitance level measured by the Cy blue lines and re-
gions. In other words, a field is, established between the red and blue
lines throughout the pattern; and touching the pads in any area will re-
veal a change in capacitance, For a computer touch pad the number of
Civ inputs required is orie per row and one per column to provide the
location in a two-dimensidnal space. ik
The last. method to be described is the conductance-sensing ap-
proach. Basically, it empl 0ys two thin metallic conducting surfaces sep-
arated-by a very thin space. The top surface is usually flexible, 1 hile the
bottom is fixed and coated with a layer of small conductive nipples.
When the top surface is touched, it drops down and touches a nipple,
causing the conductance between the two surfaces to increase dramati-
cally in that one location, This change in conductance is then picked up
by the ICs on each side of the grid and the location determined for use
in setting the position on the screen of the computer, This type of mouse’
pad permits the use of a pen, pencil, or other nonconductive instrument
 to set the location on the screen, which is useful in situations in ‘which
one may have to wear gloves continually or need to use nonconductive

Flash Lamp _ _
The basic circuitrj’_ for the flash lamp of the popular, inexpensive, throw-

+  away camera in Fig, 10,81 is provided in Fig. 10.82, The physical cir-

the electronic circuitry include a large 160 uF, 330 V, polarized elec-
trolytic capacitor to store the necessary charge for the flash lamp, a flash
lamp to generate the réquired light, a de battery of 1.5V, a chopper net-
work to generate a dc voltage in excess of 300 V. and a trigger network to
establish a few thousand volts for a very short period of time to fire the

~ flash,lamp. There are both a 22 nF Capacitor in the trigger network as

shown in Figs, 10,82 and 10.83 and a third capacitor of 470 pF in the
high-frequency oscillator of the chopper network. In particular, note that -

-
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Flash button

network. |
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FIG. 10.82

Flash camera: basic circuitry.

the size of each capacitor is directly relafed to its capacitance level. It.

" should certainly be of some interest that a single source of énergy of only

1.5V de can be converted to one of a few thousand volts (albeit for a very
short period of time) to fire the flash lamp. In fact, that single, small bat-
tery has sufficient power for the entire run of film through the camera. Al-
ways keep in mind that energy is related to power and time by W = Pr =
(VD). That is, a high level of voltage can be generated for a defined
energy level as long as the factors J and ¢ are sufficiently small.
“ 'When you first use the camera, you are directed to press.the flash
button on the face of the camera and wait for the flash-ready light to
come on, As soon as the flash button is depressed, the full 1.5 V of the
de battery are applied to an electronic network (a variety of networks
can perform the same function) that generates an oscillating wave-
. form of very high frequency (with a high repetitive rate) as shown in
Fig. 10.83. The high-frequency transformer then significantly in-
creases the magnitude of the generated voltage and passes it on 10 d
/ half-wave rectification system (introduced inearlier chapters), result-
ing in a dc voltage of about 300 V across the 160 wF capacitor to
charge the capacitor (as determined by @ = CV). Once the 300 V level
is reached, the lead marked “sense” in Fig. 10.82 feeds the informa-
tion back to the oscillator and turns it off until the output dc voltage
drops to a low threshold level, When the capacitor is fully charged, the
neon light in parallel with the capacitor turns on (labeled “flagh-ready
lamp” on the camera) to let you know that the camera is ready to use.

n
Ly
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Fih{l e mechanism : Flash lamp

Back of
printed
circuit
board

) e e sttial charge
16D pF capacitor switch for flash

' button on face of
by " camera

High-frequency Charge-ready indicator
(neon lamp)

Oscillator and
___——trigger network

470 pF capacitor

22 nF capacitor

battery ;
160 11F capacitor

. Triggercoil Diode (reciifier)

t FIG. 10.83
Flash camera.-internal construction. .
* J ' The entire network from the 1.5 V de level to the final 300 V level is
‘called a dc-dc converter. The terminology chopper network comes
from the faet that the applied dc voltage of 1.5 V was chopped up inio
one that changes level at a very high frequency so that the transformer _
can perform its function. '

Even though the camera may use a 60 V neon light, the neon light and
series resistor R, must have a full 300V across the branch before the
neon light tarns on. Neon lights are simply bulbs with a neon gas that

.support conduction when the voltage across the terminals reaches a suf-
ficiently high level. There is no filament or hot wire as in a light bulb, but
simply conduction through the gaseous medium. For new cameras, the
first charging sequence maytake 12 s to 15 5. Succeeding charging cy-
cles may only take some 7 s or, § s because the capacitor still has some

- residual charge on its plates. If the flash unit is not used, the neon light

_ ) begins to drain the 300V dc supply with a drain current in microam-
‘ + -peres. As the terminal voltage drops, the neon light eventually turns off,
For the unit in Fig. 10.81, it takes about 15 min before the light turns off;
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Onice off, the néon light no longer drasns the capacitor, and the terminal
voltage of the capacitor remains fairly constant. Eventually, however, the
capacitor- discharges due 10 its own leakage current, and the terminal
voltage drops to very low levels, The discharge process is very rapid
when the flash unit is used, causing the terminal voltage to drop very
quickly (V = @/C) and, through the feedback-sense connection signal,
‘causing the oscillator to-start up again and recharge the capacitor. You
may have noticed when using a camera of this type that once the camera
has its initial charge, you dé not need to press the charge button between
pictures—it is done automatically. However, if the camera sits for a long
period of time, yow must depress the charge button, but the charge time
is only 3 s or 4 s dueto the residual charge on the plates of the capacitor.

. The 300 V across the capacitor are insufficient to fire the flash lamp.

Additiona] ¢ircuitry, called the trigger network, must be incorporated.to

generate-the few thousand volts necessary (o fire the flash lamp. The re-
sulting high voltage is one reason that there is a CAUTION note oneach
camera regarding the high internal voltages generated and the possibility
of electrical shock if the camera is opened,

The ‘thousands of volts required to fire the flash lamp requme a dis-
cussion that introduces elements and cpncepts.beyond the current level
of the text. This description is simply a first exposure to some of the in-
teresting possibilitigs available from the right mix of elements. When the
flash switch at the bottom left of Fig, 10.82 is closed, it establishes a
connection between the resistors R, and R,. Through a voltage divider
action, a dc voltage appears at the gate (G) terminal of the SCR (silicon-
controlled rectifier—a device whose state is controlled by the voltage at

the gate terminal). This dc voltage wrns the SCR “on” and establishes a _

very low resistance path (like a short circuit) between its anode (4) and

cathode (KX) terminals. At this point the trigger capacitor, which is con-.

nected directly to the 300 V sitting across the capacitor, rapidly charges
to 300 V because it now has a direct, low-resistance path to ground
through the SCR. Once it reaches 300 V, the charging current in this part
.of the network drops to 0 A, and the SCR opens up again since it is a de-
vice that needs a steady current in the anode circuit to stay on. The ca-
pacitor then sits across the paralle] coil (with no connection to ground

through the SCR) with its full 300 V and begins to quickly discharge

through the coil because the only resistance in the circuit affecting the
time constant js the resistance of the parallel coil. As a result, a rapidly
changing current through the coil generates a high voltage across the
coil for reasons to be introduced in Chapter 118y )

When the capacitor decays to zero volts, the currént through the coil
will be zero amperes, but a’strong magnetic field has been established
around the coil, This strong magnetic field then quickly collapses, estab-
" lishing a current in the parallel network that recharges the capacitor again,
This continual exchange between the two storage elements continues for a

period of time, depending on the resistance in the circuit. The more the re- -

sistance, the shorter is the “ringing” of the voltage at the output. This ac-
tion of the energy “flying back™ to the other element is the basis for the
“flyback” effect that is frequently used to generate high dc voltages such
as needed in TVs. In Fig. 10.82, you will find that the trigger coil is con-
nected directly to a second coil to form an autotransformer (a transformer
with one end connected). Through transformer action, the high voltage
generated across the trigger coil increases further, resulting in the 4000 V
necessary to fire the flash lamp. Note in Fig, 10.83 that the 4000 V are ap-

~ plied to a grid that actually lies on the surface of the glass tube of the flash-

N

.
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lamp (not internally connected or in contact with the gases) When the

trigger voltage is appliéd, it excites the gases in the lamp, causing a very

high current to develop in the bulb for a very short period of time and pro-

ducing the desired bright light. The current in the lamp is supported by the

charge on the 160 uF capacitor, which is dissipated very quickly. The ca-

e pacitor voltage drops very quickly, the photo lamp shuts down, and the

’ charging process begins again. If the entire process didn't occur as quickly

- as it does, the lamp would burn out after a single use.

- Surge Protector (Line Conditioner)

In recent years we have all become familiar with the surge protector as a-
% safety measure for our computers, TVs, DVD players, and other sensi-
tive instrumentation. In addition to protecting equipment from unex-
.pected surges in voltage and current, most quality units also filter out
(remove) electromagnetic interference (EMI) and radio-frequency inter-
! " ' ference (RFI). EMI encompasses any unwantcd disturbances down the
: . power line established by-any combination of electromagnetic effects
such as those generated by motors on the line, power equipment in the
area emitting signals picked up by the power line acting as an antenna,
and so on. RFI includes all signals in the air in the audw range and beyond
. that may also be picked up by power lines inside or outside the house.
. The unit in Fig. 10.84 has all the design features expected ina good
. line conditioner. Figure 10.84 reveals that it can handle the power drawn
by six outlets and that it is set up for FAX/MODEM protection. Also
note that it has both LED (light-emitting diode) displays, which reveal
whether there is Tault on the line or whether the line is OK, and an exter-
nal circuit breaker to reset the system. In addition, when the surge pro-
tector i§ on, a red ]ight is visible at the power switch.

The schematic in Fig. 10.85 does not include all the details of the de-
sign, but it does include the major components that appear in most good -
liné conditioners. First note in the photograph in Fig. 10.86 that the out-

Mets are all connected in parallel, with a ground bar used to establish a
ground connection for each outlet. The circuit board Had-to be flipped
over to show the components, s0 it will take some adjustment to relate
the position of the elements on the board to tie casing. The feed line or
hot lead wire (black in the actual unit) is connected: directly from the
line to the circuit breaker. The other end of the circuit breaker is con-
nected to the other side of the circuit board: All the large discs Lhat you
see are 2 nF capacitors [not all have been included in Fig 10.86 for clar-
ity]. There are quite a few capacitors to ‘handle all the possibilities. For

Yty . instance, there are capacitors from line to return (black wire to white
FIG. 10.84 ' wire), from line to ground (black to green), and from return to ground

I

Surge protector: general appearance. (white to ground), Each has two functions, The first and most obvious
a | function is to prevent any.spikes in voltage that may come down the line

because of external effects such ds lightning from reaching the equip-

_ ment plugged into the unit, Recall from this chapter that the voltage

2k ) across capacitors cannot ¢hange instantaneously and, in fact, acts to

squclch any rapid change in voltage across its terminals. The capacitor,

AL ¥ ; ; " therefore, prevents the line to neutral voltage from changing too
£ 2w . quickly, and any $pike that‘tries to come down the line has to find an-
K i’ other point in the feed circuit to fall across, In this way, the applianccs

& - o plugged into the surge protector are well protected.

; S The econd function requires some knowledge of the reaction of ca:
Rk e e pacitors to different frequencies and.is discussed:in more detail in laaer_

[ a
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chapters. For the moment, let it suffice to say that the capacitor has a
different impedance to different frequencies, thereby preventing unde-
sired frequencies, such as those associated with EMI and RFI distur-
bances, from affecting the operation of units connected to the line
conditioner. The rectangular-shaped capacitor of 1 wF near the center of
the board is connected directly across the line to take the brunt of a’
strong voltage spike down the line. Its larger sizé is clear evidence that
it is designed to absorb a fairly high energy leyel that may be estab-
lished by a large voltage—significant current.over a period of time that
may exceed a few milliseconds. v
The large, toroidal-shaped structure in the center of the circuit-board

* in Fig. 10.86 has two coils (Chapter 11) of 228 pH that appear in the

line and neutral in Fig. 10.85. Their purpose, like that of the capacitors,
is twofold: to block spikes in current from coming down the line and to
Block unwarited EMI and RFI frequencies from getting to the connected
systems. In the next chapter you will find that coils act as “chokes” to
quck changes in current; that is, the current through a coil cannot
change instantaneously. For increasing frequencies, such as those asso-
ciated with EMI and RFI disturbances, the reactance of a coil increases’
and absotbs the undesired signal rather than let it pass down the line. .
Using a choke in both the line and the neutral makes the conditioner

' network balanced to ground. In total, capacitors in a line conditioner
" have the effect of bypassing the disturbances, whereas inductors block
. the disturbance. ' e a0 )

« The smaller disc (blue) between two capacitors and near the circuit
breaker is an MOV (metal-oxide varistor), which is the heart of most line
conditioners. It is an electronic device whose terminal characteristics

change with the voltage applied across its terminals. For the normal

- range of voltages down the line, its terminal resistance is sufficiently

large to be considered an open circuit, and its presence can be ignored. .
However, if the voltage is too large, its terminal characteristics change
from a very large resistance to a very small resistance that can essen- .
tially be considered a short circuit. This variation in resistance with ap-
plied voltage is the reason for the name varistor. For MOVs in North
America, where ‘the line voltage is 120 V, the MOQVs are 180 V or more,
The reason for the 60 V difference is that the 120 V rating is an effective.
value related to dc voltage levels, wheteas the waveform for the voltage
at any 120 V outlet has a peak value of about 170 V. A great deal more
will be said about this topic in Chapter 13. : ;

_ Taking a look at the symbol for an MOV in Fig. 10.86, note that it
has an arrow in each direction, revealing that the MOV is bidirectional
and blocks voltages with either polarity. In general, therefore, for nor-
mal operating conditions, the presence of the MOV can be ignored, but
if & large spike should appear down the line, exceeding the MOV rat-

ing, it acts as a short across the line to protect the connected circuitry.

It is a significant improvement to simply putting a fuse in the line be-

cause. it is voltage sensitive, can react much quicker than a fuse, and -
displays its low-resistance characteristics for only a short period of
time. When the. spike has passed, it returns to its normal open-circuit
characteristic. If you're wondering where the spike goes if the load is

Es protected by a short circuit, remember that all sources of ‘disturbancé.

siich as lightning; generators, inductive motors (such as in air condi-

tioners, dishwashers, power saws, and 80 on), have their own “source’

resistarice,” and there is always some resistance down the line to ab-
sorb the disturbance. o5

Fi



e ¥
5%

Most: lms condmoners .8 part of their advemsmg mention the1r en-

crgjnbsorpliuﬂeve‘l The rating of the unit in Fig. 10.84 is 1200 J, which -

is actually higher than most. Remembering that W = Pt = Elt Jrom the
earlier discussion of cameras, we now realize that if a 5000 V spike oc-
curred, we would be left with the product /r = W/E = 1200 J/5000 V =
240 mAs. Assuming a linear relationship between all quantities, the rated
energy level reveals that a current of 100 A-could be sustained for r = 240
mAs/100 A = 2.4 us, a current of 1000 A for 240 us, and a current of
10,000 A for 24 ys. Obviously, the higher the power product of E and I,
the less is the time element,

The technical specifications of the unit-in Fig. 10.84 include an in-
stantaneous response time in the order of picoseconds, with a phone line
protection of 5 ns. The unit is rated to dissipate surges up to 6000 V and

-current spikes up to 96,000 A. It has a very igh noise suppression ratio
(80 dB; see Chapter 21) at frequencies from 50 kHz to 1000 MHz, and (a T

cred:t. to the company) it has a llf:;:me warranty. 1

10.15 COMPUTER ANALYSIS
PSpice -

Transient RCResponse We now use PSpice to investigate the tran-
sient response for the voltage across the capacitor in Fig. 10.87. In all the
examples in the text involving a transient response, a switch appeared.in
series with the source as shown in Fig. 10.88(a). When applying PSpice,
we establish this instantaneous change in voltage level by applying a
pulse waveform as shown.in Fig. 10.88(b) with a pulse width (PW)
longer than the period (57) of interest for the network,

To obtain a pulse source, start with the sequence Place part key-
‘Libraries-SOURCE-VPULSE-OK. Once in place, set the label and all

the parameters by double-clicking on each to obiain the Display Prop-
erties dialog-box. As you scroll down the list of attributes; you will see

* the following parameters defined by Fig. 10.89:

V1 is the initial value.

V2 is the pulse level.

TD is the delay time.

TR is the rise time. |

TF is the fall time.

PW is the pulse width at the V; level,
PER is the period of the waveform.

All the parameters have ‘been set as shown on the schematic in

'Fig.-10.90 for the network in Fig. 10.87. Since a rise and fall time of 0 s

is unrealistic from a practical standpoint, 0.1 ms was chosen for each in
this example. Further, since 7 = RC = (5 k() X (8 uF) =20 ms and 57 =
200 ms, a pulse width of 500 ms was selected. The period was simply
chosen as twice the pulse width,

Now for the simulation process. First select the New Simulation
Profile key to obtain the New Simulation dialog box in which PSpice

10-1 is inserted for the Name and Create is chosen to leave the dialog
“box. The Simulation Settings-PSpice 10-1 dialog box results, and
under Analysis, choose the Time Domain (Transient) option under.

Analysis type. Set the Run to time at 200 ms so that only the first five
time constants will be plotted. Set the Start saving data after option at
0 s to ensure that the data are collected immediately. The Maximum

COMPUTER ANALYSIS |I.449

FIG. 10.87 .
Circuit to be analyzed using PSpice.
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E.smbh’shing a switching dc voltage level:
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(b) PSpice pulse option,
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FIG. 10.89
The defining paramerers of PSpice VPulse.
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Vi=0V 4
V2= 20V VPulse
TD=0s J
TR=0.tms .-
' TE=0.1ms
"y : . PW = 500ms
: ; "~ PER = 1000ms

-~ FIG. 10.90
=, s 5 P - Usig PSpice to investigate the transient response of the series
2 R-C circuit in Fig. 10.87.

step size is 1 ms to provide sufficient data points for a good plot. Click
OK, and you are ready to select the Run PSpice key. The result is a
g . . graph without a plot (since it has not been-defined yet) and an x-axis that
- extends from 0 s to 200 ms as defined above. If the graph fails to appear,
check the Probe Window in the Simulation Settings to ensure that the
Display Probe Window (with the after simulation has completed op-
tion selected) is checked, and Run-PSpice again. prroblems continue
and warning messages do not apper, close the screen by selecting the X
in the top right corner and respond with a No to the request to Save Files
i in Project. The graphs should then appear. Finally, if all else seems to
’ fail, try selecting View Simulation Results before the- PSpice-Run se-
¥ quence. The response will be a PSpice dialog box, indicating that the
simulation has not been applied and the data are not available. Respond
‘ - with a Yes to perform the simulation, and the graph should appear. To
obtain a plot of the voltage across the capacitor versus time, apply the
" following sequence: Add Trace key-Add Traces dialog box-V1(C)-
" OK..The plm in Fig. 10.91 results. The color,and thickness of the plot
and the axis can be changed by placing the cursor on the plot lile and
: _ right-clicking. Select Properties from the list that appears. A Trace
. : Properties dialog box appears in which you can change the color and
" thickness of the line. Since the plot is against a black background, a bet-
ter printout occurred when yellow was selected and the line was made
thicker as shown in Fig. 10.91. For comparison, plot the applied pulse
, 2 ~ signal also. This is accomplished by going back to Trace and selecting
‘ Add Trace followed by V(Vpulse:+) and OK. Now both waveforms
_ _ appear on the same screen as shown in Fig. 10.84. In this case, the plot
o ' ' r . rhas-areddish tint so it can be distinguished from the axis and the other
' i : plot. Note that it follows the left axis to the top and u'gvels across the

TRy PR T B m““‘mv : - .
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FIG.10.91
: Transient response for the voltage across the capacitor in Fig. 10.87 when ' = 1§
il : * VPulse is applied. :

If you want the magnitude of either plot at any instant, simply select the

Toggle cursor key. Then click on.V1(C) at the bottom left of the screen, A

* box appears around V1(C) that reveals the spacing between the dots of the
cursor on the screen. This is important when more than one cursor is used,
By moving'the cursor to 200 ms, you find that the magnitude (A1) is
19.865V (in the Probe Cursor dialog box), clearly showing how close it

. is'to the final value of 20 V. A second cursor can be placed on the screen
with a right click and then a click on the same V1(C) on the bottom of the ,
screen. The box around V1(C) cannot show two boxes, but the spacing
and the width of the lines of the box have definitely changed. There is no . L
box dround the Pulse symbol since it-Was not selected—although it could
have been selected by either cursor. If you iow move the second cursor to
one time constant of 40 ms, you find that the voltage is 12.659 V as shown
in the Probe Cursor dialog box. This confirms that the voltage should
be 63.2% of its final value of 20 V in one time constant (0632 X20V =
12.4 V). Two separate plofs could have been obtained by going to Plot-
Add Plot to Window and then using thie trace sequence again. '

Average Capacitive Current As an exercise in using thé pulse
source and-to verify our analysis of the average current for a purely ca- |
Pacitive network, the description to follow verifies the results of Exam-

ple 10.14. For the pulse waveform in Fig. 10.64, the parameters of the
pulse supply appear in Fig. 10.92. Note that the rise time is now 2 ms,
starting at 0 s, and the fall time is 6 ms. The period was set at 15 ms to
‘permit monitoring the current after the pulse had passed. ’
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PER = 15ms

Using PSpice to verify. the results in Example 10.14.

Initiate simulation by first selecting the New Sin'fulgtiun Profile key
to obtain the New Simulation dialog box in which AveragelC is en-
tered as the Name. Choose Create to obtain the Simulation Settings-
AveragelIC dialog box. Select Analysis, and choose Time Domain
(Trans‘!ent) under the Analysis type options. Set the Run to time-to 15
ms to encomipass the period of interest, and set the Start saving data
affer at O s to ensure data points starting at t = 0 s. Select the
Maximum step size from 15 ms/1000 = 15 us to ensure 1000 data-points
for the plot, Click OK, and select the Run PSpice key. A window ap-
pears with a horizontal scale that extends from 0-to 15 ms as defined
ahove. Then select the Add Trace key, and choose I(C) to appear in the
Trace Expression below. Click OK, and the plot of I(C) appears in

" the bottom of Fig. 10.93. This time it would be nice to'see the pulse

waveform in the same window but as a separate plot. Therefore, con-
tinue with Plot-Add Plot to Win ow-Trace-Add Trace-V(Vpulse: +)-
OK, and both plots appear as shown in Fig. 10.93. ’

Now use the cursors to measure the resulting avetage current levels.
First, select the I(C) plot to move the SEL>> notation to the lower plot.
The SEL>> defines which plot for muitiplot screens is active. Then se-
lect the Toggle cursor key, and left-click on the I(C) plot to establish the”
crosshiirs of the cursor. Set the value at 1 ms, and the magnitude Al'is
displayed-as 4 mA. Right-click on the same plot, and a second cursor re-
sults that can be placed at 6 ms to geta response’of —1.33 mA (A2) as ex-
pected from Example 10.14, Thet plot for I(C) was set in the yellow color
with a wider line by right-clicking on the curve and choosing Properties.
You will find after using the DEMO version for a while that it informs
you that there is a limit of nine files that'can be saved under the File list-
ing. The result is that any furtheruse of the DEMO version requires
opening one of the nine files and deleting the Ccontents if you'want fo run
another program. That is, clear the screen and enter the new network.
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The apphed puke and resulting current for the 2 uF capacitor in Fi :g 10.92. " !
PROBLEMS ’ g 7. Find the capacélancé of a parallel [flmc capacior i e o
of each plate is 0:1 m? and the distance between the pis
. SECTION 10.2 The Eimric Field 0.1 inch. The dielectric is air.
1. a Find thc electric field strengkh ata point 1 m from a 8. Repeat Problem 7 if the _dié]eclric is paraffin-comed pipers

chu:ge of 4 uC.
_b. Find the electric field strength at a point | mm [1/1000
. the distance of part (a}} from the same charge as part (a)
and compare results.
% 'I“t;e electric field streng{h 15 72 newtons/coulgmb (N/C)
at a point.r meters from a chargc of 2 uC. Find the
dzstance r

SECTIONS 10.3 AND 10.4 Capal:rtant:e
and Capacltors s B

3. P":nd the capacitance of a parallel platescapacitor if 1200 #C

of charge are deposited on its plates when 24 V are applied

across the plates. 3

How much charge is deposited on the plates of a 0.15 uF

capacitor if 45 V are applied across the capacitor? =~

a. Find the electric field strength between the plates of a
parallel plate capacitor if 500 mV are applied across tie
plates and the plates are | inch apart.

b. Repeat part (a) if the distance belween the plates is
1/100 inch,

¢. Compare the results of parts (a) and (h] Is the differ-
ence in field strength significant?

A 6.8 uF parallel plate capacitor has 160 pC of charge on

its plates. If the plates are 5-mm apan, find the electric field

strength between the plates.

lfn'troduclorvl C-120a

10.

1L

12

*13,

* A parallel plate air capacitor has a capacimncc of 4.7

. Find the distance in mils between the plates of a2 uF .

pacitor if the area of each plate is 0.15 m? and the du..un ¢

. is trantformer-oil.

The capacitance of a t:qpécimr with 2 dieleciric of aix ic -
1360 pF. When a dielectrie is inserted betwaen the plures
‘the capacitance increases to 6.8 nF, Of what material 15

-

dielectric made?

The plates of a parallel plate capacitor with a diclo
Bakelite are 0.2 mm apart and have an aren of (.05 1
200 V are applied across the plates. . )
a. Determine the capacitance. i 2
b. Find the electric field intensity between the plaies

¢. Find the charge on each plate. s

ke
Find the new capacitance if:

a. The distance between the plates is doubled {evervibung
else remains the same}.
b. The area of the plates is doubled (everything vlse ro-

mains the same as for the 4.7 uF level).
A dielectric with a relative permintivity of 20 is inserten
between the platés (everything else remains the sarhe i+
for the 4.7 uF level).

. A dielectrit is inserted with a relative permittivity of 4,
and the area is reduced to 1/3 and the distance (o 1/4 of
their original dimensions.

C.

d.

Find the maximurn voltage that can be applied across a parallel
plate capacitor uf 6800 pF if the area of one plalc 15 0.02 m~
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and the dieleciric is mica. Assume a linear relationship be-
rween the dielectric strength and the thickness of the dielectric.

*14. Find the distance in micrometers between the plates of a

- parallel plate mica‘capacitor if the maximum voltage.that
can be applied across the capacitor is 1200 V. Assume a lin-
ear relationship between the breakdown strength and the
thickness of the dielectric.

15. A 22 uF capacitor has —200 ppm/°C at room temperature

of 30°C. What is the capacilance if the temperature in- "

craascs to 100°C. the boiling point of water?

16. What is the capacitance of a small teardrop capacitoy

labeled 40 J? What is the range of expe’cted values as estab-
lished by the mlcrancq:"

17, A large, flat, mica capacitor is labeled 471F, What are the

18.

capacitance and the expected range of values guaranteed by
the manufacturer?

A small, flat, disc ceramic capacitor is labeled 182K. What
are the capacitance level and the expected range of values?

- SECTION 10.5 Tramlentl;'in Capacitive Networks:
The Charging Phase

19. For the circuit in Fig. 10,94, composr:d of standard values:

a. Determine the time constant of the circuit,

b. - Write the mathematical equation for the voltage v fol-
lowing the closing of the swiich.

c. Determine the voltage UC after one, three, and five time
caonstants,

d. Write the equations for the current’ ic and the voltage vg.

e. Sketch the waveforms for uc and ic.

e

56#FUC

100 k2
+”R—

?

. FIG. 10.94 .
‘- Problems 19.and 20.

.

20, Repeat Problem 19 for R =1 MQ, and compare the results.
21. For the circuit in Fig. 10.95. composed of standard values

a. Determine the time constant of the circuit.
b. Write the mathematical equation for the-vulthge ve fol-
lowing the closing of the switch,

Y. s o8 R

1 / _j"c
: ol 2.2kl &
3 E=_100V C 1 wF Ug '
v Ez . “ : L
l 330

UR.,

S = U FIG.1095 >
Problem 21. St

*22.

-
o =T

¢. Determine v after one, three, and five time constants,

- d. Write the equations for the current ic and the voltage vg,.

e. Sketch the waveforms for vc and ic.

Por the circait in Fig. 10.96, compioscd of standard values: '

a. Determine the time constant of the circuit.

ot ‘b, Write the mathematical equation for the voltage v fol-

" lowing the closing of the switch.
c. Write the mathematical expression for the current i
following the closing of the switch.
d" Sketch the waveforms of vcand ic.

¢ (t=0s) * Dp -
20V s 40V
' —f -
68k 260 7Tc g 5
FIG. 10.96
- Problem 22,

~ e. Under steady-s

25,

Given the voltage v = 12 V(1 — ¢~ /100 us),

a, What is the time gonstant? "
b. What is the voltage.ats = 50 us? :
c¢. What is the voltage at r = 1 ms? B

The voltage across a 10 uF capacitor in a series R-C circuit

is ue = 40 mV(1 — g~ ¥/20ms) - '

. On a practical basis, how much tlme must pass before
the charging phase has passed?

b, What is the resistance of the circuit?,

¢ What is the voltage at r = 20 ms?

d. What is the voltage at 10 time constants?

conditions, how much charge is on
the plates? :

f. If the leakage resistance is F000 M{1, how long will it

. take (in hours) for the capacitor to discharge if we as-

sume that the discharge rate is constant throughout the
discharge period?

'SECTION 10.6 Transients in Capacitive Networks:
The Discharging Phase

For the R-C circuit in Fig. 10.97, composed of standard -

- values:

4, Determine the time constant of the circuit when the
switch is thrown intd pos mon L

b. Find the mathematical expression for the voltage across
tL.2 capacitor and the current after the switch is thrown
4into position 1. .

e + Uc -
;\D A 1.
h lc 55;11;
+___ . e 2 ;_ +
EZ=2V RS 47k v
= ;
.. \
FIG. 10.97

Problem 25.

"..a..._.lu-lm:u r.308

L o
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Ca Denmﬁlenmﬂhoftbevolhs&ucmdmemt
L3 & :canmmmemmhmwnmmposmonz:m—ls
* = d.. Determine the mathematical expression for the voltage
. wpand the current i for the discharge phase.
- & Plot the waveforms of vc-and ic for a period of time ex-
undmx.ﬁumuw2s£rmnwhenmeswnch was thrown
% :nzopasmtml

. For the network in Fig. 10.98, composed of standa.rd values:

4. Write the mathematical expressions for the voltages v,
and v, and the current ic after the switch is ﬂm:lwn into
_position 1. ‘

b. Find the values of vg, Uk, and ic when the switch is
moved to position 2 at ¢ = 100 ms. ;

¢. Write the mathematical expressions -for the voltages ve
and Vg, and the current icif Lhc sm{ch is moved to posi-
tion3atr=200ms.

“d. Plot thg waveforms of vg, Yp,, and i for the time p'cnod

enending from 0 1o 300 ms.
: + Uc
R’y
s S —1
% 3k 2 uP ie
0V -T 2% R 2K
+ S
FIG. 10.98 ]

« Problem 26. -

*27. For the network in Fig: 10.99, composed of standard values:
a. Find the mathematical expressions for the voltage 1iq and

- the current i when the switch is thrown into position 1.
. b. Find the mathematical expressions for the voltage v and
mecnmm e if the switch is thrown into posnmnht a

. time equal to five nmec:msmtsofthn ¢harging,circuit.

. Plot the waveforms of v¢ and i for a period of time ex-

tending from0 to 30 us,
d. Plotthe wsveform of ug for the same penad as.in part (a).

FIG. 10,99
. Problem 27,

. 28. The 1000 pF capacitor in Fig. 10.100 is charged to 12V in
an automobile. To discharge the capacitor before further
use, a wire with a resistance of 2 m{} is placed across the

capacitor.
P »
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FIG. 10.100
Problem 28.

a. How long will it take to discharge the capacitor?
b. What is the peak value of the current?
© ¢ Based on the answer to part (b)sis a spark expecwd
when contact is made with both ends of the capacitorf

SECTION 10.7 _ initial Conditions

29, The capacitor in Fig. 10.101 is mmally charged to 6V with
the polarity shown.
a. Write the expression fcr the voltage ve after the switch
" is closed,
b. Write the expression for thr, current i after the switch is
closed.:
¢. Plot the results of psrts (a) a.nd‘{b)

.E' ve CERATuF 6V

FlG 10.101
Problem 29.

. J ] e
30. ' The capacitor in Fig. 10.102 is initially chatged to 40 V be-
"~ fore the switch is closed. Write the expressions for the volt-
ages ve and vg and the current i following the closing of *
the switch, Plot the resulting waveforms.

44V = "; *
ig C = 2000 uF 2 i 2.2 k.(l,_
+ e -
FIG. 10.102
Problem 30.

¥

*31. The capacitor in Fig. l0.1Q3 is initially charged_ to 10V
with the polarity shown. Write the expressions for the vols-
age ve and the current i¢ following the closing of the

.switch, Plot the ruu}ltlng waveforms,
[
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“ e TEETS 35, Dcs!gn the network in Fig: 10.106 such that the sysu:m
R ic € : ‘ wirns on 10 s after the switch is closed.
=20V 3 o ;
4 e :
- 10V + _ S ¥ or— i
. FIG. 10,103 ) %R
s Problem 31. 25 ! B I <V, =12V turn on
.. E == 30V —
' T cERW0uF Rsf‘ﬂ‘h
*
' }
*32, The capacnor in Fig. 10.104 is m;ﬁally charged to 8 V.with -
the polariry shown, =N _ : A
a. Find the mathematical expressions for the \ollagc ue . - FIG. 10.106
and the current i when the switch is closed. ) Problem 35.
b. Sketch the waveforms of v and ic. : :
- ~ - .’r&. For the circuitin Fig. 10.107; )
b ~a." Find the time required for ve to reach 48 V fol]owmg
via . - ' the closing of the switch. | i
o g = b. Calculate the current icat the instant o= 48 'V,
P : R . ' . €. Determine the power delwcred by the source at the in-
RO | & o, 2 L « 20V i Y -
K, o AN ¥ - ‘W\P‘“uli(—o . . stantr = 27,
10 S.lkﬂ ﬁ.s,uF. i = . »
' - 8V + ' . R,
. __o/'{' Q_W\,__._._.j i
- FIG. 10.104 R 11 '
Problem 32.  ~ _ I : o
E="60V . C == 6.8 puF v
Ry
~ SECTION '!0.8 Instantaneous Values = 12°k2
* - 33, Given the expression ve = 140 mV(1 - e~ 1/2ms) h ; -' FIG.',‘IO.‘IU"!
a. . Delar@ngt@ at = 1 ms, : . X Problem 36.
b. " Determine ve-at r = 20 ms. ' :
¢.: Find the time ¢ for ve to reach 100 mV.. o . F L .
d. Find the time 1 for vc 1o reach 138 mV. 37. For the system in Fig. 10.108, using a DMM with a 10 MO
34. For the.automobile circuit of Fig, 10,105, V;, must be 8 v internal resistance in the voltmeter mode:
befare the system is-activated. If the switch is closed at 1 = ‘. Determine the voltmeter reading onie time constant after
05, how Jong will it take for the system to be activated? | the switch is closed. :
. ' e = b. Find the current i¢ two time constants after the switch is
S5 5 closed. ; '

AN ¢ Calculate the time that must pass afler the closmh of the
= switch for the voltage v 10 be 50 V.,

=0s)
t o— N -
.1 " g + Yo =
=3k
2 é L Il
: f : ==
: — € 02pF
BANETRE s s & .
C 720 uF % et Vi
| | - :
= a . = ! v
Sue T ET FIGE0,708 P ! ;  FIG. 10.108 ’

Problem 34" i A Problem-37,
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SECTION 10.9 Thévenin Equivalent: = Ry,C

. 38, Forthe clmunm}"g 10 109:
a; Find the mathematical. expressions for the transient be-
havior of the veltage ve-and the urrent :,-; following the

closing of the switch. A
© b, Sketch the waveforms of v and i¢.

i

+ -.v( -

R,

¥ [ Bk + “

. b IS;L!“ :
CET=C20V R, 24k0 Ry < 4K

+
il
=

. FIG. 10.109
Problem 38.

39. The capacfitor in Fig. 10.110 is initially charged to 10 V
with the polarity shown. :
‘a. Write the mathematical expressions for the voltage v -
and the curreat fe- when the switch is closed.
b. Sketch the waveforms of v and ig.

.Ri .
MW ——F
1.5 k01 lic
. R + s +
I=4mA R, = 68k0 ve € 22pF 10V
-
=
_ ' ' FIG. 10.110 '
; Problem 39.

d0. The capacitor in Fig. 10.111 is iniliail}'gcharged o 12V’
with the polarity shown.
&, ~Write the mathematical expressions for the vollage ve
and the current{e when the switch is closed.
. b. Sketch the waveforms of veand i

i, o

~ 20uF 12V

-

FIG. 10.111
_ Problem 40.

o,
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“41. For the circuit in Fig, 10.112; ol .
a. Find the mathematical expressions for the transient be

havior of the voltage v and the current - following the
closing of the switch. ..

b. Sketch the waveforms of ve and i

5mA

s
0.56 ki .
d‘\ [a
v g

FIG: 10.112
Problem 4] : '

‘The capacitor in Fig. 10.113 is lruhah_‘,n’ cﬁargeu 10 8V with

the polarity shown. * %

a,- Write the mathematical expressions fur'the vollage ve
and the current {¢ when the switch is closed.

b. Sketch the waveforms of ve and i

-
T L.,_ -
2k 68KkO - ruv
’L 39'(4; :
s - N h
FIG. 10.113
Problem 42,

43. Forthe systém- in Fig. 10. I'I-L.using aDMM with a 10 M{}

internal resiswce in the voltmeter mode:
a. Determine the voltmeter reading four time constants
after the switch is closed. =
b. Find the time that must pass before ic drops to 3 A,
¢. Find the time that must pass after the closing of the
" switch for the voltage across the meter to reach 10 V.

% R
. m ’ci\
: CIt "F\-.

FIG, 10.114
Problem 43,

|

b
IF¢

1

Y
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SECTION 10.10 The Current i¢

. e V)
44. Find the waveform for the average current if the voltage ; " ", -
across the 2 uF capacitor is as shown in Fig. 10.115. R
? 20) -4
1 I ]
T R AR R
. i 1 1 | |
v 1 L 1 L 1 | L 1 | L L
B 123 4 5 6 7. 8910112 ¢ (ms)
-
1 o 3
; - . FIG. 10.115 o
» : ; Problem 44.
45, Find the wavcf;)nn for the average current if the voltage
across the 4.7 uF capacitor is as shown in Fig. 10.116.
! ve (V)
+10
+5 3
2’ ﬁ\
- 1 |
0 80 80 100 r (ps)
. 5 '
-10 :
b 5 ' : FIG. 10.116
: v : ) ; < Problem45."
46. Given the waveform in Fig, 10.117 for the current of d ic :
20 pF capacitor, sketch the waveform of the voltage ve 5 _ = AR
across the capacitor if ve = 0Vatt=0s. : +40 mA 0 '
L { T . 2 : o b >
' 0 -th L 2. 25 t (ms)
b o ke ; &
. 5 : _wm : i : '
" =120mA
'FIG. 10.117
, Problem 46.
- = . ; ; 0
SECTION 10.11 Capacitors in Series and in Parallel " 6| ;;F
47, Find the total capacitance Cr for the circuit in Fig. 10.118. : N
g
Cr. I{ -
' i : B uF 12 uF
i . . . ' E . A uF. e #
e, Bl ' . FIG. 10.118"

Prpblem 47.



; \ ‘8. Find the total _w_pacii,ancc Cr for the circuit in Fig. 10.119.
. . & €5 .

If 34
: 2K I
- P 7 T

. F=2pF F=12pF

FG.10.119 . -
'Pmblem‘f&

49. Find the voltage across and the ch.a:ge on each capacuar for .
I.he circuit in F:g 10,120. : -

FIG. 10,120
Problem 49:

50 Fmd the voltage across and the charge on each capacitor for

the circuit in Fig. 10. 121

=00 dF

bl
- 360 UF =

Gy
470 uF®
_ O+I6V
FIG. 10121
Problem 50. *

" - = S
5

51. For the configuration in Fig. 10.122, determilne the voltzge

across each capacitor and the charge-on each capacitor
under ltudy sm: conditions.

L]
; : < G - ’
» ¢ "m“ |€
A |( -10 330 uF |
. G .
220 uF B
o . |\ =
120 uF
FIG. 10,122

Problem 51, '
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52. For the cnnﬁlguratien in Fig. 10.123, determine the voltage.
across each capacitor and the charge on each capacitor.

%

~-2%0 i
AMA
vy

BV = I Czr: T a0
= 0.04 uE [0.08 uF

-FIG.10428 . . 4
Problem 52.

i s .
SECTION 10.12 'Enq'g.'y Stored by a Capacitor

53, Find the energy stored by a 120 pF capacitor wlth 12V
across its plates,

54, 1f the energy stored by a 6 WF capacitor is 1200 ], fmd the

charge Q on each platé of the capacitor. . | i o

#55,- For the network in Fig. 10,124, determine the eniergy stored
by each capacitor under steady-state conditions.

T i 33k0 .

‘ : \AAJ i . s
2V . L I ' .
1.zm_ I{IE]G;.!.F [ A
I\ '
. 200 uF i
. 3 TR eae S
; : Problem 55.
- q : [

*56. An electmmc ﬂashgun has a 1000 uF capacuor lhal 5
4 ' charged 1o 100V, 5

a. How much energy is stored by the capaqnnr?

b, .What is the charge on the capacitor? _

¢. When the photographer takes a picture, the flash fires
for 1/2000 s. What is the average current through the
flashtube?-

d. Find the power delivered to the flashtube.

e. After a picture is taken, the capacitor has to be
recharged by a power supply that delivers a maximum
current of 10 mA. How long will it take to charge the
capacitor?

SECTION 10.15 Computer Analysis
57. Using PSpice or Multisim, verify the results'in Example 10.6,

58. Using the initial condition opérator, verify the results in Ex-

. ample 10.8 for the charging phase using PSpice or Multisim,

59, Using PSpice or Multisim, verify the results for ve during
the charging phase in Example 10.11,

60. Using PSpice or Multisim, verify the results in Problem 42.
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GLOSSARY é
g

Average current -The current defined by a linear (straight linc)
change in voltage across a capacitor for a specific period of
ime.

Breakdown voltage Another term for dielectric strength, listed

" below, |

Capacitance A measpre of a capacitor's ability to jtore charge;
measured i in farads (F).

Capacitor A fundamental electrical element having two con-

ducting surfaces separated by an insulating material and hav- .

ing-the capacity to store charge on its plates.
"Coulomb’s law An equation relaung the force hbtwg:cn wwo like .
or unlike charges.
Derivative The instantaneous charlge ina quanuty at a particular -
instant in time,
~Dielectic The insulating material between the plates of a capaci-
tor that can have a pronounced effect on the charge stored on
the plates of a‘capacitor. *
Dielectric constant Anulhcr term for rdariw permittiviey, listed
below.
Dielectric strength An indication of the volta,ge ﬂ:qntred for
unit length 1o establish cnnducnnn in a dielectric,
Electric field strength The force actin g on a unit positive charge
in the region of interest.
Electric flux lines Lines drawn to indicate the strength and di-
rection of an electric field in a particular region.
- Fringing An efféet established by flux lines that do not pass di-
rectly from one conducting surface to another.

.
_ T

&

Initial value The steady-state voltage across a capacitor before-a
transient ppriod begins.

Leakage current The current that results in the total discharge
of a capacitor if the capacitor is disconnected from the charg-
ing network for a sufficient length of time.

Maximum working voltage That voltage level at which a ca-
pacitor can perform'its function without concern about break-

! downor change in charactensucs

Permittivity A measure of how well a dielectric permits rhe es-
. tablishment &f flux lines within the dielectric. '

Relative permittivity The p:nmluwty of a material compared

© tothat of air.

Steady-state region A period of time defined by the fact that the
voltage across a capacitor has reached a level that, for all prac-

_ tical purposes, remains constant.
" Stray capacitance Capacitances that exist not through design
but simply because two conductmg surfaces are relatively
~ close to'each other. " e

Temperature coefficient An md.lcaudn of how much the capac-
itance vaiue of a capacitor will chan ge with cha.nge in temper-
ature.

Tlme constant A period of lhn: defined by the parameters of the
network that defines how long the transient behavior of the
voltage or current of a capacitor will last. #

Transient period That period of time where the vnllage acrnss a

" capacitor or the current of a'capacitor will change in value at a
rate determined by the time constant of the network.
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« Become familiar with the Qas:'c construction of an

-

inductor, the factors that affect the strength of the
" magnetic field established by the elenfent, and
how. to read the nameplate data.

"+ Be able to determine the transient {ﬁms-vsry:’n'gJ
response of an inductive network and plot the
resulting voltages and currents. i

« Understand the impact'of combining in_dué‘rbrs in
series or parallel.
« Develop some familiarity with the use of PSpice or

Multisim to analyze networks with inductive
- elements. : :

111 INTRO-D!JCTION -

Three basic components appear in the majority of electrical/electronic systems in use today.

They include the resistor and the capacitor, which have alrea

dy been introduced, and the

inductor, to be examined in detail in this chapter. In many ways, the inductor is the dual of the

capacitor; that is, the voltage of one is applicable to the-curre

at of the other, and vice versa. In

fact, some sections in this chapter parallel those in Chapter 10 on the capacitor. Like the ca-
pacitor, the inductor exh ibits-its true characteristics only when a change in voltage or current
is' made in the network. * i - : . LT - :

Recall frgm Chapter 10 that a capacitor, can be replaced by an open-circuit equivalent -

under steady-state conditions. You will see in this chapter that an inductor can be
by a short-circuit equivalent under steady-state conditions. Fin

replaced
ally, you will learn that

while resistors dissipate the power delivered to them in the form of heat, ideal capacitors
store the energy delivered to them in the form of an electric field. Inductors, in the ideal
sense, are like capacitors in that they also store the encrgy delivered to them—but inathe

form of a magnetic field. .

11.2. MAGNETIC FIELD

Magnetism plays an integral part in almost every electrical device used today in industry, re-

search, or the home. Generators, motors, transformers, circuit breakers, televisions, computers tape

recorders, ind telephones all employ magnetic effects to perform a variety of important tasksa
The compass, used by Chinese sailogs as early as the second century A.D., religs on a

permanent magnet for indicating directi

on. A permanent magnet is made of a material, such,

as steel or iron; that remains magnetized for long periods of time without the need for an ex-

ternal source of energy. .
In 1820, the Danish physicist Hans

Christian Oersted“discovered that the needle of a com-Y

pass deflects if brought near a turrent-carrying conductor. This was the first demonstration
that electricity and magnetism were related. In the same year, the French physicist André-
Marie Ampére performed experiments in this area and developed what is presently known as
Ampere's circuital law. In subsequent years, others, such as Michael Faraday, Kar] Friedrich
Gauss. and James Clerk Maxwell, continued to experiment in this area and developed many

"
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Same area

'FIG. 11.1

FIG. 1.2
Flux distribution for two adjaceni, opposite poles.

- \‘/ =
B 21 4 A
A N o 2 F
N W ) T TR i
~ ool ! . = -
~ # N L
T ———— B S
FIG. 11.3

Flux distribution for twe adjacent, !ike‘pofe.tlf.

&

of the basic concepts of electromagnetism—magnetic elfects induced
by the flow of charge, or current. -

' A magnetic field exists in the region surrounding a permanent mag-
net, which can be represented by magnetic flux lines similar to electric
flux lines. Magnetic flux lines, however, do not have origins or terminat-
ing points as do electric flux lines but exist in continuous loops, as
shown in Fig. 11.1. i

The magnetic flux lines radiate from the nor!h pole to the south pole,
returning to the north pole through the metallic,bar. Note the equal spac-
ing between the flux lines within the core and the symmetric distribution
outside the magnetic material. These are additional properties of mag-
“netic flux lines in homogencous materials (that is, materials having uni-
form structure or composition throughout). It is also important to realize
that the continuous magnetic flux line will strive to occupy as small an
area as possible. This results in magnetic flux lines of minimum length
between the unlike poles, as shown in Fig. 11.2. The strength of a mag-

_ netic field in a particular region is directly related to the density of flux

" linesin that.region, In Fig. 11.1, for example, the magnetic field strength
at point a is twice that at point b since twice as many magnetic flux lines *

'are associated with the perpendicular plane at pointa than at point b. Re-
call from childhood experiments that the strength of permanent magnets;
is always stronger near the poles. _

If unlike poles of two permanent magnets are brought together, the
magnets attract, and the flux distribution is as shown in Fig. 11.2. If like -
poles are brought together, the magnets repel, and the flux distribution is
as shown in Fig. 11.3,

If a nonmagnetic rr}atenal such as glass or copper, is placed i the
flux paths surrounding a permanent magnet, an almost unnoticeable
change occurs in the flux distribution (Fig. 11.4). However, if a magnetic

_ material, such as soft irop, is placed in the flux path, the flux lines pass
through the soft iron rather than the surrounding air because flux lines
pass with greater ease through magnetic materials than through air. This -
principle is used in shielding sensitive electrical elentents and instru-
ments that can be affected by stray magnetic fi f‘ elds (Flg 11.5). -

Flux lines

= ~ Soft iron
(T e e
& - 2
-_ \
2ot iron i3
—’\j;{'.‘_____;:m--::____3 i
SANS=oD T oo s e
Fo i) e b i e iy e L e e x"'\
[
\"“r— —————— ————— i
e e
FIG. 114 ; _ FIG. 115
Effect of a ferromagnetic sample on the flux Efféct of a magnetic shield on
distribution of a permanent magner. the ﬂux distribution.

A magnetic field (represenred by concentric magneuc flux lines, as
in Fig. 11.6) is-present around every wire that carries an electriccur-
rent. The direction of the magnetic flux lines can be found simply by
placing the thumb of the right hand in the direction of conventional
current flow and noting the direction of the fingers. (This method is
commonly called the right-hand rule.) If the cqndudto: is wound in a
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Magnetic flux lines
/
£ P
Lo i -
e |
jirel '-f"]‘" e T vi l.{ 4 - -; r\
LR e i e .
AN | » e S rd
S— -y -
- FIG. 11.6 ? ; FIG.11.7 . - i FIG.11.8 _
Magnetic flux lines around a current- Flux distribution'of a i Flux distribution of a current-
’ carFying conductor. 2 ) . single-turn coil, : carrying coil.

FIG.11.9 - : . . ; FIG. 11.10 ,
Electromagnel. d . Determining the direction of flux for an electromagnet: (@) method; (b) notation.

single-turn coil (Fig. 11.7), the resulting flux flowsina common direc-"
tion through thé center of the coil, A coil of more than one turn pro-
* duces a magoetic field that exists in a continuous path through and
around the coil (Fig. 11.8). . .
The flux distribution of the coil is quite similar to that of the perma-
nent magnet, The flux lines leaving the coil from the left and entering to
the right simulate a north and a south pole, respectively. The principal
difference between the two flux distributions is that the flux lines are
more concentrated for the permanent magnet than for the coil. Also,, : L -
* since the strength of @ magnetic field is determi ned by the density of the ' FIG. 11.11

{lux lines, the coil has a weaker field strength. The field swength of the =~ Wilhelm Eduard Weber
coil can be effectively increased by placing certain materials, such as Courtesy of the Smithsonian
it Instimution, Phote No. 52.60_4. - .

iron, steel, or cobalt, within the coil to increase the flux density within ~ ~
the coil. By increasing the field strength with the addition of the core, we German (Wittenberg, Gottingen)

have devised an electromagnet (Fig. 11.9) that not only has all the prop- | (1804-91) » sl
erties of a permanent magnet but also has a field strength that can be var- Physicist G e i S
ied by changing one of the component values }currcnt. turns, and so on). © p‘“ﬁ“‘“’ of m”""“_"f‘_’“"“"?f'msm_ _
Of course, current must pass through the coif of the electromagnet for " An important contributor to the establishment of &

magrietic flux to be developed, whereas there is no need for the coil or
current in the permanept magnet. The direction of flux lines can be de-

- termined for the electromagnet (or in any core with a wrapping of tums)
by placing the fingers of your right hand in the direction of current flow
around the core. Your thumb then points in the direction of the north pole
of the induc gnetic flux, as demonstrated in Fig. 11.10(a). A cross
section of the'same electromagnet is in Fig. 11.10(b) to introduce the
convention for directions perpendicular to. the page. The eross and the
dot refer to the tail and the head of the arrow, respectively, '

_ Inthe SI system of units, magnetic flux is measured in webers (Wb) -
as derived from the surname of Wilhelm Eduard Weber (Fig. 11.11). The
applied symbol is the capital Greek letter phi, ¢. The number of flux

ystem of absoluté units for the electrical sciences, .

P T
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FIG. 11.12

Nikola Tesla. 1
Courtesy of the Srhithsonian
Institution, Photo No. 52,223,

Cmtjan American (Smiljan, Paris,
Co!orado Springs, New York City)

(1856-1943)

Electrical Engineer and Inventor Recipient
of the Edison Medal in 1917~

ventive individuals in the history of the sciences. He ™

. was the' ﬁrst to introduce the aliernating-current ma- -

chine,’ r;mw:ug the ncud for commutator bars of 6;

FIG. 11 13 - ®
Dqﬁmng the ﬂur densi ry B.

Often regarded as o of the miost innovative and in-

* such: as copper, aluniinum, wood, glass, and it is the s
- space. Materials that have permeabilities slightly less than that of free space

lines per unit area, called the flux density, is denoted by the capital let-
ter B and is measured in.teslas (T} to honor the efforts of Nikola Tesla, a
scientist of the late 1800s (Fig. 11.12)."

In equation form,

-

~ B = Wh/m? = teslas (T) -

el & = webers (Wh) (11.1)
A A=m?

whiere ®'is the number of flux lines passing through area A in f:ig. 11.13.
The flux density at point a in.Fig. 11.1 is twice that at point & because
twice as many flux lines pass through the same area.

In Eq. (11.1), the equivalence is given'by -

(11.2)

ltesla= 1T =1 Wb/im?

which states in words that if 1.weber of magneuc flux passes rhrmugh an
areaof 1 square meter, the flux density is 1 tesla. . :

For the CGS system, magnetic flux is measured in maxwell$ and the
flux density in gauss. For the English system, magnetic flux is measured
in lines and the ﬂux‘dcnsity in lines per square inch. The relationship be-

. tween such systems is defined in Appendix E.

""The flux density of an electromagnet is directly related to<he number
of turns of, and current through, the coil. The product of the two, called the
magnetomotive force; is measured in ampere-turns (At) as defined by

In other words, if you increase the number of turiis around a core and/or
increase the current throygh the coil, the magnetic field strength also ip-
creases. [n many ways, the magnetomotive force for magnetic circuits is
similar.to the applied voltage in an electric circuit. Increasing either one ;
resulls in an increase in the desired effect: magncnc ﬂux for magnetic
circuits and current for electric circuits.

For the CGS system, the magnetomotive forcc is measured in

(ampere-turns, At) (11 .3)

‘gilberts, while for the English system, it is measured in ampere-turns.

~ Another-factor that affects the magnetic field strength is the type of
core used. Materials in which magnetic flux lines can readily be set up are
said to be magnetic and to have a high permeability. Again. note the
similarity with the.word “permit” used to describe permittivity for the di-

electrics of capacitors, Stmilarly, the permeability (represented by the

Greek letter mu, p) of a°material is a measure of the ease with whiclt
magnetic flux lines can be established in the material.

- Just as there is a specific value for the"permittivity of air, there is a
specific number associated with the permeability of air:

p. = 47 X 10"%/A m‘ (11.4)

-Practically speak.mg. the pcrmcabﬁny of all nonmagﬁic materials,
t for free

are said t6.be diamiagnetic, and those with permeabilitics slightly- greater
tham that of free space are said to be paramagnetic. Magnetic materials,
such as iron, mckel steel, cobalt, and alloys of these metals, have perme-

' abilities hundreds and even thousends of times that of free space, Materials

wwith these very hlgh permeabilities are referred to as ferromagneﬂ{:.



- The rauo 'df' :[_he.p_e!ﬁn;ﬁgi'i'ity of a material to that of free '_‘%ﬁace is
callediits relative permeability; that is, . .

= -;. Ho| *

In g&nemi, for'fc:m_m'a'gnetig ipatcria]s, ey = 100, and for nonmagné:ic
_materials, p, = 1. i :

A table of values for x to match the pm\ride&'tablc for permittivity lev- -

els of specific dielectrics would be helpful. Unfortunately, sueh a table
‘cannot be provided because relarive permeability is g function of the oper-
ating conditions. If you change the magnetomotive force applied, the level
of 1 can vary between extreme limits. At one level of magnetomotive

* force, the permeability of a material can be 10 times that at another level.

el

An instrument designed to measute flux density in milligauss (CGS

system) appears in Fig. 11.14. The meter has two sensitivities, 0.5 10 100 _
- milligauss at 60 Hz and 0.2 1o 3 milligauss at 60 Hz. It cad be used to

measure the eleétric field strength discussed in Chapter 10 on switching
to the ELECTRIC setting. The top scale will then provide a reading in
kilovolts/meter. (As an aside, the meter of Fig. 11.14 has appeared in TV

programs as a device for detecting a “paranormal” response.) Appendix

E reveals that 1 T = 10" gauss. The magnitude of the reading of 20 mil-
* ligauss would be equivalent to 'l
: S s A B,
20 milli auss(-_-—-) =2uT
s ¥1 gauss s

L 1 ¥

Although our emphasis in this chapter is to introduce the parameters

that affect the nameplate data of an inductor, the use of magnetics has -

widespread-application) in the electrical/electronics industry, as shown

* by a few areas of application in Fig.'1 1.15.

. Laminated )
Cutaway section 7 sheets of steel |
o ‘

Meter movement

_ FIG. 11.15
Some areas of application of magnetic effects.

]
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=4 F|G._1_i.’1'4

'Mr‘!'!iéaussmere:
(Courtesy of AlphaLab. Inc.) -

Medical App!icﬁtjcns: Magnetic
resgnance imaging.

O |
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" FIG. 1116
Defining the parameters far Eq. 1 1. 6).

FIG. 1117
Imph Henry. o
. Courtesy of the Smithsonian
Imnmnms. leo No. 59,054.

Ameﬁun(a\ibuna NY; Pnuu:nu. NJ)
(1797-1878) -k al
y ?hysidumdh!nﬂ:mﬁdm

.;.I e . L—

St BORaeeT |

1.3 INDUCTANCE ' i :

In the pre\rwus section, we learned that sendlng a current through a coil
of wire, with or without a core, establishes a magnetic field through and
surrounding the unit. This component, of rather simple construction (see
Fig. 11.16), is called an inductor (often referred to as a coil). Iis
inductance level determines the strength of the magnetic field around
the coil due to an applied current. The higher the inductahce-level, the
greater is the sl:rength of the magnetic field. In.total, therefore,

inductors are designed to set up a strong magnetic field linking the
unit, whereas capacitors are designed to set up a strong electric field
between the plates.

Inductance is measured in henries (H), after the American physicist
Joseph Henry (Fig, 11.17). However, just as the farad is too large a unit
for most applications, most inductors are of the mnlhhenry (mH) or mi-
crohenry (uH) range.

In Chapter 10, 1 farad was deﬁncd as a capacitance level that would
result in I coulomb of charge on the plates due to the application of 1 volt
across the plates. For inductors, .

1 henry is the inductance level that will establish a voltage of 1 volt

« across the coil due to a change in current of 1 A/s through the coil.

f

Inductor Construction
In Chapter 10, we found that capacitance is sensitive to the area of the
plates, the distance between the plates, and the dieléctic employed. The

level of inductance has similar construction sensitivities in that it is de-

"pendent on the' area within the coil, the length of the unit, and the per-

meab:hly of the core material. It is also sensitive to the number of turns
of wire in the coil as dictated by the following equation and defined in
Fig. 11.16 for two of the most popular shapes?

= permeability (Wb/A - m)

= N = nurnber of turmns (t)
T~ & NzA :
PRI S . A=m? , (11.6)
I I'= .
- e L= henrles (H}

First note that since the turns are squared i in the equation, the number
of turns is a big factor. However, also keep in mind that the more turns,
the bigger is the unit. If’ the wire is made too thin to get more windings on
the core, the rated current of the inductor is limited, Since higher levels of
permeability result in higher levels of magnetic flux, permeability should,
ang does, appear in the nutherator of Ihc%qumion. Increasing the area of
the core or decreasing the length also increases the inductance level,

Substituting p = 1, for the permeability results in the following
cqnauon which is very similar to the ‘equation for the capacitance of a
capacztor' <

N Tt ‘_ MrF"oNzA
!

or L= 4¢rx 10° ?""T Al thenribs, H). )

oy,



S | we- break out the mlanw: pcrmcablhzy as -
) 24
i Fr(m )
: i = A
. we obtain the following qséful equation:

G % i a1

‘which is very similar to the equation C'= €,C,. Eq (11.8) states the
follomng

The mdur:!ance of an inductor with a Jerromagnetic core is p, times

the inductance obtained with an aui‘ core,

Although Eq. (11.6) is approximate at best, thn:equatmns for the in- . -

+ ductance of a wide variety of coils can be found in reference handbooks.
Most of the equations are mathematjcally more complex thanEq. (11.6),
but the impact of each factor is the same in each equation. :

EXAMPLE 11.1 For the air-core coil in Fig. 11.18:

a.- Find rhe inductance.

b. Find the inductance if a metallic core wnh por = 2000 is msencd in

" the coil.

So!utions:' L.

0 d =i (ﬁ‘-}) =635 mm
A= —’%2 :ﬁ%ﬂ):f3l:7umz‘
(gl - 4o

L=4m X jo-tkc A A
1

(1 meﬂ 03317 pm?). :
iy : = 15.68 uH

b Eq.(11.8): L= p,L, = (2000)(15.68 uH) = 31.36 mH

=47 x 1077

EXAMPLE 11.2 In Fig. 11. i9 if each inductor in the left column is
changed 18 the type appearing in the right column, find the new inductance
level. For each change, assume that the other factm;.s reméin the same.

“Solutions:

a. The only change was the nurnberof turns, but it is a squared factor,
resulting in Y

L = (2)*L, =.(4)(20 uH) = 80 uH

b. In this case, the area is three times the original size, and the number

of turns is 1/2. Since the area is in the numerator, it increases the

i 3
INDUCTANCE 11 467

##

Alr core (u,)

00 ums

FIG. 11.18

« Air-core coil for Example 11. r ]
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Air-core

- ¥

. Tapped
o) )
* - FIG. 11.20

J’m:!‘ucmr (cail) symbols.

' Ferromagnetic
core )

(a]_ _ - (b)

& Variable
{permeability-tuned)

A!
QRida) :
i v N, tums
Ho 1y )
‘(a)
L=16uH A,
o
(b Hola=1
L,=10 uH
. - A
R
Ny urns
#ol"‘l
- (c)

FIG.11.19
{nductors for Example 11.2.

: inductance by & factor of three. The drop in the number of turns
reduces the inductance by a factor of (1/2)% = 1/4. Therefore,
S R ;
L= (3)'(—)12,, = —(16 uH) = 12 uH
4 4
¢. Both w and the number of turns have increased, although the in-
crease in the number of turns is squared, ‘The increased length re-
duces the inductance. Therefore,

20 1200 ‘
o = E)—S—:{l@lﬁ = (4.32 X 10°)(10 uH) = 432 mH
Types of Inductors

fnduqmrs, like capacitors and resistors, can be categorized under the
general headings fixed or variable. The symbol for a fixed air-core in-
ductor is provided in Fig. 1 I._QO'(B), for an inductor with a ferromagnetic

. core in Fig. 11:20(b), for a tapped coil in Fig. 11.20(c), and for a variable
inductor in Fig. 11.20(d).

Fixed Fixed-type inductors come in all shapes and sizes. However,

in genetal, the size of an inductor is determined pfi.-ﬁari!y by the type

* of construction, the core used, and the current rating.

" In Fig. 11.21(a), the 10 &H and 1 mH coils are about the same size
because a thinner wire Was used for the 1 mH coil to permit more turns
in the same space. The result, however, is a drop in rated cusrent from 10 A
toonly 1.3 A. If the wire of the 10 xH coil had been used to make the 1 mH

* coil, the resulting coil would have been many times the size of the 10 uH
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Thicker w\:'\re': fonger !

g

Thin wire: more turns

" Thick wire; few tums

T

- - 10uH 1000 pH = 1 mi _
10A, Rge=6mA 1.3A, Rye =040 24A.Rg =030 7.

{a) y : ; i

1uH 100,000 yH = 100 mH
350mA, Rge =60 . 1lmARgc=07kR :
5 ®) i ‘ ©
. FIG. 11.21 :
Relative sizes of different rypes of inductors: (a) toroid, high-current; ¥
(b) phenolic (resin or plastic core); (c)ferrite core. c

coil. The impact of the wire thickness is clearly revealed by the 1 mH - .
coil at the far right in Fig. 11.21(a), where a thicker wire was ased-to
raise the rated current level from 1.3 A to 2.4 A, Even though the induc-
tance level is the same, the size of the toroid is four fo five greater.

The phernolic inductor (using & nonferromagnetic core of resin or
plastic) in Fig. 11.21(b) is quite small for its level of inductance, We
mnust assume that it has a high number of turns of very thin wire. Note,
however, that the use of a Very thin wire has resulted in a relatively low
current rating of only 350 mA (0.35 A). The use ofa ferrite (ferromag- )
netic) core in the-inductor in Fig. 11.21(c) has resulted in an amazingly : . .
“high level of inductance for its size. However, the wire is so thin that the : i
current rating is only 11 mA = 0,011 A. Note that for all the inductors,.
the dc resistance of the inductor increases with a decrgase in the thick-
ness of the wire, The 10 wH toroid has a d¢ resistance of enly 6 mgl,
whereas the dg resistance of the 100 mH ferrite, inductor is 700 )—a
price to be paid for the smaller size and high inductance level. .

* Different types of fixed inductive elements are displayed in Fig. 1 122,

including their typical range of values and common areas of appiication.

Based on the earlier discussion of inductor construction, it is fairly easy

to identify an inductive element. The shape of a molded film resistor is

similar to that of an inductor. However, careful-examination of the typical . i

shapes of each reveals some differences, such as the ridges at each end of : A
a resistor that do not appear on most inductors. ; .

- £

Variable A number of variable inductors are depicted in Fig. 11.23.
“In. cach case, the inductance is changed by tumning the slot at the end of
the core to move it in and out of the unit. The farther in the core is, the
more the ferromagnetic material is part of the magnetic circuit, and the
higher is the magnetic field strength and the inductance level. '

Introductory, C.-31A
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Type: Air-core inductors (1-32 furns)
Typical values: 2.5nH-1 uH 2
. Applications: High-frequency applications

Type: Toroid doil

Typical values: 10uH-30 mH )
Applicarforts: Used as a choke in ac
power line circuits to filter transient
and réluce EMI interference. This
coil is found in many clectrom\.
appliances.

; "

Type: Hash choke coil

Typical values: 3 uH-1 mH
Applications: Used in ac supply
lines that delrver high currents.

Type: Delay line coil
Typical valsies: 10 uH-50uH
Applications: Used in color
. televisions to correct for timing 1
differences between the color Fiber

¥ 5 i
Coil Inner multilayered PCBs (printed

Type:,Ccmtnon-nmc choke conl
Typieal values: 0.6 mH-50 mH
Applications: Used in ac line filters,
swilching power supplic’s, babtery
chargers, and other electronic equipment,

< Type: RF chokes
Typical values: 10/iH-470 mH
Applications: Tsed in radio,
television, and communication
circuits. Found in AM, FM, and
i EJHF circuits.

Type: Molded coild *© *

Typical values: 0.1 uH-100 mH
Applications: Used 1n a wide varicty
of circuits such as oscillatars, fillers,
pass-band filters, and athers,

Type: Surface-mount inductors’
Typical values: 0, QI ;.tH-iSO ,ul-[
: Applications; Found it many
= * electronic circuits that require
miniature companents on

signal and the black-and-white signal. ;o e circull boards), - L
¥ . iy g
& FIG.11.22 :
Typical areas of application for inductive elements. v it

FIG. 11.23
Variable inductors with a typical range of values
Srom 1 pH to 100 uH; commonly used in oscillators
and varieus RF circuits such as CB transceivers,.
-televisions, and radios.

“Resistance of the Inductance of

. turns of wire _ coil

o AR

4 R, e =
v P
I\
¢ Sua} :apa:::tam;e

F'IG AT Lo YA

Cmp!e:a équivalent model for an indiicror:

-

Practical Equi\caleht Inductors

Inductors, like capacitors, are not ideal. Assomated with cvery induc-
tor is a resistarice determined by the resistance of the turns of wire
(the thinner the wire, the greater is the resistance for the same mate-
rial) and by the.core losses (radiation and skin effect, eddy current and
hystercﬁ:s lossesr—all discussed in more advanced texts). There is also
some stray capacitance due to the capacitance between the current-
carrying turns of wire of the coil. Recall that capacitance appears-
whenever there are two conducting surfaces separated by an insulator,
such as air, and when those wrappings are fairly tight and are parallel.
Both elements are in¢luded-in the equwa]ent circuit in Fig. 11.24, For -
most appIicauons in thi.g text, the capacitanee can be ignored, results
itig in the equlvale_nt mode] in Fig. 11.25. The resistance R, plays an
important part in some arcas (such as resonance, discussed i Chapter 20)

FIG. 11.25 g
e " Practical eqywalem model far an mduc‘ror
L

lntmductory, C:31B



- a ar T & =

« IDUETANCE 22 g

S elel e o g = : 7o e
3 _ﬁbéausg_'&ig-'rcsista.ncc' can extend from a few ohms to a few hundred
' chms, depending on the construction. For this chapter, the inductoris = e,
“.~ considered an ideal element, and the series resistance is drppped from '

e { . PR h
i s . : - . #

inductor Labeling - , o :
: Bgcaus_e' some-inductors are larger in size, their nameplate value can - 3
“often be printed on the body of the element” However, on smaller units, .

there. may not be enough room 10, print the acgual value, so an abbrevia- - ' ' ; - 5

tion. is used that is [airly easy to,‘undqrstand, First, reafize that the W
microhenry (uH) is the fundamental unit of measurcinent for this mark- ‘ - -

ing. Most manuals list the inductance value in uH even if the value must” Wk € e .
"be reported as 470,000 pH rather than as470.mH. If the label reads i §

223K, the third number (3) is the power to'be applied to the first two. .- o

The K is not from kilo, répresentinga power of three, but is used to de- ! & -

- note a tolerance of Z10% as"-dbs;:ri_bc‘d for capacitdrs. The resulting g s -
number of 22,000-s, therefore, in uH, so the 223K wnifis 222,000 uH '
or 22 mH inductor. The letters J and M indicate a tolerance of £5% and 284,
+20%, respectively. S -

For molded indugtors, a colar-coding system very similar to that used - e $
~ for resistors is used. The major difference is that the resulting value is al- " ; '
_ ways in wH, and a wide band at the beginning of the labeling is an MIL ! / 5
(“meets military gtandards”) indicator, Always read the colors in se- :
. quence, starting'with the band closest:10 one.end as shown in Fig. 11.26. ,
. The standard values for inductors employ the same numerical values Az
v, and multipliers used with resistors and capacitors. In general, theréfore, : !

Color Code Table 4 L values s thag 10 ek 1 & t ;
i Si%nlncam oned T-lnduclauyca : 68 uH = 10% s i3
Color igure pli lolgrance (%) A : 4 e i, e S
_ Black 0, 1 47 o i MH[D “ar s . g «.
ginasu' % i{im i ' ] econd significant figure ' el S e o
Yellow a4, f , E g ,DEIt‘i!'H.El poind b - X i - g y
Creen 2| & o - | —First sighificant figare . =2 i Sy
Blue 6 " MIL identifier - . - v, Ty
Viplet « | 7 - m el o "
¢ &%ﬁi “ g L values- 10 W H or greater & 4 K ' .
Mohe . =20+ 270 ull = 5% i ? ?
Silver. Y . =10 7l . " =
- God [);,gmm ] ; d:mﬂ'i]:‘:l e 3 ,
pomt -} . ! tTﬂiC!EﬂCE ]
:;rn::ma.'m m"z.r -5 e “_?'Muuip ier - . ; :
he mubiptier is the factor by which 1 |U_w;i|l1| camt figueess | L_Second significant figure £
R 2 i L First significant figure - :
2 MIL identifier

Cylindrical molded choke cofls are niarked with five colored bands. A wide silver
band. located ar one énd of the cail; identifies military radio:frequency ceils, The next
* three bands indicate the inductance in microhenries, and the fourth band is the
tolérance. e
Color cading is in accordance with the color cede 1able, shown on the left. If the
first or second band is gold, ir represenits the decimal poini for induciance values less
thap 10. Then the following two bands are significant figures. For inductance values
of 13 or mare, the first wo bands represént significant figures, and the third is the

miliplier. :
2 ¥ - .o

FIG. 11.26
) Malded indurtor color coding.

L
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expect to find inductors with the following multipliers: 1 pH, 1.5 uH,
2.2 uH, 3.3 uH, 4.7 uH, 6.8 uH, 10 uH, and s0 on.

' M"eésurama'nt and Testing of Inductors

The inductance of an inductor can be read directly using a. meter such as
the Universal LCR Meter (Fig. 11.27), also discussed in Chapter 10 on
capacitors. Set the meter to L for inductance, and the meter automati-
cally chooses the most appropriate unit of measuremenf for the element
that is, H, mH, uH, or pH.

-An inductance meter is the best choice, bul an ohmmater can also be
used to cheek whether a short has developed between the windings or
whether an open circuit has developed. The open-circuit possibility is
"easy to check because areading of infinite ohms or very high resistance
results. The short-circuit condition is harder to check because the resis-
tance of many good inductors is relatively small, and the shorting of a
few windings may not adversely affect the total resistance. Of course, if -
you are aware of the typical resistance of the coil, you can compare it to
thc measured value, A short between the windings and the core can be
clhiecked by simply placmg one lead of the ohmimeter on one wire (per-
haps a terminal) and the other on the core itself. A reading of zero ohms

< ‘pgrzr reveals a short between the (wo that may be due to a breakdown in the
Digital reading inductance meter. - insulation jacket around the wire resulting from e.xcessive cun'e.n(s, envi-

(Courtesy of B+K Precision.) ronmental conditions, or simply cld age and crack:ng

11.4' INDUCED VOLTAGE v,

Before analyzing the response of inductive elements to an applied d¢
voltage, we must introduce a numher of laws and equations that affect
the transient response. ;

The first, referred 1o as Famday 5 !nwof eleclmmagneﬂc induction,
is one of the most important in this field because it enables us to establish
ac and de voltages with a generator. If we move a conductor (any material
with-conductor characteristics as defined in Chapter 2) through a mag-
netic field so that it cuts magaetic lines of flux as shown in Fig. 11.28,a
voltage is induced across 1he conductor that can be measured with asen-
sitive voltmeter, That’s all it takes, and, in fact, the:faster you mave the
conductor through the magnetic flux, the greater is the induced voltage.

' FIG. 11.28 & ' The same effect can be produced if you hold the conductor still and move
Generating an induced voltage by moving a the magnetic field across the conductor. Note that the direction in which
conductor through a megnetic field. you move the coriductor through the field determines the polarity of the

a - . induced voltage. Also, if you move the conductor through the field at |
' right angles to'the magnetic {lux, you generate the maximum induced
voltage. Moving the conductor parallel with. the magnetic flux lings re-
sults in an induced voltage of zero volts since magnetic lines of flux dre
not crossed. LY,
! If we now go a step further and move a coil of N turns thmugh the
magnetic ficld as shown in Fig. 11.29, a voltage will be induced-across
the coil as dctemuncd by Faraday s law:

N tums

H

' ¢ e= N@  (wolls, V) (11.9)
dt : b e
FIG. 11.29 . - The greatef the numhcr of turns or the faster the ch is moved tilrough

' Demonstrating Faraday s law. - v g magnetic flux pattem the’ grcaler is the induced voltage. The lcrm




dep/dt is the differential change in magnetic flux through the coil at a par-
ficular instant in time. If the magnetic flux passing through a coil re-
mains constant—io matter how strong the magnetic field—the term will
be zero, and the induced voltage zero volts. It doesn’t matter whether the
- changing flux is due to'moving the magnetic field or moving the coil in
the vicinity of a magnetic field: The only requirement is that the flux
linking (passing through) the coil changes with time. Before the coil
passes through the Miagnetic poles, the induced voltage is zero because
there are no magnetic flux lines passing through the coil. As the coil en-
 ters the flux pattern, the number of flux lines cut per instant of time in
creases until it peaks at the center of the poles. The induced voltage then
decreases with time as it leaves the magnetic field: L

This important phenomenon can now be applied to the inductor in |

* _Fig. 11.30, which is simply an extended version of the coil in Fig. 1 1.29.
In Section 11.2, we found that the magnetic flux linking the coil of N
turns with a current [ has the distribution shown in Fig. 11.30. If the cur-
rent through the coil increases in magnitude, the flux linking the coil
also increases. We just learned through Faraday’s law, however, that a
coil in the vicinity of a changing magnetic flux will have a voltage in-
duced across it, The result is that a voltage4s induced across the coil in
" Fig. 11.30 due to the change in current through the coil.
It is very important to note in Fig. 11.30 that the polarity of the in-
* duced voltage across the coil is such that it opposes the increasing level
of current in the coil. In other words, the changing current through the
coil induces a voltage across the coil that is opposing the applied voltage
that establishes the increase in current in the first pla'ce. The quicker the_
change in current through the coil, the greater is the opposing induced
voltagé to squelch the attempt of the current to increase in m”agni_tude.
The “choking” action of the coil is the reason inductors or coils are often
referred to as chokes. This effect is a result of an important law referred
to as Lenz’s law, which states that ,

+

an inducéd effect is always such as fo oppose the cause that produced it.

The inductance of a coil is also a measure of the change in flux linking
the cofl due to a change iri current through the coil. That is,

] i

L=N—- (henries, H) (11.10)
; dig

The equation reveals that the greaterlihe number of turms or the greater the’

change in flux linking the coil due to a particular change in current, the *

grealer is the level of inductance. In other words, coils with smaller levels
of inductance generate smaller changes in flux linking the coil for the
same change in cutrent through the cail. If the induetdnce level is very
small, there will be almost no charge in flux linking the coil, and the in-
duced voltage across the coil will be very small. In fact, if we now write
Eq. (11.9) in the fon

b / dr.b)(di;_)_
e=Na =\ N/

and substitute Eq. (11.10), we obtain

[ ; b, .
I,_‘;;-.:L‘—i-'i (volis,V) . * (11.11)

L ]
L
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FIG. 11.30
Demonstrating the effect af Lenz's law.



E

"11__

o
X : :

I INDUCTORS

™

AL e —MW—=) i,

+
§§UL

ik FIG 1 31
Basic R:L transient network,

a |

which relates the voltage across a coil to the number of turns ol e coil
and the change in current through the coil.”

When induced effects are used in the generation of voltages such as
those from dc or ac generators, the symbal ¢ is applied to the induced
voltage. However, in network analysis, the voltage induced across an in-
ductor will always have a polarity that opposes the applied voltage (like
the voltage across a resistor), Therefore, the following notation is used
for the induced voltage across an inductor: - °

‘ —L‘i (volts, V) (11.12)

.

The cquatien clearly states that

the larger the inductance andfor the more rapid the change in current
through a coil, the lnrger will be the mduced voltage across the coil

* If the current through the coil fails to change with time, the induced
voltage actoss the coil will be zero, We will find in the next sectidn that
for de.applications, when the transient phase has passcd dlg_fd! 0, and
the indirced voltage across the ccn] is :

diy
?L-égﬂf@‘

The duality that exists between inductive and capacitive elements is -
now abundantly clear, Simply interchange the voltages and currents of
Eq. (11.12). and interchange the inductance and capacitance. The fol-

- dowing equation for the current of a capacitor results:

T
T" = di _ .
* lcdb‘c |

. 1

We are now at a poml where we have all the background relationships -
nccessary to investigate the transient behavzo’r of inductive e]ements

115 R-L TRANSIENTS: THE STORAGE PHASE

A great number of simildtities exist between the analyses'of inductive

.. and capacitive networks. That is, what is true for the voltage of a capac-
‘itor 1§ also true for the current of an inductor, and what is true for the cur-

rent of a capamtor can he matched in many’ ways by the voltage of an
inductor, The storage waveforms have the same shape, and time con-
stanfs are defined for each configuration, Because these concepts are so
similar (refer to Section 10.5 on the charging of a capacitor), you have’
an oppertunity to runforc: concepts introduced earlier and still Jearn

more about the beliavior of mductwc elements,

Theé circuit in Fig. 11.31 i is used to describe the smragc phase Note that
itis the same circuit used to describe the cha.rgmg phase of capacitors, with

_asimple rcpiacemum of the capacitor by an ideal inductor. Throughout the

analysis, it i imporiant to-remember that energy is stored in the form of an

‘electric field betwee the plates of a capacitor, For induciors, on the cther
* hand, eneigy ls £t Jred il the formi of a magnetic field linking uie cotl,
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" iy, vy, and vg for the circuit in Fig. 11.31 following the closing of the switch.

-

At the instant the switch is closed, the choking action of the coil pre-
vents aninstantaneous change in current through the coil; resulting in ig
=0 A, as shown in Fig. 11.32(a). The absence of a current through the
coil and circuit at the instant the switch is closed results in zero volts
across thie resistor as determined by vg = iR =iR=(QAR=0V,as
shown in Fig. 11.32(c). Applying Kirchhoff's voltage law around the
closed loop results in £ velts across the coil at the instant the switch is
closed, as shown in Fig. 11.32(b). , -
= [Initiplly, the current increases very rapidly, as shown in Fig.
11.32(a) and then at a much slower rate as it approaches its’ steady-
state value derermined by the parameters of the network (E/R). The
voltage across.the resistor rises af the same rate because vg = irR =
iiR. Since the vo_liagc across the coil is sensitive 1o the rate of change
of current through the coil, the voltage wili be a1 or near its maximum
value early in the storage phase. Finally, when the gwrent reaches its
steady-state value of E/R amperes, the current through the coil ceases
‘to change, and the voltagc.acmsé the coil drops to zero volts. At any

¥
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FIG 11 .33
E;#‘ecr of L on the shape of the iy storage waveform,

L

* vp=iR=(0)R=0V

AAA. = .
iﬁ-:ﬁ 'E' ._D"‘.rf_z(]k

— < 4, bp=E vohs
[ ]

FIG. 11.34

Circuit in Figure 11.31 the instant
the switch is closed.” -

$

o
1

instant of time, the voltage across the coil can be determined using
Kirchhoff’s voltage law in the following manner: v, = E — vp.

Because the waveforms for the inductor have the same shape as ob-
tained for capacitive networks, we are familiar with the mathematical
format and can feel comfortable calculating the quantities of interest
using a calculator or computer,

The equation for the transient respunse of the current through an in-
ductor is -

‘ng(',._,-m) (mperes, A)  (1L13)

with the time constant now defiried by

r==| (séconds,s) (11.14)

Nore that Eq. (11.14)isa ratm of parameters rather than a product as uscd
for capacitive networks, yet the units-used are still seconds (for time),

Qur experience with the factor (1 — ¢~"") verifies the level of 63.2%
for the inductor current after one time constant, 86.5% after two time
coustants, and so on. If we keep R constant and increase L, the ratio /R
incteases, and the rise time of 57 increases as shown in Flg 11.33 for in-
creasing levels of L. The change in transient response is expectcd be-
cause the higher the inductance level, the greater is the choking action
onvthe changing current level, and the Jonger it will take to reach steady-
stale conditions. >

The eqﬂauon for the voltage gcross the coil is

vp = Ee”UT - (volts, V) - . (1115)

and the equation for the voltage across the resistor is - '

'. lﬁ= E(Il_——::‘f") l (volts, V) (11.16)

As mentioned earlier, the shape of the response curve for the voltage
across the resistor must match that of the current iy since vy = IRR iR

Since the waveforms are similar to those obmncd for capacitive net-
works, we will assume that

the storage phase has passed a séeady-stare conditions have been
established once a period of tim eqanlmﬁve time constants has
occurred.

. In addition, since v = L/R will always have some n'umcrical valuc.
even though it may be very small at times, the transient period of 57 will
always have some numerical value. Therefore,

the current cannot change instantaneously in an inductive networtk,

If we'examine the conditions that exist at the instant the switch is closed,
we find that the voltage across the ¢oil is E volts, although the ourrent is
ZEro ampergs as shown in Fig. 11.34. In essence, Lherﬂure, ) :

the inductortakes on the characteristics of an open n’rcu.: at ﬂre

mstant the s.w.ck is uo;ed. ’ . *



Bl

A .
 However, if we consider the conditions. that exist when steady-state
 conditiogis have been established, we find that the voltage across the coil
4 is zero volts and the current is a maximum value of E/R amperes, as
' shown in Fig. 11.35. In essence, therefore,

the inductor takes on the characteristics of a short circuit when
steady-state conditions have been established.

EXAMPLE 11.3 Find the mathematical expressions for the transient’

behavior of i; and vy, for the circuit in Fig. 11.36 if the switch is closed
at t = 0s. Sketch the resulting curves. J

& 3 £
Solution: First, we determine the time constant:

B A e 8
Ry 2k0
]
Then the maximum or steady-state current is
2 o R
- == =25X107A=25mA
3 I Ry 2k} et e

Substituting inlb Eq. (11,13) gives
: i =25mA(l- Ay
Using Eq. (11:15) gives :
Lo RS 50 Ve""lz""‘.

The resulting waveforms appear in Fig. 11.37.

BmAl - - —mm === ' _ 50V

-
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FIG. 11.35
Circuitin Fig. 11.31 under steady-state conditions.

FIG. 11.36 <
Series R-L circuit for Example 11.3.

0 T 2r Ir 4r 5r ] 0 Ir r

FIG. 11.37
-iy and vy for the network in Fig. 11.36. ,

11.6 INITIAL CONDITIONS

This section parallels Section 10.7 on the-effect of initial values on the
transient phase. Since the current through a coil cannot change instanta-
neously, the current through a coil begins the transient phase at the initial

valne established by the network (note Fig. 1 1.38) before the switch was -

closed. It then passes through the transient phase until it reaches the
steady-state (oc final) level after about five time constants. The steady-
state level of the inductor current can be found by substituting its short-
circuit equivalent (or Ry for the practical equivalent) and finding the
resulting current through the element. ’

-

Irs 47 b t

I
———————— ]
H
U-1 ;
1 i
T u:ﬂ Transient ——wr=-Steady-state +
st _ response region
1 0 t
FIG. 11.38"

Defining the three phases of a transient wavefam.

i
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FIG. 11.39
Example 114.

£

o

Using the transient equation developed in the previous sectien, we

© can write an equation for the current iy for the entire time interval in Fig.

11.38; that is, _
ip = I+ (I = I)(1 - &)

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

;_—l+ff—?'/—!+1e i :
=l =l 4 LT o

/

we find ip = I+ (I, — Ipe'lr . (11.17)

If you are required to draw the waveform for the current i, from ini-
tial value to final value, start hy drawing a line 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.

-

v E "y w

EXAMPLE 11.4 The inductor in Fig, 11.39 has an initial current level
of 4 mA in the direction shown. (Specific methods to establish the initial
current are 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
during the same transient period.

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

v

Solutions:
a. Substituting the short-circuit equivalent for the inductor results in a
final or steady-state current determined by Ohm‘s law:

Y E 16V - 16 V

I = ; ;
S T e T i T M e e
The time constant is determined by
L 100 mH - 100 i{ '
£ L = = 11114s

TR 22k0+ 68k . 9kQ
Applying Eq: (11.17) gives 3

ip= I+ (1, —1,),—:;:_ 1.78 mA + (4 mA — l?BmA}e b s
—1 78mA+222 mAe~ 71 lps

b. Since the current through the indtctor is constant at 4 mA prior to
the closing of the switch, the voltage (whose level is sensitive only
fo chmges in current through the coil) must have an ini tial value of
0 V. At'the instant the switch is closed, the currerit through the coil
cannot change mstanta,neousiy so the current through the resistive

_elements is 4 mA. The resulting peak voltage at 1= 0 s cn then be
found using Kirchhorf's Yoltage law as follows: '

Vo =E= Vg, - vg-lsv (4mA)(22kﬂ) (4m)(6sm)
=?16V-88V 212V =16V - 36V = —20V

i
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Note the minus sign (o indicate that the polarity of the voltage vy, is
opposite to the defined polarity-of Fig. 11.39.

The.valtage then decays (with the same time constant as the cur-
rent iy) to zero because the inductor is approaching its short-circuit
equivalence. _ o -

“The equation for vy, is therefore

vy ==—20 Ve /iLIbes

drawn first, and then the transient response was included between
these levels. For the voltage, the waveform begins and ends at z€ro,

- with the peak value having asign sensitive'to the defined polarity of
v in Fig. 11.39, :

4ig (mA)
4 mA
ov 0

Seée Fig. 11.40. The initial and final values of the current were -

A
.
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v ('u'lﬂ_l!)

Iry 27
I3 L

r=1L11us

t(us)

FIG. 11.40

iy and.uy for the network in Fig: 11.39.

Let us now-test the validity of the equation for if, by substituting =
. 0 s to reflect the instant the switch is closed: We have

ghr=el= _
and iy = 178 mA + 222 mAe "/ =178 mA + 222 MA = 4mA
When t > 57, '
and  ip= 178 mA + 222 mAe™/" = 1.78 mA

e-_rff =( z E

‘
-

11.7 R-L TRANSIENTS: THE RELEASE 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 ficld for a periad of
time determined by the leakage factors. In R-L circuits, the energy is
stored in the form af a magnetic field established by the current through
the coil. Unlike the capacitor, however, an isolated inductor cannot con-
tinue ta store energy because the absence of a closed path causes the cur-
rent to drop to zero, releasing the energy stored in the form of a magnetic
field. If the series R-L circuit in Fig. 11.41.reaches steady-state condi-
tions and the switch is quickly opened, a spark will occur across the con-
taets due to the rapid change in currentfrom a maximum of E/R to zero

" amperes. The change in current di/ds of the eqiation vy = K(di /dt) estab-

lishes a high voliage vy across the coil that, in conjunction with the ap-
plied voltage E, appears across the points of the switch. This is the same

“mechanisin used in the ignition system of a car to ignite the fuel in the

eylinder. Some 25,000 V are generated by the rapid decrease in ignition

vg=izR=(OAR=0V

E

i .
HOA

+
+
FIG. 11.41

Demonstrating the effect of opening a gwitch in
series with an inductor with a steady-state current.

e
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7

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 reaction is significant when you consider that the only inde-
pendent source in a car is a 12 V battery.

_If opening the switch to move it to another pusmun causes such a
rapid discharge in stored energy, how can the decay phase of an R-L cir-
cuit be analyzed in much the same manner as for the R- -C circuit? The
solution is to use a network like that in Fig. 11.42(a). When the switch
isclosed; the voltage across resistor Ry is-E volts, and the R-L branch
responds in the same manner as described above, with the same wave-
forms and levels. A Thévenin network of £ in parallel with R, results in
the source as shown in Fig. 11.42(b) since R, will be shorted out by the
short-circuit replacement of the voltage source E when the Thévenin
resistance is determined.

(same polarity)
b, —

(reversed R
polarity) "= 2

FIG. 11.43
Network in Fig. 11.42 the instant
© the switch is opened.

: . %3
R &) B T e o R
Iand VL ( Rl)

FIG. 11.42
Initiating the storage pr‘u:ue for an inductor by closing the .mm:‘k

 After the storage phase has passed and steady-state conditions are es-
tablished, the switch can be opened without the sparking effect or rapid

- discharge due to resistor R;, which provides a tomplete path for the cur-

rent iy, In fact, for clarity the discharge path is isolated in Fig. 11.43. The
voltage vy, across the inducgor reverses polarity and has a magnitude de-
termined by

*

v, = "(l’n * ”R,)' (11.18)

Recall that Lhe voltagc across an lnductor can change ins tamaneously )

'but the surrcnt cannot. The result is that the current i; must maintain the

same direction and magnitude, as shown in Fig. 11.43. Therefore, the in-

_ stant after the switch is opened, i is still I, = E/R;, and

vy = —(vg, + vg;) = -{nRJ + ipRy)

(Rl +‘ﬁ);5
i . Ry R/

=~if(Ry + Ry) = *“{R: + Rz}

(11.19)

switch opened

which'is bigger than E volts by the ratio Ry/R). I other words, whe the
switch is opened, the voltage across the. inductor. reverses. polarity and

dmps ms!autanqoualy from Eto0.~ [1 - (R;fR, }]E volts
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As an inductor release s its stored energy, the voltage across the coil
decays to zero in the following manner: '

: y = ~Vie " (11.20)
" e Ry
with . : ‘ Vvi=|1+4 -E-l- E
, e s 1 I
tnd : Ry ‘R +R;

The current decays from a maximum of /,, = E/R, to zero.
Using Eq. (11.17) gives
E

f.":E;

and  Iy=0A

sothat g =L+ (h—I)e™ " =0A+ (f— - Q‘A)e'ﬁ""
; _ 1

. ik
d A Bl 11.21
and h=H TR - )
. PRk s
with . T ﬂm

" The mathematical gxpreaéion for the qoltag]: across either resistor can
then be determined using Ohm’s law:

. . f E- s A

vg, = igRi = ILR, = F: 3}8 a4

&

and. I vg, = Ee™"| 4 (11.22)

The voltage vg, has the same polarity as during the storage phase since -
the current i has the same direction. The voltage vy, is expressed as fol-

Jows using the defined polarity of Fig. 11.42:

P, : 3 .E ., ‘:;
up, = —igRy = — i Ry = "R Ry~
: 8 "
. ohe R e
and o ug= = PEET (11.23)
: 1

EXAMPLE 115 Resistor R, was added to the network in Fig. 11.36 as
shown in Fig. 11.44. =l

.a. Find the mathematical expressions for i, v, vg,, and vg, for five
time constants of the storage phase.
“b. Find the mathematical expressions for iz, v, Vg, and vg, if the
switch is opened after five time constants of the storage phase.
¢. Skelch the waveforms for each voltage and current for both phases
covered by this example. Use the defined polarities in Fig, 11.43.

>
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+.
”4 Hug
v FIG. 11.44
Defined polarities for vg,, vp,, vy, and current direction for
’ -y : = i y iy far Example 11.5,
. - Solutions:
) a. From Example 11.3: )
: i, =25 mA (1 - e~12ms)
v = 50 Ve~ !/2ms
= ip Ry = iR
=]—=(1=e ]R
i [Rl ( e 7)) |’y
= E(1 -
3
and 3 =50V(1 -2 ")
. : = E+ %V
o oy it AR
y Ri+R; ., 2XQ+3kQ  5x10°0
= 08X 107%s=0.8ms
¢ : By Egs. (11.19) and (11.20):
- ' _ R;) - ( 3 kﬂ)
E: 2 = i - i
; W, Vi (1 R JE= 1+ 53q J0v) = 125V
and BV I w108 B~ HTUEME
By Eq. (11.21); :
: E - 50V
: Ty R 2Kk 25 mA
and' i, ='I,,,e"'” =25 mAeL"m‘sm
_ By Eq. (11.22): ;
. VR, z‘Ee—r}-r’ o SOVG_"M'S ms
By Eq. (11.23): ' : !
(o SRl a7 e o !
: e e et T T /7 = =75 Yo t/08ms
_"R: R, Ee o) (50 V)e 5Ve j

; 2
" s o SeFig. 1145, '
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OV, _ s
Switch opeped . a
4 ]
57 = 5(0.8 ms) = 4ms
k - 1 y 1 F I »
2 Sr g ; i
5(2 ms) , i .
= 10ms || ! - -
St %
SRy Instantaneous %
- N L~
Defined 125 change
direction 1 e
{f) : i . “
L Np instantaneots : . i
25 " change - A
. H . ' E y g p = S
w . : i ;
. e : . - 2 1 % ;
) m————— 1 '
Sr 57 .
Defined. :
wpolarity "'_R i kvolts
= | B e 7 . -
—AMN— - Same shape i 3 “
"Ry . ns iy since ~ ) i ? " 5
= s vg, = Ry '
% ; - i . *
| ’ . &7 5¢
YR 4 volts i
‘o 50 '
vn, Rl . 4
: vk o 5+ ' o .
i ' Defined . ; & J
polarity TR - ( ! -t \ :
; 75 mnmmmmem - '
FIG. 11.45

E.

The various voltages and the current for the network in Fig. 11.44. £

In the preceding analysis, it was assumed that steady-state ‘conditions
were established during the charging phase and /,, = E/Ry, with v =
0 V. However, if the switch in Fig. 11.42 is opened before i; reaches its ,
maximum value, the equation for the decaying cyrrent of Fig. 11.42
must change 10 ) : : '

. I'L - fjﬂ_"w " (11:-24)

Y
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where J; is the starting or initial current. The voltage across lhc coil is de-

'
fined by the fnlluwmg g
vy = ~Vie " (11.25)
[ ] ]
with Vf iy ‘(I'(RI + Rz]
« 11.8 THEVENIN EQUIVALENT: 7 = L/Ry,
In Chapter 10 on capacitors, we found that a circuit does not always have
the basic form in Fig. 11.31. The solution is td-find the Thévenin equiv-
alent circuit before proceeding in the manner described in this chapter.
. Consider the following example.
20k < 4x0 - EXAMPLE 11.6 For the network in Fig. 11.46:
' 4. Find the mathematical expression for the transient behavior of the

current iy, and the voltage v after the closmg of the switch (J; =

it M < 0mA).
Fopid \i > S b. Draw the resultant waveform for each.
G Solutions: :
,}. a. Applying Thévenin's theorem to rhe B0 mH inductor (Fig. 11. 47)
; yields ] .
FIG. 11,46 :
Example 11.6, Ry o 9 Wk =10k}
N 2
J) S R § Ry + Rj. = -
16k == g, R, =20k 24K+ 16X0
T - : = 20k
=
" FIG. 11.47
Determining Ry, for the network in Fig. 11.46.
Applying the voltage divider rule (Fig. 11.48), we obtain =
L} - ; ;
4 .4k
W
% Ry l TRy
‘ ; O + <
' Ep Ry 16K0
- L
: . FIG. 11.48
s I‘ Determining Ep, for the network in Fig. 11.46,



{Rz +R3)E
Th = Ry + Ry + Rg,
(4K +. 16 kQ)(12V)

- _(20k@)(12V) _
T 20k0 + 4K + 16kQ i k!

40 kQ

" The Thévenin cquwalent circuit is shown in Fsg 11.49, Using

b.

Eq {ll 13)gwe-; >

‘L—'"*‘(l__"h)

L BOX10°H ;
e e e L TE% 1078 =8
""Rm  10x10°0 g Loy

Ern 6V

-1,.,, R m =06x% 1077 A =0.6mA
and iy = nsmu )
Usngq (ll 15) gives
sy = Ep,e""rr
so that v, =6 Ve 318

See Fig. 11.50.

U,

(1]

Ep =6V

619 20 25 30 35 40 a5 so

_ FIG. 11,50 '
The resulting waveforms for iy and vy for the nerwork in Fig. 11.46.

" “EXAMPLE 11.7 Switch S, in Fig. 11.51 has been closed for a long
time. At = 05, Sy is opened at the same instant that S5 is closed to avoid
an interruption in current through the coil.

a.

b.

€.

Find the initial current t}lrough the coil, Pay particular attention to
its direction,

Find thé mathematical expression for the current i following the

closing of switch 8.
Sketch the waveform for if .

Introductory, C.- 32A - -

THEVENIN EQUIVALENT: v = L/Rj, 111- 488

Thévenin equivalent circuir:

L
FIG. 11.49
The resulting Thévenin equivalent circuir
for the network in Fig. 11.46.
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' ” 5

SRy {f=29) Ry
t —¢W\——

82k |} 1k

Ry =22k0 Lgﬂﬂmm}f E=6V
+
FIG. 11.51

Example 11.7.

Solutions:

~ a. Using Ohm’s law, we find the initial current through the coil;

-

E 6V
Ij—“E;—"lm=_6mA

b. Applying Thévenin's theorem gives
Rry =Ry + Ry =22k0 + 8.2k0 = 104 kO
Efy = IRy = (12mA)(2.2kQ)) = 26.4 V
The Thévenin equivalent network appears in Fig. 11.52.

The steady-state current can then be determined by substituting
the short-circuit equivalent for the inductor: '

E 264V

== =254
e R TA . mA
The time constant is
' L _ 680 mH '
: T R S OAED .
FIG. 11.52 3 Applying Eq. (11.17) gives
Thévenin equivalent circuit for the network i =Ip+ (I, - I!)e-.,‘,rf

in Fig. 11.51 fort 2 0. =254 mA + (~6 mA - 2.54 mA)e»-.rfﬁj.ﬂ#s

= 254 mA ~ 8,54 mAe™"/6539 s
c. Note Fig. 11.53. :

FIG. 11.53
The current iy for the network in Fig. 11.51.

Introductory, C.- 32B



11. 9 INSTANTANEDUS VALUES

The devslopmqm presented in Section 10.8 for capacmvc ne:wnrks can

also be applied to R-L networks to determine instantaneous voltages,

currents, and time. The instantaneous values of any voltage or current:

can be determined by simply inserting f into the equation and using a
calculator or table to determine the magnitude of the exponential term.
The similarity between the equations
P Vo= Vf + (Vf s | 'Vf)e""'f-
wand: 1 i;_={,+([i—fﬁg“’{"

results in a derivation of the following for f that is identical to that used

to obtain Eq. (10.23):

(= 1) |
t = 7log, (seconds, s) (11.26)

(L—f;‘)

For the other form, the equation ve = Ee™ Y7 is a close match with

v = Ee T = Vi-e_"rf, permitting o derivation similar to that employed
for Eq. (10.23):

V' .
r=-1 log',;—; (seconds, s) (11.27)

For the voltage vg, Vi = oV and V; EV since vg = E(l = &™),

Solving for t yields

it=rlo (—-—r-E )
gg E-vwgp/)

4

e ey
or t = T}oge(ﬁ) (seconds, §) (11.28)

11.10 AVERAGE INDUCED VOLTAGE: UL,

In an-effort to develop some feeling for the iml;act of the derivative in an

equation, the average value was defined for capacitors in Section 10.10, -

and a number ef plots for the current were developed for an applied vojt-
age. For inductors, a similar relationship exists between the induced
voltage across a coil and the current through the coil. For inductors, the
average induced voltage is defined by

v, = L= (volts, V) (1129

where A indicates a finite (measurable) change in current or time. |

Eq. (11.12) for the instantaneous voltage across a coil can be derived
from Eq. (11.29) by letting V; become vanishingly small. That is,
A L d
L— = L—

V6w = 054 dt
In the following example, the change in current Aiy is considered for
each slope of the current waveform, If the current increases with time,
the average current is the change in current divided by the change in

v

- AVERAGE INDUCED VOLTAGE: vy,

L .

Il 487
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time, with a positivg sign. If the current decreases with time, -a negative
sign is applied. Note in the example that the faster the current changes
with time, the greater is the induced voltage across the coil. When mak-
ing the necessary calculations, do not forget to multiply by the induc-
tance of the coil. Larger inductances result in increased levels-of induced
voltage for the same change in current through the coil.

EXAMPLE 11.8 Find the waveform for the average voltage across the
coil if the current through a 4 mH coil is as shown in Fig. 11.54.

i (mA)
> 10
: sk
i i i i I AN | L ]
(1] i EAR- T A ET N S T Bl 1 ‘1 (ms)

. FIG. 11.54
Current iy, to be applied to a 4 mH coil in Example 11.8,
Solutions:

a. 0to 2 my: Since there is no change in current through the coil, there
is no voltage induch across the coil. That is,

Af 0 :
UI‘;-LM‘LM oV
b. 2msto4ms:
710X 1073 A

Al i
v = LE—: =(4 % i0‘3H)(

T )= 20X 1077V = 20 mV
5

c. 4msio9ims:

. Ai 10X1073 A '
. | ‘y=L—= ~4x10‘3H_(————~)=~8x10”3 =-8§mV
e T N sxi0%s
d. -Qms to oo
' ’ ' . ' Ai 0
: - =L—=L—=0V
i ol e

The waveform for the average voltage across the coil is shown in
Fig. 11.55. Note from the curve that

vy (mV).
i ol
S .

! 10+

. b -
8] -1 2z % '4.5. 6.7 & G- i N

i -10f

FIG. 11.55

Voltage across a 4 mH coil due to the current in Fig, 11.54.

’
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the vas'la{c um:s the: cml is not determined solefy By the magnitude
of the change in current through the coil (Ai), but by the rate aof
c!umg: af current through the caif (Ai/AL).

A sumlm- statement was made for the current of a eapacitor due o’
change in voltage across the capacitor.

A careful examination of Fig. 11.55 also reveals that the area under _
the pasitive pulse from 2 ms to 4 ms equals the area under the negative
pulse from 4 ms to 9 ms. In Section 11.13, 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 from’
0 ms to 10 ms, energy has been stored and released; there has been no

# dissipation as experienced for the resistive elements. Over a full cycle,
* bath the ideal capacitor and inductor do not consume energy but store
and release it in their respective forms.

L ]

11.11 INDUCTORS IN SERIES AND IN PARALLEL

Inductors, like resistors and capacitors, can be placed in series or in par-
allel. Increasing levels of inductance can be obtained by placing induc-
tors in series, while decreasing I€vels can be obtained by placing
inductors in parallel. k
For inductors in series, the total inductance is found in the same man-
ner-as the total resistance of resistors in series (Fig. 11.56):

(Lr=LitL+L++Ly * (1130
o/ — ">~~~
B o - iy L Ly - Ly
Ly '
c -
FIG. 11.56

Inductars in series.

For inductors in parallel, the total inductance is found in the same
manner as the total resistance of resistors in parallel (Fig. 11.57):

1 1 1 1 1
et Bl S et B Ll (11.31)
Ly L L, L Ly
For llwo inductors in parallel,
LiL; t ,
B e 1
. =L (11.32)
o—rrT7 - === -
" )
—— %L,. %L, %L, b é:ﬂ
Ly 3
P LR L CHNIC] SRS SRR
FIG.11.57

Inductors in parallel.



490 |11 INDUCTORS " * " : . ﬁ

EXAMPLE 11.9 Rcduce the network in Fig, 11.58 10 its simplest form.

Solution: [nductors Lz and L; are equal in value and Ihcy are in paral-
lel, resulting in an equivalent parallel value of

N 2 ;
The resulting 0.6 H Is then in parallel with the 1.8 H inductor, and
FIG. 11.58 ,
Example 11.9. : = L)L) (Q6H)(18H) 04SH
T 0.6H+18H
Inductor L, is then in series with the equivalent parallel value, and
I’..”"H Lr =L+ Lr=05H+045H=1.01H
a ' The reduced equivalent network appears in Fig, 11.59.
1.2k0 ’
FIG. 11.59 11.12 STEADY-STATE CONDITIONS , E

Terminal equivalent of the network in Fig, 11.58. . We found in Section 11.5 that, for all practical purposes, an 1dea1 (ignor-
: ) ing internal resistance and stray capacitances) inductor can be replaced
by a short-cireuit equivalent.once steady-state conditions have been es-
tablished. Recall that the term steady state implies that the voltage and
current levels have reached their final resting value and will no longer
change unless a change is made in the applied voltage or circuit config-
uration. For all practical purposes, our assumption is that steady-state
conditions have been established after five time constants of the stofage
or release phase have passed. :
For the circuitin Fig. 11.60(a), for example, if we assume that steady-
state conditipns have been established, the inductor can be removed and
replaced by a short-cirenit equivalent as shown in Fig. 11.60(b). The

B = d short-circuit equivalent shorts out the 3 £ resistor, and current / | is de-
' termined by
B _ 0¥
¥ ‘l’] — =7
- Ry 20
. Ry ; ’ R
AAA 2 A
Y¥¥ = N \N‘r
20 |4 . _ 20 h
--'_'-+ i —_— i I ; : -
EZS10V. L=2H RZT30 w—p- EZ=C10V RZ30
= -
FIG. 1160
Substituting the short-circuii equivalent for the inducror for t > 5r, .

For the circuit in Fig. 11.61(a), the steady-state equivalent is as shown_
in Fig. 11.61(b). This time, resistor R, is shorted out, and resistors Ry
and Ry now appear in parallel, The result is

» B L e 1

=t JIAA
R:lRy 24 d
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1 10mH h: L
L.
2 g e BTG
i 6 mH ! lfl
+: ; : * + s
E=2V 260 - p =2V : KRN
' S s £S30 2
= : ‘ : + _ 20
FIG. 11.81 5
Establishing the equivalent network for t > 57.
Applying the current divider rule yields .
R (6 1)(10.5 A
h= S0 ]=§3A=‘;A
Rsy + Ry 60+30 9 . .
In the examples to follow, it is assumed that steady-state conditions
have been established. ; t
EXAMPLE 11.10 Find the current /; and the voltage V¢ for the net-
work in Fig. 11.62. R
' +
an - E="10V
L]
<
3 . FIG. 11.62 3
' ' Example 11.10.
* Solution:
"8 10V ' « -
=—=———=2A 1
b= m"5a "
voo RE__GO)10V)
CT R +R 30+2G
EXAMPLE 11.11 Find currents /; and I; and voltages V1 and V, for
the network in Fig. 11.63. i wo !
B
-1
-+
E -T_ 50V
-

FIG. 11.63
Esuule 17,11,
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—
=

; FIG. 11.64 ;
Substituting the short-circuit equivalents for the inductors and the open-circuit
equivalents for the capacitor for t > 51.

Solution: Note Fig. 11.64.
h =10 3
.l I SON - _‘50V=
Ri+Ri+Rs 204104780 100
Va=hRs= (SA)7N) =38V"
Applying the voltage divider rule yiclds
Ry R)E (10 +70Q)(50V)  (8Q)(S0V)

5A

V“RI+R3+R, 20+10+70 100

11.13 ENERGY STORED BY AN INDUCTOR

The ideal inductor, like the ideal capacitor, does not dissipate the electrical
encrgy supplied to it. It stores the energy in the form of a magnetic field: A
plot of tite voltage, current, and power to an inductor is shown.in Fig. 11.65
during the buildup of the magnetic field surrounding the inductor. The en-
ergy stored is repn:séme‘d by the shaded area under the power curve. Using
calculus, we can show that the evaluation of the area under the curve yields

' e ' ;
Waored = 3113 |  (joules, j) (11.33)

FIG. 11.65
The power curvé for an inductivé element under transient conditions,

EXAMPLE 11.12 Find (he energy stored by the inductor in the circuit
in Fig. 11.66 when the current through it has reached its final value.




Ry
AAA
Yy
30
6 mH ‘ E=15V ll..
210
= R,
[
FIG. 11.66
Example 11.12.
Solution: :
E 15V - 15V
In = Ri+R, 3Q+20_ 50 '_“

Witored = ELI,%, = -;{5 X 107 H)3 A)? = 5—24 X 10733 =27m]

(I

11.14 APPLICATIONS
Camera Flash Lamp

P The inductor played an ‘im;;dmn; role in the ca'méra flash lamp cir-

cuitry described in the applications section of Chapter 10 on capacitors. -

For the camera, the inductor was thé important component that resulted
in the high spike voltage across the trigger coil, which was then magni-
fied by the autotransformer action of the secondary to generate the 4000
V necessary 1o ignite the flash lamp. Recall that the capacitor in paral-
‘lel with the trigger coil charged up to 300 V using the low-resistance
path provided by the SCR (silicon-controlled rectifier). However, once
the capacitor was fully charged, the short-circuit path to ground pro-
vided-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 coil itself, the current through the coil grew at a very rapid rate. A

significant voltage was then developed across the coil as defined by -

Eq. (11.12): vy = L (di /df). 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 generated across the Mgg,er
coil also appears directly across the capacitor of the trigger network.
. The result-is-that it begins to charge up again until the generated voltage
across the coil drops to zero volts. However, when it does drop, the
capacitor again discharges through the coil, establishes another charg-

ing current through the coil, gnd again develops a voltage across the’

. cpii. The high-frequency exchange of energy between the coil and
capaciior is calied flvback because of the “flying back™ of energy from
one storage elemert to the other. Tt begins fo decay with time because of
the resistive elgments in the leop. The more resistance, the' more
quickly it dies out If the capacitor-inductor pairing is isolated and
*tickled” ulong the way with the application of a dc voltage, the high
frequency-gengrated voliage across the coil can be maintained and put
to good use In fact, it is this flyback effect that is used to generate a
steady de voltage (using rectification to convert the oscillating wave-
form to one of a steady dc pature) that is commonly used in TVs.

»
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Inductors can be found in a wide varicty of common electronic circuits in
the home. The typical household dinuner uses an inductor to protect the
other components and the applied load from “rush” currents—currents
that increase at very high rates and often to excessively high levels. This
feature is particularly, important for dimmers since they are most com-
monly used to control the light intensity of an.incandescent lamp. When a

Household Dimmer Switch

lamp is turned on, the resistance'is typically 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 ca-
pacitor 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. 11.67(a), with an internal view shown in Fig. 11.67(b). The basic

Rheottat -
housing

S

Dimmer cantrol. () external appearance; (b) internal construction; (c) schematic.

Feed
+
.:- ‘
on y .- I ¢ . \
120V ac 0.06 L e mm
- o heosta3 -l
e R ke [
B o T X
Rewm PR EF ;
o) .
FIG.11.67



i compqnem.ﬁ F{ :post cqmmercmlly nvallable dm:lmers dppear in the
schematic in Fig. 11.67(c). In this demgu, a 14.5 uH inductor is used in

the chokmg cﬂpa,p;:y aescnbed' above, with a 0.068 xiF capacitor for the

“bypass” ‘operation, Note the size of the inductor with its heavy wire and

Jarge’ ferronmguetic core and the relatively large size of the two 0.068 uF

" capacitors. Both suggest that they are de,mgned to absorb lugh-energy ,
disturbanees. f
- The general operation of a d:mmer is shown in Fig. 11.68. The con-
trolling network is in series with the lamp and essentially acts as an im-
pedance (like resistance—to be introduced in Chapter 15) that can. vary
between very low and Yery high levels. Very low impedance levels resem-
ble a short circuit, so that the majority of the applied voltage appears acmss -
the lamp [Fig. 11.68 (a)], and very high 1mpedances approach an open

_ circuit where very little voltage appears across the lamp [Fig. 11. 68 (b)].
Imermediate levels of impedance control the terminal voltage of the bulb
accordingly. For instance, if the controlling network has a very hlgh
impedance (open-circuit eqmvalent) through half the cycle, as shown in
Fig. 11.68(c), the brightness.of the bulb will be less than full vo]tap but
not 50% due to the nonlinear relationship between the brightness of a
bulb and the applied voltdgc A lagging effect is also present in the actual
operation of the dimmer, whmh we will learni about when leadmg and
Iaggmg networks mexa:mned in the acchapters.

Vi, Zyigh .- (high)

‘FIG. 11.68
. Basic operation of the d:mmer in Fg H 67; (a) full voltage 1o the lamp; (b) appmackmg the cutqﬂ' point for the bulb;
(¢) reduced ll'fummanon of rhe lamp. ,

The controlling knob, slide, ar whatever other method.is used on the
face .f the switch to control the light intensity is.connected directly to
the rheostat in the branch parallel to the triac. Its setting determines
when the voltage across the cupacitor reaches a snfficiently high level to
turn on the diac (a bidirecticnal diode) and establish a voltage at the gate
(G) of the triac to tarn it on. When it does, it establishes a very low resis-
tance path from the anode (4} to the cathode {K), and the applied voltage
appears directly across the lamp. When the SCR is off, its terminal resis- '
tance between anode and cathode is very high and can be approximated
by an open circuit. During this period, the applied voltage does not reach:

W L R e
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FIG. 11.69

Direct rheostat control of the brightness

of a 60 W bulb,

4

the load (lamp). At this time, the impedance of the parallel branch con-
taining the rheostat, fixed resistor, and capacitor is sufficiently high
compared to the load that it can also be ignored, completing the open-
circuit equivalent in series with the load. Note the placement of the ele-
ments in the photograph in Fig. 11.67(b) and 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
certainly well planned. to maintain a relatively small size for the dimmer.

Since the effott here is to control the amount of power getting to
the load, the question is often asked, Why don’t we just use a rheostat
in series with the lamp? The question is best answered by examining
Fig. 11.69, which shows a rather simple network with a rheostat in se-
ries with the lamp. At full wattage, a 60 W bulb on a 120 V line theoret-
ically has an internal resistance of R = V2/P (from the equation P =
V2/R) = (120 V)?/60 W = 240 £. Although the resistance is sensitive
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. 11.69, there will be 60 V across the rheostat
and the bulb. The power to each element is then P = V/R = (60 V)?/240
£l = 15 W. The bulb is certainly quite dim, but the rheostat inside the
dimmer switch is dissipating 15 W 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 would need for-15 W, not to men-
tion the purchase cost, although the biggest concern would probably be
all the heat developed in the walls of the house. You would be paying for
eléctric power that was not performing a useful function. Also, if you
had four dimmers set at the same level, you would actually b_q wasting
sufficient power to fully light another 60 W bulb. '

On occasion, especially when the lights are set very low by the dimmer,
a faint “singing” can sometimes be heard from the light bulb. This effect
sometimes occurs when the conduction period of the dimmer is very
small. The short, repetitive voltage pulse applied to the bulb sets the bulb
into a condition similar to a resonance state (Chapter 20). The short pulses -
are just enough to heat up the filament and its supporting structures, and
then the pulses are removed to allow the filament to cool down again for a
longer period of time. This repetitive 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 is the “singing.” A further
condition for this effect is:that the filament must be in the shape of a coil
and not a straight wire so that the “slinky” effect can develop.

11.15 COMPUTER ANALYSIS =~ ¢
PSpice

Trinilant RL Response The computer analysis begins with a tran-

- sient analysis of the network of parallel inductive elements in Fig. 11.70.

The inductors are picked up from the ANALOG library in the Place
Part dialog box. As noted in Fig. 11.70, the inductor is displayed with.a
dot at one end of the coil. The dot is defined by a convention that is used
when two or more coils have a mutual inductance, a topic that will be
discussed in detail in Chapter 22, In this exariple, there are no assumed
mutual effects, so the dots have no effect on this investigation. However,
for this software; the dot is always placed closed to terminal 1 of the

»



vi=0
v2=50
TO=0
TR=001ms

TF=001ms
Pw = 10ms
PER =20ms

FIG. 11.70
Using PSpice to oblain the transient response of a parallel inductive
network due to an applied pulse of 50 V.

'l

inductor. If you bring the pointer-controlled by the mouse close to the
end of the coil L1./with the dot, the following ' will result:
[/L1/1Number:1].‘The number is important because it will define which~
plot we want to-see int the probe response later. When the mdue:urs are
placed on the screen, they have to be rotated 270°, which can be accom-
plish&d with the Rotate-Mirror Vertically sequence.

Also note in Fig. 11.70 the need for a series.resistor Ry within the par-
allel loop of inductors. In PSpice, inductors must have a series resistor to re-

flect real-world conditions. The chosen value of 1 m() is so small, however,

that it will not affect the response of the system. For VPulse (obtained
from the: SOURCE Library), the rise and fall times were selected as 0.01
ms, and the pulse width was chosen as 10 ms because the time constant of
the network is 7= Ly/R = (4 H| 12 H)/2kQ) = 1.5 ms and 57 = 7.5 ms.
The simulation is the same as applied when obtaining the transient .
response of capacitive networks. In condensed form, the sequence to
obtain a plot of the voliage across the coils versus time is as follows:
' New SimulationProfile key-PSpice 11-1- Create-TimeDomain(Tran-
sient)-Run to time:10ms-Start saving data after:0s and Maximum
step sime's,usﬂl(‘llun PSpice key-Add Trace key-V(L2)-OK. The
resulting trace appears in the bottom of Fig. 11.71. A maximum step
size of 5 s Was chosen to ensure that it was less than the rise or fall
times of 10 ps. Note that the voltage across the coil jumps to the 50V
level almost immediately; then it decays to 0'V in about 8 ms. A plotof -
‘the total cuirent throygh the parallel coils can be obtained through Plot-
Plot to Window-Add Trace key-I(R)-OK, resulting in the trace ap-
_ pearing at the top of Fig. 11.71. When the trace first appeared, the
_vertical scale extended from'0 A to 30 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 followed by Axis Settings- -¥ Axls—User
* Defined-0A to 25mA-OK.

t“

COMPUTER ANALYS'S 111 290



OUCTORS

£ CA L S e 141 upet et SIS THAT Tivm= B " v ] ¥ iy

FIG. 11.71
" The transient response.of vy, and ig for :he nework in Fig. H 70.

., For \i'alucs, 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 of 1.5 ms to reveal a
value of 18.24 V for A1 (about 36.5% of the maximum as defined by the
exponential 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 Hesponsa with Initial Conditions The next apphca-
tiofi verifies the results.of Example 11.4, which has an initial condition
associated with the inductive element. VPulse is agaln employed with
the parameters appearing in Fig. 11.72. Since 7 = L/R =100 mH/ °
(22kQ +6.8KkN) = 100 mH/9 k) = 11. IIp.sandST = 55.55 ps, the
pulse width (PW) was set to 100 HS. The rise and fall times were set at
> 100 us/1000 = 0.1 pus.
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 sclect Parts at the bot-
i - tom of the dialog box, and select New Column to obtain the Add New
. Column dialog box. Under Name, enter IC (an abbrcvmt:on for “initial
condition"—not ‘capacitive current”) followed by the initial condition
of 4 mA under Value; theh click OK. The Property Editor dialog box
appears agam. but now the inifial condition appears as a New Column in
. the horizontal fisting dedicated to the inductive clement. Now select
 Display (o obtain the Display Properties dialog box, and under Display
Format choose Name and Value so that both IC and 4 mA appear,
Click OK to return to the Property Editor dialog box. Finally, click on
*Apply and exit the dialog box (X). The result is the display in Fig. 1 ! ?2
for the inductive,element, ?
Now for the simulation. First select thc New Simulation Profile key,
insert the name PSpice 11-3, and follow up with Create. Then in the
Simulation Settings dialog box, select Time Domain(Transient) for the
Analysis type arid General Settings for the Options. The Run to time
" i should be 200 us so that you can see the full effect of the pulse source on
- the transient response. The Start saving data after should remain atQ s, .
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. - VPulsa
vi=0V
| v2=a8vV
TD=0s
TR=0.1us.
TF =0.1us
PW = 100us

PER = 200us ]

Y © . RGT72
Using PSpice ta determine the transient response for a circuit in which
the induictive element has an initial condition.

and the Maximum step size shoyld be 200 u5/1000 = 200 ns. Click OK
and then select the Run PSpice key. The result is a screen with an x-axis
extending from 0 to 200 ps, Selecting Trace to get ta the Add Traces di-.
alog box and then selecting I(L) followed by OK results in the display in

Fig. 11.73. The plotfor I(1) ¢learly starts at the initi ie0f 4 mA-and.
then dccays to 1.78 mA as defined by the lefl:-clwk curaor 'The nght—chck

* 9 - yamehis

_ FIG. 11.73
A plot of the applied pulse and resulting current for the circuitin Fig. 11.72,

"COMPUTER ANALYSIS 111 499
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cursor reveals that the currént has dropped to 0.222 pA (essentially 0 A)
after the pulse source has dropped to 0 V for 100 ps. 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 ap-
plied voltage and thé resulting inductor current. ;

Multisim

The transient response of an R-L network can also be obtained using
Multisim. The circuit to be examined appears in Fig. 11.74 with a pulse
voltage source to simulate the closing of a switch at r = 0 s. The source,
PULSE_VOLTAGE, is found under SIGNAL_YOLTAGE SOURCE
Family. When placed on the screen, it appears with a label, an initial
voltage, a step voltage, and the time period for each level. All ¢can be
changed by double-clicking on the-source symbol to obtain the dialog
box. As shown in Fig. 11.74, 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 levels of 1 ns. For our analysis we want a Pulse Width that is
at least twice the 57 transient period of the cireuit. For the chosen values
ofRand L, 7= L /R = 10mH/100 (1 = 0.1 ms = 100 ws. The transient
period of 57 is therefore 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 frequency
of f=1/T = 1/2 ms = 500 Hz, When the value of the inductor is set at
10 mH using a procedurg defined in earlier chapters, an initial value for
the current of the inductor can also be set under the heading of
Additional SPICE Simulation Parameters. In this case, since it is not
part of our analysis, it was set at 0 A, as shown in Fig. 11.74. When all
have been set and selected, the parameters of the pulse source appear as

" shown in Fig. 11.74, Next the resistor, induétor, and ground are placed

on the screen to complete the circuit.

Multisim] 1=1 Rt Amsiye. [,

Transient Analysis m 3

LI L

i lam

FIG. 11.74
Using Multisim to obtain the transient response for an inductive circuit,

The simulation process is initiated by the following sequence:
Simulate-Analyses-Transient Analysis. The result is the Transient
Analysis dialog box in which Analysis Parameters is chosen first.

. Under Parameters, use 0 s as the Start time and 4 ms (4E-3) as the End

time so that we get two full cycles of the applied voltage. After enabling



the Maximum time step n’tt[ngs('i'MA;X), select the Minimum num-
ber of time points and set at 1000 to get a reasonably good plot during

the rapidly changing transient period. Next, select the Output variables
section and tell the program which voltage and current levels you are in-

. terested in. On the left side of the dialog box is a list of Variables that

have been defined for the circuit. On the right is a list of Selected vari-
ables for analysis. In between you see Add or Remove. To move a vari-
able from the left.to the right column, select it in the left column and

. choese Add. It then appears in the right column. To plot both the applied
voltage and the voltage across the coil, move V(1) and V(2) 1o the ri ghT.
column, Then select Simulate. A window titled Grapher View appears
with the selected plots as shown in Fig. 11.74. Click on the Show/Hide
Grid key (ared gridon a black a:us) and the grid lines appear. Selecting
the Show/Hide Legend key on the immediate right results in the small
Translent Analysis dialog box that identifies the color that goes with
each nodal voltage. In this case, red is the color of the applied voltage.
and blue is the color of the voltage across the coil.

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 coil
jumped immediately to the 20 V level and then began its decay to 0V in
‘about 0.5 ms as predicted, When the source voltage dropped to zero, the
_ voltage across the coil rev ersed 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 “chokes" 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.

PHOBLEMS +
SECTION 11.2 Magnetic Field

1. For the electromagnet in Fig. 11.75:
a.. Find the flux density in Wh/mZ.

b. What is the flux density in teslas? ek
¢. What is the applied magnetomotive force? . o
d. What would the reading of the meter in Fig. 11.14 read 200 turns
s s s FIG. 11.76
Problems 2 and 3.
A =001 m? 4. For the inductor in Fig. 11.77, find the approximate induc-

) o=axio- wo GONATITETINY.  o.c.) core

—_—

[=224A 40 turns

FIG. 11.75
Problem 1.

SECTION 11.3 Inductance

2. For the inductor in Fig. 11.76, find the inductance L in
henries.

3. A cheat Problem 2 with a Ecrromagncuc core ‘with
= 500.

Introductory, C.-33A
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does it relate to the value of u,?

= lin, ﬁlrm
e 0 .

tance L in henries, ~

A

FIG. 11.77
Problem 4.

=1.5% 10*m?

200 ums

-,

_b. How is the new mﬂuctancc related to the old one? How
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5. -An air-core inductor has a total inductance of 4.7 mH.
a. What is the inductance if the only change is to increase
the number of turns by a factor of three? -

b. What is the inductance if the only change is to increase

* the length by a factor of three?
c. What is the inductance if the area is doubled, the length
* cutin half, and the number of turns doubled?
d. What is the inductance if the area, length and number
" of tums are cut in half and a ferromagnelic core with a
4, of 1500 is inserted?

" 6. -What are the inductance and the range of expected values
for an inductor with the following label?
2. 392K . b. blue gray black J
* e 47K d. browngreen red K

SECTION 11.4 Indced Voltage v,

7. If the ﬂux linking a coil of 50 lurns changes at a rate of
120 mW/s, what is the induced voltage across the coil?

. 8. Determine the rate of éhan_gc of flux linking a coil if 20 V
*  are induced across a coil of 200 turns.

9. How many twmns does d coil have if-42 mV are induced
across the coil by a change in flux of 3 mWi/s?

10. Find the voltage induced across a coil of 22 mH if the rate
of change of current through the coil is:
a | Als
b. | mA/ms
€. '2mA/10 us

SEC110I\I 11.5 AR-L ‘n'anaients- The Storage Phase

il. For the circuit of Fig. 11.78. composed of standard values;
"a. Determine the time constant, K

b. Write the mathematical expression for the current i,

af{er the switch is.closed.

" ¢ Repeat par (b) for vy and vg. e

d. ‘Determine iy and vy at one, three, and five time constails,

e. Skeich the waveforms of iy, vy, and vg.

i
ET—?O
_-1__.

FIG. 11.78
Problem 11.

12. For the circuit in Fig. 11. ?9 composed nf standard valdes:
a. Determine 7,
b. Write the mathematical expression for the current iy
after the swilch-is closed at 1 = (s,
¢. Write the mathematical expression for v and ug after
the switch is closed at r =0 5.
v Détermine ipand vy ats = 17,37, and 5z.
.. Sketch the waveforms of i, vy, and vg k‘m- the storage
Phase

]

A +12¥

FIG. 11.79
Problem 12.

13, Given a supply of 18 V, use standard values to design a cir-
cuit to have the response of Fig, 11.80. .

BMAR = = s m e a2

FIG. 11.80 X
Froblem 13.

SECTION 11.6 Initial Conditions

14. For the circuit in Fig: 11.81:

4. Write the mathematical expressions for the current iy, and
the valtage vy, following the closing of the switch. Note
the magnitude and the direction of the initial current,

b. Sketch the waveform of iz and vy for the entire period
from initial value to steady-state leve),

N
. L L
7 o -
a 8 120 mH
tlv v
E_T..zav : Ry <39k
=
FIG. 11.81
Problems 14 and 49.

15. In n'ns problem, the effect of reversing the initial current is
investigated. The circuit in Fig. 11.82 is the same as that
appearing in Fig. 11.81, wjth the only changc bemg lhe
direction of the initial current.

a. Write the mathematical expressions for the curremt iy
and the voltage vy following tiie closing of the switch.
Take careful note of the defined polarity for v; and the
direction for iy,

~"oan



FIG. 11.82
Problem 15.

1]

b. Sketch the waveform of iy and v, for the entire period
from initial value to steady-state level.
c. Compare the results with those of Problem 14,

16. For the network in Fig. 11.83: = o

a. Write the mathematical expressions for the current i ipand '

the voltage vy, following the closing of the switch. Note
the magnitude and the direction of the initial current.

b. Sketch the waveform of iy and vy for the entire period
from initial value to steady-state level.

FIG. 11.83
§ Problem I6.

*17. Forthe network in Fig. 11.84:

a. Write the mathematical expressions for Ihl: current iy,

and the voltage v, following the closing of the switch,

Note the magnitude and direction of the initial current.

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

+ U -
o L=200mH
o= jﬁ mA
i i
I 4mA TR =22k =uv
_‘_
Ry
‘Yll"'
+ 8.2k
FIG. 11.84
Problem 17,
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SECTION 11.7 R-L Transients: The Release Phase

18, For the nefwork in Fig. 11.85;
a, -Determine the miathematical expressions for the current
iy and the voltage v; when the switch is closed.
b. Repeat part (a) if the swit¢h is opened after a period of

five time constants has passed: !
¢. Sketch the waveforms of parts (a) and (b) on the same

set of axes.

FIG. 11.85
- ' Problem 18

*19. For the network in Fig. 11.86: .
a. Determine the mathematical expressions for-the current
iy and the voltage v following the closing of the
switch. : 3
b. Repeat part (a) if the switch is opened at = 1 us.
¢. Sketch the waveforms of parts (a) and (b) on the same
set of axes. fhels

FIG. 11.86
Problem 19,

*20. For the network in Fig. 11.87: ’

a. Write the mathematical expression for the current iy, and
the voltage vy following the closing of the switch, .

b. Determine the mathematical expressions for iz, and vy if
the switch is opened after a period of five time constants
‘has passed.

¢, SKetch the waveforms of i; and v, for the time periods
defined by parts () and (b).

d. Sketeh the waveform for the voltage across R, for the
same period of time encompassed by iy and vy. Take
careful note of the defined polarities and directions in
Fig. 11.87.
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b, Calculate iy and v at¢ = 100us.

¢. Write the mathematical expressions for the current iy
and the voltage vy if the switch is opened at r = 10 ps.

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

E- = =0V

R <22k}

FIG. 11.87
. Problem 20.

¢

SECTION 11.8 Thévenin Equivalent: r = L/Ryy

21.. For Fig. 11,88:
a. Determine the mathematical expressions for iy and vy
following the closing of the switch.

b. Determine iy and vy after one time constant. FIG. 11.90
) : Problem 23. t
A ———0F, o) ;
&3 3x0 2k i - :
=L : =~ 24, For the nétwork in Fig. 11.91, the switch is closed at r = 0's,
BN 6:2 ) ; L 7 b, 8. Determine v at = 25 ms.
' N b. Findwgatt= 1 ms. b
Ay ' ¢ Calculate vg att= lr,
= 22k ' . d. Find the time requuedfo:ﬂ:ecurren:f;_mmwom
z : e, What is the effect of the 470 {2 resistor? Explain,
 FIG.11.88 * : :

Problems 21 and 50. y

22. For Fig 11.89: 7
a. .Determine the mathematical expressxom for iy and v
following the closing of the switch. :
b. Determine i; and vy at ( = 100 ns.

FIG. 11.91

Problem 24,
FIG. 11.89

Problem 22. P

: *25. The switch in Fig. 11.92 has been open for a long ume Il is
: then closed atf =0s.
w23 i--::rr Fig. 11,90: : J ; 8. Write the mathematical expression for the current iz and
8. Determine the mathematical exprcssmns for ir and v the voltage vy after the switch is closed.

following the ¢losing of the switch. Note the defined b. Sketch the waveform of iy and vy, from the initial value
diréction for i, and polarity for v, ' " 1o the steady-state level. - i &

wd i,

+ s . .
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#28. The switch in Fig. 11.95 has,been closed for a long tifne. i
is then opened at = O's. -
a. Write the mathematical expression for the current £, and
the voltage vy after the switch is opened.
b. Sketch the waveform of i, and vy, from initial value to -
the steady-state level.

3 . {1=0s) - "

FIG. 11.92 :
Problem 25. ; 24V

L & "
%26, 2. Determine the mathematical expressions for iy and vy,
following the closing of the switch in Fig. 11.93. The
steady-state values of iz and vy, are established before

the switch is closed. - Py
b. Detérmine i, and u; after two time constants of the stor-

age phase. o FIG. 11.95 E
¢, Write the mathematical expressions for the current i . - . Problem 28.

and the voltage vy, if the switch is opened at the instant ; : ’

defined by part (b). ' SECTION 11,9 Instantaneous Values

d. Sketch the waveforms of iz and v for parts (a) and (c). '
=l - ' - 29, Given i = 100 mA (1 — ¢~ "20™):
+20V : . a Determine iy atr =1 ms.
. b, Determine iy at t = 100 ms, .
¢. Find the time 1 when ir will equal 50 mA.
d. Find the timie f when i, will equal 99 mA.
30. a. If the measured current for an inductor during the stor-
. age phase is 126.4 A at after a period of one time con-
stant has passed, what is the maximum level of current
to be achieved? .
..b. When the cufrent of part (a) reaches 160 pA, 64.4 ps
have passed. Find the time constant of the network.
. If the circuit’s resistance is 500 £1, what is the value of
the series inductor to establish the current of part (2)? Is -
* the resulting inductance a standard value?
. . What is the required supply voltage?
) 31. The network in Fig. 11.96 employs a DMM with an intérnzl
#27. The swi;ch for the network-in Fig. 11,94 has been closed for ~resistance of 10 MAY in the voltmeter mode. The switch is
about 1 h. It is then opened at the time defined as r=0s. closédat? = 0s. - .
- a. Determine the time required for the current iz to drop to ¥ a. Find the voltage across the coil the instant after the
LEET A, switch is closed. : '
b. Find the voltage v at #= 10 us. b, Whatis the final value of the current j.?
e, Calculate vy atr = 5t. ¢. How much time must pass before i; reaches 10 pA?
: d. What'is the voltmeter ren-ding at r = 12 us?

FIG. 11.93
_Problem . " . d

meter ¥ 10 MU

FIG. 11.94 ‘ ) . ¢ FIG. 11.96

Problem 27. _ . . Problem 31, - T
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SECTION11.10 Average Induced Voltage: v, 3

32. Find the waveform for the voltage induced across a 200 mH
coil if the current through the coil is as shown in Fig. 11.97.

L

I 1
| !
| i

BT P L TR | O i i

1 1 ] 1 il ] 1
& 6 7 8 9101112131415 16 17 18 19 2021 22 23 24 1(ms)

18 e
: . : FIG, 11.97
. . : Problem 32.
33. Find the waveform for the voltage induced across a 3 mH / i -
coil if the current through the coil is as shown in Fig. 11,98, ' :
’ . i, (mA) .
20 o
St :
\ ” .

.- TN T

=\ 0o 1 2 3 10 11 12 13 14 15 16 17 18 19 r(ms
Xl
~10}
-15F
20}
¥ - _. ¥
' _ ; s FIG. 11.98
Problem 33.
it

*34. Find the waveform for the current of a 10 mH coil if the ug
voltage across the coil follows the pattern.in Fig, 11.99. The - +60 V
eurrent ip isd mA atr=0"s.

of . sb__jola2 18 24 1(us)

A e A - ' 0 FIG. 11.99
¥ iy = ; iR PR ; _ _ Problem34. .+
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4 SEC’ﬂOIN'H.-‘-IT Inductors in _Sarisé and in Parallel

38. Reduce the network in Fig, 11.103 to'the fewest elements.
'35, Find the total inductance of the ciruic of Fig. 11,100, '

o
== 91 pF
.
b 24 mH |
o
FIG. 11.103
* ; Problem 38,
FIG. 11.100 _ i m

. .~ Problem 35.

3§. Reduce the network of Figl; 11.104 to the fewest eléments.

36. Find the total inductance for the network of Fig. 11.101. : ' . 3

A '
5 L,.% 2 mH
. 22K0
P FIG.11.004 f
FIG. 11.101 " Problem 39 Ty
Problem.36. . ' -

"‘40 For the network in l"tg 11.105:
e . a. Write the mathematical expressions for the vo]mges Uy
37. Reduce the network in Fig, 11,102 to the fewest number of )

and vg and the current iy if the switch is closed at B= Os,
components, b. ' Sketch the waveforms of vy, vg, and i,
6.8 mH 1 k02 33 mH L ; ! T
B0 WA~ 300 : 5.8 =
- = # - _ 0
. il ¥ B
+ |
:_l—.;"'.. 20V 47 mH 9.1kQ g 1.8 mH % FO (' IS
- ; E="36V, ¢ Yoopakn
; : CT
M
¥ -
= 470 _ . =
FG. 11502 . .- _ e i FIG. 11.105
Problem 37. g g _ Problem 40.
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*41. For the network in Fig. 11.106:

&. Write the mathematical expressions for the voltage vy
and the current iy, if the switch is closed at r = 0's. Take

special note of the required v;.
b. Sketch the waveforms of vy and if,

L8

b
*42. For the network in Fig. 11.107; I
a. Find the mathematical expressions for the voltage vy
and the current iy following the closing of the switch.
b. Sketch the waveforms of v, and ip obtained in part (a).
¢. Determine the mathematical expression for the voltage
v, following the closing of the switch, and sketch the
waveform.

FIG. 11,107
Problem 42.

&
SECTION 11.12 Steady-State Conditions

43. Find the steady-state currents J; and [, for the network in
Fig. 11.108. ~

< _FIG.11.108
Pmb!emd@__

- FIG, 11.108
Problem 41.

44. Find the steady-state currents and voitaglcs for the network

in Fig. 11.110 after the switch is closed,

in Fig. 11.109.
20 2H 80 L
_»\M,_.rm\ 7 R o
Yy
-
" II ¥
o + > +
e ¥V, 7= 24F vV, FTR 24F
? i
. FIG.11.109
Problem 44.

45. Find the steady-state currents and voltages for the network

12v -
T_ . - h
¢ 1o = K o-8V
S lf 100 pF
T+
e 80 v,
; vV, 40 =
FIG.11.110 -
¢ FProblem 45. »
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. _ ;
46. Find the indicated steady-state currents-and voltages for the
nerwork in Fig. 11.111.

SECTION 11.15 Computer Analysis

47. Using PSpice or Multisim, verify the results of Example 11.3,
48. Using PSpice or Multisim, verify the results of Example 11.4.

49, Using PSpice or Multisim, find the solution to Problem 14.

80, Using PSpice or Multisim, find the solution to Problem 21.
51. Using PSpice or Multisim, verify the results of Example 11.8.

GLOSSARY ‘

Ampere’s cirenital law A law establishing the fact that the alge-
braic sum of the rises and drops of the magne:omoti\rc.fém'
(mmf) around a closed loop of a magnetic circuit is equal to
Zero. 4

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

Diamagnetic materials Materials that have permeabilities
slightly less than that of free space.

Electromagnetism Magnetic effects introduced by. the flow of
charge, or current.

Faraday’s law A law stating the relationship between the volt-

.age induced actoss a coil and the number of turns in the coil:

« and Ehe rate at which the flux linking the coil is changing.
Ferromagnetic materials Materials having permeabilities hun-
dreds and thousands of times greater than that of free space.
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+
vV = . . 691 V:
[ i e :
00
FIG. 11.111
Problem 46.

Flux density (B) A measure of the flux per unit area perpendicu-
lar to & magnetic flux path. It is measured in teslas (T) or
webers per square meter (Wb/m?).

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 & magnetic field in the region surrounding the coil. .

Inductor (coil) A fundamental element of electrical systems -
constructed of numerous turns of wire around a ferromagnetic,
core or an air core. '

Lenz’s law A law stating that an induced effect is always such as
1o oppose the cause that produced it. —tia

Magnetic flux lines Linés of a continuous nature that reveal.the ’
strength and digection of a magnetic field. .

Magnetomotive force (mmf) (¥) The “pressure” required to es-
tablish magnetic flux in a ferromagnetic material. It is meas- .
ured in ampere-turns (At). : : :

Paramagnetic materials Materials that have permeabilities
slightly greater than that of free space. 3 :

Permanent magnet A material such as steel or iron that will re-
main magnetized for long periods of time without the aid of
external means.

. Permeability (s) A measure of the ease with which magnetic flux -+

can be established in a material. It is measured in Wh/A - m.
Relative permeability (u,) The ratio of the permeability of a

material to that of free space. .
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Ob i ECTIVES ~ + Become aware-of the similarities between the
analysis of magnetic circuits and electric circuits.
- Develop a clear understanding of the important
parameters of a magnetic circuit and how to find

each quantity for a variety of magnetic circuit
configurations.

= Begin to appreciate why a clear understanding of
magnetic circuit parameters is an important
component in the design of electrlcai/alactronfc

: xystems O

12.1 INTRODUCTION

Magnetic and electromagnclrc effects play an important role in the de51 gn of a wide vanaty of
electrical/electronic systems in use today. Motors, generators, transformers, loudspeakers, re- .
lays, medical equipment and movements of all kinds depend on magnetic effects to function
properly. The response and characteristics of each have an impact on the current and voltage
levels of the system, the efficiency of the design, the resulting size, and many other important
considerations,

Fortunately, there is a greal deal of similarity bc[wccn the ana]yses of electric circuits and
magnetic circuits. The magnetic flux of magnétic circuits has properties very-similar to the
current of electric circuits. As shown in Fig. 11.15, it has a direction and a closed path. The mag-
nitude of the established flux is a direct function of the applmd magnetomotive force, resulting
in ‘a duality with electric ¢ircuits, where the resulting current is a function of the magnitude of
the applied voltage. The flux established is also inversely related to-the structural opposition of
the magnetic path in the same way the current in a network is inversely related to the resistance
of the network. All of these similarities are used throughout the analysis to clarify the approach.

Orie of the difficulties associated with studying magnetic circuits is that three different sys-
tems of units are commeonly used in the industry. The manufacturer, apphcanon and type of
‘component all have an impact on which system is used. To the extent practical, the SI system
Js applied throughout the chapter. References to thr.- CGS and English systems require the use
of Appendix E.-

»
¥

12.2 MAGNETIC FIELD

‘The magnetic field distribution around a permanent magnet or electromagnet was covered in
detail in Chapter 11. Recall that flux lines strive to be as short as possible and take the path
with the highest’permeability. The flux density is defined as follows [Eq. (11.1) repeated here
for ¢onvenience]:

> B = Wb/m® = teslas (T)
N B=— & = webers (Wh) “(12.1)
; A § et
A =m

: Thc ‘pressure” on the system to es!abhsh magnetic lines af force is determined by the ap-
plied magnetomonve force, which is'direc lly relgted to the nurhber of turns and current of the
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magnetizing coil as appearing in the following equation [Eg, (11.3) re-
peated here for convenience]:

F = ampere-tums (At}
F =Ni N = turns (1) C (12.2)
I = amperes (A)

-The level of magnetic flux established in a ferromagnetic core is a di
rection function of the permeability of the material. Ferromagnetic mate-
rials have a very high level of permeability, while nonmagnetic materials
such as air and wood have very low levels. The ratio of the permeability of
the material to that of air is called the relative permeability and is defined
by the following equation [Eq. (11.5) repeated here for convenience]:

Wy = ::— to = 4m X 1077 Wh/A m (12.3)
£ (]

As mentioned in Chapter 11, the values of p, are not provided in a
table format because the value is determined by the other quantities of
the magnetic circuit. Change the magnelomolwe force, and the relative
permeab:]lty changes.

12.3 RELUCTANCE

The'resistance of a material to the flow of charge (current) is determined
for e]ectnc circuits by the equation

R= pi (ohms, 1)

The reluctance of a material to the setting up of magnetic flux lines
in the material is'determined by the following equation: .

R = (rels, or AUWh) (12.4)

¥
A "

where @ is the reluctance, [ is the length of the magnetic path? and A is
the cross-sectional area. The r in the units A¥YWhb is the number of turns
of the applied winding. More is said about ampere-turns (At) in the next
section. Note that the resistance and reluctance are inversely propor-

tional to the area, indicating that an increase in area results in a reduction.

in each and an increase in the desired result: current and flux. For an in-
crease in length, the opposite is true, and the desired effect is reduced.
The reluctance, however, is inversely proportional to the permeability,
while the resistance is directly propottional to the resistivity. The larger
the pu or the smaller the p, the smaller are the reluctance and resistance,
respectively. Obviously, therefore, materials with high permeability,
such as the ferromagnetics, have very small reluctances and result in an
increased measure of flux through the core. There is no widely accepted
unit for reluctance, although the rel and the AVWb are usually applied.

12.4 OHM'S LAW FOR MAGNETIC CIRCUITS

= Recall the equation

! ©ocause o
Effect = ————4 =
. Opposition .
T . ._ \ M
b4



appearing in Chaptes 4 to introduce Ohm’s law for electric circuis. For

magnetic circuits, the effect desired is the flux ®. The cause is the

magnetomaetive force (mmf) F, which is the external force (or “pres-

" sure”) requiredo set up the magnetic flux lines within the magnetic ma-

terial. The oppositio to the setting up of the flux @ is the reluctance &
Substituting, we have ]

¥

(D:m

£ (125)

Since & = NI, Eq. (12.5) clearly reveals that an increase in the number of
turns or the current through the wire in Fig. 12.1 results in an increased
“pressure” on the system to establish the flux lines through the core.
Although there is a great deal of similarity between electric and mag-
 petic circuits, you must understand that the flux @ is not a “flow” vari-
able such as current in an electric circuit. Magnetig flux is established in
the core through the alteration of the atomic structure of the core due to
external pressure and is not a measure of the flow of some charged parti-
cles through the core. X

-

'12.5 MAGNETIZING FORCE

The magnetomotive force per unit length is calied the magnetizing

force (H). In equation form, -

!

He L (At/m) ' " (12.6)

_ Substituting for the magnetomotive force results in

% H= i—:—’ (Atm) (12.7)

For the magnetic circuit in Fig. 12.2, if NI = 40 Atand [ = 0.2 m, then

In words, the result indicates that there are 200 At of “pressure” per
meter to establish flux in the core. .
- Note in Fig, 12.2 that the dircction of the flux ® can be determined by
placing the fingers of your right hand in the direction of current around
the core and noting the direction of the thumb. It is interesting to realize

that the magnetizing force is independent of the type of core marerial—it -

is determined solely by the number of turns, the current, and the length
of the core. ;

The applied magneti~ing force has a pronounced effect on the resulting
permeability of, a magnetic material. As the magnetizing force increases,
the permeability rises to a maximum and then drops to a minimum, as
shown in Fig. 12.3 for three commonly employed magnetic materials.

The flux density and the magnetizing force are related by the follow-
ing equation: : :

B=pH| " (12.8)

MAGNETIZING FORCE 111 513

; - FIG.121 ]
Defining the components of a magnetomotive force.

Mean length ! = 0.2m

FIG.12.2
Defining the magnerizing force of a magnetic circuit.



514 11| MAGNETIC CIRCUITS
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Series magnetic circuit used to define the
hvsteresis curve.
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FiG.12.3 ¢ i)
Variation of p with the magnetizing force.

This équation indicates that for a particular magnetizing force, the
greater the permeability, the greater is the induced flux density.
"I Since henries (H) and the magnetizing force (H) use the same capital
letter, it must-be pointed out that all units of measurement in the text,
_ such as henries, use roman letters, such as'H, whereas variables such as
the magnetizing force use italic letters, such as H.

12.6 HYSTERESIS -

A curve of the flux density B versus the magnetizing force H of a material
is of particular importance to the engineer. Curves of this type can usually -
be found in manuals, descriptive pamphlets, and brochures published by
manufacturers of magyetic materials. A typical B-H curve for a ferromag-
netic material such as steel can be derived using the setup in Fig. 12.4.

. The core is initially unmagnetized, and the current 7 = 0. If the cur-
rent / is increased to some value above zero, the magnetizing force H in-
creasés to a.value determined by :

at= ML
- ! :
‘The flux ¢ and the flux density B (B = ¢/A) also increasc with the cur-
rent'/ (or ). If the material has no residual magnetism, and the magnet-
izing force H is increased from zero to some value H,, the B-H curve
follows the path shown in Fig. 12.5 between a and a. If the magnetizing
force H is increased until saturation (H,) occurs, the curve continues as *
shown in the figure to point . When saturation occurs, the flux density
has, for all practical purposés, réached its maximum value. Any further
increase in current through the coil increasing H = NI/ results in a very

. small increase ip flux density B.

If the magnetizing force is reduced to zero by letting / decrease 1o
zero, the curve follows the path of the curve between b and ¢, The flux
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Hysteresis curve.

density Bp, which remains when the magnetizing force is zero, is called
“the residual flux density. It is this residual flux density that makes it pos=
sible to create permanent maguets. If the coil is now removed from the
core in Fig. 12.4, the core will still have the magnetic properties deter-
mined by the residual flux density, a measure of its “retentivity.” If the
current / is reversed, developing a magnetizing force, —#, the flux den-
sity B decreases with an increase in /. Eventually, the flux density will be
zero when —Hy (the portion of curve from ¢ to d) is reached. The mag-
netizing force —H, required to “coerce” the flux density to reduce its
level to zero is called the coercive force, a measure of the coercivity of
the magnetic sample. As the force —H is increased until saturation again
occurs and is then reversed and brought back to zero, the path def results.

If the magnetizing force is increased in the positive direction (+H), the

curve traces the path shown from f ta b. The entire curve represented by

bedefb is called the hysteresis curve for the ferromagnetic material,

from the Greek hysterein, meaning “to lag behind.” The flux density B
lagged behind the magnetizing force H during the entire plotting of the
curve. When H was zero at ¢, B was not zero but had only begun to de-
cline,-Long after H had passed through zero and had become equal to
—H, did the flux density B finally®ecome equal to zero. -

If the entire cycle is repeated, the curve obtained for.the same core

" will be determined by the maximum H applied. Three hysterésis loops .

for the same material for maximum values of H less than the saturation
value are shown in Fig. 12.6 In addition, the saturation curve is repeated
for comparison purposes.

ﬁf il o
ﬁ U, Hy} Hy Hs i
L/ IH,

FIG126
Defining the normal magnetization curve.
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Normal mgneﬁzarian‘cawe for three fermmagnerk materials,

Note from the various curves that for a particular value of H, say, H,,

the value of B can vary widely, as determined by the history of the core.

-In an effort to assign a particular value of B to each value of 4, we com-
promise by connecting the tips of the hysteresis loops. The resulting

curve, shown by the heavy, solid line in Fig. 12.6 and for various materi-

. als in Fig. 12.7, is called the normal Magnetization curve. An expanded

view of one region appears in Fig. 12.8.

A comparison of Figs. 12.3 and 12.7 shows that for the same value of
‘H, the value of B is higher in Fig, 12.7 for the materials with the higher
Juin Fig. 12.3. This is particularly obvious for low values of H. This cor-
respondence between the two figures must exist since B = uH. In fact, if
in Fig. 12.7 we find p for each value of H using the equation p = B/H,
we obtain the curves in Fig. 12.3,

Itis interesting to note that the hysteresis curves in Fig. 12.6 have a point
symumetry about the origin; that is, the inverted pattern to the léft of the ver-
tical axis is the same as that appearing to the right of the vertical axis. In ad-
dition, you will find that a further application of the same magnetizing
forces to the sample results in the same plot. For a current / in H = NI/l that
moves between positive and negative maximums at a fixed rate, the same
B-H curve results during each cycle. Such will be the case when we exam-
ine ac (mnuwxdal)nmo:ksm&wlaterchapt:rs The reversal of the field

" (¢) due to the changing current direction results in a loss of energy that can

best be described by first introducing the domain théory of magnetism.

" Within each atom, the orbiting electrons (described in Chapter 2) are
also spinning as they revolve around the nucleus. The atom, due to its
spinning electrons, has a magnetic field associated with it. Tn nonmagnetic
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materials, the net magnetic field is effectively zero since the magnetic
fields due to the atoms of the material oppose each other. In magnetic
materials such as iron and steel, however, the magnetic fields of groups of”
atoms numbering in the order of 102 are aligned, forming very small bar
magnets. This group of magnetically aligned atoms is called a domain.
Each domain is a separate entity; that is, each domain is independent of
the. surrounding domains. For an unmagnetized sample of magnetic
material, these domains appear in a random manner, such as shown in
Fig. 12.9(a). The net magnetic field in any one direction is zero.

FiG.12.9 :
Demonstrating the domain theory of magnetism.

" When an external magnetizing force'is applied, the domains that are
nearly aligned with the applied field grow at the expense of the less favor-
ably oriented domairnis, such as shown in Fig. 12,9(b). Eventually, if a suffi-
ciently strong field is applied, all of the domains have the orientation of the
applied magnetizing force, and any further increase in external field will
not increase the strength of the magnetic flux through the core—a condition
N f referred to as satirarion. The elasticity of the above is evidenced by the fact
" that when the magnetizing force is removed, the alignment is lost to some

measure, and the flux density drops to Bp. In other words, the removal of
the magnetizing force results in the return of a number of misaligned do-
mains within the core. The continued alignment of a number of the do-
mains, however, accounts for our ability t create permanent magnets.
Few & At a point just before saturation, the opposing unaligned domains are
: : reduced to small cylinders of various shapes referred to as bubbles.
7 These bubbles can be moved within the magnetic sample through the ap-
plication of a controlling magnetic field. These magnetic bubbles form
the basis of the recently designed bubble memory system for computers.

-

TABLE121 12.7 AMPERE’S _CIHCUITALILAW 1 |

Electric Magnetic As mentioned in the introduction to this chapter, there is a broad similar-
. Circuits _ Circuits ity between the analyses of electric and magnetic circuits. This has al-
: =R ready been demonstrated to some extent for the quantities in Table 12.1.
~ If weapply thé “causc” analogy to Kirchhaff 's’yslmgc law (2oV = 0),
we obtain the following: ;

Cause S ) R 5 ¢
Effect = T Ve
QOpposition ' & R et ] \

w : N g i . (t:'or magnetic ciwqits) _{12.9)'

which, in, words, states that the algebraic sum of the rises and drops of

- the mmf around a closed loop of a magnetic circuit is equal to zero; that

is, the sum of the fises in' mmf equals the sum of the drops ii mmf
around a closed loop. ok X

Eq. (1219) is referred to as Ampére’s circaital law. When it is ap-

plied to magnetic eircuits, sources of mmf are expressed by the equation

@ . e "

Introductory, C.-34B
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The equation for thz .mmf drop across a portion of & magnetic circuit can
be found hy app!ymg thr. relationships listed in Table 12.1; that is, for
clectnc ctmns‘

gl v=IR
_resultipg in the fnﬂowir_:'g for magnetic circuits:

(AY) 12.11) :

~ where ¢ ir; the flux passing through a section of the magnetic circuit and
@ is the reluctance of that section. The reluctance, however, is seldom

calculated in the analysis of magnetic circuits. A more practical equation.

Ay (12.12)

for the mmf drop is

as derived from Eq. (12.6), where H is the magnetizing force on a section
of a magnetic circuit and / is the length of the section,
As an example of Eq. (12.9), consider the magnetic circuit appca,nng
in Fig. 12.10 constructed of three different ferromagnetic materials.
Applying Ampgre’s circuital law, we have

. 3, F =0 _
J +NI = Hyploy, = Hylpo Hm!ca 0 L5
—— —— ——
Rise Drop: Drop Dmp
3:{. o _ﬂb!ﬂb _+ Hbcfbc + Hc‘alca
Impressed © mmfdrops
mmf | i

All the terms of the equation are known except the magnetizing force for

each portion of the magnetic circuit, which can be found by using the

B-H curve if the ﬂu,x density B is known.

12.8 FLUX ¢

If we continue to apply the relationships described in the previous sec-
tion to Kirchhoff's current law, we find that the sum of the fluxes enter-

ing a junction is equal to the sur of the fluxes leaving a Juncnon thatis,

for the circuit in Fig. 12.11,
D, =, + P, {at junction a)
or P, + &, =D, (at junction-b)

which are equivalent.

12.9 SERIES MAGNETIC ClHCUlTS
DETERMINING NI

We are now ‘in a position to solve a few.magnetic circuit problems,
which are basically of two types. In one type, @ is given, and the im-
pressed mmf NI must be computed. This is the type of problem encoun-
tered in the design of motors, generators, and transformers. In the other
type, NI is §iven, and the flux ® of the magnetic circuit must be found.
This type of problem is encountered primarily in the design of magnetic
amplifiers and is more difficult since the approach is “hit or miss.”

'

© | Sl
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. FIG.12.10
Series magnetic eircuir of three different materials,
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FIG.12.11

Flux distribution of a series-parallel
magnetic network,
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(mean length)

FIG.12.12
Example 12.1.

FIG.12.13
(a) Magnetic circuit equivaient and
(&) electric circuit analogy.

3 i

As indicated in earlier discussions, the value of p varies from point to-

* point along.the magnetization curve. This eliminates the possibility of

finding the reluctance of each *branch” or the “total reluctance” of a net-
work, as was.done for electric circuits, where p had a fixed value for any
applied current or voltage. If the total reluctance can be determined, @ can
then be determined using the Ohm’s law analogy for magnetic circuits.
For magnetic circuits, the level of B or H is determined from the other
using the B-H curve, and p is seldom calculated unless asked for.
An approach frequently used in the analysis of magnetic circuits is

 the table method. Before a problem is analyzed in detail, a table is pre-

pared listing in the far left column the various sections of the magnetic
circuit (see Table 12.2). The columns on the right-are reserved for the
quantities to be found for each section. In this way, when you are solving
a problem, you can keep track of what the next step should be and what
i§ required to complete the problem. After a few examples, the useful-
ness of this method should become clear.

This section considers only series magnetic circuits in which the flux
¢ is the same throughout. In each example, the magnitude of the magne-
tomotive force is to be determined.

-

EXAMPLE 12.1 For the series magnetic circuitin Fig. 12.12: -

a. Find the value of J required tb develop a magnetic flux of & =4 x
* 107" Wh, E
b. Deétermine g and g, for the material under these conditions.
Solutions: The magnetic circuit can be represented by the system shown
_in Fig. 12.13(a). The electric circuit analogy is shown in Fig. 12.13(b).
Analogies of this type can be very helpful in the solution of magnetic cir-
cuits. Table 12.2 is for part (a) of this problem. The table is fajrly trivial
for this example, but it does define the quantities to be found, -
- 'a. The flux density B is
® 4x107*Wb

B=—

iy T T 107! T=02T

Using the B-H curves in Fig. 12.8, we can determine the magnetiz-
ing force H: z '

H (cast steel) = 170 AUm
Applying Ampére’s circuital law yields

M = Hi ._
170 At/m)(0.16
ORGP PRl L BT

N 400t -

(Recall that t represents turns.)
b. The permeability of the material can befound using Eq. (12.8):

B 02T Py
=—= —— = ], x - -
== 0 A = 1176 X 107 Wh/A-m
TABLE 122
— : e :
Section & (Wb) A (m?) B (T) H(Atm)  I(m) HI(AY
One continuous section ] 41074 2 %107 T o e el R e
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mdﬂmfclanvepnnwabﬂ:tyts
' : po 1176 x 1073

gl ot el ST T
B am X 10

EXAMPLE 12.2 The electromagnet in Fig. 12.14 has picked up a sec-

tion of cast iron. Determine the current / required to establish the indi- -

cated flux in the core. &

Solution: To'be able to use Figs. 12.7 and 12.8, we must first convert
to the metric system. However, since the area is the same throughout, we
can determine the length for each material rather than work with the in-
dividual sections:

Ly = 4in. + 4in. +4in: = 215,
lhede = 0.5in. + 4in. + 0.5in. = 5 in,

1m R
12.in1. =304.8 X 1073
(39.3m.) o KR LR
1

g & 7 %
5”‘(393?1&!) 127 X 107" m

}m.z(s;sf,“m )(3913;“;«) = 6.453"% 10™% m?

Thc mformauon available from the efab and bcde specifications of |

‘the, problem has been inserted in Table 12.3. When the prublcm has been

completed, each space will contain some information. Sufficient data to

complete the problem car be found if we fill in each column from left to
right, As the various quantities are calculated, they W‘lll be placed in a
* similar table found at the end of the example '

-

N = 50 tumns.

dab =y = Id—- {ﬁta -?in‘

‘bt = I’* = 0.5 in,
Aréa (throughout) = 1in?
@ =35 x 107" Wb

FIG.12.12

Electromagnet for Example 12.2.

Sheet sieel ~

| TABLE 12.3 e
Section ® (Wh) A B (T) H (AUm) I(m) - HL(AD
b | T3S X 07 L 6asTx 1078 3048 % 1070
bede - T | 6452 1074 127X 1073

‘The flux density for each section is

" ®  35x%107'Wb
B‘=—=L—T;—2=G.542T
A 6.452 X 107" m

and the magnetizing force is

H (sheet steel, Fig. 12.8) = 70 At/m

H (cast iron, Fig. 12.7) = 1600 AUm
Note the extreme differénce in magnetizing force. for each material for
the required flux density. In fact, when we apply Ampére's circuital law,
we find that the sheet steel section can be ignored with a minimal error
in the solution.

Determining Hi fur each section yu:lds .

L Hepablefar = (70 AUm){S(’AB X 1073 m) = 2134 At
Hw,im = (160(! Aﬂm}(m x1072 m) 52032 A;
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v/

Inserting the above'data in Table 12.3 results in Table 12.4.

TABLE 12.4

Section ® (W) A (m?) B - Hum I(m) - HI(A)
efab 3.5 % 1074 6452 % 10747 T 0840 a0 Y L 13
bede “35%107% 76452 X 1079 a1 0,542+ X 0T 2032
5 The magnetic circuit equivalent and the electric circuit analogy for
\?_/ the system in Fig. 12.14 appear in Fig. 12.15.
_ Appiymg Ampere's circuital law, we obtain
= =3
Pt NI'= Heaplefap + Hpedelbcde
. =21.34 At + 203.2 At = 224.54 At
A . ; p
m‘x' and _ (50 1) = 224.54 At
e
; i 24.54 A .
L i | T M SR AL ek T I
5 E 4v 50t
I _
- EXAMPLE 12.3 Determine the secondary current /; for the trans-
SRejas former in Fig. 12.16 if the resultant clockwise flux in the core is 1.5 X -
1075 Wh. :
AAM
vy
Rbcd'l >
by
FIG.12.15

(a) Magnetic circuit equivalent and (b) electric

circuit analogy for the electromagnet in Fig, 12,14,

_ . Pt . Reseita” 3
" AAA X A
; RAAS - ' —YVy
- T gl
' ' . e vl
' & ) ET L T—'-’z
. ® ;

Area (throughout) = 0.15 x 107 m?

lapege = 0.16 m
FIG.12.16
Transformer for Example 12.3.

Solution: This is the first example with two magnetizing forces'to con-.
sider. In the analogies in Fig, 12,17, note that the resulting flux of each is

_ opposing, just as the two sources of voltage are opposing in the electric

circuit analogy.

; | ® i
PEARTY " o LA
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The Wa.sqﬁcfﬁrﬂdnta appear in Table 12.5. '

TABLE 12.5

Section @ (Wh) A (m?) B(T) H (A/m) 1 (m) HI (50
ibeda by e S X0 S SIS RANTIG T i . 0.16
> . _ ——

The flux density throughout is

SX107°W . .
P 08 n LR B L
A 015X 1077 mT

and
H (from Fig. 12.8) = %{ 100 At/m) = 20 At/m

Applying Ampere’s circuital law, we obtain
Nily — Nady = Habedalabeda
(6092 A) — (30 1)(F2) = (20 AUm)(0.16m)
) 120 At — (30 9 = 3.2°At
and : (3010, = 120 At~ 32 At

116.8 At
or == 38%9A

For the analysis of most transformer systems, the equation Ny =

Nalj is used. This results in 4 A versus 3.89 A above. This difference is
normally ignored, however, and the equation Ny = NI, considered
exact. -
Because of the nonlinearity of the B-H curve, il is not possible to
. apply superposition 10 magnetic circuits; that is, in Example 12.3, we
cannot consider the effects of each source independently and then find
the total effects by using superposition. y

»

12.10 AIR GAPS ) - ' ' | "

Refore continuing with the illustrative examples, let us consider the ef-
fects thakan air gap has on & magnetic circuit. Note the presence of air «
gaps in the magngtic circuits of the motor and meter'in Fig. 11.15. The
spreading of the flux lines outside the common area of the core for the

air gap in Fig. 12.18(a) is known as fringing. For our purposes, we
shall ignore this effect and assume the flux distribution 1o be as in
Fig. 12.18(b). - : 4

The flux density of the air gap in Fig. 12.18(b) is given by

(12.13)

where, for our purposes,

Dy = Heae FIG.12.18 %
and 2 Ag=Age Air gaps: (a) with fringing; (b) ideal.
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FIG.12.20

fa) Magnetic cireuis equivalent and (b) electric
circuit analogy for the relay in Fig: 12.19.

/4

For most practical applications, the permeability of air is taken to be
equal to that of free space. The magnetizing force of the air gap is then
determined by )

Y

= (az
 -— ; (12.14)
. Mg

and the mmfedrop across the air gap is equal to HyLy. An equation for H,
is as follows: :
B, » By

—

¥ e 4mx 1077

and - Hy = (7196 X 1098, (Aum) ,  (2as)

EXAMPLE 12.4 Find the value of 7 required to establish a magnetic
fluxof ¢ = 0.75 X 10™* Wb in the series magnetic circuit in Fig. 12.19.

o ' All cast steel .
o Vi : Area (throughout)
I =15 x 107 m?
b B8 -— Air gap

® =075 x 10~ Wb

ledepas = 100 %10 m
e = 2 % 107 m

i FIG.12.19
Relay for Example 12.4.

-~

Solution: An equivalent magnetic circuit and its electrie circuit anal-
ogy are shown in Fig, 12,20,
The flux density for each section is ¢

75 X 1074 Wb
. %}': 01.?5 X 110"‘:; PN,
F@m the B-H curves in Fig. 12.8, |
H (cast steel) = 280 At/m
Applying Eq. (12.15), x
Hy = (7.96 X 10°)B, = (7.96 X 10°)(0.5T) = 3.98 x 10° AUm
The mmf drops are :
Heorelcore = (280-Atfm)(100 X 107 m) = 28 At
Hyly.= (3.98 X 10° A¥m)(2 x 102 m) = 796 At




Applymg Ampé:e s circuital law, we obtain -
NI = Heorelcore T Hy lg
= 28 At + 796 At

(200 t)I = 824 At

I=412A

Note from the above that the air gap requires the biggest share (by
far) of the impressed NI because air is nonmagnetic,

12.11 SERIES-PARALLEL MAGNETIC CIRCUITS

As one might expect, the close analngics between electric and magnetic
circuits eventually lead to series- parallel magneuc circuits similar in
many respects to those encountered in Chapter 7. In fact, the electric cir-
cuit analogy will prove helpful in defining the procedure to follow to-
‘ward a solution,

EXAMPLE 12,5 Determine the current / required to establish a flux of
1.5 X 10~4 Whin the section of the core indicated in Fig. 12.21.

Sheet steel

jbﬁft *cj'nb = 02“1

fk = 005m
. Cross-sectional area = 6 X 10 m? throughout
FIG.12.21
Example 12.5.

Solution: The equivalent magnetic circuit and the electric circuit analogy
appear in Fig. 12.22. We have
@, 15x107*Wb
Bp=—2=2"———=025T
2= T X 10 D
From Fig. 12.8, '
Hyqe = 40 AUm
Applying Ampére's circuital law around loop 2 in Figs. 12.21 and 12.22,
2aF =0
Hyelve ~ Hpodelpcde = 0
Hy(0.05 m) = (40 At/m)(0.2m) =
8 At
0.05m

“Hpe = = 160 At/m

From Fig. 12.8,
B =097T
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(b}

FIG.12,22
(a) Magnetic circuit equivalent and (b} electric
circuit analogy for the series-parallel system in
Fig. 12.21.



/4

526 1| MAGNETIC CIRCUITS be

®, =BiA = (0.97T)(6 X 107 m?) =582 x 10™* Wb
The results for hede, be, and efab are entered in Table 12.6.

TABLE 12.6
Section @ (Wh) B(M  H(AYm) 1(m) HI(AD)
be 445,82 %1074 8.
el G WS _

Tabl; 12.6 reveals thht Wwe must now turn our attention to section efab:
Pr=d,+ Dy =582 X 107*Wb + 1.5 X 107 Wb
=732 X 107*Wb :
g 2r_132x107" Wb
A 6 X 107* m?
C=122T
From Eig. 12.7,
Hefﬂb = 4{}h AII

' Applying Ampére's circuitdl law, we find ~

? 4
+-N.]_ - H:fnbicfab kY Hﬁt!bf t 0 y
NI = (400At/m)(0.2m) + (160 At/m)(0.05m)
(50 1)f = 80 At + B At
88 At
I=——=176
sot o
To demonstrate that w. is sensitive to the magnetizing force H, the per-
meability of each section is determined as follows. For section bede,

. B "
p=—=££§%=6.25x10_3

and == = 49722

For section be,

6, >0 ;| ., £3

W B oawm . X1

p 6061073 :
“ and L AT |
B T 1287 x 1077
For section efab, _
I T .

== =17, by -3

SCH oA X1

* 3 £ ) = 3 * -3 &

- 245, and ; Mr=£=__.u__.=wﬁ_41

¥ : \ o' 1257 X 1077
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12.12 DETERMINING &

3

‘T'hr. e‘xmj;ileé of this scpptiunl. are of the second type, where NI is given
and the flux @ must be found. This is a relatively straightforward prob-

" lem if only one magnetic section is involved. Then

NI i
. H s H-sB ~  (B-Hcurve)

“and ; & = BA

For magnetic circuits with more than one section, there is no set order
of steps that lead to an exact solution for every problem on the first at-
tempt. In general, however, we proceed as follows. We must find the im-
pressed mmf for a calculated guess of the flux @ and then compare this
with the specified value of mmf. We can then make adjustments to our
guess to bring it closer to the actual value. For most applications, a value
within *5% of the actual ® or specified NIis acceptable. :

We can make a reasonable guess at the value of @ if we realize that the
maximum mmf drop appears across the material with the smallest perme-
ability if the length and area of esach material are the same. As shown in
Example 12.4, if there is an air gap in the magnetic circuit, there will be a
considerable drop in mmf across the gap. As 2 starting point for problems
of this type, therefore, we shall assume that the total mmf (V) is across
the section with the lowest i or greatest @ (if the othier physical dimen-
sions are relatively similar). This assumption gives 2 value of @ that will
produce a calculated NT greater than the specified value. Then, after con-
sidering the results of our original assumption very carefully, we shall cut
& and NI by introducing the effects (reluctance) of the other ‘portions of
the magnetic circuit and try the new solution, For obvious reasons, this
approdch is frequently called the cut and try method. '

EXAMPLE 12,6 Calculate the magnetic flux ¢ for the magnetic circuit
in Fig. 12.23. . s i3
Solution: By Ampére's circuital law,

" A (throughowt] = 2 X 102 m?
o >

NI = Hgpodalabeda

: _ NI (601)(5A)
or . Had‘t:r——:

: 03m o -
300 At ; " lapeda = 03 m o
= 2222 = 1000 AUm ;
, 03m FIG.12.23
and  ° Bypega (from Fig. 12.7) = 0.39 T Example 12.6.

Since B = ®/A, we have
® = BA = (039 T)(2 X 107 m’) = 0.78 X 1074 Wb

EXAMPLE 12,7 Find the magnetic flux'® for the series magnetic circuit
in Fig. 12.24 for the specified impressed mmf,

Solution: Assuming that the total impressed mmf NI is across the air
gap, we obtain '

NI = Hyl ' N = 100 tums fee = 016 m

NI _ 400 At
H==—=c——= =4 % 105 Atf B FIG.12.24
o . BT T oo0im e _ " Example 12.7.
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and By = uoHy = (47 x 1077)(4 x 10° Avm)
' =0503T
. The flux is given by
' 8= Peore = BeA
. = (0.503 T)(0.003 m?)
- Beore = 1.51' X 107 Wb
Using this value of ®, we can find N/, The core and gap data are in-

serted in Table 12.7,
: TABLE 12.7
e S — ST .
Section @ (Wb) A (m? B(T) H (At/m) I (m) HI (At)
Core LSIX 107 ,0.003- .17 Seopisgy S 1500 (B-Heurve) 0,16
Gap 1.51% 1073 0003, 0,503 MR 8 RO U 0,000 400
Heoreleore = (1500 At/11)(0.16 m) =240 At
Applying Ampere’s circuital law results in :
Nl = Higpidore + Hl,
= 240 At + 400 At N
400 At # 640 AL
Since we neglected the reluctance of all the magnetic paths but the air
gap, the calculated value is greater than the specified value: We must
therefore reduce this value by including the effect of these reluctances.
% Since approximately (640 At ~ 400 AL/640 At = 240 At/640 At =
37.5% of our calculated value is above the desired value, let us reduce @
by 30% and see how close we come to the impressed mmf of 400 At:
® = (1 - 03)(1.51 X 10™3 Wh)
= 1.057 X 1073 Wb
See Table 12.8. We have
_ : TABLE 12.8 _
Section O (Wh) A@mY) B(T) H (AUm) () HI(Af)
Core - LOS7TX.107% - " " 0003 L ot o 016
Gap 1.057 % 1073 0.003 i e o2 0.001
057 x 1073
: pediMmxwiv o
A 0.003 m P

Hyly = (1.96:X 10°)B, 1, :
= (7.96 X 10°)(0.352 T)(0.001 m)
= 280.19 At

From the B-H curves, :

Heoge = 850 At/m :
Heoreleors = (850 AUm)(0.16 m) = 136 At _
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5 Applying Ampére's circuital Jaw yields

L NI Hagedooes * Hily '

i = 136 At + 280.19 At ; . .‘
400.At = 416.19 At (but within =5% and therefore acceptable).

The sblﬁtioi: is, merefore;
® = 1.057 X 10"3Wb

A

12.13 APPLICATIONS *
“ Speakers and Microphones ;

Electromagnetic effects are the moving force in the design of speakers

such as the ore shown in Fig. 12.25. The shape of the pulsating wave-

form of the input current is determined by the sound to be reproduced by

the speaker at a high audio level. As the current peaks and returns'to the

valleys of the sound pattern, the strength of the electromagnet varies in

exactly the same manner. This causes the cone of the speaker to vibrate

at a frequency directly proportional to the pulsating input. The higher the -

pitch of the sound pattern, the higher is‘the oscillating frequency be- ' '

tween the peaks and valleys and the higher is the frequency of vibration © FIG.12.25

of the cone. iy Speaker:
A second design used more frequently in more expensive speaker

systems appears in Fig. 12.26. In this case, the permanent magoet is

fixed, and the input is applied to a movable core within the magnet, as

shown in the figure. High peaking currents at the input produce a

strong flux patern in the voice coil, causing it to be drawn well into

the flux pattern of the permanent magnet. As occurred for the speaker

in Fig. 12.25, the core then vibrates at a rate determined by the input

and provides the audible sound.

—
Sound

(a) * (b)

; g FIG.12.26
Coaxial high-fidelity loudspeaker: (a) construction;, (b) basic operation; (c) cross section of actual unir.
{Courtesy of Electro-Voice, Inc.) :

Microphones also employ electromagnetic effects. The incoming
sound causes the core and attached moving coil to move within the -
magnetic field of the permanent magnet. Through Faraday's law
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FIG.12.27
Hall effect sensor: (a) orientation of conrrolling
parameters; (b) effect on electron flow.

2

(e = N d¢p/dr), a voltage 1s induced across the movable coil proportional
to the speed with which it is moving through the magnetic field. The re-
sulting induced voltage pattern can then be amplified and reproduced at
a much higher audio level through the use of speakers, as described ear- -
lier. Microphones of this type are the most frequently employed,

‘although other types that use capacitive, carbon granular, and piezoelec-

tric* effects are available. This particular dcs:gn is commercially referred
to as a dynamic microphone.

Hall Effect Sensor

The Hall effect sensor is a semiconductor device that generates an output
voltage when exposed to a magnetic field. The basic edhstruction con-
sists of a slab of semiconductor material through which a current is
passed, as shown in Fig, 12.27(a). If a magnetic field is applied, as
shown in the figure, perpendicular to the direction of the current, a volt-
age Vy is generated between the two terminals, as indicated in Fig.
12.27(a). The difference in potential is due to the separation of charge

. established by the Lorentz force first studied by Professor Hendrick

Lorentz in the late 1800s. He found that electrons in a magnetic field are
subjected to a force proportional to the velocity of the electrons through *
the field and the strength of the magnetic field, The direction of the force
is determined by the left-hand rule. Simply place the index finger of
your left hand in the direction of the magnetic field, with the second fin-
ger at right angles to the index finger in' the direction of conventional
current through the semiconductor material, as shown in Fig. 12.27(b).
The thumb, if placed at right angles to the index finger, will indicate the
direction of the force on the electrons. In Fig. 12.27(b), the force causes
the electrons to accumulate in the bottom region of the semiconductor
(connected to the negative terminal of the voltage Vi), leaving a net pos-

itive charge in the upper region of the material (connected to the positive

terminal of V). The stronger the current or strength of the magnetic
field, the greater is the induced voltage V. - .

In essence, therefore, the Hall effect sensor can reveal the strength of
a magnetic field or the level of current through a device if the other de-
termining factor is held fixed. Two applications of the sensor are there-
fore apparent—to measure the strength of a magnetic field in the vicinity
of a sensor (for an applied fixed current) and to measure the level of cur-
rent through a sensor (with knowledge of the strength of the magnetic
field linking the sensor). The gaussmeter in Fig. 11.14 uses a Hall effect

" sensor. Internal to the meter, a fixed current is passed through the sensor

with the voltage Vj indicating the relative strength of the field. Through
amplification, calibration, and proper scaling, the meter can display the -
relative strength in gauss. :

The Hall effect sensor has a broad range of applications that are
often quite interesting and innovative. The most widespread is as a trig-
ger for an'alarm system in large department stores, where theft is often
a difficult problem. A magnetic strip attached to the merchandise
sounds an alarm when a customer passes through the exit gates without
paying for the product. The sensor, control current, and monitoring system
are housed in the exit fence and react to the presence of'the magnetic

"Pie:oclocu-ld:fia the g¢neration of a small voltage by exerting pmuum ms certain

. -
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(a) ' e (b)

3 FIG.12.28 : 3 + ~

Obtaining a speed indication for a bicyele using a Hall effect sensor: (a) mounting the
i components; (b) Hall effect response.

field as the product leaves the store. When the product is paid for, the ; - k
cashier removes the strip or demagnetizes the strip by applying a mag-
netizing force that reduces the residual magnetism in the strip to essen-
tially zero. ; 5 g
+  The Hall effect sensor is also used to indicate the speed of a bicycle
on a digital display conveniently mounted on the handlebars. As shown
in Fig. 12.28(a), the sensor is mounted on the frame of the bike, and &
small permanent magnet is mounted on a spoke of the front wheel. The
magnet must be carefully mounted to be sure that it passes over the.
- proper region of the sensor. When the magnet passes over the sensor, the
flux pattern in Fig. 12.28(b) resuits, and a voltage with a sharp peak:is
developed by the sensor. For a bicycle with a 26-in.-diameter wheel, the
circumference will be about 82 in. Over 1 mi, the number of rotations is
l_gﬁ) ( 1 rotation
1R /\ 82in
If the bicycle is traveling at 20 mph, an output pulse occurs at a rate
of 4.29 per second. It is interesting to note that at a speed of 20 mph, the '

wheel is rotating at more than 4 revolutions per second, and. the total
" number of rotations over 20 mi is 15,460. :

5280 f(( ) = 773 rotations

Magnet-iclnea.d Switch

One of the most frequently employed switches in alarm systems is the
magnetic reed switch shown in Fig. 12.29. As shown by the figure,
there are two components of the reed switch—a permanent magnet
‘embedded in one unit that is normally connected to the movable ele-
ment (door, window, and so on) and a reed switch in the other unit that - |
is connected to the electrical control circuit, The reed switch is con-
structed of two iron-alloy (ferromagnetic) reeds in a hermetically
sealed capsule. The cantilevered ends of the two reeds do not touch FIG.12.29

but are in very close proximity to one another. In the absence of a Magnetic reed switch.
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FIG.12.30
Using a magnetic reed switch to monitor the state
of a window.

_ FIG.1231
Magnetic resonance imaging equipment.
(Courtesy of Siemens Medical Systems, Inc.)

"

&

magnetic field, the reeds remain separated. However, if a magnetic
field is introduced, the reeds are drawn to each other because flux
lines seek the path of least reluctance and, if possible, exercise every
alternative to establish the path of least reluctance. It is similar to
placing a ferromagnetic bar close to the ends of a U-shaped magnet.
The bar is drawn to the poles of the magnet, establishing a magnetic
flux path without air gaps and with minimum reluctance. In the open-
circuit state, the resistance between reeds is in excess of 100 M(Q,
while in the on state it drops to less than 1 Q,

In Fig. 12.30 a reed switch has been placed on the fixed frame of a
window and a magnet on the movable window unit. When the window is
closed as shown in Fig. 12.30, the magnet and reed switch are suffi-
ciently close to establish contact between the reeds, and a current is es-
tablished through the reed switch to the control panel. In the armed state,
the alarm system accepts the resulting current flow as a normal secure
response. If the window is opened, the magnet leaves the vicinity of the
reed switch, and the switch opens. The current through the switch is in-
terrupted, and the alarm reacts appropriately.

One of the distinct advantages of the magnetic reed switch is that
the proper operation of any switch can be checked with a portable
magnetic element. Simply bring the magnet to the switch and note the
output response. There is no need to continually open and close win-
dows and doors. In addition, the reed switch is hermetically enctosed
so that oxidation and foreign objects cannot damage it, and the result is
a unit that can last indefinitely. Magnetic reed switches are also avail-
able in other shapes and sizes, allowing them to be concealed from ob-
vious view. One is a circular yariety that can be set into the edge of a
door and door jam, resulting in only two small visible disks when the
door i§ open.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) provides quality cross-sectional im-
ages of the body for medical diagnosis and treatment. MRI does not ex-
pose the patient to potentially hazardous X-rays or injected contrast
materials such as those used to obtain computerized axial tomography

(CAT) scans.

The three major components of an MRI system are a strong mag-
net, a table for tfansporling the patient into the circular hole in the
magnet, and a control center, as shown in Fig. 12.31. The image is ob-
tained by placing the patient in the tube to a precise depth depending
on the cross section to be obtained and applying a strong magnetic
field that causes the nuclei of certain atoms in the body to line up.
Radio waves of different frequencies are then applied to the patient in
the region of interest, and if the frequency of the wave matches the
natural frequency of the atorfl, the nuclei is set into a state of reso-
nance and absorbs energy from the applied signal. When the signal is
removed, the nuclei release the acquired energy in the form of weak
but detectable signals. The strength and duration of the energy emis-
sion vary from one tissue of the body to anqther. The weak signals are'
then amplified, digitized, and translated to provide a cross-sectional .
image such as the one shown in Fig. 12.32, For some patients the
claustrophobic feeling they experience while in the circular tube is
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FIG.12.32 = FIG.12.33

Magheric resonance image. . 'Magnefic resonance imaging equipment (open variety).
{Courtesy of Siemens Medical Systems, Ine.) - . (Courtesy of Siemens Medical Systems, Inc.)

difficult to contend with. A more opén unit has been developed, as
shown in Fig. 12.33, that has removed most of this discomfort,

, Patients who have metallic implants or pacemakers.or those who have
worked in industrial environments where minute ferrontagnetic particles
may have become lodged in open, sensitive arcas such as the eyes, nose, | -
and so on, may have to-use a CAT scan system because it does not em-
ploy ‘magnetic ¢ffects=The attending physician is well trained in such
areas of concern and will remove any unfounded fears or suggest alter-
native ethods. *

PROBL.EMS : 3 'Forr}he gl.cctmmagﬁc: in Fig.'12.34:
SECTION 12.2° MagneticField a. Find the flux density in the core. _ i
' = : : ¥ b. Sketch the magnetic flux lines and indicate their direction.
. 1. Using Appendix E, fill in the blanks in the following table. - ¢. Indicate the north-and south poles of the magnet.
: Indicate the units for each quantity. o
& xd =
@ -B
s1 {0 5%107Wb §X1074T s
CGS 4 !
English |
FIG.12.34
2. Repeat Problem 1 for the following table if area = 2 in.2: ' ) Problem 3.
o B :
_ SECTION 12.3 Reluctance
S1 “ : %
cGs * 60,000 maxwells v, 4. Which section of Fig. 12.35—(a), (b), or (c)—has the
English ’ i et largest reluctance to the setting up of flux lines through its
g longest dimension? |

' Introductory, C.-35A
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s FIG.12.35
- . Problem 4. i

%

SECTION 12.4 Ohm’s Law for Magnetlc Clrcuits

8, Fmd the reluctancc of a magnetic eircuit if a magnetic flux

P =42 X 107 Wb is established byan :mpres‘:ed mmf of -

400 Ay,

6. Repeat .E‘roblem 5 for @ = 72,000 maxwolis and an im-

pmsscd mmf of 120 gilberts.

SECTION 125 Magnntlzmg Force

7 Find the magnctsz:ng force H for Problem 5 in ST units lf
the magnetic circuit is 6 in. long. k-

8. If a magnetizing force H of 600 At/m is applied to a magnetic
circuit, a flux density B of 1200 10™* Wb/m? is estab-
lished. Find the permeability u of a material that will produce
wvice the original flux density for the same magnetizing
force. ' i 2

)

'sscnoms 126-12.9 Hysteresis through Series
Magnetic Circuits e

9. For the series magnetic circuit in Fig. 12.36, determine the
current [ necessary 10 establish the indic atcd flux.

Area (throughout)
=3 x 107 m?

Cast iron
@ = 10:x 10* Wb
Mean lerigth = 0.2 m

FIG.12.36 *
Problem9. " '

10. Find the current necessary to establisha flux of ¢ = 3 x
10™* Wb in the series magnetic circuit in Fig. 12.37.

g

fz

=03m
Area (throughout) = 5 X 107 m?
N = 100 wms i

FIG.12.37
Problem10. . |

'rllll!l corg JIlleel ore =

1L a. F:nd the number of turns N, required Lo establish a flux &
= 12 % 10™*'Wb in the magnetic circuit in Fig. 12,38
b. Find the permeability u of the material,

" Area = 0.0012m?
' ke (mean length):= 0.2m

FIG.12.38 A
Problem 11,

12. a. Find the mmf (NI rlequ-ired to establish a flux & =
80,000 lines in the magnetic circuit in Fig. 12.39. "
b. Find the pérmeability of each material. S

Cast steel

| = '
<Nl = { Sheet steel .
, _ Usitociurka: |

{1hruuglhoutj

Jrru.nmsel & 5.5in. =
; sheel siee] = 0.5in.
ey FIG.12.39 '
« - Problem I2.
e 2 . j ot dintbamy ML ’%ﬂh



'13. an ll‘l.ﬂ series magnetic cu‘cmt in Fig. 12.40 Wll.h two im-

©=08% 10°Wb Ny =_

!m:nul = 55in,
btivc = 25100 *

':15.

pressed sourcés of magnetic “pressure,” determine the cur-’
“rent I. Each applled mmf eslabllshcs a flux pattern in the
‘clockwise direction,

N

C;m steel

Arca (throughout) = 02512

- FG.1240
Problem 13.

SECTION 1210 Air Gaps
14,

a. Find the current f required to ‘establish a flux @ =
2.4 X 10™* Wb in.the magnetic circuit in Fig. 12.41.
b. Compare the mmf drop across the air gap to that across

the rest of the magnetic circuit, Discuss your results ,

'using the value of u for each material.

* 5 L

x Sheet steel '

.&.rc;(llnuughout) =2 % 10%m?
Iy = ly= 0.05m
oy = e = 002m.

i

FIG.12.41
Problem 14."

- =

The.force carried by the plunger of the door chime in

Fig. 12.42 is determined by,
1. dip '
f= 3 NI o (newto:lls] ;

where dg/dx is the rate of change of flux linking the coil as
the core is drawn into the coil. The greatest rate of change
of flux occurs when the core is /s to /4 the way through, In
this region, if & changes from 0.5%107“Wbto8 x 107*
Wb, what is the-force carried by the plunger?
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I-.— 4 cm—-[ i
i f .éhim
/ oo 1k
Plunger [ ;- 9p0ma 1
N =980 turns 777
” FIG.12.42
Door chime for Probfem 15

- 16.. Determﬁe the current J; requued to e.s.abhsh aflux of & =
2 x 107 Wb in thé magnetic cireuit in FLg 12.43. )

» =*17, a,

- drop is across the air gap.

b.

— Spring

Ay Sheet steel

Ny = 40 s
* Area (throughout) = 1.3 x 107 l_nz

FIG.12.43
. Problem 16.
A flux of 0.2 % 10™* Wb will establish sufficient at-
tractive force for the armature of the relay in Fig, 12:44. -
to close the contacts. Determine the reguired current to
establish this flux, lcye! if we assume.that the total mmf

The force, exerted on the armature is detemuned by the
equanon 3

v .BiA
F(newtons) = g .y.
¥ d a

\where B, is the flux density within the air gap and A is
the common area of the air gap. Find the force in new-

tons exerted when the-flux & specified in part (a) is
established.

N = 200 turns

Diameter of core = 0.0l m
L4
Solenoid .
FIG.12.44

Relay for Problem 17.
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SECTION 12.11 Series-Parallel Magnetic Circuits

*18. For the series-parallel magnetic circuit in Fig. 12.45, find
the value of F required to estiblish a flux in the gap of &y =
2% 107 Wb, ;

7/ Sheet stael rhfuughoul

[
N =
200 turns S

Area for sections other thanbg = 5 % 10 m?
fa.b L jbg =ohoh = Iﬁu =02m
e =l = Dim.fwr- fI-OUQQm

! FIG.12.45
- Problem 18, |
SECTION 1212 Determining ®

19. Find the magnetic {lux @ established in the series magnetic
circuit in Fig, 12.46, .

FIG.12:46
Prablem 9.

*20. D‘etﬂl:m’ine. the magnetic flux @ established in the series
magnetic circuit in Fig, 12.47.

N = 150 wrns

ly=8x 1_{3“m

Imb“‘fbra‘r,f o= U2m
Arca{thmughoul) 2% 1074m?
) !ﬂr "ln‘t .
' FIG.12.47
: : Prablem 20.

*21. 'Note how closely the B-H curve 0!' cast steel in Fig. 12.7
matehes the curve for the voltage across a capacitor as it
charges from zero volts to its final value.

a. Using the equation for the charging voltage as a guide,
write an equation for B as a function of H [B = fiH)] for
cast steel.

b. Test the resultmg equation at H =
At/m, and 2700 AtUm, -

¢. Using the equation of part (a), derive an equation for
interms of B [H = f(B))].

d. Test the resulting equation at B= 1 Tand B = 14T

Using the result of part (¢), perform the analysis
~of Example 12.1, and compare the results for the
~eurrent [,

900 At/m, 1800

]

GLOSSARY

Ampére’s circuital law A law establishing the fact that the alge-
braic sum of the rises and drops of the mmf around a closed
loop of a magnetic circuit is equal to zero.

Domain A group of magnetically aligned atoms.

Electromagnetism "Magnetic effects introduced by the flow of
charge or current.

‘Ferromagnetic materials Materials havmg permeabilities

hundreds. and 1houvmnds of txrm-.s greater than that of free
space. .

Flux density (B) A measure of the flux per unit area perpendicu-
lar to a magnetic flux path. It is measured in teslas (T} or
webers per square meter (Wb/m?).

Hysteresis The lagging effect between the flux density of a ma-
terial and the magnetizing foree applied.

Magnetic flux lines Lines of a continuous nature that reveal the
strength and direction of a magnetic field.

Magnpetizing force (H) A measure of the magnetomotive force,
per unit length of a magnetic circuit,

Magnetomotive force (mmf) (¥) The “pressure’ required ta es*
" tablish magnetic flux in a ferrcmagnetic inaterial. It is meas-
~ ured in ampere- turms (AL,

Permanent magnet A material such as steel or iron that will re-
main magnetized for long penods of time without the aid of
external means,

Permeability (x) A measure of the ease with which magnellc
flux-can be estabhshed im a material. It is measured in
" Wb/Am.

Relative permeability (u,) The ratio of the permeability of a
material to that of free space.

Reluefance (R) A quantity determined by the physical charac-
teristics of a material that will provide an indication of the “re-
luctance" of that material to the setting up of magnetic flux
lines in the material. It is measured in rels or AUWb.

4



