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Become familiar with the basic construction'df a
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 capacitive network and plot the

resulting voltages and currents.

Understand the impact of combining capacitors

in 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.

Iwo

10.1 INTRODUCTION
Thus far4 the resistor has been the only network component appearing in our analyses. I n

this chapter, we introduce the capacitor, which has a significant impact on the types o^

networks that you will be able to design and analyze. Like the resistor, it is a two-termin;1!

device, but its characteristics are totally different from those of a resistor. in fact, 
the ca

I

pacitor displays its true characteristics only when a change in the voltage or current 
vs

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 delivered to it in 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 soP
his-

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 repulsioii exists between two charged

bodies. We now examine this phenomenon in greater detail 
by considering the electric field

ield is represented by
that exists in the region around any charged body, This electric 

f

electric flux lines, whicl; 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. 10A, for example, the electric field 
I 
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 number-of flux

ch smaller than area A2 . The symbol for
lines pass through each region, but the area A I is mu

electric flux is the Greek letter 0 (psi), 
The flux per unit area (flux density) is represented

by the capital letter D and is determined by

D - t	 (fluxlunit area)
A
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er density

Ifigher density 	
a	 Flux lines radiate

Outward for positive
'charges and inward
for negative charges.

Electric,'

	

flux line	
Positive charge Q

It	 FIG. 10.1

Fil 1151"ibutiOnf-M an isolated positive chage.

The larger 0e charge Q in coulombs, the greater is the number of fluxlines extending or terminating per unit area, independent of the sur-
rounding medium. Twice the charge produces twice the flux per,unit
area, ne two can , therefore be equated:

_Q]	
(coulombs, C)	 (10.2)

By definition, the electiric fleld strength (designated by the capital
script letter W) at a 'point is the * force acting on a unit Positive charge at
that point; that is,

	

'6	
(newtons/coulomb, N/C)

	

Q	 (10.3)

Q	
I I N -

----------------------	
In Fig. 10.1, the force exerted on a unit (I coulomb) Positive charge

	

0	 by a charge Q, r meters away, can be determined using Coulomb Is lawI C
(Eq. 2.1) as follows:

FIG, 10.2

	

Determining theforre on a unit charge r meters 	 F,= k QlQ2 = k QQ 9 N (k 9 x 109 N - ml/Cl)from a charge Q of similarpolarity.	 r2	 r2	 r2

Substituting the result into Eq. LO.3 for a unit Positive charge results in

26 f kQlr

Q	 I/C

and	 kQ

r 2	 (NIC)	 (10.4)

The result ^Iearly reveals that the electric field strengbi is directly re-
'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 becaus

	

In Fig. 10. 1, the electric fi	
e of the squared term.

ield strength, at region A2 is therefore signifi-
candy less than at region A,. ,

For two charges of similar and 6Pposite polarities, th^ flux distribu-
tion appears as shown in Fig. 10.3. In general,

electricflux Unes always extendfrom a positively charged body to a
negatively charged body, 

always extend or terminate perpendicular to
the charged surfaces, and never intersect.



(a)	 (b)

FIG. 10.3

Electricflux distributions: (a) opposite charges; M like 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 Iwo 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 saine polarity are in the same vicinity, as shown in Fig.

103(b), thesesult 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 havefxamined only isolated positive and negative spherical

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

shape and size. Id 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 
switch and a resistor

-to a battery. 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 magnitude by the resistance

preFnt. 
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^ Electrbns are being repelle

' 

d 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

I	
Plates of a

R	
c^nducting material

CAPAC ITANCE 11

I

+ I fe	
Air..

E	 gap	
+

V-E

e.

FIG. 10.4

Fundamental charging CirMit-



FIG. 10.5

Michael Faraday.

Courtesy of the Smithsonian

Institution

Photo No. 51,147

English (London)

(1741-1867)
Chemist and Electrical Experimenter

Honorary Doctorate, Oxford UWvmity, 1832

An experimenter with no formal education, he began

his research career at the Royal Institute in London

as a laboratory assistant. Intrigued by the interaction

between electrical and magnetic effects, he discov-

ered elecowntag".11c induction, demonstrating ^hat

electrical effects can be generated from a magnetic
field (the birth of the generator as we know it today).

lie also discovered self-induced currents aid imro^
duced . the concept of lines andfields ofruagnetic

fprc^r. Having received over one hundred academic
and scic^etific bonors, he become. a Fellow of the

' Royal Socicty in,1824 attheyoung age , of 32.

9
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and # 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 thu the entire flow of

charge is through the. battery and resistor—not through 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 ofa capacitor's ability to store charge on its

pla(es—in other words, its storage capacity.

In addition,

the higher the capacitance ofa capacitor, the greater is the amount of

charge stored 
on 

the plates for the same applied voltage.

The unit of measure applied to capacitors is the farad (F), named after

an English scientist, Michael Faraday, who did exte' nsive research in the
field (Fig. 10.5). In particular,

a capacitor has a capacitance of I F if J ' C of charge (6.242 X 1018

electrons) is deposited 
on 

the plates by a potential difference of I V
across its plates.

The farad, however, is generally too large a measure of capacitance for

most Tractical applications, so the microfarad (10 –') or picofarad
(10 – 1 ) 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:

C = farads (F)
i C	 Q = coulombs (C)	 (10.5)
^— V
	

V = volts (V)

Eq. (10.5) reveals that for the same voltage (V), the greater the charge

(Q) on the plates (in 
* 

the numerator of the equation), the higher is the

capacitance level (C).

If we write the equation in the form

Q = qV	 (coulombs, Q	 (10.6)

it becomes obvious throtfili the product relationship that the higher the

capacitance (C) or applied voltage (11), the greater is the charge on the
plates.

EXAMPLE 10.1

a. If 82.4 X 1014 electrons are deposited on the negative plate of a
capacitor by an applied voltage of60 V, find the capacitance of the

capacitor.

b. 11` 40 V are applied across a 470 jLF capacitor, rind the charge on the

plates.

Solutions:

a. First find the number of coulombs of charge as follows:

82.4 X 10 14 ejse^	 I C	

1.32 mC
(6.242 X 10116ceirm—%)
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and then

I Q
	 1.32 mC

C = 
V = 60 V 

= 22 jiff	 (a standard value)

Applying Eq. (10.6) gives

Q = CV = (470 /AF)(40 V) = 18.8 mC

A cross-sectional view of the parallel plates in Fig. 10.4 is provided
in Fig. 10.6(a). Note the fringing that occurs at the edges as the flux

lines originating from the points farthest away from the negative plate

strive to complete the connection. This fringing, which has the effect

of reducing the net capacitance somewhat, can be ignored for most

applications. Ideally, and the way we will assume the distribution to

be in this text, the electric flux distribution appears as shown in

Fig. 10.6(b), where all the flux lines are equally distributed and "fring-

ing" doeshot occur.

The electric field strength between the plates is determined by the

voltage across the plates and the distance between the plates as follows:

V	
W = volts/m (V/M)

ce	 V = volts (V)	 (10.7.)

d = meters (in)

Note that the distance between the plates is measured in meters, not cen-

timeters or inches.

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.

Many values of capacitance can be obtained for the same set ofparal-

lel plates by the addition of certain insulating materials between the

plates. In Fig. 10.7, an insulating material has been placed between a set

of parallel plates having a potential difference of V volts across them.

. . . . . . . . . .	 + + + +

d	 volts^	 V (Volts),

HUM VD(	 . . . . . .ielectric
- - - - - - -- - -

(b)

I FIG. 10.7
Effect ofa dielectric on rhefl^ld distribution between the plates ofa capacitor.,

(a) alignment ofdipoles in the dielectric; (b) electric field components

between the plates ofa capacitor with a dielectric present.

f	 + + + +

Fringing

(a)

. . . . . . . . . .

(b)

FIG. 10.6

Electricflux distribution between the plates ofa.

capacitor: (d) including fringing; (b) ideal.

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 idjoining dipoles
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are neutralizing the effects of each other [note the ovAl area in Fig.

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

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

lishment of an electric field within the insulator f'gdjel"tri^; 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 '6 1 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 '62 that will op-

pose electric.fidld '61. The effe' ct 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 estab lished by the applied voltage and the

distance between the platcs. This condition is 'maintained by placing more

charge on the plates, thereby increasing the electric field strength between

the plates to a level that canicels out the opposing electric field introduced

by the mica sheet. The net result is ad increase in charge on the plates and

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

0

I

Resultant
More charge	

electric field
n plates

+

Diel ectric

(mica sheet)

+ + +,+ + + + + ++

Opposing field

(a)	 (b)

FIG. 10.8"'

Demonstrating the effect ofinserting a dielectric between the plates ofa capacitor,

(a) air capacitor; (b) dielectric being inserted.

Different materials placed between the plates establish different

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-

lure. A list of common materials appears , in Table 10. 1 using air as the
reference level of L* All of these materials are riferred to as dielectrics,

the "di" for opposing, and the "electric" from electric field. T1W symbol

e, 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 pertnittivity -compares the permittivity of a material to that of

air. For instance.Table 10.1 reveals that mica, ,with arelative permittivity
of 5, "permits" the establishment of an opposing electric field in the ma-

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

that makes it a ver y special dielectric in the manufacture olfcapacitors.

*Although there is a difference in dielectric characteristics between air aqd avacuum, the
difftience i s so small that air it ­­hl, ­d,­h^ -f­­ lo-i



CAPACITORS 111 401

TABLE 10.1

Relative permittivity (dielectric cunstant) e, ofvarious dielectrics.

e, (Average Values)

Vacuum	 1.0

­ Air	 1.0006

Teflon^^	 2.0

Paper, paraffined 2.5

Rubber 3.0

"Polystyrene

	

	 3.0^_34­ ,,V;F ­11 .11
Oil 4.0

, ,,,Mica	 5.0'',

Porcelain-

Bakelitee '­^7.0

Aluminum oxide

	

	
7'^q - ^i

Glais	 7.5

T^	 3DTantalum 9xidd

Ceramics	 20-7500

Barium-strontium titainte iceramic, 	 ^7500.0

Defining e, as the permittivity of air, we define the relative perrriittiv-

ity of a material with a permittivity e by

(dimensionless)	 (10.8)
eo

Note that E,, which (as mentioned previously) is often called the

dielectric constant, is a dimensionless quantity because it is a ratio of 	 TABLE 10.2
similar quantities. However, permittivity does have the units of 	 Dielectric: strength jofsome diel^ctric materials.
farads/meter (F/m) and is 8.85 X 10 - 12 F/m for air. Although the rela-

tive permittivity for the air we breathe is listed as 1.006, a value of I is	 Dielectric

normally used. for the relative' permittivity of air.	 Strength

For ever^ dielectric there is a potential that, -if a lied across the di- 	 (Average^ pp	
Value)electric, will break down the bonds Within it and cause current to flow

through it. The voltagerequired per unit length is an indication of its 	 Dielectric	 in Volts/Mil

dielectric strength and is called thi breakdown voltage. When break- 	 Air 75
down occurs, the capacitor has characteristics very similar to those of a 	 Barium-strontium
conductor. A typical example of dielectric breakdown is lightning, 	 titanite (ceramic)	 75

which occurs when the potential between the clouds and the earth is so 	 Ceramics	 _75^1000
high that charge can pass from one to the other through the atmosphere 	 Porcelain	 200

,(the dielectric). The average dielectric strengths for various dielectrics 	
Oil	 400
Bakeliteare tabulated in volts/mil in Table 10.2 (1 mil = 1/1000 inch).	 400
Rubber

One of the Important parameters of a capacitor is the maximum 	
700

working voltage. It defines the maximum voltage thar can be placed 	
Paper paraffined	 1300
TeflonQD	 1500

across the capacitor on a continuous basis without damaging it or changr- 	
r1ass 3000

ing its characteristics. For most capacitors, it is the dielectric strength 	 Mica	 5000
that defings the maximum working voltage.

10.4 CAPACITOR&
	

a

Capacitor Construction

We are now aware 6f the basic components of a capacitor: conductive

plates, separation, and dielectric. However, the question remains, Hoi^

do all the,.e factor- interact to determine the capacitance of a canacitor?
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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 defining equation.

The smaller the distance
I 
between the plates, the larger is the capaci-

tance, 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 e should appear in the numerator of the defining

equation.
The result is the follbwing general equation for capacitance:

C = farads (F)

	

c =	 ttivity (F/m)	 (10.9)

A

d=m

lfwe substitute Eq. (10.8) for the permittivity ofthe material, we obtain

the following equation for the capacitance:

	

C = E',e, 
A	

(farads, F)	 (10.10)
d

or if We substitute the known value for the permittivity of air, we obtain

the following useful equation:

C = 8.85 
X I0_,,e,A	

(farads, F)	 (10.11)
d i

It is important to note in Eq. (10. 11) that the area of the plates (actually

the area of only one plate) is in meters squared (m 2); the distance be-

tween the plates is measured in meters; and the numerical value of e, is

simply taken from 'Table 10. 1.

You should also be aware that most capacitors are in theUF, nF, or pF

range, not the 1 F or greater range. A I 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 size of a thumbnail

or smaller.

. If we form the ratio of the equation for the capacitance of a capacitor

with a specific dielectric t6 that of the same capacitor with air as the di-

electric, the following results:

A
C = E-

d	 C

A C^

G
d

an 

I 

d	 FFZZC^	 (10.12)

The result is that

the capacitance ofa capacitor with a dielectric having a relative

permittivity of e, is e, times the capacitance using air as the dielectric.

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

EXAMPLE 10.2 In Fig., 10.9, if each air capacitor in the left 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.

a
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F	 C=?	 C^0.1,0	 C=?

C=5yA	

3A

d^o
dd 2d

Same d, E,	 'Same A, e,

(b)

C 20,uF	 !C=?	 C 1000 pF	 ^C=?

'C=

A

4A
11 parameters

same A, d	 d^*	 changed.	 i,	 J^	
I	

' dE, 2.5
paraffined	 f, 5 (mica)

M	 paper) (d)

FIG. 10.9

Example 10.2.

Solutions:

a. In Fig. 10.9(a), the area has increased by a factor of three, providing

more ^Space for the storage of charge or each 'plate. Since the area

appears in the numerator of the capacitance equation, the capadi-

tance increases by a factor of three. That is,

C = 3(C,) = 3(5 IiF) = 15 juF

b. In Fig. 10.9(b), the area stayed the same, but the distance between

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,

C	 ALF) 0.05 jAF
2

c. In Fig. 10.9(c), the area and the distance between the plates were

maintained, but a dielectric of paraffined (waxed) paper was added

between the plates. Since the permittivity appears in the numerator

of the capacitance equation, the capacitance increases by a factor
determined by the relative permittivity. That is,

C = e,C, = 2.5(20 /xF) ^ 50 juF

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 multiplying factor in the numerator or denornina-

tor of the equation. The increase in area by a factor oT 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 offive. The

result is

C (5 ) 
4 

(C^)	 160(1000 pF) 0.16 ILF
(1/8)



3

FIG. 10.10

Air capacitorfor Example 10.3.

E

In the next exa ,mple, the dimensions of an air capacitor are provided

and the capacitance is to be determined. Th6 example emphasizes the

importance of knowing the units of each factor of the equation. Failing

to make a conversion to the proper set oftnits 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 S1 system as required by Eq. (10. 11):

d	 irl.	
Im	

0.794 mm11 ( in 1^
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1!3

and A = (2 iif.)(2 irf.) —	
Im ^	

2.581 X 10-' 111 2

39.137-irl.) ( 39.37 iti.

Eq. (10. 11):

(2.581 X IO-W)
8.85 X 10- "(1)	 28.8 pFC = 8.85 X 10	

d	 0.794 mm

b. The electric field between the plates is determined by Eq. (10-7).-

V	 48 V
W	 a-794	 60.5 Minmm

c. The charge on the plates is determined by Eq. (10.6):

Q = CV = (28.8 pF)(48 V) = .1.38 nC

In the next -example, we will insert a ceramic dielectric ^etween the

plates of the air capacitor in Pig. 10. iO and see how it affects the capaci-

tance level, electric field, and charge on the plates.

EXAMPLE 10.4,

a. Insert a ceramic dielectfic *ith an E, of 250 between the plates of

the capacitorin Fig. 10.10. Then determine the new level of capaci-

tance. Compare your results to the solution in Example 10.3.

b. Find, the r esulting 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 in Example 10.3.

Solutions;

a. From Eq. (10. 12), the new capacitance level is

C = e,C, (250)(28.8 pF) = 7200 pF 7.2 nF 0.0072 jAF

w hich is significantly higher than the level in Example 10.3.
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48 V

b.
60.5 Wirt

d 0.794 mra

Since the applied voltage and the distance , between the plates did

een the plates lemains the same.,the clectricfield 'be-not change,

c. Q = CV = (7200 pF)(48 V) 345.6 nC 0.35 1AC.

We now know tha t the insertion of a dicle

I 
ctric between the plates

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

'relative permittivity increased by a 
factor bf 250, the cliaige on

since the	

sed by the same amount.the plates increa

that can be applied across
EXAMPLE 10.5 Find the maximum voltagc

the capacitor in Example 10.4 if the dielectric strength is 80 V/mil.

Solution:

1000 mils

d	 id.	 31.25 mils

32

V	 31.25 mii,5 '0	 2.5 IkV
and	 mil

although the provided working voltage may be.only 2 kV t6 provide a

margin of safety.

Types of Capacitors

listed under two general headings:
Capacitors, like tesistors, can be

fixed and variable. The symbol for the fixed capacitor appears in	 (a)	 (b)

Fig. 10. 1 l(a). 
Note that the curved side is normally connected to

	

	
4k

RG, I U. 11
ground or toL the point of lower dc potential. The symbol for variable

	

e ca acitok: (a)fix,*; (b) variable.

capacitors appears in Fig. 1 10. 11 (b).	
Symbolsforth, p

Fixed Capacitors Fixed-type capacitors come in all shapes and

sizes. However,

iii generalfirthe same type ofconstruclion anddielectric, the larger

larger is the physical size ofthe capacitor.the required capacitance, tht

A nr)() F electroNtic ca pacitor is significantlyIn Fig. 0.12ka), Hic 	 ,	 A	
not 10,000 times -

larger than the I AF capacitor. However, it is certainly

larger. for the polyester-film type of Fig. 10. 1 2(b), the 2.2 AF capacitor

is significantly larger than the 0.01 AF 
capacitor, but agair^ it is not

2iO'times larger, The 22 ptl` tantalum capacitor of Fig. 
10. 12:(c) is ' about

6 times larger than the 1.5 
4F capacitor, even though the ca.pacitance

level is about 15 
times hightr, It is particularly interesting to note that

due to the difference in dielectric and construction, the 22 AF 
tantalum

capacitoris significantly smaller than the 2.2 ju.F polyester-film capaci-,

tor and much smaller than 1/5 the size of the 
too AF electrolytic capac

itor. The relatively large 10,000 gF 
electrolytid 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.

Introducto ry, C.- 27A
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IpF	 100pl	 HUMp'^- o ol I	 11looF

0.01 JIF	 0:22 pF	 VI:
(b)

1.5 )IF 
Xc) 

22 gF

FIG. 110.12

- Dentonsirating tha4 in ,generalforeach type ofconstruction, the size ofa

capacitor increasirs with the capacitance value: (a) electrolytic;

(b) polyester-film; (c) tantrilunt.

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

of the dielectric on the capacitance level. There are a number 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-
gether, as shown in Fig. 10. 13(a). The dielectric (remember that it has the
characteristics of an insulator) between the conducting strips ensures

the strips never touch. Of course, the dielectric must be the type that can be

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

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

Connected to
one foil	 Connected to

the other foil

Kraft paper

Aluminumfoil
P^Iycstcr (plastic) film	 _7	 +

Aluminum toil	
Tantalum

Kraft paper

(a)
(b)	 W

FIG. 10.13
7hree ways to increase the area ofa capacitor.- (a) rolling: (b) stacking; (c) insertion.

A second popular method is to stack the plates and the dielectrics, as
shown in Fig. 10. 14(b). The area is now a multiple of the number oi di-

electric layers. nis construction is very popular for smaller capacitors.

Introductom C,278
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A third method is to use the dielectric to establish the body shape [a

cylinder in Fig. 10. 1 3(c)). 
Then simply insert a rod for the positive plate,

and coat the surface of the cylinder to form the negative plate, as shown

in Fig. 10. 
13(c). Altho^gh.the resulting "plates" are not the same in con-

struction or surface area, the ^Oect is to provide. a large surface area for

storage (the density of eleeric field lines will be^ different on the two

ugh the resultin distance factor may be . larger than de-
plates"), altho	 9	

ates for the in-
sire	 dielectric with a high e, ^owever, compensd. Using a

creased-distance between the plates. 	
area factor, butThere are other variations of the above to increase the

the three depicted in Fig. 10. 13 
are the most popular.

. 
I 
The next controllable factor is the distance between the plates. This

factor, however, is very sensitive to how 1hin the dielectric can be made,

with natural concerns because the working voltage (the breakdown volt-
electrics are justage) drops as the gap decreases. Some of the thinnest di

oxide coatings on one of the conducting surfaces (plates). A very thin

al, such as Mylart Teflono, 'or even paper with a paraffinpolyester maten
des a thin sheet of material than can easily be wrapped forcoating, provi

increased areas. Materials such as mica and,some ceramic materials can

be inadc 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

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`^ffie factors listed above must be con gidered in the

construction process.

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 electro: ,, tics are available that are

not polarized). Few capacitors 6ve 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 	 (3, and A. In general, electrolytic

(0

(a)	 (b)	 (C)	 (d)

FIG. 10-14 
dial leads; (b) axia 

I 

I leads; (Oflall)ack;
Various types ofelectrolYtic Capacitors: (a) miniature ra

(df surface-mount, (e) screw-in terminals.
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capacitors offer some of the highest capacitance values available, a,lthough

their working voltage levels are ]IJrnited. Typical values range from 0. 1 uF
to 15,000 AF, with working voltages 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 one side with alurF num oxide-the aluminum

being the positive plate and die oxide the dielectric. A layer of paper or

gauze saturated with an electrolyte (a solution or paste that forms the con-

ducting medium between the electrodes of thecapacitor) is placed over the

aluminum oxide coating of the positive plate. Another layer of aluminum

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 al--ninum 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 electrolytic capacitor is greater than most.

Film, polyester, foil, polypropylene, or Teflono capacitors use a
rolling or stacking process 

to 
increase the surface area, as sh n in

Fig. 10. 15. The resulting shape can be either round or'rectangulaorwwith

radial or axial leads. The typical range for such capacitors is 100 PF, to
10 AF, with un' its available tip to 100 I-LE The name of the unit defines

the type of dielectric employed. Working voltages can
I 

extend from a
- few volts to 2000 V, de'liending on the type of unit.

(a)	 (b)	
(c)	 (d)

FIG. 10.15
(a) Filtrilfoil polyester radial lead; (b) nietalizedpol^,vester-flin, axial lead,"(c) surface^inounj

polyester-film; (d) Polypropylenc-filin, radial lead.

Ceramic capacitors (often called disc capacitors) use a cer'
electric, as shown in Fig. ' I 0. 16(a), to utilize t	

amic di-

he excellent e, values and
high working vOithges associated with a number of ceramic materials.

Lead wirp soldcrcd

to silver electrode

5.

Solder Dipped phenolic coating

Silver electrodes deposited on
top and bottom of ceramic disc

Ceramic dielectric

(a)

FIG. 10.46
Cratniv rdisc) capacitor.. (a) cots

P-ticlion; (b) appearance.

(b)
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(a)

FIG. 10.17

Mica capacitors: (a) and (b) 
surface-mount monolithic chips; (c) high Aoltageltemperature mica paper capacitors.

[(a) and (b) courtesy ofVishay Intertechnology, Inc.; (c) courtesy of Custom Electronics, Inc.1

Stacking can also be applied to increase the surface area. An example of-

the disc variety appears in Fig. 10.16(b). Ceramic capacitors typically

range in value from 10 pF to 0.047 /,tF, 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-

PaCitOTS is demonstrated in Fig. 10.17(a), with their pi4cement shown

in Fig. 10.17(b). A variety of high-voltage mica paper capacitors are

displayed inFij. 10.17(c). Mica capacitors typicallyyange in value from

2 pF to several microfarads, with working voltages up to 20 
kV.

Dipped capacitors are made by dipping the dielectric (tantalum or

isica) into a conductor in a molten state to form a thin, c ,onductive sheet

on the dielectric. Due to the presencp of an electrolyte in the manufactur-

ing process, dipped tantalum capacitors require a polarity marking to en-

sure that the pos itive plate is always at a higher potential than the

negative plate, as s^own in Fig. 10: 1 8(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. 1 8(b). They typi-

cally range in value from 0.1 AF to 680 AF, 
but with lower working

voltages ranging from 6 V to 50 W

Wst oil capacitors such as appearing in Fig. 1G.19 are used for indus-

trial 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 AF all the way up to 10,000 
tkF,

with working voltages up to 150 kV. Internally, there are a number of paral-

lel plates sitt i ng in a bath of oil or oil-impregnated material (the dielectric).
b

Variable, Capacitors All the parameters in Eq. (10.11) can be

changed to some degree to create a variable capacitor. For example, in

Fig. IQ.20(a), the capacitance of the variable air capacitor is changed by

turning the shaft at the end of the unit. B% 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. It works under ihe sare principle,

but the rotating blades are totally hidden inside the structure. In

FIG. 10-18

Dipped (,quicifors: fa) P011116W
1polali ' rd mwa,

OD
()D

El
I 
FIG. 10.19

0,11-filled, metallic oval case snubber capacitot- 'Pl"

snubber removes unwanted voltage spikes).
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(a)	 (b)	 (c)

FIG. 10.20
Variable capacitors: (a)vir; (b) dirtrimmer; (c) ceramic dielectric compression ?rimmer.

[(a) courtesy tf James Millen Manufacturing Co.]

Fig. 10.20(c), the cerarnic tr4mmer capacitor permits varying the ca-
pacitance by changing the common area as above or by applying pres-
sure to the cerarnic plate to reduce the distance between the plates.

do

Leakage Current and ESR

Although we would like to think of capacitors as ideal elements, upform-
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 materialsi In addition, up to this
point, we have assumed that the insulating characteristics of dielectrics
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,

C	 woo- +	 +
C	 R,	 V

(a)	 (b)

FIG. 10.21
Leakage current.- (a) including the leakage resistance in the equivalent modelfor

a capacitor; (b) internal discharge ofa 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 ulloer 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. 10.2 1 (a). If we
apply 10 V across a capacitor with an internal resistance of 1000 Mfl, the
current will be 0.01 AA—a level that can be ignored for most applications.

The real problem associated 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 = QIC) across a charged capacitor
also appears across the parallel leakage resistance and establishes a
discharge cuffen( through the resistor. In time, the capacitor is totally
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discharged. Capacitors such as the electrolytic that have high leakage cur-

rents (a leakage resistance of O^5 Mf1 is typical) usually have a limited

shelf life due to this internal discharge characteristic. Ceramic, tantalum,

and mica capacitors typically have unlintit6d shelf life due to leakage r^-

sistances in excess of 1000 Mfl. Thin-film capacitors have lower levels of

leakage resistances that result in some concern about shelf life. -

there is another quantity of importance whendefining the complete

capacitive equivalent: the equivalent series resistance (ESR). It is a

quantity -of such importance to the design of switching and linear power

suppi . ies that it holds equal weight with the actual capacitance level. It is'

a frequency-sensitM 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 temperature. 'Depending on the type of dielectric,

increasing or decreasing temperatures can cause either a drop or a rise in

capacitance. If temperature is a c6ncern 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 Fi;. 10.20 the 0% variation from the nominal (name
- -plate) value at 25*C (room temperature). At O*C (freezing), ,it has

dropped 20%, while at I OO'C (the boiling point ofwater), it has'dropped

70%—a factor to consider for some applications.

As awexample of using the ppm level, consider a 100 pY capacitor

With a temperature coefficient or ppm of - 150 ppnV'C. it is important

to note the negative sign in front of the ppm value because it.reveals, that

the capacitance will drop with increase in temperature. It takes a mo-

ment to fully appreciatc a term such as pairs per million. In equation

form, 150 parts per million can be written as

150 . X
1,000,000

If we then multiply this term by the capacitor value, we can obtain the

change in capacitance for each I IC change in temperature. That is,

150 
(100 ILF)/ *C = -0.015.uF/*C	 15,000 pF/*C

l'000,060

If the temperature should rise by 25*C, the capacitance would decrease by

15,000 pp
(25	 -0.38 1AF

changing the capacitance level to

100 AF_- 0.38 ILF ".62 1AF

Capacitor Labeling

Due to the small size of some capapitors, various marking schemes have

been adopted to provide the cap^citance level. tolerance, and, if possible,

working voltage. In general, however, as pointed out above, the size of

U

Z5U Cemmic typical 4lues

0
-10
-20
-30
40
-50
-60
-70
-80
-90,
-100	

-20 0 20 40 M 80 100 X)

—Temp.

FIG. 10.22

Variation of capacitor value with temperature.

0
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0
#209	 200n

	

J	
223F

Fid. 10.24
Digital reading capacitance ineter.

(Courtesy of B + K Precision.)

(a)	 (b)	 (c)	 (it)

Fig. 10.23
Various m4irking schentesfor sniall capacitors.

the capacitor is, the first indicator of its value. In fact, most marking
schemes do pot indicate whether it is in uF 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 /.tF. Unless indicated by an n or N,
most units are not provided in nF. On larger AF 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 a s, those in Fig. 10.23(a) with only
two numbers, 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 103 , and the capacitance is read as 20,000 pF or 20 nF
rather than the actual 20 pF.

For the udit in Fig. 10,23(b), there was room for a lowercase n to
represent a multiplier of , 10 -9, resulting in a value of 200 nF. To avoid
unnecessary confusion, the letters used for tolerance do not include N,
U, or P, so the presence of any of these letters in 'tipper- or lowercase
norinal ly refers t9, the multiplier The J appearing on the unit in
Fig. 10.23(b) represents a 1 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 AF or pF. With the 223 representing A
number of 22,000, the units are certainly not gF because the unit is'loo
small for such a large capacitance, It is a 22,QOO pF 22 nF capacitor.
The F represents a --I% tolerance level. Multipliers of 0.0 - I 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
:t 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 NIFD is sometimes used to signify microfarads.

Measurement and Testing of Capacitors
The capacitance of a capacitor - can' be read directly using a meter such as
the Universal LCR Meter in Fi g . 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, AF, nF, or pF. Note the polarity
markings on the meter for capacitors that have, a specified polarity.

The 
best 

check is to use a meter sucii 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 whether it has deteriorated
due to age or use (especially for paper and electrolytics). As the dielec-
tric breaks down, the insulating qualities of the material decrease to the
point where the resistance between the plates drops to a relatively low

It

CD ED

f7a
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'level. To use an ohmmeter, be sure that the capacitor is fully discharged

by placing a lead directly across its terminals. Then hook up the meter

(paying attention to the polarities if the unit is polarized) as shown in

Fig. 10.25, and note whether the resistance has dropped to a relatively

low value (0 to a few kilohms). If so, the capacitor should be discarded.

You may find that the reading changes when the meter is first connected.

This change is due to the charging of the capacitor by the internal supply

of the ohmmeter. 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. 	 I
The above ohmmeter test is not all-inclusive because some capacitors

exhibit the breakdown characteristics_only when a large voltage is ap-

plied. The test, however, doesh.
elp isolate capacitors in which the dielec-

tric has deteriorated.

Standard Capacitor Values

The most common capacitors use the same numerical multipliers

encounteredfor resistors.

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 willing to pay the price. Typical values include 0. 1 AE, 0. 15 gF,

0.22 jxF, 0.33 AF, 0.47 AF, 0.68 /iF; and 1 /xF, 1.5 AF, 2.2 AF, 3.3 AF,

4.7. AF, 6.8 juF; and 10 pF, 22 pF, 33 pF, 100 pF; and so on.

10.5 TRANSIENTS IN CAPACITIVE NETWORKS:

THE CHARGING PHASE

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

stantaneously. Instead, it occurs over a period of time determined by the

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 circuit in Fig. 10.4. The c1rcuit has been

redrawn in Fig. 1 0.26 with the symbol for a fixed capacitor.
I 
Recall that the instant the switch is closed, electrons are drawn from the

top plate and deposited on the bottom plate by the battery, resulting in a net

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 t,4e 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 Q
= ^^ TU:s ^od of t

i
me lurm^ w'c' c e:s `­-^na dernsitm on

the plates is called the transient period—a period of time 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 = QIC, 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

the switch is closed (t = 0 s). It then builds up very quickly at first since

charge is being deposited at a very high rate of speed. As time passes, the

charge is deposited at a slower rate, and the change in voltage drops off.

The voltage continues to grow, but at a much slower rate. 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 i ,s - equal to

the applied voltage—the transient phase has passed.

FIG. 10.25

Checking the dielectric ofan electrolytic capacitor.

FIG. 10.26

Basic R-C charging network	 A

V

E­^^ ------------

/^ase

Sniall incre in vc

R.pid =—reas-e

-losed

FIG. .10.27

vc during the charging phase.

VC
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TABLE 103	 Fortunately, the waveform 4n Fig. 10.27 from beginning to end can

Selected values of e -^	 be described using the mathematical function e -'. It is an exponential

function that decreases with time, as shown in Fig. 10,28. If we substi-

'.X 0	 e	 e-0	 tute zero for x, we obtain e -0 , which by definition is 1, as shown in
0 i	 I

e	 Table 10.3 and on the plot in Fig. 10.28. Table 10.3 reveals that 45 x in-

^x 1	 e	 — 0.3679	 creases, the function e -' decreases in magnitude until it is very close
e 2.71828 ...	 to zero after x 5, As noted in Table 10.3, the exponential factor e

X 2,	 e	 -;i = 0.1353	 e = 2.71828.

is also provided in Fig. 10.28 since it is a compo-A plot of I e

x. = 5	 e	
I 

= 0.00674	
nent of the voltage vc in Fig. 10.27. When e-1 is 1, 1 — e -x is zero, as

e,	
shown'in At. 10.28, and when e-x decreases in magnitude, 1 — e -x ap-

X 10	 e-10	 0.0000454	
proaches'l, as shown in the same figure.

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

e - 100	 1	
44	

time and the curve for the voltage across the capacitor increases with
100	 3.72,X 10eloo	

time. We simply place the exponential in the proper'matlidmatical form

as follows:

(10.13)
e	 arging	 (Volts'V)VE E(l =ch

First note in Eq. (10.13) that the voltage vc is written in lowercase

(n^t 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 (t) divided by a constant T. the Greek letter

tau. The quantity T is defined by

(time"s)	 (10.14)
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',Tbi factpr 7, called the time constant of the network, has the units (if

time, as, shown below using some of the basic equations introduced ear-

lier in this text:

T RC

	

	 t (seconds)
Y1 9V

A plot of Eq. (10. 13) results in the curve in Fig. 10.29, whose shape is an
exact match with that in Fig. 10.27,

IUC

E-----------------------
,0.95E 10.982E I 0-993E

1 0.865E :(95%) 1(98.2%)l (99-3%)-
' 0 8'1,(86.5%):

-99.3%

f63.2%1

01\	 1r	
27	

3r	 4r	 5T	 6,
Switch closed

FIG. 10.29

Plotting the equation vc = ,E(I - e-"') versus time (t).

In Eq. (10. 13), if we substitute t 0 s, we find that

e7t/T e-ol^ e-o
eo

and	 VC E(I - e"^ E(l - 1) 0 V

as appearing in the plot in Fig. 10.29.

It is important to realize at this point that the plot win Fig. 10.29 is not
against simply time but against T, the time constant of the network. If we

want to know the voltage across the plates after one time constant, we

simply plug t	 11- into Eq. (10. 13). The result is

T/rt/T = -
	 -e	 e	 = e	 0.368

and	 VC E(I e") = E(l - 0.368) 0.632E

as shown in Fig. 10.29.

At t 2,r

e-t1r e -2'/' e -2	 0.05

and	 vc= E0, - e-"^ = E(I - 0.135^ 0.865E

as shown in Fig. 10.29.

As the number of time constants increases, the voltage across tli^

capacitor does indeed approach the applied voltage.

At t = 5T

e-5^/7	
-5	 0,007e	 e

and	 vc E(l - e -v) E(I - 0.007) 0.993E E

In fact, we can conclude from the results just obtained that

the voltage across a capacitor its a de network is essentially equal to

the applied voltage afterfive time constants ofthe charging phase

have passed.
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Or, in more general terms,

the transient or charging phase ofa capacitor has essentially ended

q/terfive time. 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

decreases quite rapidly, until eventually charp is not being deposited

on the plates and the current drops to zero amperes.

The equation for the current is

I. C 

E 
e 

Ift	
(amperes, A)	 (10.15)

R 
_ 

^harging

In Fig. 10.26, the current (conventional flow) has the direction shown

since electrons Dow in the opposite direction.

ic

R

10.3681f^ (36 8%)R

^E 0.018L (1 8%)0	
(13.5%)135L	 R

	

36.8%	
0.	 R	 0.0067 E (0.67%)0. 0 5 ^L,(5 %,)

0	 2 7	 3T	 4T^	 6T

FIG. 10.30

Plotting the equation ic 	
E 
e 11T 

versus tinie (t).

R

At t 0 s

e-0e

	and	
ic Ee-11T EM E

R	 R	 R

At t	 1T

e-'I'	 e - 'IT	 e -1	 0.368

	and	 ic	
E 
(0.368) 0.368 

E

R	 R	 R

In general, Fig. 10.30 clearly reveals that

tAte current ofa capacitive dc network is essentially zero amperes

afterfive time constants ofthe charging phase have passed.

It is also important to recognize that

during the charging phase, the major change in voltage and current

occurs during the first time constant.
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The voltage across the capacitor reaches about 63.2% (about 2/3) of

its final value, whereas the current drops to 36.8% (about 113) of its peak
value, During. the next time constant, the voltage increases only about

23.3%, whereas the current drops to 13.5%. Ile first time constant is

therefore a very dramatic time for the changing parameters. Between the

fourth and fifth time constants, the voltage increases only about 1,2%,

whereas the current drops to less than I % of its peak value.

Returning 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 r eviewed in 'Fig. 10.31. These conditions rilatch those of an

open circuit, permitting the following conclusion:

A capacitor can be replaced by an open-circuit equivalent once the	 ^7

charging phase in a dc network has passed.

+ VR 0 V -

	

i OA	
7

R

'c'

E	 vc=Evolts

Open circuit

-------------------- --

FIG. 10.31

Demonstrating that a capacitor has the characteristics ofan open circuit

after the charging phase has passed.

This conclusion will be particularly 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. Referring to Figs. 10.29 and
10.30 again, we find that the current is a peak value at t = 0 s, whereas
the voltage across the capacitor is 0 V, as shown in the equivalent circuit
in Fig. 10.32. The result is that

a capacitor has the characteristics of a short-circuit equivalent at the

instant the switch is closed in an uncharged series XC circuit,

+ v,=E

0	 0	 ic=ic=-,
R	

R

+	
+

E	 Vc=0V

Short cimuit

FIG. 10.32

-cirruir equival^nt A)r the 	citor that occursRevealing the short

when the switch isfirjt closed

In Eq. (10. 13), the time constant or will always have some value be-'

cause some resistance is always present in a capajitiyenetwork. In some

cases, the value of T may be very small, but five times that value of -r, no
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-	 matter how small, must therefore always exist; it cannot be zero. Ile 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 furtherby saying that the ca

pacitance of a network is a measure of how much it will oppose a charige

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 arid the capacitor in Fig. 10.26 are in series, the cur-

rent through the resistor is the same as that associated with the capacitor.

voltage across the resistor can be determined by using Ohm's law in

the following manner:

vR iRR iCR

so that	 VR (Ee -'I')R

and	 R Ee -t17	 (volts, V)	 (10.16)

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 Is 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

Kirchhoffs vokage law is applicable at any instant of tinie for any

type of voltage in any type of network.

VA

E

VVR

0.368E

0.135E
0.05E^0.018^EO.00^67E^.

01	 17	 2T	 3T	 4T	 57	 6T	 t

FIG. 10.33
Plotting the equation vR = Ee-"T versus time (t).

Using the Calculatorto Solve
Exponential Functions

Before looking at an example, we will first discuss the use of the TI-89

calculator with exponential functions. The peocess is actually quite sim-

-1-2ple for a number such as e	 . Justselect the 2nd function (diamond) key,

followed by the function el. Then insert the (-) sip from the numerical
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301.2F,3

M2. M.34
Calculator key strokes to determine e

keyboard (not the matherhatical functions), and insert the number
L2 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. ' 	 "

+ V! -
EXAMPLE 10.6 For the circuit in Fig. 10.35:

a. Find the mathematical expression for the transient behavior of vc,

ic, and vR if the switch is closed at t = 0 a.

b. Plot the waveform of vc versus the time constant of the networ k. 	
E

c. Plot.the waveform ofyc versus time.	 I
d. Plot the waveforms of ic and vR versus the time constaht of the network.

e. What is the value of vc at r = 20 ins?

f. On a practical basis, how much time must pass before we can assume

that the charging phase has passed? 	
FIG. 10.35g. When the charging phase has passed, how much charge is sitting on 	

Transientn'etworkfor Example 10.6.
e p aLes

h. If the capacitor has a leakage resistancq of 1, 0,000 Mfl, what is the

initial leakage current? Once the capacitor is separated from the cir-

,cuit, how long will it take to totally discharge, assuming 'a linear
(unchanging) discharge rate?

Solutions.

a. The time constant of the network is

RC = (8 kfl)(4 /iF) 32 ms

resulting in the follo(ving mathematical equations:

vc = E(I - e-'I') = 40 V(I 7e -1132)

4c - 
E	 40 Ve-t/32ms 5 MA, -t/32n - w

8 W

viz = Ee- 'I' 40 Ve - t/32'

b. , The resulting plot appears in Fig. 10.36.

c. 7he horizontal scale will now be against time rather than time con-

stants, as shown in Fig. 1017. The plot points in Fig. 10.37 were
taken from Fig. 10.36.

f vc (V)

4 AF'vc

(V)
301­ 	 "oo^ ;

38 V 39.3 V 39.7 V
30-	 34.6V

20- r25.28 V

10-

ov	 11-	 27	 3T	 47	 ST	 67	 t

FIG. 10.36

VC versus time)61 the chWrging network in Fig. 1035.

18.6 Nrlo

1 01, /	

too	

200 tZms)

17 (32 nn^ ^) 3T ((96 ms)
27 (64 ms)	 4r (129 ms)

FIG. 10.37
plotting the waveform in FYg. 10.-k versus time ft^

k
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iC (mA)	 UR M

	

5	 40^

	

4 -	 30

3 S1.84 mA	 20

	

2	 1̂4.7 V

.68 mA	 0.09 mA	 to -	 5A V
0.25 nVA	 0.64 mA	 2.OV Q.73V,0,27V

	

0	 IT	 2r	 37	 4T	 3T t	 01	 IT	 2T	 3T	 4T	 5T t

(a)	
(b)

FIG. 10.38

iC and VRfor the charging network 
in 

Fig. 10.36.

d. Both plots appear in Fig. 10.38,

e. Substituting the time I = ^O Ins results in the following for the expo-

N	 nential part of the equation:

-0.625
e"T = e 

-20m02m = e	 = 0.535	 (using a calculator)

1-/32 ms) = 40 V (I - 0.535)so that vc = 40 V(l - e

= (40 V)(0.465) = 18.6 V	 (as verified by Fig. 10.37)

f. Assuming a full charge in five time constants results in

57 5(32 ms) = 160 ms = 0.16 s

9. Using Eq. (10.6) gives

Q =' CV (4 uF)(40 V) 160 pC

h. Using Ohrn^s law gives

40V
II^akage

	

	 4 nA0,000 MQ

Finally, the basic equation I Qlt results in

t	

160,u.0
	 (40,000 9)	 11.11 h

g	 60 min1	 4 nA	 16-0i"

+ VR

ic	 10.6 TRANSIENTS IN CAPACITIVE NETWORKS:

+ THE DISCHARGING PHASE

E	
2^	 C__	

ile exerting someWe now investigate how to discharge a capacitor wh

control on how long the discharge time will be. You can, of course, place

a lead directly across 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 audiripted because of the high voltages in:

volved—unless, of course, you are trained in the maneuver.

VR +	 In Fig. 10.39(a), a second contact for the switch was added to the cir-

	

ir	 cuit in Fig. 10.26 to permit a controlled discharge of the capacitor. With

R	 the switch in position 1, we have the charging network described in the

2	
+	 last section. Following the full charging phase, if we move the switch to

7: ^^ VC=E 
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.
(b)	 It drops with time because charge is leaving the plates of the capacitor,

FIG. 10.39	 which in turn reduces the voltage across the capacitor and thereby the

(a) Charging viernrk: (b) dischcrging configuration. voltage across the resistor and the resulting current.
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Before looking at the wave shapes for each quantity of interest, note that

cur.ent ic has now reversed direction as shown in Fig. 10.39(b). As shown

in 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 -negafive re-

e mathematicalgions of the graph. In all the waveforms, note that all th

expressions use the same ex factor appearing during , the charging phase.

For the voltage w:ross the capacitor that is decreasing with time, the

mathematical expression is

discharging

For this circuit, the time constant T is defined by the same equation as

used for the charging phase. That is,

RC 
I discharg, ing	

(10.18)

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

E

Ic	 jie	

discharging	

(10.19)

	For the configuration in Fig. 10.39(b), since VR	 VC ,(in parallel), the

equation for the voltage vR has the same format:

	

VR = Ee— 9 discharging	
(10.20)

The complete discharge will occur, for all practical purposes, in five

time constants. If the switch is moved between terminals I and 2 every

five time constants, the wave shapes ia Fig. 10.40 will result for vc, ic-,

I I VC

E-------

0 17 2T 37 4T 5T 67 7T 8T 97 107 1 IT 12T 13T 14T 15r t

t	 t	 t	 t

Switch in	 Position 2	 Position I	 Position 2

position 1

E lic

T?

0

E ^ --------

— T

FIG. 10.40

vc, ic, and vRfor 5T switching between contacts in Fig. 10.39(a).

Introductory, C.-28A
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and VR. Foreach 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 vc and ic resulting from swit5Rng between contacts I and 2 in
Fig, 10.39 every five time constants.

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

,r = RC = (8 kfl)(4,uF) = 32 ins

For the discharge phase, the equations are

vc = Ee _'/T = 40 Ve -02 -1

ic = - 
E 

e	
40 V -t/32 ms	 -1/32 s

R	 8 kn
e	 -5mAe

vR = vc = 40 Ve - 1/32 ,

A continuous plot for the charging and discharging phases appears in
Fig. 10.41.

VC

40 V - - - - - -

32 ms'

0	 51,	 10T	 15r	 t
Switch in	 Position 2	 Position I	 Position 2
position I

FIG. 10.41
vc and icJor the network in F*- 10,39(d) with the values in Fxample 10.6

The Effect of r on the Response
In Example,10.7, if the value Of T were changed by changing the resis-
tance, the capacitor, or-both, the resulting waveforms would appear the
same because they were plotted against the time constant ofthe network.,
If they were plotted against time, there could be a dramatic change in the
4ppearance of the resulting plots. In fact, on an oscilloscope, an instrument
designed to display such waveforms, the plots are against time, and the
chan.ge will be immediately apparent. In Fig. 10.42(a), the waveforms .

introductory, t- 28B

+5

-51

3
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vc	 ic

40V -------	 5m,^

32 ms	
32 ms

160 ms	 480 ms

0	 160 ms	 320 ms	 480 mS 1	 0	 320 ms

(57)	 (1 OT)	 (15r)	

'-5 mA -----------
(a)

PC	 7 8 ms	
ic	 7 8 ms

40V	 5 mA ----	 -----

44^40ms 12 , 21m^L2801

0 40 ms 80 ms 160 ms	 320 ms	 480 ms 1	 01- r20r	 30T

(57) (107) (207)

-5mA

(b)

FIG. 10.42

Plotting vc and ic versus time in ms: (a) T 32 ms; (b) 7, 8 ms.

Fig. 10.41 for vc and ic. were plotted against time. In Fig, l(142(b), the 	 ^c

capacitance was decreased to I AF, which reduces the time constant to 	 E

8 ms. Note the dramatic effect on the appearance of the waveform.

	

For a fixed-resistance network, the^effect of increasing the capacitance 	
C

	

^ce	

OC3 C3>C2>Clis clearly demonstrated in Fig. 10.43. The larger the capacitance, and her 	 iX

the time constant, the longer it takes the capacitor to charge up—there 	
R fixed

,more charge to be stored. The same effect can be created by holding the ,i

pacitance constant and increasing the resistance, but now the longer time is 	
FIG. 10.43

due to the lower currents that are a result of the higherresistance.	 Effect of increasing values of C (with R constant)

on the charging curvefor vc.

EXAMPLE 10.8 For the circuit in Fig. 10.44:

a. Find the mathematical expressions for the transient behavior of the

voltage vc and the current ic if the capacitor was initially uncharged

and the switch is thrown into position I at t = 0 s.

b. Find the mathematical expressions for the voltage ve and the cur-

rent ic if the switch is moved to position 2 at t	 10 ms. (Assume

R,

ic

20kil

+	
2o 

?3	 +
E	 12V	 C	 0.05 gF vc

R, 10 M

FIG. 10.44

Network to be analyzed in Example 10,8.
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that the lea kage resistance of the capacitor is infinite ohms; that is,

there is no IcAuge current.)

c. Find the mathematical expressions for the voltage vc and the cur-

rent ic if the switch is thrown into position 3 at t = 20 ms.
d. Plot the way*rms obtained in parts (a)-(c) on the same time axis

using the deiiied polarities in Fig. 10.44.

Solutions.

a. Charging phaie:

RIC = (20 kn)(0.05 AF) = I ins

.c -4(l - e-O') = 12 V(1 - e - 0 ms)

E	 12 V

	

tc 12^ i, e	 FO —k,,e /'m3=0.6,Ae-`/'m'

b. Stora8e phase: At 10 ms, a period of time equal to IOT has passed,
pepuitting.$ho psumption that the capacitor 

is 
fully charged. Since

Ricakage = QQ41"the capacitor will hold its charge indefinitely. The

result is that loth vc and ic will remain at a fixed value:

VC = 12 V

ic = OA

c. Discharge phase (using 20 ins as the new t = 0 s for the equations):
The new timeconstant is

7' = RC -="+."+ R2)C = (20 M + 10 kfi)(0.05 jAF) 1.5 ms

vc = Ee-'I" ' =412 Ve -'/1-5

ic = ^ E -,/,, 
= _

RI + R,'

12^v — 

e-^111-5ms -0.4 inAe-t/1-sm
20 kRl'+ ..l 0 M

d. See Fig. lO

'C

12 V ---------

	

-'^O MS)	 15 nis) (22.5 ms)

IC

0.6 mA

(IO.MS)	 (15ms) (22.5ms)

0	 5T	 t

6.4 A ------------ ----------------A,

FIG, 10.45

VC and icfo^ the network in Fig. 10,44.



IOIkF 12.64V

3 kit

FIG. 10.48

Netwo)* in Fig. 10.47 when the switch is moved to

position 2 at t - IT,.
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EXAMPLE 10.9 For the network in Fig. 10.46:	
IZ-__

a. Fuid the mathematical expression for the transient behavior of the volt-

age across the capacitor if the switch is thrown in1qb$j!ion I at t = 0 s.

b. Find the mathematical expression for the transifentl6havior of the volt-

age across the capacitor if the switch is Inoved 
to 

position 2 at t = 17,

'c. Plot the resulting waveform for the voltage vc 'as*m- nined by 
parts

and (b).

A ,Repeat parts (a)-(c) for the current ic.

4mA

R, 5 M

	

	 ::iOAF U*c

R2

3ka

FIG. 10.46

Network to be analyzed 
in 

E^ample J&. -

Solutims.

a. Converting the current source to a voltage sour4results in the con-

figuration in Fig. 10.47 for the charging phase.

---AAA-

W	
ic

E	 20 v	 C;X	 VC
^R2	

I k(I

FIG. 10.47

The charging phasefor the network in Fig; 10.46.

F;or the source conversion

E = IR = (4 mA)(5 kfl) 20 VA

and	 R.=R.=5kfl

T = RC (RI + R3)C = (5 W + 3 k(l)(101 AF) = 80 nis

VC = E(I e - 'I!) = 20 V (I - - e 'I" ') -'

b. With the switch in position 2, the network app" as shown in Fig.

10.48. The voltage at IT can be found by using the fact that the volt-

age is 63.2% of its final value of 20 V, so that 0.632(20V) = 12.64 V.
Alternatively, you can substitute into ft dexived equation as followc.

11	 e-11" = e -117 = e - 1 = 0.360

and	 vc = 20 V(I - e- '180 1^ - 20 V(I ^ 0.369)
= (20 V)(0.632) = 12.64 V

Using this voltage as the starting point and subs4Wng into the dis-

charge equation results in

RC = (R2 + R3)C = (I kf1 + 3 kn)(16jW) = 40 ins

vc Ee	 12.64 Ve-*140"
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Uc(V)

20 V ------------------------------- 	 -------- — --------

12.64V

0	 80 ,	 160	 240	 320	 (ms)

7

FIG. 10.49

VCfor the Aetwork in Fig. 10.47.

c. See Fig. 10.49.

d. The charging equation for the current is

	

ic = 
E e-r/7	 E	 -t/ir = 

20 V 
-,/80 ms 2.5 mAe '/so ma

-- 
e i-

R	 + R	
kf, e

	which, at t	 80 ins, results in

iC = 2.5 mAe - 80 ms/80 ms = 2.5,mAe - 1 = (2.5 mA)(0.368) = 0.92 mA

When the switch is moved to position ^, the 12.64 V across the

capacitor appears across the resistor to establish a current of 12.64

V/4 k0 = 3.16 mA. Substituting into the discharge equation with

Vj 12.64 V and T', = 40 ins yields

ic=	
yj	

e	
12.64 V	 -,/40 ms

R2 + R3	 I kfl + 3 kfl,

12.64 V -,/40ms	
3.16 mAe -/40

^ kf^l

The equation has a minus sign because the 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.

ic. (mA)

0^92

0	 80

T

-3.16

FIG. 10.50

i,for the neAvork in Fig. 10.4Z

320	 400	 t (MS)

5T'
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10.7 INITIAL CONDITIONS
ctions, the capacitor was unchargedin all the examples in the previous se

before the switch was thrown. We now examine the effect of a charge,
and therefore a voltage (V = Q1Q, oti the plates at the instant the switch
ing action takes place. The voltage across the capacitor at this instant is
called the initial value, as shown for the general waveform in Fig. 10.5 1.

"c	

Vf------------------

V,	 Transient	 Steady-stateI/ response
	 region

condild7ons

01	 t

FIG. 10-51
Defining the regions associated with a transient 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 su' bstituting the open-circuit equiva-

I 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 vc for the entire time interval in Fig. 10.51.
That is, for the transient period, the voltage rises from Vi (previously

0 V) to a final value of Vf. Therefore,

VC = E(I - e	 (Vf - Vi)	 e

Adding the starting value of Vj to the equation results in

VC = Vi v - Vi)( i - e-IT)

However, by multiplying through and rearranging terms, we obtain

vc= Vj + Vf - Vfe -tlr vi+ Vie-'I'

Vf Vf- -111 + Vie-*

We find

(10.21)Fy7c 7=:vE :( y, — =vf)e
Now that the equation has been developed, it is important to recog-

nize that

Eq. (10.21) is a universal equationfor the transient response ofa

capacitor.

That is, it can be used whether or not the capacitor has an initial value. If'
the initial value is 0 V as it was in all the previous examples, simply set

Yj 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.



56A ms

'VC24 V ----------- -

Z57

0

FIG. 10.53
vc and icfor the network in Fig, 10.52,

01
ic
5.88 mA
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EXAMPLE 10. 10 The capacitor in Fig. 10.52 has an initial voltage of 4 V.

a. Find the mathematical expression for the voltage across the capacitor
once the switch is cloged.

b. Find' the mathematical expression for the current during the transient
period.,

C. Sketch the waveforin for each from initial value to final value.

R,

	

2.2 kf1	
ic

E	 24 V

	

VC C	 3.3 AF 4 V

R2

1.2kfl

FIG. 10.52
Example 10,10.

Solutions:

a. Substituting the open-circuit equivalent for the capacitor results in a
final or steady-state voltage vc of 24 V.

The time constant is determined by

'r = (R I + R2)C
= (2.2 kD + 1.2 kn)(3.3 gF) = 11.22 ms

with	 5,r = 56.1 ms

Applying Eq. (10.2 1) gives

v, = Vf + (Vi - Vf) e -'/' = 24 V + (4 V - 24 V)p-1/11,22m,

and	 vc = 24 V - 20 Ve-1/11-22

b. 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 capaiNtor) must hive 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 - Vc	 24 V - 4 V	 20 V
j.2 kf, -+1.2 kfj = - - 5.88 mA

	

RI + R2	 3.4 kfl

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.

The equa tion for ic is therefore

ic = 5.88mAe—t/11.22ms

c. See Fig. 10.53. Tle 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 zero,
with the peak value having a sign sensitive, to the defined direction'
of ic in Fig. 10.52.
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Let us now test the validity of the equation for v, by substituting

r 0 s to reflect the instant the switch is closed. We have

e `1T = e-0

and	 vC 24V — 20 `Vev^' = 24V — 20V 4V

When t > 5T,

0

and	 V, 24 V — 20 Ve* 24 V — 0 V 24 V
VC

Eq. (10.21) can also be applied to the discharge phase by applying the

correct levels of Vi and Vf-

Fof the discharge pattern in fig. 10.54, Vf = 0 V, and Eq. (10.21)

becomes

VC = Vf + (Vi — Vf)e - 'Ir = 0 V + (Vi 0 V)e - '/T 	 I T 27 37 4 r 5 r	 I
V,= C V

and	
dischging	

(10.22)	 FIG. 10.54
Defining the parameters in Eq. (10.21)for the

Substituting Vi E volts results in Eq. (10. P).	
discharge phase.

10.8 INSTANTANEOUS VALUES

Occasionally, yqu may need to determine the voltakt or current at a par-

ticular instant of time that is not an integral multiple Of T, as in the previ-

ous sections. For example, if

vC = 20 V(1 - e( 
-t/2 ms))

the voltage vC may be required at t = 5 ms, which does not correspond

to a particular value Of T..Fig. 10.28 reveals that (1 - e'l') is approxi-	 Y,

mately 0.93 at t = 5 ms = 2.5T, resulting in vC - 20(0.93) - 18.6 V

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

e^uation and solving for vC using a ca Iculator or I table to determine

e 

2 

5 . Thus,

vC = 20 V(1 - e - 
5 ms/2 ms) = (20 V) (1 _ e - 2. 1) = (20 V)(1 — 0.092)

= (20 V)(0.918) = 18.36 V

The results are close, but accuracy beyond the tenths place is suspect,

using Fig. 10.29. The above proceAure can also be applied to any othtr

equation introduced in this chapter for currents or other voltages.

Occasionally, you may need to determine the time required to reach a

particular voltage or c;irrent. The procedure is complicated somewhat by

the use of natural logs (log,, or In), but today 's calculators are equipped

to handle the operation with ease.

For exampf^, solving for t in the equation

-C ^f + ( V, - Vf)e

results in
f)

(10.23)



For example, suppose that

vC = 20 VO
I — 

e — t/2 nu)

and the time t to reach 10 V is desired. Since Vi = 0 V, and Vf = 20 V, we
have

'r(l 9.) 
(Vi - Vf) 

= (2 ms) (log,) 
(0 V - 20 V)

0 (

UC - Vf)	 (10 V - 20 V)

	

(2 MS) 1-ge( 20 V	 (2 Ms)(10ge2) (2 ms)(0.693)
I	 -10V

1.386 rns

The TI-89 calculator key strokes appear in Fig. 10.55.

.. 
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0

C

W[O"MU]" LN	 1.39E.3

FIG. 10.55
Key strokes to deterInine (2 ms)(10ge2) using the TI-89 calculator.

For the discharge equation,

vc = Fe -117 = Vi (e -tlT)	 with Vf =0 V

Using Eq. (I 0.23).gives

(VI Vf)	 (Vi - 0 V)
t r(log,) 

(-C Vf) 

= 
'00&)

(VC - 0 V)

and	 t 7 log, V!

I -
	

VC

For the current equation,

	

ic = 
E 

e-'IT	 Ii - 
E	

If= OA
R	 R

and	 t = log,
IC

RThq10.9 THtVENIN EQUIVALENT.

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 Thdvenin

equivalent circuit for the network external to the capacitive element. ETh
will be the source voltage E in Eqs. (10.13) through (10.25), and RTh will
be the resistance R. The time constant is then 7- R7-hC

F tche neAMPILE 1 0, ' I 

or	

tworl in Fig, I I

	

m c I x	 i. f

Find he -.the at. a 

e 
Press . or the 'ansient beha-.' 

of 
'hevoltage ' . the 

urr	 r.1l.wi.g t 

e clos g of	 tv
a d	 ent	 h	 in	 the ^wi t

(P.

^

.n.. 1 

a 

t	
0

(10.24)

(10.25)
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THtVENIN EQUIVALENT:	 P^HC I 11 43'

60 kil	 10 kfl

ic 2
R,	 3	 +

+	
R	 10 kil

E -r--21 V 30 W R2	 c 0.2 AFT vC R4

FIG. 10.56

Example 1 0. 11.

lie current	 R T,:	 10 kfl	ion for the voltage vC and it	 60 kn
b. Find the mathematical express

ic as a function of time if the switch is thrown into position 2 at t 	 R,

9 Ms.	 31 kfj

c. Draw the resultant waveforms of parts (a) and (b) on the same time

axis.

Solutions:	 ET,;	 60 W	 10 kn

a, Applying Th6venin's theorem to the 0.2 gF capacitor, we obtain
	

-71

Fig. 10.57. We have	 E

RTh = R, 11 R2 + R3 = 

(60 kfl)(30 kn) 
+ 10 kfl

90 kfl

= 20 kfl + 10 kn = 30 kfl

R2E	 (30 kfl)(21 V)	 1- 1 V) = 7V	
FIG. 10.57

Erh = 
R2 + R, = 30 kfl + 60 kfl	 3 

(2	 Applying ThIvenin's theorem to the network in

f'ig. 10.5 6.

The resultant Th6venin equivalent circuit with the capacitor re-

placed is shown in Fig, 10.58.	
e find that	

R7, 30 kfl
Using Eq. (10.2 1) with Vf = ETh and Vi = 0 V, w

VC= Vf + (V, - Vf) e	
+

becomes	 VC E, + (0 V - E,)el-'Ir	
E, 7V	 C 62 F

"C
or	 VC

with	 T = RC (30 kfl)(0-2 AF)	 6 ms	 FIG. 10.58

Therefore,	 VC = 7 V(1 - e	
Substituting the ThOvenin equivalentfor the ne. twork

in Fig. 10.56.

For the current ic:

E 
Th e

-tIRC	 7 V C'/6ms
IC	

R	 30 kfl

0.23 
mAe - t/6 m

b. At. t 9 ms,

vC ETh(1	 7 V(1 - e-(' ms/6 mp)

(7 V)(1	 e- 1-5) - (7 V)(1	 0,223)

(7 V)(0.777) = 5.44 V

and ic ^-Th 
e 
-1/1 = 0.23 mAe-"5

R
10-3 0.05 mA

(0.23 X 10 -1 )(0.233) = 0.052 X

UsingEq. (10.21) with vf = OV and Vi 5.44V, we find that

V C = Vf + M - Vf) e
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VC ------------------

VV, 5.^4 V

-ILI
5	 10	 15	 20	 25	 30	 35 1 (ms)5

ic (MA)
0.23

	

0.05	 ----	 10	 15

	

0	
1	

-L	 - '5	 20	 2L5	 30	 t (MS)

05
—"'j-

5

4

-0.54

FIG. 10 59

' The re$ulting Waveformsfor the network in Fig. 10,56.

becomes	 vc = 0 V + (5.44 V - 0 V)e-'Ir'

= 5.44 Ve-/"

with	 R4C = (10 kn)(0.2,uF) = 2 m,

	

R, 7 ffkIfIR,
	 18 kffll 	 and vc 5.44 Ve -1/2 ms

5 kn R,	
Py Eq. (10. 19),

+ V

C -

+	 C	
5.44 V

	

V	

=.0.54 mA

	

E -=-120V.	 6	
kf,

40 ^IAF

	

+ ,	
R440 V	
R4 2 U11	

and	 ic 1,e-117 0.54 mAe-t/2."

-	 c. See Fig. 10.59.

FIG. 10.60

Example 10. 12.

	

	
EXAMPLE 10.12 The capacitor in Fig. 10.60 is initially charged to

Q 
I 4Q V. Find the mathematical expression for vc after the closing of the

	

R,	 R,	
Y-s-witch. Plot the waveform for vC.

	

nTh6venin5 M	
. 7
7kil	

Solution: The retwork is redrawn in Fig. 10.61.
+	

Rj	40 1AF	
2 U1	 Erh:R4

'a

40V C	 R	 18 kn3	 +
+	

R3E	 (18 kfl)(120 V)

7_

E — I^Ov	 E, 
j3 + —R	 -18 ka + 7 —k	 80 VI + R4	 'a + 2kfl

RTh:

	

FIG. 10.61	 RTh = 5 kfl + (18 k1l) 11 (7 kfl + 2 kfl)
Network in Fig. 10.60 redrawn.	

= 5 kn + 6 kil I I kfl
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Th^refbre,	
v, —4ov	 and	 Vf 80V

T
and	 R,C = (11 kfl)(40 IkF) = 0.44 s

Eq. (10.21):	 VC = Vf + (Vi — Vhe-11T 
V)e-1/0.44,

= 80 V + (40 V — 80

and	 VC — 80 V — 40 Ve-'/OA4'

The waveform appears as in Fig. 10.62.

9

----------
EXAMPLE 10.13 For the network in Fig. 10.63, 

find the mathematical

.vII-11expression for the voltage vc after the closing of the switch (at t 0).

Solution,

RTh = R, + R2 = 6 il + 10 fl = 16 fl

ETh = V) + V2 = IR I + 0,	 10- 3 V = -0.12 V= (20 X 10 - ' A)(6 fl) = 120 X

and	 T = RThC = (16 fl)(500 X 10-6F) = 8 ms

so that	 vc = 0.12 V0 e-118 n

10.10 THE CURRENT ic

There is a very special relatioi.ship between the current of a capacitor

and the voltage across it. For the res-stor, it is defined by Ohm's law:

iR = vjz/R. The current through and the voltage across the resistor are

related by a constant R—a very simple direct linear relationship. For the

capacitor, it is the more ccmplex .
relationship defined by

dvc	
(1 

1 

0.26)Fi, 1v-,,
The factor C reveals that the higher the capacitance, the greater is the

resulting current. Intuilively, this relationship makes sense because

higher capacitance levels result in increased levels of stored charge, pro

viding a source for increased current levels. The second term, dvcldt, is

sensitive to the rate of change of vc with , time. The function dvcldt is

called the derivative (calculus) of the voltage vc with respect to time t.

The faster tne voltage vc changes with time, the largek will be the factor

dvcldt and the larger will be the resulting current ic. That is why the cur-

rent jumps to its maximum of EIR 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 its greatest rate. As it approaches its final

value, the rate of change decreases, and, as confinned by Eq. (10,26), 
the

level of current decreases.

Talze ,spocial 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 I V to 10 V in 1 ins than when it charges from 10 V to

100 V in I s; in fact, it will be 100 times more.

f Vc

80V ------------

40	
0.44 5

0	 IT	 2T	 3T	 4T	 57
	 I

FIG. 10.62
vCJor the network in Fig, 10-60.

500 gF VC

FIG. 10.63
Example 10. 13.
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If the voltage fails to change over time, then.

dvc
— 

= 0

dt

dvc
	,and	

ic 
= C^ = C(U) = 0 A

dt

In an effort to 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 current is defined
by the equation

	

ic	 VC
(10.27)

where A indicates a finite (measurable) change in voltage or time. The

instantaneous current can be derived from Eq. (10.27) by letting At be-
come vanishingly small; that is,

IVC	 dvc
C lim C	 C-

	

M At-0	 dt

In the following example, the change in voltage Avc 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
change 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.,

EXAMPLE 10. 1 4 Find the waveform for the average current if the

voltage across a 2,uF capacitor is as shown in Fig. 10.64.

VC (v)

C

4 -----------

all
JV2

12 t3l	 2	 3	 4	 5	 6	 7	 1 (MS)

tj	
8	 9	 10	 11	 12

FIG^ 10.64

vcfor Example 10. 14.

Solutions:

a. From 0 ms to 2 ms, the voltage increases linearly from 0 V to 4 V;
the change in voltage Av = 4 V - 0 = 4 V (with a positive sign since-

the voltage increases with time). The change in time At 2 ms -
0 2 ms, and

C AVC 
(2 X I 0_' F)	

4 V
	At 	 (2 X 10-Is

4 X 10-3 A 4mA
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T

b. From 2 ins to 5 ms, the voltage remains constant at 4 V; the change

in voltage Av = 0. The change in time At 3 ins, and

ic., = C A-v—c = C -^- 0 rnA
At	 At

c. From 5 ms to 11 ins, the- voltage decreases from 4 V to 
0 V. The

change in voltage Av is, therefore, 4 V - 0 = 4 V (with a nega-

tive sign since the voltage is decreasing with time). The change in

time At	 ms - 5 ins = 6 ms, and

	

ic. 
C 
AVC 

= -(2 X 10
-6 F)	

4 V 

_' sAt.	 (6 X 10

1.33 X 10- ' A	 1.33 rnA

d. From I I 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 voltage is as shown in Fig. 10.65.

ic (mA)

4

0

1	 2	 3

-1.33^ -------------------
4

	

0	 11	

1 2	 t (MS)

FtG. 10.65

The resulting current icfor the applied voltage in Fig. 10-64.

Note in Example 10.14 that, in 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 value was

found. For example, if the interval At is reduced from 0 ­^ tj 
to 

t2 - t3,

as noted in Fig. 10.64, Av/At 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 4 will be the same-If we consider the limit as At -). 
0, *e slope

will still remain the same, and therefore ic ., = ic.. at any instant of

t 
I
ime between 0 and t j . 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 voltageacross a capacitor that determines the cur-

rent but rather how quickly thevoltage 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 I V 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 obtained by placing capacitors in parallel,

while decreasing levels can be obtained by placing capacitors in series.



M

E

FIG. 10.66

Series capacitors.

+	 Q1	 + Q2	 + Q3
E V,	 V2	

V^3

T-:—j

FIG. 10.67

Parallel capacitors.
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For capacitors in series, the charge is the same on each capacitor

(Fig. 10.66):

QT = Q1 = Q2 —: Q73	 (10.28)

Applying Kirchhoff's voltage law around the closed loop gives

E = V, + V2 + V3

However,	 V = Q

C

so that	 = Q, + R^ +

CT C1 C2 C3

Using Eq. (10,28) and dividing both, sides by Q yields

	

+	 (10.29)
Ci C2 C3EcT 7F.+ F R,

which is similar to the manner in which- we found the total resistance of a

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

(10,30)

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

QT = Q1

or	 CTE = C, V,

Solving for V, gives 	 V, ^ CTE

C,

and substituting for CT gives

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:

	

L+7^1 ̂ +Ql	
(10.32)

However,	 CV

Therefore,	 CTE	 V, = C2V2 = C3V3

but	 E = V, = V2 = V3

Thus,	
C1 = C^ ^^^Cl + C3	 (10.33)

which is siffu'l	 manner in which the totat'resistance of a series
circuit is found.
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-7-
C1.	 C2	 C3

EXAMPLE 10.1'5 For the circuit in 
Fig. 1U.0

200 1,F	 50 gF	 10,uF

a. Find the total capacita
n
ce. 	 20

LV2

b^ 
Determine the,charge on each plate. 	 E — .60 V

c. Find thevoltage across each capacitor,	 7

Solutions.,

I	 FIG. 10-68

a. —	
Example 10.15.

C, C2 C3

. 1— +
jo—OX 10-6 F 

50 X 10-6 p 10 X 10-6 F

0.005 X 106 + 
() .02 X 106 + 0.1 X 106

b.125 X 106

and	 ^T	
810

0.125 X I

b. QT = QI Q2 = Q3
CTE (g x 10,-,' F^) (60 V) 486AC

480 X 
10-6 C 

2.4y
.c. V,	 CI	 200 X ()-6 F

4 n 1 0-6 C
80	 9.6V

	

V2 C2	 50 X 10-6 F

V, k3 
480 

X 10-6 -C -
= 48.0 V

	

C3	
10 k 10-6 F

and E V, + V, + V3 24V + 9.6V + 48V 60V	
(checks)

T'	 C2 Q2 C3 Q3C' g. 10.69:

	

	 +	 C1 Q1=SVEEXAMPLE 10. 16 For the network. i	
E 

-F-	

800 ^'F 0 ^LF

a. Find the total, capacitance.	
49 V 800 Ap 60 A^ 1200ju

bi. Determine the charge on each plate. 	

Q

Q

c. Find the total'charge.

	

s	 FIG. 10.69
Solutions:

C2 + C3 = ,800 ^& + 60 AF + 1200 l.LF 2060 gF	
Example 10. 16.

a. CT = CI +

b. Q, = CIE = (800 X 
1 0-6 F)(48 V) = 38.4 mC

Q, = CiE = (60 X 
10-6 F)(48 V) = 2.88 mC

Q3 = C3E = (1200 
X 10-6 Q(48 V) = 57.6 mC

c.
QT=Q,+Q2+Q3=38.4mC+2.88inC+57.6mC=98-98MC

+ V,
C 3 pF

EXAMPLE .17 Find. the voltage across and the charge on eac
h c;p-,	

Q1	
+

	

la	 V3etwork in Fig. 10.70 . -	
+ C

10	
1—, 120 V -=-, V2 2pacitor for the n 	 +f	 Q2 C11

4 AF	 2,.F -
Solution:

C^ r = C2 + C3 = 
4 IiF + 2 /xF 6

CIC'T	
(3 yf)(6	

2 /AF	 FIG. 10.70
CT = Ft —+CT = 3 AF + 6 j&	 Example 10. 17,

QT = C,E = 
(2 

X 10-6 F)(120 V) 240 jAC

Intmductorv-C. . -49A



+ Vc,

R,

2 0

E = 72 V
r

+ Vc2 -

' 01R2	 7 D	 R,	 11,

E= 72 V

0
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C1 3 AF

Q!+	

V,Q1
	

C'T +
E 120 V

Q12', 1,	
V,

6 AF

Q2	 Q3 
+

Ti

FIG. 10.71
Reduced equivalentfo, the network in 

Fig. 10,70.

R,

E 24 v
C, 20 AF Vc

FIG. 10.72
Example 10. 18.

f4 JIV

E= 24V	

"Ij

VC

FIG. 10.73
DefermIning thefinal (steadY-state) valuefor v^

+ V, -

C1 = 2 AF

An equitalent circuit (Fig. 10.71) has

QT = Q1 = QT
and, therefore,	

Qi = 240 AC

and	 Q, 240 x 10-6C

C1	 3 X 10-6 F

Q'7- 2404LC

	Therefore, v1T Q , T = 240 X w6	
40 V

C'T	 6 X 10-6F

and	 Q2 C2VT = (4 X 10-6 F)(40 V) = 160,,c

Q3, = C3VT = (2 X 10-6
F)(40 V) = jo,,C

EXAMPLE 10.18 Find the voltage across and the charge on capacitor
C, in Fig. 10.72 after it has charged up to its fulal value.

Solution: As previously discussed, the capacitor is effectively an open
circuit for dc after chargihg UP to its final value (Fig. 10.73).

Therefore,

VC = 
(8 fl)(24 Y) 

16 V
4fl + 8 n

Q1 = Ci Vc (20 X 10-6 F)(I 6 V) = 320 ILC

---------------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.

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

(7 fl)(72 V) 

56 Vvc^ 
= 7 fl + 2 n

V1, = 
(2 fl)(72 V)

2n + 7 
6- — 10 V

Qi = C i Vc, = (2 X 10-6 F)(16 V) = 32,uC
Q2 . = , C2Vq = (3 X W-6 F)(56 V) = 168 AC

(a)
(b)

FIG. 10.74

Example'10.19.

-7
1, 00
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'10.12 ENERGY STORED BY A CAPACITOR 	 v,i,p

	An ideal capacitor does not dissipate any of the energy supplied to it. It 	
E — ----------------

	

conducting	 Rstores the energy in the form of an electric field between the Vc

	surfaces
'

* A plot of the voltage, current, and power to a capacitor during	 P Vc , c

	

the charging phase is shown in Fig. 10.75. The power curve can be ob- 	 ic
tained by finding the product of the voltage and current at selected in-

ints obtained, The energy stored isstants of time and connecting the po 	 0sing calculus,shaded area under oe power curve. Urepresented by the
'we can determine the area under the curve: 	 FIG. 10.75

Plotting the powerjo a capacitive element during

WC - 
cE2	 the transient phase.

2

In general, 	 WC !CV2	 (I)
.2

where V is the steady-state voltage across the capacitor. hi terms of Q and C,

1	 2
_WC Zc('C)	 t

or	 (10.35)

EXAMPLE 10.20 For the network in Fig. 10.74(a), determine the en-
ergy stored by each capacitor.

Solution: For Cj:
Conductors

2WC - CV
2

10-6)

	

(2 X 10 -6 F)(16 V)' (I X	 (256) 25,6 FQ
2

For C2:
(a)

WC 
2 

CV2

Cb, Cb,
1 

(3 X	 F)(56 V)2 (1.5 X 10-6 (3136) 4704 fJ10
2

Due to the squared term, the energy stored increases rapidly with in- 	 E	 C

creasing voltages,	 P,

C,_

10.13 STRAY CAPACITANCES 	 (b)

In addition to the capacitors discussed so far in this chapter, there are
stray capacitances that exist not through design but simply because t . wo
conducting surfaces are relatively close to each other. Two conducting

a capacitive effect between them, as 	 (C)wires in the same network have
shown in Fig. 10.16(a). In electronic circuits, capacitance levels exist be-
tween conducting surfaces of the transistor, as shown in Fig. 10.76(b). In 	 FIG. 10.76

1,Chapterill, we will discuss another element, called the inductor, which	 Examples ofstray capacitance.
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has capacitive effects between the windings (Fig. 10.76(c)). Stray capac-

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-
ular, as well as a discussion ofthe use ofcapacitors 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

The touch pad on the computer ofFig. 10.77 is used to control the posi-
ti6n 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

general approaches to providing this linkage: capacitance sensing and

conductance sensing. Capacitance sensing depends on the charge car-laptop
t^ ,u,n; ad ried by the humap body, while conductance sensing only requires that,

pr,-ssure be applied to a par
I 
ticular position on the pad. , In other words,

the wearing of #Ioves'or using a pencil will nof work with capacitance

FIG. 10.77	
sensyng but is effective with conductance sensing. 

I

There are two methods commonly employed for capacitance testing.
Laptop touch pad.	 One is referred to as the matr Kix approach, and the other is called the

capacitive shunt approacb.,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 olane—one for the horizontal, displacement and the other

Conductors
abo^e dielectric

C

ffigh-frequencysignal
sequentially applied to
conductors on top of

lecuic

As each grid wire on the top i s energ ized, a n 1c
sensor scans all the perpendicular wires in die bottom
of the structure to determine the location of 16 	 Conductors under

change in capacitance. 	 dielectric

FIG. 10.78
Matrix aPP704ick to capacitive sensing in a touch pad.
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for the vertical displacement, The*sult when looking , down at the pad

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 each set of

res. When a finger approaches a particular intersecti ' on the charge on

Wi 

r	
point by drawingthe inger will change the field distribution at that

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

the finger iis 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 a 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 byC = QIV. The

change in capacitance at the intersection will be noted by tbe^ ICs. 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 tran gmitter and a receiver, both of which

are -formed on separate.printed circuit board 
(Pd3) platforms with a

plastic cover.over the transmitter to avoid actual contact with . the fin-

ger. When the excitation signal of 2JO 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

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 charge in capacitance is only in the order of

ferritoftuads, as compared to the picofarads; for the sensor, but is still

sufficient to be detected by the sensor. The change in capacitance is

picked up by a 16- bit X-A capacitor to digital convertor 
(CDC) and the,

Fringing

effect

Source

(SRQ

250 kHz ^V

transmitter

Plastic cover

Dielectriic

C	

Base

CDC

FIG. 10.79

Capacitive shunt approach.
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results fed into the contoller for the system to which the senipr 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 foran elevator, the circular pattern OfFig. 10.80(a) may
be applied, w hile for a slide control, it may appear as shown in Fig.
10.80(b). 

In each casd the excitation is applied to the red lines and re-
gions and the capacitance level measured by the i7liq blue lines and re-
gions. In other words, a field is

l 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
CIN inputs required is one per row and one per column ,to provide the
location in a tw6-dimensi6nal space.

The last. method to be described is Jhe conductance-seijs j ng ap-proach. Basically, it employs two thin metallic conductmg^ surfi"es sep-
stated- by a very thin space. The top surface is usually flexible, ,viiile 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 'lietween the two surfaces to increase dramati-
cally in that one location. This change in conductance 

is then picked upby 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
Pointing devices because of environmental concerns.

Flash Lamp

The basic circuitry for the flash lamp of the popular, inexpensive, throw-
away camera in Fig. 10. 81 is provided in Fig. 10.82. The- physical cir-cUitry is in Fig. 10.83. The labels added to Fig. 10.83 identify broad areas
of the design and some individual components. The major components of
the electronic circuitry include a lar'ge 160 /,&, 330 V, polarized elec-
trolytic capacitor to store the necessary charge for the flash lamp, a flash

lamp to generate the required light, a dc battery of 1.5 V, a chopper net-
work to generate a dc vailtage 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 asshown in Figs. 10.82 and 10.83 and a third capacitor of 470 pF in thehigh-frequency oscillator of th

e chopper network. In particular, note that
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FIG. 10.82

Flash camera: basic circuitry,

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

should certainly be of some interest that a single source of energy of only

1.5 V dc can be converted to one of a few thousand volts (albeit for a very	 b
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 = Pt =

(VI)t. That is, a high level of voltage can be generated 1or a defined

energy level as long as the factors I and t are sufficiently small.

' first use the camera, you are directed to press the flashWhen you
button on the face of the camera and wait for the flash-ready light to

come on. 4s soon as the flash button is depressed, the full 1.5 V of the

dc 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 to a

half-wave rectification system (introduced in-earlier chapters), result-

ing in a dc voltage of about 300 V across . the 160 
uF capacitor to

charge the capacitor (as determined by Q - 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 "flash-ready

lamp" on the camera) to let you know that the camera is ready to use.
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FIG. 10.83

Flash camera: . internal construction.

The entire network from the 1.5 V dc level to the final 300 V level is

called a dc-dc converter. The terminology chopper network comes

from the fact that the applied dc voltage of L5 V was chopped up into

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 300 V across the branch before the

neon light turns on. 'Neov lights are simply bulb , s 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 s. Succeeding charging cy-

cles may only take some 7 s 
or 

8 s because the capacitor still has some

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

begins to drain the 300 V dc supply with a drain current in microam-

peres. As the terminal voltage drops,.the neon light eventually turns off.

FortheunitinPig. 10-81, it takes about 15 minbefore the light turns off.
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Once off, the neon light no longer drains the capacitor, and the terminal

voltage of the capacitor remains fairly constant. Eventually, however, the

capacitor discharges due to 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 = QIQ 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 initiil charge, you do not need to press the charge button betiveen

pictures—it is done automatically, However, if the camera sits for a long

period of time, yovmust depress the charge,button, but the charge time
is only 3 s or 4 s due to the residual charge on the plates of the capacitor.

The 300 V across the capacitor are insufficient to fire the flash lamp.
Additional circuitry, called the trigger network, must be incorporated to

generate-the few thousand volts necessary to fire the flash lamp. The re-

sulting high voltage is one reason that there is a CAUTION note on each
camera regarding the high internal voltages generated and the possibility

of electrical shock if the camera is'opened,	 I

The'thousands of volts required to fire the flash lamp require a di g

-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 possibilitics available from the right mix of elements. When the

flash switch at the bottom left of Fig. 10.82 is closed, it establishes a
connectionbetween the resistors R, and R2- 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 t urris the SCR "on", and establishes a

very low resistance path (like a short circuit) between its anode (A) and
cathode (K) 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 pan
,of the network drops to 0 A, and ' the SCR opens up again since it is a de-
vice that needs a iteady current in the anode circuit to stay on. The ca-

pacitor then sits across the parallel 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 is 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 I 1*^

When the capacitor decays to zero volts, the curTFht through the coil

will be zero am^eres, but efstrong magnetic field has been established

around die 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 tile 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 autotransfortner ^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

f

a

0



FIG. 10.84

^urge protector: general appearance.

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

trigger voltage is applied, 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 cur-rent in the lamp is supported by the

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

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 bum 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-

.pe&ed surges in voltage and current, most quality units also filter out

(remove) electromagnetic interference (EMI) and radio-frequency inter-

ference (RFI). EMI encompasses any unwant ed disturbinces down the

power line established by ,any combination of electromagnetic effects

such as those generated by motori 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 audio range and beyond

that may also be piZke(f up by power lines inside or outside the house.

. The unit in Fig. 10.84 has all the design features expected in a 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 isTault 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 
is 

on, a red lighit 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 1he major components that appear in most good

line conditioners. First
I 
note in the photograph in Fig. 10.86 that the out-

lets 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, sb i ' t will take some adjustment to relate

,he position of the eliments on the board to the casing. The feed line or

h,,! lead wire (black in the actual unit) is connected directly from the

I j tic to the circuit breaker. The other end of the circuit breaker ,is con-

!ic^ited to the other side of the circuit board. All the large discs thatpu

are 2 nF capacitors [not all have been included in Fig 10.86 for clar-

iLyl, There are quite a few capacitors to handle all the possibilities. For

instance, there are capacitors from line to return (black wire to white

wire), from line to ground (black to green), and from return to ground

(white to ground). Each has two functions. The first and most obvious

function is to prevent any. spikes in voltage that may come down the line

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

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

across capacitors cannot change instantaneously and, in fact, acts to

squelch any rapid change in voltage across its terminals, The capacitor,

.therefore, prevents the line to neutrql voltage from changing too

quickly, and -any spike that -tries to come down the line has to find an-

other point in the feed circuit to fall across. In this way, the appliances

plugged into the surge protector are well protected.

The second function requirei'some knowledge of the reaction of ca;

pacitors to different frequencies and is discussed in more detail in later

9
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chapters. For the 
moment, let it suffice to say that tile capacitor has a

different impedance to different frequencies, thereby preventing unde-

sired frequencies, suc 

i 

It as those associated with EMI and RFI distur-

bances, from affecting the operation of units connecte d
 to the line

conditioner. The rectangular-shape d capacitor of I AF 
near the center of

the board is connected directly across the line to take the brubt of a

strong voltage spike down the line. Its larger siz^ is clear evidence that
vel that may be estab-

it is designed to absorb a fairly high energy le ,

lished by a large voltage—significant current 
ov

. 
er a period of time that

may exceed a few milliseconds.
The large, toroidal-shaped structure in the center of the circuitboard

in Fig. 10.86 has two coils (Chapter 11) of 228 kLH 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 unwanted EMI and.RFI frequencies from getting to the connected

systems. In the next chapter you will find that coils act as "chokes " to

quick changes in current; that is, the currentc through a coil cannot

lcfiange instantaneously. For increasing frequen ies, such as those asso-

ciated with EMI and RFI,disturbance s, the reactance of a coil increases

and absorbs the undesired 
I 
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.
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
ci

range of 
voltages down the line, its terminal resistance is suffi ently

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 io 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 MOVs 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, whereas 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 1%. 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 a 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-resistanc e
 characteristics for only a short period of

time. When the spike has passed, it

I 
returns to its normal open-circuit

characteristic. If you're wondering where the spike goes 
if the load is

protected by a short circuit, remember that all 
s, purces of disturbanc6,

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

tioners, dishwashers, power saws, and so on), have their own "source

resistance,"
 and there is always some resistance down the lifte to ab-

sorb the disturbance.

I

W



Most line conditioners, 
as 

part of their advertising, mention their en-

erd ,absorption level. The rating of the unit in Fig. 10.84 is 1200 J, which
is actually higher than most. Remembering that W = Pt = Eli from the

earlier discussion of cameras, we now realize that if a 5000 V spike oc-
curred, we would be left with the product It = WIE = 1200 J15000 V =
240 mAs. Assuming a linear relationship between 

all 
quantities, the rated

energy level reveals th

* 
at a current of 100 A could be sustained for t = 240

mAs/100 A = 2.4 As, a current of 1000 A for 240 As, and a current of
10,000 A for 24 As. Obviously, the higher the power product of E and 1,
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 its. The unit i ' s rated to dissipate surges up to 6000 V and
current spikes up to 96,000 A. It has a vary high noise suppression ratio
(80 dB' see Chapter 2 1) at frequencies from 50 kHz to 1000 MHz, and (a
credit to the company) it has a lifetirre-warranty.

10.15 COMPUTER ANALYSIS

PSpice

Transient RC Response We now use I'Spice to investigate the tran-

sient response for the voltage across the capacitor in Fig. 10.87. IR all the

examples in the text involving a transient response, a switch appeared in

serie*s 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 (5T) 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 obtain the Di' splay 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 pulsre width at the V2 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 nis was chosen for each in

this example. Further, since T = RC = (5 kfl) X (8 AF) = 20 ms and 5T
200 ins, a pulse width of 500 ms was selected. The period was simply

chosen as twice the pulse width. 	
I

Now for the simulation process. First select the New Simulation

Profile key to obtain the New Simulation dialog box in which PSpice

is inserted for the Name and Create is chosen to leave the dialog

'̂ ox. The Simulation Settinks-PSpice 10-1 dialog box results, and

under Analysis, choose the Time Dimmin (Transient) option ander-

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
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Ustng PSpice to investigate the transient response of the series

R-C circuit in Fig. 10.87.

step size is I ms to provide sufficient data points for a good plot. Cfick

OK, and you are ready to select the Run PSpice key. The result is a

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. If problems continue

and warning messages do not appeir, close the screen by selecting the X

in the top right comer and respond with a No to the request to Save Files

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 F'Spice 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 thecapacitor versus t ' ime, apply the

following sequence: Add Trace key-Add Traces dialog box-Vl(Q-

OK. The plot in Fig. 10.91 res ' ults, The color ' and thickness of the plot

and the axis can be changed by placing the cursor on the plot IiAe 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

signal also. This is accomplished by going back to Trace and selecting

+) and OK. Now both waveformsAdd Trace followed by V(Vpulse.

appear oil the same screen as shown in Fig. 10.84. In this case, the plot

has a reddish tint so it can be distinguished from the axis and the other

7-	 plot. Note that it follows the left axis to the top and travels across the

screen ai 20V.
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Transient responsefor the voltage across the capacitor in Fig. 10. 87 when
VPulse is applied.

Ifyou want the magnitude ofeither plot at any instant, simply select the

Toggle cursor key.Men click on.VI(C) at the bottom left ofthe screen. A
box appears around Vl(C) that reveals the spacing between the dots ofthe

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 (All is
19.865 V (in the Probe Cursor dialog box), clearly showing liow plose 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 VI(C) cannot show two boxes, but the spacing
and the width of the lines of the box have definitely changed. 'nere is no
box iround the Pulse symbol since it wa^ not selected—although it could
have been selected by either cursor. If youbow move the second cursor to
one time constant of40 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 (0.632 X 20 V =
12.4 V). Two separate plots could have been obtained by going to Plot-
Add Plot to Window and then using the trace sequence aon.

Average Capacitive Current As an exercise in using the 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 Su
p
ply 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 monitoringthe current after the pulse had passed.

k	
.	 I
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Usi,,g pSpice to verify the results iji 6ample 10. 14.

Initiate simulation by first selecting the New Simulation Profile key

to obtain the New Simulation dialog box in which ^veragelC is en-

tered as the Name. Choose Create to obtain the Simulation Settings

d choose Time DomainAverage](C dialog box. Select Analysis, an

(Transient) unde 
I 
r the Analysis type options. Set the Run to time to 15

ms to encompass the period of interest, and set the Start saving data

after at 0 s to ensure data points starting at 
t = 0 s. Select the

Maximum step size from 15 ms/1000 = 15 gs to ensure 1000 
data points

for the plot. Click OK, and select the Run PSpice key. A window ap
in 

0 to 15 ms as definedpears with a horizontal scale that extends fro

above. 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

.93. This time it would be nice to'see the pulsethe bottom of Fig. 10
waveform in the same window but as a separate plot. Therefore, con-

ow-Trace-Add Trace-V(Vpulse: +)tinue with Plot-Add Plot to Wino .

OK, and both plots appear as shown in Pig. 10.93.

Now use the cursors to measure the resulting avetage currenr levels^
er

First, select the I(C) plot to move the SEL>> 
notation to the low Plot

The SEL>> defines which plot for multiplot screens is active. Then se-

lect the Toggle cursor key, and left-click on the I(C) plot to establish the,

crosshiks of the cursor. Set the value at I ms, and the magnitude 
Al is

displayed as 4 mA. Right^click on the same plot, and a second curso' r re

suits that can be placed at 6 ins to get a responseof — 1.33 mA 
(A2) as ex-

pected fiont Example 10. 14. The plot for I(C) 
was set in the yellow color

-clicking on the curve and choosing Properties.with a wider fine by right

You will find after using the DEMO version for a while that it informs

that there is a limit of nine files thaf can be saved under the File list-you
ing. The result is that any furtheruse of the DEMO version requires

ning one of the nine files and deleting the contents if you want to runope

another program. That is, clear the .
screen and enter the new network.
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tidenc

AL--a

^c ^K",

FIG. 16.93

The appliedpielse'rand resulting currentfor 'the 2 ^LF,capacitor in Fig. 10.92.

PROBLEMS	 7. Find the capacitance ofa parallel plate UapaCILUI

ofeach plate is Oi l m2 andthedistance between the

SECTION 10.2 The Electric Field	 0. 1 inch. The dielectric is air.

	

1. a. Find the electric field strength at a p6int I 
in 

from a	 8. Repeat Pro
r 
blem 7 if the ilielectric is paraffin-coat c , I jalpei,

chargeof 4 AC.	 9. Find the distance in mils between the plates of a 2 bLF

	

Find & electric field strength at a point I min 11/1000	 pacitor if the 
area 

of each plate is 0. 15 m2 and the diclectac ' 4-

	the distance of part (a)] from the same charge as part (a) 	 is trangformeroil.

and compare results.	
10. The capacitance of . a 'capacitor with a dielectric of -it! i,

	

2. The electric field strength Vis,72 newtons/coulomb, (N/C)	 1360 pF When a dielectric is inserted between the plate<

	

at a polat.^ meters from a charge of 2 AC. Find the	 the capacitance increases to 6..8 nF. Of what . mater1jI

distance r.	 dielectric made?

11. The plates of a parallel plate capacitor with A diel­^n^

Bakelite are 0.2 min apart and have an area 61	 nc',

SECTIONS 10.3 AND 10.4 Capacitance	 '200 V are applied act' oss the plates.

and Capacitors	 a. Determine the capacitance..

ates

	

3. Find the capacitance of a parallel platescapacitor if 1200 AC	
b. Find the electric field intensity between the pl,

c. Find the charge on each plate.

	

of charge are deposited on its plates when 24 V are applied 	
12., A parallel plate air capacitor has a capacitance ot 41 . 7 ^0-

across the plates.	 I	
.	 Find the new capacitance if:

	

4. How much charge is deposited on the plates of a 0.15 AF	 a.' The distance between the plates is double(] (e%rer^,;hmg
capaci,torif45 V are applied across the capacitor? 	 else remains the same).

	

5. a. Find the electric field strength between the plates of a 	 b. The area of the plates is doubled (everything eke r^-

	parallel plate capacitor if 500 mV are applied across .thb	 mairis the same as for th^ 4.7 AF level).

plates and the plates are I inch apart.	 c. A dielectric with a relative permittivity of 20 is mserle^,,

b. Repeat part (a) if the distance between the plates is	 between the plat6s (everythiAg else remains the sameW,

1/100 inch.	 for the 4.7 juF level).

c. Compare the resiihs of parts (a) and (b). Is the differ- 	 d. A dielectric is inserted with a relative permittivity of 4,

ence in-field strength significant?	 and the area is reduced to 1/3 and the distance to 114 of

	

6. A 6.8 I.LF parallel '^Nte capacitor has 160 kLC o

I 

f charge on	 their original dimension .s.	
.

	

its plates. If the plates are 5 , mm apart, find the, electric field	 *13. 
Find the maximum voltage that can be applied across a parallel

strength between the plates. 	 plate capacitor of 6800 pF if the area of one plate is 0.02 In'

Introductory. C. 30A
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and the dielectric is mica. Assume a linear relationship be-

tween 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-

car relationship between the breakdown strength and the

thickness of thedielectric.

15. A 22 AF capacitor'has -200 pprnrC at room temperature

of 16

.

C. What is the capacitance if the temperature in-

creases to 100'C. the boiling point of water?

16. What is the capacitance of a small teardrop capacitol

labeled 40 J? What is the range of expected values as estab-

lished by the tolerance?

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

capacitance and the expected range of values guaranteed by

the manufacturer?

18. A sthAll, flat, disc ceramic ca^aciwr is labeled 182K. What

are the capacitance level and the expected range of values?

SECTION10.5 Transient^-inCapaoit.iveNetwdiks:

The Changing Phase

19. For the circuit in Fig. 10.94, composed of standard values:

i. Determine the time constant of the circuit.

b. Write the mathematical equirtion forthe voltage vc fol-

lowing the closing of the switch.

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

constants.

d. Write the equations for thecurrcnt ic and the voltage vR.

e. Sketch the waveforms for vc and ic.

R

F
100 kfl
+ OR -	 -2	 +

E =20V	 C	 5.6,uF vc

_T	 T
^ FIG. 10.94

Problems 19 and 20.

20. Repeat Problpm 19 for R = I M11, and compare the results,

21. For the. circuit in Fi& 10.95, composed of standard values:

a. Determine the time constant of the circuit.

b. Write the mathematical equation for the voltage. vc fol-

lowing the closing of the switch.

R1

rc

2.2 kfl
+

E	 100 V	 C ;= 9Z I AF Vc

_T	 R2

3.3 kfl
OR, +

FIG. 10.95

Problem 21.

c. Determine vc after one, three, and five time constants.

d. Write the equations for the current ic and the voltage vR,.

e. Sketch the waveforms formc and ic.

*27. For the circuit in Fig. 10.96, composed of standard values:

a. Determine the time constant of the circuit.

b. Write the mathematical equation for the voltage vc fol-

lowing the closing of the switch.

c. Write the mathematical expression for the current ic

following the closing of the switch.

df' Sketch the waveforms of vcand ic.

(I = Os)	 + Vc -

20V	 40 V

68 kfl	 22 kn i
c 18 AF

FIG. 10.96

Problem 22.

23. Given the voltage vc = 12 V(1 - e	 I's):
a. What is the time constant?

b. What is the-voltage,at t = 50 tks?

c. What is the voltage at t = 1

24. The voltage across a 10 jLF capacitor in a series R-C circuit

is VC = 40 mV(1 - e -/" ").

a. On a practical basis, how much time must pass before

the charging phase has passed?

b. What is the resistance of the circuit?,

c. What is the voltage at t = 20 ms?

d. What is the voltage at 10 time constants?

e. Under steady-state conditions, how much charge is on

the plates?

f. If the leakage resistance is 1-000 M11, 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

25. For the R-C circuit in Fig. 10;97, composed of standard

values:

a. Determine the time constant of the circuit when the

switch is thrown into position 1. 1

b. Find the mathematical expression for the voltage across

tL: capacitor and the current after the switch is thrown

into position 1. ,

+ VC

C

ic 
56 AIT

2

E	 Z2 V	 R
	

4.7 ka OR

FIG. 10.97

Problem 25.

r. . 10B
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c. Detennine the magnitude of the voltage vc and the current 	 1 000 ).,F

tant the switch is thrown into position 2 at t = 1 s.

	

ic the ins	 0
d. Determine the mathematical expression for the voltage

+ I U2V
vc and the current ic for the discharge phase.

e. Plot the waveforms of vc and ic for a period of time ex-

tending from 0 to 2 s from when the switch was thrown

into position 1.

26. For the network in Fig. 10.98, composed of standard values:
FIG. 10.100a. Write the mathematical expressions for the voltages vc, 	
Problem 28.and vR, and the current ic after the switch is thrown into

position 1.

b. Find the values Of VC, VR, and ic when the switch is

	

moved to r6ition 2 at t = 100 ms.	 a. How long will it take to discharge the capacitor9

	

Write the mathematical expressions for the voltages VC	
b. What is the peak value of the current?.

	

and VR2 and the current ic if the switch is moved to posi- 	
c. Based on the answer to part (b), is a spark expected

	

tion 3 at t = 200 ms.	
when contact is made with both ' ends of the capacitort'

	

d. Plot the waveforms of vc, i)R,, and ic for the tinfe p^riod 	 SECTION 10.7 Initial Conditions
extending from 0 to 300 ms.

29. The capacitor in Fig. 10.101 is initially charged to 6 V witb

+ Vc —	
the polarity shown.

	

R,	 C	
a. Write the expression for the voltage vc after the switch

is closed.

b. Write the expression for the current ic after the switch is
+	 0#	

2 1AF	
ic

losed.

	

30 V	 2	 3	
R2	 2 kfl	 c. Plot the results of parts (a) and (b).

R,

ic

	

FIG. 10.98	 4.7 kn

	

Problem 26.	 +	 +	 +

E	 40 V	 vc C 7 -'^Z 4.7 gF 6 V

a. Find the mathematical expressions for the voltage vc and

the current ic when the switch is thrown into position 1.

*27. For the network in Fig. 10.99, composed of standard values:

'-A	 b. Find the mathematical expressions for the voltage vc and

	

the currentic if the switch is thrown into position 2 at a	 FIG. 10.101

	time equal to five time coqstants of the charging, circuit. 	 Problem 29.
c. Plot the waveforms of vc and ic for a period of time ex-

tending from 0 to 30 As.

d. Plot the waveforrif of vR for the same period asin part (a).

	

	 30. The capacitor in Fig. 10. 1 02 is initially chatged to 40 V be-

fore the switch is closed. Write the expressions for the volt-

	

60 V 1	 2 + vR	
ages vc and VR and the current ic following the closing of

the switch. Plot the resulting waveforrns^

470 k(I

A	 V8 +7 + 40V —220 kil	 R

	

+	 --w

	

'c,	 L"(	 ----I

	

22 pF vc	 Ic C 
= 2000 AF	 2.2 kfl^

+ VC —

	FIG. 10.99	 FIG. 10.102

	

Problem 27.	 Problem 30.

	.28. The 1 000 AF capacitor in Fig. 10. 1 0O .is charged to 12 V in	 *31. The capacitor in Fig. 10.103 is initially charged to 10 V

	

an automobile. To discharge the capacitor before further 	 with the polarity shown. Write the expressions for'the volt-

	

use, a wire with a resistance of 2 mf) is placed across the 	 age vc and the current ic following the . closing of the

capacitor.	 switch. Plot the resulting waveforms.
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+ VC	1^35. Design the network in Fig, 10.106 such that the system

	

-210 V	
ic C	 turns on 10 s after the switch is eJosed.

it	 Os)
lov +

FIG^ 10.103

Problem 31.	
^ov	

VL 12 V to turn on

C	 200 F

132. The capacitor in Fig. 10. 1 04 is initially charged to 8 V,with

the polari^y shown.

a. And the mathematical expressions for the voltage vc	 FIG. 10,106

and the current ic when the switch is closed. 	 Problem 35.

b. Sketch the waveforms of vC and ic.

36. For the circuit in Fig. 10. 107:

a. Find the time required for vc to reach 48 V following

the closing of the switch.

	

+ Uc	 b. Calculate the current icat the instant vc , -- 48 V.

R	 C	
c. Determine the power delivered by the source at the in-

	

.40V	 20V	 stant i	 2T.

lOkfl	 8.2 kf1 6.8 gF

8V +	 R,

0
FIG. 10104	 8.2 kfl	

Ic

Problem 32,	 +	 +

E	 60V	 C	 6.8 AF vc

R2

SECTION 10.8 Instantaneous Values	 12 kfl

33, Given the expression vc	 140 mV(I	 e r/2 "s)	 PIG. 10.107
a. DetoFmine vc at it,= ms.	

Problem 36.
b. Determine vc at t = 20 ms.

c. Find the time t for vc to reach 100 mW

d. Find the time I for vc to reach 138. mV.	 37. For the system in Fit. 10+108, using a DMM with a 10 Mf1

34. For the, automobile circuit of Fig. 10.105, VL must be 8	 internal resistance in the voltmeter mode:

before the system is activated. If the switch is closedat t	 a. Determine the voltmeter reading one time constant after

0 s, how .long will it take for the system to be activated?	 the switch is closed.

b. Find the current ic two time constants after the switch is

closed.

c. Calculate the time that must pass after the closing u f the

switch for the,voltage vc to be 50 V.

0 5)

+ VC

Rl^ 33 kfl	 C	
DMM

12V
IC	

"-,j

JtF
+

C	 /iF	
E	 60 V

VV

FIG. 10.105	 FIG. 10.108

PrbbMW X" Problem 37.
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SECTION 10.9 Th6venin Equivalent: T RThC	 41. For the circuit in Fig. 10. 1 12:

38. For

I 
the circuit in Fig. 10. 109:	

a. Find the mathematical expressio^s for the transient be

a. Find the mathematical expressions for the transient be-	 -	
havior of the voltage vc and the current 'ic following th.c

havior of the voltage vc and the Gurrent ic following the 	
closing of the switch.

closing of the switch.	
b. Sketch the waveforms, of vc and ic.

b: Sketch the waveforms of vc a:nd ic.

5 rnA

	

+^Vc —	
—	

3.9 k1n1	 6.8 kf)R,
+4VR,

4	 _M_r	
ic

8 kf1	 R	 R3

	

E	 20 V R2	24 kfl	 4kn	
0.56 kf1	 C, -T, 20 /^F. +

VC

FIG. 10.109

Problem 38.	 FIG,10.112

Problem 41.

39. The capacitor in Fig. 10, 110 is initially charged to 10 V

with the polarity shown.	
-

a. Writethe mathematical expressions for the voltage vc 	
*42. The 

c'	

i1or in Fig. 10.113 is initially charged to 8V with

and the current ie when the switch is closed. 	
he plaraicy shown.

b. Sketch the waveforms of vc and ic. 	 a. Write the.mathematical expressions. for , the voltage vc

and the current Ic when the switch is closed.

b. Sketch the wavdonns of vc and ic.

R2

0—

1.5 kfl '
	

ic	 + VC —

+	 +	 V 2 kf1	 6.8 kf2	 C I
—4

/=4mx	 R, 6.8 kfl	 2.2^AF IOV	 __L^

Ic
39

vc .7 	 8V'+.
FIG. 10,113

FIG. 10.110	 Problem 42.

Problem 39.

43. For the systern in Fig, 1A 1 14, using a DMM with a 10 W1
00. The capacitor in Fig. 10. 111 is initially charged to Q V	 "internal r'esist6ce in the voltmeter mode:

with the polarity shown. 	
a. Determine the voltmeter reading four time con^tints

a, Write the mathemati6al expressions for the voltage vc 	 after the switch is closed.
and the current Ic when the switch is closed. 	 b. Find the time . that must pass before ic drbps to 3 AA.

1% Sketch the waveforms of vc pnd ic.

	

	
c.'Find the time that must p , ass after the closing of the

switch for the voftge across the meter to reach 10 V.

R2

319 kn	 ic	
R'

#

+	 +	
2 14rl	 iei

.8 kf)	 vc C ;=::Z 20 gF 12 VR,	 I	 +
'A

E — 24 V	 I AIF\-Y	 C
E =-36V	 V

-7L
FIG. 10.111	 FIG. 10.114.

Problem 40.	 - Problem 43^
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SECTION lo.10 The Current 1C	 , Uc (V)

44 .. Find the waveform for the average current if the voltage 	
40

across the 2 AF capacitor is as shown in Fig. 10-115.

20

10	 - --- - - - - -

0	 1 2 3 4 5 6 7 8 9 10 11 12	 1 JMS)

FIG. 10.115

Problem 44.

45. Find the wavcform for the average current if the voltage

across the 4.7 AF capacitor is as shown in Fig. 10. 116.

'V'VC
+10 

-----------
--------- - -------------

0	 0	 20	 30	 4 0 , 5 0	 6 0

-5 - - - - - -

-10 - - - - - - - - - - - - - - - - -

FIG. 10.116

Problem 45.

46. Given the waveform in Fig. 10. 
1
17 for the curren of a

20 AF capacitor, sketch the waveform of the voltage vc

across the capacitor if vc 0 V at t Os.

FIG. 10.117

Problem ^6

SECTION 10.11 Capacitors in Series and In Parallel 	
6gF

47. Find the total capacitance CT for the circuit in Fig. 10. 118.

C,
4 AF .

0

FIG. 10.1 8

Problem 47.
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48. Find the total capacitance (7t for the circuit in Fig. 10.119.	 52. For the configuration in Fig. 10. 123, determine the voltagt

across each capacitor and the charge on each capacitor.

2 k0

	

_'6jF	 6AF

CT
	12 AF	 12 gF	

+48V	 4 kflC, Z, C,
O^04 jzF 0.08 ^Lr0- T

FIG. 10.119

	

Problem 48.	 FIG. 10,123

Problem 52.

49. Find the voltage across and the charge on each .capacitor for

the circuit in Fig. 10.120.
SECTION 10.12 'Energy Stored by a Capacitoi

53. Find the energy storqd by a 120 pF capacitor with 12 V

across its plates.C21	 6AF

54. If the energy stored by a 6 lul' capacitor, is 1200 1 find the

	

lov	 C	 6AF

	

-7	
C3	 12 AF	

charge Q on each plate of the capacitor.

*55. For the network in Fig. 10. 124, determine the energy stored

by each capacitor under steady-state conditions.

FIG. 10.120

Problem 49,

3.3^ kfn

	

50. 'Find the voltage across and the charge on each capacitor for 	 —12 V	 2.2 kf1

the circuit in Fig. 10. 12 1 .

	

	
100AF	 -	

-----

1.2 kfl

_410j V 20014F

FIG. 10124

C

C	

Ci	 Problem 55.

	

360 ^,F	 200 ^F

	

TICT	 *56. An electronic flashgun has a 1000 AF capacitor that i5
C3
470 AF'	 charged to 100 V.

a. How much energy is stored by the capaqitor?
7,16 V b. What is the charge on the capacitor?

	

FIG. 10.121	 c. When the pho.tographer+take g a picture, the flash tires

	

Problem 50.
-	 for 112000 s. What is the average current through the

flashtube?

d. Find the power tielivered to the flashtube.

	

51. For the configuration in Fig. 10.122, determine the voltage 	 e. After a picture is taken, the capacitor has to be

	

across each capacitor and the charge-on each capacitor	 recharged by a power supply that delivers a maximum

under steady-state conditions.

	

	 current of 10 mA. How long will it take to charge the

capacitor?

C2

	

C,	 SECTION 10.15 Computer Analysis

20 V	 l0kQ	 330 gF	 57. Using PSpice or Mulfisim, verify the results in Exa

+ 

triple 10.6,
C3

	220 AF	 58, Using the initial condition opiiator, verify the.results in Ex.

ample 10.8 forlhe charging phase using I'Spice or Muifisim.

120 AF	
$9. Using fSpice or Multisim, verify the results for vc during

	

FIG. 10.122	
thecharging phase 

in 
Example

. 
10. 11.

	

Problem 51.	 60. Using Pspice or Multishn, %forify the results in Problem 42,
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GLOSSARY

	

	 Initial value The steady-state voltage across a capacitor before a

transient ppiod begins.

Average current The current defined by a linear (straight line)	 Leakage'current The ourrent that results in the total discharge

change in ^oltage across a capacitor^ for a specific period of 	 of a capacitor if the capacitor is disconnected from the charg-

time.	 ing network for a sufficient length of time.

Breakdown voltage Another term for dielectric strength, listed	 Maximum working voltage, That voltage level at which a ca-

below,	 pacitor can perf6rm'its function without concern about break-

Capacitance Ameaspre of a capacitor's ability to itore charge;	 down or change in characteristics.

measured in farads (F).	 Permittivity A ineisure of how well a dielectric permits the es-

Capacitor A fundamental electrical element having two con- 	 (ablishment of flux lines within the dielectric. 1

ducting surfaces separated by 
an 

insulating material a 
I 
nd hav-	 Relative permittivity 'Me permittivity ofa material compared

ing the capacity to store charge on its plates. , 	 to that of air.

Coulomb's law An equation relating the force bbtween two like, 	 Steadv-state region A period of time defined by the fact that the

or unlike charges.	 voltage acro^s a capacitor has reached a level that, for all pr5c,

Derivative The instantaneous change in a quantity at a particular. 	 tical purposes, remains constant.

instant in time.	 StrAy capacitance Capacitances that exist not through design

, Dieleetic The insulating material between the plates of a capaci- 	 but simply because two conducting surfaces are relatively

tor that can have a pronounced effect on the charge stored on 	 close to each other.

the plates of a capacitor. 	 Temperature coefficient An indica"tidn of how much the capac-

Dielectric constant Another term for relative permittiviN listed	 itance value of a capacitor will change with change in temper-

below.	 ature.

Dielectric strength An indication of the voltage required for 	 Time constant A period of Ume defined by the parameters of the

unit length to establish conduction in a dielectric.	 network that defines how long the transient behavior of the

Electric fleld strength The force acting on a unit positive charge 	 voltage or current of a capacitor will last.

in the region of interest. 	 Transient period That period of time where the voltage across a

Electric flux lines Lines drawn to indicate the strength and di-	 capacitor or the current of a ,capacitor will change in value at a

rection of an, electric field in a particular ' region. 	 rate determined by the iinne constant of the network.

Fringing An effect established by flux lines that do not pas's di-

rectly from one conducting surface to another.
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Become familiar with fhe bask construction of an

inductor, the factors that affect the strength of the
magnetic field established by the element. and

how to read the nameplate data,

Be able to determine the transient (time-varying)
response of an inductive network knd plot the
r . esulting voltages and currents^

Understand the impact of combining induc tors in

series or parallel.

Develop some familiarity With the use of PSpice or
Multisim to analyze networks with Inductive
elements,

11.1 INTRODUCTION

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

They include the resistor and the capacitor, 
which have already been introduced, and the

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

capacit9r; that is', the voltage of one is applicable to the current of the other, an vice versa. in

fact, some sections in this chapter parallel those in Chapter 10 
on the capacitor. Like the ca-

pacitor, the inductor exhibits-its true characteristics only when a change in volta
,ge or current

is made in the network

Recall fr^m Chapter 10 that a capacitoe.can be replaced ' 
by an 

I 

open-circuit equivalent

under stead -state conditions. You will see in this chapter that an inductor can be replaced

by A 
short-circuit equivalent under steady-state conditions, Finally, you will learn that

while resistors dissipate the power delivered to them in the form of heat,* ideal capackors

,store the energy delivered to the

' 

rn in the form of an electric field., Inductors, in the ideal

sense, are like capacitors in that they also store the energy deiivered to them— I 
but inwthe

form of a magnetic field.

112MAGNETIC RELD
Magnetism plays an integral part in almost every electri cal device used today in industry, re-

search, or the home. Generators, motors, transformers, circuit 'breakers, televisions, computcrsasPe

recorders,and telephones all employ magnetic effects to perform a variety 6f important tasim,

The compass, used by Chinese sailors as .
early as the second century A.D., reliq^ 

on 
a

permanent magnet for indicating direction. Apermane ,nt 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 OersteAiscovered that the needle of a com-

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 Andrd-

Marie Amptre performed experiments in this area and developed what is presently known as

Ampire's circuital law. In subsequent years, others. such as Michael Faraday, Karl Friedrich

Gauss, and James Clerk Maxwell, continued to experiment in this area and developed many

ML	 N

Q
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of the basic concepts of electromagnetism—magnetic effects 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, Magpetic flux lines, however, do not have origins or terminal-

Ing points as do electric flux lines but exist in continuous,loops, as

shown in Fig, 11. 1.

The magnetic flux lines radiate from the north pole to the south pole,

returning to the north pole through the metallic bar. Note the equal spao-

Ing between the flux lines within the core and the symmetric distribution

outside the maghetic material. These are additional prz)perties 

of 

mag-

netic flux lines in homogeneous materials (that is, materials having uni-

form structure or composition 1hroughout). 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

.lines in 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 pla
.ne 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. I L2. If like

poles are brought together, the magnets repel, and the flux distribution is

as shown in Fig. 11. 3.

If a nonmagnetic material, such as g'la' ss or copper, is placed in the

flux paths surrounding a permanent magnet, an almost unnoticeable

change occurs in the flux distribution (Fig. 4 1.4). 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 elements and instru-

ments thal can be affected by stray magnetic fields (Fig. 11.5).	 -	 I
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Sanne area	
b	 Flux lines

IN)

FIG. 11. 1

Flux,distribution for a perma^ent magnet.

- - - - - - - - - - -

- - - - - - - - - - - - -

S

- - - - - - - - - - - -- - - - - - - - - - - - - - - - - -

FIG. 11.2

Flux distribution for two adjacent, opposite poles.

FIG. 11.3

Flux distribution for two adjacent, like'poles.

a

FIG. 11.4	 FIG. 11.5

Effect ofaferromagnetic sample on theflux	 E#ect ofa magnetic shield on
distribution ofa permanent magnet. 	 theflux distribution.

A magnetic field (represented by concentric magnetic 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 conducrtor is wound in a

oft iron

instrunien
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Magnetic 
flux 

lines	
Conductor

FIG. 11.6	 FIG.,11.7	 FIG. 11.8

Magnetic flux lines around a current- 	 Flux distribution ofa	 Flux distribution ofa current-

single-turn coil. 	 carrying coil.
carrying conductor,

I --- — ------

S

tect	
(a)	 (b)

	

FIG. 11.9	
FIG. 11.10

Electromagnet.	
Determining the direction offluxfor an electromagnet.* (a) method; (b) notation.

single-tum coil (Fig. 11.7), 'the resulting flux flows, in a common direc-' J

tion through the center of the coil, A coil of more than one turn pro-

duces a magnetic field that exists in a continuous pafh 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 bet*een the two flux distributions is that the flux lines aie

more concentrated for the permanent magnet than for the coil. Also,,

	

since the str^ngth ofa magnetic field 'is determined by the density ofthe	 FIG. 11.11

	

flto^ lines, the coll has a weaker field strength. The field strength of the
	 Wilhelm Eduard Weber

	coil can be effeciively increased by placing certain materials, suc. h as

	

	 Courtesy of the Smithsonian

Institution, Photo No. 52,604.
iron, s^eel, 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 06ttingen)

(1804-91)
have devised an electromagnet (Fig. 11.9) that not only has all the prop

	

also has a field strength that can be var- 	
Physicist

erties,of a permanent magnet but	
I ).	 Professor of Physics, University of Gdtfingen

	

ied by Qhanging one of the component values (current, turns, and so on
	 . 0	 1

	

Of course, current must pass through the coir of the electromagnet for
	 An important contributor to the establishment of a

	

magnetic flux to be developed, whereas there is no need for the coil or 	 system of absolule units for the electrical sciences,

	

current in the pernianot magnet.. The direction of flux lines can be de-	
which was beginning to become a very active area of

	

termined for the electromagnet (or in any core with a wrapping of turns)	
researchand development. Established a definition of

electric current in an electromagnetic system based on

	

by placing the fingers of your right hand in the direction of current flow
	 tile magnetic field produced by the current. He was

	

around the core. Your thumb then points in the direction of the north pole	 ppliticaily active and, in fact, was dismissed from the

	

of the inducedjrgrietic: flux, as demonstrated in Fig. 11. 1 0(a). A cross	
faculty , ,,'the University of Gi^oingen for protesting

	

section of thi'sFine electromagnet is in Fig. 11.10(b) to introduce the 	
tile wpptes,wil of tile con 'tittitioa by the King of

Hanover h, IS

'

 17. However, he I'v iind other lacAt.v

	

convention for directions perpendicular to the page. The cross and the 	 11"'ition's an 't evtriivally raturtlFc, to Uvioge a, as

dot refer to the tail and the head of the arrow, respectively. 	 d^!ector of:lic aso-onor3mal obwrwltory, fie mccived

	

In the SI system of units, magnetic flux is measured in webers (Wb)
	 fion, Erql;nd, Fran^,, ii'd , (^Frmialy, includ..

as derived from the surname of Wilhelm E
. 
duard Weber (Fig. 11. 11 ^. The

applied symbol is the capital Greek letter phi, 0, ^he number of flux



464 M -INDI JCTORS
	 I a	

,01

A

lines per unit area, called the ilux 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,

(D	
B Wb/m

2
 teslas (T)

B —	 (D weriers (Wb)
A	

A m2

where 4^ is the number of flux lines passing through area A in fig. 11. 13.

The flux density at point a in, Fig. I I A is twice that at point b because

twice as many flux lines pass through the same area.

In Eq. (11. 1), the equivalence is given by

I testa = I T = I - Wb/_]2	 (11.2)

which states in words that if I weber of magnetic flux passes through an

area of I square meter, the flux density is I testa.

For the CGS system, magnetic flux is measured in maxwells and the

flux density in gauss. For the English system, magnetic flux is measured

in lines
. and the flux density in lines per square inch. The relationship be-

tw
l
een such systems is defined in Appendix E.

The flux derfsity of an electromagnet is directly related to-ithe number

of turns of, and current through, thecoil. The,produc^ of the two, called the

magnetomotive forcei is measured in ampere-turns (At) as defined by

(ampere-tums, At)	 (11.3)NI

In other words, if you increase the number of turns around a core and/or

increase the current through the coil, the magnetic field strength also ip-

creases. In many ways, the magnetomotive force for magnetic circuits is

sunilar. to the applied voltage in an electric circuit. Increasing either one

results in an increase in the desired effect: magnetic flux for magnetic

circuits and current for electric circuits.

For the CGS syste ' m, the magnetornotive force is measured in

^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, Similarly, the permeability (represented by the

Greek letter mu ) of wmaterial is - measure of th e ease WW, t; W

FIG. 11.12

Nikola Tesla.

Courtesy of the Sondisorrian

Institution, Photo No. 52,223.

Croatian-American (SmiIjan, Paris,

Colorado Springs, New York City)

(185ii-1943)
Electrical Engineer and Inventor Recipient

of the Edison Medal in 1917

Often regarded as one of the most innovatwe and in

ventive individuals in the history of the sciences, He

was the first to introduce the afteimating current ma

chine, removing the need for commutator bars of dc

machines, After emigrating to the United States in

1884. hi^ sold a number of his patents on ac ma-

chines, noinsfointers, and induction roils (including

the lesla coil as we know it today) to the Westing-

house Electric Company. Some say that his most
imporitina discover) , was madc at his laboratory in

Colorado Spring,. wherc, in 1900 l i e discovered
,, ,terre,onal wationary—tws-1 lie rtinsveofhis discov-

cries ana inveniims ;^ tec^ oxt-sive to list here not

extends fro j', 11;,'liting systems t
o
) ;­hj,Azse poii er

sy5tr^as tot ,, wirl`lc^,,

- FIG. 11.13 ,

Defining theflux density B.

W C

r9agnetic 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:

[T,,= 4- 
X 10-7Wb 

A-m (11.4)

	Practically speaking. the permeability of all nonmag	 c ma nals,

	

such as copper, alurriintim, wood, glass,.and air, is the sam 	 at for free

A^ space. Materials that have permeabilides slightly less than that of free space

are 
said 

t6 ,be diamagnetic, and those with permeabilities slightly greater

than that of free space are said 
to 

be. paramagnetic. Magnetic materials,

such as', iron, nickel, steel, cobalt, and alloys of thesemetals, have perme-

abilities hundreds and even thousands of times that of free space. Materials

with these Very high permeabilities arc referred to tis terromagnetic.
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The ratio of the permeability of a material to that of free space is

called its i^elative permeability; that is,

In general, for ferro,magneti^ materials, Ar 
100, and for nonmagnetic

materials, A,

A table of values for /A tomatch the provided table for permittivity lev

els of spkific dielectrics would be helpful. Unfortunately, such a table

cannot be provided because relati^e pqrateability. isafunction ofthe oper-

ating conditions. If you change the ffiagnetomotive force applied, jhe level

of .la can vary between extreme limits. At one level of magnetomot ive

'force, the permeability of a material can be 10 times that at another level.

An instrument designed to measure flux density in milligauss (CGS

system) annears in Fi g . 11.14. The meter has two sensitivities, 0.5 to 100

milligauss at 60 Hz and 0.2 to 3 milligauss at 60 Hz. It cari be used to	
FIG, 11.14

measure the ele&ri^c field strength discussed in Chapter 10 on switching	
Milligaussineter.

(Courtesyof`AlphaLab.lnc)
to the ELECTRIC setting. The top scale will then provide a reading in

kilovolts/meter. (As an aside, the meter ofFig. 11.14 has appeared in TV

programs as a device for detecting a "paranormai" response.) Appendix

E reveals that I T = 104 gauss. The magnitude of the reading of 20 mil-

ligauss would 
be 

equivalent to

20 milligauss j04 
IT	

2 ILT,
gauss)

tersAlthough our emphasis in this chapter is to introduce the parame

that affect the riameplate data of an inductor, the use of magnetics has

widespread applicatioq in the electrical/electronics indus. try, as shown

by a few areasof application in Fig. 11. 1 5.

Generator

r gap

d J
111tter movement

- - -------	 Air gap

Relay,	
Medical Applications: Magnetic
resgnanee imaging.

FIG. 11.15

Some areas ofapRlicarion ofmagnetic effects.
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N turns

A

7' N̂ turns

(q;n,
Iron or

ferrite core

('u')

(b)

FIG. 11.16

Definin	
.4

g the parametersfor Eq. (11.6).
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11.3 INDUCTANCE

In the previous section, we learned that sending'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). its

inductance level determines the strength of the magnetic field around

the coil due to an applied current. The higher the inductance level, the

greater is the strength 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 electriefteld

between the plates.

Inductance is. me asured 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 millihenry (mH) or mi-

crohenry (AH) range.

In Chapter 10, 1 farad was defined 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,

I henry is the inductance'level that willestablish a voltage ofl volt

across the coil due to a change in current of I Als through the coil.

Inductor Coristruction

In Chapter 10, we found that capacitance is sensitive to th 
I 

e area of the

plates, the distance between the plates, ' and the dielectic employed. The

level of inductance has similar construction sensitivities in that it is de-

pendent on tbe ' a.rca within the coil, the length of the unit, and the per-

meability 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'

A = permeability (Wb/A - m)

N = number of turns (t)
Joseph Henry.	

. . 
% , . ^ I	 AN-A	

'A = M2
Courtesy of the Smithsonian 	 L =	 -	 (11.6)

Institutions, Photo No. 59,054.

American (Albany, NY; Princeton, NJ)
(1797-1878)
Physicist and Mathematician

Professor ofNaturall Philosophy,

Princeton Uni^ersity

In the carly 1800s the tide Professor of Natural Philos-

oph y was applied to educators in the sciences, As a

student and teacher at the Albany ^cademy, Henry

performed extersic, research 
in 

the area of electre-

magnetism. He impi^vcd thedesa ggo ofeleciminagners

by insulating the coil wire to Txm)it a firtne, Wrap 1,11

th
e 
C( ; re. ChIc OfhiS earlier dosi 	 ^ s capable of lj ft^gns A 

a

ing i0W pounds. in 1832 he discovered md i(7]ivc,,l
I 
P,, P z I ()it self-md ti This was foll,mcd by the

c0ns L'uc!'0n ol 
in 

elfecOve elcetric iel?gi.ph va,u-^

on thco,,-ii:

latory nature of	 and discha,ges from a
Lrt&njar In	 i,7	 appLm,l 11, luj Sa,^

tay ol th,,-Smith,o,!^..

L = henries (H)

Fi' rst -note that since the turns are §quared 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,

ano does, appear in the nuffierator of the 3quation. Increasing the area of

the core or decreasing the length also increases the inductance level,

Substituting A = p,;k, for the permeability results in the following

equation, which is very similar to the equation for the capacitance of a

capa^iiitor:

Arlj.ON2A
L

or	 7Ar
L'= 47r x 10 ArN2A	 (henrih, H),.,	 (11.7)
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If we break out the relative permeability as

L

we obtain the following useful equation:

(11.8)

which is very similar to the equation C '= e,C, Eq. (11.8) states the

following:

The inductance ofan inductor with a ftrromagnetic core is tt r tintes

the inductance obtained with an oir core.

Although Eq. (11.6) is approximate at best, the equations for the in-

ductance of a wide variety of coils can be found in reference handbooks.

Most of the equations are mathematically more complex than Eq. (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:	 Ail wre (At.)
d=r

a. Find the inductance.	 4

b. Find the inductance if a metallic core with /1, 2000 is inserted in 100tums
the coil.	

FIG. 11.18

Solutions:	
Air-core coilfor Example 11.1,
	 Z

i ( im
a. d =

	

	 6-11 rum
39.37 i.-

1rd2 ir(6.35 MM)2
A	 31.7 Am2

4	 4

25.4 mm

,A,N'A
L 41T X 10—

(100 t)'(31 J /im')
41r X 10—	

25.4 into	
15.69 IAH

b. Eq. (11.8):	 L = bL, LO = (2000)(15.68 AH) = 31.36 mH

EXAMPLE 11.2 In Fig. 11.19, if each inductor in the left column is

changed to the type appearing in the n
i
ght column, find the new inductance

level. For each change assume that the other factors renihin the same.

Solutions:

a. The only change was the number^of turns, but it is a squared factor,

resulting in

L = (2)'L. =_(4)(20juH) 80 /iH

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
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4=20'-k' A,	
L=? A2=Al

	

moo. - =	 .NJ turns	 N2 = 2N,

P^' i t	 12 = 11

L-?

4 6 H	 '^1=31A,
F,	 A,

NJ turns	 N, = IN,
2

12	 t,
(b)

L^=IOAH

	

	
Core, fi, 1200 L=?
	 A2=Aj

A

N, turns

	

1,	 2.51t

N2 3N,

FIG 11.19

InductorsforExamptell.2.

inductance by a factor of three. The drop in the number of turns
) 2 =

reduces the inductance by a factQr of (1 /2	 1/4, Therefore,

L (3)'( L^ 2(16 AH) 12'/AH
4	 4

c. Both g 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,

(3)'(1200)
-L=	 (4.3 2 X 10')(10,uH) 43.2 mH

Types of Inductors

Air-core	 Ferromagnetic 	 Inductors, like capacitors and resistors, can be categorized under the

	

core	 general headings fixed or variable. The symbol for a fixed air-core in-
(a) (b) ductor is provided 

in 
Fig. I IN(a), for an inductor with a ferromagnetic

core in Fig. I 1:20(b), for a tapped coil in Fig. 11.20(c), and for a variable

inductor in Fig. I 1.20(d).

Fixed Fixed-type inductors come in all shapes and sizes. However,

ingen eral, the size ofan inductor is defermiriedpir imarily by the type

of construction, the core used, and the current ),ating.

Tapped

	

	 k Variable	 In Fig. 11.21 (a), the 10 btH and I

, 

mH coils are about the same size
(permeability-tuned)

(c)	 (d)	
because a . thinner wire ^Vas used for the 1, mH coil to permit more turns

in the same space. The result, however, is a drop in rated current from 10 A

FIG. 11.20	 toonly 1.3 A. Ifthe wire ofthe IOAHcoil hadbeen used tomaketbe I mH

Inductor (coil) symbols, 	 goil, the resulting coil would have been many times the size of the 1 0 ILH
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nicker wire! longer I

	Tblck wire: few turns	 nin wire: more turns

0*01

10 ^fll	 loOO,,11 1 niH

	

IOA.Rde=6mQ	 l.3A,Rdc=0Al2	 2.4 A, Rd, 0.30

(a)

I pH	 100,000 Pi 100 MH

350'mA, Rde 6 Q	
I I mA, Rde Q.7 kil

(b)	 (C)

FIG. 11.21

Relative sizes ofdifferent types ofinductors: (a) toroid, high-current;

(b) phenolic (resin or pla^tic core); (O rferrite corc

coil. The impact of the wire thickness is clearly revealed by ihe i mH

coil at the far right in Fig. 11,21(a), where a thicker wire was iised,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 to five greater.

The phenolic inductor (using a nonferromagnetic core of resin or

plastic) in Fig. 1 1.2 1 (b) is quite small for its level of i nductance, We

must asstime that it has a high number of turns of very thin wire. Note,

however, that the use of a very ffiin wire has resulted in a relatively low

^urrent rating of only 350 mA (0.35 A). The use 'of'a ferrite (ferromag-

netic) core in theinductor 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

current rating is only I I mA = 0,0 11 A. Note that for all the inductors,

the dc resistance of the inductor increases with a dccrcasc in the thick-
e

ness of the wire

'

 The 10 )aH toroid has a dc resistance of only 6 mfl,

whereas the dc resistance of the 100 mH ferriie,inductor is '700 fl—a

price to be paid for the smaller size and high inductance ievel.

. Different types of fixed inductive elements are displayed in Fig; 1 1,22,

including their typical range of values and common areas of application.

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

shapes of each reveals some differences, such as the ridges at each end of

a resistor that do not appear on most inductors.

^ariable A number of variable inductors are depicted in Fig. 11.23.

- hi ach case, the inductance is changed by 
turning 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 fcrromagnetic 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 turns)

Typical values: 2.5 nH— I pit

Applications: High-frcquency , applications

Trpe: Toroid coi I

Typical v^lues: IOP H-30 inH

Applications: Used as a choke in ac
	

s-

power line circuits to filter transient

and reduce EMI interference. This

coil is found in man) , electronic

appliances.

Type: Cornmon-mode choke coil

Typical values: 0A mrl-50 mH

Applications: U5cd in ac line filters,

switching power suppli6, battery

chargers, and other electronic equipment.

Type. RF chokes

Typical values: I Ojill-470 mH

Appfictiti^,,s: U^^ed in radio.

television. and communication

circuits. Found in AM, FM. and

UHF circuits. 0

0
Typ p: Kash choke coil	 ,

Typical values: 3pH-1 mH

Applications: Used in ac supply

lines that delner high currents.

Type: Delay line coil

Typical values: 10kiH-50,uH

Applications: Used in color

televisions to corrcc^ for timing

differences between the color

signal and theblack-and-white signal.

p
lastic tube

3

Fiber	 Coil	 Inner

insulator	 core

Tyl,,: Nloided coiK ' -

Typical valdes: 0. 1 jill-100 mll

Applications.- Used in a wide variety

of circuits such as osciil^tors. filters,

pass-band filters, and others,

Tjpe: SUrface-mount inductors

lypical values: 0.91)uH-250 pH

Applications: Found in many

ciccuonic circuits that require

miniature components on

multilayered PCBs (printed

circuit boards).
'71-

_FIG,11,22

7:ypical areas ofapplicaiionfor induclive clemenm

Y1
I U

U,

	

Resistance of the	 Inductance of

	

tuins of wire	 coil

O-T=
R, L

C Stray capacitance

FIG. 11.24

Coniplete-equivalent modelfor an inductor

FIG. 11.23

Vat iable indurzors vvith a t' ypical range of values

flout I All to 1 00 AIF com'nonty used in oscillators

cuid vat ions RF circuits.,fuch as CB transce6,ers,

televisions, and radios.

Practical Equivalent Inductors

Inductors, like capacitors, are, not ideal. Associated with every induc-

(or is a resistruice determined by the resistance of the turns of wire

(the thinner the wire, the greater is the resistance for the same matc-

rial) and by the,core losses (radiation and skin effect, eddy current and

hystcre^is los' ses—all discussed 
in 

more advanced texts). There is also

some Stray capacitance due to the capacitance between the current-

carrying turns of v,; re of the coil. Recall that capacitance appears

whcnc^cr there are two conducti ' ng surfaces separated by air insulator,

such as air, and when thosc wrappings are fairly tight and are parallel.

Both elements 
are 

included in the equivalent circuit in Fig. 11.24. For

most applications in this text, the capac
i
tance can be ignored, result-.

ing in the equivalent model in Fig. 11.25. The resistance R, plays an

important part in some areas (such as resonance, discussed it. Chapter '10)

L	 R,	 L

FIG. 11.25

Practical equivalent inodelforan inductor

Introductory, C,31B



rANUIzue

istance can extend from a few ohms to a few hundred
because the res
ohms, depending on the construction. For this chapter:, the inductor is

I element, and the series resistance is drpppcd fromconsidered an idea

Fig. 11.25,

Inductor Labeling

Because some inductors are larger in size, their nameplate value can

element ' However, on smaller units,often be . printed on the body of the

there may not be enough room to' print the acitual value, so an abbreVia

-tion is used that is fairly easy to understand. Fiist, reallic that tile

microlienq (gl-l) is the fundamental unit of nicasuteinc it for this maik-

ing. Most manuals list the inductance value in pli even il^ 
(he 

vallic must

'be reported as 470,000 gH rather than as,470.nJI. If tile lab
c l reads

Irst two.
223K, the , diird number (3) is tile power to be applied to the 

I	
J

The K is not from kilo, representing a powerof three, but is used to de-

note a tolerance of ± 10% as described for capacitors. The resulting

number of 22,000 is, therefore, in AIL so the 223K unit is a 2-J ,000 AH

51
or	 nlH inductor. The letters J and M indicate a toler, nce of 

± /c and

t20%, rcspe^tively.

For molded inductors, a color-coding system very similar to that iised,

for resistors is used. The majdr-difficuence is that the resulting Vable i., ol-

ways it? btH, and a wide band at the beginning of the labeling is an MIL

("meets military 9tandards") indicALoi. Always read the colors 
in 

se-

it in Fig. 1 , 126.quence, starting with the band closesLio one,end as show

-ical valuesThe standard values for indLICtors employ the same numci

and cap	 neral, therefore,and multipliers used with resistors	 acitors. In ge

Color Code Table	 L values jess thio'10 AH

inductance	 6,8 p H ± 10%Significant
Color'	 Figure Multiplier2 Tolerance

Black	 0	 1	 .__nUHT==	 4^
toBrown	 I	 Toleranced i,iiific,

Red	 2	 100	
ra fitiore

1000Orange	 3	 itnal p-iru
Yellow	 4	 First significant fieure
Green	 5	

i^lctuiflcr	 `4
Blue	 6
Violet	 7
C;ray	 8	 L values 10 jil I or greater

Wlii'c	 9	 170 p 11 ± 5%

N.n12	 t20

Silver	 ^10
1-5Cold	 Decirdal

point	 t-Tolcrance

'IM-­ bd)	 Atiplier

'T^ uhiphtt, u lh^ f­ by hkh fl­­ 4SM11—	 Second sigoiricant figure
..ujpjj,d,. yj,W,h^	

First significant figure

rNill, identifier

Cylindrical molded choke coils am nkuked withfive colored bonds. A wide silver

band, located of one end ofthe coil, identiftes military radto-frequency coils. The next

three bands indicate the inductancem microlicnries, and thefourth band is the

tolerance.	
for code table, shown o1i the !^A IftheColor coding is o ? accordance with the co

flrst or second band is gold. it represents the decimalpoinifor inductance values fes^
than 

10. 
Then thefollowing two bonds are significanifigures. For inductance values

of

, 

10 or more, thefirsi two bands represent significantfigu I 
res. and the third is the

adtiplier,

FICk. 11.26

Molded inductor color coding.



expect to find induct6rs w 
r 
ththe following multipliers: I ttH, 1.5 AH,

12.2 AH, 13 AH, 4.7 Ali, 6.8 AH, 10 AH, and so on.

106asurerniint and Testin^ of Inductors

The inductance of an inductor can be read directly using a meter such as

the Universal LCR Meter (Fig. 11-27), also discu
I 
ssed in Chapter 10 on

capacitors. Set the meter to L fin inductance, and the meter automad-

^^a j ly chooses the most appropriate unit of measurement for the element,

that is, H, mH, 1AH, or pH.

An inductance ineter is the licst choice, but an ohmmeter can also be

used to chcck whether ashort has developed between the windings or

whether an open circuit has developed. The open-circuit possibility is

easy to check because a. reading of infinite ohms or very high resistance

results. The short-circ6it condition is harder to check because tIfe 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

the mcaiuied value. A short between the windings and the core can be
checked

' 

by simply placing one lead of the ohmmeter on one wire (per-

haps a terminal) and the other on the core itself A reading of zero ohms

reveals a short between the two that may be due to a breakdown in the

insulation jacketaround the wire resulting from exces^ive currents, envi-

ronmental conditions, or simply old age and cracking."
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IS

0

77

4 
FIG. 1 11^27

Digital reading inductance meter.
(Courtesy of B + K Precision,)

11.4 INDUM VOLTAGE vL
eind

Before analyzing the, response of inductive elements to an applied dc
+	 V	

voltage, we must introduce a number of laws and equations that affect

the transient response.. 	 I .

The first, referred to as Faraday's law of electromagnetic induction,

is one of the most important in this field because it ei^ables us to establish

ac and dc voltages with a generator. If we move a conductor (any material

w -conductor characteristics as defined in Chapter 2) through a mag-iLh

netic field so that it cuts mignotic lines of flux as shown in Fig. 11.28, a
------	

voltage is induced across Ific conductor that can be measured with a sen-0 lon-------------	
sitive voltmeter. That 's all it takes, and, in fact, thefaster you m ve tc^ he
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 niagneticfield. you move the con

* 

ductor through the field determines the polarity of the

induced voltage. Also, if you move the conductor through the field at

right, angles to the magnetic flux, you generate the maximum induced

N turns	 voltage. Moving the conductor parallel with-the magnetic flux lines re-

------	
sults in an induced voltage of zero volts since magnetic lines of flux are

not crossed,

If we now go a step further and move a coil of IV turns through the

00--1	 magnetic field as shown in Fig. 11.29, a voltage will be induced-across

4.	 the coil as detennined by Faraday's law:

^e ---- &Ae
e N— (volts, V)

Motion	 dt

FIG. 11.29	 The greatpf the number of tumsor the faster the coil is moved through
Demonstrating Faraday 's law,	 the magnetic flux pattern, the greater is die induced voltage. The term
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dOldt is the differential change in magnetic flux through the coil at a par-

eicular instant in time. If the magnetic flux passing through a coil re.-

mains constant—no matter how strong the magnetic field—the term will

be zero, and the induced, voltage zero volts. It doesn't matter whbther the

c4anging 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 itagnetic 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 leave 's the magnetic field,

This important phenomenon can now , be applied to the inductor in e,,nd

Fig. 11.30, which is simply an extended version of the coil in Fig. 
11.29.

In Section 11.2, we found that the magnetic flux linking the coil of N

turns with a current I has the distribution shown in Fig. 11.30, If the our

rent through the coil increases in magnitude, the Pux linking the coil

also increases. We just 

I 
learned through Faraday's law, however, that a

coil in the vicinity of a changing magnetic flux will have a voltage in-	

FIG. 11.30duced across it. The result is that'a voltage^s induced across the coil in

1.	
Demonstrating the effect ofLenzs I w.

Fig. 11.36 due to the change in current through the coi

^ 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 curreni in the first pla'ce. The quicker the,

change in current through the coil, the greater is the opposing induced

voltage to squelch the attempt of the current to increase in magnitude.

The "choking
o' action ot 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 induced effect is all^ays such as to oppose the cause thatproduced it.

The inductance of a coiHs also a measure of the change in flux linking

the coil due to a change id current through the coil. That is,

L 4—	 (fienries, H)
di,

The equation reveals that the greater the number of turns or the greater the'

change in flux linking the coil due to a particular change in current, the

greater is the level ofinduct ntic.e. In other words, coils with smaller levels

of inductance generate smaller changes in flux linking the coil for the

same change in current through the c,)il. If the inductAce level is very

small, there will N; almost no charge 
in flux linking the coil, and the in-

duced voltage across the coil will bq v,-ry small. In fact, if we now write

Eq. (11.9) in the forni

dO	 dO diL
e N-	 N

dt

and substitute Eq. (11.10), we obtain

L 
&L	 (volts, V)
di

t
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the change in current through the coil.

When induced effects are used in the generation of voltages such as

e from dc or ac generators, the symbol e is applied to the induced

age. However, in network analysis, the voltage induced across an m-

or will always have a polarity that opposes the applied voltage (like

voltage across a resistor). Therefore, the following notation is used

lie induced voltageacross an inductor:

diL
u, L— 	 (volts, V)	 (11.12)

dt

equation clearly states that

a p^qer the inductance andlor the more rapid the change in 
current

it Qh a coil, tire larger %ill be the induced voltage across lite coil.

tht^ , orrent through the coil fails to change with time, the induced

ge acioss the coil will be ze^o. We will find in the next section tha't
c applications, when the transient phase has passed, diLldt = 0, and
nduced voltage across the c&I is

VL LLIL L(0) = 0Y
dt

ie duality that exists between inductive and capacitive elements is

abundantly clear. Simply interchange the voltages and currents of

11.12). and int erchanve the inductance and capacitance, The fol-

g equation for the current ofa capacitor results:

di,
VL L

di

dvC
ic C-1

dt'

are now at apoint where we have all the background relationships-

Sary to investigate the transient behavior of inductive elements.

1'rJDUCTQRS

R	 simila

L	 v,	 more a

zerivork.	 hand. e

+
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FIG. 11.31
Ba ,ic R-L transient i
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R-L TRANSIENTS:' THE STORAGE PHASE

at number of similalfities exist between the analyses of inductive

pacitive networks. That is, what is true for the voltage of a capac-

also truefoi the current ofan inductor, and what is true forthe cur-

f a capacitor can be matched in many ways by the voltage of an
or. The storage waveforms have the same shape, and time con-

are defured for eacl -t configuration. Because these concepts are so

r (re fer to Section 10.5 on the charging of a capacitor), you have

portunity to reinforce concepts introduced earlier and still learn

bout the beh i,^ior of inductive elements.

circuit in Fig. 11.31 is used to describe the storage phase. Note that
same circurtused' to describe the charging phase ofcapaciturs, with

le replacement of,the capacitor by an ideal inductor. Throughout the
s, it Fs inip,)r.ant to t,,,member that energy is stored in the fortu of an

field hcrWee,, the plate,. ofa capacitor Fc, inductors, ,^n the other

nergy is , I ved 
in 

the form ofa maguel i c !'Xid linking tile coil.

Eq.
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R

E - - - - - - - - - - - - -

T?	 10.9814^ 0.9931,

0.8651.,

10.6321^

	

0	 2T	 3T	 4T,	 5T

VL

0.368E	 VL E-d'

0.135E
0,049E 0.019E 0.007E

	

0	 IT	 27	 3r	 4r	 5r	 6r	 t

(b)

VR '	 ft

E- - - - - - - - - - - - - -O^951E 11-911E 10.99E

0.865E

,0.632E

VR

R

3T	 4T	 5T

	

0	 IT	 2T

(cy

FIG. 11.32

it, vL, and VRfor the circuit in Fig. 11.31 following the closing ofthe switch.

ed, the choking action of the coil pre-At the instant the switch is clos

vents an instantaneous change in current through the coil, resulting in iz,

0 A, as shown in Fig- 11.32(a). The absence of a current through the

coil and c^rcuit at the instant the switch i-, closed results in zero volts

across the resistor as dewftnined by vR = iRR = iLR 
= (0 A)R = 0 V, as

shown in Fig. 11.32(c). Applying Kirchh,_)ff's voltage law around the

closed loop results in F volo, across the coil m the instant the switch is

closed, as shown in Fig. I 1.32(b).

Initially, the current increases very rapidly, as shown in Fig.

11.32(a) and then at a much slower rate as it approaches i& steady-

state value determined by 
the parameters of the network (Ell?). The

voltage ^cross the resisto r riseg at ihe same rate because VR = iRR =

iLR. 
Since the voltage across the coil is sensitive to the rate of change

of current through the coil, the voltage wili De at or near its maximum

value early in the storage ghwse. Finally, wl,,!n the purent reaches its

steady-state value of EIR am .ocres, the current through the coil ceases

to change, and the voltage .across the co Iil drops to zero volts. At any
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initant of time, tire voltage across the coil can be determined using

Kirchhoff's voltage law in the following manner: vL = E — vR.

Becauae 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

us4ig a calculator or computer.

The equation for the transient response of the current through an in-

ductor is

(amperes, A)

with the time cZinstant now defined by

F
R	

(seconds^ s)	 (11.14)

j

None that Eq. (11. 14) is a ratio of parameters 'rather than a product a's used
R	

L,	
L	

for capacitive nelworks, yet the units-used are still seconds (for time).

-/') verifies the level of 63.2%e

	

L3	 Our experience with the factor (I

for the inductor current after one time constant, 86.5% after two time
l3>L2>L,

constants, and so on. If we keep R constant and increase L, the ratio LIRfixed)(R
increases, and the.rise time Of 5T increases as shown in Fig. 11.33 for in-
creasing levels of L. The change in transient response is expected be-

cause the higher the inductance level, the greater is (he choking action

	

FIG. 11.33	 on,the changing current level, and the longer it will take to reach steady-
Effect ofL on, the shape of the ir, storage waveform. 	 state coaditions.

The equation for the voltage across the coil is

[LL—Ee	 (volts, V)

and the equation for tile voltage across the resistor is

E(I — e	 (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 iL since VR = iRR = iLR.
Since the waveforms are similar to those obtained for capacitive net-

works, we will assume that

the storage phase has passed iind steady-state conditions- have been

established once a period oftim) equal to five time constants has

occurred.

VR='R'(0)R=OV	 In addition, since 7- = LIR will always have some numerical value,

	

ir, =0 A	
even though it may be very small at times, the transient period of 57 will

^lways have somenumerical value. Therefore,
+ 111::= 0 

R

E	 vL-Evohs	
the current cannot change instantaneously in an inductive network.

If we -examine the c6nditions that 'exist at the instant the switchis closed,

We find that the voltage across the coil is E volts, although the clirrent is

FIG. 11.34	
zero ampci -s as shown in Fig, 1 1.34. In essence, therafore,

	

Circuit in Figure, 11,31 the instant	 the inductor takes oil the characteristics ofan open circuit at the
the switch is closed. 	 instant the swi.ch is ciosed.
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^ ,-However, if we consider the conditions.that exist when steady-state
	 v,,=iR=E -R=EMES

R
	been established, we find that the voltage aCrOss the coil	 . E
	conditio6s have
	

EIR amperes, as
is zero volts and the current is a maximum value of 	

+	

R

shown in Fig. 11,35. In essence, therefore,	 E	 VL-,o V

the inductor takes on the characteristics ofa short circuit when

steady.stale conditions have been established.

EXAMPLE 1
11, 
11.3 "'Pind the mathematical expressions for the transient	

FIG' 1 11.35

behavior Of iL and VL f9r the circuit iii Fig. 11.36 if the switch is closed 	
Circuit in Fig. 11.31 under steady-state conditions.

at t = 0 s. Sketch the resulting,curves.

Solutio^: First, we determine the time constant:
	

R,
L 4 H

T T2 ms1	
2 kn	 2 kil

Then the maximum or steady-state current is	 E	 50Y	 L	 4

LO—V = 25 X 10-'A 25 mA

R,	 2 kfI

Substituting into Eq. (11, 13) gives	 FIG. 11.36

iL 25 mA (I - e
-1/2 nis)	 Series R-L circuitfor '

Example 11.3.

Using Eq. (11. 15) gives

VL = 50 
Ve -1/2 ins

The resulting waveforms appear in Fig. 11.37.

UL

25 mA - - - - - - - - - - - - - -

2 m-S
2rns

0	 IT	 2T	 37	 4T	 ST	 t	
0	 17	 2T	 37	 4r	 5T	 t

FIG. 11.37

'I
. L and VLfqr 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

valiu; established by the network (note Fig. 11.39) 
before the switch was - 	 Transient	 1 Steady-statere g -

	

Initial	
rise

response	 regions

closed. I t then passes through the transient phase until it reaches the 	 *conditions

stca' dy-state (oc final) level after about five time constants. The steady-
	 0

state level of the inductor current can be found by substituting its short-

circuit equivalent (or R, for the practical equivalent) and finding the 	
FIG. 11.38

Defining the three phases of a transient waveform.
resulting current through the element.
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I 

d 
01

Using the transient equation developed 
in 

the previous sectign, A,c

can write an equation for the current 'L for the entire time interval in Fig.

11.3 8; that is,

iL	 (if

with (If - li) representing the total change during the transient phase.

However, by multiplying through and rearranging terms as

iL = I, + if - I e	
+ I ' e I/T

= If - ife-7r + 1,e-'IT'

we find	 (11.17)

If you are required to draw the waveform. for the Current iL from ini-
tiai value to final value, start by 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.

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 thrcugh the coil

once the switch is closed.

b. Find the mathematical expression for the voltage across the coil

during the same transient period.

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

Solutions:

a. Substituting the short-circuit equivalent for the inductor results in a

final or steady-state current determined by Ohni's law:

E	 16 V	 16 V
If = - = - - ^ ­kf, = 1.78 mA

RI + R2 2.2 kfl + 6.8 kQ

The time constant is determined by

L	 100 mH	 100 mH
s

RT = 2.2 kfl _+6.8 k1l _9 kfl	 IA

Applying Eq. (11. 17) gives

iL If + (11 - 1f)e	 1. 78 m4 + (4 mA - 1. 7 8 mA) e - tl 1 1 As
1.78 rnA + 2.22 inAe'111-110'

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

the closing of the switch, the voltage (whose level is sensitive only

to changes in current through the coil) must have air initial value of

0 V A^t the instant the switch is closed, the current through the coil

cannot change instantaneously, so the current through the resistive

elements is 4 mA. The resulting peak voltage at t = 0 s c%n then be

found using Kirchhoff's voltage law as follows:

V, = E - VR, - VR, 16 V - (4 mA)(2.2 kfl) - (4 mA)(6.8 kfl)
= 16 V - 8.8 V - 27.2 V = 16 V - 36 V = -20 V

R,

2.2 W	 i' -A

E	 L=1 00 mH	 V1,

R2

6.8 W

FIG. 11.39

Example 11.4.
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at the polarity of the voltage VL isNote the minus sign to indicate tb

opposite to the defined polarity of Fig. 11 .39.

The,voltage then decays (with the same time constant as the cur-

rent W 
to zero because the inductor is approaching its short-circuit

equivalence.

The equati on for vL is therefore

-VL	
20 Ve-t/11.1lus

c. See Fig. 11.40. The initial and final values of the current were

drawn first, and then the transient response was included between

these levels. For the voltage, the waveform begins and ends at zi^ro,

with the peak value having asign sensitive'to the defined polarity of

VL in Fig. 11.39.

iL onA)
VL (volts)

4 mA
17	 2T	 3T	

'TOV 0	 Ly-

3

2

	

	
1.78-mA	 T=,11.11AS

T=11.11AS

-20V

01	 IT	 2T	 37	 4T	 3T	 f (AS)

FIG. 11.40

iL and ULfor the network in Fig, 11.39.

Let us now test the validity of the equation for it, by substituting t

0 s to reflect the instant the switch is closed. We have

e_ t1T = e-0

and it, = 1.78 mA + 
2.22 mAe -/' = 1.78 mA + 2.22 mA 4 mA

When t > 5T,	 CYT =_ 0

and iL 1.78 mA + 2.22 mAe'
I/T 1.78 mA

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 field for a period of

time determined by the leakage factors. In R-7 circuits, the energy is
	

A!", 
VR iRR (OA)R =0 V

' " 
7

'^o

stored in the form Qf a magnetic field established by 
the current through	 0

R
the coil. Unlike the capacitor, ho%Vevcr, an isolated inductor cannot con- 	 + E

r-	

v

tinue to store energy because the absence of a closed path causes the cu 	
L v,

rent to drop to zero, teleasing the energy stored in the form of a magnetic 	 E -=-

field. If the series R-L circuit in Fig. 11.41 reaches steady-state condi-
	

-7	 +

tions and the switch is quickly opened, a spark will occur across the con-

u^Lts due to the rapid change in current from a maximuhi of EIR to zero	

_J

amperes. The change in current dildt ofthe equation VL = L(dildt) estab-	 OA

lishes a high WltagC 
VL acros^ the coil that, in conjunction with t6 ap-

plied voltage E, appears across the points of the switch. This is the same
	 FIG. 11.41

mechanism used in the ignition system of a car to ignite the fuel in the 	 Demonstrating the effect ofopening aswitch in

cylinder. Some 25,000 V are generated by * the rapid decrease in ignition	 series with an inductor with 
a steady-state current.
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coil current that occurs when the switch in the system 
is 

Opened. (In

older systems, the "points" in the distributor ser'ved 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 position 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. I 1,42(q). When the switch

is-closed, the voltage across resistor R 2 is-E volts, and the R-L branch

responds in the same manner as , described above, with the same wave-

forms and levels. A Thdvenin network of E in parallel with R2 results in

the source as shown in Fig. 14.42(b) since R2 will be shorted out by the

short-circuit replacement of the voltage source E when the Th6venin

resistance is determined.

+ VIZ,	 + V" -

	

iL 	 1L

+	
R, )^ 

+	 +	
R ,	

+

E V^ VLP, ^82	 L	 E-^	 L v,

L
(a)	 (b)

FIG. 11.42

Initiating the storage phasefor an inductor by closing the swilck

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 2, which provides a tomplete path for the cur-

rent iL. In fact, for clarity the discharge path is isolated in Fig. 1 1.43. The

voltage VL across the inducLor reverses polarity and has a magnitude de-

termined by

VL —(VR, ^ V&^
)

Recall that the voltage across an inductor can change instantaneously

but the current cannot. The result is that the current i L must maintain the

same direction and magnitude, as shown in Fig. 11.43. Therefore, the in-

stant after the switch is opened, iL is still 1. = EIR I , and

VL	 — (VR t	 VR,)	 —(ijR1 + i2R2)

— D D	 _E . .	 ( Ll 'L2
ILk 1	 21	 k 1	 2)	 71

R,	 RI	 R,

and	 ^E	 switch opened	 (11.19)

which is bigger than E volts by the ratio R21R I . In other words, when the

switch is opened, the voltage across the inductor reverses polarity, and

drops instantaneously from E to. [I + (R21RI)JE volts.

2

(same polarity)

+ VR,	 (sameIt 
direction)

R,

(reversed
polarity) 

V

R,	 R2 	 L	 uL

FIG. 11.43

Vetwork in Fig. 11.42 the instant

the switch is opened.
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As an inductor releases its stored energy, the voltage across the coil

decays to zero in the following manner:

V,	 (11.20)

I + L2 
Ewith	 Vt	 RI)

L	 L
and

	

	
T, = — -	 -1

RT R, + R2

The current decays from a maximum of I. EIR, to zero.

Using Fq. (11.17) gives

h	 'and	 If OA

eso that	 iL	 R

	

if + V, - 1f)e	 0 A +	 OA

E
and	 jL = ^-e`l^' 	 (11.2

Ri

L
with	

'r' J I ̂+R2

The mathematical expression for the voltage across either resistor can

hien be determined using Ohm's law:

VR, - iR,R, iLRI ='E R^e-fl"
R,

and	 F,7R= E.67-/"	 (11.22)

The voltage vR, has the same polarity as during thestorage phase since

the current iL has the same directign..The voltage VR, is expressed as fol-,

lows using the defined polarity of Fig. 11.42:

	

VR, -iR,R2	 iLR2 - 
E 

R2e-'/T'
R,

(11.23)and	 VR,	 E,-'I"
R,

EXAMPLE 11.5 Resistor R2 was added to the network in Fig. 11.36 as

shown in Fig. 1 1.44.

-a. Find the mathematical expressions for iL, VL, VR,, and VR, for five

time constants of the storage phase.

b. Find the mathematical expressions for iL, VL, VR,, and vR, if the

switch 
is 

opened after five time constants of the storage phase.

c. Sketch the waveforms for each voltage and curTent for both phases

covered by this example. Use the defined polarities in Fig. 11.43.

a
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+ V,, -

R,

2 kfal

+E=50V	 t'R2 R2 3 kn	 L	 4 H UL

FIG. 11.44

Deflnedpolaritiesfor VR,, VR, v,, and current directionfor

iLfQr Fl.,;zple 11.5.

Solutions:

a. From Example 11.3:

iL 25 mA (I	 e 1/2 's)

VL = 50 
Ve t12 ms

VR,	 iR R, = iLRI

[
E (I - e_'I^)]Rj
R1

E(I - e-'I')

and	 VR, = 50 V(1 - e _0 ms)

VR, = E = 50V

b.
L	 4 H	 4 H

A, + R2 2 kn + 3 M 5 X 1 03 fj

0.8 X 10 -3 S = 0.8 ms

By Eqs. (It, 19) and ( 1 1.20):

I + 
R2 

E	 I + 
I k1 

(50 V) 125 Vvi	
2 kf2

and	 VL -Vie- 'I"	 125 Ve

By Eq. ( 1 1.2 1):

E 50 V4 — = — = 25 mA
R 1 2 kn

and	 iL Ime_'I"	 25 mAe ' f/0's

By Eq. (11.22).:

50 Ve -1/0.8 msVR, Ee

By, Eq. (11.23):

3 kn
VR2	 12 E,	

-_ (50 V)e - '/"	 75 Ve -t/0-8 n's
R 1	 2 kfl

c. See Fig. 11.45.

Vr'.
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VL:

E- 50 V,
S(I','h, ope;;dll

11+
ins)	 4 ms

	Defined	 0
5rpolarity Switch

5(2 ins)

	

closed	 10 ins

,Instantaneous

Defined	
-125[ -------	 change

direction

L J(MA) No instantaneous

	

25 ------	 change

0

	

51	 57,

	Defined.	
VR

	4polarn^^ , r	 volts

	

+ V	
50 ------

	

R1	

L-1	

I . I	 . . I	 I I . .	 "

I

Same shape
as 

'L since
vR,	 ILRI

0 1	
57	 5 11

	

V)Y 	 volts

50

Vs,

	 R,

5r'

^Dcflned
polarity 57

75 ---------

FIG. 11.45

The various voltages and the currentfor the network in Flg. 11,44.

In the prece 'din. g analysis, it was assumed that steady-state conditions

were established during the charging phase and 1. = EIRI, with VL

0 V. However, if.the switch in Fig. 11.42 is opened before iL reaches its

maximum value, the equation for the decaying cyrrent of Fig. 11.42

must change to

(1 L24)
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where It is the starting or initial current. The voltage across the coil is de-
fined by the following:

(11.25)

with	 Vi'= IXR, + R2)

11.8 THtVENIN EQUIVALENT. T LIRTh
In Chapter 10 on capacitors, we found that a circuit does not always have
the basic form in Fig. 11.3 1. The solution is to-find the Thdvcnin equiv-
alent circuit before proceeding in the manner described in this chapter.
Consider the following example.

20 V1	 4 kil	 EXAMPLE 11.6 For the network in Fig. 11.46:

f'RR,	 R,	 a. Find he mathematical expression for the transient behavior of he
current iL and the voltage vj, after the closing of the switch (Ij

'.16k	
0 mA).

E — V	 +	 R3	 b. Draw the resultant waveform for each.
Eft 

L 

80mH	 solutions;

a. Applying Thdvenin's theorem to the 80 mH inductor (Fig. 11.47)
yields

FIG. 11.46	
R 20 k[IExample 11.6,	 Rll,.=	 —2	 10 kfl

RTh: 20 
M	 4 M

R,	 R2
.	 R2 + R3

1. 16kDRn	 R3..	 R,	 R, 20 M	 4 W + 16 kn
20 W

7

FIG. 11.47
Determining RTh for the network in Fig. 11.46.

Applying the voltage divider rule (Fig. 11.48), we obtain

	

ETh;	
20 U1	 4 kfl

R,	 R
+	

+	

2

	

EV	12v	 E,	 R, 16 M

FIG. 11.48

Determining Enfor the network in Fig. 11,46.
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(R2 + R3)E

E7'h i, + R2

	

	 3+ R

(4 W + 16 kn) (1 2 V)	 (20 kn) (1 2 V) 
6 V

20 W + 4 kfl + 16 kfl	 40 kfl

The Thdvenin equivalent circuit is shown in Fig. 11.49. Using
ThOenin equivalent circutt:

Eq. (11. 13) gives	 R,

L 

En 

0	 10 kfl
R	 +	

+V

L	 80 X 10- ' H	
- 6	

Erh	 6 V	 VL 80 mH

— 
= 8 X 10 S 8 AS

_^O X 103 a
RTh

ETh	 6 V

R — 
= To X 103 fj 

= 0.6 X 10-'A 0.6 mA
Th

FIG. 11.49
and	 iL 0.6 mA (I - e 

-1181,,)	
The resulting Thivenin equivalent circuit

for the network in Fig. 11.46.
Using Eq. (11. 15) gives

vL = Erhe

so that	 VL = 6 Ve-

b. See Fig. 11.50.

VLI rL

Erh 6 V
r

Vt	
'L

R

0.6 niA - --- - - - - - - - - -

t (i,$)
20 25 30 35 40 45 50

57 —

FIG. 11.50

The resulting waveformsfor iL and VLfor the network in Fig. 11.46.

- EXAMPLE 11.7 Switch S, in Fig. 11.51 has been closed for a long

time. At t = 0 s, S, is opened at the same instant that S2 is closed to avoid

an interruption in current through the coil.

a. Find the initial current through the coil. Pay particular attention to

its direction.

b. Find the mathematical expression for the current tL following the

closing of switch S2.

c. Sketch the waveform for iL

Introdu^torv, C, 32A -
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S2	 S,

	

(I-OB)	 0=0s)

kf1

3

8

a 2 kf'

.2 kil ^'L	 I M

.2	 R^ 2.2 kil	 L	 680 mH	 E	 6 V

FIG. 11.51

Example 11. 7.

Solutions.

a. Using Ohm's law, we find the initial current through the coil:

	

E	 6 V

	

R3	
—k,, 6 mA

b. Applying Thdvenin's theorem gives

	

RTI, = R, + R2 = 2,2 kfl + 8.2 kfl	 10.4 kil

Ejh = IR, = (12 mA)(2.2 kfl) = 26.4 V

The Thdvenin equivalent network appears in Fig. 11.52.

R,	 The steady-state current can then be determined by substituting

the short-circuit equivalent for the inductor:

10.4 k1l	 E	 26.4 V= — = 
2.54 mAif"= — TO.4 kflE^	 26.4 V	 L	 680 mH	

RTh7D11	 The time constant is
_T	 t6mA	

680 mH = 65.39 As
	Rn 	 10.4 kfl

FIG. 11.52	 Applying Eq. (11. 17) gives

ThIvenin equivalent circuitfor the network

in Fig. 11.51 fort 0 s.	
iL = If+ (Ij - lf)e

= 2.54 mA + (- 6 mA - 2.54 mA)e -t/65.39 As

= 2.54 mA - 8.54 mAe -/65.39 ps

c. Note Fig. 11.53,

it, (mA)

	

3	 L	 2.54 mA

	

0

0	 2T	 4,	 5,

(

	-2 	 T 65.39 As

-3

-4

-6 mA

-7

FIG. 11.53

The current iLfor the network in Fig. 11.51.

Introductory, C, 328
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11.9 INSTANTANEOUS VALUES

development presented in Section 10.8 for capacitive networks 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 t into the equation and using a

calculator or table to determine the magnitude.of the exponential term.

The similarity between the equations

V C = Vf + ( Vi + -Vf) e

and	 iL = If + (Ij — 1f)e

results in a derivation of the following for t that is identical to that used

to obtain Eq. (10.23):

t	 T log	 (seconds, s)	 (11.26)
if)

For the other form, the equation vc Ee— 'I' is a close match with

VL = Ee— 'I' =, Vie— 'I', permitting a derivation similar to that employed

for Eq. (10.23):

t .7 log'Ll	 (seconds, s)	 (11.27)
VL

For the voltage VR, Vi O"V and Vf ^V since VR ko 7 e-117)..

Solving f6r t yields

t T 10ge	

E

or	 t T 10ge	

Vf	
(seconds, s)	 (11.28)

Vf

1 1.10 AVERAGE INDUCED VOLTAGE: vL.,

In an,effort to develop some feeling for the impact 'of the derivative in an
equation, the average value was defined for capacitors in Section 10.10,
and a number of plots for the current were developed for an applied volt-
age. For inductors, a similar relationship exists between the induced

voltage across a coil and the current through the coil. For inductors, the

average induc^d voltage is defined by

vL. — L 
AiL	

(volts, V)	 (11.29)

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 VL become vanishingly small. That is,

vl ,. lim LAiL LdiL
At-0 At	 dt

In the following example, the change in current AiL is considered for

each slope of the current waveform. If the current increases with time,

the average current is the change in current divi4ed by the change in
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time, with a positivf sign. Ifthe current decreases with time, a negative

st. gn 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 ofthe coil. Larger inductances result in incr
e
ased levels ofinduced

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. 1 1.54.

1	 2	 3	 4	 3	 6	 7	 8	 9	 1 U	 I (ms)

FIG. 11.54

Current iL to be applied to a 4 mH coil in Example 11.8.

Solutions:

a. 0 to 2 ms: Since there is no change in current through the coil, there

is no voltage induced across the coil. That is,

	

VL L-Al̂ L- 0	 0 V
At	 At

b. 2 nzs to 4 nts:

	

VL - L 
Ai 

= (4 X 10 - ' H) 
10 ^< 10 - ' A	

20 X 10 -3 V 20 mV

	

At	 2 X 10 -3 s

c. 4 nis to 9 ins:

	

Ai	 10 X '10 - ' A
VL = L

— = (-4 X10 - 'H)	 8 X 10 - ' V -8 rnV

	

At	 5 _X1 0 '—s

d. 9 ms to oo:

Ai	 0
VL L— = L— 0 V

At	 At

The waveform for the average voltage across the coil is shown in

Fig. 11.55. Note from the curve that

(MV),

20-

to-

0^	 1	 2	 3	 4	 5	 6	 7	 8	 9 10

-10

FIG. 11.55

Voltage across a 4 mH coil due to the current in Fig. 11.54.
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the voltage across the coil is not determined solely by the magnitude

ofthe change in current through the coil (Ai), but by the rate of

change ofcurrent through the coil (AiVAt).

A similar statement was made for the current of a capacitor due to

change in voltage across the capacitor.

A careful examination of Fig. 11.55 also reveals that the area under

the positive pulse from 2 ms to 4 ms equals the area under the negative

pulse from 4 ms to 9 ms. In Section 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. Fqr 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,

both the ideal capacitor and inductor do not consume energy but store

and release it in their respective forms.

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 levels can be obtained by placing

inductors in parallel.

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):

LT = Li + L2 + L3 +	 + 4	 (11.30)

---------- 16611__I
L,	 L2	 L3	 I-N

LT

-j

FIG. 11.56

Inductors 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):

+ —	 (11.31)
LT L, L2

For two inductors in parallel,

F	 L^L'
LT = T___	 (11.32)+

----------

FIG. 11.57

Inductors in parallel.

j

a
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L4
-	 EXAMPLE 11.9 Reduce the network in Pig. 11.58 to its simplest form.

0.56 H	 1.8 H	 Solution: Inductors L2 and L3 are equal in value and they are in paral-

L12	 11	 18H	
.2 H	 lel, resulting in an equivalent parallel valuii of

1.2 H	

L	 1.2 HR	
LT — 

N 
= —2 0.6 H

1.2 kfl	
The resulting 0.6 H Is then in parallel with the 1.8 H inductor, and

FIG. 11.58	
(LT)(L4)	 (0.6 H)(1.8 H)

L12H

Example 11.9.	
L",	 0.45 H

L T + L4 0.6 H + 1.8 H

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

Lr	 1.01 H	
L7 ^_ L l + L"T = 0.56 H ^- 0.45 H = 1.01 H

IR	
The reduced equivalent network appears in Fig. 11.59.

1.2 kO

FIG, 11^59	 11.12 STEADY-STATE CONDITIONS

Terminal equivalent ofthe network in rig, 11,58. 
We found in Section 11.5 that, for all practical purposes, an ideal (ignor-

ing internal resistance and stray capacitances) inductor can be replaced

by a short-circuit equivalent once steady-state conditions have been es-

tablished. Recall that the term steady state implies that the voltage and

curTent 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 circuit in Fig. 11.60(a), for example, if we assume that steady-

state conditi ons have been established, the'inductor can be removed and

replaced by a shuft-circuit equivalent as shown in Fig. 11.60(b). The

short-circuit equivalent shorts out the 3 fl resistor, and current I, is de-

termined by

E IOV
5 A

R1 2 fl

R,	 R,

2 n	 2 D	
11

E _=_10V	 L 2H	 R2 3 tI 1000110- E -=-I OV	 R2 3 n

FIG. 11.60

Substituting the short-cirruia cquivalentfor the inductorfor t > 57.

For the circuit in Fig. 11.6 1 (a), the steady-state equivalent is as shown,

in Fig.
, 11.61(b). This time, resistor R, is shorted out, and resistors R2

	

and R	 lie result is3 now appeat in i)aiallel. Tl

E	 21 V
— = I—

 - 10.5 A
R3
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10mH

R,	 R,

so

	

	 tj	 5 n
6mH

21 V	 R3E	 R, 6 fl ME*'- E	 21 V	

[3fl	

6 il

R2	
3 fl	 R2

_r 2 fl

FIG. 11.61

Establishing the equivalent networkfor r > 5T.

Applying the current divider rule yields

R,1	 (6 fl) ( 1 0.5 A)	 63
— = —A A

R3 + R2	 6 fl + 3 fi	 9

In the examples to follow, it is assumed that steady-state conditions

have been established.

EXAMPLE 11. 10 Find the current IL and the voltage VC for the net-

work in Fig. 11.62.

R,	 + VC -	 R,	 + VC
0—

2fl	
1 0

2 il C,	

+ d
+	 R3

E =-10V	 R3 4n	 E	 0 v	
4n^.^ 01

2	 3 fl	 R2 3 n

FIG. 11.62

Fxarnple I 1. 10.

Solution:

IL 
= E
	 lov

RI + R2	 5,1

(I fl)(10 V)
V
C 
=	

'VR2 + R,	 ii^ T 2 C,

EXAMPLE 11.11 Find currents I, and 12 and voltages V, and V ĵ for

the network in Fig. 11.63.

R,	 R3

+
 r

2 n L,

1	
-14 .1411

	

R2	 11	 .0
E	 50 v	

+ 

R, 7 fl

V"	 C2;^C,

FIG. 11-63
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R,

	2n 	 fl
5 ian	 R4 400	 +	 +	

R, 7 0

	

E t-30V	 +	 +

	

V,	 V2

9	

9

9_

9-

4-

FIG. 11.64

Substituting the short-circuit equivalentsfor the inductors and the open-circuit

equivalentsfor the capacitorfort > 5T.

Solution: Note Fig. 1 1.64.

1 1	 12

	

E	 50V	 50V

	

R
---- = ^-f,	 - = 5 A
I + R3 + R5	

+ I n + in Ion

V2 12R5 = (5 A)(7 fl) = 35 V

Applyiti g the voltage divider rule yields

	

(R 3 + R5 )E	 (I D + 7 n)(50 V) (8 fl)(50 V)
V, 

R, + R, + R5 2 fl + 1 fl + 7 n	 Ion	
40V

11. 13 ENERGY STORED BY AN INDUCTOR

The ideal inductor, like the ideal capacitor, does not dissipate the electrical

enemy supplied 
to 

it. It stores the energy in the form of a magnetic field. A

plot of the \ olag,e, current, and power to an inductor is shown in Fig. 11.65

during. the buil,lup of the magnetic field surrounding the inductor. The en-

er?y stored is repre qented by the qhaded area Linder the power curve. Using

calcolus, 
we 

can show that the evaluation of the area tinder die curve yields

d	Ll 	 (joules, j)	 (11.33)

I __VVSt_ 
2

E-^- - - - - - - - - - - - - - - - 	 - - - - -

iL

PL VOL

Energy Kst..,^

t

FIG. 11.65

Thepoivercurieforan inductive clen;ent tinder transient conditions.

EXAMPLE 11. 1 2 Find the energy stored by the inductor in the circuit

in Fig. I 1.6t when the current through it has reached its final vabie.
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FIG. 11.66

Example 11. 12.
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Solution:

E	 15 V	 15 V
— ^	 ^—n = 3 A
Ri + R2 30 + 2fl

LI 2 1(6 X 10-3 H)(3 A)' 
54 X 10-3 j 27 mJ

2 m 2	 2

11.14 APPLICATIONS

Camera Flash Lamp

The inductor played an important role in the camera flash lamp cir-

cuitry described in the applications section of Chapter 10 on capacitors.

For the camera, the inductor was the 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 to 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): VL = L (diddt). 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 trigger

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, And again develops a voltage across the

cofi. The hi.-h-freq,iency exchange of energy b&tween the coil and

cRoachor is caUed flyback because of the "flying back" of energy from

one storage elernciit to the other. It begins to decay with time because of

the resi,ti%e ek;.-nents in the loop, The more resistance, the more

qaickIv it dies out If the capacitor-inductor pairing is isolated and

"tickled" Ating the way with the application of a dc voltage, the high

frequency-g-nerated voltage across the coil can be maintained and put

to gcoi u.^e In fort. it i- this flyback effect that is used to generate a

steady dc voltage (Lsing rectification to convert the oscillating wave-

forni to one of a steady dc nature) that is commonly used in TVs.

ej

5-



Household Dimmer Switch

Inductors can be found in a wide variety of common electronic circuits in

the home. The typical household dimmer uses an inductor to protect the

other components and the applied load from "rush" currents—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

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 s*itching 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

Rheostat
housing

14.5 piH inductor

494 111 INDUCTORS

a

ir g

—Triac

­"Heat sirk,

for triac

+	 L,--*- 
0-

120 V ac	
(Y.068 AF

,Ztch
on/off

Dirtim"

14.5 4H	 0.068 gF

DIMMER

1h.stat	 K

1131	?kflG

'I "I 

47 
kfl DIAC	

TRIAC	 A

	

F
	

A

contr@

Return
(c)

FIG.11.67

Dintmer control: (a) external appearance; (b) internal construction; (c) schematic.

47 RD

resistor

IWV

	
Diac 

^^o
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components of most commercially available dimmers appearin the
schematic in Fig. 11.67(c). In this design, a 14.5 pH inductor is used in

the choking capacity described above, with a 0.068 gF capacitor for the

"bypass" operation. Note the size of the inductor with its heavy wire and

large ferromagnetic core and the relatively large size of the two 0.068 /.LF

capacitors. Both suggest that they are designed to absorb high-energy

disturbances.

The general operation of a dimmer 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 very high levels. Very low impedance levels resem-

ble a short circuit, so that themajority ofthe appLiedvoltage appearsacross

the lamp [Fig. 11.68 (a)], and very high impedances approach an open

circuit where very little voltage appears across th6 lamp [Fig. 11.68 (b)].

Intermediate levels of impedance control the terminal voltage of the bulb

Iccordingly. For instance, if the controlling network has a very high

impedance (open-circuit equivalent) through half the cycle, -as shown in

Fig. 11.68(c), the brightness of the bulb will be less than full voltage but

not 50% due to the nonlinear relationship between the brightness of a

bulb and the applied voltage. A lagging effect is also present in the actual

operation of the dimmeg, which we will learn about when leading and

lagging networks are examined in the ac chapters.

DIMMER	 DIMMER	 DIMMER

A	 A	 A
Z­­1

Z_	 Z.-I	 Zh 9b	 (hi h)	
Vi.	 Zh..

?KK	
'4

—P	 at 1/4 CYCIC
Change state

V	 V

^p

t	 V,_p

0Y	 (b)	 W

- FIG. 11.68

Basic.operation ofthe dimmer in Fig. 11.67: (a)full voltage to the lamp; (b) approaching the cutoffpointfor the bulb,

(c) reduced illumination ofthe lamp.

The contrullmg knob, slide, or whatever other method is used on the

face of the swi iwh to control the light intensity is connected directly to

the rheostat in th^! branch parallel to the triac. Its setting determines

when the vottage, across the cf,pacitor reaches a sufficiently high level to

turn on the diac (a bidirectional di,^de) and establish a voltage at the gate

(G) of the triat; to vim it on. When it does, it establishes a very low resis-

tance path from the ano&.(A^, to the cathode (K), and the applied voltage

appears dit.-ctly across the lamp. When the SCR is off, its tenrdnal resis-

tance between anode and cathode is very high and can be approximated

by an open cirtuit. During this period, the applied voltage does not reach,
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+ L
60V

Vim 120 V

60V 21-0 flJ

Rheostat
dinuner

I M in wall

FIG. 11.69
Direct rheostat control ofthe brightness

ofa 60 W bulb.

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. I 1.67(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 effoh 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 0. 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 = V2/R = (60 V)'/240
0 = 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
electric power that was not performing a useful function. Also, if you
had four. dimmers set at the same level, you would actually be , 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 ap plied 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
no 1.p ce

Transient 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 example, 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 I of the

s
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12H
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FIG. 11.70

Using PSpicq to obtain the transient response ofa parallel inductive

network due to an applied pulse of5O V

inductor. if you bring the pointer controlled by the mouse close to the

end of the coil Ll with the dot, the following will result:

[/1L1/1Number:1J. The number is important because it will define which -

plot we want to see in the probe ,
 response later. When the inductors are

placed on the screen, they have to be rotated 270', which can be accom-

plishid with the Rotate-Mirror Vertically sequence.

Also note in Fig. 11.70 the need for a series resistor R, within the par-

allel loop of inductors. In I'Spice, inductors must have a series resistor to re-

flect real-world conditions. The chosen value of I mfl 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 

T = LTIR = (4 H ^ 12 H)/2kn = 1.5 ms and 5 ,r = 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 voltage across the coils versus time is as follows:

New SimulationPrefile key-PSpice 11-1-Create-TinieDo main(Tran-

sient)-kun to time: lOms-Start saving data after:0s and Maximum

step size:5As-OK-Run PSpice kcy-Add Trace key-V(L2)-OK. The

resulting trace appears in the bottom of Fig. 11.71. A maximum step

size of 5 As Was chosen to ensure that it was less than the rise or fall

times of 10 As. Note that the voltage across the coil jumps to the 50 V

level almost immed iately; then it decays to 0 V in about 8 ms. A plot of

the total cu^rent throggh the parallel coils can be obtained through Plot-

Plot to WindQw-Add Trace key-I(R)-OK, resulting in the trace ap-

pearing at the top of Fig. 11.7 1. When the trace first appeared, the

vertical scale extended from 'O A to 30 mA even though the maximum

value Of iR was ' 25 mA. To bring the maximum value to the top of

the graph, Plot was selected followed by Axis Settings-V Axis-User

Defined-OA to 25mA-OK.
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The transient response of vL and iRfor the network in Fig. IL 70,

For values, the voltage plot was selected, SEL>>, followed by the
Toggle cursor key and a click on the screen to establish the crosshairs.

The left-click cursor was set on one time constant of 1.5 ms to reveal a
value of 18.24 V for Al (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 Response with Initial Conditions The next applica-

tioh verifies the results of Example 11.4, which has an initial condition

associated with the inductive element. VPulse is again employed with

the parameters appearing in Fig. 11.72. Since r = ZIR = 100 mH/
(2.2 M + 6.8 M) = 100 mH/9 M = 11.11 As and 5T = 55.55,us, the
pulse width (PW) was set to 100 As. The rise and fall times were set at

100AS/1000 = 0.1 As.

Setting the initial conditions for the inductor requires a procedure that

has not been described as yet. First double-click on the inductor symbol

to obtain the Property Editor dialog box. Then select Parts at the bot-

tom of the dialog box, and select New Column to obtain the Add New

Column dialog box. Under Name, enter IC.(an abbreviation for "initial

condition"—not "capacitive current") follo' ^vcd by the initial condition

of 4 mA under Value; theb click OK. The Property Editor dialog box

appears again, but now the iniCial condition appears as a New Column in

the horizontal listing dedicated to the inductive element. Now select

Display to 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. 11.72
for the inductiveclement.

Now for the simulation. First select the 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 and General Settings for the Options. The Run to time

should be 200 As so that you can see the full effect of the pulse source on

the transient response. The Start saving data after should remain at 0 s,
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FIG. 11.72

using PSpice to determine the transient responsefor a circuit in which

the inductive element has an initial condition.

and the Maximum step sin should be 200 lAsl 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 pts. Selecting Trace to get to the Add Traces di-

alog box and then selecting I(L) followed by OK results in the display in

Fig. 11.73, Thqplot for I(L) clearly starts at the ini' tial value of 4 mA and

then decays to 1.78 mA as defined by the left-click cursor. The right-click

J^

J4,

FIG. 11.73

A plot ofthe app.iedpulse and resulting currentfor thg circuit in Fig. 11,72,
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cursor reveals that the current has dropped to 0.222 ^tA (essentially 0 A)

after the pulse source has dropped to 0 V for 100 tts. The VPulse source

was placed in the same figure through Plot-Add Plot to Window-Trace-

Add Trace^V(VI'tilse:+)-OK to permit a comparison between the ap-

plied voltage and the resulting inductor current.

4

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 t = 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 I ns. For our analysis we want a Pulse Width that is

at least twice the 5 ,r transient period of the cirovit. For the chosen values

of R and L, T = L IR = 10 mH/100 0 = 0. 1 ms = 100 kLs. The transient

period of 57- is therefore 500 gs or 0.5 ms. Thus, a Pulse Width of I ms

would seem appropriate with a Period of 2 ms. The result is a frequency

off = 11T = 1/2 ins = 500 Hz. When the value of the inductor is set at

10 mH using a procedure 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, inductor, and ground are placed

on the screen to complete the circuit.

FIG. 11.74

Using Multishn to obtain the transient responsefor 
an 

inductive circuit.

The simulation process is initiated by the following sequenqe:

Siinulate-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
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the Maximum time step settings(TMAX), 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 varl

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

choose 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) to the right

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 (a red grid on a black axis), and the grid lines appear. Selecting

the Show/Hide Legend key on the immediate right results in the small

Transient 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 sourc e 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 0 V in

about 0.5 ms as predicted. When the source voltage dropped to zero, the

voltage across the coil reversed polarity to maintain the same direction

of current in the inductive circuit. Remember that for a coil, the voltage

can change instantaneously, but the inductor "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.

PROBLEMS

SECTION 11.2 Magnet!6 Field

1. For the electromagnet in Fig. 11.75:

a.. Find the flux density in Wb/m2.

b. What is the flux density in teslas?

c. What is the applied magnetomotive force?

it. What would the reading of the meter in fig. 11.14 read

in gauss?

A = 0.01 M2

	

ID = 4 x 10' Wb	
^Steel core

_ am

	

2.2 A	
40 turns

FIG. 11.75

Problem 1.

SECTION 11.3 Inductance

2. For the inductor in Fig. 11.16, find the inductance L in

henries.

3. a. Repeat Problem 2 with a ferromagnetic core with

A, = 500.

introductory, C.- 33A

b. How is the new inductance related to the old onel i How

does it relate to the value of A,?

'in'
	 A" 'Ore

	

d	 0.2 in.

200 turns

	

a	
FIG. 11.76

Problems 2 and 3.

4. For the inductor in Fig. 11.77, find the approximate induc-

tance Lin henries.

	

A	
1.5 )^ 10,4M2

iro _.ffl^ 200 turns

I - 0.15 rn't N

FIG. 11.77

Problem 4.

I
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5. Art air-core inductor has a total inductance of 4 7 mR.

a. What is the inductance if the only changeis 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

cut in half, and the number of turns doubled?

d. What is the inductance if the area, length, and n4mber

of turns are cut in half and a ferromagnetic core witha

A, of 1500 is inserted?

6. What are the inductance and the range of expected values

for an inductor with She following label?
, a. 392K	 b. bluegrayplackJ

c. 47K	 d. brown green red K

SECTION 11.4 lndcedVoltage vL

7. If the flux linking a coil of 50 turns changes at a rate of

j 120 mW/s, what is the induced voltage across the coil? 	
I

8. Determine the rate of change of flux linking a coil if 20 V
^ 

are induced across a coil of 200 turns.

9. How many turns does 
a 
coil have if 42 mV are induced

across the coil by a change in flux of 3 mW!s?

10. Find the voltage induced acros s a coil of 22 mH if the rate

ofchange of current through the coil is;

a. I A/s

b. I mA/ms

c. 2mA/lOps

SECTION111.5 R-L Transients: The Storaqe Phase

11. For the circuit of Fig. 11.78. composed of standard values:

a. Determine the time con^tant.

b. Write the mathematical ex pression for the current iL

after the switch is.closed.

c. Repeat pan (b) for VL and VR,
d. Determine iL and "L at one, three, and 'five time constants.

e. Sketch the waveforms of 'L, VL, and VR,

+ V, --

R

20 kO

I	 I	
.	

.	 I +
E	 20 V	 h 300 mH VL

FIG. 11.78

Pmblem 11,

12. For the circuit 
in 

Fig. 11.79 composed of standard values:
a. Determine T,

la. Write the mathematical expression for the current 'L
afterthe switch is closed art = Us. ,

c. Write the mathematical . expression for VL and vR after

the switch is closed at t 	 0 s.

d. Determine iL and VL at t	 I r, 37, and 57.

e. Sketch the waveforms of iL, vl,, and v,? 'for the storage

phase.

+12 V

R	 L

L

I L I2.2 kfl	 4. 
in

+ up -	 + VL

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.

15 MA - - - - - - - - - - -

01	 57 15,us I

FIG. 11.80

Problem 13.

SECTION 11.6 Initial Conditions

14. For flic circuit 
in 

Flg^ 11.81;

a. Write the mathematical expressions for the current iL and

the voltage VL following the closing of the switch. Note

the magnitude and the direction of the initial current.

b. Sketch the waveform ofA and vL for the entire period

from initial value to steady-state level.

iL 

+ VL

— L

0—

1^i 120 mH

mH

+
R

I

E	 36 V	 R2 3 9 ka

FIG. 11.81

Problems, 14 and 49.

15. In this problem, the effect of reversjng the initial current is

investigated. The Circuit in Fig. 11.82 is the same as that

appearing in Fig. 11,81, with the only change being the

direction of the initial current. 	 I	 .

a. Write the mathematical expressions for the current iL

and the voltage VL r following the closing of the switch.

Take careful note of the defined polarity for vL and the

direction for 'L-
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8 V	 R2 ^ 12 kfl L	 10 MH VL
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FIG. 11.85

Problem 18.

*19. For the network in Fig. 11.86:

a. Determine the mathematical expressions for the current

11. and the voltage VL following the closing of the

switch.

b. Repeat part (a) if the switch is opened at t = I As.

C. Sketch the waveforms of parts (a) and (b) on the same

set of axes.

a

1

. 

L

kn

^"T2 
I L2 kD

E_— 12V R2 10 kfl	 L I mH VL

FIG. 11.86

Problem 19.

+ VL -
L = 200 niH	

6 

1 

mA
7'L

R, 2.2 kfl	 —12V

R2

8.2 kn

FIG. 11.84

Problem 17.

I

I
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+ UL 	 SECTION 11.7 R-L Transients: The Release Phase
L

18. For the network in Fig. 11.85:
8 mA

120 mH	 a. Determine the mathematical expressions for the current

+	 iL and the Voltage VL when the switch is closed.

E —36V	 R2 3,9 kfl	 b. Repeat part (a) if the switch is opened after a period of77	 five time constants has passed. 	 p

c. Sketch the waveforms of parts (a) and (b) on the sarn

set of axes.

FIG. 11.82

Problem 15.

b. Sketch the waveform of iL and VL 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:

a. Write the mathematical expressions for the current iL and

the voltage vL following the closing of the switch. Note

the magnitude and the direction of the initial current.

b. Sketch the waveforin of iL and VL fog the entire period

from initial value to steady-state level.

2H VL

1 4 MA

FIG. 11.83

Problem 16.

17. For the network in Fig. 11,84:

a. Write the mathematical expressions for the current iL

and the voltage VL following the closing of the switch.

Note the magnitude and direction of the initial current.

b. Sketch the waveform of 'L and vL for the entire period

from initial value to steady-state level.

*20. For the network in Fig. 11.87:

a. Write the mathematical expression for the current 'L and

the voltage v, following the closing oftbe switch. .

b. Determine the mathematical expressions for'L and VL'f

the switch is opened after a period offive time constants

has passed.

c. Sketch the waveforms of iL and VL for the time periods

defined by parts (a) and (b).

d. Sketch the waveform for the voltage across R2 for the

same period of time encompassed by iL and VL . Take

careful note of the defined polarities and directions in

Fig. 11.87.
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1 1-6v	 b. Calculate tj, and vL. at t - I

c. Write the mathematical expressions for the current iL

and the voltage, vL if the switch is opened at t = 10 ;zs.

d. Sketcle the. waveforms of iL and vL for parts (a) and (c).

R, 6.8 kn	 E = -10V

	

R2 8.2 kf)	
L	 5 ^H IL	 R, t2.2 kfl

FIG. 11.87	

AVProblem,20.

+SECTION 11.8 Thdvenln Equivalent: T LIRTh	 R, 4.7 k1fal	 L	 10mH VL

21.. For Fig. 11,88:

a. Determine the mathematical expressions for 'L and VL

following the closing of the switch.	 V	 V

b. Determine iL and vL after one time constant.
FIG. 11.90

Problem 23.

+	
3 kp	 2 kQ	

+	
*24. For the network in Fig. 1 

1 

1.9 1, the switch is closed at r 0 s.
E	 12 V	 6.2 kfl	 L 47 mH VL	 a. Determine VL at t = 25 ms.

-b. Find VL at t	 ms.

c

'

 Calculate UR, at r = IT.

2.2 kn	 d. Find the time required for the current i L to reacli 100 mA.

c. What is the effect of the 470 R resistor? Explain.

FIG. 11.88

Problems 21 and 50.

+ VR,

22. For Fig. 11.89:	 R,
a. Determine the mathematical expressions for 'L and vL

following the closing of the switch.	 100 fl

b. Determine iL and VL at t = 100 ns.	 +F	 +
36 V	 J^,' - 470 fI	 L	 0.6 H VL

L

R2

:RR3
24k I

+	 20 f)
4 mA	 R, r12kf)	

L 

2 mH E,,,	 V4

FIG. 11 91

Problem 24.
20V

FIG. 11.89

Problem 22.
*25. The switch in Fig. 11.92 has been open for a long time. It is

then closed at r = 0 s.

*23. For Fig. 11,90:	 A. Write the mathematical expression for the current iL and

	

A. Determine the mathematical expressions for it and vL	 the voltage VL after the switch is closed.

following the closing of the switch. Note the defined 	 b. Sketch the waveform of i L afid VL from the initial value

direction for iL and polarity for oL .	 to the steady-state level.
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R,	 R2	 *28. The switch in Fig. 11.95 basbe.en closed for a long time.. It

is then opened it t ^- 0 s.

	

7	 r	 a. Write the mathematical expression for the current it, and

itch is opened.

	

4.7 kfl	 3.3 kri
+	 the Voltage VL after the sw

	

16V	 (t= 0 s) L	 2H VL	 b. Sketch the waveform Of iL and VL from initial value to

the steady-state level.

	

R3	 I ki).

FIG, 11.92	
R,	 R	

+

Problem 25.	 -24 V

2.2 kfl , 	 4.7 kfl	 1L	 1.2 H	 L.

*26. a. Determine the mathematical expressions for iL and VL	 1.2 kf11
following the closing of the switch in Fig. 11.93, The

steady-stite values of iL and VL are established before

	

the switch is closed. 	 V

b. Determine iL and VL after two time constants, of the stor-

	

age phase.	
FIG. 11.95

c. Write the mathematical expressions for,the current ij 	 Prob lem 28.

and the voltage vL if the switch is opened at the instant

	

defined by part (b).	 SECTION 11.9 Instantaneous Values

d. - Sketch the waveforms '
Of iL and VL for paI 

ris (a) and (c).	
29. Given iL = 100 mA (I - e-"O

+20 V	
a. Determine iL at t = 1 ins,

b. Determine iL at t = 100 MS'
c. Find the time t when 'L Will equal 50 mA.

'4 kfI R4 1.5 kn	
d* 

Find the time t when iL will equal 99 mA.

	

RL 

R2	
30. a. If the measurea 'current for an inductor during the stor-

age phase is 126.4 jiA at after a period of one time con-

	

12 kf1	
stant has passed, what is the maximum level of cursent

+	 to be achie^ed?

	

R3	
3 kfl L	 3mH U,	 It. When the cui0rent of part (a) reaches 160 aA, 64.4 As

have passed. Find the time constant of the network.

f	 e is 500 fl, what is the value of-8V	 c. If the circuit's resistanc

the series inductor to establish ,
the current of part (a)? Is

FIG. 11.93	 the resulting inductance a standard value?

Problem 26..	 d. What is the required supply voltage?

31. Thenetwork in fig. 11.96 employs a DMM with an.internat

.-resistance of 10 Mfl in the voltmeter mode. The switch is

*27. The switch for the network in Fig. 11.94 has been closed for
	

-closdd at t = 0 s.
about I h. It is then opened at the time defined as t = 0 s.

2. Determine the time required for the current iL to drop to	
a. Find the voltage across th e c . oil ,

 the instant after the

10 AA.	
switch is closed.

It. Find the voltage VL at t,*-- 10 As.	 b. What is the final value of the current 0

c. Calculate vL at t 5T.	
c. How much time must pass before iL reache q 10 gA?

d. Whatjs the voltmeter roading at t	 12 As?

2 Mil

+

E	 16V
E a^ ry	 +

L	

VL L
VL L	 5H	 R___ 10 Mil	

to MQ

FIG. 11.94	
FIG. 1.96-

	

4 
Problem 2.7.	

Problem 31.
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SECTION111.110 Average Induced Voltage: vL..'

32. Find the wavefornt for the voltage induced across a 200 mH
coil if the current through the coil is as shown in Fig. 11.97,

iL (n1A)
30 ---------------------------

15 ------------------- -------

8 9 10 It 12 13 14 15 16 17 18 19 2021 22 23 24 r (ms)0	 1	 3 4	 6 7

FIG, 11.97
Problem 32.

33. Find the waveform for the voltage induced across a 5 MH
coil if the current through the coil is as shown in Fig. 11.98.

"L (MA)

20

is

-10

0 1 2 3 V 10 11 12 13 14 15 16 17 18 19 t (rns)
-5

-10

.-20

FIG. 11.98
Problem 33.

	*34. Find the waveform for the current of a 10 mH coil if the 	
VL

	voltage across the coil follows thepattern in Fig. 11.99. The	 +60 V
current iL is 4 MA at t 0- s.

20V

7-1
5	 10	 12	 16	 24	 1

-10V

FIG. 11.99
A.	 Problem 34.
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SECTION 11.11 Inductors in Series and in Parallel 	 38. Reduce the network in Fig. 11.103 to the fewest elements,

35. Find the total inductance of the circuit of Fig. 11. 100.

6.2 mH'	 10,uF

.12mH

L2

3 3 mH	
36 mll	

9. 

MF	 91 yF

L4 5.6 mH
2. 

4rnH T

	

L,	

L3 3 mH
L,	 L3	 24 mH

1jVV
9.1 mH

	

	 FIG. 11.163

Problem 38.
FIG. 11.100

Problem 35.

39. Reduce the network of Fig. 11. 104 to the fewest'elemcnts.

36. Findthetotal inductance for the network of Fig. 11]01.

SmH

12 pF	 7 uF
F

42 jpuF 

K\4L, 47nffl"OL4^4L, 47 mH

#	

0,

Lr	

10 mH	

L, 22 mH	
20 mH

	

L2	 L3	
30 m14

2.2 kh

FIG. 11.104

Problem 39.
FIG. 11.101

Problem,36.

*40. For the network in Fig. 11.105:

a. Write the mathematical expressions for the voltages t'L

37. Reduce the network in Fig. 1 1.102 to the fewest number of	 and vR and the current iL if the switch is closed at t 0 &

	

components.	 b. Sketch the wavefornis Of VL, vR, and 'L-

	

6.8 mH	 I kfl	 33 mH

it

E -=:-20 V	 4.7 mH	 9.1 kfl	 1.8 mH	 +	 +

E	 36 V	 8.2 kfl	 3 mH 2mH VL

cT
.r	 4.7 ki'l

FIG. 11.102	 FIG. 11.105

Problem '37.	 Problem 40.

A^



iL

IOMH UL

20 mH

TIG. 11.109

Problem 44.

2,uF

12 

F

1

100,uF

V, 4 fl

FIG. 11.110

Problem 45.

—0 — 8 V

8 f) V,

508 111 INDUCTORS.

*41. For the network in Fig. 11. 106:

- a. Write the mathematical expressions for the voltage vL

and the current iL if the switch is closed at t = 0 s. Take

special note of the required uL.

b, Sketch the waveforms of vL and iL.

.8 MA

*42, For the network in Fig. 11. 107:

a. Find the mathematical expressions for the voltage vi,

and the current iL ,following the closing of the switch,

b. Sketch the waveforms of VL and 'L obtained in part (a).

C. Determine the mathematical expression for the voltage

vL, following the closing of the switch, and sketch the

waveform.

FIG. 11.106

Problem 41.

44. Find the steady-state currents and voltages for the network

in Fig. 11.109.

20	 2 H
	

12

20V	 L,
R,	 60V

+ —

	

iL

10 kf)	

+	

3 H

R, 20 kn VL	 4.7 H	

+
L2	 L	 10H 

vil

FIG. 11.107

Problem 42.

45. Find the steady-state currents and voltages for the network

in Fig, 11. 110 after the switch is closed.

SECTION 11.12 Steady-State Conditions

43. Find the steady-sta(e currents I, and 1 2 for the network in

Fig. 11.1.08.

12 V

R,	 L2

I H

I H	 6 fl	 2 H

E — 
j-20 V R, . F4f)	 R3 4 fl

FIG. 11.108

Problem 4^.
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20 fl
46. Find the indicated steady-state currents and voltages for the 	

E	 3 7fnl
network in Fig. 11 111	 5 n	

100 jLF	

+
+ _

	 +	

6 fl V2
50V	 +

6 114]H

0.5 H

FIG. 11.111

Problem 46.

SECTION 11.15 Computer Analysis	
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

47. Using PSpice or Multisim, verify the results of Example 11.3.	 ^ebcrs per square meter (Wb/m2).

48. Using PSpice or Multisim, verify the results of Example 11.4.
	 Inductance (L) A measure of the ability of a coil to oppose any

49. Using PSpicc or Multisim, find the solution to Problem 14.

	

	
change in current through the coil and to store energy in the

form of a magnetic field in the region surrounding the coil.

50. Using PSpice or Multisim, find the solution to Problem 21. 	 Inductor (coil) A fundamental element of electrical systems

51. Using PSpice or Multisim, verify the results of Example 11.8.	 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

GLOSSARY	 to oppose the cause that produce^d it.

Amp4e's circuital law A law establishing the fact that the alge-	
Magnetic flux lines Lines of a continuous nature that revcal,the

braic sum of the rises and drops of the magnetomotive force 	
strength and direction of a magnetic field.

(mmf) around a closed loop of a magnetic circuit is equal to

	

	 Magnetomotive force (mmf) (9;) The "pressure" jequired to es-

tablish magnetic flux in a ferromagnetic material. It is mcas
-zero.

Choke A term often applied to an inductor, due to the ability of
	 ured in ampere-tums (At).

an inductor to resist a change in current through it. 	
Paramagnetic materials Materials that have permeabilities

Diamagnetic materials Materials that have permeabilities	
slightly greater than that of free space.

slightly less than that of free space. 	
Permanent magnet A material such as steel or iron that will re-

Electromagnetism Magnetic effects introduced by, the flow of	
main magnetized for long periods of time without the aid of

external means.
charge, or current. 	

olt-	 Permeability (1A) A 
measure of the ease with which magnetic flux

Faraday's law A l4w stating the relationship between the v
	

can be established in a material. It is measured in Wb/A - in.
age induced across a coil and the number of turns in the coil 	

tio of the permeability of a
and ihe rate at which the flux linking the coil is changing. 	

Relative permeability (IA,) The ra

Ferromagnetic materials Materials having permeabilities hun-	
material to that of free space.

dreds and thousands of times greater than that of free space.
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mnrelffl^_^ 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 magneticcircuit

configurations. _

Begin to appreciate why a clear understanding of

magnetic circuit parameters is an important .

component in the design of electricallelectronic

systems.

0

12.1 INTRODUCTION

Magnetic and electromagnetic effects play an important role in the design of a wide variety of

electrical/electronic systems in use today. Motors, generators, transformers, loudspeakers, re-

lays, medicEl equipment and movements of all kinds depend on magnetic effectA 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 great deal of similarity between the analyses of electric circuits and

magnetic circuits. The magnetic flux of magnetic circuits has properties very similar to the

current ofelectric 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 ofthe applied magnetornotive force, resulting

in a duality with electric circuits, 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.

One of the difficulties associated with studying magnetic circuits is that three different sys-

tems of units are commonly used in the industry. The manufacturer, application, and type of

component all have an impact on which system is used. To the extent practical, the Sl system

Js applied throughout the chapter. References to the CGS and English systems require the use

of Appendix E.-

12.2 MAGNETIC FIELD

The magnetic field distribution around a permanent magn& 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 herc

for convenience):

B = Wb/M2 = teslas (T)

(D = webers (Wb)	 (12.1)

A = nt 
2

The "pressure" on the system to establish magnetic lines of force is determined by the ap-

' motive force, which is directly related to the nuffiber of turns and current of theplied magneto
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magnetizing coil as appearing in the following equation (Eq. (11.3) re-
peated here for convenience]:

__71	
9; = ampere-tums (At
N = turns (t)
I = amperes f A)

-The level of magnetic flux established in a ferromagnetic core is a di-'
rection function of the perimeability 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):

ji, = 47r X 10-7 Wb/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 magnetomotive force, and the relative
permeability changes.

12.3 RELUCTANCE
The'resi gtance of a material to the flow of charge (current) is determined
for electric circuits by the equation

I
R = p -	 (ohms, D)

A

The reluctance of a material to the setting up of magnetic flux lines
in the material is determined by the following equation:

(rels, or At/Wb)	 (12.4)

where R is the reluctance, 1 is the length of the magnetic parh ', and A is
the cross-sectional area. The t in the units AVWb 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 inverseIN propor-
tiortal 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 proportional to the resistivity. The, larger
the A 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 At/Wb are usually applied.

12.4 OHM'S LAW FOR MAGNETIC CIRCUITS
Recall the equation

cause
Effect

opposition
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appearing in Chaptaf 4 to introduce Ohm's law for electric circuits. For

magnetic circuits, the effect desired is the flu., (D. The cause is the

magnetomative force (mlnf) 9; , which is the external force (or "pres

sure") required to set up the magnetic flux lines within the magnetic ma

terial. The opposition to the setting up of the flux (D is the reluctance&.

Substituting, we have

tv

Since 9i N1, Vq. (12.5) clearly reveals that an increase in the number of

turns or the current through die 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-

netic circuits i you must understand that the flux 4) is not a "flow" vari.

able ^uch as current in an electric circuit. Magnetiq 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.

N

FIG.12A

Defining the components ofa magnetomoriveforce.

12.5 MAGNETIZING FORCE

The magnetomotive force per unit length is called the magnetizing

	

force (H). In equation form, 	 J,

H P T	 (At/m)	 (12.6)

Substituting for the magnetornotive force results in

(At/m)	 (12.7.)

	

F
I 
or the magnetic circuit in Fig. 12.2, ifNI = 40 At and 1 0.2 m, then	 - – – – – – - --

H 
N1 

= 
40 At 

= 200 At/m

	

1	 0.2 in

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 direction of the Pux (D can be determined by 	 N tums

	

placing the fingers of your right hand in the direction of current around 	 Mean length 1 0.2 m
the core and noting the direction of the thumb. It is interesting to realize

	

I hat the magnetizingforcc is independent ofthe type ofcory material—it	 FIG.12.2

is determined solely by the number of turns, the current, and the length 
Defining the magnetizingforce ofa magnetic circuit

of the core.
The applied magneti-:ing force has a pronounced effect on the resulting

permeability ol^ a magnetic material: As the magnetizing force increases,

the permeability rises to a maximum and thendrops 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-

inj equation:

B = pH	 (12.8)
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I
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FIG.12.3

Variation of1t with the magnetizing force,

This equation indicates that for a particular -magnetizing force, the

greater the permeability, the greater is the induced flux density.

Since henries (H) and the magnetizing force (H) use the same capital

letter, it mu^t- be pointed out that all units of measurement in the text,

such as henries, use roman letters, such as R, whereas variables such as

the magnetizing force use italic letters: such as H.
A

N turns

Steel

12.6 HYSTERESIS

A curve of the flux density B versus the magnetizing force Hof a material

is of particular importance to the engineer. Curves of this type can usually

be found in manuals, descripUve pamphlets, and brochures published by

manufacturers of magnetic 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 I = 0. If the cur-

rent I is increased to some value above zero, the magnetizing force H in-

creases to a value determined by

NI
H T 

= I

The flux 0 and the flux density B (B (k1A) also increase with the cur-

rent 7 (or H). If the material has no residual magnetism, and the magnet-

izing force H is increased from zero to some value H, the
I 
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 b. When saturation occurs, the flux density

has, for all practical purposes, reached its maximum value. Any further

increase in current through the coil increasing H = V/1 results in a very

small increase in flux density B.

If the magnetizing force is reduced to zero by letting I decrease to

zero, the curve follows the path of the curve between b and c. Th^ flux

FIG.12.4

Series magnetic circuit used to define the

I	 hysteresis curve.
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Satu ation
B M	 — __1 .

— 7 —a
BBit

itH,.	 d H (N111)
0	 H.	 H,Rd

B
BR

Saturation

FIG.12.5

Hysteresis curve.

density BR, which remains when the magnetizing force is zero, is called

- the residualflux , density. It is this residual flux density that makes it pos-
sible to create permanent magnets. 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 J
current I is reversed, developing a magnetizing force, — H, the flux den-
sity B decreases with an increase in L Eventually, the flux density will be

zero when — Hd (the portion of curve from c to d) is reached. The mag-

netizing force — Hd 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 th en reversed and brought back to zero, the path defresults.
If the magnetizing force is increased in the positive direction (+H), the
curve traces the path shown fromfto b. The entire curve represented by

bcdefb is called the hysteresis curve for the ferromagnetic material,
from the Greek hysterein, meaning "to lag behind." The flux density B

higged behind the magnetizing force H during the entire plotting of the

curve. When H was zero at c, B was not zero but had only begun to'de-

cline. Long after H had passed through zero and had become equal to

— Hd did the flux density R firkally'llecome 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 hysteresis 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.

FIG.12.6

Defining the normal magnetization curve.
a
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FIG.12.8
F-xpanded view ofFig. 12.7for the low magnetizingforce region.
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materials, the net magnetic field is effecti vely zero since the magnetic

fields due to the ato , ins 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 10 12 are'aligned, forming very small bar

magnets. This group of inagnetically 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, the^e domains appear in a random manner, such as shown in

Fig. 12.9(a). The net magnetic field in any one direction is zero.

"ji	 e
'

S	 N

(a)	 (b)

I

FIG.12.9
Demonstrating the domain theory ofmagnelism.

I 
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 domains, 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 k-,onditidn

referred to as satdmtion. 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 DR. In other words, the removal of

the magnetizing force re 
I 
sults in the return of a number of inisaligned do-

mains within the core. The continued alignment of a number of the do-

mains, however, accounts 
for 

our ability to create permanent magnets.

At a point just before saturation, the opposing unaligned domains are

reduced to small cylinders of various shapes referred to as bubbles.

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.

TABLE Ii.1	 12.7 AMPILRE'S CIRCUITAL LAW

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-

ready been demonstrated to Wme extent for the quantities in Table 12. 1.
Cause	 ^E	 If we apply the "cause" analogy to KircIihqff's:y9ltage law (Y V 0),
Effect	 I	 (D
Opposition	 R	

we obtain the following:

Y.0 9 0	 (for magnetic circuits) 	 (12M

which, ir^ 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 rises in mmf equals the sum of the drops iii mmf

around a closed loop.

Eq. ' (12.9) is referred to as Ampbre's circuital law. When it is ap-

pl^ed to magnetic circuits, sources of mmf are expres?ed by the equation

7NI (At)

IntrO uct*, C.-34B
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The equation for the mmf drop across a portion of a magnetic circuit can

be
I 
found by applying the relationships listed in Table 12.1; that is, for

electric circuits,

V = IR

roultilig in the following for magnetic circuits:

0&	 (At)	 (12.11)"

where 0 is the flux passing through a section of the magnetic circuit and

R is the reluctance of that section. The reluctance, however, is seldom

calculated in the analysis of magnetic circuits. A more practical equation,

for the mmf drop is

9; = HI I	 (At)	 (12.12)

as derived from Eq. (12.6), where H is the magnetizing force on l a section

of a magnetic circuit and I is the length of the section.

As an example of Eq. (12.9), consider the, magnetic circuit appearing'

in Fig. 12, 10 constructed of three different ferromagnetic materials.

Applying Amp6re's circuital law, we I iave

7, 9; = 0

+NI — H,,blab — 
Hb lb, — H,.',. ^ 0

Rise	 Drop	 Dp	 Drop

NI	 H.bl.b + Hb,lb, + H,,,',.

Impressed	 rnmtdropsnanf

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 flux density B is known.

12.8 FLUX 4)

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 & sum of the fluxes leaving a junction; that is,

for the circuit in Fig. 12.1 1,

(% = Ob + 0,	 (at junction a)

or	 (Db + 4), = (%	 (it junction b)

which are equivalent.

a

Iron	 Steel

Ntums

1	
Cobalt

C

FIG.12.10

Series magnetic circuit of three different materials.

I	 .	 I

'Db

N

Oa ^Oc

FIG.12.11

Flux distribution ofa series-parallel

magnetic network.

12.9 SERIES MAGNETIC CIRCUITS:

DETERMINING N1

We are now'in a position to solve a few-,magnetic circuit problems,

which are basically of two types. In one type, 4) 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, JY1 is jiven, and the flux 4) of the magnetic circuit must be found

.This typeci problem is encountered primarily in the design of magnetic

amplifiers and is more difficult since the approach is "hit or miss."
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	 I	 -I/,/

3

A = 2 X 10-'m'

N	 400 turns	 Cast-steet core

IS
I = 0, 16 

in

(mean length)

FIG.12.12
Example 12. 1.

(a)

I -I
E-^	 R

L

(b)

FIG.12.13
(a) Magnetic circuit equivalent and

(b) electric circuit analogy. ,

Asindicated in earlier discussions, the value of A 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 thL 'otal reluctance cast 1­^ determined, (D can

then be determined using the Ohm's law analogy for magnetic circuits.

For magnetic circuits, the level ofB or H is determined from the other

us i ng the B-H curve, and * is seldom calculated unless asked for.

An approach frequently used i' n 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 t2.2). The columns on the right are reserved for the

quantities to be found for each section. In this way, when youitre solving

a problem, you can keep track of what the next step should be and what

is 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

(P 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 circuit in Fig. 12.12:

a. Find the value ofJ required tb develop a magnetic flux of (D = 4 X
10-4 Wb.

b. Determine ju and A, 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 fairly trivial

for this example, but it does define the quantities to be found.

a. The flux density B is

B = 
(D 

= 
4 X 

10-4 
Wb - 

X 10 - ' T = 0.2 T
A	 2 X 

10-1 M2

Using the B-H curves in Fig. 12.8, we can determine the magnetiz-

ing force H:

H (cast steel) = 170 At/m

Applying Amp6re's circuital law yields

NI = HI

HI	 (170 At/m)(0.16 in)
and	 I = — -	 __ = 68 mA

N	 400 t

(Recall that t represents turns.)

b. The permeability of the material can be found using ,Eq. (12.8):

B 
__ 

0.2 T 
= 1.176 X 10--'Wb/A-m

H 170 AtIm

TABLE 12.2

Section	 4) (Wb)	 A (m')	 B (T)	 H (At/m)	 (m)	 Hl (At)

One continuous section	 4 X 10-4	 2 X 10 -'	 0.16
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4
and the relative permeability is

1.176 X 10

10-7	
935.83

J`10	 41T X

EXAMPLE 12.2 The electromagnet in Fig. 12.14 has picked up a see-

tion of cast iron. Determine the current I 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:

lefab = 4 in. + 4 in. + 4'in. = 12 in.

1bde = 0.5 in. + 4 in. + 0.5 in. = 5 in.

12 
i'l.

	

	 1 in
	

304.8 X 10, 
—3M

39.37 irL

5 irl.

	

	 I in

	

127 X 10-' 
in

39.37 iTL

2( 1 
in	

I 

in	

6.452 tX 10-4 M2
39.37 irf.	 39.37 in.

The information available from the efab and bcde specifications 'of

-the problem has been inserted in Table 12.3. When the problem has been

completed, each space will contain some information. Suffitiient data to

complete the problem can be found if we fill in each column from left to

right. As the various quantities are calculated, they will be placed in a

similar table found at the end of the example.

N 50 turns

Sheet ^teel

TT

ast iron

c

'J^	
4 in.	

%

0.5 in,

	

Area (throughout) = I in 2
	

%

q) 3.5 x 10"Wb

FIG. 1 2.12

Electmmagnetfor Example 12.2.

Section

,^ab

bcde

(D (Wb)

3.5 X 10-'

3.5 
X 10-4

TABLE 12.3

A (ni')	 B (T)	 H (At/m)

6.452 X 10-4

6.452 X 10-'

I (M)	 HI (Af)

304.8 X 10-'

127 X 10-1

The flux density for each section is

(D	 3.5 
X 10-4 Wb	

0.542 TB — =	 10^4 M2
A 6.452 X

f.	 and the magnetizing forcejs^

	

H (sheet steel, Fig. 12.8)	 70 At/rn

H (cast iron, Fig. 12.7) =— 1600 At/m

Note the extreme difference in magnetizing force for each material for

the required flux density, In fact, when we apply Amp^re's circuital law,

we find that the sheet steel section can be ignored with a minimal error

in the solution.
1A

Determining rit for each s ectonye s

10-3 M)
ll^f.bl&b = (70 At/m)(304.8 X

	

	 21.34 At

m)^x

	

	 =-(1600 At/m)(127 X 10	 203.2 At
Hbd,1kd,
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Section	 (15 (Wb)

efab	 3.5 X 10-4

bcde	 3.5 X 10-4

0

Inserting the above'data in Table 12.3 results , in Table 12.4.

TABLE 12.4

A (n,2)	 B (T)	 H (Athn)	 I (in)	 Hl (At)

	

6.452 X 10'-4	 0.'542	 70	 304.8 X 10- '	 21.34

	

6.452 X 10-4	 0.542	 1600	 127 X 10 - '	 203.2

The magnetic circuit equivalent and the electric circuit analogy for

the system in Fig. 12.14 appear in Fig. 12.15.

Applying Amp6re's circuital law, we obtain

NI = Hfbl fb + Hbcdlbcde
= 21.34 At + 203.2 At = 224.54 At

,and	 (50 t)I = 224.54 At

224.54 At
so that	 I =	

50 t	
= 4.49 A

EXAMPLE 12.3 Determine the secondary current 12 for the trans-

former in Fig. 12.16 if the resultant clockwise flux in the core is 1.5 x -

10 - ' Wb.

Sheet ste-^^I	 b	 12

N2 = 30 turns
Nt 60 tums

12
1,	

d^

Area (throughout)	 0. 15 x 1 G-3 MI
1^b,d^ = 0. 16 m

FIG.112.16

Transformerfor Example 12.3.

Solution: This is the first example with two magnetizing forcesto con,

sider. In the analogies in Fig. 12.17, noti that the resulting flux of each is

opposing, just as the two sources of voltage are opposing in the electric

circuit analogy.

'abd,

F
	

L F
El	 E2

Rbcde

(a)

E

R'f. b

Rbcd,

(b)

FIG.12.15

(a) Magnetic circuit equivalent and (b) electric
circuit analogyfor the electromagnet in Fig. 12.14.

I .	 11	 "	 ^'	
. I	 .	

.	 I.. : .
	

I I I
	 .	 I	 .	

(a)	 ^	 (b)

FIG.12.17
(a) Ma8neric circuit equivalent and (b) electric circuit analogyfi67e

transformer in Fig. 12.16
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The abcda 
structural- data appear in Table 12.5.

TABLE 12.5

Section	 (Wb)	 A (n")	 B (T)	 H (At/m)	 I (M)

0.16+ 10_'5.	

-5	
1

	

1.5 X 10	 0.1^ X 10

abcda

The flux density throughout is

1.5 X 107 5 Wb	
lo x 10-2 T 0.10

A	 0.15 X 10 M.

and

H (from Fig. 12-8)	
1 , 00 At/m) 20 At/m

5

ApplyitIg Amo&e's circuital law, we obtain

N,Ij - ?V212 = Hab,&I-bcda

(60 t)(2 A) - (
30 t)(,2) = (20 At/rn)(0. 16m)

120 At - (30 t)12 = 3.^ At

and	
(30 t)l2 = 120 At - 3.2 At

116.8 At
= 3.89 A

or	 12	 30 t

For the analysis 
of most transformer systems, the equation Nth

N212 is used. This results in 4 
A versus 3.89 A 

above. This difference is

normally ignored, however, and the equation NII, 
= N21^considered

exact.	
ty of the B-H curve, 

it is not possible to
Because of the nonlineari 	

s, in Example 12.3, we
apply superposition to magnetic circuits; that i

cannot consider the effects ofeach source independently and then find

the total effects by using superposition.

12-10 AIR GAPS

	illustrative examples, let us consider the ef- 	 t"Pc
Before continuing with the

	

	
6^dote the presence of air

fects thatan air gap has on a magnetic circuit. 
N	 Augap

gaps in the magrwtic circuits 
of the motor and meterin Fig. 11.15. The

spreading of the flux lines outside,the common area of the core for the fring:ing

air gap in Fig. 12.18(a) is known as fringing. 
For our purposes i we

shall ignore this effect and assume the flux distribution to be as in

Fig. 12.18(b).
The flux density ofthe air gap in Fig. 

12.18(b) is given by

Bg

	

	 (12.13)

Ag
I 7*111D,

	whem for our purposes,	
(b)

(Dg =	 FIG.12.18

Air gaPs: (.) ,withfringing; (b) ideal.

and	
As = A.6.



ca (throughout)

1.5 x JOIM2

gap

75 X I V Wb

I

N = 20

1

FA
Rb,

OlPp

(a)

(b)

FIG.12.20
(a) Magnetic circuit equivalentand (b) electric

circuit analogyfor the rela.11 in Fig. 12,19.
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C

I

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

B^

H9	 (12.14)

and the mm5drop across the air gap is equal to HgLg . An equation for Hg
is as follows:

Bg	 B^
Hg ^ = —

A^	 4-Yr X 10-7

and	
(At/m)	 (12.15)

EXAMPLE 12.4 Find the value of ) required to establish a magnetic
flux of	 0.75 X 10-4 Wb in the series magnetic circuit in Fig. 12.19.

All cast steel

Ic'&b = 
100 X 10-3 M

Ibc = 2 X 10-3 M

FIG.12.19

Relayfor Example 12.4,

Solution: An equivalent rnagnetic circuit and its electric circuit anal-
ogy are shown in Fig. 12.20.

The flux density for each section is

B = 4) 0 75 x 10-4 Wb
A	

.5	 0.5 Tm2

From the B-H curves in Fig. 118,

. 
H (cast steel) ^— 280 At/m

Applying Eq. (12.15),

H, = (7.96 X 105 ) B, = (7.96 X 10-') (0.5 T) = 3.98 X 10' At/m

T7he himf drops are

Hcorelcom = (280 At/m)(100 x 10-3 M) = 28 At

H, 1,.= (3.98 x 10' Atim)(2 X 1 0 - 3 M) 
= 796 At
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Applying Amp^re's circuit al law, we obtain

NI H,,l,, + H81g	
41

28 At + 796 At

(200 t) 1 824 At

1 4.12 A

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 analogies ' between . electric and magnetic

circuits eventually lead to series-parallel magnetic circuits similar in

many respect^ 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 Deternline the current I required to establish a flux of

1.5 X 10-4 Wb in the section of the core indicated in Fig. 12.21.

Sheet steel

r
T

V(2^ It	 5 X I (r4 Wb
N 50Uu,"

e

l b,d,	 0.2 m

1" = 0.65 M
Cross-sectional area 	 6 x I Or^ rn" throughout

FIG.12.21

Example 12.5.	
42

tric circuit analogy	 gtb, 2	 gbcd.eSolution: The equivalent magnetic circuit and the elec 	 D
appear in Fig. 12.22. We have

L2 1.5 X 10-4 Wb

B2 = 
A - 6 X 

10-4 M2 
^ 0.25 T	

(a)

From Fig. 12.8,	
R&b

Hb,d, =_ 40 At/m

Applying Amp6re's circuital law around loop 2 in Figs. 12.21 and 12.22, 	

+!' D2 9; 0	 E	 R, 2	 Rb,
0	 - aD, D

Hb, lb, - Hbd lb,d, 0

Hb,(0.05 in) - (40 At/m)(0.2m) 0

Hb, = 
8 At	

160 At/m	
(b)

0.05 
in	

FIG.12.22

(a) Magneti6 circuit equivalent and (b) electric

From Fig. 12.8,	 circuit anal6gyfor the series-parallel system in

B, z5 0.97 T	 Fig. 12.21.
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z

and

0 1 = BIA = (0.97 T)(6 X 
10-4 MI) 

= 5.82 x 
10-4 Wb

The results for bcde, be, and efab are entered in Table 12.6.

TABLE 12.6

Section
	

0 (Wb)	 A (m')	 B (T)	
.	

H (At/m)	 I (m)
	

HI (At)

bcde
	

1.5 X 
10-4	 6 X 

10-4	 0.25	 40	 0.2
	

8
be
	

5.82 X 10-4	 6 
X 10-4	 0.97	 160	 0.05

	
8

efab
	

6 X 
10-4	

0.2

Table 12.6 reveals that we must now turn our attention to section efab:

(PT = (D i + 02 = 5.82 x 
10-4 

Wb + 1.5 X 10-4 Wb

= 7.32 X 10-4Wb

B 
OT 7.32 x 

10 -4 Wb

A	 6 x 10 -4 MI

1.22 T

From Fig. 12.7,

H&b a5 4(YO At'

Applying Amp^Te's circuital law, we find

+N1 - H f^b l&b - Hb,lb, = 0

NI = (46OAt/m)(0.2m) + (160At/m)(0.05m)

(50 t)l = 80 At + 8 At

I = 88 At = 1.76 A
50t

To demonstrate that 1L is sensitive to the magr^etizing force H, the per-

meability of each section is determined as follows. For section bcde,

B	 0.25 T 
= 6

1 

.25 X 10-'
H 40 At/m

A	 6.25 x 10-'
and	 -^2- = 4972.2.57 X 0-,

For section be,

B	 0.97 T
-- 06 x 10 -'6̂0 Atm 6.

H

6.06 x 10-1 = 
4821and	

-7AO	 12.57 x 10

For section efab,

B	 1.22 T
A - = 0̂0 -A	3.05 x 10-1

H	
tm

A	 3.05 x	
3

10-and	 A,	 = 2426.4110-7
12.57 X

W



1--Air gap
TImm

a	 0.003 in'

I

I =

A (throughout) = 2 x 10 -2

0 turns

- --------------

Ud.	
0.3 rn	

Cast iron

FIG.12.23

Example 12.6.

I = SA

s i6oturnst— - 0-16m

FIG.12.;4

Example 12.7

12.12 DETERMINING (D

The examples of this section are of the second type, where NI is given

and the flux 4) must be found. This is a relatively straightf
orward prob-

lem if only one magnetic section is involved. Then

I H--*B-	 (B-J^ curve)H

	and	
(D = BA

For magnetic circuits with more than one section, there is no set order

of st^ps 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-
'flux (D and then compare this

pressed mmf for a calculated guess of the

with the specified value of 
mmf. We can then make adjuktments to our

guess to bring it closer to the actual value. For most applications, a value

within :t5% of the actual 4) or specified NI 
is acceptable.

We can make a reasonable guess at the value of 4) if we realize that the

maximum mmf drop appears across the material with the smallest perme-

ability if the length and area of each 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 innif across the gap. As a starting point for problems

of this type, therefore, we shall assume that the 
total mmf (NI) is across

the section with the lowest A 
or greatest R (if the other physical dimen-

sions are relatively similar). This assumption gives a value of 4) that will

produce a calculatpd NI 
greater than the specified value. Then, after con

sidering the results of our original assumption very carefully, we shall cut

(D and NI by 
introducing the effects (reluctance) of the other portions of

the magnetic circuit and try the new solution. For obvious reasons, this

approach is frequently called the cut and try method.

EXAMPLE 12.6 Calculate the magnetic flux (D 
for the magnetic circuit

in Fig. 12.23.

Solution: By Amp6re's circuital law,

NI H.bdl.bd.

NI	 (60 tj(5 A)

	or	 kkd.	 .3 
in

iabd,

300 At = 1000 At/rn
0.3 

in

and	 B^bcd^ (from Fig. 12.7) as 0.39 T

Since B VA, we have

10 — 4 MI) = 0.78 
X 10-4 Wb

(D = BA = (0.39 T)(2 X

EXAMPLE 12.7 Find the magnexic flux 
(D for the series magnetic circuit

in Fig. 12.24 for the specified impressed nunf.

Solution: Assuming that the total impressed innif 
NI is across. the air

gap, we obtain

NI HI,

NJ 400 At = 
4 X 10'At/m

or	
0.001 

in
ig

;0

DETERMINING 41 111 627,
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and	 B. = ,uH, = (4-ff X 10-)(4 X 10'At/m)
= 0.503 T

The flux is given 
by

(Dg =	 = BA
= (0.503 T)(0.003 M2)

(Pco, = 1. 51 X 10 - I Wb

Using this value of (D, we can find N1. The core and gap data are in-
serted in Table 12.7,

Section

Core

Gap

TABLE 12.7

0 (Wb)	 A (m2)	 B (T)	 H (At1m)	 (M)	 HI (At)
1.31 X It) 1	 0.003	 0.503	 1500 (B-H curve)	 0. ^16
1 

.51 X 
1 
0 -3
	

0.003	 0.503 4 X 105	 0.001	 400

Hcorelco,e = 0 500 At/rn) (o. 16	 240 At

Applying Amp^re4s circuital law results in

N1 = Hcorel—e + Hg1g

= 240 At -^ 400 At
400 At * 640 At

Since we neglected the reluctance of all the magnetic paths bla the air

gap, the calculated value is greater than the specified value.^ ^Vc must
therefore reduce this value by including the effect of these reluctances.
Since approximately (640 At - 400 At)/640 At = 240 At/640 At =
37.5% of ourcalculated value is above the desired value, let us reduce q)
by 30% and see how close we come to the impressed mmf of 400 At:

(I - 0.3)(1.51 ^< 10-3 Wb)
1,057 X 10-3 Wb

See Table 12.8. We have

Section

Core

Gap

4) (Wb)	 A (M2)

------- 7--7—
,Vj I A JU -	 0.003
1.057 x jo-3	 0.003

TABLE 12.8

B (T)	 H (At/m) I W	 H1 (At)

0.16

0.001

(D	 1.057 X 10-3 Wb
B 
= — = — ^ 0.352 TA	 0.003 m3

Hglg = (7.96 X 10')BgIg
= (7.96 x 

105 
)(0.352 T)(0.001

280.19 At

From the B-H curves,

H	 850 At/mcore

korelcore (850 At/m)(O. 16 m) 136 At



Magnetized
ferromagnetic,
material
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Magnet

Magneti

Voice c(
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Applying Amp6re's circuital law yields

NI = H^relr. + Hglg

= 136 At + 280.19 At

400,At = 416.19 At	 (but within ±5% 
and therefore acceptable)

The solution is, therefore,

1.057 
X 10-3Wb

'12.13 APPLICATIONS'

Speakers and Microphones

Electromagnetic effects are the moving force in the design of speakers

such as the one 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 son nd pattern, the higher is the oscillating frequency be-

tween the peaks and valleys and the higher is the frequency of vibration

of the cone.

A cond design used more frequently in more expensive speakerse.

systems appears in Fig. 12.26. In this case, the permanent magnet 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 pattern 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.

j

Flexible cone

Electromagnet

Sound

Magnetic sar
(free to move)

FIG.12.25

Speaker

(a)	 (b)	 (c)

FIG.12.26

Coaxial high-fidelity loudspeaker: (a) construction: (b) basic operation; (c) cross section ofactual unit.

(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

-W

C
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I	 I .
	 ' (a)

Mag-tic ficld	 +

into P.g^

+4

VH
—Tid "957\

(b)

FIG.12.27

Hall effect sensor: (a) orientation ofcontrolling

parameters; (b) effect on electronflow.

4P

a

(e = N doldt), a voltage is 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 design 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 construction 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 VH is generated between the two terminals, as indicated in Fig.

12.27(a). The difference in potential is iLue 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 VH), leaving a net pos,

itive charge in the upper region of the material (connected to the positive

terminal of VH). The stronger the current or strength of the magnetic

field, the greater is the induced voltage VH.	 ,

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—t6 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 VH 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 tor the product. The sensor, con I current, and monito g system

are housed in the exit fence and react to the presence ofthe magnetic

7	 *Mezoelectricity is the generation of a small voltage by exerting pressure across certain
crystals.
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VH

I (from battery)

Hall effect sensor	 +
Permanent
magnet	 v. A_A_A_

Hall	 Time
I ffect 4B	 for one
sensor

	

	 rotation
i^o

N
S	 Motion

Spoke

(a)	 (b)

FIG.12.28
Obtaining a speed indicationfor a bicycle using a Hall effect sensor: (a) mounting the

comportents; (b) Hall effect response.

field a s the product leaves the store, ' When the product is paid for, the

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.

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 a
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) results, 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 I mi, the number of rotations is

5280 
fl( 12 irf.	 I rota

1̂-0—n	 773 rotations
82 ill.

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 totaling at more than 4 revolutions per second, and, the total

number of rotations over 20 mi is 15,460.

Magnetic Reed S.witch 	
Reeds

One of the most frequently employed swkches in alarm systems is the 	 Embedded

magnetic reed switch shown in Fig. 12.29. As shown by the figure,	
permanent

there ate two components of the reed switch—a permanent magnet	
magnet	

Sealed
capsuleembedded in one unit that is normally connected to the movable ele- 	 Plastic	 Ist

ment (door, window, and so on) and a reed switch in the other unit that 	 housing

is connected to the electrical control circuit:The reed switch is con-

structed of two iron-alloy ^feffomagnetic) 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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Perman nt
magnete

Reed switch

"

nt,.

Ontlol

FIG.12.30
Using a magnetic reed switch to monifor the state

ofa window.

_'17

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 ferromag r etic 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 Mfl,
while in the op state it drops to less than I fl.

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 enclosed
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 variety that can be set into the edge of a
door and door jam, resulting in only two small visible disks when the
door is open. .

Magnetic Resonance Imaging

FIG.12.31
Magnetic resonance imaging equipment.
(Courtesy of Siemens Medical Systems, Inc.)

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 MR1 system are a strong mag-

net, a table for transporting the patient into the circular hole in the
magnet, and a control center, as shown in Fig. 12.3 1. The image is ob-
tained by placing the patient in the tube to a precise depth depending
an the cross section to be obtainedand 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 atoni, 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 an4ther. 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.12.3^3

Magnetic resonance image.	 Magnetic resonance imaging equipment (oven varieY).

(Courtesy of Siemens Medical Systern g, Inc.)	 (Courtesy ofSicmens Medical Systems, Inc.)

difficult to contend with. A more open 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 ferromagnetic particles

may have become lodged in open, sensitiveareas such a 's the eyes, nose,

and so on, may have to,use a CAT scan system because it does not em-

ploymagnetic-effects^-The attending physician is well trained in such

areas of concern and will remove any unfounded fears or -suggest alter-

nativehiethods.

PROBLEMS	 3. For the, clectromag4et. in Fig. 12,34:

SECTION 12.2 Magnetio-Fleid	
a. knd the flux density in the core.

b. Sketch the magnetic flux lines and indicate their direction.

1. Using Appendix E, fill i, n the blanks in the following table.	 c. Indicate the north and south poles of the magnet.

Indicate the units foreach quantity-.

2

	

(D	 B	 A 0.01 m

SI	 ,5 x 10-'Wb	 8 X 
16-4 

T	 _(D 4 x IeW6

CGS	 --------	 Nu s
English

FIG.12.34

2. Repeat Problem I for the following table if area 	 2 in.
2: - 	 Ptv^blern 3.

B	
SECTION 12.3 Reluctance

SI	 4. Which section of-Fig. 12.35—(a), (b), or (c)—has the

CGS	 60,000 maxwells	 largest reluctance to the setting up of flux lines through, its

English	 longest dimension?

Introductory, C, 35A
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3 in.	 10. Find the current necessary to establish a flux of 4)	 3 X

10-1 Wb in the series inagnetic circuit in Fig. 1237.

I cm	 Iron

I ent 6 n—%,

Iron	 in.

(b)	
Sheet stee I

0.01 rn

N0.01 m
qron

0.3 m

	

(c)	 Area (throughout)	 5 X ' 10' m2

	

FIG.12.35	
N	 100 turns

	

Problem 4.	 FIG.12.37

Problem 10.

SECTION12.4 Ohm's Law for Magnetic Circuits

5. Find the reluctance ' of a magnetic circuit if a magnetic flux 	
11. a. Find the number oftums N] required to establish a flux (D(D - 4,2 X 10 - ' Wb is established by an impressed mmfof	 1 0-4 Wb

400 At.	
= 12 X	 in the magnetic circuit 

in 
Fig. 12,38.

b. Find the permeability A of the material.
6. Repeat Problem 5 for (P = 72,000 maxWells and anim-

pressed mrnfof 120 gilberts.

	

SECTION 12.5 Magnetizing Force	
Cast steel

7. Find the magnetizing force 11 for Problem 5 in SI units if

the magnetic circuit is 6 in. long.	
I = IA

N2
8. Ifarnagnetizing force Hof600At1nn is applied to a magnetic 	

2A _^o = 30 turns
circuit, a flux density B of 1200 X 10-' 

Wb/1112 
is estab-	

N11
lished, Find the permeability A of a material that will produce

t"ice the original flux density for thesarne magnetizing

force.	 Area = 0.0012 m2
1, (mean length) ­ 0.2 m

FIG.12,38

SECTIONS 12.6-12.9 Hysteresis through Series	 Problein 11.

Magnetic Circuits

9. For the series magnetic circuit in fig. 12.36, determine the
current I necessary to establish the indicated flux,

f2. a. Find tfic mmf (NI) required to establish a flux 0

80,000 lines in the magnetic circuit in Fig. 12.39,

b. Find the permeability of each material.
Area (thronahout)

3 x 10-'m'

Cast steel

Sheet steel

IV	 75 turns

	

turns	

Uni,Cast iron	 Unifom area

(throughout)I

	

-P	 10 x lVWb,	 5.5 in.	
in.,

Mean length
	

0.2,m	 0.5 in.

	

FIG. 12.36	 FIG.12.39

	

Problent 9.	 Problem 12.
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*13. For the series magnetic circuit in Fig. 12.40 with two im- 	 4 cm
pressed sources af magnetic "pressure," determine the cur.

rent L Each applied mmf establishes a flux pattern in the

clockwise direction.

	

	
Chime,

4" ;t*

Cast steel	 Plunger	 1, goo MA

FIG.12.42

Door chimefor Problem 15.

0.8 X 10^Wb LN^^=210 turns 12, * 170—tut
16. Determine the current 11 required to establish a flux of (D

1 0-4 Wb in
1—	 5.5 in.	 2X	 the magnetic circuit in Fig. 12.43.

1— i.n	 2.5 in.	 Cast iro

	

t	 1,	 Sheet sicel

	

Area (throughout) 	 0.25 in.2	 0.002 in

N,	 200 turns
FIG. 12.40

Problem 13.

SECTION 12.10 Air Gaps

0.3 A	14. a. Find the current I required to I!stablish a flux (D	
40 turns 12

	 j,

	10-4 Wb in.the magnetic circuit in Fig. 12.41. 	 N22.4 X

	

b. Compare the mmf drop across the air gap to that across 	 Area (tluoughout) =, 1.3 x le m2

	

the rest of the magnetic circuit, Discuss your results 	
F.IG.12.43

using the value of A for each material.
Problem 16.

	

*17. a. A flux of 0.2 X	
-410 

Wb will establish sufficient at-

Sheet steel t^acti,e force for the armature of the relay in Fig. 12.44.

to close the contacts. betermine the required current to

establish this flux level if 
we 

assume that the total mmf
b

	

IP Vp,^, D	 drop is across the aii gap.0.003 in

Ar	 c	 b. The force exerted on the armature is ' determined by the
100

equationturns

f - - - ----------	 B'A
9

	Area (throughout) 2 x 10-4 m2	

F(riewtons)	
2

	

1,,b = I f = 0.05 in
	

where B. is the flux density within fbe air gap and A is

	

1 f̂ = lb, = 0.02 in
	

the common area of the air gap. Find the force in new-

I& = ld,	 tons exerted when the ,flux 4) specified in part (a) is

established.
FIG.12.41

Problem 14.	 Spn. ng	
Armature	 Air gap 0.2 cm

Contacts

*15. The, force carrieo by the plunger of the door chime in

Fig. 12.42 is determined by coil

N 200 turns
Diameter of core	 0.01 

in
f = 

2 
N 

dx	
(newtons)

	

where doldx is the rate of change of flux linking the coil as 	 Solenoid'

the core is drawn into the coil. The greatest rate of change

of flux occurs when the core is '/4 tot/4 the way through. In

	

this region, if (1) changes from 0.5 
X 10-4 Wb to 8 x 10-'	 FIG.12.44

Wb, what isthiiforce carried 6Y the plunger?	 Relqyfor Problem 17.



I . 2A

N 150 .7s

f	
-- - - - - e]

l,d	 8 X 
10 -4 In

lb,	 Q.2.m
Area (throughout) -A 2 x 10-4 .1

1,	 = 1,	 1
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SECTION12.1.1 Series-Parallel Magnetic Circuits

*18.. For the series-parallel magnetic circuit in Fig. ' 12.45, find

the value of I rekiuired to esUblish a flux in the gap of Or
2, X 10-4 Wb

x, Sheet steel thr oughout
Z

O^002 In

N	
d

200 1. Area
2

7	 g

Area for sections other than,bg 	 5 x 10 'tn'

l.b	
1,	 1 , = 1,	 0.2,11

	

'	 8 1 
in 

I "	I - 0 099 inb^	 lfg	 0-	 , d	 f - -

FIG.12.45

Problem 18.

SECTION 12.12 Determining 0

19. Find the magnetic flux (D established in the series magnetic

circuit in Fig. 12.46.

I = 2A 
A	

0

N	 100 turns

Area
0.009 in,

Cast steel

FIG.12:46

Problem l9.

*20. Determine the magnetic flux 4) established in the series

in agnetic circuit in Fig. 12,47.

fIG.14.47

P41ent 20.

*21. Note how closely the B-H curve of cast steel in Fig. 12.7

matches the curve for the voltage across a capacitor as it

charges from zero volts to its final value.
8. 

Using the equation for the charging voltage as a guide,

write an equation for B as a function of H [B = ftH)j for

cast steel.

b. Test the resulting equation at H = 900 At/m, 1800

AtIm, and 2700 Attm.

c. Using the equation of part (a), derive an equation for H

in terms of 8 JH = flB)I.

d. Test the resulting equation at B = I T and ' B = 1.4 T

e. Using the result of part (c), perform the analysis

of Example 12.1, and compare the results for the

current 1.

GLOSSARY

Ampire'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.

Electroniagnetism'Magnetic effects introduced by the flow of

charge or current.

Ferromagnetic materials Materials having permeabilities

hundreds and thousands,of times 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 force applied.

Magnetic flux lines Lines of a continuous nature that reveal the

strength and direction of a magnetic field.

Magnetizing force (R) A measure of the magnetomotive force

per unit length of a magnetic circuit.

Magnetornotive force (mmf) ff) The "pressure" required to et-

tablish magnetic flux in a ferromagnetic material. It is meas-

ured in ampere-turns (At).

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 (IA) ,,A measure of the case with which magnetic

flux can be established in a material. It is measured in

Wb/Am.

Relative permeability (p,) The ratio of the permeability of a -

material to that of free space.

Reluctance (R) A quantity detemuned by the phy'sical charac-

terisucs ofa 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 At/Wb.


