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Preface

Studying from this book will help both electrical technology and electrical
engineering students learn circuit analysis with, it is hoped, less effort and more
understanding. Since this book begins with the analysis of dc resistive circuits
and continues to that of ac circuits, as do the popular circuit analysis textbooks,
a student can, from the start, use this book as a supplement to a circuit analysis
textbook.

The reader does not need a knowledge of differential or integral calculus
even though this book has derivatives in the chapters on capacitors, inductors,
and transformers, as is required for the voltage-current relations. The few problems
with derivatives have clear physical explanations of them, and there is not a single
integral anywhere in the book. Despite its lack of higher mathematics, this book can
be very useful to an electrical engineering reader since most material in an electrical
engineering circuit analysis course requires only a knowledge of algebra. Where there
are different definitions in the electrical technology and engineering fields, as for
capacitive reactances, phasors, and reactive power, the reader is cautioned and the
various definitions are explained.

One of the special features of this book is the presentation of PSpice, which
1S a computer ctrcuit analysis or simulation program that is suitable for use on
personal computers (PCs). PSpice is similar to SPICE, which has become the
standard for analog circuit simulation for the entire electronics industry. Another
special feature is the presentation of operational-amplifier (op-amp) circuits. Both
of these topics are new to this second edition. Another topic that has been added
is the use of advanced scientific calculators to solve the simultaneous equations
that arise in circuit analyses. Although this use requires placing the equations
in matrix form, absolutely no knowledge of matrix algebra is required. Finally,
there are many more problems involving circuits that contain dependent sources
than there were in the first edition.

I wish to thank Dr. R. L. Sullivan, who, while I was writing this second edition,
was Chairman of the Department of Electrical Engineering at the University of
Florida. He nurtured an environment that made it conducive to the writing of
books. Thanks are also due to my wife, Lois Anne, and my son Mathew for their
constant support and encouragement without which I could not have written this
second edition.

JoHN R. O’MALLEY
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Chapter 8

Capacitors and Capacitance

INTRODUCTION

A capacitor consists of two conductors separated by an insulator. The chief feature of a capacitor
is its ability to store electric charge, with negative charge on one of its two conductors and positive
charge on the other. Accompanying this charge is energy, which a capacitor can release. Figure §-1
shows the circuit symbol for a capacitor

o——f——

Fig. 8-1

CAPACITANCE

Capacitance, the electrical property of capacitors, is a measure of the ability of a capacitor to store
charge on its two conductors. Specifically, if the potential difference between the two conductors is V
volts when there is a positive charge of Q coulombs on one conductor and a negative charge of the same
amount on the other, the capacitor has a capacitance of

C=-
v

where C is the quantity symbol of capacitance.
The SI unit of capacitance is the furad, with symbol F. Unfortunately, the farad is much too large
a unit for practical applications, and the microfarad (uF) and picofarad (pF) are much more common.

CAPACITOR CONSTRUCTION

One common type of capacitor is the parallel-plate capacitor of Fig. 8-2a. This capacitor has two
spaced conducting plates that can be rectangular, as shown, but that often are circular. The insulator
between the plates is called a dielectric. The dielectric is air in Fig. 8-2a, and is a slab of solid insulator
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Fig. 8-2 Fig. 8-3

A voltage source connected to a capacitor, as shown in Fig. 8-3, causes the capacitor to become
charged. Electrons from the top plate are attracted to the positive terminal of the source, and they pass
through the source to the negative terminal where they are repelled to the bottom plate. Because each
electron Jost by the top plate is gained by the bottom plate, the magnitude of charge Q is the same on
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154 CAPACITORS AND CAPACITANCE LCHAP. &

both plates. Of course, the voltage across the capacitor from this charge exactly equals the source voltage,
The voltage source did work on the electrons in moving them to the bottom plate, which work becomes
energy stored in the capacitor.

For the parallel-plate capacitor, the capacitance in farads is

C=¢
d
where A 1s the area of either plate in square meters, d is the separation in meters, and ¢ is the
permittivity in farads per meter (F/m) of the dielectric. The larger the plate area or the smaller the plate
separation, or the greater the dielectric permittivity, the greater the capacitance.

The permittivity ¢ relates to atomic effects in the dielectric. As shown in Fig. 8-3, the charges on the
capacitor plates distort the dielectric atoms, with the result that there is a net negative charge on the
top dielectric surface and a net positive charge on the bottom dielectric surface. This dielectric charge
partially neutralizes the effects of the stored charge to permit an increase in charge for the same voltage.

The permittivity of vacuum, designated by ¢, is 8.85 pF.m. Permittivities of other dielectrics are
related to that of vacuum by a factor called the dielectric constant or relative permittivity, designated by
¢,. The relation is & = ¢,£y. The dielectric constants of some common dielectrics are 1.0006 for air, 2.5
for paraffined paper, 5 for mica, 7.5 for glass, and 7500 for ceramic.

TOTAL CAPACITANCE

The total or equivalent capacitance (Cy or C,,) of parallel capacitors, as seen in Fig. 8-4a. can be
found from the total stored charge and the @ = CV' formula. The total stored charge @, equals the
sum of the individual stored charges: Q, =Q, + @, + Q,. With the substitution of the appropriate
Q = CV for each Q, this equation becomes C,V=C,V + C,V + C;¥. Upon division by V. it
reducesto C; = C, + C, + C;. Because the number of capacitors is not significant in this derivation,
this result can be generalized to any number of parallel capacitors:

Cr=C,+C, +C3+Cy 4+

So, the total or equivalent capacitance of parallel capacitors is the sum of the individual capacitances.

] C
l < - & I
— — =C = o V, C
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)

(a) (b)
Fig. 8-4

For series capacitors, as shown in Fig. 8-4h, the formula for the total capacitance is derived by
substituting Q/C for each V in the KVL equation. The Q in each term is the same. This is because the
charge gained by a plate of any capacitor must have come from a plate of an adjacent capacitor. The
KVL equation for the circuit shown in Fig. 8-4bis Vi =V, + V, + V;. With the substitution of the
appropriate Q/C for each I this equation becomes

Q Q Q Q 1 1 1 1

o= T4 4 % or =t ot
Cr G G G O S I
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CHAP. 8] CAPACITORS AND CAPACITANCE 155

upon division by Q. This can also be written as
1

(‘.,:
T, +16,+1C,

Generalizing,
1

Cp=
1C,+1C,+1Cy+1:Cy+ -

which specifies that the total capacitance of series capacitors equals the reciprocal of the sum of the
reciprocals of the individual capacitances. Notice that the total capacitance of series capacitors is found
in the same way as the total resistance of parallel resistors.

For the special case of N series capacitors having the same capacitance C, this formula simplifies
to C; = C:N. And for two capacitors in series it is  Cp = C,C, (Cy + C,).

ENERGY STORAGE
As can be shown using calculus, the energy stored in a capacitor is
W, =4icy?

where W, is in joules, C is in farads. and V' is in volts. Notice that this stored energy does not depend
on the capacitor current.

TIME-VARYING VOLTAGES AND CURRENTS

In dc resistor circuits, the currents and voltages are constant never varying. Even if switches are
included, a switching operation can, at most, cause a voltage or current to jump from one constant level
to another. (The term “jump”™ means a change from one value to another in zero time.) When capacitors
are included, though. almost never does a voltage or a current jump from one constant level to another
when switches open or close. Some voltages or currents may initially jump at switching. but the jumps
are almost never to final values. Instead, they are to values from which the voltages or currents change
exponentially to their final values. These voltages and currents vary with time  they are rime-varyving.

Quantity symbols for time-varying quantities are distinguished from those for constant quantities
by the use of lowercase letters instead of uppercasc letters. For example, r and 7 are the quantity symbols
for time-varying voltages and currents. Sometimes. the lowercase 1. for time. is shown as an argument
with lowercase quantity symbols as in v(¢) and i(z). Numerical values of v and i are called instantaneous
values, or instantaneous voltages and currents, because these values depend on (vary with) exact instants
of time.

As explained in Chap. 1, a constant current is the quotient of the charge Q passing a point in a wire
and the time T required for this charge to pass: I = Q/T. The specific time T is not important because
the charge in a resistive dc circuit flows at a steady rate. This means that doubling the time T doubles
the charge Q, tripling the time triples the charge. and so on, keeping I the same.

For a time-varying current, though, the value of / usually changes from instant to instant. So, finding
the current at any particular time requires using a very short time interval At. If Aq is the small charge
that flows during this time interval. then the current is approximately Ag At. For an exact value of
current, this quotient must be found in the limit as At approaches zero (At — 0):

) . Ay dyg
i= lim =
a0 A dt

This limit, designated by dq dt. is called the derivative of charge with respect to time.
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