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1-02-e <Capacitors and Inductors>

1. Capacitors and Capacitance

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.

o—~—|(—_—_—o

Fig. 8-1

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-2
V

The SI unit of capacitance is the farad, 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.

One common type of capacitor is the parallel-plate capacitor of Fig.
8-2a.

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

C =z
d

where A is the area of either plate in square meters, d is the separation
in meters, and e 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.
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The permittivity of vacuum, designated by &, is 8.85 pF/m. Permittivities of other diclectrics 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.

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 Q, equals the
sum of the individual stored charges: Q; = Q, + @, + Q5. With the substitution of the appropriate
0 =CV for each Q, this equation becomes C,V=C,V+ C,V + C;V. 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=Ci+C, +C3+Cy + -

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

. , \4 C
= C

V= - C: ~ Cs VS_‘i_:- — Vimm Gy
. e V} T C.\

(a) (b)
Fig. 8-4

n

_ 1\

For series capacitors, as shown in Fig. 8-4b, 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. 8-4b is Vi =V, + V, + V. With the substitution of the
appropriate Q/C for each V, this equation becomes

g ¢ 0 0 1171+!

— + -
c, €, G, G, c, ¢, C, C,

Generalizing,

o
1/Cy + 1/Cy + 1/Cy + 1/Cy + -+

Energy Storage

We =1V

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.

Capacitor Current

An equation for capacitor current can be found by substituting ¢ = Cv into i= dg/dt:

d d
i= “4._4 (Cv)
dr dt
But C is a constant, and a constant can be factored from a derivative. The result is
dv
i=C—
dt
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2. Inductor and Inductance

Relationship between Capacitors and Inductors

The following material on inductors and inductance is similar to that on capacitors and capacitance
presented in Chap. 8. The reason for this similarity is that, mathematically speaking, the capacitor and
inductor formulas are the same. Only the symbols differ. Where one has v, the other has i, and vice
versa; where one has the capacitance quantity symbol C, the other has the inductance quantity symbol
L; and where one has R, the other has G. It follows then that the basic inductor voltage-current formula
is v=Ldi/dt inplace of i= C dv/dt, that the energy stored is 1Li’ instead of 3Cv?, that, inductor
currents, instead of capacitor voltages, cannot jump, that inductors are short circuits, instead of open
circuits, to dc, and that the time constant s LG = L/R instead of CR. Although it is possible to
approach the study of inductor action on the basis of this duality, the standard approach is to use
magnetic flux.

Magnetic Flux

Magnetic phenomena are explained using magnetic flux, or just flux, which relates to magnetic lines
of force that, for a magnet, extend in continuous lines from the magnetic north pole to the south pole
outside the magnet and from the south pole to the north pole inside the magnet, as is shown in Fig.
9-1a. The SI unit of flux is the weber, with unit symbol Wb. The quantity symbol is @ for a constant
flux and ¢ for a time-varying flux.

YIS\

\ ~
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(al (bﬁ)_‘
Fig. 9-1

Inductance and Inductors

Ilfa coil of N turns is linked.by a¢ amount of flux, this coil has a flux linkage of N¢. Any change
in flux linkages induces a voltage in the coil of
. AN d d
v= lim — 42: (N¢p) =N id
ar=vg; Db dt dt
This is known as Faraday's law. The voltage polarity is such that any current resulting from this
voltage produces a flux that opposes the original change in flux.

The inductance of a coil depends on the shape of the coil, the permeability of the surrounding
material, the number of turns, the spacing of the turns, and other factors. For the single-layer coil shown
in Fig. 9-3, the inductance is approximately L = N?uA/l, where N is the number of turns of wire, A
is the core cross-sectional area in square meters, ! is the coil length in meters, and u is the core
permeability. The greater the length to diameter, the more accurate the formula. For a length of 10 times
the diameter, the actual inductance is 4 percent less than the value given by the formula,

e —
O—fm_o A
/ g 7 7
Core
Fig. 9-2 Fig. 9-3
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Inductance instead of flux is used in analyzing circuits containing inductors. The equation relating
inductor voltage, current, and inductance can be found from substituting N¢ =Li into v =
d(N¢)/dt. The result is v = L di/dr, with associated references assumed. If the voltage and current
references are not associated, a negative sign must be included. Notice that the voltage at any instant
depends on the rate of change of inductor current at that instant, but not at all on the value of current
then.

One important fact from ¢ = L di/dt is that if an inductor current is constant, not changing, then
the inductor voltage is zero because di/dt = 0. With a current flowing through it, but zero voltage
across it, an inductor acts as a short circuit: An inductor is a short circuit to de. Remember, though, that
it is only after an inductor current becomes constant that an inductor acts as a short circuit.

Total Inductance

USC is v Ll LZ L3
(b)
Fig. 9-4
For (a):
LT:L1+L2+L3+L4+“.
For (b)

1
ULy A ULy 4+ 1Ly + 1/Ly + -+

Ly

Energy Storage:

As can be shown by using calculus, the energy stored in an inductor is
“‘L = %le

in which w is in joules, L is in henries, and i is in amperes. This energy is considered to be stored
in the magnetic field surrounding the inductor.
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3. Charge and Discharge of a Capacitor

Charging a Capacitor

The transfer of electrons is very rapid at first, slowing down as the
potential across the plates approaches the applied voltage.

- + Up UC
1 o MA e
R ﬁ' =
+ + Small increase in v
E — C v
_T — Rapid increase
—‘T— 0™~ Switch closed t
FIG. 10.28 FIG. 10.29
Basic R-C charging network. ve during the charging phase.
ve = E(1 —e7) (volts, V) (10.13)
charging
1.0 ———
09\ T
\ =
0.8 /<\ V= ] —€ - X
0.7 \
0.6 N1 0.632 (close to 2/3)
\
0.5
//\
04T TN 0.368 (close to 1/3)
03 | A -
y=e™
0.2
0.1 / ™ S
-~ r
0 Ir 27 37 4t 57 67
-
I7
FIG. 10.30
Universal time constant chart.
T = RC (time, S) (10.14)

The factor 1, called the time constant of the network, has the units
of time. The transient or charging phase of a capacitor has essentially
ended after five time constants.
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=t

0.368% (36.8%)

1
H E
36.8% i 0_]35% (13.5%) 0.0|8§ (1.8%) .
i ! 0.05% (5%) / /0.0067E (0.67%)
1 1 1 L
0 Ir 27 37 47 57 67 t

FIG. 10.32

Plotting the equation i, = %e“ﬁ versus time (t).

ic = R ' (amperes, A) (10.15)
charging

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

+ =0V —
0 MA ic=0A
R T
+ -
E —_ ve=E volts

T Open circuit

ab—|l

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

+ vp=EF —
© © V\/\! jviRﬂ'C:%
R
+
+
E — ‘UC\=OV

Short circuit

ah—

The voltage across a capacitor cannot change instantaneously.
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Discharging a capacitor

| woe + v — - v +
e TN =)
R
+ +
= ’ CcF R e
(a) (b)
FIG. 10.42

(a) Charging network; (b) discharging configuration.

For the voltage across the capacitor that is decreasing with time, the
mathematical expression is

= FEe —tIT

(10.17)

Ue

discharging

T

RC

discharging

(10.18)

Since the current decreases with time, 1t will have a similar format:

le

E

= e—t/T

R

discharging

(10.19)

Since vr= vc (in parallel), the equation for the voltage vr has the same

format:

— —tiT
vg = Ee

discharging

e

=i

(10.20)

N N

1 1 1 1 L 1 1 1 1
0 17 27 37 47 57 67 77 87 97107 117127137 147157 ¢ 0

Switch in Position 2 Position 1

position 1

Ug

N

Position 2

1
17 27 37 47

N

L 1 1
Vﬂh’qrmrl 171271371471

1,

17 27 37 47 Vrﬁmﬂmzfmrml

FIG. 10.43

ve. e, and vy for 57 switching between contacts in Fig. 10.42(a).
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Initial Condition of a Charged Capacitor

We now examine the effect of a charge, and therefore a voltage
(V=Q/C) on the plates at the instant the switching action takes place.
The voltage across the capacitor at this instant is called the initial
value.

Uc
| — T
|
I
|
|
|
Vi Transient | Steady-state
Initial | response ! region
conditions ' _
0 t
FIG. 10.54
ve =V, + (V, =V, Jet'm (10.21)

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

4. Charge and Discharge of an Inductor

R-L Transient: the storage phase

The circuit in Fig. 11.31 is used to describe the storage phase. Note
that it is the same circuit used to describe the charging phase of
capacitors, with a simple replacement of the capacitor by an ideal
inductor.

\*, + Ug — _lji

R
+
= Lgvi_

| +

try
[

FIG. 11.31
Basic R-L transient network.
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Slow rate
of change

09811, | 0.9931,,

10.9511,

1

High rate ——, 1
of change !
1

1

[

/ 0 1 27 3r
Switch closed (a)

Switch closed ()

FIG. 11.32
i, v, and vg for the circuit in Fig. 11.31 following the closing of
the switch.

The equation for the transient response of the current through an
inductor is:

i, = %(1 —e7") (amperes, A) (11.13)

with the time constant now defined by:

T = % (seconds, s) (11.14)

The equation for the voltage across the coil is:

v, = Ee "7 (volts, V) (11.15)

and the equation for the voltage across the resistor is:

vp = E(l— e ") (volts, V) (11.16)

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

The current cannot change instantaneously in an inductive network.

The inductor takes on the characteristics of an open circuit, at the
instant the switch is closed.

The inductor takes on the characteristics of a short circuit when
steady-state conditions have been established.

Page 10




1-02-e <Capacitors and Inductors>

vg=iR=(0)R=0V vp=iR=L -R=E volts

Wy =) i,=0A Ay E
(izo R " i =R
il I 4, | N o
E=— vy =E volts = b, =0V
FIG. 11.34 FIG. 11.35
Circuit in Figure 11.31 the instant the switch Circuit in Fig. 11.31 under steady-state
is closed. conditions.

Initial Conditions

Since the current through a coil cannot change instantaneously, the
current through a coil begins the transient phase at the initial value

established by the network (note Fig. 11.38) before the switch
was closed.

— Transient ——=-Steady-state »
ImFl_al response region
conditions - .
0 !
FIG. 11.38
Defining the three phases of a transient
waveform.

Using the transient equation developed in the previous section, we

can write an equation for the current ir for the entire time interval in
Fig. 11.38.

=1+, —I,)e™"” (11.17)

R-L Transients: the release phase

(same polarity)
P + Ug, —

(same

" direction)

Uy —

_ (reversed
o Ry
polarity) "2
+

FIG. 11.43
Network in Fig. 11.42 the instant the
switch is opened.

FIG. 11.42
Initiating the storage phase for an inductor by closing the switch.

Page 11




1-02-e <Capacitors and Inductors>

vy = —(vg + Up,) (11.18)
v, = _(1".‘@1 + UR;) = —(i{|R, + ,R,)
. E R R,
= — L) = —— ) = —|— — |E
and U; — —[l + %]E (switch opened) (11.19)
1
I = S (11.20)
i, =—e" (11.21)
1
Vg, = Ee~t'" (11.22)
R ,
Vg, = _R2 Ee—t/T (11.23)
I

In the preceding analysis, it was assumed that steady-state conditions
were established during the charging. However, if the switch in Fig.
11.42 is opened before i reaches its maximum value, the equation for
the decaying current of Fig. 11.42 must change to

: — —tir'

(11.24)

where [, is the starting or initial current. The voltage across the coil is
defined by the following:

— _ —tfT!
v, = —V.e

(11.25)

with V. = I,(R, + R,)

I
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7. _Glossary — English/Chinese Translation

English

Chinese

Capacitor and Capacitance
Inductor and Inductance
Charge and Discharge
Micro Farad

Pico Farad

Permittivity

Parallel Connection
Series Connection
Magnetic Flux
Permeability

Time Constant

Initial Condition

FEAREA
FR EkFNER R
FEEBFIRLER
AR
RERb RS
NEBEE
FrEX

EREX
HER
BiE
REE%L
ISt
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Your Notes:
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