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26.1 Definition of Capacitance

The capacitance C of a capacitor is defined as the ratio of the magnitude of
the charge on either conductor to the magnitude of the potential difference
between the conductors:

0
AV

[ =

Note that by definition capacitance is always a positive quantity.
Furthermore, the charge @ and the potential difference AV are positive
quantities. Because the potential difference increases linearly with the stored
charge, the ratio @ / A Vis constant for a given capacitor.

The SI unit of capacitance 1s the farad
(F),
1 F=1C/V




CAPACITANCE

The charge, @, on a capacitor is directly proportional to the potential
difference, V, across the capacitor. That is,

QaV

Introducing a constant, C, known as the capacitance of the capacitor, we
have

Q=CV

Capacitance of a capacitor is defined as the ratio of charge on one of the
capacitor plates to the potential difference between the plates.

Charge Q 1s measured in coulombs, C.
Potential difference, V, 1s measured 1n volts, V.
Capacitance, C, 1s measured 1n farads, F.

1 farad 1s 1 coulomb per volt: 1 F=1 C V-1

1 farad is a very large unit. It is much more common to use the
following:

mF =103 F
pF=10¢F
nF=10°F

pF=1012F



*Capacitors are devices that store electric
charge.

*Examples of where capacitors are used include:
— radio receivers
— filters in power supplies

— to eliminate sparking in automobile ignition
systems

— energy-storing devices in electronic flashes



MAKEUP OF A CAPACITOR

*A capacitor consists of two conductors. ' when the capacitor is charged, the

conductors carry charges of equal

— These conductors are called Dasnitde and opporite sl
plates.

— When the conductor is charged,
the plates carry charges of equal
magnitude and opposite
directions.

*A potential difference exists between
the plates due to the charge.

Capacitance:
To store charge & To store energy
To control variation time scales in a circuit




THE CAPACITOR

Capacitors are one of the fundamental passive components.

In its most basic form, 1t is composed of two plates separated by a
dielectric.

The ability to store charge 1s the definition of capacitance.

Dielectric




Parallel-Plate Capacitors

Two parallel metallic plates of equal area A are separated by a distance
d, One plate carries a charge @ , and the other carries a charge -Q) .

The value of the electric field between the plates is

. or ()
= — =

E.|_| E[;.-'ﬁ.

Because the field between the plates is uniform, the magnitude
of the potential difference

)i a0
AV = Ed = —~34

That 1s, the capacitance of a parallel-plate
capacitor is proportional to the area of its
plates and inversely proportional to the plate
separation




Example 26.1 Parallel-Plate Capacitor

A parallel-plate capacitor with air between the plates has an
area A =200 ¥ 107*m? and a plate separation d = 1.00 mm.
Find its capacitance.

end _ (B85 x 1072 CE/N-m*) (2.00 % 1074 m?)

=
d 1.00 > 107 % m

=177 % 1072 F = L77pF




26.3 Combinations of Capacitors

Parallel Combination

* The individual potential differences across capacitors
connected in parallel are the same and are equal to the
potential difference applied across the combination.

* The total charge on capacitors connected in parallel is the
sum of the charges on the individual capacitors

-E‘:‘:i.l= -f':.:i_ll. L {3"_:' AV = AVe = AV

0, =C AV Q9= CyAV

for the equivalent capacitor

Q= CqAV




CeqAV= C AV +Cy AV

Ceq = C1 + Co

(parallel combination)

If we extend this treatment to three or more capacitors connected in

parallel, we find the equivalent capacitance to be

Ceq= C1 + Ca + C3

Thus, the equivalent
capacitance of a parallel
combination of capacitors is
the algebraic sum of the
individual capacitances and is
greater than any of the
individual capacitances.

4+ - (parallel combination)

g = T+ Ca

AV




Series Combination

* The charges on capacitors connected in series are the
same.

* The total potential difference across any number of capacitors connected
1n series 1s the sum of the potential differences across the individual
capacitors.

AV= AV, + AV}

_ 0 Q- Q- 0Q
av= Ceq W "
Ir 1l
!ﬂ 0 AW 9
AV = —== AW =—
g S Gy
=




1 1 1
. = L T (series combination)
Ceq Cy Co

When this analysis is applied to three or more capacitors connected in
series, the relationship for the equivalent capacitance 1is

| 1 1 | . .
—=—+t— —+— 4+ - {series combination )
Cq C1 Co G

the inverse of the
equivalent capacitance v
1s the algebraic sum of l ! | S T, T G

the inverses of the - il
individual capacitances ) o U-e-e
and the equivalent | I
capacitance of a series I S ' At
combination is always ——
less than any individual — |/

|
capacitance in the link I AV AV
combination.



PROBLEM-SOLVING HINTS

Capacitors

® Be careful with units. When you calculate capacitance in farads, make
sure that distances are expressed in meters. When checking consistency
of units, remember that the unit for electric fields can be either N,/C or
V/m.

® When two or more capacitors are connected in parallel, the potential
difference across each is the same. The charge on each capacitor is
proportional to its capacitance; hence, the capacitances can be added
directly to give the equivalent capacitance of the parallel combination.
The equivalent capacitance is always larger than the individual
capacitances,

® When two or more capacitors are connected in series, they carry the
same charge, and the sum of the potential differences equals the total
potential difference applied to the combination. The sum of the
reciprocals of the capacitances equals the reciprocal of the equivalent
capacitance, which is always less than the capacitance of the smallest
individual capacitor.




Question: A1 uF and a 2puF capacitor are connected in parallel, and this pair of capacitors is
then connected in series with a 4 uF capacitor, as shown in the diagram. What is the equivalent

capacitance of the whole combination? What is the charge on the 4 #F capacitor if the whole
combination is connected across the terminals of a gV battery? Likewise, what are the charges

on the l kF  and 2 uF capacitors?

The equivalent capacitance of the 1 uF and 2 uF
capacitors connected in parallel 1s 4uF

14+2=3uF

When a 3 uF capacitor is combined in series with a 4 uF capacitor, the 9 F
equivalent capacitance of the whole combination is given by

1 1 1 () g

Coo (Bx10%) ' (4x109  (1Zx109)  °




and so

(12 x 1075)
Cog = 2L = 171 4F.
(7)

The charge delivered by theg V battery is

Q = CeyV = (1.71 x 107°) (6) = 10.3 uC.

This is the charge on the 4 uF capacitor, since one of the terminals of the battery is connected
directly to one of the plates of this capacitor.

The voltage drop across the 4 uF capacitor is

10.3 x 107°°
vio @ o3k

= 257V.
Ci  (4x10°9)

Thus, the voltage drop across the 1 uF and 2 uF combination must be Vy; = 6- 2,67 = 343V, The charge stored on the 1 uF 15 gven by

Ql =C1Vip = (1 x 10_5) (343} = 3.42;:.&6.



Note that the total charge stored on the 1 puF and 2 uF combination is Q)5 = @1 + @z = 10.3 uC,

which 1s the same as the charge stored on the 4 uF capacitor. This makes sense because

the 1 puF and 2 pF combination and the 4 puF capacitor are connected in series.



Example 26.4 Equivalent Capacitance

Find the equivalent capacitance between a and b for the
combination of capacitors shown in Figure 26.11a. All

capacitances are in microfarads.

<]

—{|—

4.0



Capacitance - Isolated Sphere

* To find the capacitance of the conductor, we first

rewrite the capacitance as: i
C:4TT8[] | — alb

*Now letting b—><<, and substituting R for a,

C =4mg)R (isolated sphere).

*Or Assume V=0 f%r the (i:?nfinitely large shell

AV kQla k
*Note, this is independent of the charge on the sphere
and its potential.

=4rre a



The Cylindrical Capacitor

*AV=-2kIn (b/a)
A=Q/¢
*The capacitance is

C: Q — e
AV 2k,In(b/a)




Calculating the Capacitance;
A Cylindrical Capacitor :

As a Gaussian surface, we choose a cylinder of length L
and radius r; closed by end caps and placed as 1s shown. It
1s coaxial with the cylinders and encloses the central
cylinder and thus also the charge g on that cylinder.

Edd =L
€0

=™ EA=E(2nrl) =—
€0

-

2meolr

L
C=2mey——— (cylindrical capacitor).

In(b/a)

\ﬁ\__‘;‘.' —2
e
b
[ g Q -0
f'-mlél
surface

Figure 26.4 (Example 26.1) {a) A cylindrical capacitor consists
of a solid cylindrical conductor of radius @ and length £ sur-
rounded by a coaxial cylindrical shell of radius b (b) End view.
The electric field lines are radial. The dashed hne represents the
end of a cylindrical gaussian surface of radius rand length £



The Spherical Capacitor

*The potential
difference will be

i i
wera(1-1)

*The capacitance will
be

c-Q__ab
AV  k,(b-a)




Calculating the Capacitance;
A Spherical Capacitor:

fﬁ. ix =21
<))
EA = E(41r?) = -
<))
1 g
— £ = dmre, r*

l':J'.!';‘;f.‘s:— q J‘:L:': q (I_I]: q h—u_
dme, J, r- dire, \ a b dme, ab

ab

- (: 4‘?T£‘ﬂ—

] (spherical capacitor).
) — d




Capacitance - Isolated Sphere

*Assume a spherical charged conductor with radius a.

*The sphere will have the same capacitance as it would
if there were a conducting sphere of infinite radius,
concentric with the original sphere.

*The field lines that leave the surface of a positively
charged isolated conductor must end somewhere; the
walls of the room in which the conductor is housed can
serve effectively as our sphere of infinite radius.



iy | -

ENERGY STORED IN AN ELECTRIC FIELD

Suppose that, at a given instant, a charge q’
has been transferred from one plate of a
capacitor to the other. The potential difference
V' between the plates at that instant will be
q'/C. If an extra increment of charge dq' is
then transferred, the increment of work
required will be,

!
dW=7"dq' =&dd’

The work required to bring the total capacitor charge up to a final value g
5

+

'Y
A e o e

2
_ _ 1 g
W= .:I’W—C.[g.:fg Tl

This work is stored as potential energy U in the capacitor, so
ThGT -9
- {J 1 - l -~ - )
U=—=1pAv=1cV)?
1.__;{‘ i ‘.E



ENERGY DENSITY

The potential energy per unit volume between parallel-
plate capacitor is

(0= g d) AV= Ed

end
U=
= d

(E>d?) ——llEr Ad) E?

V = Ad (volume)

= %EDE : (energy density)



Example:

A 10 O00OpF capacitor is described as having a maximum
working voltage of 25 V. Calculate the energy stored by the
capacitor.

E="%CV?=72x10,000x 10°x 252=3.125J



CAPACITOR WITH A DIELECTRIC

b <>

AV = AV l AV = "j”"”
— == I H

THE DIELECTRIC CONSTANT

The surface charges on the dielectric reduce the electric field
inside the dielectric. This reduction in the electric field 1s
described by the dielectric constant k, which 1is the ratio
of the field magnitude E, without the dielectric to the field
magnitude £ 1ns1de the 811e1ectr1c EEL

E

=

Every dielectric material has a characteristic dielectric strength,
which is the maximum value of the electric field that it can
tolerate without breakdown



SOME PROPERTIES OF DIELECTRICS

Material Dielectric Constant Dielectric Strength (kV/mm)
Air (1 atm) 1.00054 3
Polystyrene 2.6 24
Paper 3.5 16
Transformer

oil 4.5

Pyrex 4.7 14
Ruby mica 5.4

Porcelain 6.5

Silicon 12

Germanium 16

Ethanol 25

Water (20°C) 80.4

Water (25°C) 78.5

Titania

ceramic 130

Strontium

titanate 310 8

For a vacuum,

ke

ity



CAPACITANCE WITH A DIELECTRIC

=4 + +

+ = -

- + - 1+

= + =—— - —— 1

{f | = - 4 |+ ol -4 +

+ e e —_—

- + = = 4=

+ ——a— + - —a—

] 4 - B

£k
oo Ko Oy Jy K= EO [ E
4 = == = K —
AV AVy/k AV
{.--. E.D.ri
C=kCy + = K F

The capacitance with the dielectric present is increased
by a factor of k over the capacitance without the
dielectric.



What Happens When You Insert a Dielectric?

With battery attached, l/=const, so
more charge flows to the capacitor

o~

+++HE+++

V= a constant

With battery disconnected, q=const, so

voltage (for given q) drops.

g = a constant



Energy Stored Before the dielectric is inserted.:

Qo
20

0y =

Energy Stored After the dielectric is inserted:

o 20" _ W
2Kk Cyy K




What Does the Dielectric Do?

A dielectric material is made of molecules.

Polar dielectrics already have a dipole moment (like the
water molecule).

=
]
=

Non-polar dielectrics are not naturally polar, but actually ()
stretch in an electric field, to become polar.

The molecules of the dielectric align with the applied

electric field in a manner to oppose the electric field.

++ 4+t
|
+
I
-
|
+

This reduces the electric field, so that the net electric field
is less than it was for a given charge on the plates.

This lowers the potential (case b of the previous slide).

If the plates are attached to a battery (case a of the
previous slide), more charge has to flow onto the plates.

++ A+t
v
Fa¥

[ T O |



Example 26.6 A Paper-Filled Capacitor

A parallel-plate capacitor has plates of dimensions 2.0 cm by
3.0 cm separated by a 1.0-mm thickness of paper.
Find its capacitance.

Solution Because k = 3.7 for paper (see Table 26.1), we have

€pl

d

( (8.85 % 107 12C2/N-m?) (6.0 x 10~4 m2) "
1.0 % 107 %m

C=k

=]

= 3.

=20 % 10712*F = 20pF



CAPACITOR WITH DIELECTRIC

Question 1:
Consider a parallel plate capacitor with +|
capacitance C = 2.00 uF connected to a Vo -

battery with voltage V = 12.0 V as shown.
What is the charge stored in the capacitor?

LN

g=CV=(2.00-10° FY12.0 V)=2.40-10" C

Question 2:
Now insert a dielectric with dielectric constant = 2.5

between the plates of the capacitor. What is the charge +

on the capacitor? V -

C=xC_, The capacitance of the capacitor 1s increased

g=CV=250x2.0-10°Fx12.0V=6.0-10"C

The additional charge is provided by the battery.

1/31/07 184 Lecture 14



CAPACITOR WITH DIELECTRIC (2)

Question 3:

We isolate the charged capacitor with a dielectric by
disconnecting it from the battery. We remove the dielectric, =
keeping the capacitor isolated.

What happens to the charge and voltage on the capacitor?

The charge on the isolated capacitor cannot change because there is
nowhere for the charge to flow. Q remains constant.

The voltage on the capacitor will be
qg 6.00-10~ C

=== —=300V V increases
C 200-10°F

The voltage went up because removing the dielectric increased the electric
field and the resulting potential difference between the plates.



CAPACITOR WITH DIELECTRIC (3)

Question 4:

Does removing the dielectric from the isolated
capacitor change the energy stored in the capacitor? : -

+
LR

= The energy stored in the capacitor before the dielectric was
removed was

1 1 1 ] :
U=—CV*=—kC, V" = 5(2.50)(2.00-10 “FY12 V) =3.60-10" ]

= After the dielectric is removed, the energy is

1 1
U==C,V*==(2.00-10° F)30 V) =9.00-10* J
2 2
= The energy increases --- we must add energy to pull out the
dielectric. [Or, the polarized dielectric is sucked into the E.]



EXAMPLE

Given a 7.4 pF air-filled capacitor. You are asked to
convert it to a capacitor that can store up to 7.4 pd
with a maximum voltage of 652 V. What dielectric
constant should the material have that you insert to
achieve these requirements?

Key Idea: The capacitance with the dielectric in place
is given by C=xC,;,

1 1
and the energy stored is given by U = EC V= gmcairﬂ

2 2141000
So, BT O VZ T (74-10-12F)(652V)2




Types of Capacitors — Tubular

*Metallic foil may be
interlaced with thin
sheets of paraffin-
impregnated paper or
Mylar.

*The layers are rolled
into a cylinder to form
a small package for the
capacitor.

A tubular capacitor
whose plates are
separated by paper
and then rolled into
a cylinder

Metal foil



Types of Capacitors — Oil Filled

*Common for high-
voltage capacitors

*A number of
interwoven metallic
plates are immersed in
silicon oil.

A high-voltage
capacitor consisting
of many parallel
plates separated by
insulating oil

Plates

Oil




Types of Capacitors — Electrolytic

*Used to store large amounts of
charge at relatively low voltages

*The electrolyte is a solution that
conducts electricity by virtue of
motion of ions contained in the
solution.

*When a voltage is applied between
the foil and the electrolyte, a thin
layer of metal oxide is formed on the
foil.

*This layer serves as a dielectric.

eLarge values of capacitance can be
obtained because the dielectric layer
is very thin and the plate separation is
very small.

An electrolytic
capacitor

Case
Electrolyte l

Y)) L

@ Contacts

Metallic foil + oxide layer



Types of Capacitors — Variable

*Variable capacitors consist
of two interwoven sets of
metallic plates.

*One plate is fixed and the
other is movable.

*Contain air as the

dielectric

*These ca paCitO 'S genera I |y When one set of metal plates is

vary between 10 a nd 500 fotatf'rd 'so as to lie betv'veen a fu.ced
set of plates, the capacitance of the

P F. device changes.

*Used in radio tuning
circuits



CLICKER QUESTION - PART 1

A parallel-plate air-filled capacitor has a
capacitance of 50 pF.

(a) If each of the plates has an area of A=0.35 m?,
what 1s the separation?

£,=8.85 1012 CZ/Nm?
A)12.5101 m

B) 6.2 102 m
C)1.3m

¢V LO/TE/T



o Find the capacitance of a 4.0 cm diameter sensor

1mmersed 1n oil if the plates are separated by
0.25 mm.




Example: Given a 1 farad parallel plate capacitor
having a plate separation of Imm. What 1s the
area of the plates?

A
C—:g();

Cd _(1.0F)1.0x10"m)
g 8.85x1072F/m

—1.1x10%m?

A =




CLICKER QUESTION - PART 1

A parallel-plate air-filled capacitor has a
capacitance of 50 pF.

(a) If each of the plates has an area of A=0.35 m?,
what 1s the separation?

B) 6.2 102 m

Use (C = # to solve for d:

S _ A _ (8.85-10712-E5)(0.35m?)

—6.2-1072
C 50 - 10— 12F 0.2-107"m

SV LO/TE/T



CLICKER QUESTION - PART 2

An air-filled parallel plate capacitor has a
capacitance of 50pF.

(b) If the region between the plates is now filled
with material having a dielectric constant of k=2,
what 1s the capacitance?

A) the same
B) 25 pF
C) 100 pF



CLICKER QUESTION - PART 2

A air-filled parallel plate capacitor has a
capacitance of 50 pF.

(b) If the region between the plates is now filled
with material having a dielectric constant of k=2,
what 1s the capacitance?

C) 100 pF
Crew =C -k =50pF -2 = 100pF



Example, Capacitors in Parallel and in Series:

(a) Fi.ml the cqui\-':llcrul s:lnpm:iluncc for the cu{nhilmliun _ut‘ Cpr=C,+ C,=120uF + 530 uF = 17.3 uF.
capacitances shown in Fig. 25-10a, across which potential | | 1
difference V' is applied. Assume = +
Cis Chs C
C,=120puF, C,=530uF, and C;=4.50puF — = 12 3
|
= + — = 0.280 uF 1,
173 uF ' 4.50 uF e
1

Cin = = 3.57 uF. Answer
12370280 pF ! ~ ( .

We first reduce the  The equivalent of The equivalent of
Next, we work

circuit to a single parallel capacitors  series capacitors backward h
capacitor. Is larger. Is smaller. ackwards fo the
desired capacitor.
A A
C -+ Ii" Ik {ll" E'F
C, = (::2 = E:IE =
12.0 ’“FI 5.30 uF 17.3 uF
v v 1B V. Cigg= 125V
+H 3.5? JMF {,.I]:f:_q — Ir]‘_’:* =
Cs=. Cy = 357 uF | 125V
| 4.50 uF | 4.50 uF |
L L [ L

(a) (b) (¢) (d)



(b) The potential difference applied to the input terminals

We first reduce the
circuit to a single

Next, we work

g1 = CisV =

S

S . backwards to the Applying g=CV
P ' desired capacitor. yields the charge. @
A =
i? 2 _L _I_ s Q— le -
C = Cy = fi2s = @
12.0 IIFI_ 5.30 ;lFT . 44.6 /1(.;_
v I 125V = 125V =
f Cigzs= | Vigg = Cygz = | Vias =
Cs = 357 uF | 125V 3.57 uF | 125V @
4.50 ]II?I— &
(a) (d) (e)

Series capacitors and
their equivalent have
the same q (“seri-q").

Applying V= q/C yields
the potential difference.

Y q2-
44.6 uC
Cig=| Via=
19.5V ;;/3 uF| 258V
44.6(:;4C= v, -
| 450 uF|[9.92v

(g)

Parallel capacitors and

their equivalent have

the same V (“par-V").
1 il
C, = Vi= G= Vo =
190,4F_|_2 58V 5.30 ,;Fro 58V
- q =
125V 446 uC
C3 = "3 —
. 4.50 uF|9.92V

(h)

(3.57 uF)(12.5 V) = 44.6 uC.

q12 = q1s = 44.6 uC.

q12 44.6 uC

= = 2.58 V.

C, 173uF

Vi

V, = (12.0 uF)(2.58 V)

= 31.0 uC.

Applying g=CV
yields the charge.

¥ a=
31.0 uC 13.7 uC
G="rV= G=
12.0 uF|2.58 V 5.30 uF

qs =
446;1C

"=

Vo =

9258V

125V

150 | 092 v
(7)

&




What is the equivalent capacitance, ¢, l l

Ceq, Of the combination shown? |C.|
Ceq C:: __C
O—
(a) Cq=(312)C (b) Gy = (213)C (c) Cq=3C
| |
]
- —C
1 1 1 C C 3
=—+_—mp C,=— C, =C+—==C
Cl C C 1 2 » eq 9




Potential Energy and Energy Density of an Electric Field:

An isolated conducting sphere whose radius R is 6.85 cm
has a charge ¢ = 1.25 nC.

(a) How much potential energy is stored in the electric field
of this charged conductor?

2 2
O
4SS 87T80R
(125X 102 CF
(87)(8.85 X 10712 F/m)(0.0685 m)

=1.03 X 1077J = 103 nJ. (Answer)




(b) What is the energy density at the surface of the sphere?

I 4
E = —
47780 R2
The energy density is then
2
U D
u=zek = R

B (1.25 X 1079 C)?
(327%)(8.85 X 102 CY/N -m?)(0.0685 m)?
=254 X 1073 J/m’ = 25.4 plim’. (Answer)




Suppose the capacitor shown here is charged to @ and then the battery is disconnected

Now suppose you pull the plates further apart so that the final separation is d|

Which of the quantities Q, C, V, U, E change?

Charge on the capacitor does not change

Capacitance Decreases
A
Voltage Increases P

Potential Energy Increases ‘V _____

mc < 0 ©

Electric Field does not change

How do these quantities change?

d d
| Cy =—C V, =Sl
Answers.[ 1 d, ] [ 1=




Suppose the battery ( V) is kept attached to the capacitor
Again pull the plates apart from dto d|

Now which quantities, 1f any, change? / 4 /

Q: Charge Decreases 1% + + + +
—— d
C: C it Decreases === —4/— @ [fam===a-
apacitance Decreases T |
\V: Voltage on capacitor does not change
U Potential Energy Decreases
E Electric Field Decreases

How much do these quantities change?

e [o20) (2] ) 51 @
1 ] ]




Circuit Symbols Capacitor

o . symbol
*A circuit diagram is a
simplified representation of an
acT:uaI.cwcmt. Battery
*Circuit symbols are used to symbol
represent the various
elements.
*Lines are used to represent :
. P Switch
wires.
symbol

*The battery’s positive
terminal is indicated by the
longer line.

Open

—_——
Closed



