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Capacitance: Definition

A capacitor consists of two isolated conductors (the plates) with charges
+g and —q. Its capacitance C is defined from

qg=CV.
1 farad = 1 F =1 coulomb per volt =1 C/V.

Where :

e (:is the capacitance and it’s always a positive quantity
* ():is the charge on each plate

e I/:is the potential difference between the two plates

Copyright ©2022 John Wiley & Sons, Inc.



Parallel Plate Capacitor

A parallel-plate capacitor, made up of two plates of
area A separated by a distance d. The charges on the
facing plate surfaces have the same magnitude g but
opposite signs
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Charging a Capacitor

When a circuit with a battery, an open switch, and an uncharged capacitor is
completed by closing the switch, conduction electrons shift, leaving the

capacitor plates with opposite charges. onms  cesisto
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Fig. (a), a battery B, a switch S, an uncharged capacitor C, and interconnecting wires form a circuit. The same circuit is
shown in the schematic diagram of Fig. (b), in which the symbols for a battery, a switch, and a capacitor represent
those devices. The battery maintains potential difference V between its terminals. The terminal of higher potential is
labeled + and is often called the positive terminal; the terminal of lower potential is labeled — and is often called the
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Gauss’ Law for Calculating Capacitance : o enor

<~ . \3

D."Q\‘e ? & Mon
To relate the electric field £ between the plates of a capacitor)to theh,gharge g on __jfs
. monHow =0

either plate, we shall use Gauss’ law: E.@:g*asmﬁ om® 16" —

-Eds o &— O-:180
— — \mm =\0 m —_—
€0 %E -dA =q. \con 2 \0 e

A Gaussian surface encloses the charge on the positive plate. The integration is
taken along a path extending directly from the negative plate to the positive

plate. We obtain : We use Gauss'’ law to relate

q = gOEA g and E. Then we integrate the
E to get the potential difference.
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Copyright ©2022 John Wiley & Sons, Inc integration 6

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.




» The potential difference between the plates of a capacitor is related to the field by:

o
V _V —— fE,dS: = -—é—o' (gmss lQU\\> EA:%; A\I-’-V:V,F’Vl'
r / ' [Eok = = 9 =ERE

» Letting V represent the difference V = V4/- Vi, we can then recast the above equation

as :
+ d
I R B
slide above ‘Dﬁ Cos(BO)=TE | o v QoY + 4
» For this path, the vectors E and ds will have opposite directions ; so, the dot
product will be (-Eds). o\ Col,?amvr’Y
tonce 4
vtean
»Now if we substitute g=€.EA and V =Ed into q = CV, we get, T Copocite
fO\,WmQ\ p lovt€
=0V
e A , AR
C = 07 (parallel-plate capacitor). < ¢ V=&
C= S0k
v drf
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Example

A

* A parallel plate capacitor is constructed with plates of area (0.028 m?) and separation

(0.55 mm). A, 0 65'»"‘ﬁ x_\\_% = S-Ex\o-qm

* Find the magnitude of the charge on each plate of this capacitor when the
potential difference between the platesis (20.1V). _-,

* What is the magnitude of the electric field between the plates of the capacitor.

o=CV © g-v 201
= E-A V d 5S»074 =3655-45 ¥—;‘
d

3-89% 10" (0. 29) (20. O _ O;.oexm'?C
(55 MO"‘)
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Section 25.3 Capacitors in Parallel and In Series

Net/Equivalent Capacitance for Capacitors in Parallel

When a potential difference V is applied across several capacitors connected in
parallel, that potential difference V is the same across each capacitor. The total
charge g stored on the capacitors is the sum of the charges stored on all the

capacitors. L Terminal

q=CV, ¢,=CV, and g¢,=C)}.
+ ] +43 +4s +q
The total charge on the parallel combination is then: B==V iV IV iV
l —3|1C3  —92|Cy  ~T1|C,

qd=9 T4, 745 = (Cl +C, + G, ) V. (a) K—Tcrminal
Parallel capacitors and
their equivalent have
the same V (“par-V").
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The equivalent capacitance, with the same total charge g and applied potential
difference V as the combination, is then

C.=,+=C+0C,+C,,

cq

a result that we can easily extend to any number n of capacitors, as

C,, = Z C. (n capacitors in parallel).
j=1



Net/Equivalent Capacitance for Capacitors in Series

Net charge =
c, +Q/+ (-Q)=0
When a potential difference V is applied across several 0 | 0
capacitors connected in series, the capacitors have same +Q
charge g. The sum of the potential differences across all the &= =F C,
capacitors is equal to the applied potential difference V. b
CuutQ
||
= Net charge =
+Q+(-Q) =0
Vlzi, szi, and V3=i. @
Cl CZ 3
The total potential difference V due to the battery is the sum: 0
& "t =% Ceq
—Q
1 1 1
V=V+V,+V,= q( j

CC C
(b)



The equivalent capacitance is then:

Ceqziz 1 ’
Vooct+ete
or
11 1 1
=—+—+
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c (n capacitors in series).
=1 &
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01 = 12.0 [,LF, 02 = 5.30 ,LLF,

Extra Practice

(a) Find the equivalent capacitance for the combination of capacitances shown in Fig. 25.3.3q,
across which potential difference V is applied. Assume

and O3 = 4.50 uF.

(b) The potential difference applied to the input terminals in Fig. 25.3.3ais V = 12.5 V.
What is the charge on C;?

Solution:

We first reduce the
circuit to a single
capacitor.

A

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

q1o =
4-1 6 pC

\ 4.50 [ll'l

N

The equivalent of
parallel capacitors
is larger.

The equivalent of
series capacitors
is smaller.

Next, we work
backwards to the
desired capacitor.

A

Q@ @

(,.'] =—

12.0 ukF

|
11

Gy =
4.50 ukF

e

Applyving g= CV (¥)

yields the charge.

A
Q_’—_L o  SE—  SE—
9\_, = f1o3 =
17.3 pul 44.6 pC
v B Vo Ciga=Z 125V —_— 125V —_—
3.57 ,(l‘ Cl"" = ‘123 = (‘12:; = ‘l\_)g -
Cy = 357 uF [ 125V 357 ukF [ 125V
4.50 ;1F| '
S —— S — e ——
(b) () (d) (e)
Parallel capacitors and
Applying V= ¢/Cyields their equivalent have Applying ¢= CV
the potential difference.  the same V (“par-V”). yields the charge.
he = ? = To =
11.6 uC ‘ _I_ 31.0 uC 13.7 u(
Cro=T Vio = L= = R I Vau Cl=mp=V = Co=mp=V,=
L. 17.3uF| 258V 120 "I-P 58V 5.30 ”F_I_‘2 58 12.0 uF| 258V 5.30 uF | 2.58 v
125V 402 | T T
44.6 uC 125V 446 uC 125V 446 pC
Cy=_" Vs = ‘ Cy ==V = Cy ==V =
4.50 ]tFI 9,92V 4.50 uF |9.92V | 50 nF 1999 v
é é 4.50 ’ll 9.92 V 14
(g) (h) (i)
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Section 25.4 Energy Stored in an Electric Field

The electric potential energy U of a charged capacitor,

2

q [ ]
U=" otential ener .
oC (p gy)
and
U=1CV* (potential energy).

and

1
U =1Qv

is equal to the work required to charge the capacitor. This energy can be associated
with the capacitor’s electric field



Energy Stored in an Electric Field

The potential energy of a charged capacitor may be viewed as being stored
in the electric field between its plates.

Every electric field, in a capacitor or from any other source, has an

associated stored energy. In vacuum, the energy density u (potential energy
per unit volume) in a field of magnitude E is

ST
U= W/gmﬂ 3 f — @ (energy density).
N

VLN Leld



Example

» A parallel plate capacitor is fully charged by a 300 V battery. If the area of each plate is
35 cm? and the gap between them is 1.77 mm. What is the charge carried by the
capacitor and the energy stored in it?

‘g%CV\ﬂL = 35X(O-qmz
|- % mvn= \-'=r_—h<\0'3m
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* A parallel plate capacitor of plate area 82 cm? carries a charge of 55 nC when charged
at 220 volt. What is the plate separation (d) of this capacitor and the energy stored in

It? \‘ "‘l"\‘> Jiom
- 2 e qlues‘ 10
f= BLUM'= R2x\G ™ o,<CV U v e

-q
q,= HSHnC = sorio’C 65*(04 — 63'6‘ (22@ (550 q)(7~7~°>

= 220V
C\L a _ (3857 \23(33:\0 9 (220) 050" 3\
55 x \0”

)
= 000029028 =|1.9%\0 mj

1)
N -
<

N]’
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Example

For the circuit shown, find the voltage, charge and energy stored for each

capacitor.

@V
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30V

Cr 20 mF ¢:-30 mF
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¢z 40 mF ==

— 20 mF =¢,
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Example

* Two capacitors, C; = C, C, = 2C, are connected to a battery.

* Which capacitor will store more energy when they are connected to the battery in

. ? . B 2l *
R_series: Eleﬂnw"g« N 0, __vaa ; _}C- I
U=SaV VoREe 2 = g
L aespied (I7 D) B N
V=5 CV VU272¢, ~ 209

-4 oesw'
U=2p < Yt 1 e

* Which capacitor stores more energy when they are connected in parallel? Explain.
=50V = wih, A
T
U,:;c.\/‘ =L cvz i U< 0,
Uy=4 CaV?> 320V = CV™ oyoake

20



Section 25.5 Capacitor with a Dielectric
Definition of a Dielectrig nsisrr vebeen 2 200

If the space between the plates of a capacitor is completely filled with a dielectric material,
which is an insulator, the capacitance C in vacuum (or, effectively, in air) is multiplied by the
material’s dielectric constant K, (Greek kappa) which is a number greater than 1.

In a region completely filled by a dielectric material of dielectric constant x,all
electrostatic equations containing the permittivity constant g, are to be modified by

replacing g, with A

one oon wbce
WOU*Q'E (_\_’V\.s'&-""’“x

) ) _ Figure 25.5.1 The simple electrostatic apparatus used by Faraday. An assembled apparatus
Copyright ©2022 John Wiley(second from left) forms a spherical capacitor consisting of a central brass ball and a concentric
brass shell. Faraday placed dielectric materials in the space between the ball and the shell.



Dielectric In a Parallel Plate Capacitor ( same charge )

* If a dielectric is placed between the plates of a capacitor it gives a lower potential
difference with the same charge, due to the polarization of the material. This
_increases the capacitance. Young, ¥ Femdman wll howe  opposnd

t—> - —|- Y V& GT
— - H =3 - Cs 7 Po\oATpdoV
—
- &2
2| EcE-E 0200
- neA BTR0 ACH 2N
. g . . e ™6 €2
areher eMeLks-¢ wiw diele b l’ ! d | @0ﬁ QQQQQ
IN=Ed +Q 2 |NoSe| -
+ - - + - - + - =
é . yo\fuoR albe decrs®56 + - I i S -
. SU Y o - = > = - -
‘?;\e,kﬂﬁ‘ ' v { + = - + - ERERCRERE | - + - EDER DT | -
. ; + - + 2 - + > -
’\ dioAe (i + >~ - + wERED | E b | - + S BEDEHE D B |~
‘ + + + )+ 4+ + > = + > = + > =
\} ; . Q I > - ‘ Ii' - I"J_ |
—— —r—r—y —r— + iffo = :H—»— +—©@§©@»\— |
+ . - |+ - - + = -
1. L + - = + EREREDCDED| - | |+ eI -
+ = a5 > = + > =
& - > - + B BEHE B B B — + B HE B D B —
W %“* + —n- - + = - + = -
N© + - - = - + EBEDEDCDIB - |
¢ = a constant & I = = \ I[ E" B I-—’-: »
+ - + - + > {—
L = 1= | 7*;{ s =S !L’-’J[—_A
(a) Capacitor without (b) Inserting a dielectric (c) A dielectric reduces the
dielectric electric field within a capacitor

22
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* The polarization of the dielectric results in a lower electric field within
it; the new field is given by dividing the original field by the dielectric
constant «:

2

K

E:

* Therefore, the capacitance becomes:

Q. Qo o
CTV T W) Ky T
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* The dielectric constant is a property of the material;, here are some

examples: TABLE 20-1 Dielectric Constants
Substance Dielectric constant,
Water 80.4 '
Neoprene rubber 6.7 OQ SET
Pyrex glass 5.6 %
Mica b.4
Paper 3./
Mylar 1[!!!!l‘»
usually & Teflon 2.1
Air 1.00059

Vacuum 1

24
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e If the electric field in a dielectric TABLE 20-2 Dielectric Strengths ‘.~ S\E‘\&
becomes too large, it can tear the (’5;2 Dielectric
electrons off the atoms, thereby Substance L:e* LStrength (V / m)

enabling the material to conduct.

This is called dielectric Mica 100 > 10
breakdown; the field at which Teflon 60 X 10°
this happens is called the Paper 16 X 108
dielectric strength. Pyrex glass I

uolosgt o Wk WSO :ﬁae’wﬁxmbb Neoprene rubber 12 X 10°

O a
Air 3.0 X 10°

25



Example

* Determine (a) the capacitance and (b) the maximum potential difference that can
be applied to a Teflon-filled parallel-plate capacitor having a plate area of 1.75 cm?
and plate separation of 0. 04 L mm.+(x for Teflon = 2.1) As LEEX\G v

@ C__ Eo A (8 85x\olz>(z|)(|'45mo > _g.13xc" F

0.oyx(0™3

® Go bt bc;bbo_:éox(o“%\

3
y=Ed —(eoxlOGXo-owx\cﬂ): 2.Yx10°V

26



Example

* A parallel-plate capacitor is constructed using a dielectric material whose dielectric
constant is 3 and whose dielectric strength is 2x 102 N/C. The desired capacitance is
0.25 uF, and the capacitor must withstand a maximum potential difference of 4000 V.

Find the minimum area of the capacitor plates.

v hoo9 :zK(O_s m
V:Edﬁ&:g-m

(= 0-26%[0_ F
\J = 4000V L_lééo/‘\ 5 (.4 = KE.A ~ A=(’/é-— .88 =10 o
=3 | CEo “Eo K Eop

27



Dielectric In a Parallel Plate Capacitor ( same potential difference)

p—7.
o

V= a constant

(a)
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

If the potential difference between the plates of a capacitoris maintained, as by the
presence of battery B, the effect of a dielectric is to increase the charge on the plates.

Copyright ©2022 John Wiley & Sons, Inc. 28
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A parallel-plate capacitor whose capacitance (' is 13.5 pF is charged by a battery to a potential difference V' = 12.5 V between its plates.

The charging battery is now disconnected, and a porcelain slab (x = 6.50) is slipped between the plates. c_\@""Q’ _
(a) What is the potential energy of the capacitor before the slab is inserted? wtk & E }_"'
KEY IDEA m,g)

We can relate the potential energy U; of the capacitor to the capacitance C and either the potentlal V (with Eq. 25.4.2) or the charge g (with
Eq.25.4.1):

2 .
U= yove - L 1 rant a0

Calculation: Because we are given the initial potential V' (= 12.5 V), we use Eq. 25.4.2 to find the initial stored energy:

Ui =+0V? = 1(13.5 x 10 2 F)(12.5 V) ues ™

=1.055 x 10 *J = 1055 pJ ~ 1100 pJ. (Answer) A 9t Vi
(b) What is the potential energy of the capacitor-slab device after the slab is inserted? “?;E:o e
KEY IDEA ..%v« Nereda v

Because the battery has been disconnected, the charge on the capacitor cannot change when the dielectric is inserted. However, the potential
does change.

Calculations: Thus, we must now use Eq. 25.4.1 to write the final potential energy U, but now that the slab is within the capacitor, the
capacitance is x(C. We then have

U, — q2 _ Ui _ 1055 pJ
= 9rC Tk 6.50
= 162 pJ = 160 plJ. (Answer)

When the slab is introduced, the potential energy decreases by a factor of .




