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2.8 Capacitors

2.8.1 Theory of Capacitors

A capacitor is an electrical device composed of two conductors which are
separated through a dielectric medium and which can store equal and
opposite charges. This states that all flux lines leaving one conductor must
necessarily terminate at the surface of the other conductor. The conductors
are referred to as the plates of the capacitor. The plates may be separated by
free space or a dielectric as shown in Fig. 2.22.

 Consider the two-conductor capacitor of Fig. 2.22. The conductors are
maintained at a potential difference V given by:
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Fig. 2.22 Two-conductor capacitor



2.8 Capacitors (Continued)

2.8.1 Theory of Capacitors
« The capacitance, C, of the capacitor is the ratio of the magnitude of the
charge on one of the plates to the potential difference between them. That is:

§E.d§
Q
C===2%——Farad [F] (2.46)
Vv jE.dl
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* The negative sign beforeV = _J E.dl has been dropped because only

absolute value of V is to be considered. The capacitance of the capacitor is
measured in Farad.
 The capacitance, C can be obtained for any given two-conductor capacitance
by assuming Q and determining V in terms of Q. This method involves
Gauss's law.
 The following steps are used to find the capacitance of any two-conductor
capacitance:
|. Choose a suitable coordinate system.
2. Let the conducting plates carry charges +Q and -Q.
3. Determine E using Coulomb's law or Gauss's law.
4. Finally obtain CfromC=Q/V.



2.8 Capacitors (Continued)

2.8.2 Capacitance of Parallel Plate Capacitor

« Consider the parallel plate capacitor in Fig. 2.23. Each of the plates has an
area A (m?) and the; separated by a distance d (m). Assume the plates 1 and
2 carry charges +Q and -Q uniformly distributed on them, so that:
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Fig. 2.23 Parallel plate capacitor



2.8 Capacitors (Continued)

2.8.2 Capacitance of Parallel Plate Capacitor

An ideal parallel plate capacitor is one in which the plate separation d is very
small compared with the dimensions of the plate. Assuming such an ideal
case, the fringing field at the edge of the plate be ignored so that the field
between them is considered uniform. If the space between the plate filled with
homogeneous dielectric with permittivity e.

Electric field intensityg at any point in between two plates is found by
Gauss's law. Its value at a point below the surface charge sheet of +p is

iven by (2.25) as:
g y (2.25) £ %a _,03( _a) (2.48a)
g

Here, the medium is not free space so e= g &,. Similarly, electric field intensity
at a point above the surface charge sheet of -ps IS given by:
E, = &a _"Fs 4 (2.48b)

2& 2¢ °
Total electric field intensity between the two plates is given by:

—

E=E +E,=%(-4)

&
From (2.47), p, = %/ A, substitute in (2.49) we get:
- . (2.49a)
E=—(-4,)

(2.49a)



2.8 Capacitors (Continued)

2.8.2 Capacitance of Parallel Plate Capacitor
« The potential difference between the two plates, V is given by:

1 z=d
= . . d
V=—[Edl = [ Q Caydema = (2.50)
2 2o EA A
« Therefore, the value of the capacitance is given by:
ngz‘z_A [F] (2.51)
« From eqn. (2.45) the energy stored in the parallel plate capacitor is:
1 1. (QY, 10Q° 1 Q
W, == |E’dv==|g = |dv==—"1|dv= Ad
; 2I 2! (gA] 2 A’ j 2oz ) (2:52)
. 1Qd 1 ? 1
< R & [J] (1Q°
T2 A 2 (gA/d) 2C
2C
» Different forms of the energy stored in W, = EQV [J] (2.53)
the parallel plate capacitor are: 2 '
Love
2




2.8 Capacitors (Continued)

2.8.2 Capacitance of Parallel Plate Capacitor

Example 2.13:
Calculate the capacitance of a parallel plate capacitor having mica dielectric
with ¢, = 6, a plate area A = 10 in? and a separation d= 0.01 in. What is the
energy stored in this capacitor if it is charged to a voltage, V=5 V.

Solution:
The value of the capacitance, C is given by (2.51):

_ &A 6x8.85x107*x(10x2.54x107%)?
d 0.01x2.54x10°

The energy stored in the parallel plate capacitor is given by (2.53):

W, :%cv2 :%x(1.349x10‘9)x25:16.8625 nJ

C =1.349 nF




2.8 Capacitors (Continued)

2.8.3 Capacitance of Coaxial Capacitor

» Consider two coaxial conductors of length, L [m] having inner radius, a and
outer radius, b shown in Fig. 2.24.

« Let the space between the conductors be filled with a homogeneous dielectric

with permittivity, . Assume the conductors | and 2 carry +Q and -Q coulomb
of charges uniformly distributed on them.
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Fig. 2.24 Coaxial capacitor



2.8 Capacitors (Continued)

2.8.3 Capacitance of Coaxial Capacitor

For convenience, assume cylindrical coordinates system. The linear charge
density p, is given as:
. 0. :% C/m (2.54)

Electric field intensity, E between two coaxial conductors is obtained by
applying Gauss's law to an arbitrary Gaussian cylindrical surface of radius p.
From egn. (2.23), we have:

—— a, = Q a,Vim (a<p<b) (2.55)
27TEP 2reol

From (2.34) and neglecting flux fringing at the cylindrical ends, we get:

Q
dp=——In(b/
p="1 n(b/a) (2.56)

1 —
_Z[E | = —an dpd | = janpL

Thus the capamtance of coaxial cylinder is

C_ Q 2rmel [F] (2.57)

V. In(b/a)



2.8 Capacitors (Continued)

2.8.3 Capacitance of Coaxial Capacitor

Example 2.14:
What is the capacitance / kilometer of length of air-filled coaxial cable with an
inner conductor of 3 mm diameter and an outer conductor of inside diameter
of 1 cm.

Solution:
The capacitance / meter of length of the line, C is given by (2.57):
C:g:h—d—[p] ::E 2re [F/m]
V  In(b/a) L In(b/a)
~12
©_ 2ms _ 2m88X0 " 1600=0.4 [4F /km]

L In(b/a) In(0.5x107%/1.5x10°°)



2.8 Capacitors (Continued)

2.8.4 Capacitance of a Spherical Capacitor

 Consider two concentric spherical conductors of inner radius, a and outer
radius, b separated by a dielectric medium with permittivity, € as shown in
Fig. 2.25. Assume charges +Q and -Q are on the inner and outer spheres
respectively.

* Applying Gauss's law to an arbitrary Gaussian spherical surface of radius r
(a <r<b), we get: B

2 __Q .
=e{EdS = E4, dsa, =Efds E=7 =& V/m (a<r<b)
S S S

1 r=a Q = B o _\
—|Edl =- 2 dra GBS s U N
V = !Ed' = r-[b 472'5,1’2 ar.drar /,/_/‘/Y/* ,‘\\—M/\,_?Dlelectrlc
ahaar &k ol
fibes i ) T—
Vv :i(l_lj {_— e : \
drela b \ — '\* /
Thus the capacitance of spherical capacitor is: \”'_ X S
Q Arre \—\?‘ L v / —
C== (2.58) \—\Ld//

F
v -71 1 Pl 3
5 _E Fig. 2.25 Spherical capacitor



2.8 Capacitors (Continued)

2.8.4 Capacitance of a Spherical Capacitor

Example 2.15:
The radii of spherical capacitor are 20 cm and 5 cm and the space between
two spheres is filled with an insulator of ¢, = 2. Find:

(a) The sphere capacitance.

(b) The greatest electric intensity (E,,) in the dielectric when the potential
difference between the sphere is 20 kV.

Solution:

(a) The value of the capacitance, C is given by (2.58):

12
Co Are _ 471x2%8.85x10 _ 741 [pF]

o) 50~ 20007)
a b) (5x107 20x10°

E- Q . o1y |
(b) From the equation E = - a V/m and = 1ol3 b we get:
E= v = E __20kv =5.33 kV /cm

rz(l_lj max |r=a_ 52(1_1)
a b, 5 20




CAPACITORS IN ELECTRIC CIRCUITS
(1) Parallel Connection:

. INASINASING
-+ — | | Cl
| ch:C1 +C2
N7 = |
C,
S .
| — NG
/-qj l;/ { |= Cl — Q]_ ’ , — Q2
MIT‘ AV + | — ‘AV‘ ‘AV‘
>~ AV |

Q=0Q, +Q, =C,|AV|+C,|AV|=(C, +C,) |AV
R O =C1+C2=i
) AV

N
5Cq=C,+C,+..4C =D .C,
=1




(2) Series Connection:

AV, C, AV G, /E
AV C, C, |A7) Ifq
| | 1
+Q -0 +0 -Q +Q” 0 +QI -0
—_ |
MIT| | |AV| || n | —
_|_ st
AV AV
AV =2 jav=2 o - |av]=|AV,|+[av,]
C C,
Q _ Q N Q N 1 1 N 1
Ceq Cl CZ Ceq Cl CZ




STACKED DIELECTRIC CAPACITORS
(1) Plate Capacitor:

V =V, +V,

Q1=Q2=Q
C1=808r1A
d/2
C _ ELELA
> d/2
C - C1C2 _2 Q
“ " Cc,+C, V * .
Vv
...v1= Q & V2= Q v 1 - Cl
= = v, " C
2 2
E1=Vl & E2=V2 -
d
2 -




V =V, =V,

Q=0Q,+Q;

C, = e, &, A2
d

C, = £, ,Al2
d

C,=C,+C, =

V
E1=E2=E +
WE=%CV2 v
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attention

Assoc. Prof. Dr. Moataz Elsherbini
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