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INTRODUCTION

A capacitor can store energy in the form of potential energy in an electric field. In this chapter we will
discuss the capacity of conductors to hold charge and energy.

CAPACITANCE OF ANISOLATED CONDUCTOR

When a conductor is charged its potential increases. It is found that for an isolated conductor (conductor
should be of finite dimension, so that potential of infinity can be assumed to be zero) potential of the
conductor is proportional to charge given to it.
g = charge on conductor
V = potential of conductor
q

Isolated conductor

quxV
= g=CV
Where C is proportionality constant called capacitance of the conductor.
2.1 Definition of capacitance :
Capacitance of conductor is defined as charge required to increase the potential of conductor
by one unit.
2.2 Important points about the capacitance of an isolated conductor :
(i) It is a scalar quantity.
(ii) Unit of capacitance is farad in Sl units and its dimensional formula is M-1 L2 12 T4
(iii) 1 Farad : 1 Farad is the capacitance of a conductor for which 1 coulomb charge increases
potential by 1 volt.
1 Coulomb

1 Farad = 1Volt
1uF=105F, InNF=10- F orl1pF=101F
(iv) Capacitance of an isolated conductor depends on following factors :
(1) Shape and size of the conductor :
On increasing the size, capacitance increases.
(2) On surrounding medium :
With increase in dielectric constant K, capacitance increases.
(3) Presence of other conductors :
When a neutral conductor is placed near a charged conductor capacitance of conductors
increases.
(V) Capacitance of a conductor do not depend on
(1) Charge on the conductor
(2) Potential of the conductor
(3) Potential energy of the conductor.

POTENTIAL ENERGY OR SELF ENERGY OF AN ISOLATED
CONDUCTOR

Work done in charging the conductor to the charge on it against its own electric field or total energy stored
in electric field of conductor is called self energy or self potential energy of conductor.
3.1 Electric potential energy (Self Energy) :

Work done in charging the conductor
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g = Charge on the conductor

V = Potential of the conductor

C = Capacitance of the conductor.

O

3.2 Self energy is stored in the electric field of the conductor with energy density (Energy per unit
volume)

4 1

dV = 2 ¢ E; [The energy density in a medium is 2 eoeEz]
where E is the electric field at that point.

3.3 In case of charged conductor energy stored is only out side the conductor but in case of
charged insulating material it is outside as well as inside the insulator.

4. CAPACITANCEOF ANISOLATED SPHERICAL CONDUCTOR
———— Solved Exvample

Example 1. Find out the capacitance of an isolated spherical conductor of radius R.
Solution : Let there is charge Q on sphere.
KQ

Potential V= R
Hence by formula: Q = CV

CKQ
Q = R
C = 4neoR (+ Ceanh = 711 pF)
Capacitance of an isolated spherical conductor
C =4neoR
0] If the medium around the conductor is vacuum or air.

Cvacuum = 4meoR
R = Radius of spherical conductor. (may be solid or hollow.)
(i) If the medium around the conductor is a dielectric of constant K from surface of sphere
to infinity.
Chedum = 4neoKR
C

medium

C.. . .
airivaccum = K = djelectric constant.

(iii)
m—

5. SHARING OF CHARGES ON JOINING TWO CONDUCTORS
(BY ACONDUCTING WIRE):

Initially Flnally
(@ Whenever there is potentlal d|fference, there will be movement of charge.
(i) If released, charge always have tendency to move from high potential energy to low
potential energy
(iii) If released, positive charge moves from high potential to low potential [if only electric force

act on charge].

¢
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(iv) If released, negative charge moves from low potential to high potential [if only electric force
act on charge].

(v) The movement of charge will continue till there is potential difference between the conductors
(finally potential difference = 0).

(vi) Formulae related with redistribution of charges :

Before connecting the conductors
Parameter I** Conductor I"* Conductor
Capacitance C, C,
Charge Q, Q,
Potential V, V,
After connecting the conductors
Parameter Ist Conductor lI"® Conductor
Capacitance C, C,
Charge Q; Q,
Potential V \)
Q_Q Q_C
v= G G > Q, ©C But, 1+ Q=0 +0Q
V= Ci+C, = Ci+GCy Qi'= C,+C, (Q: + Q)
C,
& Q= 17% Qi+

1 GG,
Heat loss during redistribution : AH= 2 Ci+Cy (V1= V2)2
The loss of energy is in the form of Joule heating in the wire.
Note : Always put Qi, Q2, Vi and V2 with sign.

———— Solued Example

Example 2. A and B are two isolated conductors (that means they are placed at a large distance from each
other). When they are joined by a conducting wire:

DIRD

6uC 3uC
3uF 6uF
0] Find out final charges on A and B ?
(i) Find out heat produced during the process of flow of charges.
(iii) Find out common potential after joining the conductors by conducting wires?

p
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Solution :

Example 3.

Solution

3 6
M Q=3+ (6+3)=3uC, Q= 36 (6+3)=6uC
1 3uF.6uF

2 2
e (o3 300 3
(ii) AH = 2 (3pF+6uF) 2) _ 2. (2uF) 2) _ 4

3uC +6uC
iy  Ve= SHF+6HF —qyop,

TN

When 30uC charge is given to an isolated conductor of capacitance 5uF. Find out the following

0] Potential of the conductor
(ii) Energy stored in the electric field of conductor
(iii) If this conductor is now connected to another isolated conductor by a conducting wire

(at very large distance) of total charge 50 uC and capacity 10 uF then
(1) find out the common potential of both the conductors.
(2) Find out the heat dissipated during the process of charge distribution.
3) Find out the ratio of final charges on conductors.
4) Find out the final charges on each conductor.
Q: = 30uC, C.1=5uF

Q30
HVvi= C1 = 5 =y Ans.

1Q%2 1 (30x107%)?

—_—— —_ 7—6
Gyu=2 C =2 Gx107) —ggJ Ans.

Q50
(i) Q2 = 50uC, C2= 10 uF, V.= Cz = 10 =5y,
Q+Q;  30+50 16
(1) Common potential V = Ci1+Cy 5+10 = 3 v Ans.
1 GGy 1 5x10 5

@aH=2C1+C2 (v, _vy)= 25410 (5_5), = 3 my
QG ¢ 5 g

(3)Q12 :CZ :ﬁ:

Ans.
16 80
(A Qu=CV=5x 3 = 3 mC
16 160

Qz»=CV=10x 3 = 3 ,C.

Ans.

6. CAPACITOR:

A capacitor or condenser consists of two conductors separated by an insulator or dielectric.
(i) When uncharged conductor is brought near to a charged conductor, the charge on conductors remains

same but its potential decreases resulting in the increase of capacitance.

(i) In capacitor two conductors have equal but opposite charges.
(iii) The conductors are called the plates of the capacitor. The name of the capacitor depends on the
shape of the capacitor.

(iv) Formulae related with capacitors

p

Q
1) oQ=cvo c=V
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v)

(vi)

(Vi)

——— Solued Example

Example 4.

Solution :

p

Q = Charge of positive plate of capacitor.
V = Potential difference between positive and negative plates of capacitor
C = Capacitance of capacitor.

(2) Energy stored in the capacitor

Initially charge = 0
Intermediate

> 3 /
C
Finally,
+Q -Q
Tq
2dg Q7
W = Idw = DC = C

[ 1
- Energy stored in the capacitor=U = 2C = 2 cv.= 2QV.
This energy is stored inside the capacitor in its electric field with energy density
du 1 1

dV ¢, 2 or 2 geEs .
The capacitor is represented as following:

— ., —

Based on shape and arrangement of capacitor plates there are various types of capacitors.

(1) Parallel plate capacitor.
(2) Spherical capacitor.
3) Cylindrical capacitor.

Capacitance of a capacitor depends on

(1) Area of plates.

(2) Distance between the plates.

3) Dielectric medium between the plates.

L 4

Find out the capacitance of parallel plate capacitor of plate area A and plate separation d.

Q

E= Ag
@ g
Va—Ve=Ed = A% = C
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A q Plate Area = A

«— o —»

5 2 d << size of the plate
ggA

c=d
where A = area of the plates.
d = distance between plates.

(viii)
(ix)

Electric field intensity between the plates of capacitors (air filled )

E = o/e0 = V/d

Force experienced by any plate of capacitor
q2

E= 2Ag

7. CIRCUIT SOLUTION FORR-CCIRCUIT AT t=0O(INITIALSTATE)
AND AT t=o (FINAL STATE)

Note : (i)

(ii)

(iii)

——— Solved Examples

Example 5.

Solution :

&-

Charge on the capacitor does not change instantaneously or suddenly if there is a resistance in
the path (series) of the capacitor.

When an uncharged capacitor is connected with battery then its charge is zero initially hence
potential difference across it is zero initially. At this time the capacitor can be treated as a
conducting wire

T

Before connection Just after connection att=0

The current will become zero finally (that means in steady state) in the branch which contains
capacitor.

R R

|j VWY ¢ WY ¢
i=0

1t

£ T 4 —

0 0
Before connection After connection att =«

Find out current in the circuit and charge on capacitor which is initially uncharged in the
following situations.

(1) Just after the switch is closed.

(2) After a long time when switch was closed.

A 2Q
10V .{ =—3F

(1) For just after closing the switch: potential difference across capacitor = 0

L 4
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Example 6.

Solution :

p

(2) After along time
at steady state currenti=0

+10 20 10
i=0

10V I -

0 0

and potential difference across capacitor = 10 V
~Qc=3x10=30C

11+

@

Find out current 14, Iz, Is, charge on capacitor and dt of capacitor in the circuit which is initially
uncharged in the following situations.

(1) Just after the switch is closed

(2) After a long time when switch is closed.

(1) Initially the capacitor is uncharged so its behaviour is like a conductor Let potential at A is
zero so at B and C also zero and at F itis €. Let potential at E is x so at D also x. Apply
Kirchhoff’s Ist law at point E :

F I, ,
e R E L D

A
0
X_

B C
0 0
g x-0 x-0 33X &
R + R + R =0 = R =R
&
x=3 Q:=0
-€/3+e 28 dQ e kS
I = R - 3R = L= dt = 3R o ls= 3R
Alternatively
- 2
& R <& i, e
ilzReq :R+§:3R = i2:i3:E:3R

(2) at t = oo (finally)
capacitor completely charged so their will be no current through it.

L 4

7 | Page

L 4



Capacitance

) 4

2=0, h=ls= ﬁ
Ve— Ve =Vb—Vc=(e/2R)R = ¢/2

eC dQ
= Qc= 2, dt =,=0
I I I dQ /dt
Time 21 2 2 Q q
t=0 <8 & & 0 &
3R 3R 3R 3R
Finally £ = eC
= 0 d 0
t=w 2R 2R 2

Example 7.

Solution :

Example 8.

Solution :

Example 9.

p

A capacitor of capacitance C which is initially uncharged is connected with a battery. Find out
heat dissipated in the circuit during the process of charging.

Final status
+sC —C
D _ B

se— | 0

€

| 1
c A
Let potential at point Ais0,soatBalso0OandatCand D itis e.
finally, charge on the capacitor

1 1

0,U=2CV:= 2 Ces

j' Pdt Isidt J'idt
work done by battery = W= =€ =e.Q =e. eC=¢gC
(Now onwards remember that w.d. by battery = €Q if Q has flown out of the cell from high
potential and w.d. on battery is €Q if Q has flown into the cell through high potential)

1 Ce?

Heat produced =W = (Ui—Ui) = e2C— 2 eC= 2
A capacitor of capacitance C which is initially charged upto a potential difference ¢ is connected

with a battery of emf £ such that the positive terminal of battery is connected with positive plate
of capacitor. Find out heat loss in the circuit during the process of charging.

Qc=¢C, U=

+cC —C
D B
s—H F——0
— |
D B € I 0
eC —¢C c s A

Since the initial and final charge on the capacitor is same before and after connection.

Here no charge will flow in the circuit so heat loss = 0

A capacitor of capacitance C which is initially charged upto a potential difference ¢ is connected
with a battery of emf ¢/2 such that the positive terminal of battery is connected with positive
plate of capacitor. After a long time

0] Find out total charge flow through the battery
(i) Find out total work done by battery
(iii) Find out heat dissipated in the circuit during the process of charging.

L 4
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Solution : (i) Let potential of Ais 0 so at B itis 2. So final charge on capacitor = Ce/2
Charge flow through the capacitor = (Ce/2 — Ce) = —Ce/2
B A
tC —-C
g2
P
So charge is entering into battery.
(i) finally,
Change in energy of capacitor = Usinal — Uinital
A+ =8
CI I ] °
v £C =C
£C/2 2, 5
e2 ez 0
2 P 2
1 [‘6} 2c 1 1 3:%C
=2¢c'\?) _ 2 =8gc_2gc=— 8
£ (_ﬁ] £2C
Work done by battery = 2 x 2) -_ 4
(i) Work done by battery = Change in energy of capacitor + Heat produced
3¥’C £Cc ¢
Heatproduced= 8 - 4 = 8
Example 10. A capacitor of capacitance C, a resistor of resistance R and a battery of emf £ are connected in
series att = 0. What is the maximum value of
€) the potential difference across the resistor,
(b) the current in the circuit,
(c) the potential difference across the capacitor,
(d) the energy stored in the capacitors.
(e) the power delivered by the battery and
) the power converted into heat.
c
R J \S
Solution
att=0 Cis replace by wire.
£
(1) Vimax = € (2) i= R
1
(3) Ve=¢ (4) Uc= 2 Cez
2 2

(4)

€

Pbaﬂery =jiVv.= R (5) AH = R .

m—

8. DISTRIBUTION OF CHARGES ON CONNECTING TWO

CHARGED

CAPACITORS:

When two capacitors are C: and Czare connected as shown in figure

p
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+Q1 I-IQ‘ +Ql1 |'|Ql1
A C B AC B
+Q, I Q, +le|‘| Q.
cC ¢ D cC ¢ D
Initially Finally
Before connecting the capacitors
Parameter I°* Capacitor 11" Capacitor
Capacitance C, C,
Charge Q, Q,
Potential V, V,

After connecting the capacitors

Parameter Ist Capacitor Il Capacitor

Capacitance C, C,
Charge Q’, Q’,
Potential V Y

(1)

()

3)

Common potential :
By charge conservation of plates A and C before and after connection.
Q1+ Q2=CiV + C2V

Q,+Q, C\V,+GCV, Total charge
V= C,+C, _ C;+C, _ Total capacitance
C1
Qr=cwv= G172 (0, + Q)
CZ
Q'=c.v=%17C2 (0,+Q,)

Heat loss during redistribution :
1 GG

AH=U—-U= 2 C1+Ca (v, _yy),
The loss of energy is in the form of Joule heating in the wire.

Note : (i)

When plates of similar charges are connected with each other (+ with + and — with —) then put

all values (Qs, Q2, V1, V2) with positive sign.

(ii)

When plates of opposite polarity are connected with each other (+ with —) then take charge and

potential of one of the plate to be negative.

m—

Derivation of above formulae :

&-

L 4

10 | Page

L 4



Capacitance

) 4

GV
s o
A *C~- B
Ve ¢0
+V‘ +V2 C,
A-—|C|—oB C~—|C|—oD —6—+él_—|03—
1 2 2

Let potential of B and D is zero and common potential on capacitors is V, then at A and C it will be V
CiV + C2V = CiV1 + CaVe

CiVi +CoVy 1 1 1
- C+G -2 2 2
V= = H= ¢ CiViz+ € CaVz— £ (C1+ C2)V2
1 AR A

1
= 2 C1V12+ 2 C2V22— 2 (C1+C2)
C3VE +CyC,VE +CoCoVE +CBVZ —C3V2 —C,VZ —2C,C,VV,

_ % C,+C,
1 _GiCy

=2 GG (y, vy,
1 _CiCa

H=2 Ci+Cy (V1= V2)2
when oppositely charge terminals are connected then

A *c- B
Ve 0
C,
D - G
CiV + C2V = CiV1 = CaV2
CiVi =CoV, 1 _CiCy
V = Ci+C, : H= 2 C1+C, (V1 + V2)2

———— Solued Exvamples

Example 11  Find out the following if A is connected with C and B is connected with D.

2uF 3uF
e A I s |
20V 10V

(i) How much charge flows in the circuit.
(i) How much heat is produced in the circuit.

A8
Q,=2v

Ve ®0

+| |-
¢ ’_6_

Q,=3V

Let potential of B and D is zero and common potential on capacitors is V, then at A and C it will

be V.

By charge conservation,

3V +2V=40+30

5V =70

V = 14 volt

Solution : (i)

p
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(ii)

Charge flow
=40-28
=12 uC

Now final charges on each plate is shown in the figure
A - B
28uC -28uC
y+12uC 4+12uC
+ -
e
42nuC -42puC
1 1 1
Heat produced = 2 x 2 x (20)2+ 2 x 3 x(10): — 2 x 5 x (14)2
=400 + 150 — 490
=550 -490 =60 pJ

Note : (i) When capacitor plates are joined then the charge remains conserved.
(i) We can also use direct formula of redistribution as given above.
Example 12. Repeat above question if A is connected with D and B is connected with C.
Q, =2V
——
Ve *)

D Q,=3v C

Solution : Let potential of B and C is zero and common potential on capacitors is V, then at A and D it will

be V

2V +3v=10
=> V =2 volt
Now charge on each plate is shown in the figure
41°C,,-411C
= |} CB
A
36L1C 36 C
D C
* |} ®
6/ C -6 C
1
Heat produced = 400 + 150 — 2 x 5 x 4
=550-10
=540 puJ

Note : Here heat produced is more. Think why?

Example 13.

Solution :

p

Three capacitors as shown of capacitance 1uF, 2uF and 2uF are charged upto potential
difference 30 V, 10 V and 15 V respectively. If terminal A is connected with D, C is connected
with E and F is connected with B. Then find out charge flow in the circuit and find the final
charges on capacitors.

30V 10V 15V
- |- [
A 4 B C  F E o

Let charge flow is g.
Now applying kirchhoff's voltage low

L 4
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(g—20) (30+q) 30-q

— 2 - 2 + 1 =0
30-99-30 _4_
ot et
A B F o E
qy
2uF C
— =
-20+q 20-q
-2q=-25
q=12.5uC
Final charges on plates
+17.5pC -17.5uC

HF —F
-42.5uC +42.5uC
12.5uC

- +
7.51,1_(3= IJr7.51,1C

m—
9. COMBINATIONOF CAPACITORS:

9.1 Series Combination :
0] When initially uncharged capacitors are connected as

shown in the combination is called series combination.

PR R

c, ¢
PN
3.
(i) All capacitors will have same charge but different potential difference across then.
(i) We can say that
Q
V1= C1

V1 = potential across C:
Q = charge on positive plate of C:
Ci1 = capacitance of capacitor similarly

Q Q
V2=Cz ,V3=C?’ ........
LI
(iv) V1:V2:V3=C1 :02:03

We can say that potential difference across capacitor is inversely proportional to its
capacitance in series combination.

1
vV« C

Note : In series combination the smallest capacitor gets maximum potential.

p
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1
E 1
VI = ! V vV, = CZ \YJ
271 1 1
—t——t—t..... o
W) C, C, C C, C, C4
1
03
Vs= g 1 v
-t +......
C G G
Where V=Vi+ V2 + V3
(vi) Equivalent Capacitance :

Equivalent capacitance of any combination is that capacitance which when connected
in place of the combination stores same charge and energy that of the combination.

In series :
I T T
Ceq:C1+C2+Cs

Note : In series combination equivalent is always less the smallest capacitor of combination.

(vii) Energy stored in the combination

Q*? Q@ @ Q?

Ucombination = 2C; + 2C, + 2C, = Ucombination = zceq
Energy supplied by the battery in charging the combination

g Q_2 Ucombination 1

Ubatten/ = Q xV = Q . Ceq = Ceq = Ubattery — E

Note : Half of the energy supplied by the battery is stored in form of electrostatic energy and half of the energy
is converted into heat through resistance.

m—

Derivation of Formulae :
C, C, C,
———F—F——

meaning of equivalent capacitor

oy e :

<__
1]
<

Q
Ce= V
Au—+Q| |—|}Q—+Q|Q 518
c1 C,
|
Now, Q y

Initially, the capacitor has no charge.
Applying kirchhoff’s voltage law

¢

L 4

14 | Page

L 4



Capacitance

) 4

——— Solved Examples

Example 14.

Solution :

Example 15.

Solution :

p

2 @ a {;;;}
Ci+C 4 G yy=o N v=qlC €2 G
\Y; 1 1 1 1 1 1 1 1 1
Y — - —t—t— - -
Q - C1 C2 C3 = Ceq = C1 C2 CB in genera| CECI = n=1 Cn

Three initially uncharged capacitors are connected in series as shown in circuit with a battery of
emf 30V. Find out following:-
2uF  3pF 6uF

K
|30V

0] charge flow through the battery,
(i) potential energy in 3 uF capacitor.
(iii) Uwtal in capacitors
(iv) heat produced in the circuit
111 342+
Ceq -2 + 3 + 6 — 6 =1
Ceq = 1HF
() Q = Ceq V = 30uC.
Q@ 30x30
(i) charge on 3uF capacitor = 30uC = energy = 2C = 2x3 = 150pd

3030

(iii) Uow= 2 uJ =450l
(iv) Heat produced = (30 uC) (30) — 450 uJ =450 uJ.

Two capacitors of capacitance 1 uF and 2uF are charged to potential difference 20V and 15V
as shown in figure. If now terminal B and C are connected together terminal A with positive of
battery and D with negative terminal of battery of emf 30 V. then find out final charges on both
the capacitor

1uF 2uF

A P B Cc Py D
20V 15V

Now applying kirchoff voltage law
20+q 30+q
+—,| - +—2 -
A B Cc D
e & || o

20+q* p_q 30+q" T30

<

q l30v
—(20+q) 30+q

T - 2 +30=0
-40-29-30-q=-60
3q=-10

Charge flow = -10/3 uC.
50

Charge on capacitor of capacitance 1pF =20 + q = 3

L 4
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80
Charge on capacitor of capacitance 2uF =30 + g = 3

m—

9.2 Parallel Combination :

0] When one plate of each capacitors (more than one) is connected together and the
other plate of each capacitor is connected together, such combination is called parallel
combination.

Q_
C,
8\
o
Q,
+ 1=
CR
&
(i) All capacitors have same potential difference but different charges.
(iii) We can say that :

Qi =CV
Q: = Charge on capacitor C:
Ci1 = Capacitance of capacitor C:
V = Potential across capacitor C:
(iV) Q1:Q2:Q:3=C1:C2:Cs
The charge on the capacitor is proportional to its capacitance
Q«xC
C, C, Cy

= C+Cy+Cy Q Q.= C,+C,+C4 Q Q= C,+C,+C4 Q

(v) Q:
Where Q= Q1+ Q2+ Qs ......

Note : Maximum charge will flow through the capacitor of largest value.

(vi) Equivalent capacitance of parallel combination
Ceq=C1+C2+C3

Note : Equivalent capacitance is always greater than the largest capacitor of combination.

(vii) Energy stored in the combination :

1 1 1
Veombinaion= 2 C1Va+ 2 CaVo+....= 2 (Ci+Cz+ Cs.....) V2
1
=2 CquZ
Ubattery = QV =CV:
Ucombination 1
Ubattery - E

Note : Half of the energy supplied by the battery is stored in form of electrostatic energy and half of the energy
is converted into heat through resistance.

Formulae Derivation for parallel combination :
Q=Q1+Q2+Qs
=CiV + C2V + CsV
=V(Ci1+ C2+C3)

p
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C.
g
v "G,

»

" *3 { }
2 C.

o
v ‘»—Oq—‘vl—oﬂ
Q

V =Ci+C2+Cs
Ceq:C1+C2+C3

n
Ceq = ZCH
n=1

In general

——— Solved Example

Example 16. Three initially uncharged capacitors are connected to a battery of 10 V is parallel combination
find out following

‘IILIILF
il
0k
I
It
i
10V
0] charge flow from the battery
(i) total energy stored in the capacitors
(i) heat produced in the circuit
(iv) potential energy in the 3uF capacitor.
Solution : () Q=(30+20+10)pC =60 puC

1

(i) U = 2 x 6 x 10 x 10 = 300 pJ
(i) heat produced = 60 x 10 — 300 = 300 pJ
1

(iv) Use= 2 x3x 10 x 10 = 150 pJ

9.3 Mixed Combination :
The combination which contains mixing of series parallel combinations or other complex
combinations fall in mixed category.
There are two types of mixed combinations
0] Simple (i) Complex.

——— Solved Exvample

Example 17.  In the given circuit find out charge on 6uF and 1pF capacitor.

il
Tl ouF
I Al
|
1
30V
Solution : It can be simplified as

&-
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Ceq = 9 = ZHF
3uF 6uF

I
30V

charge flow through the cell = 30 x 2 uC
Q=60uC

Now charge on 3uF = Charge on 6uF= 60 uC
Potential difference across 3uF = 60/ 3=20 V
~ Charge on 1uF = 20 uC.

Example 18. Comprehension :
In the arrangement of the capacitors shown in the figure, each C1 capacitor has capacitance of
3uF and each C2 capacitor has capacitance of 2uF then,

C1 C1 Cc C1
a—| 1 ”T

—C, =—C, C,
b— s e qu
1. Equivalent capacitance of the network between the pointsaand b is :
3
(1*) 1pF (2)2uF (3) 4uC (4) 2uF
2. If Vab = 900 V, the charge on each capacitor nearest to the points 'a’ and 'b'" is :
(1) 300 uC (2) 600 uC (3) 450 uC (4*) 900 pC
3. If Vab = 900 V, then potential difference across points cand d is :
(1) 60V (2*) 100 V (3) 120V (4) 200 V
1 1 1 1
—_— e —_— e —
Solution : 0] 1 = Cu1 = 1pF
Ca=C2+C11=3uF Ceq=1pF Ans.
3uF
a—| "
—_— 3uF
b—— —
(ii) 3uF
Ceq = 1|J.F Q =CeqV= 900|J.F
charge on nearest capacitor = 900uF Ans
(iii) from point potential method
3uF 2uF 3uF
goov  °MT gpov
a—1| |2V L 466.3v
——2uF —=2uF 3uF
bs 1 || yTT Hj 433.3V
3uF 300v 3uF 3uF
Ve — Vd = 100V Ans

Example 19. Comprehension :

p
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Capacitor Cs in the circuit is a variable capacitor (its capacitance can be varied). Graph is
plotted between potential difference Vi1 (across capacitor C1) versus Cs. Electric potential V1

approaches on asymptote of 10 V as C3 - oo.

10
8
6 /_.—g
1 Vi(V) ]
4 1
c. )
% 2
—_V
CZ CB
| | 02 4 & 8 10 12
C.(uF)

1. EMF of the battery is equal to :

(1* 10V (2 12v 3)16V
2. The capacitance of the capacitor C1 has value :

(1) 2 uF (2) 6 uF (3*) 8 uF
3. The capacitance of C2 is equal to :

(1*) 2 uF (2) 6 uF (3)8 uF
Solution When C3 = =, there will be no charge on C2

L1
| —

AsVi=10V therefore V=10V
From graph when C3 =10 uF, Vi=6V

v c,

Charge on C1 = Charge on C2 + Charge on Cs
6C1=4C2+40puC v (1)
Alsowhen C3 =6 pF, V1 =5V

Again using charge equation

c,== |6V

—ov [ f
CZT 4V T 10uF
R
5C1=5C2+30uC ..(2)
Solving (1) and (2)
Ci=8uF
C2=2uF.

jp— CQJI—?\

(4) 20V

(4) 12 uF

(4) 12 uF

o

10. CHARGING AND DISCHARGING OF ACAPACITOR

&-

10.1 Charging of a condenser :
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() In the following circuit. If key 1 is closed then the condenser gets charged. Finite time is
taken in the charging process. The quantity of charge at any instant of time t is given by
g = qo[1 — e-wro)]

9]
hS]
—

S ]

E
Where go = maximum final value of charge att = oo,
According to this equations the quantity of charge on the
condenser increases exponentially with increase of time.
(i) Ift = RC =t then
q h
Qofr--mrmmmmmmmmmmmmmme oo

1l
o
o
w

o

B

q

t=RC=1 t

3]
g =qo[1— e=rero)] = go e
or g=qo(1-0.37) =0.63 qo

= 63% of qo
(iii) Time t = RC is known as time constant.
i.e. the time constant is that time during which the charge rises on the condenser plates to 63%
of its maximum value.
(iv) The potential difference across the condenser plates at any instant of time is given by
V = Vo[l — e-wre)] VOIt
(v) The potential curve is also similar to that of charge. During charging process an electric
current flows in the circuit for a small interval of time which is known as the transient current.
The value of this current at any instant of time is given by
| = lo[e-wrc)] ampere
According to this equation the current falls in the circuit exponentially (Fig.).
(vi) If t = RC = t = Time constant

]0

| = lo€rorey= € =0.37 lo= 37% of lo

i.e. time constant is that time during which current in
the circuit falls to 37% of its maximum value.

T4
Iy

During charging

During discharging

In
l v

Derivation of formulae for charging of capacitor

R

g C

1 1

p

L 4

20 | Page

L 4



Capacitance

) 4

it is given that initially capacitor is uncharged.
i R

iR Tql +

I _q],_o

let at any time
Applying kirchoff voltage law

q eC—q eC—q dgq :C-q
e—-iR-C=0> iR= C = i= CR N dt — CR

t
dg  C-g CR T dq Iﬂ
d - CR eC-q .dg=dt= Gh =0

t
= —In(eC-q)+Inec= RC
sC t
n ¢C-a = RC
eC—-qg=¢€C.e-wrc

0.63eC F--—-

0 t=RC

g = eC(1 — e-re)
RC = time constant of the RC series circuit.

After one time constant
1

-3
q=eC( ©/) =eC(1-0.37)=0.63 ¢C.

Current at any time t

Voltage across capacitor after one time constant V =0.63
Q=CV, Vc=¢(1-etrc)

p
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V.4

0 t=RC

Voltage across the resistor

Vr = iR = ge-vrc

By energy conservation,
Heat dissipated = work done by battery — AU capacitor

0 t=RC t
1 1
=Ce(e) — (2 Ce2—0)= 2Ce2

Alternatively :

2t

0o w o o e RC
[ PRt j% 2 [ Ca &2 | —2/RC
Heat=H = © =0~ e® Rgt =R D dt = R 0
v,
0.63 [ H——tts

- _ R
——— Solved €

Example 20 :

Solution :

p

> {

In the figure time constant of (2) is more than (1)

2
£’RC {e RC] £°C
0 = 2

A capacitor is connected to a 12 V battery through a resistance of 10Q. It is found that the
potential difference across the capacitor rises to 4.0 V in 1ps. Find the capacitance of the
capacitor.

The charge on the capacitor during charging is given by Q = Qo(1 — e-trc).

Hence, the potential difference across the capacitoris V = Q/C = Qo/C (1 — e-vrc).

Here, at t = 1 ps, the potential difference is 4V whereas the steady potential difference is

Qo/C = 12V. So, = 4V = 12V(1 - e-wre)
1 2t gn[EJ
orl—ewrc= 3 orewrc= 3 or RC 2 = 0.405
t 1us 2.469us

or RC= 0405 - 045 -2 469 usorc= 10Q =25 ,F.

L 4
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m—

Method for objective :
In any circuit when there is only one capacitor then

1- -t/
g = Qs ( © ); Qst = steady state charge on capacitor (has been found in article 6 in this
sheet)
T=Rer. C
Refrecive IS the resistance between the capacitor when battery is replaced by its internal
resistance.

10.2  Discharging of a condenser :

(i)

(ii)

(iii)

(iv)
(v)
(vi)

In the above circuit (in article 8.1) if key 1 is opened
and key 2 is closed then the condenser gets discharged.
R

.

% |

E

The quantity of charge on the condenser at any instant
of time tis given by g = qo €-wre)
i.e. the charge falls exponentially.

l=RC‘=t t
If t = RC = t = time constant, then
Y
g= ® =0.3700=37% of o
i.e. the time constant is that time during which the charge on condenser plates discharge

process falls to 37%
1

The dimensions of RC are those of time i.e. M°L°T: and the dimensions of RC are those of
frequency i.e. MoLoT-1.

The potential difference across the condenser plates at any instant of time t is given by

V = Voe-wre) Volt.

The transient current at any instant of time is given by | = —loe-wrc) ampere.

i.e. the current in the circuit decreases exponentially but its direction is opposite to that of
charging current.

Derivation of equation of discharging circuit :
v

p

+ V=
| | 9|4
+QC—Q +%_
R AMAMMN—
——VWWW—— YR T
Initially At any time t
Applying K.V.L.
+3_iR=0 a3
C i= CR

L 4
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[ O R
9 _o* _hpQ-4RC
99 Q e
_ -t/RC . dt _RC
g=Q.*¢ = i=
qf
qmax

0.37%max

——— Solved Example

Example 21. Two parallel conducting plates of a capacitor of capacitance C containing charges Q and —2Q

at a distance d apart. Find out potential difference between the plates of capacitors.
Solution : Capacitance = C

3Q
Electric field = 2/%0
3Qd 3Q
V= 2Rey v= 2C
Q 2Q
A

M
11. CAPACITORS WITHDIELECTRIC

(@ In absence of dielectric
(&2
&)
v ?n
-G
L
E= &

L 4
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(i) When a dielectric fills the space between the plates then molecules having dipole moment align
themselves in the direction of electric field.

E (extenal)

no-effect «—
—— molecules of
polar material
g .
effective
G
--------------- -G,
o S
+E_u T Eu
+++++++F++++++H g,
—-a

o» = induced charge density (called bound charge because it is not due to free electrons).
* For polar molecules dipole moment = 0
* For non-polar molecules dipole moment = 0

(iii) Capacitance in the presence of dielectric
d K
oA
oA O 4 AKg  AKg
C= T = KSO = d = d
Here capacitance is increased by a factor K.
AKg,
c= d
(iv) Polarisation of material :

When nonpolar substance is placed in electric field then dipole moment is induced in the
molecule. This induction of dipole moment is called polarisation of material. The induced
charge also produce electric field.

YE ‘Emd

IR LR I

mM|

o» = induced (bound) charge density.
© _S%

Ein = E — Eina =% %o

It is seen the ratio of electric field between the plates in absence of dielectric and in presence of
dielectric is constant for a material of dielectric. This ratio is called 'Dielectric constant' of that
material. It is represented by e or k.

o [1 _1]
Ein= Keo = Ob=0 K
(v) If the medium does not filled between the plates completely then electric field will be as shown
in figure
Case: (1)

&-

L 4
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+C

£la

Ke,

e

Y —
£y

-G

The total electric field produced by bound induced charge on the dielectric outside the slab is
zero because they cancel each other.

Case: (2)
+C
o
L 2 80
yS-
K Kig,
o
Y 80
y-S—
K, Kg,
o
€y 5
(vi) Comparison of E (electric field), o (surface charges density), Q (charge ), C (capacitance) and
before and after inserting a dielectric slab between the plates of a parallel plate capacitor.
vV g *o
_ Q—=—o0 o - -1
_q—YE KE'
-
Case | Case Il
ﬁ AgK
C= d C'= d
Q=CvV Q' =CV
o cv c' cv
E= g0 = Ag = Keg — Ag
v v
= d = d also
Here potential difference between the plates, Here potential difference between the plates
Ed=V Ed=V
v v
E=d E=d
v © v ¢
d - & d Keg
Equating both
o_o
gy  Keyg
o' =Ko

In the presence of dielectric, i.e. in case Il capacitance of capacitor is more.

(Vi)

&-

1

—Ep&,
Energy density in a dielectric = 2

E2

L 4
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——— Solved Examples

Example 22.  If a dielectric slab of thickness t and area A is inserted in between the plates of a parallel plate
capacitor of plate area A and distance between the plates d (d > t) then find out capacitance of
system. What do you predict about the dependence of capacitance on location of slab?

Q oA
Solution : c=V=yYV
A O
t,
d K }t
-0
ﬂ i G_tz £|:t1+t2+£:|
> v=fo 4 Koy (vh+t=d-t) = % K
G{d_ui} Q oA 2
V= %o kl_c-cC N c= d-t+t/K

L 4

Note (i) Capacitance does not depend upon the position of dielectric (it can be shifted up or down still
capacitance does not change).
Agg

(i) If the slab is of metal then: C = d—t
——— Solued Exvamples

Example 23. A dielectric of constant K is slipped between the plates of parallel plate condenser in half of the
space as shown in the figure. If the capacity of air condenser is C, then new capacitance
between A and B will be-

oA
K
oB
o < o 21+K]
(1) 2 (2) 2K (3) 2 [1+K] @ C
A
Solution : This system is equivalent to two capacitors in parallel with area of each plate 2 .
gpA . gAK  gA C

C=Ci+C=2d 2d = 2d [1+K] = 2 [1+K]
Hence the correct answer will be (3).

Example 24. The parallel plates of a capacitor have an area 0.2 m2 and are 10-. m apart. The original
potential difference between them is 3000 V, and it decreases to 1000 V when a sheet of
dielectric is inserted between the plates filling the full space. Compute: (€0 = 9 x 10-12 S. I.
units)

(i) Original capacitance Co.

(ii) The charge Q on each plate.

(iii) Capacitance C after insertion of the dielectric.

(iv) Dielectric constant K.

(v) Permittivity € of the dielectric.

(vi) The original field Eo between the plates.

(vii) The electric field E after insertion of the dielectric.

p
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< A 0.2 €
2
Solution 0} Co= 9 = 10" -20e =20x9x104 =180pF
(ii) Q = CoV =180 x 1012 x 3000 = 5.4 x 107 C
Q  s54x10”7
i) Ci= Vi = 1000  =s540pF
Cy 540
vy K=Co=180=3
(v) € = €€0 = KEo
Vv 3000
i) Eo=d = 107 =3x10:v/m
Vv, 1000
wiy E= d =107 - 1x10, vim.

o

12. COMBINATION OF PARALLEL PLATES

——— Solued Examples

Example 25.  Find out equivalent capacitance between A and B.

Solution : Put numbers on the plates The charges will be as shown in the figure.

Vi2 = Va2 = Va
so all the capacitors are in parallel combination.
Ceqq=C1+C2+Cs

Example 26.  Find out equivalent capacitance between A and B.

d
A B
d >—o
d
Solution :
0 1
a 7 c,
A+
0 2 -
d 0 3 >—C?
d + C,
0 4
These are only two capacitors. Ceq = C1 + C2

13. OTHERTYPES OF CAPACITORS

Spherical capacitor :

&-

L 4
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This arrangement is known as spherical capacitor.

[@_@} [@_@} KQ KQ
Vi-vy =L@ b b b a _ b
Q
Q KQ KQ ac 4reqab

q

4ngyab
C= b-a
Ifb>>a
C =4neoa
4mege, ab
C= b-a

Cylindrical capacitor

There are two co-axial conducting cylindrical surfaces
where / >>aand />>Db

where a and b is radius of cylinders.

Capacitance per unit length

8 4neg 2mg,

2 okun®  2n®  gn®
C= Vo= a = a = a
27[80
ﬁ.’nE
Capacitance per unit length = a F/m

—— escellaneouns Solued Example

Problem 1. Find out the capacitance of the earth ? (Radius of the earth = 6400 km)

&-

L 4
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Solution :
Problem 2.

Solution :

Problem 3.

Answer :
Solution :

Problem 4.

Solution :

p

6400x10°

9
C=4neR= 9%10° =711 4F

When two isolated conductors A and B are connected by a conducting wire positive charge will
flow from.

10uF 5uF
30uC 20uC
(1)AtoB (2)Bto A (3) will not flow (4) can not say.
Charge always flows from higher potential body to lower potential body
30 20

Hence, Va = 10 =3V = Ve= 5 =4V.AsVe>Vs = (2) is correct Answer.

A conductor of capacitance 10uF connected to other conductor of capacitance 40 uF having
equal charges 100 pC initially. Find out final voltage and heat loss during the process?

)V =4V (i) H = 225 pJ.
Ci1=10pF Cz2 = 40pF
Q1 =100 pC Q2=100uC

V1= Ql/Cl =10V V2 = Qz/Cz =25

10uF 5.F

30uC 20pC

C\V,+GC,V, Q;+Q, 200p
(C;+Cy) _ Cy+C, _ 50p

1 1
E[qvﬁ +C V3 | Evz(c1 +C,)

Final voltage (V) = =4V

Heat loss during the process =

1 1
—[QVy+Q,V, | =
2 - 2 V2(C1 + C2)
1><100p[‘|2.5] 1
=2 - 2 x 16 (50) =225 ud

In the above question, if the positive terminal of the battery is connected with negative plate of
capacitor. Find out heat loss in the circuit during the process of charging.

+6C  -&C -¢C - +eC

D || B D 1 B

1| :I
13 le

Initially finally
Net charge flow through battery = 2eC
Work done by battery = € x 2eC = 2¢e2.C
Heat produced = 2e2C. Ans.

From figure
Net charge flow through
battery = Qfinal — Qinita = eC — (—eC) = 2eC

L 4
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Problem 5.

Solution :

Problem 6.

Solution :

¢

~ work done by battery (W) = Q x V = 2eC x g = 2e2C
or Heat produced = 2&.C

Find out capacitance between A and B if two dielectric slabs of dielectric constant K1 and Kz of
thickness d: and d2 and each of area A are inserted between the plates of parallel plate
capacitor of plate area A as shown in figure.

—o X

+c

K, d,
K. d,
! o
B
C= 2 “V=Eith+Ez2d2= Kigg  Kagg - 80 k1 kz
Agg

d,d 1__d | d
K K o € AKggp  AKygg

~C=
A
1. e
?

This formula suggests that the system between A and B can be considered
as series combination of two capacitors.

Find out capacitance between A and B if three dielectric slabs of dielectric constant K:. of area
A: and thickness d, K- of area Az and thickness d: and Ksof area A2 and thickness d- are
inserted between the plates of parallel plate capacitor of plate area A as shown in figure. (Given
distance between the two plates d =di+d2)

A

- H\H \
==
o

It is equivalent to

C2C3
C=C1+ 02 +CB
TA
J_CZ
C,——
L.
_|_

L 4
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Problem 7.

Solution :

Problem 8.

AKqey AKjeg

d = d,
AKigg AK e . AKseq
C= d1 + dE + d1 d2
AKieg Angngoz AKsgg A K K3gg

- d1 + dz + A2K280d2 + A2K3€Dd1 - d1 + d2 + K2d2 + K3d1

Find out capacitance between A and B if two dielectric slabs of dielectric constant K1 and Kz of
area Axr and Az and each of thickness d are inserted between the plates of parallel plate
capacitor of plate area A as shown in figure.

A
A, G ?

N 7

o]
B =
AKigg AKse
Ci= d ,C2= d
v oo v o
E=d=Ke g - d- K
o, o,
Gy —Gp
+G +Gy,
-G, —G,
KiggV KyeoV
o1 = d 02 = d

Q1 + Qz G1A1 + 02A2 K180A1

n KzeA,

C= V = \% = d
?

C,=/ —C,
B

The combination is equivalent to :
~C=Ci+Ce

d

Find out equivalent capacitance between A and B.

d
A O

d

d

Ow
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Solution :
0
1 -
d
2 +
A+ O
d >
3 +
d
4 5 \7§
The modified circuit is
C C
A [ [
I cC Il B
c
| |
[
ple
Ceq = 3
Other method :
1
—X
A 2
3 —X
+2x
4
—2X B
Q 2A
Ceq = V=V
V=V2—-Vi=(V2—Vz) + (Va— Vi)
=% 4+ % = ¥
2Axe, 2Ag; 2C
o Ceq = 3xd = 3d = 3 )
Problem 9. Find out equivalent capacitance between A and B.
Agg
Solution : c= d

Area A

a

[
(=8
4+—p4—p|t—r4—>
H+ 1|+
(9]
— O
(@]

A Ar— |
d - . |C| . |C|
. I 11
Tt 1,2 _5
Ceq C 3C 3C
3¢ 3Ag,

Co= 5 = 5d

Alternative Method :

p
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Problem 10.

Solution :

p

1 0
X X
2 + X + Aen
- X X
t 3 + X + Ae 0
A VL
4 Y Ag,
*x+y) XTIy
5 - (x*y) Ae, =E
0
Q X+y
C= v = VAB
Q X+y
C= v = VAB
Potential of 1 and 4 is same
Yy 2
ASD = ASD y = 2X
(2y+XJ (x+2x)Agy  3Ag,
v=\ A% )y c= (5xd - 5d

Five similar condenser plates, each of area A, are placed at equal distance d apart and are
connected to a source of e.m.f. E as shown in the following diagram. The charge on the plates

1 and 4 will be-
11213 |45 _
_V
+
ggA  —2g5A ggAV  —2g,AV —gpAV  —3g AV ggAV  —4g AV
p 94, d 2 4, d @ 4, d @ 9, d
Equivalent circuit diagram Charge on first plate
ggAV
Q=CV = Q= d
112
32
34
5114
\J
Charge on fourth plate
—goAV
Q =C(-V) Q= d
As plate 4 is repeated twice, hence charge on 4 will be Q" = 2Q°
2e,AV
wo_  d

Hence the correct answer will be (2).

KEY CONCEPT
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< 0] q <V = g= CV
g : Charge on positive plate of the capacitor
C : Capacitance of capacitor.
V : Potential difference between positive and negative plates.

(i) Representation of capacitor : _| |_, F
(iii) It is a scalar quantity having dimensions
[C]=[M-1L-2TaA2]
(iv) S.I. Unit is Farad. (F).
1 Q8 av
(v) Energy stored in the capacitor: U= 2 CV,= 2C = 2
1 1
(vi) Energy density = 2 €oerE2= 2 €oK E2
K = er= Relative permittivity of the medium (Dielectric Constant)
1

For vacuum, energy density = 2 €oE2
(vii) Types of Capacitors :

€) Parallel plate capacitor
gpE, A gy A

A : Area of plates
d : distance between the plates( << size of plate )

(b) Spherical Capacitor :

Capacitance of an isolated spherical Conductor (hollow or solid )

C=4neoerR

R = Radius of the spherical conductor

Capacitance of spherical capacitor
ab

C=4neo (0-23)

>

47 ey Kyab
C= (b_a)
&)
dney b
C= (b-a)

(c) Cylindrical Capacitor : ¢ >> {a,b}
21 g,

Capacitance per unit length = £n(®/a) £/m

p
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Note :

&-

(viii) Capacitance of capacitor depends on
(a) Area of plates
(b) Distance between the plates
(c) Dielectric medium between the plates.

oV
(ix) Electric field intensity between the plates of capacitor E= % = d

o : Surface change density

q2

2A g

x) Force experienced by any plate of capacitor : F=

Distribution of Charges on Connecting two Charged Capacitors:
When two capacitors are C: and Czare connected as shown in figure

+Q1 I-IQ‘ +Ql1 I-IQl‘

A ::' B A EJI B

+Q, I Q, +Q'2” Q,

c ¢ D c ¢ D

Initially Finally

C\V, +C,V, Total charge
@) Common potential : V= C,+C, _ Toftal capacitance
C1 CZ

b or=cv=%"C ,+0) = qr=c.v= ©17C2 9,40y
(© Heat loss during redistribution :

1 _CiCy

AH=Ui—U= 2 Ci+Cy (Vi—V2)2
The loss of energy is in the form of Joule heating in the wire.

0] When plates of similar charges are connected with each other (+ with + and — with —) then put
all values (Q1, Qz, V1, V2) with positive sign.
(i) When plates of opposite polarity are connected with each other (+ with —) then take charge and

potential of one of the plate to be negative.

Combination of capacitor :

(@ Series Combination
1 1 1 1 1T 1 1
=—+—+— V. V,:V=—1—:1—
Ceq Ci Cp Cy. 177277 ¢ 'c, G
+QH—Q +QH—Q +Q”—Q
C, c, c,
v v
|
1T
(i) Parallel Combination :

L 4
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Ceq:C1+C2+C3 + o
QlZ Qz ZQ3: Ci:C2:Cs

< Charging and Discharging of a capacitor :

@ Charging of Capacitor ( Capacitor initially uncharged ):

dg=qo(1l—e-trn)
R

go= Charge on the capacitor at steady

State = qo=CV
t: Time constant = CRe..

Qo v

i: T e -t/t = R e-t/c
g

c

9o

0.63 q,

t
T

U 63% of maximum charge is deposited in one time constant.
(i) Discharging of Capacitor :

g=qo€e -t/
go = Initial charge on the capacitor
Y
i= T e_u:
q
i do
c_ 0.37q,

U 63% of discharging is complete in one time constant.

B Capacitor with dielectric :

0] Capacitance in the presence of dielectric :

&-
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——————————— - Gy

t++ 4ttt ++ 4+ tlG

- -c

Co = Capacitance in the absence of dielectric.

(ii) If thickness of dielectric slab is t, then its capacitance
g A
C= (d-t+t/k) , Where k is the dielectric constant of slab.

U It does not depend on the position of the slab.
U k = 1 for vaccum or air.

U k = oo for metals.

% % _© v
d

(”I) Ein=E — Eina = S0 _ S0 = KEO =

E = €0 Electric field in the absence of dielectric
Eind : Induced electric field

1
(iv) oo = o(1 — K). (induced charge density)

p

L 4

38 | Page

L 4



