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INTRODUCTION

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

CAPACITANCE OF AN ISOLATED 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 9
V = potential of conductor Isolated conductor
qoV

= q=CV

Where C is proportionality constant called capacitance of the conductor.

Definition of capacitance :

Capacitance of conductor is defined as charge required to increase the potential of conductor by one
unit.

Important points about the capacitance of an isolated conductor :

(i) Itis a scalar quantity.

(i) Unit of capacitance is farad in Sl units and its dimensional formula is M-1 L2 [2 T4

(iii) 1 Farad : 1 Farad is the capacitance of a conductor for which 1 coulomb charge increases potential
by 1 volt.

1 Coulomb
1Farad= 1 Volt
1WF=109F, InF=10°F  or  1pF=10-2F

(iv) Capacitance of an isolated conductor depends on following factors :
(&) Shape and size of the conductor : On increasing the size, capacitance increases.
(b) On surrounding medium : With increase in dielectric constant K, capacitance increases.
(c) 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
(a) Charge on the conductor
(b) Potential of the conductor
(c) 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.

Electric potential energy (Self Energy) :

Work done in charging the conductor

q
[Qaa o
=0 = 2C
@ 1 qv
W=U=2C =2 cyv2= 2
g = Charge on the conductor

V = Potential of the conductor
C = Capacitance of the conductor.

w
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3.2 Self energy is stored in the electric field of the conductor with energy density (Energy per unit volume)
a1 1
dV = 2 g, E2 [The energy density in a mediumis 2 €o&rE?|
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. CAPACITANCE OF AN ISOLATED SPHERICAL CONDUCTOR

——— Solved Evample

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
0= R
C =4meoR
Capacitance of an isolated spherical conductor
C =4meoR
(i) If the medium around the conductor is vacuum or air.
Cvacuum = 4mE0R
R = Radius of spherical conductor. (may be solid or hollow.)
(ii) If the medium around the conductor is a dielectric of constant K from surface of sphere to
infinity.
Cmedium = 4mE0KR
Cmedium

(iii) Cairtvaccum = K = dielectric constant.

o

SHARING OF CHARGES ON JOINING TWO CONDUCTORS (BY A

CONDUCTING WIRE) :
Initially Finally

Q Q,

DO 90D

c,
(i) Whenever there is potential difference, there will be movement of charge.
(iiy 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
chargel].

(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 :
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Before connecting the conductors

Parameter I** Conductor 11" Conductor

Capacitance C, C,
Charge Q, Q,
Potential \ Y

2

After connecting the conductors

Example 2.

Solution :

Parameter Ist Conductor Il Conductor
Capacitance C, C,
Charge Q; Q,
Potential \") A"
Q_Q Q _C
V - C1 Cz Q2 Cz
But ¥ + R =+ Q,
V= Ci+Cy, = Ci+Cy
Q1'=(Q1 + Q2)
Ci
andQz = C17C2 (@, +qy)
1_CiCo

Heat loss during redistribution : AH = 2 Ci+C, (V1—V2)2
The loss of energy is in the form of Joule heating in the wire.
Note : Always put Q1, Qz2, V1 and V2 with sign.

Soluved Evample

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:

() Find out final charges on A and B ?

(i) Find out heat produced during the process of flow of charges.

6ucC
3uF

3ucC
6uF

(iii) Find out common potential after joining the conductors by conducting wires?

3
() Qu=3+6 (6+3)=3uC
_6
Qe'= 3+6 (6+3)=6uC
1 M{ _1J2 : [g} 9
i) aH =2 GuF+6uF) U 2) 5 oy \2) _ 4,
3uC +6ucC

(i) Vo= SHF+BuF - 10,
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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.
(ii) In capacitor two conductors have equal but opposite charges.

(i) 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

(& Q=CV

+C!_6 UQ=
A B
Q  Q, Qs

V VoV Vg-V,

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

C = Capacitance of capacitor.

(b) Energy stored in the capacitor

Initially charge = 0 0

@
+Q

3
C
-Q

Intermediate

-

Finally,
Q

q 2
[qaa @
W = IdW =0 c = 2C
Q@ 1 1
= Energy stored in the capacitor=U = 2C = 2¢cv2= 2Qv.
This energy is stored inside the capacitor in its electric field with energy density
w1 1
dV = 2eE2 or 26 E2
(v) The capacitor is represented as following:

e

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

(a) Parallel plate capacitor. (b) Spherical capacitor. (c) Cylindrical capacitor.
(vii) Capacitance of a capacitor depends on
(a) Area of plates. (b) Distance between the plates.

(c) Dielectric medium between the plates.
(viii) Electric field intensity between the plates of capacitors (air filled) E = o/€0 = V/d
(ix) Force experienced by any plate of capacitor F = g%/2A€ o
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Solued Example

Example 3. Find out the capacitance of parallel plate capacitor of plate area A and plate separation d.
Q Qd Q A +a Plate Area = A
A Ac _C :
Solution : mE= "0 5 Va-Vg=Ed.= "% =C |
d << size of the plate
gy A B -0
= C= d

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

~

Note :

Example 4. Find out current in the circuit and charge on capacitor 2
which is initially uncharged in the following situations.
10v =

CIRCUIT SOLUTION FOR R—C CIRCUIT ATt =0 (INITIAL STATE)

AND ATt =w (FINAL STATE)

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

(i) 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

R R
r—mm— W
€ ‘{ =—C £
Before connection Just after connection att=0
(iii) The current will become zero finally (that means in steady state) in the branch which contains
capacitor.
—w—  aA—¢
i=0
+
€ =—C P —
T ;
Before connection After connection att =«

Solued Evamples

(a) Just after the switch is closed. T3F
(b) After a long time when switch was closed. I
Solution : (a) For just after closing the switch : potential difference across capacitor = 0
+10 20
WO
10V T
0 0
10 20
- +10
~ Qc=0 ni= 2 =5A Wm
(b) After along time 1oV ES
at steady state currenti=0 [ h
and potential difference across capacitor = 10 V 0 0

Qc=3x10=30C
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Example 5.

Solution :

Example 6.

Solution :

dQ
Find out current Iy, I2, I3, charge on capacitor and dt
of capacitor in the circuit which is initially uncharged in
the following situations.
(a) Just after the switch is closed
(b) After a long time when switch is closed.

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

x-¢ x-0 x-0 3 &
R + R + R =0 = R =R
&
X:3 ;cho
—-&/3+¢ 2c dQ 3 g
I = R = 3_R:IZ:E:3_Rand 13:3_R

Alternatively
€
£ R,R Zc¢ b= da L
'—Req: 2 23R ip=iz= 2 = 3R and dt =j,= 3R
(b) att =0 (finally)
capacitor completely charged so their will be no current through it.

£
=0, Ii=lz= 2R
VE— Vs =Vb—Vc=(e/2R)R = ¢/2

sC dQ
= QC = 2 , dt = =0
Time I I I3 Q dQ /dt
t=0 2 £ £ 0 &
3R 3R 3R 3R
Finally e £ eC
t=ow R 0 2R 3 0

At t = 0 switch S1 is closed and remains closed for a long time and Sz remains open. Now S is
opened and S: is closed. Find out

7_:51 R /s, R
& “' =C TZE
(i) The current through the capacitor immediately after that moment
(i) Charge on the capacitor long after that moment.
(iii) Total charge flown through the cell of emf 2¢ after Sz is closed.
(i) Let Potential at point A is zero. Then at point B and C it will be & (because current through
the circuit is zero).
Ve—Va=(e-0)
~ Charge on capacitor = C(e — 0) = Ce
Now S: is closed and S: is open. (p.d. across capacitor and charge on it will not change
suddenly)
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Example 7.

Solution :

Example 8.

Solution :

Example 9.

Potential at A is zero so at D it is — 2¢.
e

9 =0 B /S D
£— +sC
—‘is;c —" 2

0 0A
e—(-2¢) 3¢
current through the capacitor = R = R (Bto D)

(i) after alongtime,i=0

~2¢ —2¢
B D
_—280

[+2:C T 2e
0

0

VB—Va=Vp—Va=-2¢
Q=C (-2¢-0)=-2¢C
(iif) The charge on the lower plate (which is connected to the battery) changes from —C to 2¢C.
this charge will come form the battery,
charge flown from that cell is 3¢C downward.

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 D +€C}r| I—_EC B

Let potential at point A is 0, so at B also 0 and at C and ¢ I 0
D itis . finally, charge on the capacitor

Qc=¢C °C L: A
U=0

1 1
U= 2 Cv2= 2 Ce?

j Pdt
work done by battery =

Jaidt jidt
W = =t =£.Q =e.eC=¢2C
(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 — (Ur— Ui) = €2C -2 g2C= 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.
+eC —C

D B
P4 Yo
C
| v
D._H—. € I 0
eC—¢C B c Ia 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

(i) Find out total charge flow through the battery
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(i) Find out total work done by battery

(iii) Find out heat dissipated in the circuit during the process of charging.

5 B 4+ —A
Solution : (i) Let potential of AisOsoatBitis E. So final charge on capacitor = Ce/2 FIZ'EC
Charge flow through the capacitor = (Ce/2 — Ce) = —Ce/2 —
So charge is entering into battery.
(i) finally, Change in energy of capacitor = Usinai — Uinitial A8 oo
1 [EJ 2C 1 1 3 ¢2C =Cizy %:I =
:EC 2) _ 2 :gszc_ Eszc -_ 8 &2 en 0
g {_ﬁj £2C
Work done by battery = 2 x 2)-_ 4

(iif) Work done by battery = Change in energy of capacitor + Heat produced
R
Heat produced= 8 - 4 = 8

L

8. DISTRIBUTION OF CHARGES ON CONNECTING TWO CHARGED CAPACITORS:
When two capacitors are C1 and Czare connected as shown in figure

+C}1 I-IQ1 +Q'| _Q!1
11 i
A CoB A C B
+Q, ”Q? +Q'2”Cl'2
c ¢ D c ¢ D
Initially Finally
Before connecting the capacitors
Parameter 1! Capacitor " capacitor
Capacitance C, C,
Charge Q, Q,
Potential V, V,
After connecting the capacitors
Parameter Ist Capacitor I Capacitor
Capacitance C, C,
Charge Q’, Q’,
Potential \ \

(&) Common potential : By charge conservation of plates A and C before and after connection.
Q1+ Q2=C1V + CV
Q+Q, CV4+GCV, Total charge
- C+C, _ Cy+C, _ Total capacitance

= V
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C, C,

CitCe (u+qQ) = Qr=cov= ©17C2 (Q,+qQy)
1 CC,
(c) Heat loss during redistribution : AH = Ui — Uf:E Ci+Cy (V1—V2)?
The loss of energy is in the form of Joule heating in the wire.

(b) Qr'=CiV=

Note : (i) When plates of similar charges are connected with each other (+ with + and — with —) then put all
values (Qz, Q2, 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.

(A8

Derivation of above formulae :

cV
A +i:r B

Ve e0
+\|/'| - +)i c
As A *B C'—|C|—'D —e— ——e—
1 2 C.V

Let potential of B and D is zero and common potential on capacitors is V, then at A and C it will be V
C1V + C2V = C1V1 + C2V2

C\V,+C,V,
C,+C,

1 1

1
V= => H= 2CVi2+ 2CoV2— 2 (Cy+ Cp)V2

(C1V1+CoV,)*
(C1+Cy)

1 1 1
= 2CVi2+ 2 CpV2- 2

C2VZ + C,C,V7 + C,C,VZ + C5VZ — C2VZ - C3VZ - 2C,C,V,V,

1 C1Cz
_ Ci+C; _ 2 C+GC, (V1= V2)?

|
N =

1 GG
H=2 Ci+Cy (V1 — V2)2

When oppositely charge terminals are connected then

& 11 &
A *c~ B
\/e L 10]
C,
D" ¢

CiV + C2V = C1V1i—C2V2

C1V1 *Csz 1 C1Cz

C,+C,

V= andH=§C1+C‘2 (V1 + V2)2

Solued Examples

Example 10  Find out the following if A is connected with C and B is connected with D.
(i) How much charge flows in the circuit.
(i) How much heat is produced in the circuit.
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Solution :

Example 11.

Solution :

Example 12.

2uF 3uF
A *I I‘ B c +| I‘ D
20V 10V
(i)
A B
_._+| l__._
Q,=2V
Ve 0
+ -
R
Q, =3V

Let potential of B and D is zero and common potential on capacitors is V, then at Aand C it
will be V.
By charge conservation, 3V + 2V =40 + 30
5v=70
V =14 volt
Charge flow =40 — 28 =12 uC
Now final charges on each plate is shown in the figure
1 1 1

(i) Heat produced = 2 x 2 x (20)2+ 2 x 3 x(10)2 — 2 x 5 x (14)2
A - B
28uC -28uC
y+12uC 4+12uC
+ -
Iy
42uC -42uC
=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.

Repeat above question if A is connected with D and B is connected with C.

Q, =2V
A B
Ve ®)
D qg,=3v C

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=2volt

Now charge on each plate is shown in the figure

4uC, -4pC
Au JJB

36uC 36uC
9 |1 g
T6puC ' S6uC

1
Heat produced = 400 + 150 — 2 x 5 x 4 = 550 — 10 = 540 pJ

Note : Here heat produced is more. Think why?

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

— I — |

A 1uF B C D E F
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Solution : Let charge flow is g. Now applying kirchhoff's voltage 3‘3‘“} ?_‘30 -q-30 30+q
low Ay B F g IF+ E
(a-20) (30+q) 30-g g '
5 2 1 qy
- - + =0 2uF
-20=-25 I} ¢
q=12.5uC D _50+q20-q

Final charges on plates
+17.5uC -17.5uC
- =

_42.5uC +42.51C

12.5uC

—7.5;1_Cl I:T.SuC

9. COMBINATION OF CAPACITORS :
9.1 Series Combination : T
() When initially uncharged capacitors are connected as shown then the c, ¢ ¢
combination is called series combination. v, v v
(i) All capacitors will have same charge but different potential difference > 3
across them. + -

Q

(i) We can say that V1 = C,
V1 = potential across C1
Q = charge on positive plate of C1
C1 = capacitance of capacitor similarly
Q Q
Vo= C, , V3=

LI
(iv) Vi:Vo:Va= C : Cz : Cs

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

series combination.

1
Vo C
Note : In series combination the smallest capacitor gets maximum potential.
1 1
C C,
Vi 1 1 1 v V2 1 1 1 v
—_—t——+—+...... —+—+—+......
1
Cs
Vs 1 1 1 v
—_—t—+—+......
C; C, G4

Where V=Vi1+ 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.
1 1 1 1

. C
Inseries: ~©®1 =

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

combination.
Q*> @ Q°

(vii) Energy stored in the combination Ucombination = 2Cy 4 2C2 | 2G4
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QZ
Ucombination = 2Ceq
aQ @
Energy supplied by the battery in charging the combination Upbatery = Q XV =Q . Ceq = Ceq
Ucombinaiion 1
Ubat‘tery = 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. (if capacitors are initially uncharged)

A8

Derivation of Formulae :

c, ¢c G
——

meaning of equivalent capacitor

c, C, ¢C C.
s A
| | |
1! | |
vV = v
Q
Ceq: \Y
Now, Initially the capacitor has no charge. Applying kirchhoff’s voltage law
-Q -Q -Q
C, , Cp ,Cy S Y.
1e e eveo Aol da T
1 1 1 v 1 1 1 + M- oL@ e & I
—t—t— Y — C C. Cs
V=Q G G G ; Q=G G G 1
Q
U I 1 1 v
> Ca =G G Gy, general Ceq = i Cn

Example 13. Three initially uncharged capacitors are connected in series as shown in circuit with a battery of

emf 30V. Find out following :
(i) charge flow through the battery, 2uF  3uF  BuF

(i) potential energy in 3 uF capacitor.
(ii) Utotal in capacitors

(iv) heat produced in the circuit !

1111 34241
Solution : Ceq =2 +3 +6= 6 =1
Ceqzll.lF.

(I) Q = Ceq V= 3OL[C
(i) Charge on 3uF capacitor = 30uC

Q@ 30x30
Energy = 2C = 2x3  =150pJ
30x30

(i) Uow = 2  pJ=450pud
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Example 14.

Solution :

Example 15.

Solution :

(iv) Heat produced = (30 uC) (30) — 450 pJ = 450 pJ.

Two capacitors of capacitance 1 pF 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 then find out final charges on both the capacitor

1uF 2uF
A - B c * D
20V 15V
Now applying kirchoff voltage law
—(20+q) 30+q +2d_ »30a_

T - 2 +30=0 FCORE I S e o
—-40-29-30-q=-60 47 —20—q 3097 —30-q
3q=-10
Charge flow = -10/3 uC. |,

50 a  lsov
Charge on capacitor of capacitance 1pfF =20+ q= 3 uC
80

Charge on capacitor of capacitance 2uF =30+ q= 3 uC
In the given circuit find out the charge on each capacitor. (Initially they are uncharged)

W ol

11 2HFl I

—-10v 25V T
_|_

30V

10V E : 30V
F = -t D
M 11

1+ ’
- NG 30V
— 10V G¢-25V

_-|;25v
A B C

Let potential at Ais 0, soat D itis 30 V, at Fitis 10 V and at point G potential is —25V. Now apply
kirchhoff’s I« law at point E. ( total charge of all the plates connected to 'E' must be same as
before i.e. 0)

(x—10) + (x—30)2 + (x + 25)2=0 10+ - 4 -t 30
5x=20; x=4 6uC' —6uC | —52uC' '52uC
Final charges : —4 iggﬁg 1
Qur = (30 - 4)2 = 52 uC }jéi .

Qur =(10-4) =6puC

Qu = (4 — (-25))2 = 58 uC 0 0
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9.2 Parallel Combination : Q_
(i) When one plate of each capacitors (more than one) is connected together /o C N\
and the other plate of each capacitor is connected together, such +;Qf—
combination is called parallel combination. 8§
(ii) All capacitors have same potential difference but different charges. +C‘
(ii) We can say that : ‘
Qi1 =C1VvV I.V
Q1 = Charge on capacitor Cz
C1 = Capacitance of capacitor C1
V = Potential across capacitor C1
(iv) Q1:Q2:Q3=C1:C2:C3
The charge on the capacitor is proportional to its capacitance
Q«xC
C, C,
Cs
Qs = Ci+C,+C4 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 1
Veombination= 2 C1V2+ 2Ca\V2+ ...= 2 (C1+C2+Cs..... ) V2 = 2 CeqV?
Ubattery = QV = CV?
Ucombination 1
Ubartery - 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. (If all capacitors are initially uncharged)
Formulae Derivation for parallel combination : C,
Q=Qi+Q:+Qs R
Q v > 1L
= Q ) ICI
V = C1V + CaV + C3V = V(C1 + Cz + Cs) . :
=C1+C2+Cs !
Ceq=C1+C2+Cs v, v o
n Q
Ceq =2 Cy
In general n=1
Example 16. Three initially uncharged capacitors are connected to a 1HF
battery of 10 V is parallel combination find out following 2:+F
() charge flow from the battery 3]'4:1F
(ii) total energy stored in the capacitors "
(iii) heat produced in the circuit |
(iv) potential energy in the 3uF capacitor. 1|ov
Solution : (i) Q=(30+20+10)uC =60 puC
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1

(i)) U= 2 x 6 x 10 x 10 = 300 puJ

(iii) heat produced = 60 x 10 — 300 = 300 pJ
1

(iv) Usur= 2 x 3 x 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
(i) Simple (if) Complex.

Solved Example

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

fHF
EpF 6uF
I} 1
I
30V
18
i ; e 9 3uF 6uF
Solution : It can be simplified as Ceq = 9 = 2puF | |
charge flow through the cell =30 x 2 uC
Q =60 uC I
Now charge on 3uF = Charge on 6pF= 60 uC 3oV

Potential difference across 3uF = 60/ 3=20 V
~ Charge on 1uF =20 puC.

L
10. CHARGING AND DISCHARGING OF A CAPACITOR

10.1  Charging of a condenser :
(i) In the following circuit. If key 1 is closed then the condenser gets AAAA
charged. Finite time is taken in the charging process. The quantity of

charge at any instant of time t is given by q = qo[1 — e-RO)] I *

Where go = maximum final value of charge at t = «. R% B

According to this equations the quantity of charge on the condenser 4

increases exponentially with increase of time.

(i) Ift=RC=1then

-
q=do[l-e®oRI)=qo L ©

or g=0o(1-0.37) =0.63 qo = 63% of qo
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(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[1 — e (RO volt

(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
[ = Io[e~("RC)] ampere
According to this equation the current falls in the circuit exponentially (Fig.).

(vi) Ift=RC =t = Time constant

K

IA]

During charging

o] > 1

During discharging

R
i)

[=oeRORO) = € =0.37 Io

= 37% of Io

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

Derivation of formulae for charging of capacitor R
it is given that initially capacitor is uncharged. t=0
let at any time charge on capacitor is g T € —-TC
Applying kirchoff voltage law

q eC—q i R

e—iR— C =0 = iR= C | iR Tq| +
eC—q dq &C-q | -q =C

=
dq  C-q CR q
dt = CR N ¢€C-a gq=qdt ‘
T dq ji . ]
eC—q RC RC
© =0 = —In(eC-q)+IneC= 063 6C === .
eC t i
In €€-9 = RC ; eEC—qg=¢C.etRC 0 t=RC !

g=¢C(1 - etRC)
RC = time constant of the RC series circuit.
After one time constant

-]

q=:¢C [ e} = ¢C (1 -0.37) = 0.63 £C.
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Current at any time t i

dq [e-uRc (1D R
i= dt = eC RC

£
0377

e —

Voltage across capacitor after one time constant V=0.63 €
V

¢

-

0.63eF-===>

Q=CV ; Vc=g(l-etRC)
Voltage across the resistor Y
VR = iR = geRC
By energy conservation,

Heat dissipated = work done by battery — AUcapacitor

l l [$ t=RC t
= Ce(e) — (2 Ce2-0) = 2Ce2
o Ve
J‘ PRat '
Alternatively : Heat=H = 0 e
wi .2 T -2t/RC 7
ij -2 L_J.e 0.63 E+———AZ(3
=0 ™ Rdt=RoO dt !
L2t - t
e RC
&2 | —2/RC

e In the figure time constant of (2) is more than (1)
R 0

2t 1
¢’RC [e RC] &*C
- _ 2R
Note:

— Solued Example

Example 18. A capacitor is connected to a 36 V battery through a resistance of 20Q. It is found that the
potential difference across the capacitor rises to 12.0 V in 2us. Find the capacitance of the
capacitor.

Solution : The charge on the capacitor during charging is given by Q = Qo(1 — e-VRC),

Hence, the potential difference across the capacitor is V = Q/C = Qo/C (1 — e ¥RC),
Here, att = 2 us, the potential difference is 12V whereas the steady potential difference is
Qo/C = 36V. So, = 12V = 36V(1 — e ¥RC)
1 2
or, 1-etRC= 3 or, etRC = 3
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L - ﬂn(i] t 2 Hs
or, RC 2 =0.405 or, RC = 0.405 = 045 - 4936 us
4.936us

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

1- eftf‘r

g = Qst ( ) ; Qst = steady state charge on capacitor (has been found in article 6 in this sheet)
T=Rei. C

Reftective IS the resistance between the capacitor when battery is replaced by its internal resistance.

Solved Example

Example 19. Initially the capacitor is uncharged find the charge on capacitor as a function of time, if switch is

closed att=0.

R R
AW MWW
4 R 1
. ——C
Solution : Applying KVL in loop ABCDA
e—iR-(i—i)R=0
e-2R+ibR=0 ... 0]
Applying KVL in loop ABCEFDA
a
e—iR-ilR- C =0
25—8—i1R—2i1R ﬂ
by eq (i) 2 = C =¢C-3iiRC=2q
q t
d dt
dq |-
¢C—-2q 3RC
eC-2q=3 dt RC =0 =0

L

M L % (1_8—2U3RC)

1
_2pn ¢ =3RC 5q-=

10.2

Discharging of a condenser :
(i) In the above circuit (in article 10.1) if key 1 is opened and key 2 is closed then the condenser gets
discharged.
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9]
N
P—

S |

i.e. the charge falls exponentially.
here qo = initial charge of capacitor
Yo
(iii) Ift=RC =t =time constant,theng= € =0.37q0=37% of qo
i.e., the time constant is that time during which the charge on condenser plates in discharge process,
falls to 37%
A
(iv) 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-L,
(v) The potential difference across the condenser plates at any instant of time t is given by
V = Voe~('RC) Volt.
(vi) The transient current at any instant of time is given by I = —Iope~('/RC) ampere.
i.e. the current in the circuit decreases exponentially but its direction is opposite to that of charging
current. (— ive only means that direction of current is opposite to that at charging current)
Derivation of equation of discharging circuit :

\ + V=
| | 4] 9
+| ‘— i |q| |
+QC—Q e
R >—WW
MWV YR T
Initially At any time t
Applying K.V.L. [
+3_ir=0
C
4a
i= CR
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— Solued Example

Example 20.

Solution :

Example 21.

Solution :

a _t !
—In Q =+ RC Qe
-t/RC
q=Q. € 0.37%u
49 Qe
iz dt RC = jge-tRC o) t

The steady state current in a 2 Q resistor shown in fig will be (The internal resistance of the
battery is negligible and the capacitance of the condenser C is 0.2uF).

20
I
3IQ q
Aj i
2
a b —A———
—l 280
F— W A————
6V
(1)1.5A (2) 0.9 A (3)1.2A (4)1.3A

In steady state the branch containing capacitance acts as the open circuit since capacitance
offers infinite resistance to d.c. The capacitance simply collects charge. The effective resistance
of 2Q and 3Q resistors connected in parallel is

r_ RR, _2x3_6_

=—=1.20
R,+R, 2+3 5
i=E=E=1.5A
current drawn from cell, R 4

Potential difference across pq =iR’=1.5x1.2=1.8V

i =!=E=0.9A

Current in 2Q resistor, =~ 2 2

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.
Capacitance = C

Q -2Q
A Q ., 2Q
*= 2Ac, 2Ae,
d >
3Q 3Qd
Electric field = 2/ €0 V= 2A &
s
= V= 2C
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11. CAPACITORS WITH DIELECTRIC

a3

(i) In absence of dielectric E = 0
(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)

— molecules of
polar material

[ .
effective

ob = 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

(iif) Capacitance in the presence of dielectric
o A
oA T g MK AKg
c=V =Ke - d - d
Here capacitance is increased by a factor K.
AK g
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 vE +E
also produce electric field.

ind

tH+ 4+t 4o,
=

ob = induced (bound) charge density.

G G

Ein=E — Eind = o 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 & or k.

“ %)
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) :
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+0

nla

Ke,

el
g
-0
The total electric field produced by bound induced charge on the dielectric outside the slab is zero
because they cancel each other.
Case: (2)

+a

S
o

-0
(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 JE S A +c'
T T kE
Case | Case ll
S A A K
C= d C'= d
Q=CvV Q' =CV
o Ccv o Cv
E:EO =AEU E':KEQ:AEO
v v
=d E = d
Here potential difference between the plates, Here potential difference between the plates
Ed=V Ed=V
v v
E=d E=d
v O v o
E = <o E = KEO
Equating both
s_c
g Kegg
o' =Ko
In the presence of dielectric, i.e. in case Il capacitance of capacitor is more.
1 0 E?

(vii) Energy density in a dielectric = 2
— Solved Evample

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?

Solution :
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A | to

. 4
d K }t t
2..5 |_(j
Q oA oty ot oty
C=vVv = v v= %0 4+ Keo 4 < (ti+t=d-t)
cy[t1+t2+l} cy[d—tJFE} Q oA € A
= %o k > V= %o k =C=C = c=d-t+t/K
Note :

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

A g
(i) Ifthe slab is of metalthen: C= d—t (for metalk — )
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
c < ¢ 21+K]
(A 2 (B) K (C) 2 [1+K] o ©C
A
Solution : This system is equivalent to two capacitors in parallel with area of each plate 2 .
€p A/2+EO (A/Z)K EoA E
C=C1+C,= d d = 2d [1+K]= 2 [1+K]

Hence the correct answer will be (C).

28

(viii) Force on a dielectric due to charged capacitor :

(a) If dielectric is completely inside the capacitor then force is equal to zero.

11 +

+++++ITI++++
vl

(b) If dielectric is not completely inside the capacitor.
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F «—

b |l b,/,
VL +
1 Z f
|
1
i
ey F
//I
— -
X
V = constant.
1
U= 2 cv?
[dU] V2 dc xbep K e (£-x)b g b
F=\9J)_ 2 dx wherec= d 4+ d >C= d [Kx+/-x]
& &b

x = d (K-1)

SobK-1V*

~F= 2d = constant (does not depend on x)

Case Il : When charge on capacitor is constant

xbeyg K e (£-x)b @ F<
C= d + d , U= 2C

(ﬂ] Q? dc dC b X
F= VX _ 2% ox

[where, dx = d (K-1)]
Q? dC

= 2C% dx (here force 'F' depends on x)

(B8]
12. COMBINATION OF PARALLEL PLATES

——— Solved Evamples

Example 24.

Find out equivalent capacitance between A and B. (take each plate Area = A and distance
between two conjugative plates is d)

=

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

>,
N

| +[+ 1|1 +

o o

m R
UJI

V12 = V32 = Vas

so all the capacitors are in parallel combination.
3As

Ceq=C1+C2+C3= d

Example 25.  Find out equivalent capacitance between A and B. (take each plate Area=A)

Solution :

2A g
These are only two capacitors Ceq = C1 + C2=  d

13. OTHER TYPES OF CAPACITORS

Spherical capacitor :
This arrangement is known as spherical capacitor.

[@_Q} [@_@} KQ KQ
Vi—vo =L@ bJ_[b bl "5 _Tp

Q
Q KQ KQ ac 4 ey ab ‘
c= Vi—Va _ ‘a b -Kb-a)_- b-a
4n ey ab
c= b-a
If b >> athen
C = 4meoa (Like isolated spherical capacitor)

<

4n gye,, ab
If dielectric mediums are filled as shown then: C = b-a
Cylindrical capacitor

(@]
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There are two co-axial conducting cylindrical surfaces where . @
¢>>aand / >>b, where a and b is radius of cylinders. : b
: .
A : :
. . V3 i : :
Capacitance per unit lengthC= V 5 :
A 4n e, 2n g,
==
2K?u?nE 2EnE J!Z’nE
= = = a
2n g,
J!Z’nE
Capacitance per unit length = 2 F/m
Problem 1. Find out the capacitance of the earth ? (Radius of the earth = 6400 km)
6400x10°
9
Solution : C=4neR= 9x10° =711 F
Problem 2. 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.
Answer : (2)
Solution : Charge always flows from higher potential body to lower potential body
30 20
Hence,Va= 10 =3v= ve= 5 =4v
As Ve > Vs ~ (2) is correct Answer.
Problem 3. A conductor of capacitance 10uF connected to other conductor of capacitance 40 uF having
equal charges 100 uC initially. Find out final voltage and heat loss during the process?
Answer : V=4V (i)H=225pJd.
Solution :
10uF 40uF
100uC 100uC
Ci1=10pF C2 = 40uF
Q1=100 pC Q2=100uC

V1i=Qi/C1 =10V V2=Q2/C2=25
C1V1 + 02V2 Q-] + Qz ZOOHC

Final voltage (V) =

1[c1v12 +C,V3 | Tvaec,+cy)
Heat loss during the process = - 2

1[Q1V1+Q2V2] 1 1x100p[12.51 1
= 2 - 2V(C1+Cy)= 2 — 2x 16 (50) u = 225 pJ
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Problem 4.

Solution :

Problem 5.

Solution :

Problem 6.

Solution :

A capacitor of capacitance C is charged from battery of e.m.f. € and then disconnected. Now 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.

+¢C -£C -eC +eC
D | | B D I I B

| I P
Initially finally

Net charge flow through battery = 2eC

Work done by battery = € x 2eC = 2¢2C

Heat produced = 2¢2C. Ans.

From figure

Net charge flow through

battery = Qfinal — Qinitial = €C — (—€C) = 2¢C

work done by battery (W) = Q x V = 2eC x € = 2¢2C
or Heat produced = 2£2C

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

—o X

+G
K, d,
K, d,
i -
B
A
oA ody od, i(ﬂer_Z} i
C=V V=Eidi+Erdo= 1% 4 Koo o Solki ko c:,=—Kc1ieDA
A I KA
c= Ki Ko C AK,;g AK; g T

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 two dielectric slabs of dielectric constant K1 and Kz of
area A1 and Az and each of thickness d are inserted between the plates of parallel plate capacitor
of plate area A as shown in figure. (A1 + A2 = A)

A
A1 G ? G, AZ

§ K\% KZ/ d

O
B

S

= B
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A1K1 EO A2K2 ED ?

C.i= d ,C2= d
o, G,
a O

! K—1 1 K—2 -Gy —Gy C— —C,
E,= d 1% E,= d = M2%0

K1 ED V K2 EO V +G1b +62h L
o1 = d 02 = d —G; —G; B

Q1 +Q2 G1A1 + 02A2 K1 €g A1 + K;_) =) A;_)
C= Vv = \ = d d
The combination is equivalentto: C=Ci1+ C2
Problem 7. Find out capacitance between A and B if three dielectric slabs of dielectric constant K1 of area A1

and thickness d, Kz of area Az and thickness di and Ks of area Az 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+d>)

A1§A2
T

o

e 7A
C,+Cy

Solution : Itis equivalentto C=Cy +

4
AKz €g AKs < c.—= 1
-

g d,

A1K2 €p A2K2 =) n A2K3 €p
C= d1 - d2 + d1 d2 lB

AK,eg  ANKKj; g

Problem 8. Find out equivalent capacitance between A and B. (take each plate Area = A)
d

A O

d

d

QOw

Solution :
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1 -
d
2 +
A+ O -
d —
3 ¥
d -
4 = S
The modified circuit is
c C
A N N
I C [ B
C
| |
|1
2C 2A¢g
Ceq = 3= 3
Other method : Let charge density as shown
1
=X
2 +X
Ae >
3 —X
+2X
4 -2X B
Q  2xA
Ceq= V=V
V=Vo—Va=(Vo—Va)+ (Va—=Va)= S0 + S0 = 0
2AX EO 2A EC‘ E
Ceq: 3xd = 3d - 3 A
Problem 9. Find out equivalent capacitance between A and B.
Area A
] -
+
d K c
+ +
Ae T
d
d ~ -
B
Ag C
. . . Ar— |
Solution : Let C= d  Equivalent circuit : |
1._1,2_5 C
Ceq C 3C 3C ||
3C 3Ag

Ceq = 5 = 5d
Alternative Method : Let charge distribustion on plates as shown :
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Problem 10.

Answer :
Solution :

1 0
- X X
2 +X + Acg,
— X X o
AL 3 + X + A<,
ty -
4 — y AEU
t(x+y) J Xty
5 _(X+y) ACD _E
0
Q X+Yy
C= v = VAB
Potential of 1 and 4 is same
y 2x
A EO - A EU y — 2X

(2y+x} (X +2x)A g 3A ¢,
V= ASO d = C= (SX)d = b5d
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. V as shown in the following diagram. The charge on the plates 1
and 4 will be-

112 3| 4|5 TV
g A 25 A g AV —2¢, AV
yv o, d @ d , d
—eg AV =3¢ AV g AV 4y AV
(3) d , d (4 d d
)
by equivalent circuit diagram Charge on first plate Q = CV 12
g9 AV 312
o= d
— g5 AV 34
Charge on fourth plate Q" = C(-V) Q= d
As plate 4 is repeated twice, hence charge on 4 will be Q" = 2Q° ol 14
2e, AV Y
n-_ d

Hence the correct answer will be (B).



