s “SE PN

R e

SRR S

@
O
-
(
st
O
(
Q
(
O

)
LLJ
_I
@
=
n
-
>
(a4
0




As the charge on the conductor increases,
potential increases thereby electric field
strength increases.

® Ifavery high electric field is applied,
phenomenon of dielectric breakdown
takes place.

® Local surface charge density of a conductor
is inversely proportional to local radius of

ki 1
curvature of the conductor, i.e., o o~

Maximum capacity of charging
depends upon

Isolated conductor placed in a non 1. Shape of conductor.

conducting medium 2. Breakdown strength of

surrounding medium.



The potential of the conductor w.r.t the
reference point is given by,

V=V,-V, |
® Potential difference is proportional to amount of

charge present on an isolated conductor and v1ce-,.¢
versa . S

Q _ Capacitance of
L Constant = & conductor

® Capacitance of a conductor is defined as its
ability to hold charge at a given potential

0
Ao

® Capacitance is the ratio of the charge
stored to the potential at the surface of
the conductor. 0

Isolated conductor

\\ OO
Reference




7 Two spherical conductors having same potential are as shown in the figure.
o Find the relation between the capacitance of two conductors.

Two spherical conductors having same

potential, but different surface area can store
different amounts of charge.

91 q:
e R O Gy = L
£ 2V

q1/4meQTy Ll

= gq < V=V
qz/4mMeEgry; T, Ty s d

Cl < Cz




° Potential of the charged conductor will be
Ve=Vc+ Vil —V_]

. d1<d2:>IV_|>|V+|:>V’C<VC

® Capacitance of the conductor will be,

d ; Lo
Isolated conductor 2 C' =—
0 Neutral conductor Ve
C == V_ B R L PR T R A S N el T A D S I o s P E A e SRR G L S R S e ._ 
® Potential of the charged conductor will be,
- Ve =Ve—V_|
i ® Capacitance of the conductor will be,
o Ty e Q
- s Ve— V|
i ~* SinceV <V, <V, thus, C"
~ Neutral conductor | G i bt s Ci’ S



Capacitor

* A combination of two conductors placed
close to each other, having equal and
opposite charges is called a CAPACITOR.

Potential of conductor (1) w.r.t conductor (2) is
givenby, V=V, —-V_

® The charge on a capacitor having
capacitance C istakenas, Q = CV.

® The net charge on a capacitor is
Conductor 1 Conductor 2 always zero.

+Q —Q

Shape and size of the conductor.

o Capacitance of a capacitor depends on: Geometrical placing of conductors.

Medium between conductors.



Capacitance calculation

General 4 step plan :

(1) Assume a charge +Q and —Q on the conductors.

(2) Using Gauss’s Law, calculate the B Q
electric field between the conductors in L &
terms of charge.

. (3) Calculate the potential difference i i
between the conductors using electric A f E-dr
field.

- (4) Use equation € = Q/V




. 4'7TE()R1R2
. R> — R

| E(r < R;) = 0 (Shell theorem)

T:f(r > R,) = 0 (Net charge of capacitor = 0)

k
Y(Ry <71 < Rp) = r_g A(Gauss's law)




Calculate the capacitance of a spherical capacitor consisting of two concentric
spherical shells of radius 0. 50 m and 0. 60 m. The material in the space

between the two spheres is vacuum.

For a spherical capacitor, capacitance is given by:

5 _4'71'80R1R2
~ R, —Ry

e 0.5x0.6
- 9x10%x (0.6 —0.5)

~C=3.3x10"10F




R; = R (Radius of isolated sphere)

1 1 C = 4-71'80R
R, R, R, » o (For isolated .sph(?re. we can
assume the outer sphere is at infinity)

® Earthis an infinite sink of charges.

coulomb

volt

® SI unit of capacitance is Farad (F).

® 1F capacitance is very large for practical purposes.

pF(1076 F)

® For practical purposes we use : nF(10~° F)

p F(10-12 ! F) 3 ::'



An isolated sphere has a capacitance of 50 pF.
(a) Calculate its radius,
(b) How much charge should be placed on it to raise its potential to 10*V ?

(a) Calculate its radius.

Capacitance of sphere, C = 4megR

Radius of sphere, R = LE =(50x10712) x (9 x10°) m
0

4
R=45x10"2m=45cm

(b) How much charge should be placed on it to
raise its potential to 10* V.

o Charge to be placed,
CV=50x10"12%x10*=5%x10"7C =0.5uC




~ A capacitor stores energy in a region where electric field exists.

8 ' - For a spherical capacitor, electric field exists in region between two
~ concentric spherical shells.

 * The general expression of the density of energy stored in an
electric field is,

' Steps to follow to find the energy density

Substitute the
expression for
Aelectric field in

energy density

Find the
expression for
electric field

Do required
mathematical

operation to get
energy stored

: T 5, > . 2
ne expression for energy stored is, 1 A L el B
S 877:80 R1 Rz




A spherical capacitor with charge Q is made up of two concentric spherical

e

shells of radius 0. 50 m and 0. 60 m. The outer shell is replaced with a shell of
radius 0. 80 m. Calculate the percentage change in the energy stored by the

capacitor.

Case A:

R, =0.50m
R, =0.60m

SO Sl b L
8meg |R1 R,

U

5 QZ 1 1 0 QZ
~ 8megy|0.5 0.6 24me,

Uy

Case B:

R, = 0.80m

ol i R |
g2 -
81'[80 R1 Rz

o T s L |

3Q%

Up

=—==-x100=125%

T 8me,|0.5 0.8 32me,




® FElectric field in the annular region:

-

Q™S

—i
2megrl

|
5 e

E(R,<r <R, =

N

® Potential difference:

0T (X2
271'80[ R1

Ry T

vV

® Capacitance of a charged cylindrical capacitor:

27'[801
R,
n R—1




A cylindrical capacitor is constructed using two thin conducting coaxial cylinders of the
same length 10 cm and radii 5 mm and 10 mm, respectively.

a) Calculate the capacitance.
b) Another capacitor of same length is constructed with cylinders of radii 8 mm and
16 mm. Calculate the capacitance.

apacitance of cylindrical capacitor: ¢ = 2 - E;—Ol A
L
1

Case-Db

lRZ iy 16 sl 10
an—n8—n_n5 I

The capacitance will remain same as case - a.

R =5mm

BTt length [ and the ratio % remains
1

same for two cylindrical capacitors,
the capacitance of both the capacitors

will be same. ]

In (H)
5
C ~8.03x1012
~ 8 pF




Find the
expression for
electric field

® The expression for
electric field,

E')(Rl <T<R2) ZLT

2meqgrl

Substitute the

expression for
A electric field in

energy density

The expression for
energy density,

mathematical |
operation to get |
energy stored /

® Energy stored in thi
capacitor |




A cylindrical capacitor has radii a and b. Show that half the energy stored lies
within a cylinder whose radius is r = Vab, wherea < r < b.

Electric field at a distance r: |E|

e
Energy density : T &gl —

2

Energy stored fromr = ator =r:
r QZ

BT
q 8meggral

U= 5 (2mrl) dr




When two parallel plates are connected across a
battery, the plates are charged, and an electric field is
- established between them. This setup is known as
the parallel plate capacitor.

* For a parallel plate capacitor, the charge given on the
plates redistributes itself in such a way that it exists
only on the sides of the plates facing each other.

® Separation (d) between them is small.

® Equal and opposite charges appear on the facing
~ surfaces.
® Charge on a capacitor means the magnitude of charge
~ on either of the plates.

Symbohc representation of capacitor in an electrical circuit:

A




S

g oo

++++

Ilf

+ +
+ +
+ -

- FRINGING is the bending of the electric field lines near
the _edge of the parallel plates.




® Electric field in between the plates :
Q

=A_80

E

* Potential difference between the plates :

A
Ag

A

® Capacitance:




Substitute the

Do required

eXpli‘ler;Ciig;efor expression for mathematical
. electric field in operation to get
electric field A P g

energy density energy stored

The expression for The expression for
| electric field, energy density,
Q du 1

i b= — = — g E?
o Agg a2

Energy stored in the capacitor

Z T




Estimate the change in percentage of energy stored in a parallel plate capacitor, if the
separation between its plates is reduced by 10 % keeping the voltage of the source
unchanged ?

Percentage change in
energy stored:

i
9d L _1|x100

d'=d-(10% of d) = — U,

- Initial energy stored : | g 1] x 100

1 A ’
€0 3
U:. =—CV? === 10

i 2 2\ d — —1|x 100

- Final energy stored :

1 EOA
. |4 +11.1%




The capacitance of a capacitor formed by any two adjacent plates is 50 nF. A
charge of 1.0 pC is placed on the middle plate.

(a) What will be the charge on the outer surface of the upper plate ?

(b) Find the potential difference developed between the upper and the middle
plates.

 Rule:

~ plate with the charge on outer surface of
- bottom plate

3 Calculation :

Q+ x=—x :
Given:Q=1uC w | x=-0.5uC

- (1-0.5) puC = [ 0.5pucC




The capacitance of a capacitor formed by any two adjacent plates is 50 nF. A
charge of 1.0 pC is placed on the middle plate.

(a) What will be the charge on the outer surface of the upper plate ?

(b) Find the potential difference developed between the upper and the middle
plates.

leen ; CAB = CBC =C=50nF
- Q=1puC
Potential difference between upper and middle plates:

+++++++++++ T

e Q. 10°°
g 2C 2%x50x107°

=10 VOltS VAB =10 volt




The battery and its properties

5T get charged and to store energy, a capacitor requires a potential difference to be
applied and a battery produces the required potential difference.

* The battery is a device which creates potential difference externally
between two points across which it is connected.

® Symbolic representation of a battery in an electrical circuit: e

® The terminal at higher potential is called POSITIVE TERMINAL and the one at
lower potential is called NEGATIVE TERMINAL.

r g
e

V+& | | %




Workdone by battery

~ * Work done by a battery :

W, = (Charge supplied or accepted by the positive terminal e
of the battery to the circuit) X (emf of the battery)

® Battery supplies charge Q to the circuit = W, = +ve

-

The battery is acting as a SOURCE. CE

* Charge Q enters the positive plate of the battery msp W, =

. A The battery is acting as a LOAD.
: ~ ° Electromotive Force (EMF) :
| The EMF of a battery is defined as the work done
by the battery in dr1v1ng a unit charge around a complete circuit.




If at t = 0 switch S is closed, then for steady state, find
(a) Charge flow in the circuit (AQy).
(b) Final charge on the capacitor (Q).

(c) Heat generated (H).

At steady state

| C
Usource = Uloaa + Heat +CE It —CE
ji]

® Att =0, energy stored in capacitor, U; = 0 +g .

* Insteady state, energy stored in capacitor, Uf = %C g? AQy = Q
Net energy stored in capacitor, Ujyqq = U — U; = %Céz ) v | =
Energy supplied by the battery, Ug,urce = CE? cs ||

Gy E

rerated, H = Usource ~ Utoad = 3 CE°




For the circuit given below, if at t = 0 switch S is closed, then for steady
state find
(a) Final charge on the capacitor (Q).

(b) Charge flow in the circuit (AQ,).
(c) Heat generated (H).

*  Before the connection is made with battery, the charge in the capacitor is, Q' = C€
~ * The capacitor and the battery are connected with opposite polarity.

C £
| o
—CE +CE ) C‘HCS —2CE
i i
s T i LR
2E 2E

arge on the capacitor in steady state, Q = 2CE
e flown in the circuit, AQq = 2CZ — (~CE) = 3C£




‘When the capacitor and battery are connected with same
polarity, charge flown in the circuit, AQy = Qf — Q;




The oppositely charged capacitor plates attract one anothe




SRR B A e %

A capacitor of capacitance 10 uF is connected to a 20 V cell. The separation

between the plates is reduced by half during a slow process.

a) Find the work done by the cell during the process.

b) Find the work done by the external agent during the process.

c) Find the ratio of energy density in electric field between the capacitor
plates, before and after the plate separation is changed.

 Initial capacitance C; = 10 uF

-_; Potential differenceV =20V

: , Initial charge Q1 = CV = 200 uC

~ Since distance between the plates is halved,

C, =2C=20uF

- Final charge Q, = C,V = 400 uC

a) Ween = AQV = (Q2 — Q)V
=200 x 20 = 4000 yJ

(b) Change in energy stored in capacitor, AU = U, —vU 5

1 1 1 |
=520V —-Cv? =5CV* =2000 4

Wexe + Ween = AU = Wy = AU — chll S _2000.”']_

(c) Electric field between the plates, E = g
When d is halved, E doubles.

Energy densityy = %EOEZ

If E doubles, u becomes 4t1mes



Kirchhoff’s Law

v

Kirchhoff’s Current Law (KCL)

* Alsoknownas: (1) Junction Law

(2) Nodal Analysis Principle

* The amount of charge flowing into a
- node is equal to the sum of charge
flowing out of it.

?L’ “V' - KCL is based on charge conservation
~ principle.

° ~ Atajunction:

e - Incoming charge = Outgoing charge

® KVL is based on the principle of energy-f |

Kirchhoff’s Voltage Law (KVL)

® Alsoknownas: (1) Loop Law

(2) Mesh Analysis Pr1nc1p1e

® As one traverses a loop to reach th‘e*'
same point again, the algebraic sum of
all the potential drops or gains and emfs
encountered along the path is zero.

conservation.



® Sign Convention

A 4

QO

VA C i_\VB

|~

|
<
e

NS




Kirchhoff’s Current Law (KCL)

- system is constant.

(q'l +qg3+q3 = constantj

VB)\\\\\ _______ "///,’/,
z C; £

B Isolated system c

‘ At junction D,

‘ [qll + ‘Ilz i qIS]mltlal
. [ql i qz i CI3] inal
" Apply KCL at Junctlon D.

Cl(V = VA) + Cz(V N VB) + Cg(V ViR Vc) =0

ssqiﬁgfpotential (V) of chosen junction (D) is

Applying KVL i in
Clockwise direction Anti Clockwise d1rect10n |

Applying KVL in

Q000 Q Q Q
i 63+5—0 —3+C+ 0

C, C1
T 1
B C, C3Q




If at t = 0 switch S is closed, then for steady state find
(a) Charge flow in the circuit (AQ,).

(b) Final charge on each capacitor.

(c) Heat generated (H).

”"Charge flow in the circuit (AQy).

. Applying KCL on the isolated system,
4[V —20]+3[V—-20]+5[V—-0]=0

35
= o9 Volts

Charge flow through the capacitor 5uF
175

3




tor of capacitance 5 uF

) ;aC1

5

R
=4
3 S
4D}
)
=
v}
+—
o r—i
@)
(q0]
@F
(av)
QO
e
@)
—
O
t.
o i
O
<
S

eon ca




35

35

20;___
3

35

1250

9

1875
18

6125

18

W

7

7




:_g_gjq,:o =50 +2x = 60

i Applying KVL in loop 2

X b
:—Q —6+—-=

= 5Q —9x = —120
4 5 i ¢ 5




Parallel Combination

® Potential difference across e Q1 Q: Q3

- ®* Chargeoneach di ey
i i 4 each capacitor is same. Ciy Crii @
~ capacitor is same, bl = tale = Gk : T : :
| i | [ 0 —C,.C, C ]
Vi:Vy:Vy = e
g " 2 3 Cl CZ CS
e 'iyv\EqUivalent Capacitance is given by * Equivalent Capacitance is given by

s G s
= v =+ { Ceq — Cl 1 Cz += C3 ]




In the circuit shown below, Find
(a) The equivalent capacitance.
(b) The charge stored in each capacitor.

(c) The potential difference across each capacitor.

G x| B — 0.80 uF
S e e R T TR

b) The charge q, stored in each capacitor is,

= q = C.qV = (0.80 x 107°)(100)C> [ q=80ucC

vV, G

ey -
L. Ve by Ci+C, 1+4

 V,=V-V;=100-80

C 4
Vi=|—2—]|V=(—](100) =

=

Ve




In the figure shown below, the charge on the left plate of the 10 uF capacitor is
— 30 ucC. The charge on the right plate of the 6 uF capacitor is




Charge supplied to the upper
branch -

Q0=2.4%x10uC Q =24ucC

Charge on 4 uF capacitor -

=24 uC




Find the equivalent capacitance of the infinite ladder network shown below.

By substituting the infinite ladder with C,,,

CxCeq _ .

A G e g
L el

C2,—C(C.q)—C*=0

1++5
= 3

C ++/C? + 4C?
= \/ (o Eost 0) Ceq 2

eq 2




7 A capacitor is made of a flat plate of area A and a second plate having a stair-like structure

. as shown. The width and the height of each stair is a. Find the capacitance of the assembly.

» Cl_ Cz R C3_

Equivalent capacitance of parallel combination,

8014 80A EoA
Cop =C1+Cyr+Cq =
eq 1 2 3 3a o P + %

11g,A
feq = 18a




A capacitance of 2 uF is required in an electrical circuit across a potential difference of
1 kV. A large number of 1 uF capacitors are available which can withstand a potential

difference of not more than 300 V. The minimum number of capacitors required to
achieve this is

As voltage across a capacitor should not exceed 300 V, M
nx300>1000 , I WY ¢ BT
Nin = 4 (in a branch) AL ISR .

Equivalent capacitance of the network -

S
C
Ceq =m X E =2
=m X 1 g2 I I
- i
1kV
m=38

o ~ No. of capacitors required = m X n = 8 x 4 = 32




Find the equivalent capacitance of network shown below.

B  Equivalent capacitance of the network, Ceq = z

| I/O Q—x -I—”—
2C ¢ Q—x+Y | symmetr 2C

y

"
s




_f_(Q—Zx)_I_g




Find the charge flowing through the middle capacitor (4 puF) placed between the points
M and N.

Q 10V

Applying KVL for the inner loop,

()

_ 30
o
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Balanced Wheatstone Bridge







4 uF

Equivalent Capacitancebf ‘

between 4 and B -




f 10 uF 4p = f 10 uF 4p - 10 pF
| 4 M0 s |
|




‘branches if and only if the future distribution of
anches is also exactly identical till the very end.
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Twelve capacitors, each having a capacitance C, are connected to form a cube. Find the
equivalent capacitance

a) Along body diagonal

b) Along an edge

c) Along face diagonal
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Simplifying,

- The equivalent capa
- network is,
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Using KVL

Using KCL

2Ce

‘ : q
%4 /4 ; sk
rc 2C |
L = Lfinal | —— | P +q ——
! PEE| I — Yfinal TR
0 0 T(—Ce + q) —q
Applying KCL in the isolated region, q
I ° <——o el
C[V — 0] + 2C[V — 0] = [C= + 0] | ; . o
[ ] : bl : | | Applying KVL on this loop, q |-Ce+qi
—q—2(—Ce+q)=0
€ 4 2C 2Ce |
4 Ky | s
| 170
A Thus, the charges on either capacitor are,




of S

ppens when two charged capacitors of the same polarities are connected?




Using KCL
C—— —
= Lfinal
O @ @ O
B D

Applying KCL in the isolated portion,

Cl0—-V]+ 2C[0—-V] =[-Ce—4C¢g]
5¢

o>

At tf inal

C
 ®‘_

Using KVL

A q C
*——> °®
t = Lfinai
C |+ (ce—o (4Ce +q) 1] €
i —=Cet q) (—4Ce—q)
" 5 R q D
o <—o

Applying KVL in the loop, [4C £+ CI] [

Thus, the charges on either capacitor are,

_ 5Ce
=

Ce —q

—4Ce—q+2Cs—2q =0

2Ce

3

i 10Ce¢
Q; = 3




Dielectrics

Dielectrics are:
® Non-conducting substances
® Have no free electrons- i
Can hold an electrostatic charge while dissipating mini
Blastio energy in the form of heat
. Can be polar or non-polar

Non-Polar
d=0 p=0

Turns into dipoles in the pr'e's'.
of external electric field

& 5




Dipole moment per unit volume of a dielectric
material ' '

P




to an atom/ molecule lying in or near the surface.

e . Ll R 5
£/ g\ E=El-ELE=F
—— e Where, o
; : e |Eo|
— < T + T o Sy
Ei ——p EO > |E|
K03 4P _l_
4 K- Dielectric constant of the medium
&, - Relative permittivity of the medium

/2‘
v

Dielectric constant of conductor:

Electric field inside a conductor is zerg, F — ¢

E
‘ K=£r %ﬁK 00




Parallel Plate Capacitor with Dielectric

/ After dielectric is inserted,
Q —Q |

-_:: i E = EO = Q Q _Qb
| i = K Keg,A H 2
i b + =
4 KL i Qd i =
+ i Ke, A - :
; o — N K *l-

- - Q KegA 4 0

3 i < HE o

+ - vV d + -
o7 M ; £,A H
A - - A > C = K[ 2 ] H s
,\ I< d >I d A . 4 |— A

= C = KC, o et
Before dielectric is inserted, s e
Q If the space between plates of parallel plate capacitor is

£,A

completely filled with dielectric, its Capacitance increases by K
times. e




e o e e e e i e e ol o ol

<




1 1+1+1
Cl CZ C3

9
SOA KSOA SOA

_t+K(d-t)
e Ke, A

t
1 _k-l-(d—t)

Ceq £,4

£,A
t
(d i t) + K

(.

The equivalent capacitance (C.,) is independgmbﬁ
the position (x) at which the dielectric is plac
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A parallel plate capacitor of plate area A & plate separation d is filled with two
different dielectric materials having dielectric constants K; and K, as shown. The
capacitance of this capacitor is

q

C1+C2

o | d
- 2K.e,A  2K,¢,A

_d(K, + K;)
2K, K,¢,A

sl 2K1K2£0A'
1 d(K,+ Kzl




A parallel plate capacitor of plate area A & plate separation d is filled with two
different dielectric materials having dielectric constants K; and K, as shown. The
capacitance of this capacitor is




Capacitor is formed by two square metal plates of edge a, separated by a distance
d. Dielectrics of dielectric constant K, and K, are filled in the gap as shown. Find
the capacitance of this capacitor.

1 1

d
tan @ = — dC
a

Kie,(adx) 5

S (d — xtan0) dc

Kzfo(adx) ;
~ (xtan@) N




K.K;&,(adx)
sz + (Kl 7 Kz)x tan@

=dl =

C=de.

a
W K1K2£0a2 dx

d | K2a+(K1—
0

i K1K2£0a2 ln[Kza -+ (Kl oo, Kz)x:l“ a
d (Ky —K3) - 8

anzKlKZ
n
— K>)
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A parallel-plate capacitor of capacitance 100 pF is connected to a power supply of 200 V. A
dielectric slab of dielectric constant 5 is now inserted in the gap between the plates.

(a) Find the extra charge flown through the power supply and the work done by the supply.
(b) Find the change in the electrostatic energy of the electric field in the capacitor.

Qextra P (K T 1)Q
(K—-1)CVv

1
Us=KU=Kx|s

‘ 1
4x100x10°°x200 = AU (k—l)[ECVZ

[ 80 mcj

2

Whattery = Qextra XV (AU A 8]]
=80 x 1073 x 200 |

( =161j

1
4x—x10"*x4




The parallel combination of two air filled parallel plate capacitors of capacitance € and nC is
connected to a battery of voltage, V. When the capacitors are fully charged, the battery is
removed and after that a dielectric material of dielectric constant K is placed between the two
plates of the first capacitor. The new potential difference of the combined system is

Before inserting dielectric,

Coq = C+nC=C(n+1)

Q=CoV=CV(n+1)

After inserting dielectric,

q C(V(n+1)
C,, C(K-+n)

V=

q




