Current Electricity and
Capacitance

CURRENT ELECTRICITY

Current Microscopic Analysis

Electric Current

Time rate of flow of charge through a cross sectional area is called Current. If Aq charge flows in time
interval At then average current is given by

Aq
o = At
1 i 49 _ dg
Instantaneous current; [ = J%r_r)lo At = dt

<— Direction of electron flow
(Conventionally, direction of current is shown from positive to negative)

Direction of current is along the direction of flow of positive charge or opposite to the direction of flow of
negative charge. But the current is a scalar quantity.

q® — velocity q © — velocity
. SI unit of current is ampere and 1 Ampere = 1 coulomb/sec
. It is a scalar quantity because it does not obey the law of vectors.
. Area under I-t curve provides total charge flow.
l AN

Area = fttlz Idt = Aq

| t t2

Current, velocity and current density

Current density at any point inside a conductor is defined as a vector having magnitude equal to current
per unit area surrounding that point. Remember area is normal to the direction of charge flow (or current
passes) through that point.

o Current densityfis a vector quantity. It's direction is same as that of E.It's S.I unit is ampere/m?
and dimensions [L-24].
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o Current density at point P is given byf = g—i n
. If the cross-sectional area is not normal to the current, but makes an angle 6 with the direction of
current then
]=ﬁ = di=JdAcos0=].dA = I=[].dA
dA sin 6 .
dA
0 dA cos 6 E»

Illustration 1:

Current through a wire decreases uniformly from 4 A to zero in 10 s. Calculate charge flown through the
wire during this interval of time.

Solution:

Charge flown = average current x time

440
=[ - ]x1o=zoc

Movement of Electrons Inside Conductor

All the free electrons are in random motion due to the thermal energy and relationship is given by
3 1,
—KT = —mv
2 2

At room temperature its speed is around 106 m/sec or 103 km/sec

T

—

[

But the average velocity is zero so current in any direction is zero.
When a conductor is placed in an electric field, then for a small duration, electron do have an average
velocity but its average velocity becomes zero within short interval of time.
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Mean Free Path (1)
The distance travelled by a conduction electron during relaxation time is known as mean free path A.

Mean free path of conduction electron = Thermal velocity x Relaxation time

Order of A = 10A.

Relaxation Time (1)
It is defined as average time elapsed between two successive collisions.
It is of the order of 10-14 s. It is a temperature dependent characteristic of the material of the conductor.
[t decreases with increase in temperature.
T+ 75 +73+..... N
= N

Thermal Speed

Conductor contains a large number of free electrons, which are in continuous random motion.

Due to random motion, the free electrons collide with positive metal ions with high frequency and undergo
change in direction at each collision. So, the thermal velocities are randomly distributed in all possible
directions.

Uy, Uy, ... Uy are the individual thermal velocities of the free electrons at any given time.

The total number of free electrons in the conductor = N

ﬁ1+ﬁ2+...ﬁN] _o

Average velocity 4,5 = [ 5

The average velocity is zero but average speed is non-zero.

Illustration 2:

Figure shows a conductor of length £ carrying current i and having b
. . . . . . a

a circular cross - section. The radius of cross section varies linearly ‘

from a to b. Assuming that (b - a) <<¥ calculate current density at

distance 'x' from left end.
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Solution:

Since radius at left end is a and that of right end is b, therefore increase in radius over length ¢ is (b - a).

b-a
Hence rate of increase of radius per unit length :(7)

Increase in radius over length x = (%) x

Since radius at left end is a, radius at distance x is :

)
=g+ |—
r=a 7 X

) . . b-
Area at this particular section 4 = r? = n[a + (Ta) x]?
H t densi : i L
ence current density = —= =
v A mr? x(b-a)1?
na+T2)]

Illustration 3:
s
The current through a wire depends on time as i = ip + o sin nit, where ip =10 Aand a. = EA' Find the charge

crossed through a section of the wire in 3 seconds, and average current for that interval.
Solution:

dq = Idt

q= f03(i0 + asinmt)dt
. ¢4 3
= [lot + p (—cosm t)]0
q = 3ig + Za _ 31C
I
Average current s :

_q _31C 31
lavg = 3¢ = 35 = lavg =34

Illustration 4:

For non-uniform cross-sectional area compare current density at 1 and 2 cross section

Solution:

1 1
]1=A—12]2=A—2 s Ade<Ai= 1<)z
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Illustration 5:
The current density across a cylindrical conductor of radius R varies in magnitude according to the

equation J = J, (1 - F) where ris the distance from the central axis. Thus, the current density is maximum

Jo at the axis (r = 0) and decreases linearly to zero at the surface (r = R). The current in terms of /o and
conductor's cross-sectional area 4 is:

Solution:
I=[j-d4
= [JdAcos @
R
r
= f]o (1 - E) (2mrdr) Area of ring
0 dA = (2mr)dr

R

r? rz2 3
= ZT[]O <T—F> dT = 27'[]0 [7_3_1?]0

0

R* R?
=21y |[— — —
"10[2 3R

R

mJoR?
= Jo
3
A=7R2
A
So ’=]0T

Drift Velocity (Vd)

Drift velocity is defined as the velocity with which the free electrons get drifted towards the positive
terminal under the effect of the applied electric field.

When the ends of a conductor are connected to a source of emf, an electric field E is established in the

1%
conductor, such that E = 7
Where V = the potential difference across the conductor and #= the length of the conductor.
The electric field Eexerts an electrostatic force—eFE on each electron in the conductor.

. - _eﬁ
The acceleration of each electron a = —

575

A

'
Under the action of electric field:
Random motion of an electron
with superimposed drift

- =~

m = mass of electron

e = charge of electron
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In addition to its thermal velocity, due to this acceleration, the electron acquires, a velocity component in
a direction opposite to the direction of the electric field.
The gain in velocity due to the applied field is very small and is lost in the next collision.
At any given time, an electron has a velocity, v; = u; + dt;
Where, 1, = the thermal velocity
dt, = the velocity acquired by the electron under the influence of the applied electric field.
T; = the time that has elapsed since the last collision.
Similarly, the velocities of the other electrons are
Uy = Uy + ATy, U3 = Ug + dTg,..., Uy = Uy + dTy
The average velocity of all the free electrons in the conductor is equal to the drift velocity v_:i of the free
electrons.
Uy + U, + Us+... Uy (U +dry) + (U + dry)+... +(y + dry)

U, =

d N N

5 Uq+Uy+..U S(ty+To+. 4T . L
or Vg :( 1 12V N)+a( 1 ZN n) order of drift velocity is 10-4 m/s

U+, +..+Uy 0

- =

> S T1+Ty+..+

Vg = g2 T-TIN TZN IV .

., _eE
= Vg = ET
Mobility

As we have seen, conductivity arises as a result of mobile charge carriers. In metals, these mobile charge
carriers are electrons; in an ionised gas, they are electrons and positively charged ions; in an electrolyte,
these can be both positive and negative ions.

An important quantity is the mobility p defined as the magnitude of the drift velocity per unit electric field:

_ 1vdl
E
The SI unit of mobility is m2/V-s and is 104 times the mobility in practical units (cm?/V-s). Mobility is
positive.
et Vg et
Vg = EE = U= fd = E

Where 7 is the relaxation time for electrons.

Note:
On increasing temperature of conductor, frequency of collision increases and hence average relaxation
time decreases.

Temperature T, T |

Vd :%E'T,Vd ~L

2
o= %, ol,p? (Where p is resistivity of the material.)

p=—,pd
m
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Illustration 6:
Find the approximate total distance travelled by an electron in the time-interval in which its displacement
is one meter along the wire.
Solution:
displacement S
Time=—""m—//"—"—"—"=—
drift velocity Vg4
Va=1mm/s=10-3m/s
(Normally the value of drift velocity is 1 mm/s)
S=1m

=103

time =
1073

distance travelled = speed x time
speed = 106m/s

So, required distance

=10° x 10°m = 10°m

Illustration 7:
A current of 1.34 A exists in a copper wire of cross-section area 1.0 mm2. Assuming each copper atom
contributes one free electron. Calculate the drift speed of the free electrons in the wire. The density of
copper is 8990kg/m3 and atomic mass = 63.50.
Solution:
Mass of 1m3 volume of the copper is = 8990 kg

=8990x 103 g

3
Number of moles in 1m3 = %

Since each mole contains 6 x 1023 atoms therefore number of atoms in 1m3
n = (1.4 X 10%) x (6 X 1023) = 8.4 x 1028 = electron density
i=neAvq

s 1.34
T neAd” 84x10%8x1.6x10 0 x10”

=1.4x 10°

vy 5 (+ 1mm? = 107°m?) = 10™*m/s

Illustration 8:
Two wires each of radius of cross-section r but of different materials are connected together end to end
(in series). If the densities of charge carriers in the two wires are in the ratio 1 : 4, the drift velocity of
electrons in the two wires will be in the ratio:
(A)1:2 (B)2:1 A4:1 (D)1:4
Solution:

I = nedAv,

1
= Vg o€ —
n
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Ohm’s Law

Let the number of free electrons per unit volume in a conductor = n

€« ———————— frmmmmmmmmmem >
Total number of electrons in dx distance = n (Adx) 7
Total charge, dQ = n (Adx)e A .:'
Cross sectional area = A . |
_dQ _ dx B dx
Current I = v née at = [=nedvq ¥
Currentdensity [ = %z nevqg = J=ne (%) T
ek
va= ()t
ne2t . . ne2t
J= ( pe )E = J=oE, ois called conductivity (o) = -

In vector form f =oE
o depends only on the material of the conductor and its temperature.
As temperature (T) T, ©

2
Now jzé,o':nerandE:%
nde?t
1= - V
- omft I
nde’t
V=IR

So current in conductors is proportional to potential difference applied across its ends. This is Ohm's Law.
R has S.I unit ohm (Q).

Resistivity 1m
It is the property of substance, defined as !

pz%,if{&lm,A:lmZthenp:R ;

I I 1m
It's unitis Q-m | I
e - . i R=p

The specific resistance of a material is equal to the resistance j S— —_—-
of the wire of that material with unit cross - section area and unit length. /" 1m
Resistivity depends on:
)] Nature of material
(i) Temperature of material

p does not depend on the size and shape of the material because it is the characteristic property of the
conductor material.

Palloy > Psemiconductor > Pconductor

Conductivity
It is the measure of the ease at which an electric charge can pass through a material.
It's SI unit is Siemens per meter (S/m)

. . e 1
It is the inverse of resistivity o = )
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Limitations of Ohm's Law

Although Ohm's law has been found valid over a large

class of materials, there do exist materials and devices

used in electric circuits where the proportionality of Vand

I does not hold. The deviations broadly are one or more of

the following types:

(a)
(b)

V ceases to be proportional to I (Fig. 1).

The relation between V and I depends on the sign
of V. In other words, if I is the current for a certain
V, then reversing the direction of V keeping its
magnitude fixed, does not produce a current of the
same magnitude as I in the opposite direction

(Fig. 2). This happens, for example, in a diode

0.2

«—Current [[mA)——

: Non-linear, resistance

I I I
| —
Fig-1:The dashed line represents the
linear ohm's law. The solid line is the
voltage V versus current I for a good
conductor.

Negative

region region

Fig -2 : Characteristics curve of a diode. Note
the different scales for negative and positive
values of the voltage and current.

Voltage V(V) —

Fig.3 Variation of current versus voltage for GaAs.

(© The relation between V and I is not unique, i.e., there is more than one value of V for the same

current / (Fig. 3). A material exhibiting such behaviour is GaAs.

Materials and devices not obeying Ohm's law in the form V = [R, are actually widely used in

electronic circuits.

Illustration 9:

Current is flowing from a conductor of non-uniform cross

section area if A1 > A;. Then find relation between
(@ i1and iz

(b)  Jiand):

(© Vi and V-, (drift velocity)

where i is current, J is current density and V is drift velocity.

_ i2,A2,V3,]2
i,A1,Vy,]1

www.allen.in
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Solution:
(a) i = Charge flowing through a cross-section per unit time.
il = iZ
i
® =5

asA; > A, thenj; </,
() J=nevqy

J
Vd:E

asJ; <J,then, V; <V,

Resistance and it’s Temperature Dependence

Electrical Resistance

The property of a substance by virtue of which it opposes the flow of electric current through it is termed
as electrical resistance. Electrical resistance depends on the size, geometry, temperature and internal
structure of the conductor.

2
We have, I = nde TV
mt
V
I'=%
mt
R =
nde?t
m 4
H X R = .
ence |
So, here R = pt
A
f
= V=Ix il
A
vV 1 5 I t densi
- _——= - = - ==
iy p Jp J 2 current density
m

1
>~ = —,ois called conductivity. S.I.
ne’t o

unit of resistivity is ohm-m (Q2-m). S.1. unit of conductivity is Q-1-m-! also called siemens.

p is called resistively (it is also called specific resistance), and p =

Illustration 10:

The dimensions of a conductor of specific resistance p are shown below. Find the resistance of the
conductor across AB, CD and EF.

-
s
—
-
-

Solution:
For a condition
pl Resistivity X length pc pb pa

= = - j RAB=_JR =_’R =
A Area of cross section ab’ P ac’ EF bc
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Current Electricity and Capacitance ALLEN

Dependence of Resistance on Various Factors

From previous discussion we have:
£ m £
R=pa=rez;>a
Therefore, resistance depends on
(D length of the conductor (R o« £)

. 1
(2) area of cross - section of the conductor R « ]
. P
(3) nature of material of the conductor R = T
Results:
. . . o . Ry 4%
(a) On stretching a wire (volume constant), if length of wire is taken into account then R =72
2 2
. o . Ry 13 I :
(b) If radius of cross section is taken into account then — = =7, where R; and R; are initial and final
2 Tq

resistances and ¢4, £, are initial and final lengths and r1 and r» initial and final radii respectively.

(c) Effect of percentage change in length of wire
R, ?° [1+1§o]2 . .
R 2 where ¢ - original length and x- % increment
1

If x is quite small (say < 5%) then % change in R is
RZ -

x \?
—RlRl X 100 = (1+1_010) !

X 100 = 2x%

Illustration 11:
If a wire is stretched to double its length, find the new resistance if original resistance of the wire was R.

Solution:
pf ptr
As we know that R =— = incaseR =—
A Ar
0"=2/
A?l'= Al  (Volume of the wire remains constant)
x2¢ £
A'=é = R’=p =4p—=4R
2 A)2 A

Illustration 12:
The wire is stretched to increase the length by 1%. Find the percentage change in the resistance.
Solution:
As we known that,
pt

R=—
A

www.allen.in [11]
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AR Ap AP AA  AY  AA
= — =—+—-—and— —
R p ¢ A4 ? A

AR
—=0+1+1=2
R

Hence percentage increase in the Resistance = 2%.

Note:

Above method is applicable when % change is very small.

Illustration 13:

Resistance of a wire is 20 €3, it is stretched upto three times of its length, then its new resistance will be
(A) 6.67 Q (B)60Q (©)120Q (D) 180 Q

Solution:

Wire is stretched, therefore its volume remains unchanged
A
A1 t1=A 0, =>A1€=4;x3¢ = Azz?l

. . 1t A £ 1 1
Ratio of resistance, — = — X —=—X-==- =
R, ¢, Ay 323 9

N
o

O | =

—R,=180Q

~

2

Temperature Dependence of Resistivity and Resistance:
The resistivity of a material is found to be dependent on the temperature over a limited range of
temperatures (not too large). The resistivity of a metallic conductor is approximately given by:

pr=po(1 + a(T - To))
Where pris the resistivity at a temperature T and po is the resistivity at a reference temperature To. Here, a
is called the temperature co-efficient of resistivity.

g ~
S §
|
= % p
=z Q
>
2 =
%]
g1~ 2l
0 50 100 150 20 40 60 80 — T(K)
Temperature T(K) Temperature T(K)
e _
Figure - 1 Figure - 2 Figure - 3
Resistivity pr of Resistivity pr of Temperature
Copper as a Nichrome as a dependence of
function of function of resistivity for a
temperature T. absolute typical
temperature T. semiconductor.
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Unit of o is °C-L.
Resistance corresponding to temperature difference (AT) is given as R, = Ry (1 + aAT)
Where R; = Resistance at t°C, Ry = Resistance at 0°C
AT = Change in temperature, o = Temperature coefficient of resistance.
[For metals: a is positive but for semiconductors and insulators: a is negative]
Resistance of the conductor decreases linearly (figure-1) with decrease in temperature and becomes zero
at a specific temperature. This temperature is called critical temperature. Below this temperature a
conductor becomes a superconductor.

Illustration 14: I
The current-voltage graphs for a given metallic wire at two different Ty
temperature T1 and T; are shown in the figure. Which one is higher, T1 or T>. T,
Solution:
1 vV
Slope of I — V Curve is z
1 1
(E)l > <E)z >R, >R =>T,>T;

Illustration 15:

The resistance of a thin silver wire is 1.0 2 at 20°C. The wire is placed in liquid bath and its resistance rises
to 1.2 Q. What is the temperature of the bath? (Here o = 10-2 /°C)

Solution:

Here change in resistance is small so we can apply

R =Ro(1 + aAB)

1.2=1x(1+10-2A0)

A6 =20°C

06-20=20

0=40°C Ans.

Uu Ul

Colour Coding of Carbon Resistor

Resistors in the higher range are made mostly from carbon. Carbon resistors are compact, inexpensive and
thus find extensive use in electronic circuits. Carbon resistors are small in size and hence their values are

N

given using a colour code.

o
N\
The resistors have a set of co-axial coloured rings on them whose significance are listed in table. The first
two bands from the end indicate the first two significant figures of the resistance in ohms. The third band
indicates the decimal multiplier (as listed in Table). The last band stands for tolerance or possible variation
in percentage about the indicated values. Sometimes, this last band is absent and that indicates a tolerance
of 20%.

www.allen.in [13]
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0 Black Black

1 Brown Brown

2 Red Red

3 Orange Orange Orange 10°

4 Yellow Yellow Yellow 10*

5 Green Green Green

6 Blue Blue Blue

7 Violet Violet Violet 5%,

8 Grey Grey Grey Silver 10%

9 White White White 10° No Colour 20%
Gold 107t
Silver 1072

1% 2™ | Tolerance

\\ y
\ I" 4 56 x 107Q +10%

Fig. Colour Code for Carbon Resistors

To memorise the sequence of colour, learn BB ROY of Great Britain had a Very Good Wife.

Illustration 16:

Draw a colour code for 42 k Q) + 10% carbon resistance.

Solution:

According to colour code colour for digit 4 is yellow, for digit 2 it is red, for 3 colour is orange and 10%
tolerance is represented by silver colour.

So, colour code should be yellow, red, orange and silver.

Illustration 17:

What is resistance of following resistor. Violet Gold

Solution:

Number for yellow is 4, Number of violet is 7.

Brown colour gives multiplier 10?, Gold gives a tolerance of + 5%.
So resistance of resistoris 47x101 Q + 5% or 470 £ 5% Q.

Yellow Brown

Cell, E.M.F and Internal Resistance

Battery (Cell)

A battery is a device which maintains a potential difference across its two terminals A and B. Dry cells,
secondary cells, generator and thermocouple are the devices used for producing potential difference in an
electric circuit. Arrangement of cell or battery is shown in figure.

[14] www.allen.in



Current Electricity and Capacitance ALLEN

Electrolyte provides continuity for current.

It is often prepared by putting two rods or plates of different metals + -
in a chemical solution. Some internal mechanism exerts force Terminal ~ Terminal
(ﬁn)on the ions (positive and negative) of the solution. This force Copper f |7 Zinc

. . . . . . . Electrode Electrode
drives positive ions towards positive terminal and negative ions ) )

towards negative terminal. As positive charge accumulates on

anode and negative charge on cathode a potential difference and
hence an electric field E is developed from anode to cathode. This

electric field exerts an electrostatic force F = qun the ions. This

force is opposite to that of ﬁn. In equilibrium (steady state) F, = Fe.
and no further accumulation of charge takes place. S\ulf@

When the terminals of the battery are connected by a conducting Simple Electric Cell
wire, an electric field is developed in the wire.

The free electrons in the wire move in the opposite direction and enter the battery at positive terminal.
Some electrons are withdrawn from the negative terminal. Thus, potential difference and hence,
F. decreases in magnitude while F, remains the same. Thus, there is a net force on the positive charge
towards the positive terminal. With this the positive charge rush towards positive terminal and negative
charge rush towards negative terminal. Thus, the potential difference between positive and negative

terminal is maintained.

Internal resistance (r):

The potential difference across a real source in a circuit is not equal to the emf of the cell. The reason is
that charge moving through the electrolyte of the cell encounters resistance. We call this the internal
resistance of the source.

Internal resistance is always connected in series with the source.

The internal resistance of a cell depends on the distance between electrodes (r o d), area of electrodes

).

(roc l) and nature, concentration (r o« ¢) and temperature of electrolyte (r o !
S Temp.

Illustration 18:

What is the meaning of 10 Amp. hr?

Solution:

It means if the 10 A current is withdrawn then the battery will work for 1 hour.

10 Amp — 1 hr
1Amp — 10hr
% Amp — 20 hr

Electromotive force : (E.M.F)

DefinitionI : Electromotive force is the capability of the system to make the charge flow.

Definition I : Itisthe work done by the battery for the flow of 1 coloumb charge from lower potential
terminal to higher potential terminal inside the battery.

Definition III : Electromotive force of a cell is equal to potential difference between its terminals when
no current is passing through the circuit.
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Representation for Battery:

Ideal cell :

Cell in which there is no heating effect.

- ™

Higher potential o += - e Lower potential
terminal 1deal cell terminal

Non-ideal cell :

Cell in which there is heating effect inside due to opposition to the current flow internally

& r

O——1H-WW——F0
™~

Non ideal cell

“~Internal Resistance

Terminal Potential Difference (TPD or V)

The potential difference between the two electrodes of a cell in a closed circuit i.e.,, when current is being

drawn from the cell is called terminal potential difference.

()

(b)

()

When cell is discharging:
When cell is discharging current inside the cell is
from cathode to anode.

Current =LorE=IR+Ir=V+Ir or V=E-Ir
r+R

When current is drawn from the cell potential
difference is less than emf of cell. Greater is the

current drawn from the cell smaller is the terminal
voltage. When a large current is drawn from a cell its
terminal voltage is reduced.

When cell is charging: | E r
When cell is charging current inside the cell is from l
anode to cathode. A .
_ I
Current/ = V-E or V=E+Ir
r / + -
During charging terminal potential difference is * |
\Y%

greater than emf of cell.

When cell is in open circuit:

.. - _
In open circuit, R =0 .. I__R+r_0 So,V=EFE

In open circuit terminal potential difference is equal to emf and is the maximum potential
difference which a cell can provide.

[16]
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(d) When cell is short circuited:

E _E

R+r r
In short circuit, current from cell is maximum and terminal potential difference is zero.

Note:

. The potential at all points of a wire of zero resistance will be same.

In short circuit, R = 0So, I = andV =0

° Earthing : If some point of circuit is earthed then its potential is assumed to be zero.

Important point

1. At the time of charging a cell. When current is supplied to the cell, the terminal voltage is greater
than the em.f. E.
V=E+Ir
2. Series combination is useful when internal resistance is less than external resistance of the cell.
3. Parallel combination is useful when internal resistance is greater than external resistance of the
cell.
4. Power in R (given resistance) is maximum, if its value is equal to net resistance of remaining circuit.
5. Internal resistance of ideal cell = 0.
6. If external resistance is zero than current given by circuit is maximum.
Value of External Terminal Potential
Resistance Current from Cell Difference (TPD)
R = E V=E-Ir
R+r
k=0 == V=E——r
r r
Short circuit Maximum V=0
Open circuit R = =0 V=E-0
V=E
(TPD = EMF)

Illustration 19:

By a cell a current of 0.9 A flows through 2 ohm resistor and 0.3 A through 7 ohm resistor. The internal
resistance of the cell is

(A) 0.5Q (B)1.0Q 120 (D)2.0Q
Solution:
€
€
On solving equation (1) and (2)
R =0.5Q

www.allen.in [17]
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Illustration 20:

A cell of em.f. E'is connected with an external resistance R, then p.d. across cell is V. The internal resistance
of cell will be

(E-V)R E-V)R V-E)R V-E)R
(A)——F (B) % @ % (D) %
Solution:

I=E/(R+T)
Potential difference across R is same as that of battery.
V =IR

V=ER/R+1r) = r=E—VR—R

Series and Parallel Combination of Resistance
Combination of Resistances:

A number of resistances can be connected and all the <«+—box containing
complicated combinations can be reduced to two different a combination
types, namely series and parallel. IL J of resistors.

The equivalent resistance of a combination is defined as Req = v

1<

Series Combination:

When the resistances are connected end to end then they are said to be in series. In series current through
each element is same.

O s T

L1 -1 "L

Resistances in series carry equal current but reverse may not be true.

Illustration 21:

Which electrical elements are connected in series.

Ra
l—
Ri g L Rz S
3
R ]
I} AW

Solution:

Here Si, S2, R1, R3 connected in one series and R4, S3 connected in different series.

[18] www.allen.in
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Equivalent Resistance of Series Combination
The potential difference across a resistor is proportional to the
resistance.

V=1IR,;  where Iis same through any of the resistor.
and V=Vi+ V24 Vs +.... +Vn where

_ Ry
= R{+Ry+....... +RnV
R
V, = 2 V and so on

The effective resistance appearing across the battery (or between the terminals 4 and B) is
Reg=Ri+ Rz + R3 +......... + R, (this means R.q is greater than any resistor)

Illustration 22:

Find the current in the circuit.

1Q 20 30

In
" 30v
Solution:

Req=1+2+3=6Q the given circuit is equivalent to

v 30
currenti= — = —=5A Ans.
Req 6
60
A ' B
l—__
30V

Parallel Combination:
A parallel circuit of resistors is one in which the same voltage is applied across all the components in a

parallel grouping of resistors Ri, Rz, R, ........ , Rn.
A
R B
AL v R3

Ny’ I A A

A 7 R, B

V, V; R

B V: V, 4
A
(a) (b)

In the figure (a) and (b) all the resistors are connected between points A and B so they are in parallel.

www.allen.in [19]
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Equivalent Resistance of Parallel Combination

R1
——VWW—
11 R
A p—F i ——+B
o | 12 Io Req
is Rj = Ae WWA e B
I
1 v < Vv >
Atjunction point P,
fo=I1+i2+13
Ri1
I WW
VWV‘
I IZ Rz B
R3
In I3 va
WWA
Ry
< v >
%4 %4 %4 %4
Therefore, — = — + — + —
1 1 1 1
= =t —+—
Req R1 Rz R3
1 1 1 N 1 N N
Req Rl R2 R3 ..... Rn
Conclusions: (about parallel combination)
(a) Potential difference across each resistor is same.
(b) I=11+12+I3+ ..... I‘I'l
(© Effective resistance (R) then,
1 1 1 1 1
—=— 4t — 4=+t
R Ry R, R3 Rn
(R is less than each resistor).
(d) Current in different resistors is inversely proportional to the resistance.

111 1

Illustration 23:

Find the equivalent resistance of the circuit given in figure between E and F.

20 ¢ 40
A E
10 69% 203
B = F
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Solution:
6X3
Series\ . " 643
Ax /A,A\,A,{%,,f c J\%AS}W—E P gatiN C\ J\%/\I}W—E —M%A‘(}W—— E
A 7 62 203 = {303 69% b 203 = 203 203
l\- e \\\ /I
B D F D F F
6x2 3
= R =gm =21
Illustration 24:
What is the equivalent resistance between A and B?
—— MWW AW MMWN——e
A R R R B
Solution:
All the three resistors can be considered in parallel as shown below:
l MV
— L AMA—E AWM — LW —— R
A R R A R B —— MNMN——TF—
A R B
—AMWW
R

Req =

Illustration 25:
Four identical resistances each having value R are arranged as shown in figure. Find the equivalent

resistance between 4 and B.

Solution:
Since C and D are connected with a zero resistor, they are equipotential. Then superimpose C and D to
obtain the simplified circuit as shown. Since no current flows in the branches CE and ED, cut and then throw

them to have

www.allen.in [21]
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= Riz=R+R=2R
If we get a closed loop of resistors without any battery, it carries no current. Then remove the total loop to
get a simpler circuit or if the current in any branch is zero, remove it.

Electric Power and Heating Effects of Current
Electrical Power:
Energy liberated per second in a device is called its power. The electrical power P delivered or consumed
by an electrical device is given by P = Vi, where V = Potential difference across the device and i = Current.
V.dq
Power (P)=——=Vi
dat
If the current enters the higher potential point of the device then electric power is consumed by it (i.e. acts

as load). If the current enters the lower potential point then the device supplies power (i.e. acts as source).

i i i i
——| Load —— &= — Source (——
+ VvV - - vV +

Heating Effect of Current

Cause of Heating:

The potential difference applied across the two ends of conductor sets up electric field. Under the effect of
electric field, electrons accelerate and as they move, they collide against the ions and atoms in the

conductor, the energy of e~ transferred to the atoms and ions appears as heat.

Joules's Law of Heating
Let voltage 'V is applied across the conductor of resistance R and a charge dq flows through it in time dt
then work done by the battery is

dw=dqV

=idtV

[ dw = [i(iR)dt= [ i?Rdt
Since Heat energy released from the conductor is equal to work done by the battery unit,

H = Heat released = W = [ i? Rdt

V2

If i=constant, H=1i2Rt = 3 t=(Vit
Heat produced in conductor does not depend upon the direction of current.

SIUNIT : joule; 1 kWh =3.6 x 106 joule = 1 unit ; 1 BTU (British Thermal Unit) = 1055]
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Power delivered to the load resistance

dw
T dt
i?2Rdt  , V2
= =i["R=—=Vi
dt R

Fusing of an Electrical Device

Every electrical device like bulb, heater, geyser, etc. comes with a design/rated voltage (Vo) and
design/rated wattage or power (Po).

If applied voltage (V) across a device becomes greater than Vj, then it will not work or we can say device
will be fused.

Resistance of an electrical device can be found out using

Vg

Po=%

2

: Ve
1.e R = P_()

If Vis the applied voltage across the device and if P is the power consumed by it, then

v? &
P=Fl€P=<V—02>PO

Illustration 26:
If bulb rating is 100 watt and 220 V then determine:
(a) Resistance of filament
(b) Current through filament
(© If bulb operate at 110-volt power supply then find power consumed by bulb.
Solution:
Bulb rating is 100 W and 220 V bulb means when 220 V potential difference is applied between the two
ends then the power consumed is 100 W
Here, V =220 Volt
P=100W
V2
I 100 ; So, R=484Q
Since Resistance depends only on material hence it is constant for bulb
% 220 5
I=—=—7—""—=—Amp.
R 22X22 11
Power consumed at 110 V
110%x110

Power consumed =——=25W
484

Illustration 27:

Two wires of same mass, having ratio of lengths 1 : 2, density 1 : 3, and resistivity 2 : 1, are connected
one by one to the same voltage supply. The rate of heat dissipation in the first wire is found to be 10W.
Find the rate of heat dissipation in the second wire.
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Solution:

Given, —=—,—=—,— = —
12 2 dz 3 P2 1
M = Allldl = Azlzdz
P, V?/Ry
P, VZ2/Ry
_ & _ p1li14; _ pylidy
Ry plaAr  prlid,
1)2 1 1
=—X |- R
1 2 3 6
P 10 5
0 Pp="A=—==Ww
r 276 6 3
Fuse wire

The fuse wire for an electric circuit is chosen keeping in view the value of safe current through the circuit.

The fuse wire should have high resistance per unit length and low melting point.

However, the melting point of the material of fuse wire should be above the temperature that will be

reached on the passage of the current through the circuit.

A fuse wire is made of alloys of lead (Pb) and tin (Sn).

Length of fuse wire is immaterial.

The material of the filament of a heater should have high resistivity and high melting point.

Home Appliances (Bulb, Heater, Geyser)
Equivalent power in combination of Bulbs

(i) Series combination

Let, 2 bulbs with V, but Py, > P, are connected in series.

Here, Py, > Py, > Ry <R;
Now, since series => P; = I?R;andP, = IR,

P, <P

In series combination of bulbs, since Brightness oc Power consumed by bulb oc R o«

lesser wattage will shine more.
2

P = total power of combination = Ry tR,

1 1 1
If V—Vo,thﬁl’lﬁ—P—O1 P_Oz

Pol; V() POZJVO

, bulb of

rated

—\Vy) \Py.+P,.
Vo/ \Po *Po,

[24]
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(ii) Parallel combination
Similarly, let two bulbs with Vo but Py, > Py, are connected in parallel.

Since, Py, > Py, Pop, Vo g
R, <R,
2 2
14 14
Now Pl_R_l’PZ_R_Z POZ,VOg
P, >P,

- <

In parallel combination of bulbs since Brightness « Power

1
consumed by bulb oc [ o 2 o Prated, SO bulb of greater wattage will

shine more.
v: v 2
Piotal :R_1+R_2: (V_o) [P, + P;]
If V=V

Piotal = Py + P,
Illustration 28:
In the figure shown Bj;, B, and Bz are three bulbs rated as
(200V, 50 W), (200V, 100W) and (200 V, 25W) respectively. Find

the current through each bulb and which bulb will give more light?

Solution: ||
R = (200° o (2000° o _ (200)° 200V
1= 50 727 100 '3~ 25
the current flowing through each bulb is
200 200 100 A
= = S[2¥1+4] = =74
Ri+Rz+R3  (200)2[22%] ~ 200x7 14

Since, R3 > R{ > R,
Power consumed by bulb = iR
If the resistance is of higher value then it will give more light.
Here Bulb B; will give more light.

Illustration 29:
If two heater coils boil same amount of water in time t; and t, separately, find time taken by the
combination of these coils if (i) there are connected in series and (ii) they are connected in parallel?

Solution:
)] If connected in series then total power P to water will be given as
1 1 N 1
P PP,
ts 41 1t
H H'H
tS = tl + tz
(ii) Similarly, in parallel, we know total power, P = P; + P,
H H H tqt
So, —=—+— . tp=-L12
tp t1  t t1+t,

www.allen.in [25]



ALLEN JEE (Main + Advanced) : Physics

Illustration 30:
A heater coil is rated 100 W, 200V. It is cut into two identical parts. Both parts are connected together in

parallel, to the same source of 200V. Calculate the energy liberated per second in the new combination.

Solution:
2
74
P=F
2 2
Ve (200)°
R_T_ 100 = 4000

400
Resistance of half piece = = 2000

200
Resistance of pieces connected in parallel = - = 100Q2

2

Energy liberated/second = P = % = % = 400W A B c
Y Y
Illustration 31:
Three identical bulbs are connected in a circuit as shown. What S
will happen to the brightness of bulbs A and B if the switch is -V
closed?
Solution:

When switch Sis closed, current does not pass through bulb C. Hence total resistance decreases and current
passing through bulbs A4 and B increases. Brightness of bulbs A and B also increases.

Single Loop Circuit and Power Output, R for Maximum Power Output and
Maximum Current
Electric current in resistance

In a resistor current flows from high potential to low potential

i R i
"\ " \"\"\\s—o
A + iR - B

High potential is represented by positive (+) sign and
low potential is represented by negative (-) sign.

Va-Vg=1IiR
Vi R V2

—— AN\ —0

A IR B
If V1 > Vz

- ViV

Then current will flow from A to B,and i = —r
If Vi<V,
Then current will go from B to 4,and i = —“5
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Illustration 32:
Calculate current (i) flowing in part of the circuit shown in figure?

20

i
10V ——ANN—— 4y
A B
Solution:
6
Vi-Vg=ixR = i=5=3A Ans.
Illustration 33:

In the circuit given, find the potential difference across the resistance R;.

Ri= 20 Rz= 30

VWA VAAA
Vi V2
It
I T

V=10V

Solution:

The potential difference across R4
V. —V( R )—10( 2 )—41/
P7UA\R 4R, T T \243) 7

Illustration 34:

In the circuit given, find the current I, I;and/, in the circuit.

R=3Q

\4

I1 I2

[—

e=30V 1- R1=3Q Rz =64

Solution:

The resistance R;andR, are connected in parallel.

. 6X3 _

LR e [T — !

T 3427

=1 [Rliisz] =6 [3?%] =44

Y I DY I
and IZ—I[m:l —6[m] =24

www.allen.in
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Maximum Power Output
In the given electric circuit.
If we assume that potential at A is zero then potential at Bis € - Ir.
Now since the connecting wires are of zero resistance
Vo=Va=0 = Ve=Vp=¢-1Ir

Now current through CD isalsol (- it's in series with the cell)

_Ve=Vp  (e=Ir)—0 &
I = = R = Current!] = IR
2
Power output in R = P=IR= .
wer outpd (r+R)2
_ dp g2 2e%R g2
For maximum power supply = —= = [R+r — 2R]

dR  (r+R)2  (r+R)3  (R+71)3
For maximum power supply

dP -
—=0= r+R-2R=0 = r=R

dr
Here for maximum power output external
resistance should be equal to internal resistance. e )
Now, graph between 'P' and ‘R’ P ---— A ;L --------- .
Maximum power output at R | | i R
g2 £ £ R, R=1’ R: R
Prax=—"— = |=—"=—
r+R 2R
Now, from graph we can see that for a given power output there exists two values of external resistance.
_ &2R
- 2
(r+R)

P (r2+ 2rR + R?) = 2R
2
R2+<ZT—F>R+r2=O

Above quadratic equation in R has two roots R and R; for given values of g, P and r such that
RiR; =12 (product of roots)
rz= R1R2

Illustration 35:

How will you connect (series and parallel) 24 cells each of internal resistance 1) to get maximum power
output across a load of 10 Q27

Solution:

Suppose there are m rows and each row has n cells. The total number of cells is mn = 24.

ne
Here I = m
For maximum power, internal resistance equals the load resistance
nr

— = Rorn =10mor 10m? =24 orm = V2.4 = 1.55
m
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As, m should be an integer. Therefore,
If m=1,n=24,1=24e/34
24e

then Py = (57)x 10 = 4.98¢?

If m=2,n=12,1=12e/16

2
then P, = (%) x 10 = 5.625e2

So, we have two rows (m = 2) each containing 12 cells (n = 12) in series.

Kirchhoff's Law

There are two laws given by Kirchhoff for determination of potential difference and current in different
branches of any complicated network.

First law or junction rule
In an electric circuit, the algebraic sum of the current meeting
at any junction in the circuit is zero.
or
Sum of the currents entering the Junction is equal to sum of
the current leaving the Junction.
2i=0

il—iz—i3—i4+i5:0:i1+i5:i2+i3+i4

This is based on law of conservation of charge.

Relative Potential:

While solving an electric circuit it is convenient to choose a reference point and assigning its voltage as
zero, then all other potentials are measured with respect to this point. This point is also called the common
point.

Once potential has been allotted to each point, we write equations following Kirchhoff's Current Law
(Outgoing Current through a point will be equal to the incoming current). These equations can be solved
to give the potential at each point.

Illustration 36:
In the figure given beside find out the current in the wire BD

5Q
Cr NAN B
20v 10v
D AAYAYAY: A
2Q
Solution: V=+20V 50 V=0
Let at point D potential V = 0 and write the potential of c 4A 5A
other points.
10 10V
Then current in wire AD = ? =5AfromAtoD.
20 20V A +10V
Current in wire CB = ? =44 from Cto B.
o _ V=0
Current in wire BD =1 A from D to B. D 5A o A
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Illustration 37:

Find the current in each wire.

Solution:

|

G
J-30v |
B

Let potential at point A4 is 0 volt then potential of

other points is shown in figure.

40-0
Current in BG = T =40AfromGto B

Current in FC =

Current in DE =

0—(-30
2

0—(—40
2

=15AfromCto F

=20AfromDto E

Currentinwire AH=40-35=5AfromAto H

Illustration 38:

Find relation in between current iy, iz, i3, is, is and ie.

Solution:

14+ i-is-la+is+ie=0

Illustration 39:

Find the current in each wire.

F 1Q

E 2Q

E +10V

50V

20

20A
15A
. oV

H
-[ 5A
10V
[SA
oV &
A

r 10V

:§29
=30V

F

-30V

20 -40V
C

20A D

[30]
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Solution:

Let potential at point B = 0. Then potential at other points are mentioned.
Potential at E is not known numerically.

Let potential at E = x

Now applying Kirchhoff’s current law at junction E.

(This can be applied at any other junction also).

x—10 x-30 x+14
+ + =
1 2 2

4x =36 =x=9

Currentin EF = T =1AfromFtoE

Currentin BE = T = 10.5AfromBto E

9—(-14)
Current in DE = T = 11.5AfromEtoD

Illustration 40:
Find the potential at point A.
20V

20

— 15V

1Q 20
oO—AMAV—] —o -50V

1Q

-30V

Solution:

Let potential at A = x, applying Kirchhoff current law at junction A

x—20-10 x-—-15-20 x+45 x+30
+ + + =
1 2 2 1

2x—60+x—-35+x+45+2x+60
> =

=

= 6x+10=0
= x=-5/3

-5
Potential at A4 = ? %4

Second law or loop rule

In any closed circuit the algebraic sum of e.m.f.'s and algebraic sum of potential drops is zero.
YIR+YE=0

while moving from negative to positive terminal inside the cell. e.m.f. is taken as positive while moving in

the direction of current in a circuit the potential drop (i.e. IR) across resistance is taken as negative.

This law is based on law of conservation of energy.
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Illustration 41:
In the given circuit calculate potential difference between the points P and Q.

10 8V 12V 5q

P Q

b |

90
WA

Solution:
Applying Kirchhoff's voltage law (Moving clockwise starting from P)
I+8-12+21+9I=0

1
I—§A

Potential difference between the points Pand Q =9 X % = 3volt
or Vp+1+8-12+21=Vy= Vp-Vyp=3 volt.

Illustration 42:
In the given circuit calculate potential difference between A and B.

o A .
I L I
20 30 3Q 5Q
A B
Solution:
First applying KVL on left mesh
2-3L-21=0
[1=0.4 amp v 4 4V
Now applying KVL on right mesh. 1 !} L
4-5-3=0
L= 0.5 amp. 20 30 30 50
Potential difference between points A and B h Iz
Va+3 6L +4-31,=Vp A B
Va-Vg=-3%x04-4+3x0.5=-3.7Volt
Illustration 43:
Find current in the circuit.
20V 10
T L,
S 10
Tov o, 3
AAAA I
30 30V
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Solution:

20V i+
All the elements are connected in series current is all of D I—J\/\/\/—j_C
them will be same let current = i + 10 15V
4
Applying Kirchhoff voltage law in ADCBA loop _1 4Q 203
10 +4i-20+i+15+2i-30+3i=0 1oV — 2
. 30 Vi
10i=25 A|—>-/\/\/v~—|_ 3
i=254 v3- o 30v

Combination of Cells
Grouping of Cells
Cells in Series:

E1,R1 E2,R2 E3R3  EnRn
A e—fb—f—J—-jl—B = Ae——]|——B

Equivalent EMF
Eeg= E1 + Ex+..... +E, [write EMF's with polarity]
Equivalent internal resistance
Fegg=T1 + 1y +13+10+....+1,
If n cells each of emf E and internal resistance r are connected in series with an external resistance R, then
total emf = nE, so current in the circuit is

I= nk ErErErEr
nkE
If nr<<Rthenl= = Series combination is advantageous. a Upton
E vw
If nr>>Rthenl= - ——> Series combination is not advantageous. R
Note:
If polarity of m cells is reversed, then equivalent emf = (n-2m) E while the equivalent resistance is still
nr+ R, so currentin Rwillbe i = (=2m)E
nr+R
Illustration 44:
Find the current in the loop.
10 40V, 1Q
W L
gzm 20
J— 15V,2Q 10V, 1Q
Lww———T
30 20V, 1Q
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Solution:
The given circuit can be simplified as
€eq=40-15+20-10=35V 109 35V, 50Q
Feg=1+2+1+1=5Q WA |
Reg=1+4+3+2=10Q
.35 35 i
S S (P
7
= i= 5 A
& ri
i F—AMAA—
Cells in Parallel:
=] ) & & T2
Ve A et o _ 2, " |
€eq =7 1 1 [Use emf’s with polarity] ﬂ rs
/r1+ /r2+ ..... +1/ Ae Loy 0 | B
1 1 1 1 ' r
—=—t =+ L) AAAA
req 1 ) ™
If m cells each of emf € and internal resistance r be
connected in parallel and if this combination is connected
to an external resistance (R). rTTT upto m --------- i
Then equivalent emf of the circuit = € g r '
, | ——Mmww
Internal resistance of the circuit = a | r
€
€ me { | WA
and I= T = r
If mR<<r I
=1 Parallel combination is advant R
== — Parallel combination is advantageous. M
If mR>>r
I = % — Parallel combination is not advantageous.

Mixed combination:
mn = number of identical cells 1 2 3 m

n = number of rows |—| |—| [S— |

m = number of cells in each row

A B
If internal resistance of each cell is r, then the combination |—| |—| v ||
of cells is equivalent to single cell of \ ,,"
emf=mE L \ l_l l_l — | — ,."
mr \ !
and Internal resistance = — I —| |—| |—| F----1 | —
n n-rows
mE R
Current, | =—77 \/\/\/\/\/‘—
R+ —
n
For maximum current nR = mr
mr - . .
or R =— = internal resistance of the equivalent battery.
n
Loo_nE _ mE
max = 2r 2R
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Illustration 45:

Find the emf and internal resistance of a single battery which is equivalent to a combination of three

batteries as shown in figure.

10V 2Q
6V 1Q
—

4V 20

Solution:

Battery (B) and (C) are in parallel combination with opposite
polarity. So, their equivalent
10,4 6V 10 3V 10

2 = 5%2 = 3V, T‘BC =1Q _||—VN\NV‘_|| VWW

+

€pc =

NN
N

Now,

10V 20

g
®

©4V 20

Eapc = 6-3 = 3V, TaBc = 20

Illustration 46:

n rows each containing m cells in series, are joined in parallel. Maximum current is taken from this
combination in a 3Q2 resistance. If the total number of cells used is 24 and internal resistance of each cell

is 0.5 Q, find the value of m and n.
Solution:
Total number of cell, mn = 24

For maximum current,

mr
T:
= 0.5m = 3n
m=3—n=6n
0.5
6nxn =24
= n=2

and mx2=24

= m=12
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Galvanometer

The instrument used to measure strength of current, by
measuring the deflection of the coil due to torque produced
by a magnetic field, is known as galvanometer.

It consists of a pivoted coil placed in the magnetic field of a
permanent magnet. A spring is attached to the coil. In the
equilibrium position, with no current in the coil, the
pointer is at zero and spring is relaxed. When there is a

current in the coil, the magnetic field exerts a torque on the
coil that is proportional to current. As the coil turns, the
spring exerts a restoring torque that is proportional to the
angular displacement. Thus, the angular deflection of the
coil and pointer is directly proportional to the coil current
and the device can be calibrated to measure current.

I o<

Galvanometer is represented in circuit as follows:

—(o——

The rate of variation of deflection depends upon the
magnitude of deflection itself and so the accuracy of the
instrument.

. Current sensitivity
The ratio of deflection to the currenti.e. deflection per unit current is called current sensitivity (CS)
of the galvanometer

cs=2
I
. Voltage sensitivity

The ratio of deflection to potential difference i.e deflection per unit potential difference is called
voltage sensitivity (VS) of the galvanometer

V5=2
%

Shunt

The small resistance connected in parallel to galvanometer coil, in order to control current flowing through
the galvanometer, is known as shunt.

Merits of shunt:

(i) To protect the galvanometer coil from burning.

(ii) Any galvanometer can be converted into ammeter of desired range with the help of shunt.

(iii)  The range of an ammeter can be changed by using shunt resistance of different values.

Demerits of shunt:

Shunt resistance decreases the sensitivity of galvanometer.
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Conversion of galvanometer into ammeter

A galvanometer can be converted into an ammeter by connecting low resistance in parallel to its coil.

6
A 8
Wiy,
0 \\\\\\\m liitly,, ,\
\\\\\\\ ",/

) “\\\\: A

Ammeter is represented as follow -

(o) B 0
AC O o AO () OB
W N
Whole system is
known as Ammeter
If maximum value of current to be measured by ammeter is I then
IG - RG = (I—IG)S
I-.R
SZ}EIG
G
where [ = Maximum current that can be measured using IcRe
. [ le
the given ammeter. R S (6)
. | A0 Y oF
For measuring the current the ammeter is connected in —\MWWW
series. I-Re g

In calculation it is simply a resistance
R;.S

Resistance of ammeter R, = RIS
G

Note:

An ideal ammeter has zero resistance.

Illustration 47:

Find the current in the circuit (a) and (b) and also determine per
through an ammeter.

centage error in measuring the current

20 20

" L G

10v 'I: 10V

(a)

(b)

www.allen.in
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Solution:
Current in circuit (a) I = % =54
Current in circuit (b) = % =4A

I-r
Percentage error in measurement of current = e X 100 = 20%

Here we see that due to ammeter the current has reduced. A good ammeter has very low resistance as
compared with other resistors, so that due to its presence in the circuit the current is not affected.

Illustration 48:

When a shunt of 4€) is attached to a galvanometer, the deflection reduces to 1/5t. If an additional shunt of
2Q) is attached what will be the deflection?

Solution:
Initial condition: When shunt of 4Q2 is used,
1 4
- XG=—-1I%Xx4=G =160
5 5
!
I > I
G
al
5
WWW
S=40Q

When additional shunt of 2Q is used,

e U Ve SR,
ﬂ(”) 49G _ jL(I-I) G

WWW N %Q

WWW W

20

! _4' ! I
I'x16=5(-1) =1'=13

I
It will reduce to 1—3 of the initial deflection.

Conversion of galvanometer into voltmeter:
The galvanometer can be converted into voltmeter by connecting high resistance in series with its coil.
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It is used to measure potential difference across a resistor in a circuit.
IR,

|
v

A o—+—(G)—MwW—OB

—> Whole system is known
as voltmeter

AO—@—OB

For maximum potential difference,

V = IGR + IGRG
R = v R
=1 Re
For calculation it is simply a resistance
Ry
AO ) OB = —MW—

Resistance of voltmeter,

Ry =R;+R

LoV

¢ " R;+R

Note:

A good voltmeter has high value of resistance.
Ry=Rs;+R =R

Ideal voltmeter = R — o

Illustration 49:

A 100-volt voltmeter of 20 kQ resistance is connected in series to a very high resistance R. When it is joined
in a line of 110 volt, it reads 5 volt. What is the magnitude of resistance R?

Solution:
When voltmeter is connected in 110-volt line, current through the voltmeter I = L%
(20x10°+R)
The potential difference across the voltmeter V= IR,
5 _ 110x20x10°
(20x103+R)
= 20 X 10® + R = 440 x 103
= R =420 x 1030

=

Illustration 50:
A galvanometer having 30 divisions has current sensitivity of 20 pA/division. It has a resistance of 25Q.

)] How will you convert this galvanometer into an ammeter of range 1 ampere?
(i) How will you convert this galvanometer into a voltmeter of range 1 volt?
Solution:
The current required for full scale deflection, I, = 20uA X 30 = 600uA = 6 X 1074
)] To convert it into ammeter, a shunt is required in parallel with it
—4
Shunt resistance R; = IgRg = ( 6x10 — >25 = 0.015Q
(U=Ig)  \1-6x107*
(i) To convert galvanometer in voltmeter, a high resistance is required in series with it
Series resistance R = IK —Ry = 1 —-25 =1666.67-25 = 1641.67Q
9 6x10
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Illustration 51:

How can we convert a galvanometer with R; = 20 Q and I; = 1.0 mA into a voltmeter with a maximum

range of 10 V?

Solution:
V = I,Rs + IR,
10=1Xx103 X Rg+1x 1073 x 20

_10-0.02 _ 9.98

R — - -9980 0
ST 1x1073 1073

Verification of Ohm's Law Experiment
Verification of Ohm's law using voltmeter and ammeter
Ohm's law states that the electric current I flowing through a conductor is directly proportional to the
potential difference (V) across its ends provided that the physical conditions of the conductor (such as
temperature, dimensions, etc.) are kept constant. Mathematically,

Vel or V=IR
Here R is a constant known as resistance of the conductor and depends on the nature and dimensions of
the conductor.
Circuit Diagram: The circuit diagram is as shown below:

Rh

Procedure: By shifting the rheostat contact, reading of ammeter and voltmeter are noted down. At least
six set of observations are taken. Then a graph is plotted between potential difference (V) across R and
current (/) through R. The graph comes to be a straight line as shown in figure.

Result: It is found from the graph that the ratio V/I is constant. Hence, current voltage relationship is
established, i.e. V oc I. It means Ohm's law is established.

1 1 : 7| B
As 1= (E) V, find the slope of I - V curve and equate it to 7
%
| ! 3
PC=Uup TR 4
1 A P
Get R >V

~ Slope of I—V graph
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Illustration 52:

If emf of battery is 100 V, then what was the resistance of Rheostat adjusted at 2nd reading
(I=2A4,V=20V).

Rrh I 1

M P S
I Eul B

(Drawn across R)

I 100v R b
1020 30 40 vV
(A) 10Q (B) 20Q (C) 30Q (D) 40Q2
Solution:
1 1

From the curve slope=— = — = E ;R=10Q

_ f 100
For second reading, I = = = R#y=40Q

Illustration 53:
Iv/s V curve for a non-ohmic resistance is shown. The dynamic resistance is maximum at point

IA

(A) a (B)b Qc (D) same for all
Solution:

. . dv 1 1
Dynamic resistance, R=— = =
dl dI/dv slope

At point a, slope is min, so R is max.

Illustration 54:
If by mistake, Ammeter is connected parallel to the resistance then I-V curve expected is
(Here I = reading of ammeter, V = reading of voltmeter)

-
' Rh
AAAA
®
11 1t 1t 11
(A) (B) @ (D)
>V Vv Vv »V
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Solution:

As ammeter has very low resistance most of current will pass through the ammeter so reading of ammeter (/)
will be very large. Voltmeter has very high resistance so reading of voltmeter will be very low. Therefore,
most appropriate answer is option C.

Wheatstone Bridge C

The arrangement as shown in figure of five resistors is known as R Ro

Wheatstone bridge. A B

Here there are four terminals in which except two all are connected to R4 @ R

each other through resistive elements. D

In this circuit _| E R
Ri R3

IfR{R, = R2R3OrR_2 = R_4 thenV, =V, and current in Rg = 0. This is

called balance point or null point i.e. current through the galvanometer

is zero.

Here in this case products of opposite arms are equal.

Potential difference between C and D at null point is zero and wheatstone
arrangement is said to be balanced. Hence, here the circuit can be
assumed to be following for calculating R.; across AB.

Note:
The null point is not affected by resistance Rs, E and R.

It is not affected even if the positions of Galvanometer and
battery (E) are interchanged.

R R
) IfR_l < R_3 then V¢ > Vp and current will flow from C to D.
2 4
Ry Rz .
) IfR— > R_ then V¢ < Vp and current will flow from D to C.
2 4

Illustration 55:

In the adjoining network of resistors each is of
resistance r . Find the equivalent resistance
between point A and B.

Solution:

Given circuit is balanced Wheatstone Bridge.
1 1 1 1

RAB_ZT' 2r T
RA3=I‘

r C
B

>
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Illustration 56:
For the following diagram the galvanometer shows zero deflection then what is the value of R?
Solution:

For balanced Wheatstone bridge

100 200 100+R

100R_ = 4o = R
(100+R)
100+ R=5R = R=$=25!)

Post Office Box

A post office box is a compact form of Wheatstone bridge with the help of which we can measure the value
of the unknown resistance correctly up to 2nd decimal place, i.e., up to 1/100th of an ohm correctly.

In figure (a), each of the arms AB and BC contains three resistances of 10, 100 and 1000 ohm. These arms
are called the ratio arms. The third arm AD, called the resistance arm, is a complete resistance box
containing resistances from 1Q to 5,000 Q. The unknown resistance X constitutes the fourth arm CD. Thus,
the four arms AB, BC, CD and AD are infact the four arms of the Wheatstone bridge (figure (b)).

A cell is connected between A and C with key K; and Galvanometer is connected between B and D with key K.

X
ANANN-

A 000__100__10 B 10 100__1000_|C
):(P):( 2 ):(Q):( T &<

1

\ !

v1 2 2 5110 2 20 50
't 't I'T I ):()Z():()rLl

5 Ro®
D 50‘(‘)0 20002000 1009 500 20 200 100 —_
LY, SR e G G e G x G e G ):():rl -
1
\ 'rkl 'rkz
-4

\\__j

e—————

o r
@) (b)

Working: The working of the post office box involves broadly the following four steps:

L. Keeping R zero, each of the resistances P and @ are made equal to 10 ohm by taking out suitable
plugs from the arms AB and BC respectively. After pressing the battery key first and then the
galvanometer key, the direction of deflection of the galvanometer coil is noted. Now, making R
infinity, the direction of deflection is again noted. If the direction is opposite to that in the first case,
then the connections are correct.

1L Keeping both P and Q equal to 10€, the value of R is adjusted, beginning from 1€, till 1Q increase
reverses the direction of deflection. The 'unknown' resistance clearly lies somewhere between the
two final values of R.

X—RQ—Rlo—R]
TP 10

As an illustration, suppose with 4Q resistance in the arm AD, the deflection is towards left and with
5Q), it is towards right. The unknown resistance lies between 4Q and 5Q.
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III.

IV.

Making P 100 Q and keeping Q 10 €, we again find those values of R between which direction of
deflection is reversed. Clearly, the resistance in the arm AD will be 10 times the resistance X of the

wire.

Q 10 R

¥ = #5=R555= 15
In the illustration considered in step I, the resistance in the arm AD will now lie between 40 Q, and
50 Q. So, in this step, we have to start adjusting R from 40 Q onwards. If 42 Q) and 43 Q are the two
values of R which give opposite deflections, then the unknown resistance lies between 4.2 Q2 and 4.3 Q.

Now, P is made 1000 Q2 and Q is kept at 10 Q2. The resistance in the arm AD will now be 100 times
the 'unknown' resistance.
10 R

X =R1000~ 100

In the illustration under consideration, the resistance in the arm AD will lie between 420 Q and 430 Q.
Suppose the deflection is to the right for 426 ohm, towards left for 424 ohm and zero deflection for 425 Q

then, the unknown resistance is 4.25 Q.

Resistance in the Resistance . ) Unknown resistance
No. . . Direction of
f Ratio arms i arm deflection left or X Q X R
0 =
AB (P) BC(Q) AD (R) ) P
Obs. right
(Ohm) (Ohm) (Ohm) (Ohm)
4 left
1. 10 10 . (4-5)
5 Right
40 Left (large)
50 Right (large
2. 100 10 ght (large) (4.2 -4.3)
42 Left
43 Right
420 Left
424 Left
3. 1000 10 - 4.25
425 No deflection
426 Right

Illustration 57:
While using a post office box the keys should be switched on in the following order:

(A) First cell key and then galvanometer key. (B) First the galvanometer key and then cell key.
(C) Both the keys simultaneously. (D) Any key first and then the other key.
Solution:

First cell key and then galvanometer key.

Meter Bridge

It is based on principle of Wheatstone bridge.

It is used to find the value of unknown resistance of wire.

[44]

www.allen.in



Current Electricity and Capacitance ALLEN

Resistance Box (known)

/ X (unknown)

Thick connecting
d wires (Strips)

of negligible
C resistance)

IfAB = ¢ cm, then BC = (100 - #) cm.

Resistance P of the wire between A and B will be proportional to £ i.e., P oc £

[+ Specific resistance p and cross-sectional area A are same for whole of the wire]

Similarly, if Q is resistance of the wire between B and C, then

Q x100-7¢
P £
50, Q ~ 100-2
Applying the condition for balanced Wheatstone bridge, we get
RQ = PX
X= R% or X= 103,_{)R

Since R and £ are known, therefore, the value of X can be calculated.

Note:
For better accuracy, R is so adjusted that # lies close to 50 cm.

End Corrections

In meter Bridge circuit, some extra length comes (is found under metallic strips) at end point A and C.
So, some additional length (o and 3) should be included at ends for accurate result. Hence in place of £ we
use £ + o and in place of 100 - £, we use 100 - £ +  (where o and 3 are called end correction). To estimate

o and 3, we use known resistance R; and R; at the place of R and X in meter Bridge.
Suppose we get null point at ¢; distance then

Rq €1 +a .

—_—=— (1)

R, 100—-¢,+p

Now we interchange the position of R; and Rz, and get null point at /; distance then

RZ €2+a
—_— = ..(ii)
Ry  100—45+p
Solving equation (i) and (ii) get,
Ry?1—Rq? Rif1—Ry?
_MetamRaty  qpoatiTetz oo

an
R1—R; R1—R;
These end corrections (o and 3) are used to modify the observations.
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Illustration 58:
If we used 100Q and 200Q resistance in place of R and X, we get null deflection at #1 = 33.0cm. If we

interchange the Resistance, the null deflection was found to be at 2 = 67.0 cm. The end correction o and 8
should be :

(A)o =1cm, B =1cm (B)a =2cm, B =1cm
(O a=1cm,B =2cm (D) None of these
Solution:
Ry?1—R1f,  (200)(33)—(100)(67)
= Ry—R, 100—200 =1lcm
_Rit1-Rpts 100 — (33)(100)—(200)(67) 100 = 1em
R{—R, 100-200

Illustration 59:

If the unknown Resistance calculated without using the end correction, is R1 and with using the end
corrections is R; then (assume same end correction)

(A) R1 > R, when balanced point is in first half (B) R1 < R, when balanced point is in first half
(C) R1 > R when balanced point is in second half (D) R1 > Rz always
Solution:
£ {+a
Ri=X(mo0mp) + Re=X (100—£’+B)
If balance point is in first half say £ = 40
40 41
Ry =X (¢g) ; Ry =X(g7)s0.R, >Ry
If balance point is in second half say £ =70
70 71
Ry =X (55) ; Ry =X(37)s0.Ry < Ry
Potentiometer

Necessity of potentiometer

Practically voltmeter has finite resistance. (ideally it should be ) in other words it draws some current
from the circuit. To overcome this problem potentiometer is used because at the instant of measurement,
it does not draws current from the circuit.

A potentiometer is a linear conductor of uniform cross-section with a steady current set up in it. This
maintains a uniform potential gradient along the length of the wire. Any potential difference which is less
than the potential difference maintained across the potentiometer wire can be measured using this.

The wire should have high resistivity and low expansion coefficient.

For example: Manganin or, Constantine wire etc.

Circuit of Potentiometer
Rh(0-R1)

E r
——— | —WWW—O)—WMA—
Primary circuit T—

- L-—=—— >
A B
Secondary circuit \wire

E G E’ <E
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Primary circuit contains constant source of voltage rheostat or Resistance Box.

Secondary circuit contains galvanometer and unknown cell.
Potential gradient (x) (V/m)

The fall of potential per unit length of potentiometer wire is called potential gradient.

Y = V _ currentXresitance of potentiometer wire _ I Rp
L length of potentiometer wire T\ L

Illustration 60:

A Potentiometer wire of 10 m length and having 10 ohm resistance, emf 2 volts and a rheostat. If the

potential gradient is 1 micro volt/mm, the value of resistance in rheostat in ohms will be:

(A) 1.99 (B) 19.9 (C) 199 (D) 1990
Solution:
£=10m, R =10Q,
E=2 VOltS,% = 1uV/mm
av. 1x107° 3
27~ Ix10-3 V/im=1x10"V/m
_ _ av S
Across wire potential drop,a X¥=1x10" x 10 = 0.01 volts
I = % =0.001 = L,(R’ = resistance of rheostat)
R+R
R =L—R -2 10 = 2000-10 = 1990Q
0.001 0.001
Application of Potentiometer
(A) To measure unknown emf of cell er
The unknown voltage V is connected across the potentiometer wire Ad e lB
as shown in figure. The positive terminal of the unknown voltage is — _’
kept on the same side as of the source of the top most battery. When
reading of galvanometer is zero then we say that the meter is + -
balanced. In that condition V = x?.
(B) To find emf of unknown cell and compare emf of two cells gl’lr
In case |, In figure, (2) is joint to (1) then balance length = ¢, . ‘
& =xt; (1)
In case 1], In figure, (3) is joint to (2)
Then balance length = £, {1
gy = xt, (2) &L n %(B
a_%4t 3
&g 4, |
If any one of &; or &; is known the other can be found. If x is et
known then both €1 and €; can be found.
www.allen.in [47]
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In an experiment to determine the emf of an unknown cell, its emf is

compared with a standard cell of known emf &1 = 1.12 V. The balance ‘
point is obtained at 56 cm with standard cell and 80 cm with the
unknown cell. Determine the emf of the unknown cell.

Solution: eurt 1 é)
Here, & =1.12V;#1=56cm; ¥, =80cm 2
Using equation I 3
€1 =x{1 (1) €2, T2
€2 = sz (2)
We get, 2L = 21 = ({)—2) —112(@)—16VA
ege,az—f2 = &5 =g 7, ore, = 1. zg) = 1. ns.
Q To find current if resistance is known [
VA_ VC = X‘€1 C
X'€1 A
IR1=x{’1;I=R—1 /1
Similarly, we can find the value of R; also. R R
1 2
Potentiometer is ideal voltmeter because it does not draw |
any current from circuit, at the balance point. 'fg
(D) To find the internal resistance of cell
|
I I
‘ ‘4— ----- ) — > ‘
e'r’ é)
li
R (known)
1st arrangement 2nd grrangement
By first arrangement, €’ = x£1 -(1)
By second arrangement, IR = x¥>
_ Xty
I'==%
gl
AlSO I = m
g xtp
r+R R
xt) _xl
r+R R
N 7
- = [ %) ] K
[48] www.allen.in
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Illustration 62: € K1
The internal resistance of a cell is determined by using a potentiometer. In an — ¢ o—
experiment, an external resistance of 60€) is used across the given cell. When A B
the key is closed, the balance length on the potentiometer decreases from € r @
72 cm to 60 cm. calculate the internal resistance of the cell. t 9 K,
Solution: "_W"RW_?
According to equation,

& = x¥, (i)

V=IR=x? .(ii)

=L ..(iii)
From equation (i), (ii) and (iii) we get

r=R ({)70 - 1)
Here £9=72cm; £ = 60 cm; R= 60 Q

r=(60)(=—1)or r =120
Note:
(a) If same polarity of 1 cell and 2 cell are not connected with each other then balancing condition

(null deflection) cannot be obtained.
(b) If potential drop across wire is less than potential drop of secondary circuit then balancing

condition cannot be obtained.

Difference between potentiometer and voltmeter
Potentiometer Voltmeter

It measures the unknown emf very accurately
While measuring potential difference the
resistance of potentiometer becomes infinite.

It is based on zero deflection method.

It has a high sensitivity.

It is used for various applications like
measurement of internal resistance of cell,
calibration of ammeter and voltmeter,
measurement of thermo emf, comparison of
emfs etc.

It measures the unknown emf
approximately.

While measuring emf it draws some current
from the source of emf.

Its sensitivity is low.

While measuring unknown potential
difference the resistance of voltmeter is
high but finite.

It is based on deflection method.

It is only used to measure unknown

potential difference.

Sensitivity:
It is the ability of potentiometer to read very small value of potential difference easily.

So, sensitivity is inversely proportional to potential gradient of potentiometer wire.

Sensitivity o 1 o k4 o Length of wire
ensitivity P.G. — V " potential drop across wire
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Half Deflection Method
Aim:

To find the resistance of a galvanometer by half deflection method and find its figure of merit.

1

K R
- (}—IRB]
G) >
2
| RB —+

The connections for finding the resistance of a galvanometer by the half deflection method are shown in Fig.

_<_+|E
y

Theory:

When the key K; is closed, keeping the key K> open, the current I, through the galvanometer is given by

E
9 = R¥c where E = E.M.F. of the cell.
R = Resistance from the resistance box R.B.
G = Galvanometer resistance.

If 0 is the deflection produced, then
— = k6 (1)

If now the key K3 is closed and the value of the shunt resistance S is adjusted so that the deflection is
reduced to half of the first value, then current flowing through the galvanometer I is given by

. E ( S \ k6
g GS G+5>_7
R+G+5
,___ES ke
or Ig—m—z (2)

Comparing (1) and (2), we get
(R+G)2S=R(G+S)+GS

_ __ RS
or (R—S)G =RS or G = R_—S

R
If the value of R is very large as compared to S, then RS is nearly equal to unity. Hence

G=S

Figure of Merit:

Figure of merit of a galvanometer is that much current sent through the galvanometer in order to produce
a deflection of one division on the scale.

If k is the figure of merit of the galvanometer and ‘0’ be the number of divisions on the scale, then current
(I5) through the galvanometer is given by
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Precautions:

1. The value of ‘R’ should be large

2. To decrease the deflection, the shunt resistance should be decreased and vice-versa.

3. In this method it is assumed that the deflection is proportional to the current. This is possible only

in a Weston type moving coil galvanometer.
4. The connections must be tight and the ends of connecting wires should be cleaned.

Illustration 63:

The series combination of variable resistance R, one 100 Q resistor and moving coil galvanometer is
connected to a mobile phone charger having negligible internal resistance. The zero of the galvanometer
lies at the centre and the pointer can move 30 division full scale on either side depending on the direction
of current. The reading of the galvanometer is 10 divisions and the voltages across the galvanometer and
100 Q resistor are respectively 12 mV and 16 mV.

1. The figure of merit of the galvanometer in microampere per division is:
(A) 16 (B) 20 (©) 32 (D) 10
2. The resistance of the galvanometer (in Q2) is:
(A) 50Q (B)75Q (1000 (D)80Q
Solution:
R

Wiﬁ?ﬁz@

EEYT I
| MP |
10,6 = 12 x 1073
104,(100) = 16 x 1073 = 103, =16x%x1073 = I =16x10°4
G 3
— == = G=75Q
100 4

Resistance Calculation of Complex Circuits
Unbalanced Wheatstone Bridge

10Q
Illustration 64: 100Q2

The four arms of a Wheatstone bridge (Fig.) have the A C
following resistances: AB = 100Q, BC = 10Q, CD = 5Q,
and DA = 60Q. A galvanometer of 15Q resistance is 600 5Q
connected across BD. Calculate the current through the

maintained across AC.

galvanometer when a potential difference of 10V is D
|
I
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Solution:
Consider the mesh BADB, we have
100/, + 151,- 601, = 0
Or 201 +314,-121, =0 (1)
Considering the mesh BCDB, we have
10(1y-1,)-151,-5(1, +1;) = 0
101,-3014-5I, =0
2I;-6l3-1, =0 -(2)
Considering the mesh ADCEA,
60L, +5(I, +1;) = 10

13+ 1, =2 (3)
Multiplying equation (2) by 10

201;-601,-101, =0 .(4)
From equations (4) and (1) we have

631,-21, =0

I, =315l (5)

Substituting the value of I; into equation (3), we get
13(31.51)) + 1, = 2
410.51; = 2
Iy = 4.87mA

Symmetrical Circuits:

Some circuits can be modified to have simpler solution by using symmetry rules. One should note that if
these are solved by traditional method of KVL and KCL then it would take much more time.

Mirror symmetry:

(D It is applied along perpendicular bisector of line AB (4 and B are the points about which R, is to
be calculated)

(2) We can remove resistances and junctions which are on the line of symmetry.
(3 Point on line of symmetry are equipotential points.
Folding symmetry:

(D It is applied along line AB.
(2) We can fold the circuit about line of symmetry

(3) When we fold the circuit the parallel combination of resistance can be solved easily.
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Illustration 65:

Find the equivalent Resistance between A and B

Solution:
Let’s use folding symmetry about line AB.
Circuit can be simplified as per folding symmetry.

R E R

AO

CD

Now, it is Balanced Wheatstone bridge

R E R
A AN WE\/‘ B
R/2 R/2
R/2
CD
2RXR 2R
Req:_:_
2R+R 3

Illustration 66:

Find the equivalent Resistance between P and Q
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Solution:

Here both folding and mirror symmetries exists. Let’s start solving using folding symmetry.

Here V,=V;andVy =Vp

R R
A ANMA AAAAA, B

R/2
R/2 R/2 R/2

R/2

Here the circuit can be further simplified using mirror symmetry and junction can be removed.

R R
A ANMA, AAAAA/ B
R/2 R/2
R/2 / / R/2
R/2

This circuit can be simplified as

2R
A AN B
R/2 R/2
R/3
2R
A—F—w "—F—B
—AMWA—
4R/3
2R><ﬂ 4R
-3 ==
Reg="Tor =77
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CAPACITANCE

A capacitor can store energy in the form of potential energy in an electric field. In this chapter we'll discuss

Introduction

the capacity of conductors to hold charge and energy.

Capacitance of an isolated conductor
When a conductor is charged its potential increases. 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.

q = charge on conductor

V = potential of conductor

qeV =q=CV
Here C is proportionality constant called capacitance of the conductor.

Illustration 67:
When 30uC charge is given to an isolated conductor of capacitance 5puF. Find out the Potential of the
conductor.
Solution:
Q =30uC
C=5uF
Q 30

V===—=6V
¢ 5

Illustration 68:

Two insulated conductors are charged by transferring electrons from one conductor to another.
The potential difference of 100 V was produced on transferring 6.25 x 1015 electrons from one conductor
to another. The capacity of the system will be.

Solution:

Q ne
=(C(V=>C===—
¢ =z Vv v

Given V = 100volt; n = 6.25 x 1015
6.25x1015x1.6x10719

C= = 104F
100 K

Definition of capacitance:

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

Unit and dependency of capacitance of an isolated conductor:
(i) It is a scalar quantity.
(ii)  Unit of capacitance is farad in SI units and its dimensional formula is M~1L72]2T*
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(iii) 1 Farad: 1 Farad is the capacitance of a conductor for which 1 coulomb charge increases potential
by 1 volt.

1 Coulomb

 1Volt

1uF =10 °F,1nF =10° For 1 pF = 10712F

(iv) Capacitance of an isolated conductor depends on following factors:

1 Farad =

(a) 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 does not depend on
(a) Charge on the conductor

(b) Potential of the conductor

Capacitor
Definition
A capacitor or condenser consists of two conductors separated by an insulator or dielectric. Having

opposite charges on which sufficient quantity of charge may be accommodated.

Principle Q
It is based on the fact that if an identical earthed conductor is placed
in the vicinity of a charged conductor then the capacitance of the
charged conductor increases appreciable.

Consider a conducting plate M which is given a charge Q

+ 4+ 4+ + + +
=

+ 4+ + + + +

Such that its potential rises to V then,
c=9

4 Q

Let us place another identical conducting plate N parallel to it such

+j+ -+
that charge is induced on plate N (as shown in figure). If V_ is the " " i N
potential at M due to induced negative charge on N and V. is the +i + -+
potential at M due to induced positive charge on N, then : : - :
C, = 2 = L + + — +

Ve v+ V=1 M N

Since V' < V (as the induced negative charge lies closer to the plate M

e}

in comparison to induced positive charge). = C' > C Further, if N is

earthed from the outer side (see figure) then V"=V, - V.

(. The entire positive charge flows to the earth)

H_Q_ Q n !

+ + + + + +
| |
|||"J
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Circuit Representation:

The capacitor is represented as following:

Type
Based on shape and arrangement of capacitor plates there are various types of capacitors.
(a) Parallel plate capacitor (b) Spherical capacitor (c) Cylindrical capacitor

Parallel Plate Capacitor:

Capacitance
It consists of two metallic plates M and N each of area A at +G 5
separation d. Plate M is positively charged and plate N is Area=A
earthed. If & is the dielectric constant of the material -
medium and E is the field at a point P that exists between the M——B N
two plates, then - ’__l_
Step-1: Finding electric field, =
o o o o
E=EsHE =g+ 3272 7 g [£7 05
Step-1I: Finding potential difference,
—pg =9 g 99 (.p_V _4
V==Ed = £oér d ~ Agper ( E_d anda—A)
Step- III: Finding capacitance,
_q_ ErgpA
C=y="4a
Dependency:
Capacitance of a capacitor depends on
(a) Area of plates. (b) Distance between the plates. (c) Dielectric medium between the plates.

Illustration 69:
The capacitance of a parallel plate capacitor is 10 uF when distance between its plates is 8 cm. If distance
between the plates is reduced to 4 cm, its capacitance will be-

Solution:
gA , &A
C=—-::;C=—
d d
d = d
2

C' = 2C = 20uF

Illustration 70:
The capacitance of a parallel plate capacitor is 12pF. If the distance between its plates is reduced to half
and the area of plates is doubled, then the capacitance of the capacitor will become
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Solution:
C= 12 yF
, d
d=7
A '=2A
¢ A'd
T g=2x2=4
=  C' =4C =4 X 12uF = 48uF

Illustration 71:

magnitude of force on the charged particle of 'q' at a distance 'I' from the

Q -Q
The plates of small size of a parallel plate capacitor are charged as shown. The m m
°q

capacitor is : ( Assume that the distance between the platesisd << 1) . ,
Solution: /
The two plates acts as a dipole
The magnitude of force on charge q ; +8 ;Q 3
o - 2kQd Qqd e >
IFI=1Elq ( 43 ) a 2meyt3

Types of Capacitors
Based on shape and arrangement of capacitor plates there can be various other types of capacitors :

(1)
(i)

Spherical capacitor
Cylindrical capacitor

Spherical Capacitance

Capacitance of an Isolated Spherical Conductor
Let there is charge Q on sphere of radius R.

Hence by formula:

Capacitance of an isolated spherical conductor — C = 4neoR

(a)

(b)

Cmedium

KQ
Potential V = ?

CKQ
Q=CV—>Q=_R — C=4neoR

If the medium around the conductor is vacuum or air.

Cvacuum = 4€oR [R = Radius of spherical conductor. (may be solid or hollow.)]

If the medium around the conductor is a dielectric of constant K from surface of sphere to
infinity then

Credium = 4m€oKR

= K = dielectric constant
Cair/vaccum

[58]
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Illustration 72:
Find out the capacitance of the earth? (Radius of the earth = 6400 km)
Solution:

6400x103

C=4neo)R=———=711 uF
o 9x109 H

Capacitance of spherical capacitor

(a) Outer sphere is earthed
When a charge @ is given to inner sphere it is uniformly distributed on its surface, A charge -Q is
induced on inner surface of outer sphere. The charge +@Q induced on outer surface of outer sphere
flows to earth as it is grounded.
E=0 for r<a
and E=0 for r>b
This arrangement is known as spherical capacitor.

: : Q —Q Q (b-a
Potential of inner sphere, Vi = + =
4mega  4megb 4meg \ ab

As outer surface is earthed so potential

V,=
[KQ KQ [KQ KQ KQ KQ
Vy =
b
c ab 47'[60 ab
- Vl_ 2 Q—Q_ K(b—a) N b—a
a b
47T60ab
" b-a
If b >> a then C = 4nepa (Like isolated spherical capacitor)
4-7TEO erz ab
If dielectric mediums are filled as shown then: C = T

Illustration 73:

The stratosphere acts as a conducting layer for the earth. If the stratosphere extends beyond 50 km from
the surface of earth, then calculate the capacitance of the spherical capacitor formed between stratosphere
and earth's surface. Take radius of earth as 6400 km.
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Solution:

ab
The capacitance of a spherical capacitor is C = 4meg (b—a)
b = radius of the top of stratosphere layer = 6400 km + 50 km = 6450 km = 6.45 x 106 m
a =radius of earth = 6400 km = 6.4 x 106 m
1 6.45x10°x6.4x10°

C = x
9%x10° 6.45%10°-6.4%106

=0.092F

(b) Inner sphere is earthed
Here the system is equivalent to a spherical

capacitor of inner and outer radii a and b Qe (Q-Q’) on outer

respectively and a spherical conductor of surface

radius b in parallel. This is because
charge Q given to outer sphere distributes
in such a way that for the outer sphere

a
charge on the inner side is ’ Qand

Charge on the outer side is

a  (b-a) +
0-30="%

So total capacitance of the system 7

+4meb

ab
C=4n €0
b

_ 47T€0b2
~ b—a

Cyllindrical Capacitance

There are two co-axial conducting cylindrical surfaces where ¢ >> a and ¢ >> b, where a and b are radius

of cylinders.

When a charge Q is given to inner cylinder it is uniformly distributed on its surface. A charge -

Qisinduced

on inner surface of outer cylinder. The charge +Q induced on outer surface of outer cylinder flows to earth

as it is grounded.

2 Q/¢

Electrical field between cylinders, E = e =
mEYT  2TEYT

Potential difference between plates

b
_ Q _ e b
V= L 2megrt dr = ZnEOEEn (a)

Capacitance per unit length
A 477,'60 277,'60

A
C=—= =
14 2K/11‘,’n2 24n— Ené
a a a

277.'60

Capacitance per unit length = {,_b F/m
n—
a

[60]
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Illustration 74:

A cylindrical capacitor has two co-axial cylinders of length 15 cm and radii 1.5 cm and 1.4 cm. The outer
cylinder is earthed and the inner cylinder is given a charge of 3.5 uC. Determine the capacitance of the
system and the potential of the inner cylinder.

Solution:

/=15cm=15x%x10-2m; a=14cm=14%x102m
b=15cm=1.5x102m; q=3.5uC=3.5x10-¢C

Canacit c 2meg!l 2mXx8.854X10 12x15x10 2
apacitance C = DN — 1.5%10-2
2.303 lOgIO(E) 2.303 lOglom

=1.21x10-10F
Since the outer cylinder is earthed, the potential of the inner cylinder will be equal to the potential
difference between them. Potential of inner cylinder, is

Work done by external agent to charge a conductor

Work has to be done to charge a conductor because charge present on it will repel the next incoming

charged element.

Let at any instant charge of conductor is g and

potential is V.

Work done by external agent to bring small charged

element dq from infinity to surface of conductor.
dw=dq [Vi-Vi], Vi=V.=0, V=V

———cmmemmeemeenaa 40
dw = dq [V-0] dq |
E—
dw="Vdq F
[dw = [V.dq
V=q/C
Work done by external agent to charge the conductor from g to gz is
qz W) 2_ 42
B _1(e _2~n
W—f c-dqg = W—C<2) = W=-55
q1 q1

q1=CVy, q2=CV>

Work done by external agent to increase the potential of conductor from V; to V>
C
W= E(sz - V)
ForOtoV

C 1
=2 (V2= 0%) = =CV2
w=3( ) =3
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Potential energy of a charged conductor
Since electrostatic field is conservative field and in conservative field work done by external agent is stored

in form of potential energy.

* Potential energy of conductor will be stored in form of electric field.
* Potential energy of a conductor which is charged by V potential is given by
2

P.E. = Wex, Uz%CVZ :%QVZS_

Potential Energy of Conducting Sphere:

1 1 Q2
= - 2:— [rf—
U 2CV 2QV °C
C=4ngoR

1 2
U=- ¢

24megR

K 2
i

2R

Self-potential energy of spherical conductor.
This potential energy is stored in the form of electric field.

Illustration 75:

When 30uC charge is given to an isolated conductor of capacitance 5puF. Find out the energy stored in form
of electric field in the conductor.
Solution:
Q1=30uC, Ci=5pF
1Q _1peace? o
2C 2 (5%x1079)

Energy of parallel plate capacitor:
2 +0 -G

Energy stored in capacitor = — putting the value of Area=A
2C
capacitance for parallel plate capacitor v
2 2 M—7—
y 1@ _ (02 d E=—
2cCc 2 goA - = 1_
1 a? -
U=—\Ad) — ]
2 ( ) €9 d
Energy density
u o* 1 2 . . a
—=—== €, E” (here Visvolumeie.Adand E = =)
Vv 260 2 €

1
Once it is established that a region containing electric field E has energy — €o E? per unit volume, the

result can be used for any electric field whether it is due to a capacitor or otherwise.
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Illustration 76:

The work done against electric forces in increasing the potential difference of a condenser from 20 V to
40 Vis W. The work done in increasing its potential difference from 40 V' to 50 V will be

Solution:

1,01, 1
W=Us-Ui== CV§- = CVi = = C(402-20%) W= 600 C
2 2 2
Wi=2 c(50%- 409 = -2 ¢
1=7 ¢ ) =7
900 W 3
' 2 600 4

Illustration 77:

The plate separation in a parallel plate condenser is d and plate area is A. If it is charged to V volt and
battery is disconnected then the work done in increasing the plate separation to 2d will be:

Solution:

As battery is disconnected, charge remains constant in the work process.

Work done = final potential energy - initial potential energy

_Q* Q7 _Qz{l 1}

T2c 2c0” 2lc c°
AS()V AEO , AEO
Where, Q = CV = ; C=—2; =—
d d 2d
80V2A

Now, work done =
2d

Illustration 78:

1
A capacitor of capacitance guF is connected to a battery of 300 volt and charged. Then the energy stored

in capacitor is:
Solution:

1
U= ECV2 =1.5x%x107%]

Meaning of Equivalent Capacitor:

(a) Replacing the given capacitor network between two terminals by a single capacitor so that this
single capacitor produces the same electrical effect when connected between the same two
terminals instead of the original capacitors network.

(b) Capacitance of this single capacitor which can be used to replace the original capacitor network is
termed as equivalent capacitance of the given network.

Ry
' H L | -~

- <

<l
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(© Here same electrical effect refers to the charge flown through the battery or charge transferred
between the terminals plates of capacitors connected to battery. It could also be understood in
form of energy stored being same in two cases i.e. when original capacitor network is connected
and the one when original network is replaced by equivalent capacitance.

There are two standard combinations:

(1) Series Combination  (2) Parallel Combination

Series Combination

When initially uncharged capacitors are connected as shown so that charges do not have any alternative
path(s) to flow then the combination is called series combination.

—

To find equivalent capacitance of this combination lets connect a battery across its terminals.

| | N

Derivation:

eq —

<

¢, N C, C; Q
+Q - +Q -
S
Q Q Q

o G G

I L
I L

Q v
Let's assume that initially, the capacitors were uncharged and after connecting to battery, Q charge flows
through the battery as shown in above figure.

Applying Kirchhoff's voltage law

-Q —-Q -Q v 1 1 1

—t—+—+V=0.; = =—+—+—

G G G Q G G G

1 1 1 1 1 n 1
= — =-—+4+—+— or ingeneral — = —

Ceq C1 C2 GC3 Ceq n=1 n
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Salient features of series combination

Cl CZ C3
(a) All capacitors will have same charge but can have A m m ’ m m m B
different potential difference across them.
-Q +Q-Q

o +Q -Q  +Q
(b) We can say that potential difference across
capacitor is inversely proportional to its A £ . < £ < Vs .
capacitance in series combination o - s -
Q Q Q
Vi=—/—, V= —,V3=—..
VoV 1 1 1
o Vi Vy=—/1: —: —
(©) R~
In series combination the smallest capacitor gets maximum potential.
1 z
C C
(d) V1= 111 Vo= 121 4
C_1+Q+G+ ...... T+G+C—3+ ......
1
_ Gs
e LSS S Y
G G G
Where V=Vi+V;+ V3
_ 1 1 1
(e) Inseries: —=—+—+—+ -

Ceq C1 (2 C3
In series combination equivalent capacitance is always less the smallest capacitor of combination.

Q% Q% ¢@*

6] Energy stored in the combination Ucombination = Z + 2C, + 2C,
QZ
Ucombination= c
eq
: . . - Q @
Energy supplied by the battery in charging the combination Ubattery = Q x V=0Q. T
eq eq

Ucombination _ l

Ubattery 2

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)

Illustration 79:

Three initially uncharged capacitors are connected in series as 2uF 3pF 6uF

shown in circuit with a battery of emf 30 V. Find out following: 4| |—| |—| I—

(i) charge flow through the battery
(ii) potential energy in 3uF capacitor

(iii) Utotar in capacitors | !
(iv) heat produced in the circuit 30V
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Solution:
1_1,1.1_3+2+41
Cq 2 3 6 6
Ceq = 1uF

)] Q=CeqV=30pC
(i) Charge on 3puF capacitor = 30 uC

. 0% 30x%30 150
NeTeY=oc = T2x3 W
N 30%30

(iii) Utotal = W =450

(iv) Heat produced = (30 uC) (30) - 450 pf =450 pj.

Illustration 80:

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 30 V then find out final charges on both the capacitor.

1pF 2uF
[ ] [ ]
A oI °B ce o I °D
20V 15V
Solution:
] ) —(20+q) 30+q
Now applying Kirchoff voltage law - +30=0 20+¢q n 30+¢q
+ _ —
-40-2q-30-g=-60 1 2
Charge flow =-10/3 pcC. 20+q *l —_20+q 30+q+ _—30+q
50
Charge on capacitor of capacitance 1uF =20 +q = ?uC
. . 80 — 11
Charge on capacitor of capacitance 2uF =30 +q = ?uC - | T
T 30v

Parallel Combination:

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.

Derivation of Equivalent Capacitance

Q=01+Q:+Q mcm

=1 2 3

Q=CV+CV+CGV=V(C1+ C2+ (3) Q1 C

Q R R 2
S=Cie it Gy e mm 0

Cs
Ceq=C1+C2+Cg —»—mmi
Qs

n
In general Cpq = Z Cy V"—“—| f——""90

n=1
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Salient Features of Parallel Combination

(a)
(b)

All capacitors have same potential difference but can have different charges.
We can say that:
=GV
Q1 = Charge on capacitor Cy
C1 = Capacitance of capacitor Cy
V = Potential across capacitor C;
Q1:02:Q3=C1:C2:C3
The charge on the capacitor is proportional to its capacitance
Qo C
C C
) cl+cz+cg @=02= cl+CZ+CgQ
C3
" C1aCarCs O
Where Q=01 + Q2 + Qs.......
Maximum charge will flow through the capacitor of largest value.
Coq=C1+ 2+ C3

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

Q1

Qs

Energy stored in the combination :

Ubattery = QV = CquZ

Ucombination

N | =

Ubattery

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)

Illustration 81: 1uF

Three initially uncharged capacitors are connected to a battery of
10 Vis parallel combination find out following : i
(i) charge flown from the battery I
(ii) total energy stored in the capacitors
(iii) heat produced in the circuit

(iv) potential energy in the 3uF capacitor. H I

Solution: 10V

1
(i) Q=CoV=(3+2+1)10=60 uC (ii) Vo =~ x6x10x10=300

1
(iii) heat produced =60 x 10 - 300 =300 1 (iv) Uzur= 5% 3x10x10=150
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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 (ii) Complex

Illustration 82:

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

] IllylFI
LA
| BHF ﬁuF
L
30V
Solution:
18
It can be simplified as Ceq = e 2uF 3uF 6#1:
|1
Charge flow through the cell =30 x 2uC l '
Q=60uC
Now charge on 3uF = Charge on 6uF= 60uC “
Potential difference across 3uF = 60/ 3= 20V 30V

Charge on 1pF =20 uC

Illustration 83:

An infinite number of capacitors of capacitance C, 4C, 16C... © are connected in series then what will be
their resultant capacitance?

Solution:

Let the equivalent capacitance of the combination = C,,

1 1 1 1 1 1 1 .
_=_+_+_+...00=[1+Z+_+...00]E(thlSlSG.P.Sel‘leS)

Ceq C 4C 16C 16
a .. . 1
= S = - first term a = 1, common ratio r = 7
1 1 1 c 3,
= — =g X - ==
Ceq 1—% Cc ¢ 4

Combination of Parallel Plates:

Combinations of parallel plates can be grouped and equivalent capacitance can be found easily by
redrawing the circuit by connecting plates to common terminals. This has been illustrated by following
example.

Four parallel plates each of area A and plate separation d. These four plates are forming three parallel plate

capacitors, one between plates A and B, one between plates B and € and another between plates C and D.

€p4
Capacitance of each of these capacitors is givenas C = %.
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s8]

A_

(g)
op

B_

Q.
(¢}

C

oQ
—

I
b h
If plates A and C are connected as terminal X and plates B and D are connected as terminal Y. Then
calculation of equivalent capacitance across terminal X and Y can be done by following method.

Let us assume that we have connected a battery between terminal X and Y. This battery supplies equal and
opposite charges to terminal X and Y. For the detailed analysis let us say 61 and o> are charge density on
faces b and e. Similarly, o3 and 64 are charge density on faces fand a.

Now equal opposite charges will be there on opposite faces as shown in figure (as per Gauss Law). Also
electric field at any point inside conductor must be zero therefore o4 must be zero.

b llm c
Xe c mcm d oy
fl?g

Vag = Vec= Ve
So, all the capacitors are in parallel combination.
34€
Ceq=C1+C2+C3= d

Let us try to find out equivalent capacitance between A and B. (take each plate Area = A) in following case
by using the same above concept.

Ow

A
O d

Assuming a battery between terminals A and B the positive and negative charges on the plates will be as
shown in the figure fellow.
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a
b | c
d
e
r<f_ .
+ 8
h

Here charges on plates d and e is zero because their potential must be same, so no electric field should be

there in between these faces, so charge on faces d and e must be zero.

Ae Clpb B
fl?g

2A€

These are only two capacitors, Ceq = C1 + C2 =

Illustration 84:

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

d
AQO y
d
d
OB
Solution:
1 —5 v
d _
A+O 2 4 =
d
3 \ 4 ;
d B _
4 B
v O
The modified circuit is
2C 24€q
“7 3 3d
C C

4

T
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Other method:
Let charge density as shown 1
_Q_2x4 ,
v Ae
xd 2xd 3xd 3 -X
VaVo=Va=(Vo=-V3)+ (V3 -V)=— +— = — +2X
€o €o €o 4 _2x
o _2Axe _24€ _2C B
" 3xd  3d 3
Illustration 85:
Find out equivalent capacitance between A and B.
Area A
d + Y
d - \Y
Py +
Ae 1 i_
d + -
B
Solution:
A€
Let C = TO
C v C
Equivalent circuit : A'v—l H H I—‘B
1 1 N 2 5 C C
C,q C 3C 3C —||—’—|Y —
c 3C 3A¢€
¢4~ 5 5d
Alternative Method:
Let charge distributions on plates as shown: 1 0
Q x+y -X ad
C=—== 2 +X + A€
V. Vup — -
Potential of 1 and 4 is same A + 3 + X + A€
+ y y
_y - _Zx — 2X 4 - y + A_GD
Agg Af€g J +(x+y) +x+y
2y+x > “ey) TR0 g
V= ( = )d 0
€o
=  (="TGxa - 54

The two plates of capacitor attract each other because they are oppositely charged.

Electric field due to positive plate,
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_ o _ Q
- 280 - 2€0A
Force on negative charge —Q is
2
_ __Q
F==QF ==5 a

Magnitude of force
2
_ 0 _1
F=gea=2%
Force per unit area or energy density or electrostatic pressure

F 2

AE?

Edge effect

+/~/ o

Note:
Electric field between the plates of a

=

capacitor is shown in figure. Non-uniformity E = uniform in the centre

of electric field at the boundaries of the plates E = non-uniform in the edges

is negligible if the distance between the
plates is very small as compared to the length

of the plates.
d
Illustration 86:
Plate A of a parallel air-filled capacitor is connected to a non-conducting AB

spring having force constant k and plate B is fixed. If a charge +q is placed -
on plate A and charge - q on plate B then find out extension in the spring

in equilibrium. Assume area of plate is ‘A".

Solution:

2

Fattraction = ; Frepulsion = kx
2604”7

|Fattraction| = |FRepulsion|
q 2
X=
2k€pA

Illustration 87:

The lower plate of a parallel plate capacitor is supported on a rigid rod.
The upper plate is suspended from one end of a balance. The two plates
are joined together by a thin wire and subsequently disconnected. The

balance is then counterpoised. Now a voltage V = 5000 volt is applied
—— Rigidrod

between the plates. The distance between the plates is d =5 mm and the - —

area of each plate is A = 100 cm2. Then find out the additional mass placed
to maintain balance.

[All the elements other than plates are massless and non-conducting]
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Solution:
The electric force between the plates will be balanced by the additional weight

QZ CZVZ
Hence mg = =
ZAEO ZAEO
€AV ?2
Mo ="a2
_ € AV?  €;x 100 x 107*(5000)?
T 2d2g  2(5x1073)2x10

m=4.425 g Ans.

Illustration 88:
One plate of a capacitor is fixed and the other is connected to a spring as I

shown in Fig. Area of both the plates is A. In steady state (equilibrium),

separation between the plates is 0.8 d (spring was unstretched and the E

distance between the plates was d when the capacitor was uncharged). I}

The force constant of the spring is approximately.

Solution:

02
24z, = K(0.2d)
2
(6%2")
W = 0.2Kd
_ 39¢AE 2
=—

Effect of Dielectric

. The insulators in which at microscopic level displacement of charges takes place in presence of
electric field are known as dielectrics.

. Dielectrics are non-conductors upto certain value of field depending on its nature. If the field
exceeds this limiting value called dielectric strength they lose their insulating property and begin
to conduct.

. Dielectric strength is defined as the maximum value of electric field that a dielectric can tolerate

without breakdown. Unit is volt/metre. Dimensions M1 L1 T-3 A-L,

Polar dielectrics

E=0 @Ei({%
2

% 2 3

<>

. In absence of external field, the centres of positive and negative charge do not coincide-due to

asymmetric shape of molecules.
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° Each molecule has permanent dipole moment.

. The dipole are randomly oriented so average dipole moment per unit volume of polar dielectric in
absence of external field is nearly zero.

In presence of external field dipoles tends to align in direction of field.

Example: Water, Alcohol CO2, HC/, NH3

Non polar dielectrics

®E=0® @Ei&a
9 Se

CIONG Sefeclee
© e

. In absence of external field the centre of positive and negative charge coincides in these atoms or
molecules because they are symmetric.

. The dipole moment is zero in normal state.

. In presence of external field they acquire induced dipole moment.

Example: Nitrogen, Oxygen, Benzene, Methane

Polarisation:
The alignment of dipole moments of permanent or induced dipoles in the direction applied electric field is
called polarisation.

J Polarisation Vector P
This is a vector quantity which describes the extent to which molecules of dielectric become
polarized by an electric field or oriented in direction of field.

P =the dipole moment per unit volume of dielectric = np
where n is number of atoms per unit volume of dielectric and P is dipole moment of an atom or

molecule.
.d

P=np =L = %) = o; = induced surface charge density.

':l>|'Q
QU
—~~

Capacitors with Dielectric:

(i) In absence of dielectric £ = ei
0
(ii) When a dielectric fills the space between the plates then molecules having dipole moment align

themselves in the direction of electric field.
o = induced (bound) charge density (called bound charge because it is not due to free electrons).
The induced charge also produce electric field.

Let Eo, Vo, Co be electric field, potential difference and capacitance in absence of dielectricand E, V, C
are electric field, potential difference and capacitance respectively in presence of dielectric.
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@ 2 & v Qo /EO “Q g -Qo
@ 17— Dielectric + = _+ ~ ;__ | [ ]
—4 > + J o
Y A |y [ ez R R
Qo ﬁ Qo + = + — » - + > _
+FCDCE D - + @@ = + —— - + - > -
+ o + - +» -
— oD ==t T
+ : = + _ + > P < + H- ol
+ E g _ N N
+ % < + @ @ - * - —4;— + B + > —
+ > _ + _ + > > > - + - + _
R + - = + _— —
+<—V =Eod g W - E <Eo
4+ Vo=bod— * - L N b ey op—t
- ; in \Ed
Y o Charged capacitor Electric field Effect on electric field
Charged capacitor With dielectric inserted Inside dielectric and voltage
e 1 . : Voo o Q
Electric field in absence of dielectric, Ejy =— = — = —
d =0) 80A
o—0 -
Electric field in presence of dielectric, E = E, — E; = . b % = %
0 0
Capacitance in absence of dielectric, €, = Q
0
: : . . _ Q-0
Capacitance in presence of dielectric, € = v
Eob Vo C 0 o €

__@ _ _1 ) _ _1
From K = Q—Qb'Qb =Q (1 K) and K = = = o,=0 (1 K)
(iii)  Capacitance in the presence of dielectric p
C — ﬁ — O-A — AKEO ___________________ —Gb
V= _2 d d
K€
0 ' E + Eing
Here capacitance is increased by a factor K.
AK€ +++++++++++++++++ |TOD
c=—w/ -

d

Illustration 89:

A parallel-plate capacitor is formed by two plates, each of area 100 cm?, separated by a distance of 1mm.
A dielectric of dielectric constant 5.0 and dielectric strength 1.9 x 107 V/m is filled between the plates. Find
the maximum charge that can be stored on the capacitor without causing any dielectric breakdown.
Solution:

If the charge on the capacitor = Q

Q

the surface charge density ¢ = % and the electric field = KAey"
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This electric field should not exceed the dielectric strength 1.9 x 107 V/m.

If the maximum charge which can be given is Q

then =19 x 10" V/m, A =100 cm?=10-2 m?

KASO
—  Q=(5.0) x (10-2) x (8.85 x 10-12) x (1.9 x 107) = 8.4 x 10-6 C.

Illustration 90:
Hard rubber has a dielectric constant of 2.8 and a dielectric strength (maximum electric field) of
18 x 106 volt/meter. If it is used as the dielectric material filling the full space in a parallel plate capacitor.
What minimum area may the plates of the capacitor have in order that the capacitance be
7.0 x 102 pF and that the capacitor be able to withstand a potential difference of 4000 volts.
(€p =8.85 x 10-12 S.] unit)
Solution:
Let distance between the plates = d

18 x 106 x d = 4000

4000
~18x106
Now, C = %
8.85x10712xAx%2.8
7.0 x 102 x 10-6 = 7000

18x10°
Solving, we get A = 0.62 m2.

Illustration 91:

A capacitor has two circular plates whose radius are 8cm and distance between them is 1mm. When mica
(dielectric constant = 6) is placed between the plates, calculate the capacitance of this capacitor and the
energy stored when it is given potential of 150 volt.

Solution:
Area of plate tr2=m x (8 x 10-2)2=0.0201 m2andd=1mm=1x10-3m
Capacity of capacitor,
A —-12
c = 8027' _ 8.85x10 x_63x0.0201 ~1.068 x 10=° F
1x10

Potential difference,

V=150 volt
Energy stored,

U= % cv? =% X (1.068 x 1079) x (150)? = 1.2 x 10-5]

Illustration 92:

A capacitor with air as the dielectric is charged to a potential of 100 volts. If the space between the plates
is now filled with a dielectric of dielectric constant 10, the potential difference (in volt) between the plates
will be:
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Solution:
V=100V, K=10
Q =CV (constant), C'= KC

%4
'=—=10V
K

Capacitor with Dielectric in Different Configuration
Calculation of Capacitance

When single dielectric is completely filled inside capacitor
gA gA AK €,
C =—-= =
Vv 94 d d K
K€y
Here capacitance is increased by a factor K.
_AK €
- d
Now lets try to understand how to calculate capacitance in other configurations.

Single or multiple dielectric is partially filled
When the dielectric is filled partially between plates, the thickness

of dielectric slab is t (¢ < d). If the medium does not fill between the Y f "o
plates completely then electric field will be as shown in figure. K
The total electric field produced by bound induced charge on the ! K"E t |d
dielectric outside the slab is zero because they cancel each other and ’
hence electric field will be only due to plate charges in these vacant
spaces. Where as electric field in the dielectric space will be vector { § 5+
sum of electric field due to plate charges and induced charges as
shown in figure.
Then V=E,(d-t)+Et
If Vis total potential,
= V=E, [d -t + (EEO) t] % = &, = Dielectric constant
= V=%[d—t+é]=Ai£0d—t+g—tr

_9__ A4
= CTVT S
Example:
If v is the potential difference between the plate, - +G

o o + &
V= g (d-(t1 + t2)) + ToKs t, + 30K2t2 tiI b
_Q_oA o ts ‘
VoV %(d_(thZ)Jrﬁt“sﬁ(zz tZI ) e
Agy K K, te -6

T KK (d — (b + &) + Koty + Kty
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Above question can also be solved by using the concept of series and parallel combination. We can redraw

the given configuration as follows.

d-(t1+t2) I

d-(t+n)

_L

t1 I k1

o]

Ag
Clz—
d—(t; +tp)
k,Ag
szg
ty
k,Ae
C, = 24&g
iy

Above question can also be solved by using concept of series and parallel combination.

FFF A+t +++++++ O
16/¢€o
------------------------- K..»a- = —0(1—1)
' K
t—l /o
(=)
T e W o = O'<1 _ l)
: K
40/
.............................. o

We can redraw the given configuration as follow.

C,=—
1 n
kAg,
k| G= :
- Ae
C3 = 9

[78]
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Multiple dielectrics completely fill the

capacitor A
Lets try to calculate capacitance between A and B if
two dielectric slabs of dielectric constant K1 and K> of
area A; and A; and each of thickness d are inserted
between the plates of parallel plate capacitor of plate
area A as shown in figure. (41 + 42 = A) B

_
W

\% Q

\\

1}
I

WO

A1K1€g AyK>€q
YYooa 72T 4
As dielectrics are between same metal plates o1 o2

—O>

therefore potential difference and hence electric field o o
- —02
will be same either calculated using electric field in Ci= —] 05

any of dielectric region. Therefore, if dielectric +O1 +O21

constant of these two dielectric is different then or p-
- —02

wO—

charges on plate will be different in two regions.
A E, A/
d K€ d K€
K €V KyEQV
T a %27 T a
Q1+ 0Q; _ 0141 + 024, _ Ky €y A4 + K; € 4,
|4 % d d
The combination is equivalent to: € =1 + C2. Hence above question could have been solved by using series

C =

and parallel combination.

Illustration 93:

Find out capacitance between A and B if three dielectric slabs

of dielectric constant K; of area 4; and thickness d, K of area

A; and thickness d; and K3 of area A, 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>).

. O
Solution: B
Iti ivalentto C = ¢, + —253

is equivalentto C = C; 3iCs
A K; €9 AzK;5 €y
Ak & d, ' d, TA
di+d, A2K; & n AxK3 € 1
dl dz C A CZ
j —
_ Ak, & A3K, K5 % I Cs
di+d, @ A,K, € dy + AyKs € dy 1

AK€ N A K>K3 €
Cdy+d,  K,d, +Ksdy
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Illustration 94:

A parallel plate isolated condenser consists of two metal plates of area A and separation 'd". A slab of
thickness 't'and dielectric constant K is inserted between the plates with its faces parallel to the plates and
having the same surface area as that of the plates. Find the capacitance of the system. If K = 2, for what
value of t/d will the capacitance of the system be 3/2 times that of the condenser with air filling the full
space? Calculate the ratio of the energy in the two cases and account for the energy change (assuming q
charge on the plate to be constant).

Solution:
. Agq d
=1 D
E+d_t %
. . . . A€, —
(i) Without dielectric, C = a4 —— A
——
. . . A€ _3C_3 d_3 ——
With dielectric, C" = T, 2 2 = T=3 %
2 %
QZ —>
. E _e
(ii) nergy : t
2
E st Ei=—
nergy in 1st case, E1 = > C
Energy is 2nd case
2
qa~
E;=
Tac
E;y C 3
E, C 2
2 2 2 2 1 2 Zd
(i) AE=E-R-—_ L _L [—_—] __L__ 4
2C 2C 2 13C C 6C 6A€

Illustration 95:
The distance between the plates of a parallel-plate capacitoris 0.05 m. A field of 3 x 104 V/m is established
between the plates of capacitor by connecting with battery. Now capacitor is disconnected from the
battery and an uncharged metal plate of thickness 0.01 m is inserted between the plates of capacitor.
Calculate new potential difference between the plates of capacitor. What would be the potential difference
if a plate of same thickness and dielectric constant K = 2 is introduced in place of metal plate ?
Solution:
(i) In case of a capacitor as E = (V/d), the potential difference between the plates before the

introduction of metal plate

V=Exd=3x104x0.05=15kV

(ii) Now as after charging battery is removed, capacitor is isolated so q = constant. If C' and V' are the
capacity and potential after the introduction of plate, g=CV=CV'i.e, V' = C£,V
oA , oA , (d—t)+(t/l()
= %4 02  _y = WTOYA)
AndasC = d and C CEEGLS) %4 XV

L]y - g

And if instead of metal plate, dielectric w1th K =2 is introduced
0.01

(0.05-0.01)+(——

- | o2

So, in case of metal plate as K=, V;, = ] X 1.5=12kV

005 ] X 1.5=135kV
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Illustration 96:

Find out capacitance between A and B if two dielectric slabs of AT +G
dielectric constant K1 and K; of thickness d; and d; and each of area K, d
A are inserted between the plates of parallel plate capacitor of plate
area A as shown in figure. K> d2
Solution: £ -G
C=% (c=L:q=0a) ’
V=Ed +Ed,= odi , 0d; zi(ﬁJ,%) Al
Ki€, K,€, €Eo\ky kK ¢, = Ki €A
A€ I dy
C= a_dp o K, €0 A
K1 K> 2 d,
_ dl dZ BT

1
= - +
C AK1€0 AKzeo

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

Comparison of E (Electric Field), c (Surface Charges Density) and Other
Parameters:

Comparison of E (electric field), ¢ (surface charge density), Q (charge), C (capacitance) before and after

inserting a dielectric slab between the plates of a parallel plate capacitor

Case 1: When constant potential difference across capacitor plates is maintained.

. Parallel plate capacitor of capacitance C connected to a voltage source V due to which the capacitor
is charged to the steady state charge q = CV. As battery remain connected during insertion of slab
the potential difference across capacitor does not change in this case.

k
+ l - + =
+ - + -
X + - Y X + - Y
+ - + k _
+ - + -
+ - + -
+q -q +q' -q'
+||— _. +||— s
vV S v s
€pd A€ngK
(a) Initial Capacitance, C = % (a) Final capacitance, C' = dO
(b) Initial, @ =CV (b)Q'=CV
¢ o _Cv
c) Initial electric field, E=— = QOF =7—=7—
(c) Initial electric fie o A, (c) Ke, ~ 4gg

www.allen.in
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(d) Initially potential difference between (d) Here potential difference between the plates
the plates

Ed=V 'd =

At <

E
El

Equating both
o o/

€o N KEO

c'=Ko
Or we can say that after inserting dielectric final charge becomes KCV which is K times the
initial charge. Hence CV(K -1) charge has flown through battery does a work of CVZ(K-1) in the
insertion process.
(e) Energy Stored in capacitor = CV2/2 (e) Energy Stored in Capacitor = KCV2/2
Energy equation for the capacitor circuit
in dielectric insertion process will be
Whatt + Wexe = AU + Heat.
If dielectric is inserted slowly and circuit has negligible resistance then heat loss will be
negligible and some negative work will be done by external force.

Case 2: When plates of capacitor have constant charge:

. Parallel plate capacitor of capacitance C which is charged to a charge q and disconnected from the
voltage source. When the dielectric slab is inserted in this capacitor which fills the space between
plates then after insertion of dielectric the physical quantities associated with capacitor changes as
listed in table below. As capacitor is charged and not connected in any circuit, its charge will remain
constant and does not change while insertion of dielectric slab.

+q -q +q -q
Parameter before insertion of dielectric. Parameter after insertion of dielectric
€pa
(a) Initial Capacitance C = % (a) Final Capacitance = kC
(b) Initial charge = Q (b) Final charge = Q
(c) Initial electric field = E (c) Final electric field = E/k
(d) Initial voltage =V (d) Final voltage = V/k
(e) Initial energy stored = U (e) Final energy stored = U/k
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Illustration 97:

The parallel plates of a capacitor have an area 0.2 m? and are 10-2 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 10-12S. I. units)

(i) Original capacitance Co.
(iii)Capacitance C after insertion of the dielectric.
(v) Permittivity € of the dielectric.

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

Solution:
i Co=28 _22C0 o0 220 x9x 1012 =180 pF
== — = = x x - =
@) " a 102 o P
(i) Q=CoV=180x10-12x 3000 =5.4x 10-7 C
Q 54x1077
(iii) Ci=—— =———="540pF
Vi 1000
C, 540
(iv) K=—t=-—-=
Co 180
(v) e=¢ereg=Keo =3 x9x10-12=27 x 10-12 C2N-1m-2
_ vV 3000 ]
(vi) Eo =1 102" 3x105V/m
V.
wi) E=—2=2299_1 105 v/m

Illustration 98:

(ii) The charge Q on each plate.
(iv) Dielectric constant K.

(vi) The original field Eo between the plates.

Two parallel plate air capacitors each of capacitance C were connected in series to a battery with e.m.f. €.

Then one of the capacitors was filled up with uniform dielectric of relative permittivity k. How many times

did the electric field strength in that capacitor decrease? What amount of charge flows through the battery?

Solution:
. + Re .C.
[N A [N [N
g/2 g/2
[ 4 4
le e
£ 1% 1 ¢ £
VF& =—7,E = == = dE=£ = —
kC k+1 d k+1 d ac 2d
2 1
Ei= E = — (1 + k) times decrease
(k+1) 2
kCe Ce Ce(2k—-k-1)
Ag=Q1-Q=—"-—=—7""7T"7—""
k+1 2 2(k+1)
A 1 ce(k—1)
= ==
1235 "(k+1)
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Principle

Parallel plate capacitor with plates A and B and a battery of emf V. If we close the switch positive terminal
of battery which is connected to the plate A will start pulling electrons from the plate A and will transfer
these electrons to the plate B of the capacitor. On plate A positive charge will appear due to loss of electrons
and as these electrons are transferred to plate B by battery a negative charge will appear on plate B.

l—d— +q -q
Area=A _
/ L E -
+ -
+ -
e+ - 9
+ -
A B | A B el
- le— d —i
+1, - Leb e 4|, — n_J
e s

These charges will reside only on the inner surface of plates A and B and outer surface will not carry any
charge because overall charge of the system of this parallel plate capacitor is zero.

Electric Field and Steady State

Charges gets accumulated on the plates and hence gradually electric field is increasing between the plates.
As electric field is uniform between the plates and plate separation is d hence potential difference between
the plates (Va- V5) = Ed.

This potential difference is also increasing and as soon as this becomes equal to potential difference across
the battery no further charge will flow and current will become zero in the circuit. In this situation we can
say capacitor is charged having charge of magnitude g = CV and as no further accumulation takes place we
can say that capacitor is in steady state.

Conclusion

Whenever capacitor is connected across battery of constant potential difference then in steady state
charges on capacitor will be g = CV where V is the potential difference applied (may be battery of constant
emf) and C is the capacitance of capacitor.

Charging of Capacitor when Capacitor has initially some charge

If capacitor having initial charge on its plates as qo. In this state of initial charge on capacitor if switch
is closed then battery will modify the charges on capacitor plates which will depend upon the initial charge
onit.

+
o]
)

_qO

+ 4+ + + + +
[ I I N B |

X Y

+|_ Py
V. S

battery

Due to initial charge on capacitor gqo the initial potential difference of the capacitor is Vo= qo/C.
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Case 1: If V< Vbattery
Then on closing the switch battery will supply charges to capacitor and final charge on capacitor will
increase until the potential difference across capacitor becomes equal to that of battery.

+q¢ de
+ -
+ - qf: vaattery
+ -
+ -
+ -
+ -
Aq=qe-q,
4], =
vic s
battery
qo
If ? < Vpattery = r>qo
Thus, the final charge on capacitor plates will be given as gr= CV}. +q ~q
f f
Case 2: If Vo > Vhattery + - v
+ - =
Then on closing the switch charge will flow into the battery from the v Cff A ey
capacitor and final charge on capacitor will decrease until the potential : B
difference across capacitor decreases and becomes equal to that of the + -
battery. Aq=q,-q
90 -
If I > Vbattery =qr<qo 4\;" |__/S'._

The final charge on capacitor in this state will also be given by gs= CV; battery

On connecting a capacitor across a battery charges flows from one plate of capacitor to another plate due
to battery and as wires are conducting with very low or negligible resistance, charges flow very fast and
quickly.

Capacitor plates attain the steady state charges and finally current in circuit becomes zero.

c q=CV

Heat Loss in Charging wqll? q
Principle: M _
In the process free electrons in the conducting wires gain kinetic energy —l+ -
while transferring and finally all charges come to rest thus the kinetic - : -
energy attained by these free electrons is finally dissipated in form of Aq=CV T
heat radiations to the surrounding. e D e

D

(a) Work by battery (W):
When the switch was open the initial charge on capacitor was zero and there was no energy stored
in capacitor. When switch is closed battery supplies a charge on capacitor plates and in the process

amount of charge flowing through battery is g = CV thus the work done by battery is given as
W=qV=(CV)V=CV2

(b) Energy Stored in Capacitor (AU):
In steady state charge on capacitor plates becomes g = CV. Thus, in steady state the potential
difference across capacitor plates becomes V and energy stored in it is given by equation

1
U=—CV?2.
2
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(c) Heat Produced (H):

In the process of charging the capacitor, work done by battery is CV2 and out of this half is stored
in capacitor as electric field remaining energy which the battery supplied as work in charging is
dissipated as heat which is given as

H=W-AU

H=CV2-CV2/2 =CV2/2

Illustration 99:

A capacitor having a capacitance of 200 puF is charged to a potential difference of 20V. The charging battery
is disconnected and the capacitor is connected to another battery of emf 10V with the positive plate of the
capacitor joined with the positive terminal of the battery.

(a) Find the charges on the capacitor before and after the reconnection in steady state.

(b) Find the net charge flown through the 10 V battery

(© Is work done by the battery or is it done on the battery? Find its magnitude.

(d) Find the decrease in electrostatic field energy.
(e) Find the heat developed during the flow of charge after reconnection.
Solution:
(a) Charge on capacitor before connection
+20V -
._| |_. Q1= CVy = 4000 uC
200uF
Charge on capacitor after connection
+| |=
I
200uF
| Q2=CV,=200x 10 =2000 uC
I I
10V

(b) Charge flown through the 10V battery = 4000 - 2000 = 2000 uC

(© Work is done on the battery.

(d) The decrease in electrostatic field energy.
U Up == cvq2 - 2 ovy2 = 200 x 2002 - 2 x 200 (10)2
- 1~ f - 2 1= - 2 2 - 2 ( ) - 2 ( )
=30m/

(e) W=AU+ AH

-20mJ/=-30mJ+AH
[AH =10 m/]

Illustration 100:

Consider the situation shown in the figure. The switch S is open for a long time and then closed and again
steady state reached then

(a) Find the charge flown through the battery after the switch S is closed. 2C A C
(b) Find the charge flown through the switch S from B to A. l—”_r'
(© Find the work done by the battery after the switch S is closed. 2C S j
(d) Find the change in energy stored in the system of capacitors. T—‘B—I

(e) Find the heat developed in the system after the switch S is closed. &
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Solution:

Situation when S is open Situation when S is closed

2C C
- |+—_| ¥ 2C
+ Il A (I-}
2C T_ ] ||

R
2C= }J
II ]
1 i 1
g B

Cog. = C/2 Cop.=C

Ce
Charge supplied Q = Ce€ = B Charge on capacitor C = Ce

After S is closed, voltage across 2C capacitor become zero, so charge on it also become zero.

Ce Ce
(a) So, charge flown through the battery when the switch S is closed = Ce - =

Ce Ceg
(b) The charge flown through the switch S'is > + > = Ce (AtoB)=-Ce(Bto A)
Ce Ce?
(© Work done by the battery = Qsuppliea V = 5 E=T
(d) Change in energy stored in the capacitors = energy stored in 21d case - energy stored in 1st case
1 , 1 , 1 c\ , Cé&?
3V - 3V =5 (c-5) ¢ = 5

(e) Heat developed in the system = Work done by battery - change in energy in the capacitors

Ce2  ce?2  ce?

2 4 4

Illustration 101:

In the given network if potential difference between p and q is 2V and C; = 3C1. Then find the potential

difference between a and b.

+ —_
b C
a | [ |
C1 p
e }ea
C: C;
Solution:
Vi Vye—— s — 1
T30 o Lova . vs
* ST > 15C,
Vi:V,=1:3 // 3C \\ Ceq: 7
|/ b |1 “\
1 a | I/' [l \/
V1=ZV3:>V3=8V C ! \‘
I !
1 8 4 \ _| I_f)_| I_q i
V3:Va= — > 5 =T \ /
15¢; €1 Va4 15 . V2 Vi
vi=30v. T
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KVL or Charge Flow Method in Capacitor circuit with R =0

In this method we distribute charge s at various capacitors of circuit and then we write potential equation

for different loops of circuit.

~

+

h—

3uF . +(300uC - q)
AR _(300uC - q)

—| 2uF

~(360uC - q) -
+(360uC - q) . B
+

Analysis in circuit 1

This method is explained by using an illustration
in which there are two capacitors of capacitances
4pF and 8pF initially charged at 20V and 5V
respectively and connected in a single loop with
two batteries of 10V and 20V along with a
switch S.

Here, we will try to find the steady state charges
of the two capacitors when switch is closed.

On closing the switch redistribution of charges
will take place and a charge q flows through the
circuit in anticlockwise direction until new
steady state is achieved and the final charges on
capacitor plates will be as shown in figure.

We can write equation of potential for the circuit
loop starting from any one point in the loop move
either clockwise or anticlockwise and come back
to the same point as described.

40+¢q 80—g¢q
Vy—10— + 20 + 2 =V,
Solving we get q = @ uc

Analysis in circuit 2
Applying KVL in another example.

Two capacitors A and B with capacitances 3uF and 2uF are
charged to potential difference of 100V and 180V

Circuit: 1 4uF, 20V

+80uC ’ -80uC

8uF, 5V

.
‘Jr +(80-q) " " -(80-q)

1ov| I
5
q

I I 20V
+(40+q)m m ~(40+q) >- S
8uF

)

q

Circuit: 2 |
L~ ¢ T

3F <ain,

respectively. The plates of the capacitors are connected as A 100V 180\/i ZBM F
shown with one wire from each capacitor free. - +
[38] www.allen.in
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The upper plate of A is positive and that of B is negative. An uncharged 2uF capacitor C with lead wires
falls on the free ends to complete the circuit. We will try to calculate the final charge on the three capacitors
and the amount of electrostatic energy stored in the system before and after the capacitor C falls and the
circuit is closed.

Let g be the charge flowing in clockwise sense during redistribution of charge as shown. We can write the

potential equation for this loop as
360 — 300 —
q + q + q_

2 2 3
q=210puC
Final charges on the capacitors are
qa=300-210=90 uC
qp=360-210=150 pC
qc=210=210 puC
Initial electrostatic energy stored is given as

U = 2 % (3 1075)(100)2 + 3 X (2 x 1076)(180)?
U = 474 x 1072] = 47.4 x 103] = 47.4m]

Final electrostatics energy stored is given as

_ (90x10” ) (150><10 ) (210><10 )
2><(3><10 ) 2x(2%x10 ) 2x(2x10 )
Ur =1.8x107% = 18mJ

Illustration 102:
Three capacitors as shown of capacitance 1uF, 2uF and 2uF are charged upto potential difference 30 V,
10 Vand 15 Vrespectively. 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.

30-q q-30-g-30 30+q

. ” o6 —||+ o
A 1uF B F 24F E 10V 15V
q4 —0—| |—0— —0—| |—o— —0—| |—0—
2uF
0 | |—o—
—20+q 20-q
Solution:
Let charge flow is gq. +17.5uC  -17.5uC
+ - -t
Now applying Kirchhoff's voltage law I I I I
(a-20) (30+a)  30-q_, ~AZIMC - +42.50C
2 2 1 1 12.50C
-2q=-25
- -7.5uC 7.5uC
q=12.5uC ML Teu

Final charges on plates.
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Illustration 103:
Two capacitors of 2 pF and 3 pF are charged to 150 volt and o—l||—o

120 volts respectively. The plates of a capacitor are connected as

- +
shown in the fig. A discharged capacitor of capacity 1.5 pF falls to 3pF == 120V 150V == 2uF
+ —

the free ends of the wire and connected through the free ends of

the wire, then find the charge on each capacitor at steady state. A

Solution:

o—“—o 1.5 uF

——©°  O——1300uC

_ . —qH+q _T_q
3uF == 120V 150V = 2uF 3ur 1-(360-9) pur A (300-0uC
' 360uC ) +(360-q) T—(300—q)uC

A A
q

(300-9)
+— - — 4
2 1.5 3
By solving this equation, we get = q = 180uC

= VA (1)

A

Charge on 1.5uF capacitor is = 180uC
Charge on 2pF capacitor is =300 - 180 = 120uC
Charge on 3puF capacitor is = 360 - 180 = 180uC

_____

Nodal Analysis Cif

There are some cases in which capacitors are connected A q M B
in such combinations which are neither series nor parallel m ﬂ\’ I °

called mixed combinations. Such cases can be easily —ﬂﬂ—
handled by a specific method of solving capacitive circuits Cy

called 'Nodal Analysis'.
'Node' in capacitive circuit is an isolated part of circuit at + -

i . W— /.
which two or more plates of capacitors are connected. — —

Shows a capacitive circuit in which €; and (; are \

connected in parallel and this group is connected in series

with C3 and connected across a battery of voltage V. In this H H

circuit also, a node is shown at junction M by closed dotted

[ Jo
NN

=
1
#
w

line.
We will discuss the understanding and application of —m mi

nodal analysis using an illustration shown. In this circuit 3uF

we will calculate the equivalent capacitance of the circuit

across terminals AB and steady state charge on each + -

capacitor after closing the switch. There are three steps to

be followed for solving this circuit using nodal analysis. 20V

[90] www.allen.in



Current Electricity and Capacitance

ALLEN

Step-I: Identifying the Nodes of Circuit

Step-II : Distribution of Potential in Circuit
Distribute potential at every point in the circuit.
Starting with the battery terminals and first
considering the potential at negative terminal of the
battery as zero. At the node junction M as it is
neither connected to left or right side of battery
directly, we can consider its potential to be x.
Starting with zero potential reference from negative
terminal of battery and distributing potentials at all
other points of circuit. For nodes where potential
is unknown, we give variable potentials x, y, z etc.
if more than one node are there.

Step-III: Writing Nodal Equations

charges must remain same.

S5uF

M B
sl @

4uF
A +q1mn?
JETE
3uF
.
||

q3-q1-q2=0
q1=4x (20 -x)uC -(1)
q2=3x (20 -x)uC -(2)
and g3=5xxuC -(3)
Substituting the values of charges in equation (1), we get
5x-4(20-x)-3(20-x)=0 ..(4)
= 12x =140
= x=20_3y (5

175
Aqo=1q1+ qz2| = qs| = TMC

Thus, equivalent capacitance in this case can be given as

C 49 _ (%) S .(6)

e - —
1 Vbattery 20 12

Illustration 104:
If potential of 4 is 5V, then potential of B in volt is
Solution:

8V 1”|F_VB 1| WF oy

——1pF

l 5V
8V 8V 3V
18-Ve)+1(8-Vs)+1(5-V5) =0
21=3Vp
V=7V

1pF

—|—/’.\v_
S

20V

On a node charges can only be induced so charges on these plates must be conserved. If capacitors are
initially uncharged, net charge on a node must remain zero and if these are initially charged then sum of

1uF

—1pF

3V

www.allen.in

[91]



ALLEN JEE (Main + Advanced) : Physics

Illustration 105:

Three uncharged capacitors of capacitance C1 = 1uF, C; = 2pF and C; = 3pF are connected as shown in the
figure. The potential of point 4, B and D are 10 volt, 25 volt and 20 volt respectively. Determine the
potential at point O.

D
Solution:
Va-Vo)Co+ (Vg - Vp)Co + (Vp - Vp)C3 =0 _AT_ A =10V
Vo= VaCy +VpCy + Vp(s Ci T 1pF
© C1+ C, + Cy c & -
_ 10x1425x2420x3 _ 2 ,<\?
B 1+2+3 - Be 2MF C3 \p

dp = 25V ¢p =20V

Illustration 106:

In the given circuit find out the charge on each capacitor. (Initially they are uncharged)

____________________

10V | E 30V
{ D

1pF 2uF
11
i i s e
2uF
— 10V S5y T 30V
T

II
U
o
<
C)|
N
N
31
= <
w
S
<
|

o
o
O

Solution:

Let potential at A is 0, so at D itis 30 V, at Fitis 10 V and at point G potential is -25V and let potential at E
is x. Now apply Kirchhoff's Ist 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 T 4 -t 30
Sx=20 6uC ' '-6uC |-s2uc ' 's2uc
x=4V +58uC ——
Final charges: e ~58uC 75 g
Q= (30 - 4)2 = 52 uC
Qur=(10-4)=6uC
0 0 0

Qapr = (4 - (-25))2 =58 uC
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Sharing of Charges on Joining two Conductors (By a conducting wire)

Initially

Q Qu Q" Q"
DO =D
C1 Cz C1 CZ

Principle:

Finally

Whenever there is potential difference, there will be movement of charge. If only electric force act on
charge then they have tendency to move from high potential energy to low potential energy. Therefore,
positive charge moves from high potential to low potential and negative charge moves from low
potential to high potential. This movement of charge will continue till the potential difference between

the conductors vanishes.

Formulae related with redistribution of charges:

Before connecting the conductors

Parameter Ist conductor IInd conductor
Capacitance Cy C2
Charge Q1 Q>
Potential Vi V,

After connecting the conductors

Parameter Ist conductor IInd conductor
Capacitance C1 C;
Charge Q1 Q3
Potential V %4

Calculation:
Q1 _Qp Q_i _ G
c.°C T o =

1 2 Q; (2

But  Q;+0Q,=0Q'1+0Q";
Q1+ Q GV + G,

V =

V= =
C,+C, C,+C,
r_ Cl +
O = @+ 0)
2
d ;==
and  Q ciiC, (Q1+Q2)
Heat loss during redistribution:
_ 16,6 2
AH = §C1+C2 (Vl B VZ)

The loss of energy is in the form of Joule heating in the wire.

Note:

Always put Q4, Q2, V1 and V> with sign.

www.allen.in
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Illustration 107:
Two conductors having capacities 2uF and 5pF and potentials 2 volt and 10 volt respectively. Calculate the
ratio of their charges after connecting by a wire.
Solution:
Qs CiViom 2%107° 2
0, CVeom 5x106 5

Illustration 108:
Two charged metal spheres of radii R and 2R are temporarily placed in contact and then separated. At the
surface of each, which sphere has the greater value for the following:

(a) Charge (b) Charge density (c) Potential (d) Electric field
Solution:
(a) In sharing, charge divides in proportion to capacity so,

2 2
N 91 _ 4% RZ] _ 1 [2R1” _

(b) Charge density, g = P So, 5, 0y X [Rl =5 X [R] =2

: _ _q Vi_ 4 Ry 1 2R _
(© In case of spherical conductor, Vg = ImegR So, 7, " 0, X R, ~ 2 X R = 1

2 2

. E q R 1 2R
d In case of spherical conductor, E; = q ,—1 1w [—Z] =X |=| =2
(d) p ST ek R T @ IR 2 R]

Sharing of Charge between two Charged Capacitor:
Vi1 \
C1 C2

Initially let's say capacitors Ciis charged by applying potential difference Vi and similarly capacitor C; by
applying potential difference V.
When two capacitors are C; and C; are connected as shown in figure. 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

A ¢, B
Ve o0
Cz
| e
C ¢v D
By charge conservation of plates A4 and C before and after connection
+Q1, ~Q1 +Q'y, ~Q'1
11 LA
A C B A C B
+Qz2  -Q2 +Q2 -Q"
I T
C ¢ D C ¢ D
Initially Finally
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Before connecting the conductors

Parameter Ist conductor IInd conductor
Capacitance Ci C;
Charge Q: Q2
Potential Vi V>

After connecting the conductors

Parameter Ist conductor IInd conductor
Capacitance Cq C>
Charge Q1 Q2
Potential V V

Ql + Q2 = C1V + C2V or C1V + C2V = C1V1 + C2V2

. . _ C1V1+C2V2
Which gives, V = TG,

i _ Q1+Qp _ C4V1+CV, — Total charge
This could be understood as V = Ci+Cy ~  Cy+Cy ~ Total capacitance

C
(a) Q1'(Final charge on capacitor C1) = C,V = C—l (Q1 +Q2)
1+C2

C
= (@Q:'(Final charge on capacitor C;) = C, V = ClTZCZ Q1 +Q2)
(b) Heat loss during redistribution:
= AH = % C1VE +%CZV22 —%(c1 + C,)V?

1 1 1(CVy + GpV,)?
= TCVE 5V Gl + GVo)”

2 (G +6)
1 [CEVE 4 C1CVE + C,CVE + C2VE — CEVE — C2VE —2C,C WV,
~2 C, + G,
1 CiC
T 20, 1+ 2C2 GOk
AH =U; - Uy = %Ccl—cz(v1 —V,)?
1+ Cy A B
The loss of energy is in the form of Joule heating in the wire. —
When oppositely charge terminals are connected then Ve C %0
CV+ GV = CV, - CV, Cz
CVy — C,V, 1 C,C, , D T F ¢
=W and H :§C1+C2(V1+V2)
These two following formula can be remembered for both the cases using proper sign convention.
CiVi + GV,
B

1 2 1 2 1 2
H =561V1 +EC2V2 _E(Cl +Cz)V
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Note:

(i) When plates of similar charges are connected with each other (+ with + and - with -) then put all
values (Q1, 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.

Illustration 109:

Find out the following if A is connected with C and B ZuF 3puF
is connected with D. A ’—+| I_—' B Ce +I I - *D
)] How much charge flows in the circuit. 20V 1ov
(i) How much heat is produced in the circuit.
Solution: _.A_+| - B
(i) Let potential of B and D is zero and common 2uF
potential on capacitors is V, then at 4 and C it Vs 0
will be V. 1=
By charge conservation, C 3| uIF D
3V+2V=40+30
5V=70
V=14 volt 1} H | ]=3
Charge flow 28uC -28uC
- 40 - 28 v 1+12uC y+12uC
=12 uC ] 4 |- D
Now final charges on each plate is shown in ¢ 42pC —42pC

the figure.
. 1 2 1 2 1
(ii) Heat produced =7 X 2 X (20) + > X 3 X (10) -3 x 5 x (14)2
=400+ 150-490
=550-490=60

Illustration 110:
Repeat above question if A is connected with D and B is connected with C.

Q1=2VpuC

|
A ! B

| |
11
Q2= 3VuC

[@F
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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)uC=40-30=10 (uC)

= V=2 volt
Q1=2V=4nC 4uC | I—4uC
Q2=3V=6ucC A I B
Now charge on each plate is shown in the figure ! 36uC 360C 1
1
Heat produced = 400 + 150—5x 5x4 D . C
. | | .
=550-10 6uC -6uC
=540 W
Charging of A Capacitor
Charging of a condenser:
(i) 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
q = qo[1 - e-WRO)]

R
| J

(@)

NN

o ==
L—

R§
E
Where go = maximum final value of charge at t = «.
According to these equations the quantity of charge on the condenser increases exponentially with

increase of time.
(ii) If t=RC=r1then
q=qo[l-e®/RI]=qo [1 - ﬂ
or q=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[1 - eWRO] volt
) 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
I = Io[e"WRO] ampere

According to this equation the current falls in the circuit exponentially (Fig.).
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(vi) If t=RC=r1=Time constant 14
IO IO
I = Ipe(-RC/RC) =—=10.37 Iy _ _
e During charging
= 0
37% of Iy 0 ot
i.e. time constant is that time during which
current in the circuit falls to 37% of its During discharging
maximum value. lo
IR

Derivation of formulae for charging of capacitor

It is given that initially capacitor is uncharged. Let at any time charge on capacitor is g. Applying Kirchoff
voltage law

9 .
- ln
-] O Sy
0.63¢eC— ,
! >t
0 t=RC
e-iR-ﬂ=0:>iR=gCC_q
- &C—q dq ¢&C—q
1= - T =
CR dt CR
CR p p
. = dt
eC—q 1
Y A R P
= —_— s - - = —
e—q Jyrc T MEC-atinet =pr
eC t
n =—,;¢eC-q=¢C.et/RC
eC—q RC

q =¢C(1 - ev/RC)
RC = time constant of the RC series circuit.
After one time constant

q= ec[l_lj =¢C(1-0.37) = 0.63 &C
e

Current at any time ¢t

dq . 1 £
| = — = _pt/RC(___ )| =_,-t/RC
T £C< ¢ ( RC)) €
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Voltage across capacitor after one-time constant V= 0.63 ¢

0.63¢ f----=

7o) N

0 t=RC

Q=CV; Ve=g(l-etre)

Voltage across the resistor

0.37¢ f-----

0 t=RC
Vr=IR =get/RC
By energy conservation,

Heat dissipated = work done by battery — AUcapacitor

C L0y = e
—8(8)—(2 s—)—ze

Alternatively:
—g= (®;2
Heat=H= [ i*Rdt
2 2t 2 2 -2t
© £ _Z £ oo _ £ e RC
= [ =e RCRdt =— [ e /RC 4=
0 RZ2 R YO0 R |-2/RC

(0.0]
ech[ _z2t £2¢
e — —
2

RC
2R 0

Note:

0.63¢ f---= @

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

[00]

0
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Charging of RC circuit
Illustration 111:

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

(a) Just after the switch is closed.

(b) After a long time when switch was closed.
Solution:

(a) For just after closing the switch:

potential difference across capacitor = 0
Qc=0 i=5A
(b)  After along time
at steady state current, i =0
and potential difference across capacitor =10 V
Qc=3x10=30C

Illustration 112:

dqQ
Find out current [, I, I3, charge on capacitor and E of capacitorin 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.
Solution:

10V = —‘_

+10
0
20
10V —
0 0
20
0 X W—— 10
i=0 .
10V = =
0 0

13 _I_C

(a) Initially the capacitor is uncharged so its behaviour is like a conductor

Let potential at 4 is zero so at B and € 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 3x ¢
+ + =0=>— ==
R R R R R
€
x=§; Q:=0
—-&/3+e  2¢ dQ ¢ €
1= R —3R,2—E—ﬁandl3—ﬁ
Alternatively:
€ € 2¢e i1 e
h=——=—Fp%="—"—, i, =i3=5= and
' Req R+~ 3R 27T 273R

(b) At t = o (finally)

Capacitor completely charged so their will be no current

through it.
L=0 L=1I £
2=V, 1=13= 2R

eC dQ
VE_VB=VD_VC=(8/2R)R=S/2 ﬁQCZ?'E:IZ

X X

F R I, EILL D

€
€ R R

l s

A B C

0 0 0

£
Ly ﬁ

[100]
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Time 4 L kL Q dQ /dt
£=0 2¢ £ £ £
3R 3R 3R 3R
Finall £ £
v — 0 — f 0
t=o 2R 2R 2

Illustration 113:

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 Vin 2ps. Find the capacitance of the capacitor.

Solution:

The charge on the capacitor during charging is given by Q = Qo(1 - e-/k¢).

Hence, the potential difference across the capacitoris V= Q/C = Qo/C (1 - e-t/RC),

Here, at t = 2 ps, the potential difference is 12V whereas the steady potential difference is
Qo/C=36V. So, 12V =36V(1 - e/RC)

or 1-etRC= 1 = ¢ t/RC = z
3 3

t 3 t 2Uus
or — =+4n (—) = 0405 = RC =—— = = RC = 4936 us

RC 2 0.405 0.405

4.936us
or, C= =0.25 uF.
200

Illustration 114:

A capacitor of capacity 1uF is connected in a closed series circuit with a resistance of 107 ohms, an open

key and a cell of 2 V with negligible internal resistance:
(i) When the key is switched on at time ¢ = 0, find;
(a) The time constant for the circuit.
(b) The charge on the capacitor at steady state.

(c) Time taken to deposit charge equal to half of charge that will deposit at steady state.

(i) If after completely charging the capacitor, the cell is shorted by zero resistance at time t = 0, find

the charge on the capacitor at t = 50 s.
(Given: e5=6.73 x 10-3, In2 = 0.693)
Solution:
(i) (a) Time constantt=RC =107 x 1 x 10-6
=10 sec.
(M) Qo=CV=1x106%x2=2uC

(©0=2=qi(1-evm)

t
—=¢n2 = t=10¢n2 =6.93 sec.
RC

(ii) q=qoe/RC=2x10-6e50/10=2 x 106 e-5=1.348 x 10-8 C.
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Discharging of a condenser

M

(ii)

(iii)

(iv)

)

(vi)

In the circuit shown below, if key 1 is opened and key 2 is closed then the condenser gets discharged.

R
VWA

j
e

The quantity of charge on the condenser at any instant of time ¢t is given by q = qo e~ (/R0

(@]

(Initial charge on capacitor = qo)

qA

t=RC=r1

i.e. the charge falls exponentially.

Here qo = initial charge of capacitor

If t = RC = t = time constant, then q = % =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%.

1
The dimensions of RC are those of time i.e. [M°LOT!] and the dimensions ofE 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-WRO) Volt.

The transient current at any instant of time is given by I = -Ioe-(t/R0) ampere.

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

current. (-ve only means that direction of current is opposite to that at charging current)

Derivation of equation of discharging circuit

+V-
v e
] | |
+ —
Q c 9 .
R e MAWN———
AAAAANA i + iR -
Initially Atany time t

[102]
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Applying K.V.L. T4
q .
+L4_iR=0 qmax
c i
= 4 _da_4q
i =¢p~ o =CR 0.37
9-dgq tdt
o 4 JoCR 0
t
—lng =+ —
Q RC
q=Q.e Y/RC "
c__dq_Q -
i=- ar = RC e t/RC = foet/RC 0.37Vy
t
qg Qe RC _
V = E = C = Voe t/RC 0

Illustration 115:

At t = 0, switch is closed, if initially C; is uncharged and C is
charged to a potential difference 2¢ then find out following
(Given C1=C2 = ().

(a) Charge on Ci1 and C; as a function of time.

(b) Find out current in the circuit as a function of time.

(c) Also plot the graphs for the relations derived in part (a).
Solution:

Let g charge flow in time 't' from the battery as shown.

The charge on various plates of the capacitor is as shown in the figure.

Now applying KVL
—2¢C
€- 1_ IR - 1 =
Cc C
+q/C
L [l
— 1
q +
a iR
€

q-2eC| - q—2¢C
ZSC—(ﬂ_+ C

s—g - g+28—iR=0
C c

2
3e=-2 4 iR—3e- iR =24
C C

d
3eC-iRC=2q =N d—ZRC=BsC—2q
q dq _ ctdt 1 3Ce—2q\ _
0 3eC—2q _JORC = 2*’"( 3Ce )—
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3eC-2q\ _ 2t o —_2t/RC

ln( 3eC )_ RC = 3eC - 2q = 3¢Ce
3

3eC (1 - e2/R0) = 2¢q = q= p C (1 - e2t/Rc)
(charge on C, as function of time) Ans.

dqg 3¢
] =— = — e-2t/RC Ans.

dt R

3ec |9
C

Graph for C; t—

Charge on C, as function of time :

q=2eC-q
3 3 eCc 3
=26C-—¢C + = eCe /R = — 4 = gCe2t/RC
2 2 2 2
eC
= - [1+3e720%]
A q,
2¢C
eC
2 ,
Graph for C; t—

Illustration 116:

A capacitor of capacitance 200 pF is connected across a battery of emf 10.0 V through a resistance of
40 kQ for 16.0s. The battery is then replaced by a thick wire. What will be the charge on the capacitor
16.0 s after the battery is disconnected? (Given: e-2 = 0.135)

Solution:

For charging
g1 = CV(1 - e/1c) = 20 x 104 (1 /0= 101010 )

=20 x 10 (1 - e2)

For discharging
qz = qle—t/RC
=20x 104 (1- e_z)e—16/200><10‘6><40><103

(e?-1)

e

=20x10*(1-e2)e2=20x 10"

=233.55 uC Ans.
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Illustration 117:
A 5.0 pF capacitor having a charge of 20 uC is discharged through a wire of resistance 5.0 Q. Find the heat

dissipated in the wire between 25 to 50 us after the connections are made. (Given : e-2=0.135)

Solution:
20 1 4
= X == - .
=75t 5 T 5AmP
i = ipe-t/RC
50us
ne [ tne = [ 18w
25uS
16 25 —_6150Us
_o0f_Z -6\ [,-2t/25%10
5 ( 2 x 10 >[e ]25;15
e? -1
=40 x 10‘6[ T ]
e
= 4.7

Calculation of time constant of complex circuits

Thevenins Theorem:

To calculate time constant and write charge as function of time directly in those circuits where only one
capacitor is present.

It states that any linear circuit containing any amount of emfs source and resistance can be replaced by a
single voltage source called as Thevenins voltage (V) and single series resistance connected to load which
is termed as Thevenins resistance (Rrn).

Rs
4 N . ] . A
LA :
Alinear ] ]
network ' Vs '
containing Ll = —/— L

several emf’s
and resistances

L
ws]

N J

In RC circuits we can take help of this method to simplify the circuit and calculate the time constant and

charge on capacitor as function of time without actually analysing the circuit paths. In this method we have
to simply open the circuit terminal where a capacitor is connected and replace the voltage sources by their
internal resistances. Thus, the equivalent resistance between the terminals from where capacitor has been
removed is terminals or effective resistance. The time constant hence can be written as t = Ref C.

In such cases if capacitor is initially uncharged we can directly use the result of charging RC circuit and

—t/t

write charge on capacitor at time t as q = Qs (1 —e ) where Qs = steady state charge on capacitor.
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Let's try to understand the application of this method by illustrating following example
R R

IR

In this circuit we will try to find time constant and charge as a function of time taking help of Thevenins
theorem. Calculation of Regfective.

Therefore, Effective resistance will be equivalent of the combination between terminals A and Bi.e. 3R/2.
The given circuit will have time constant as t = 3RC/2.

R R
A
R
e B
The given circuit can be redrawn as
R R
A YW\ | YWWA
Rrm
+ - + -
I IV R wl = I IVTM - C

I

and we can write q = Qs (1 — et/ T) ; replacing time constant and steady state charge we will get the result

eC _
of charge as function of time as = q = ~ (1 — e72t/3R0Y),

Charging of complex RC circuits

There can be many complex RC circuit which may contain more than one resistor and capacitors. Charge
as a function of time can be calculated by using KVL and KCL. This has been illustrated using KVL in simple
following case.

Initially the capacitor is uncharged and here we will try to find R R

the charge on capacitor as a function of time. : W

Let's assume that current through battery is i and it gets 1
o o o - R =—cC

distributed in i1 and i - i; as shown in figure. Also charge on ST

capacitor at instant t is assumed to be gq. /.

Applying KVL in loop ABCDA
e-iR-(i-i1) R=0
e-2IR+1R=0 (i)
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Applying KVL in loop ABCEFDA

s—iR—ilR—g=
C
By equation (i)
2e—e—-i1R-2i1R
; == % = &C-3iRC=2q

dq q dq t dt
eC-2q=3—.RC = —
1 dt fO eC-2q 0 3RC
eC—-2q _ t

eC  3RC

1 c -
—Eln = qz%(l—e 2t/3RCY

In this illustration we have more than one capacitor without N\I}\f
using the formula of equivalent we will try to find out charge on
capacitor and current in all the branches as a function of time.
Here we have assumed current through battery at any instant ¢ as i e C=—
which distributes as i1 and 7, in respectively capacitor branches as
shown in diagram. Also, let's assume that charge at time t on
capacitors Ci1and C;are g1 and gz respectively.
Applying KVL in ABDEA
S'iRz% e e-iR
i R i
£ q 2Ce—q D~
I:E_ﬁ 2CR q/2 i1 i2_+_+q/2 + q
C=— C —
dq dt -q/2 T‘q/ 2
2eC—q 2CR q E P
7  dq _ A T 0
fo (2¢C —q) 2CR
2eC—q

= e-t/2RC
2eC

q =2¢eC (1 - et/2RC)

qi=—=¢eC(1- e—t/ZRC) =i = %e—t/ZRC -q

N Q
I

N Q

~t/2RC : €
=eC(1-e / ) = by =5petRe —

Alternate solution:
By equivalent
Time constant of circuit = 2C x R = 2RC

Maximum charge on capacitor = 2C x ¢ = 2Ce

0

www.allen.in
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Hence equations of charge and current are as given below

q =2eC (1 - et/2RC)

NIQ N

&
q1 =gC (1 - e/2RC) = 1= ﬁ e-t/2RC

€
q2 = — SC (1 - e—t/ZRC) = iZ = 2— e—t/ZRC
Illustration 118:
Find the time constant given circuit if

R1=4Q, R, =120, C1 = 3uF and C; = 6pF.

|1 Il
1 11
C1 C1
Vo + R: R1

Solution:

Given circuit can be reduced to

Wi O zg

[qp Jpem

R1R2 4x12
Ri+R,  4+12

C:—:—:Z“F’ =

Time constant = RC = (3)(2) = 6 us.

Illustration 119:

A capacitor of capacitance C is charged by charge qo. At t = 0, it is connected to a battery of emf V and

internal resistance r. Find the charge on the capacitor at time ¢ (positive plate of capacitor connected with

positive plate of battery).
Solution:

At time t using KVL

+
- (M) —ir+v=0
C
= —(qogq)—%r+V=0
q dq _ tdt
= 0 (CV—(qp+q) fO rC

By using integration,

q= CV (1 — e—t/RC) + qo e-t/RC — qo

= So, charge on capacitor = qo + q = CV (1 - e/RC) + qoe-t/RC

[108]
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Force on a dielectric due to charged capacitor

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

+ + + + + T + + + +
vy -
If dielectric is not completely inside the capacitor.

F «—

Case I : Voltage source remains connected

V = constant.
1
= —CV2
2

7= ()= 54

2 dx
xbegK  €o({—x)b €nb
where C = 4 o) :C=L[Kx+{’—x]
d d d
dC  €ob
—=—(K-1)
dx d
Eob(K—1)V?
=T 24 - constant (does not depend on x)
l
Y b
L 0+
l’,,l-- F
. -
Case II : When charge on capacitor is constant
F<+—
—>
X

www.allen.in
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_XbEQK €o(l—x)b U = Q
T d a '~ 2
dau Q* dc dc Eob
F=\— — [where,— = — (K-1)]
dx ZC2 Tdx dx
2
Q% _ €gb gb(k—1)Q -
F==5x—0/ (K-1 - here force 'F' depends on x
2C2 d ( )= chz ( p )

Illustration 120:
Consider the situation shown in figure. The width of each plate is b. The capacitor plates are rigidly clamped
in the laboratory and connected to a battery of emf V. All surface are frictionless. Calculate the extension

in the spring in equilibrium (spring is nonconducting).

—f{—
T_’____ K
d K
L L —
Solution:
1
Potential energy = > (Ci+C) V2 —_I_
1(€oxb €,K(f-x)b e
:_{ 0X oK (£-x) }VZ v X .| g L kox
2 d d
U  v2dc L T
Cax 2 dx ¢
-1dcC
F=—"—
2 X
e A€ _ Eob
where, - a {1-K}
1 V2 €yb(K-1)
2 d

At equilibrium, F = K, x

F  €obV?(K-1)
X=_ =
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