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Learning Objectives
After reading this chapter, you will be able to understand concepts and problems based on:

k) Heating Effects of Current

[) Wheatstone Bridge

m) Post Office Box

n) Potentiometer

(o) RC Circuit and Applications

o —

All this is followed by a variety of Exercise Sets (fully solved) which contain questions as per the
latest JEE pattern. At the end of Exercise Sets, a collection of problems asked previously in JEE (Main

and Advanced) are also given.

ELECTRIC CURRENT

Whenever a charge moves (i.e. a charge moving with
respect to an observer) we get current. So, moving
charges (positive and negative) constitute electric
current. Flow of electric charge is a direct measure
of electric current. Suppose a collection of charges
is moving perpendicular to a surface of area A, as
shown in figure.
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Charges moving through a cross section

The electric current is defined as the rate at which
charges flow across any cross-sectional area. If an
amount of charge AQ passes through a surface in a time
interval Af, thfg the average current I, ., is given by
A
ave = (1)
EA

The SI unit of current is the ampere (A), where
1A =1coulombsec™.

Common currents range from mega-amperes (in
lightning) to nano-amperes (in your nerves).

In the limit At — 0, the instantaneous current I may
be defined as

I—lim£=@

= (2
t=0 A df 2)

Since flow has a direction, so we have implicitly intro-
duced a convention that the direction of current corre-
sponds to the direction in which positive charges are
flowing. This current is called the Conventional Current.

The flowing charges inside wires are negatively
charged electrons that move in the opposite direc-
tion of the current and is called “Electronic Current’.
Electric currents flow in conductors : solids (metals,
semiconductors), liquids (electrolytes, ionized)
and gases (ionized), but the flow is impeded in
non-conductors or insulators.
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According to its magnitude and direction we catego-
rise the current in two types.

(a) Direct Current (DC): If the magnitude and direc-
tion of current does not vary with time, it is said
to be direct current (DC). This type of current is
provided by a Cell, a battery or DC dynamo.

(b) Alternating Current (AC): If a current is periodic
(with constant amplitude) and has half cycle pos-
itive and half negative, it is said to be alternating
current (AC). This type of current is generally
sinusoidal in nature. An AC dynamo provides
this type of current.

Remark(s)

(a) In all electric circuits, the current shown (or the
arrows drawn) must represent (or indicate) the
“Conventional Current”.

(b) A negative charge moving to the right is equiva-
lent to a positive charge moving to the left. So
current due to this negative charge is towards the
right.

(c) If a charge Q revolves in a circle of radius R with
angular frequency @ or frequency f, then equiva-
lent current,

Charge Circulating
Time to Complete one Revolution

_Q_Qo_Qv
T 2r 2nR

DIFFERENT SITUATIONS PRODUCING
CURRENT

Due to Translatory Motion of Charges

(@) If N particles, each having a charge g, pass
through a given area in time t, the current is
given by

_AQ _Nq
Y

(b) If n particles (each having a charge q) pass per

second per unit area, then

_ N

At
So, the current associated with cross-sectional
area A is

_AQ_Ng_
A A

(c) If there are n particles per unit volume in the
conductor (each having a charge ¢ ) moving with
velocity v, then

_N
AAx

So, the current through cross-sectional area A is

= AX =
AT,
Ry
4 VAT
AQ Nq qAAx—anA
At Al

Due to Circular Motion of Charge
Ifapointcharge q ismovinginacircleofradius r with

2 2 1
speed v, then its time period T = o (ﬂ ) =—.
) v f

So through a given hypothetical cross-section
(perpendicular to motion), the current is

Charge Circulating

" Period of One Revolution
= q qf =

where  is the angular velocity of the charge.

qw
Jrr 2

Due to Convectional Motion of Charge

It is possible that a charged body is transported from
one place to another. The convectional current is the
current which is developed due to the transportation
of charge or the mechanical transfer of a charge.
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Instantaneous current through a cross-section is
=%
dt

Charge passed through the cross-section in the inter-
val tto t+dt

dq=Idt

Total charge in the interval t; to t, is given by
t

Aq=JIdt=Area under | versus t graph in the
b
interval t, to t, as shown in figure.

Average current in the interval t; to t, is

_Aq__Aq
av — A_t - H
)
Idt
= (e Agq _h Area unc'ier!.versust graph
-t t- Time interval

ILLUSTRATION 1

The current in a wire varies with time according to
the relation I =a+bt*, where current I is in ampere
and time t isinsecondand a=4 A, b=2 As™.

(a) How many coulomb pass a cross-section of the
wire in the time interval between t=5s and
t=10s?

(b) What constant current could transport the same
charge in same time interval ?

SOLUTION

10 10
@ Aq=JI dt = J(4+2t2) dt
5

5
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2 10
= Aq:‘4t+gt3

=4(10—5)+§(1000-125)

5

Aj=60333 C
b 1,=20-085_ 150674
At 10-5

ILLUSTRATION 2

In the Bohr model of hydrogen atom, the electron
is pictured to rotate in a circular orbit of radius
5x10™" m, ata speed of 2.2x10° ms™ . What is the
current associated with electron motion ?

SOLUTION

The time taken to complete one rotation is
2mr
T=""
v
Therefore, the current is
ev  1.6x107 x2.2x10°

e
t T 2nr 2x3.14x5x1071

ILLUSTRATION 3

In a neon discharge tube 2.9x10" Ne* ions move to

=112 mA

the right each second while 1.2x10™ electrons move
to the left per second. Electron chargeis 1.6x 107" C.
Calculate the current in the discharge tube.

SOLUTION

Since current is actually due to the flow of positive
charges. Also we know that negative charge moving
to the left is equivalent to positive charge moving to
the right, so

Net current i=1, +i_=

(n)(0.) , (n)(2.)
t

t

: e :
— Neﬁ_

)

A

= i=(29%10"®+12x10" )x1.6x10™"
=  i=066A
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ILLUSTRATION 4

A long cylinder with uniformly charged surface and
cross-sectional radius a=1cm moves with a con-
stant velocity v=10ms™" along its axis. An electric
field strength at the surface of the cylinder is equal
to E=09kVem™. Find the resulting convection
current, that is, the current caused by mechanical
transfer of a charge.

SOLUTION

The convection current is

dq
=1 (1
m (1)

where, dg=Adx, A is the linear charge density

But, from the Gauss'’s Law, electric field at the surface

of the cylinder,
E= A
2meya

Substituting the value of A and subsequently of dg
in equation (1), we get

[ _ Adx
Cdt dt
- 2Emeyadx
dt
= [=2nrgEav { o = U}
dt

Substituting the given values, we get [ =0.5 yA

@ Test Your Concepts-I

1. In the Bohr model of the hydrogen atom, an elec-
tron in the lowest energy state follows a circular
path 5.29x107"" m from the proton.

(a) Show that the speed of the electron is
219x10° ms™.

(b) What is the effective current associated with
this orbiting electron?

2. The quantity of charge g (in coulombs) that has
passed through a surface of area 2 cm* varies with
time according to the equation q=4t>+5t+6,
where t is in seconds.

(a) What s the instantaneous current through the
surfaceat t=1s?
(b) What is the value of the current density?

3. An electric current is given by the expression
1(t)=100 sin(1207t ), where I is in ampere and t
is in second. What is the total charge carried by the

1
current from t=0 to t=[—)s?
240

4. A very small earthed conducting sphere is at a dis-
tance a from a point charge g, and at a distance b
from a pointcharge g, (a<b). Ata certain instant,
the sphere starts expanding so that its radius grows
according to the law R=vt. Determine the time
dependence I(t) of the current in the earthing con-
ductor, assuming that the point charges and the

Based on Current Definition

(Solutions on page H.198)
centre of the sphere are at rest, and in due time the
initial point charges get into the expanding sphere
without touching it (through small holes).

5. The current in a wire varies with time according to
the relation

f=(3A)+(25)t

s
(a) How many coulomb of charge passes a cross-
section of the wire in the time interval between
t=0and t=5¢?
(b) What constant current would transport the
same charge in the same time interval?

6. The gap between two plane plates of a capacitor
equal to d is filled with a gas. One of the plates
emits n, electrons per second, which while moving
in an electric field, ionize the gas molecules. This
way each electron produces & new electrons (and
ions) along a unit length of its path. Find the elec-
tronic current at the opposite plate, neglecting the
ionization of gas molecules by the ions so formed.
Take charge on an electron as e.

7. Along conductor of charge g, with charge density
A is moving with a velocity 2v parallel to its own
axis. Find the convectional current due to motion
of conductor.

J
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CURRENT DENSITY (j)

The current density at any point inside a conductor
is defined as a vector quantity whose magnitude is
equal to current per unit infinitesimal area at that
point, the area held normal to the direction of flow
of current.

A

: A,=Acosé

~
I ~

— ) —>.

1 S

Current density | points along the direction of
current flow.
If A, is small area normal to current I, then

Current density | = AL

n

If the plane of the small area A is not normal to
current, but makes an angle 6 with the to current,
then

IR
A, Acosf

]

The unit of current density is Am~2.
From above, we have

I=]ACOSG=T'A

OHM'’S LAW AND ELECTRICAL RESISTANCE

On applying a potential difference across a conduc-
tor, a current I is set up in the conductor. According
to Ohm’s Law “Under given physical conditions the
potential difference (V) applied across a conductor
produces a proportionate amount of current (I) in
the conductor” i.e.,

Vel
= V=IR

where the constant R is called the electrical resist-
ance of the given conductor.
The unit of resistance R is volt/ampere.

1VA'=10hm(Q)
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RESISTIVITY (p), CONDUCTIVITY (0) AND
CONDUCTANCE (G)

For a given conductor of uniform cross-section A
and length [, it has been observed that the electrical
resistance R is

(a) directly proportional to length | and
(b) inversely proportional to cross-sectional area A

[

= Re—
A
= R—gl (1)
=

where p is a constant of proportionality called the
specific resistance or resistivity of the metal of the
conductor at a given temperature. Since

RA
P=T

If I=1m, A=1m?, then p=R (numerically).

So, the specific resistance of the material of
the conductor is defined as the resistance offered by
the conductor of length 1 m and cross sectional area
1m?, when current flows normal to the area.

Alternatively, the specific resistance of a mate-
rial is defined as the resistance offered by the oppo-
site faces of a cube of that material of side 1 m. The
unit of resistivity is ohm metre (Qm ).

P=R
—/=1m —

The reciprocal of resistivity (p) is called the conduc-

tivity (o)

= 0Oo=-
P
The unit of conductivity is mho metre ™ (Q‘l m™! )
Ohm'’s Law in alternative form may be expressed as
J=oE

where ]=Current Density and E = Electric Field
Strength.
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Conductance (G) is the reciprocal of resistance

= G=l
R

Unit of conductance is siemen or mho (= Q! ) .

ILLUSTRATION 5

A 3000 km long cable consists of seven copper wires,
each of diameter (.73 mm, bundled together and sur-
rounded by an insulating sheath. Calculate the resist-
ance of the cable. Use 3x10™ Q cm for the resistivity
of the copper.

SOLUTION

The resistance R of a conductor is related to the
. l

resistivity p by R=%, where | and A are the

length of the conductor and the cross-sectional area,

respectively. Since the cable consists of N =7 copper

wires, the total cross sectional area is

2 2
A N = Nﬁj _ 7%(0.07:; cm)

The resistance then becomes

R=p_1=(3x10'6 Qcm)(3><108 cm)

A 77(0.073 cm )
4

=3.1x10* Q

= R=31kQ

ILLUSTRATION 6

Consider a material of resistivity p in a shape of a
truncated cone of altitude /i, and radii # and b, for
the right and the left ends, respectively, as shown in
the figure.

—h ———

A truncated cone

Assuming that the current is distributed uniformly
throughout the cross-section of the cone, what is the
resistance between the two ends?

SOLUTION
Consider a thin disk of radius r at a distance x from
the left end. From the figure shown, we have
bor_b-a
X h

X
o r=(a=b) 40
r=I(a )h

__________

— X —»i
—h——»

Since resistance R is related to resistivity p by
R= pzl, where [ is the length of the conductor and

A 1is the cross section, the contribution to the resist-
ance from the disk having a thickness dy is

pdx pdx
ar - B 2
' n[b+(a hb)x]

Straight forward integration then yields

h
R=J‘ pdx =ﬂ
_ 2 mab
07r[b+(u b)x}
h
= R=ﬂ
mab

where we have used

J‘ du 1
(ou+p)  o(au+p)

Note that if b=, we get R=th=fj
a

ILLUSTRATION 7

Consider a hollow cylinder of length L and inner
radius 4 and outer radius b, as shown in figure. The
material has resistivity p.




ICON

"

A hollow cylinder

(a) Suppose a potential difference is applied between
the ends of the cylinder and produces a current
flowing parallel to the axis. What is the resistance
measured?

(b) If instead the potential difference is applied
between the inner and outer surfaces so that cur-
rent flows radially outward, what is the resis-
tance measured?

SOLUTION

(a) When a potential difference is applied between
the ends of the cylinder, current flows parallel to
the axis. In this case, the cross-sectional area is
A=n(b*-4?), and the resistance is given by

pL pL
R:—:—
A l(p?-a?)

(b) Consider a differential element which is made
up of a thin cylinder of inner radius r and outer
radius r+dr and length L. Its contribution to
the resistance of the system is given by

gr= P _ pir
A 2nmrL

where A=2nxrL is the area normal to the direc-

tion of current flow. The total resistance of the
system becomes

b
R = P_‘”=Llogg(9)
2nrl 2zl a

a

RECASTING A WIRE OF GIVEN MASS

Consider a conductor of mass m , density 4, resistiv-
ity p tobe recast to a wire of length I, cross-sectional
area A (or radius r ), then we have

I

_P
R=1 (1)

Chapter 3: Electric Current and Circuits 3.7

Since, m = volume x density = Ald ..(2)
= A= m
ld
Then from (1), we get
P! ( pd ) 2
R= =| = |] )
(m/ld) \ m ®)
As p, d, m are constants, so we have
Recl?
R, (LY
R—2 = (Il) ..(4)
1 1

So, we conclude that if a given mass of wire is
stretched (or drawn) to n times its original length,
then the new resistance is n* times the original resist-
ance of wire. Hence

.2
Rnew =n JRold

Further if we put value of | from (2)ie. = 2 in (1),
Ad
then we get

pm (mp)[ 1 )
R:—: —_— —_—
AdA U d ) A2

Remark(s)

Thus if given mass of material is stretched to make its
length £, then Re< £? and if the given mass of material
is stretched to make its radius r, then

Roc—

So, we conclude that if a given mass of wire is stretched
(or draw) such that new radius of wire is n times its old
radius, then

1
Roew = _4R0Id
n



ICON

3.8 JEE Advanced Physics: Electrostatics and Current Electricity

FRACTIONAL CHANGE IN RESISTANCE

The resistance of a wire depends on its length L,
radius r and cross-sectional area A (where A = 7r?).
If the wire is stretched by a small amount, its resist-
ance R changes.

CASE-1: Suppose the length L increases by a small amount
AL(< L). Then, we can write

pL (Lz)
R:—: —_—
A Py

{as AL =volume, V = constant}

Hence fractional change in resistance with a small
change in length is

AR AL
R L
CASE-2: Suppose the wire is stretched so that the
cross-sectional area A reduces by small amount

AA(< A). Then we can write

pL V)
R:—: —_
A ‘O(A2

AR _AA

) el

R A

CASE-3: Suppose the wire is stretched so that the
radius reduces by Ar(< ). Then, we can write

pL (LA] 1% (pV]l
R:—: — | = =| — | —
A Plaz)7P (m,z)z n )rt

AR A
- oY
R r

CURRENT DENSITY AND DRIFT VELOCITY

To relate current, a macroscopic quantity, to the micro-
scopic motion of the charges, let’s examine a conduc-
tor of cross-sectional area A, as shown in figure.

A microscopic picture of current flowing in a conductor

Let the total current through a surface be written as
I=jf-dﬁ (1)

where | is the current density (the SI unit of current
density are Am ™). If g is the charge of each carrier,
and n is the number of charge carriers per unit vol-
ume (also called “Charge Carrier Density”), the total
amount of charge in this section is then

AQ = q(nAAx).

Suppose that the charge carriers move with a speed
v, , then the displacement in a time interval At will be
Ax =1,At . So, by definition of average current, we get

Lavg = % =ngAv, ~(2)
The speed v; (along with the random speed) at
which the charge carriers are moving is known as
the drift speed. Physically, v, is the average speed
of the charge carriers inside a conductor when an
external electric field is applied. Actually an electron
inside the conductor does not travel in a straight line.
Instead, its path is rather erratic, as shown in figure.

V
L.

o~
N

~—F

Motion of an electron in a conductor

From the above equations (1) and (2), the current
density | can be written as

| =nqv, ..(3)
Thus, we see that | and @, point in the same direc-
tion for positive charge carriers, in opposite direc-
tions for negative charge carriers.

To find the drift velocity of the electrons, we first
note that an electron in the conductor experiences an
electric force F, = —eE which gives an acceleration

e

m m

[4 &

Let the velocity of a given electron immediate after
a collision be i . The velocity of the electron imme-
diately before the next consecutive collision is then
given by
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where t is the time between two consecutive colli-
sions. The average of ¥ over all time intervals is

eE

m,

(6)=(it)-—(t)

This average, (v) is equal to the drift velocity 3.
Since in the absence of electric field, the velocity of
the electron is completely random, it follows that
(ii)=0.1f 7=(t) is the average characteristic time
between successive collisions (the average relaxation
time or the mean free time), we have

ﬁd=(ﬁ)=—[£)r

m,

The current density, from equation (3) becomes

2 2
f=—neiid=—ne(—£’r}=(ﬂ}é ..(4)

m, m,

Note that | and E will be in the same direction for
either negative or positive charge carriers.

Also, we compare (4) with | = 6E , then we get

neT
0=—"7

mr’.’

m

= p= 2"
neT
Remark(s)

(a) J and v, pointin the same direction for positive
charge carriers, in opposite directions for negative
charge carriers.

(b) j and E will be in the same direction for either
negative or positive charge carriers.

OHM'S LAW: REVISITED

In many materials, the current density is linearly

dependent on the external electric field E with their
relation expressed as

] =oE
where ¢ is called the conductivity of the material.
The above equation is known as the Microscopic

Chapter 3: Electric Current and Circuits 3.9

Ohm'’s Law. A material that obeys this relation is said
to be ohmic, otherwise, the material is non-ohmic.
Also, we have seen that the conductivity ¢ is given

To obtain a more useful form of Ohm’s Law for prac-
tical applications let us consider a segment of straight
wire of length [ and cross-sectional area A , as shown
in figure.

A uniform conuctor of lenght /
and potential difference AV =V, -V,

Suppose a potential difference AV =V, -V, isapplied
across the ends of the wire, creating an electric field
E and hence make a current I to flow through it.
Assuming E to be uniform, then

b
AV =V, -V, =—JE.dE=EI

The current density can then be written as
AV
j=or=o( 7

where | = % . The potential difference becomes

AV=I]=(I)I=RI
o] oA

where R=g=i,
oA

is the resistance of the

conductor.
The equation AV =IR is the “macroscopic” version
of the Ohm’s Law.
The SI unit of R is the ohm (€, the Greek letter
Omega), where

1Q= ﬂ

1A

Once again, a material that obeys the above relation
is ohmic, and non-ohmic if the relation is not obeyed.
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Most metals, with good conductivity and low resis-
tivity, are ohmic. We shall focus mainly on ohmic
materials.

) /

AV AV

Ohmic vs. Non-ohmic behaviour

The resistivity p of a material is defined as the recip-
rocal of conductivity

1 m

(4

o net
From the above equations, we see that p can be
related to the resistance R of an object by

= R=p—1 where p=
A

e
ne’t

MOBILITY

Conductivity arises from mobile charge carriers.
These mobile charge carriers are electrons in case of
metal, electrons and positive ions in case of an ion-
ized gas and both positive and negative ions in case
of an electrolyte. In semiconductor’s material such as
germanium and silicon, conduction is partly due to
electrons and partly due to electron vacancies called
holes. Holes are sites of missing electrons which acts
like positive charges.

The mobility u of a charge carrier is defined as the
drift velocity per unit electric field.

vy _ ol

=%

Mobility is positive for both electrons and holes,
although their drift velocities are opposite to each
other. The electric conductivity for a semiconductor
containing electrons and holes as charge carriers can
be expressed as

0= e(nmue +ﬂh}lh )

where p, and p;, are electron and hole mobilities
and n, and n, are electron and hole concentrations
(in charge carriers per unit volume) also called as
electron and hole density.

7E E
Also, ’t‘)d=q— { Ud=ﬂf=(q—)f}
m m
v, qT
= =—=—
2 E m
Hence, u, = e and Uy, = i
m, my,

7, and 7, are relaxation time for electrons and holes,
respectively. m, and my, refer to mass of electron and
holes respectively. Charge on either of the carriers
is e.

ILLUSTRATION 8

The resistivity of sea water is about 25 Qcm. The
charge carriers are chiefly Na* and Cl™ ions, and of
each there are about 3x10%° cm™. If we fill a plas-
tic tube 2 m long with sea water and connect a 12 V
battery to the electrodes at each end, what is the
resulting average drift velocity of the ions, in cms™1?

SOLUTION

The current in a conductor of cross sectional area A
is related to the drift speed v, of the charge carriers

by
I = neAv,

where 7 is the number of charges per unit volume.
We can then rewrite the Ohm’s Law as

V =IR = (neAv, )(%I)= nev (pl)

V

= Ud = m—

nepl
Substituting the values, we get

12V
Vg = 0 3 19
(6x10® em™)(1.6x10™ C)
(25 Q cm)(200 cm)

%
= 0,=25%x107 % =25%107 cms™
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ILLUSTRATION 9

Show that the total amount of charge at the junction

1 1
of the two materials in figure is ;1 ( ——— ) , where
0y, Oy

I is the current flowing through the junction, and o,
and o, are the conductivities for the two materials.

Layer of positive charge

0'1 > 0'2 /
| o _—=> ZE"/ = o ) |
’ EJ + J g :
— + —

Charge at a junction

SOLUTION

In a steady state of current flow, the normal compo-
nent of the current density | must be the same on
both sides of the junction. Since ]=0E, we have
0.k, = 0,L,

Chapter 3: Electric Current and Circuits  3.11

Let the charge on the interface be g, , then from the
Gauss’s Law, we have

(JSE-dA:(EZ—El)A:%i

&
qE‘I"LC
= E-E=—"
2T Agy
Substituting the expression for E, from above then
0, 1 1
=g AE | —-1|=gA0E|| ———
fenc = &0 1(0,2 ) 04107 1(02 0,1)

Since the currentis I = JA = (0,E; )A . So, the amount
of charge on the interface becomes

1 1
Jenc = EUI T
0, 0

@ Test Your Concepts-Il

1. A close analogy exists between the flow of energy
by heat because of a temperature difference and
the flow of electric charge because of a potential
difference. The energy dQ and the electric charge
dq can both be transported by free electrons in the
conducting material. Consequently, a good electri-
cal conductor is usually a good thermal conductor
as well. Consider a thin conducting slab of thick-
ness dx, area A, and electrical conductivity o, with
a potential difference dV between opposite faces.

Based on Resistance, Resistivity and Ohm'’s Law

Show that the current | = dq is given by the equa-
tion on the left below:
Charge Conduction Thermal Conduction
a4 _ ;v aQ_ aldl
dt dx dt dx

In the analogous thermal conduction equation on

the right, the rate of energy flow Z—? (in Sl units of

joules per second) is due to a temperature gradient

(Solutions on page H.199)

—, in a material of thermal conductivity k. State
X

analogous rules relating the direction of the elec-
tric current to the change in potential, and relat-
ing the direction of energy flow to the change in
temperature.

2. Material with uniform resistivity p is formed into a
wedge as shown in figure. Show that the resistance
between face A and face B of this wedge is

Face A

L Y2
—Ioge(—]
w(y,=y1)  \n

R=p

3. Apiece of wire of uniform cross section has a resis-
tance 8 Q. If the length of the wire is doubled and
its area of cross section is increased four times,




ICON

3.12 JEE Advanced Physics: Electrostatics and Current Electricity

calculate the new resistance. Neglect the tempera-
ture variation of resistance.

4. (a) If a copper wire is stretched to make it 0.1%
longer, keeping volume constant, what is the
percentage change in its resistance?

(b) What is percentage change in its resistance if
radius is increased by 1% and area is increased

by 1%?
5. A steady current passes through a cylindrical
conductor. Is there an electric field inside the

\ conductor?

6. The region between two concentric conducting
spheres with radii a and b is filled with a material
with resistivity p.

(a) Show that the resistance between the spheres
is given by

Rzﬁ(l_l)
4n\a b

(b) Find the current density as a function of
radius, in terms of the potential difference V
between the spheres.

J

VARIATION OF RESISTANCE WITH
TEMPERATURE

The resistance of a conductor varies with tempera-
ture. The graph of variation of resistance of pure
metal with temperature is shown.

R

0]

Mathematically the dependence of (R) on tempera-
ture (T) is expressed as

R; =R, (1+aT +pT?) (1)

where o and B are Temperature Coefficients of
Resistance (TCR). The values of & and B vary from
metal to metal.

If temperature T is not sufficiently large (as
in most practical cases), then equation (1) may be
expressed as

Ry =Ry(1+0T) ..(2)

The constant ¢ is called the Temperature Coefficient
of Resistance (TCR) of the material. « is positive for
metals and negative for semiconductors and electro-
lytes. If R; and R, are the resistances of the same
specimen at temperatures T; °C and T, °C, then

R, =Ry (1+aT;) ..(3)

R, =Ry (1+aT,) ()

So, the temperature coefficient of resistance is given
by

Ry — Ry
RT, -RT

The resistivity of a material actually varies with tem-
perature T'. For metals, the variation is linear over a
large range of T

pr=po(1+aT)

where o is the temperature coefficient of resistivity.
Typical values of p, ¢ and « (at 20 °C) for differ-
ent types of materials are given in the table below.

Material Resistivity | Conductivity | Temperature
p (Qm) o (Qm)™ coefficient
a ()™
Elements
Silver 1.59x10°| 6.29 %10’ 0.0038
Copper 1.72x10%| 581x107 0.0039
Aluminium |2.82x10°®| 3.55x 107 0.0039
Tungsten | 5.6x107° | 1.8x107 0.0045
Iron 10x10°® 1x107 0.0050
Platinum  [10.6x10°%| 1x107 0.0039
Alloys
Brass 7x10% | 1.4x107 0.002
Manganin | 44x107® | 0.23x10’ 1x107
Nichrome | 100x107® | 0.1x 107 0.0004

(Continued)
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Material Resistivity | Conductivity | Temperature

pl@m)  |o(@Qm)” coefficient
a(°c)™”

Semiconductors

Carbon 35x10° | 29x10 —0.0005

(graphite)

Germanium 0.46 22 —0.048

(pure)

Silicon 640 1.6x107 —0.075

(pure)

Insulators

Glass 10°-10" | 107 =107

Sulfur 10" 1070

Quartz 75x 10" | 1.33x 107

(fused)

Variation of Resistivity of Metals with

Temperature
Since,R=—
ne‘tA
and ,o=i2
net

The number density of free electrons, n, is practi-
cally independent of temperature for most metals.
However, an increase of temperature increases the
amplitude of vibration of atoms and also the aver-
age speed of the free electrons. Therefore the aver-
age relaxation time 7 decreases and hence resistivity
increases with temperature.

If p, and p; are the values of resistivity of a
material at 0°C and T°C respectively then over a
temperature range that is not too large, we have
approximately,

pr=po(1+aT)

ILLUSTRATION 10

The temperature coefficient of resistivity « is given

by a= (l)j_; , where p is the resistivity at temper-
p

ature T.
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(a) Assume that & is not constant and is given by
a )
o =—?, where T is the absolute temperature

where a is a constant, show that the resistivity p

isgivenby p= % ,where b is another constant.

p=35x10"Qm and
for graphite at 293K,

(b) Using the values
a=-5x10" (C°)™
determine 2 and b .

(c) Using your result from part (b), determine the
resistivity of graphite at -196 °C and 300 °C.
(Remember to express T on absolute scale).

SOLUTION
(a) o= ld_p
pdT
= d_p =odl = —ad—T
P T

Let p=p, at T =T, then
2 T
J_ﬁ’:_ajd_T
p T

Po Ty

P T (To)ﬂ
= log,| — |=-alog,| — |=log,| —
g{PﬂJ g[%) S\

1 b
= =(p Ty | —==—
P (PU 0 )Tﬂ T
Here, b= p,Tj
(b) Given that p, = 35%x10™° Qm and

ay =-5x107*(°C)™" at T, =293 K

e

0.15

a=-0yT

= a=0.15
and b=p,T? =(35x107 )(293)
= b=8x10" QmK"P

{be careful while taking units of @ and b |
(¢) Nowat T=-196+273=77K,

b 8x107

Similarly at T =300+273 =573 K
_ 8x107

= @mr®

=~43x10™ Qm

=3%x107° Qm
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COLOUR CODE FOR CARBON RESISTANCES

Carbon resistances find their wide use in electronic
circuits at low voltages due to following reasons.

(@) They may have values ranging from few ohms to
100 MQ.

(b) They are made up of small handy sizes.

(c) They are quite cheap.

A Colour Code is used to indicate the resistance and
its percentage reliability. The carbon resistor has a set
of concentric rings of various colours on it with their
significance in the table.

Colour Number | Multiplier % Tolerance
Black (B) 0 10°=1  Gold 5%
Brown (B) 1 10' Silver 10%
Red (R) 2 102 No Colour 20%
Orange (O) 3 10°

Yellow (Y) 4 10*

Green (G) 5 10°

Blue (B) 6 10°

Violet (V) 7 10

Grey (G) 8 10°

White (W) 9 10°

The colour bands are formed from left to right. The
first three bands (A, B and C) give the value of

resistance. The colours of first and second bands indi-
cate the first and second significant digits while the
colour of third band gives decimal multiplier (i.e., the
number of zeros which follow the first two digits).
The colour of fourth band represents its tolerance.
Absence of any colour means a tolerance of 20%.

ol

ABC D
R=ABx10°+
Tolerance (in %)

e.g. if Ais red, B is green, C is grey and there is no
colour at D, then

R=25x10° Q +20%

The table may be memorised by the mnemonic

BB ROY of Great Britain has a Very Good Wife.
Capital letters represent the first letter of colour (from
Darkest to the lightest colour).

Also you may try to remember the following
mnemonic

Black Bears Roar, Orangutans Yell, Goats Bleat
Violently, Go Weep.

Another way of representation is the Dot-Body
convention in which the body of the resistance is
given one colour, the ends are given the other sec-
ond same colour and a dot is marked over the body.
Aring (silver or gold) on one side indicates the toler-
ance. The colour code table remains the same.

Body Dot Ring
(Green) (Red) ,(Gold)
/ /

I\End E\nd

(Yellow) (Yellow)
Colour of body describes the first significant digit.
Identical end colours give the second significant
figure.
Colour of dot gives the decimal multiplier.
The colour of the ring gives the tolerance.
So, for the colours specified in the figure the resist-
ance has a value

R=54x10* Q +5%

THERMISTOR

A thermistor is a heat sensitive resistor usually made
of semiconductor material. The temperature coef-
ficient of a thermistor is negative but is unusually
large, of the order of ~0.04(°C)™. The V-I curve of
a thermistor is unusual and is shown in Figure.

/

A
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Uses of Thermistor

(@) They are used for resistance thermometers in
very low temperature measurement of the order
of 10K.
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(b) They may be used to safeguard electronic circuits
against current jumps because initially (when
cold) thermistor has high resistance and its resis-
tance drops appreciably when it warms up.

@ Test Your Concepts-Ill

1. When the temperature of a heating element
changes, its resistance also changes and so does
the temperature coefficient. Suppose the tem-
perature varies linearly with time and is given by
T(°C)=(20+10t) where t is time in second.
The temperature coefficient of the material is
0.0065 (°C)™" at 0°C. If the initial resistance of the
heating element is 2r, then express the resistance
as a function of time.

2. Obtain a general relationship between ¢ and ¢,
the respective temperature coefficients at 0°C and
T°C.

3. Obtain a general relationship between ¢; and a,
the respective temperature coefficients at T,°C and
T,°C.

4. Obtain the expression for the ratio of resistances of
a coil at two temperatures T; and T, assuming that
the only other given quantity is the temperature
coefficient o, at 0°C.

5. It has been experimentally found that the resistiv-

ity of conducting materials such as copper and alu-

minium varies linearly with temperature. Obtain a

relation between resistivities of a metal p; and p, at

two temperatures T, and T, respectively.

N

Based on Variation of Resistance with Temperature

(Solutions on page H.200)

Metal 2
P (Aluminium)
.

Metal 1

p A~ (Coppen)
L
Vo
o7l
I I

I T,

6. When a metal rod is heated, not only its resis-
tance but also its length and area of cross-section
changes. Find the percent change in R, / and A
of a copper wire for a temperature rise of 1°C.
Coefficient of linear expansion for copper is

17x107° (°C)™" and its thermal coefficient of
resistance is 3.9x 107 (°C)™.

7. Two coils connected in series have resistance of
600 Q and 300 Q and temperature co-efficient
of 0.001(°C)™" and 0.004 (°C)™" respectively at
20°C. Find resistance of the combination at a tem-

perature of 50°C. What is the effective temperature
co-efficient of combination?

J

ELECTRICAL ENERGY AND POWER

Consider a circuit consisting of a battery and a resis-
tor with resistance R.

L+ T

Let the potential difference between two points a and
b be AV=V, -V >0.If acharge Ag is moved from
a through the battery, its electric potential energy is
increased by AU = AgAV . On the other hand, as the
charge moves across the resistor, the potential energy
is decreased due to collisions with atoms in the resis-
tor. If we neglect the internal resistance of the battery
and the connecting wires, upon returning to a the
potential energy of Ag remains unchanged.

Thus, the rate of energy loss through the resistor is
given by
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p=&=(%)ﬁv=mv
At At

This is precisely the power supplied by the battery.
Using AV =IR, the above equation can be rewritten
as

2
AV

P=]?R= !

Introduction to Electrical Circuits

Electrical circuits connect power supplies to loads

such as resistors, motors, heaters, or lamps.

R1 HZ

(@) (b)

Elements connected (a) in parallel and (b) in series

The connection between the supply and the load is
made with the help of wires (that are often called
leads), or with many kinds of connectors and
terminals. Energy is delivered from the source to the
user on demand at the flick of a switch. Sometimes
many circuit elements are connected to the same
lead, which is called a common lead for those ele-
ments. Various parts of the circuits are called circuit
elements, which can be in series or in parallel, as we
have already seen in the case of capacitors.

Elements are said to be in parallel when they
are connected across the same potential difference.
Generally, loads are connected in parallel across the
power supply.

On the other hand, when the elements are con-
nected one after another, so that the current passes
through each element without any branches, the ele-
ments are in series.

There are pictorial diagrams that show wires and
components roughly as they appear, and schematic
diagrams that use conventional symbols, somewhat

like road maps. Some frequently used symbols are
shown here for the purpose of convenience.

Voltage source +I f

p=
=~

=

=

Resistor

Switch <

Often, in circuits we observe a switch to be connected
in series. When the switch is open the load is discon-
nected and when the switch is closed, the load is
connected.

One can have closed circuits, through which
current flows, or open circuits in which there are no
currents. Usually by accident, wires may touch, caus-
ing a short circuit. Most of the current flows through
the short, very little will flow through the load. This
may burn out a piece of electrical equipment such as
a transformer. To prevent damage, a fuse or circuit
breaker is put in series. When there is a short the fuse
blows, or the breaker opens.

In electrical circuits, a point (or some common
lead) is chosen as the ground. This point is assigned
an arbitrary voltage, usually zero, and the voltage V
atany point in the circuit is defined as the voltage dif-
ference between that point and ground.

Active and Passive Elements in
Electric Circuits

An electric circuit is an arrangement of active and
passive elements, having one or more closed paths
for electric current to flow. It is due to the active ele-
ments (such as cells, batteries, dynamos, generators,
etc.) that the current is forced to flow in a closed path.
These supply energy to the circuit. The active ele-
ment in a dc circuit is a cell or a battery. Its circuit
symbol is
0—+| I_—o
Er
On the contrary, the passive elements either consume

or store electric energy. There are three basic passive
elements.
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1 2 3
Passive Resistor Capacitor Inductor
element (Resistance) | (Capacitance) | (Inductance)
(property)
Symbol R C
Units Q F H
Circuit —W—e | oL, | T
Symbol or
[ m—

V-1 V=IR av dl
Relationship I= CE V=L at
Energy IRt L) ]
consumed/ ECV EH
Stored
Characteristic | Converts | Opposes Opposes
property electric variations in | variations in

energy into |voltage current

heat

ELECTROMOTIVE FORCE (EMF)

We are aware of the fact that energy has to be supplied
to maintain a constant current in a closed circuit. The
source of energy is commonly referred to as the elec-
tromotive force, or the emf (symbol E). The ability
of a cell or a battery to make the current flow in the
circuit is measured in terms of its electromotive force
or emf. Batteries, solar cells and thermocouples are
some examples of emf source. They can be thought of
as a “charge pump” that moves charges from lower
potential to the higher potential. Mathematically emf
is defined as

E= w (1)

q

So, emf is the work done to move a unit positive
charge in the direction of the applied external filed or
from higher potential to the lower potential. SI unit
for E isvolt (V).

Consider a simple circuit consisting of a battery
as the emf source and a resistor of resistance R, as
shown in figure.
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A simple circuit consisting of a battery and a resistor

Assuming that the battery has no internal resistance,
the potential difference AV (or terminal voltage)
between the positive and the negative terminals of
the battery is equal to the emf E. To drive the cur-
rent around the circuit, the battery undergoes a dis-
charging process which converts chemical energy to
emf. The current I is found by noting that no work
is done in moving a charge 4 around a closed loop
due to the conservative nature of the electrostatic
force. So,

W=q<j>é-di:0 ..(2)

Consider the loop abeda and the point a in figure be
the point of start.

Ce——MWW—>—2 @

btr—+||_—-+—oa

When crossing from the negative to the positive
terminal, the potential increases by E. On the
other hand, as we cross the resistor, the potential
decreases by an amount IR, and the potential
energy is converted into thermal energy in the
resistor. Assuming that the connecting wire carries
no resistance so, upon completing the loop the net
change in potential difference must be zero. Hence,
we must have

E-IR=0 ..(3)
E
= I=ﬁ ..(4)

However in reality a battery always carries an internal
resistance r and the potential difference across the
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v

1
1
1
1
1
1
1
i

e

(a) Circuit with an emf source having an internal resistance r and
a resistor of resistance R.
(b) Change in electric potential around the circuit.

battery terminals, also called as the Terminal
Potential Difference (TPD), becomes

AV=E-F ..(5)

Since there is no net change in potential difference
around a closed loop abcdea , we have

E-Ir-IR=0 ...(6)
E

[=— (7

= R+r @)
Remark(s)

(a) Figure (b) depicts the change in electric poten-
tial as we traverse the circuit clockwise. From the
figure, we see that the highest voltage is immedi-
ately after the battery. The voltage drops as each
resistor is crossed. Note that the voltage is essen-
tially constant along the wires. This is because the
wires have a negligibly small resistance compared
to the resistors.

(b) For a source with emf E, the power or the rate at
which energy is delivered is

P=IE=I(R+Ir)=I"R+Ir
That the power of the source emf is equal to the
sum of the power dissipated in both the inter-
nal and load resistance is required by energy
conservation.

(c) V (potential difference across the terminals of
the cell) may be less than E, equal to E or greater
than E.

(i) V<E, when the circuit draws current | from
the cell and in that case V=E —Ir.

(i) V=E, when the circuit draws no current
from the cell i.e. when /=0.

(i) V>E, when the cell is being charged and in
that case V=E+Ir.

RESISTORS IN SERIES AND IN PARALLEL

Series Combination

The two resistors R, and R, in figure are connected
in series to a voltage source AV'. By current conser-
vation, the same current I is flowing through each
resistor.

The total voltage drop from a to ¢ across both
elements is the sum of the voltage drops across the
individual resistors

AV =R, +IRy = I(R, +Ry;)

a R b Ra c a | Req c
r—— W
! ¢l =
AV AV
N N
+11- +1-
(@) (b)

Resistors in series Equivalent circuit

The two resistors in series can be replaced by one
equivalent resistor Req (figure (b)) with the identical
voltage drop AV = IR, which implies that

Ry =R +R

The above argument can be extended to N resistors
placed in series. The equivalent resistance is just the
sum of the original resistances,

N
Ry=Ri+Ry+...= ZR,-
i=1

(a) Notice that if one resistance R, is much larger
than the other resistances R;, then the equivalent
resistance R, is approximately equal to the larg-
est resistor R;.

(b) The current flowing in each resistor is same.

(c) The total potential difference V' across the com-
bination is equal to the sum of the potential dif-
ference across individual resistances i.e.,

V=V +V,+V,
suchthat V; :V,:V, =R, :R, : Ry
(d) The equivalent or effective resistance (Rg ) of the

combination is equal to the sum of individual
resistances i.e.,

RS =R1'+'R2 +R3
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(e) Net Conductance (G) is
1 1 1 1
—_—
Gs G G G

(f) Net Resistance R, has a value greater than the
largest resistance of the combination.

R
@ Vi=| |V
g Vi R,
V2=&V
RS
R
Vy=| = |V
RS

Voltage Divider Circuit

Consider a voltage source V,, that is connected in
series to two resistors, R; and R, .

Ay
——o
gﬁ’g ut
o

—o~ —

Voltage divider

The voltage difference, V,,, across resistor R, will be
less than V,, . This circuit is called a voltage divider.

From the loop rule,

V. IR, ~IR, =0
So the current in the circuit is given by
A
R, +R,

Thus the voltage difference, V,, across resistor R,
is given by
R
=2V,
Ry +R,y

Note that the ratio of the voltages characterizes the
voltage divider and is determined by the resistors
Vout — RZ
V, R, +R,

in
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Parallel Combination

Next let’s consider two resistors R, and R, that are
connected in parallel across a voltage source AV .

By current conservation, the current I that
passes through the voltage source must divide into a
current I; that passes through resistor R; and a cur-
rent I, that passes through resistor R,. Each resis-
tor individually satisfies Ohm’s Law, AV, = [;R; and
AV, =L,R, . However, the potential across the resis-
tors are the same, AV, = AV, = AV . Current conser-
vation then implies

1=11+12=ﬂ+£:m/ i+i
Rl Rz Rl R;z
_LV%\I— I A’ienq

fz RZ

a > ANV b =

AV av
D I = +-
(@ (b)

Two resistors in parallel Equivalent resistance

The two resistors in parallel can be replaced by one
equivalent resistor R, with AV =IR,,. Comparing
these results, the equivalent resistance for two resis-
tors that are connected in parallel is given by

1 1 1

= —+4—
Req R1 RZ

This result easily generalizes to N resistors connected
in parallel

(a) The potential difference (V) across each resistor
is the same.

(b) The current is different in different resistances
such that the total current flowing in the combi-
nation is shared by the individual resistances in
the inverse ratio of their resistances i.e.,

I=1+I,+I;

1 1 1
suchthat [, : [, : [y = —:—:—
Ry Ry Ry
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(c) The equivalent or effective resistance (R) of the
combination is given by
1 1 1 1
— =4
Rp Ry Ry Rg
(d) Effective conductance Gp is the sum of conduc-
tance of individual resistors i.e.,
(e) Net Resistance Rp has a value smaller than the
least resistance of the combination.

JR1 2 3
1 1 1 1
— =+
RP Rl RZ R3

(g) When one resistance R; is much smaller than the
other resistances, then the equivalent resistance
RE‘
tor R;. In the case of two resistors,

“R+R, R,
This means that almost all of the current that
enters the node point will pass through the
branch containing the smallest resistance. So,
when a short develops across a circuit, all of
the current passes through this path of nearly
zero resistance. Hence SHORT CIRCUITING
a branch implies taking the resistance of that
branch to be zero or close to zero.
Shown here is an electric circuit whose two points
are directly connected by a conducting wire.

R1
AWy

L 1

E

q 1s approximately equal to the smallest resis-

1

Here we say that the resistance R; in the circuit
is short circuited. Under such condition, both
points are at same potential and hence the poten-
tial difference across R, is zero. Hence, no current

will flow through R, and the current through R,

E
is[=—.
2

Current Divider

Consider two resistors connected in parallel as
shown. From figure, we have

.’1 H'I
e A ————
Il
SEFGEDYYY J—
"2 RE
=1, +1, (1)
IR, = ,R, Q)

On solving equations (1) and (2), we get

L= Ry Iand [, = K I
R, +R, R, +R,

So, we observe that the division of current in the
branches of a parallel circuit is inversely proportional
to their resistances.

Similarly, consider three resistors connected in paral-
lel as shown.

1o P
> A'AVA'A'
1| b Ra !
A\, e

AAAA

g Yyvy

IS R3

From figure, we have

I=1+1,+1,

LRy =1hRy =I3R

and R = RiRyRs

I = R2R3
"I RRR, +RyR; +R3R,
1 1
JR1 RI
= N i
h 1 1 1 ! 1 !
Rl RZ RS RP
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I=1 RR,
i 1
R R
I, = = [=| =21
= 27T 11 1
R, R, R R,
IL=1 RiR,
1 1
R3 R3
= - 3
L=l 715|717 |!
JRl R2 R3 RP

It is easy to remember the expressions for I;, I, and
I5 just by noticing which resistance is missing in the
term at the numerator.

Word of Advice

Be careful in applying current division. Without par-
allel resistors, there is no way that the current division
can be applied. To say

Ry .
I, =l¢ ——=— is wrong.
A TRp
Ra
AW
"A“ ’B

lst Rg R, Fc

T

Remember, parallel resistor must be the resistors
connected between the same pair of terminals.

ILLUSTRATION 11

In the given network, calculate the current through
6 Q resistor.

< =~l

60V — 12Q 6Q 12Q
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SOLUTION

In this problem, our aim is to calculate only the cur-
rent through 6 Q resistor, we can do it easily by
using current divider concept.

|
|
I
60V —— 6Q |
i
|
I

(@)
7Q 1 K 7Q |
',X
60V T 6Q 60 B0V — 30
(b) (@]

We first calculate the current I supplied by the
battery. For this we rearrange the network and sim-
plify it step by step as follows:

(@) We interchange the position of 6 Q and 12 Q
resistors. This will not make any difference, as
the two resistors are in parallel [Fig. (a)].

(b) We then combine the two 12 Q resistors to give a
single resistor of 6 Q [Fig. (b)]

(c) We again combine the two 6 Q resistors to give a
single resistor of 3 Q [Fig. (c)].

(d) The current [ is clearly given as [ = 76—03 =6 A
+
(e) Using Fig. (b), and the current divider concept,
we get the current through 6 Q resistor as

Ir=1[i)=3A
’ 6+6

NETWORK ANALYSIS

(a) The first step in analyzing a circuit is to simplify
it to simplest equivalent configuration. In figure,
each of the circuits has the same equivalent resis-
tance between A and B, ineach version, R, R,
and R; are in parallel.
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R R R
m A‘AVAVAY
Rs
RS A'AVA'A'

R, Ry
A'l'A'A'

O 0 0 ] Q Q
A B A B A B
(@ (b) )

R R;

B
(d) (e)

(b) All the resistors in figure (a) are in parallel
arrangement. All the resistors in figure (b) are in
series arrangement.

.||F

@) (b)

(c) Figure shows several circuits in which the circuit
elements are neither in series nor in parallel.

AV +, =
—wh— |1 =
|- 1
@) (b)
AWy
(o}
()

+

(d) (e)

(d) If the same current passes through every resistor
in a given branch, respective of the presence of
sources in that branch, the resistors are in series
even though they are not directly connected to
each other. Same is true about capacitors.

- -+ -+ !
:—Mwbw_

Ry v, R, V, Ry Vs
R,
-y
B
()
|
- Vi-Vo-V,y

— ot

Ao—ww—+{|—os

R1 +R2 +R3 +H4
(b)

EARTHING OR GROUNDING IN AN
ELECTRICAL CIRCUIT

If a certain point in an electrical circuit is earthed, its
potential is taken as zero. Consider the following cir-
cuit. When only one point is earthed, then there is no
effect on current flowing in the circuit.

| E=10V 10
A_—+—ﬂ%———7——MNv—+——~E

o

B D
I 30 I 6Q |

éanmng
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Using KVL in ABCDEA,
-3I-61-1+10=0
= I=1A

Now, V- =0V (because C is grounded)
Using KVL, V; -3 =V,

= Vp=Ve+3I

= V=3V

Similarly V. -6I =V},

= Vp=-6V

Hence, earthing point gives us the reference poten-
tial ie., zero potential and potentials of different
points can then be calculated with respect to this new
reference.

ILLUSTRATION 12

In the electrical circuit shown, points B and C are
earthed. Find the potentials of points A and D .

10V 19
L AV

SOLUTION
Since B and C both are earthed, so

VB=VC=O
= VB_VC=O

=  Current through 10 Q is zero

[0V 19
F | ——ww E
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Applying K]JL to closed loop ABCDEFA, we get
—41+0-51-(1)I+10=0

= I=1A

Now, V, -Vy=41=4V

= Vy=4V

Also, Vo -Vp =51

= Vyp=-bV

DELTA TO STAR OR DELTA-STAR
TRANSFORMATION

Suppose we are given three resistances R;,, Ry; and
R,; connected in delta fashion between terminals 1,
2 and 3 as in figure (a). So far as the respective termi-
nals are concerned, these three given resistances can
be replaced by the three resistances R;, R, and R,
connected in star as shown in figure (b).

These two arrangements will be electrically equiva-
lent because resistance as measured between any pair
of terminals is the same in both the arrangements.

= RppRy;
Ry +Rys +Ry3

_ Ry Ry,
Riy + Ry +Ry3

Ry3Ry;
Ry +Ry3 +Ry3

2

and R, =

Problem Solving Technique(s)

How to Remember (Delta to Star)?

Resistance of each arm of the star is given by the
product of the resistances of the two delta sides that
meet at its end divided by the sum of the three delta
resistances.
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[P

1
R13i ER12
3 2

A?a Res i%

R12R13

=128
Ri2 +Ry3 +Ry3

R23R12

,=— 512 apd
Ry +Ry3 +Ry3

R'I3R23

PR
Rig + Ry +Ry3

ILLUSTRATION 13

Find the input resistance of the circuit between the
points A and B of figure.

4Q
A C
40Q 80
D E
8Q 40
B

SOLUTION

For finding R,p, we will convert the delta CDE of
figure into its equivalent star as shown in figure.

S=8Xi=EQ;RES=8X£=%Q
18 9 18 9
4 12

Rps =6X—=—1Q

bs 18 9

The two parallel resistances between S and B can be

reduced to a single resistance of ?;—5 Q

As seen from figure

16) (35) 87
Ruyp=4+| — [+| — |=—
A (9)(9] 9

4
Aqg C

16/9

35/9
Bd

STAR TO DELTA OR STAR-DELTA
TRANSFORMATION

Suppose we are given three resistances R;, R, and R,
connected in star fashion between terminals 1, 2 and
3 as shown in figure (a). So far as the respective ter-
minals are concerned, these three resistances can now
be replaced by the three resistances R,,, R); and R,
connected in the delta network as shown in figure (b).

These two arrangements will be electrically equiva-
lent because resistance as measured between any pair
of terminals is the same in both the arrangements.
R;R
R12 = Rl + R2 + 12
Rs

R,R
Ry; =R, + Ry + ;3

1

R;R
and Ry; =R +R;+——

2

Problem Solving Technique(s)

How to Remember (Star to Delta)?

The equivalent delta resistance between any two ter-
minals is given by the sum of star resistances between
those terminals plus the product of these two star
resistances divided by the third star resistance.
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R.R
R12=R1+R2 +%,

3

R5R
R'I
g

2

R-|3 =R'|+R3+

ILLUSTRATION 14

A network of resistances is formed as follows:
A

.U'vaav

B 1Q C
(@

AB=9Q; BC=1Q; CA=15Q forming a delta
and AD=6 Q, BD=4 Q and CD=3 Q forming
a star. Compute the network resistance measured
between

(a A and B,
(b) B and C,and
(¢ Cand A.

SOLUTION

The star of figure (a) may be converted into the equiv-
alent delta and combined in parallel with the given
delta ABC. The three equivalent delta resistances of
the given star become as shown in figure (b).
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When combined together, the final circuit is as shown
in figure (c).

A
6Q 27/20 Q
AW
B 9/10 Q C

©
(a) Asseen, there are two parallel paths across points

A and B.

(i) First, directly from A to B having a resis-
tance of 6 Q ,and

(ii) the other via C having a total resistance of

(z+i)=2.259
20 10
. _ 6x225 18

4B (6+225) 11
ix(6+2
10 20) 441

b) Ry =757\ 50
(—+6+—
10 10
27x(6+9

© RCA=20 10/)_621
(g+6+g 550
10 20
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0‘/ Test Your Concepts-1V

Based on Series and Parallel Combination of Resistances

(Solutions on page H.201)
1. Four copper wires of equal length are connected in 1
series. Their cross-sectional areas are 1cm?, 2 cm?,
3 cm?, and 5 cm? A potential difference of 120 V
is applied across the combination. Determine the
voltage across the wire having the area 2 cm”

2. Consider the circuit shown in figure. Find

—200V  10Q

25V
Wi 3
10Q
? AAAA ?
1009 6. In the circuit shown, calculate the net resistance
5Q W 200 between the points A and B.
o0 A 2Q
B 15Q
(a) the currentin the 20 Q resistor and %8 Q 100

(b) the potential difference between points a
and b, 200 100

3. A6V battery supplies current to the circuit shown 300 40 O
in figure. When the double-throw switch S is open,
as shown in the figure, the current in the batteryis 7. In the circuit shown, find the current supplied by

T mA. When the switch is closed in position 1, it is the battery.
observed that the current in the battery is 1.2 mA 0
and when the switch is closed in position 2, it is M
observed that the current in the battery is 2 mA.
Find the resistances Ry, R, and R;. 04y =
R, R,
R, 120
1
6V 20 % 8. Findthe current through the battery and the equiv-
T T Ry alent resistance of the network shown.
80Q
4. Two resistors connected in series have an equiva- Wi
lent resistance of 690 Q. When they are connected
in parallel, their equivalent resistance is 150 Q. Find 24V = § 4Q (K 6Q §
the resistance of each resistor.
5. Inthecircuit shown, find the magnitude and polar- A
ity of the voltages mentioned below: 12
(i) v, (i) V5, (iii) V3,

9. Find the total equivalent circuit resistance and
(iv) V5y, (v) Vi, (vi) V5. current through the battery in the circuit shown.
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8Q

AARA
VVVY

24V = 603

AAAA
YVVY

12Q

10. Compute the value of battery current | shown in
figure.

/ 6 Q
; ‘VAVVV
40
122V= 403
80
20

11. Find the equivalent resistance between A and B in
the following circuits:

4Q
AAAA
Yyvy
&, O
9% %0
A B
*~— —
4Q
(@
6Q
A MW
4Q
8Q
B AWy
2Q
(b)

12. Three wires having resistance R, R, and R, are
joined in the form of a triangle as shown. Another
wire is joined at A and it makes a free sliding con-
tact with BC. The resistance of this wire is R . Find
the maximum resistance of the circuit (assume all
wires to be uniform). The arc BC is a part of a circle
whose centre is at A.
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13. Resistances R, and R,, each 60 Q, are connected in
series. The potential difference between points A
and B is 120 V. Find the reading of a voltmeter con-
nected to points C and D if its internal resistance is
r=120 Q.

A B
R, c R,
——AWW—e——\WWN\——e D
] ]
] ]
] ]
I___@___I

14. Show by diagram, how can we use a rheostat as the
potential divider?

15. In the figure shown, determine the current through
each 5 Q resistor and the battery.

A
100 100
503 20V $50
100 100
B

16. In figure shown we wish to determine current in
one of the 4 Q resistors in the circuit.
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SHORT AND OPEN CIRCUITS

When two points of a circuit are connected together
by a conducting wire, they are said to be short
circuited. The connecting wire is assumed to have
zero resistance. No voltage can exist across a short,
secondly current through it is very large (theoretically
infinity).

—o0
Remaining | Short l Vag=0 Remaining| Open | _g
circuit | circuit Isc circuit | circuit 2
ISC=.’AB‘>°° —-0 ABA)M

Two points are said to be open circuited when there
is not direct connection between them, a break in
the continuity of circuit exists. Due to this break the
resistance between the two points is infinite and there
is no flow of current between the two points.

Please note that the entire applied voltage is felt
across the open, i.e., across terminals A and B, so,
Vp=100V.

Short
R, circuit

Open

circuit
BIV,s= 100V

In the circuit shown if B and D are shorted, then

100v=V

Ry =R,

= I=l=£andVB=VD
eq 1

Bulb B, acts as open circuit, bulb B, will not glow.
However, other bulb B, remains connected across
the voltage supply, it will operate normally.

By B,
220V D) =3
Open
filament

Short circuit across R, shorts R, and R, as well, short
across one branch in parallel means short across all
branches. There is no current in shorted resistors. The
shorted components are not damaged, they will func-
tion normally when short circuit is removed.

A

SR 2R 2R O

B

V—

In figure shown, short circuit across R; may short
out R, butnot R;, because it is protected by R, .

f. 8
£ Short
T §R1 §R2 % 8 |circuit
C

ILLUSTRATION 15

In figure shown, if a battery is connected between
points A and B, emf E=18V, what is current
through it?

D
18 Q é
AW
A
HWW_SQ. ‘9@—'?
4/5 Q
3Q
E
1/59% 6 |
C

SOLUTION

The resistors at C and D are redundant, they are
open branches, therefore no current through them.
The point E is grounded, but no current will leak to
ground, no return path for the current. Points 2 and
d are at the same potential, similarly points b and
¢ are at the same potential, because these points are
connected by conducting wires without any circuit
element.
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180

d AW c
A B
—WW—
450 39 9,

0
a MM b
6Q

Notice the 6 Q and 3 Q resistors, similarly 18 Q,

9 . .
1 Q resistors, these pairs are a parallel arrangement.

20
4/5Q
2Q

(Parallel of 3 Q and 6 Q)

Thus the equivalent resistance of the circuit between
A and B is 1.8 Q. The current supplied by battery.

I=(E) A=10A
1.8

ILLUSTRATION 16

In figure shown, determine the current provided by
the battery.

3Q

Wires are
not in
contact

SOLUTION
Just flip the circuit about the dotted line shown in
the figure. Now the circuit is simple with equivalent

resistance 2 Q and current [ = (%J A=5A.
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3Q
3Q
Wires are AW
e/ not in
! contact 2032 210
I = < <
) - 30
I AAAA
I YYvyy
Ai\ I
A \ I.
Al 1 30 | B 10V
10V
6 Q 2Q
VAVA'AY _MM_
_ 30 _
= VAVAVAY =
| ||
N |7
10V 10V

ILLUSTRATION 17

Find the equivalent resistance across AB of the cir-
cuit given.

5Q C 5Q

[25Q 20Q
109§ 50

&
ml

SOLUTION
The circuit is redrawn to make it easily evaluable.

50Q 5Q
10Q 5Q
A 25Q 20Q B

The left block is equivalent to 15€ and 25Q in
parallel, and its resistance is given as

o 25x15

| = =9375Q
25+15

The right block is equivalent to 10 Q and 20 Q in
parallel, and its resistance is given as
~10x20 200

)= =T - 6667 Q
10420 30
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The circuit now reduces to two resistors in series, as
shown.
9.375Q 6.667 Q
o V\N\' . AVAM_O
A R C R B

Hence, the total resistance,

R=R, +R, =9.375+6.667 = 16.042 Q

PRINCIPLE OF SYMMETRY

If a network is symmetrical on both sides of a line, all
the points lying on the line will have same potential.
Hence, no current will flow in a resistance connected
between two such points. Such resistances can be
ignored while calculating the equivalent resistance.
This simplifies the network. Or, else all the points on
this line may be treated as shorted.

SYMMETRICAL CIRCUITS

When a circuit is symmetrical about a line (By sym-
metry we mean that two parts are mirror images of
each others), then the potential and current must also
be symmetrical.

Therefore, currents in ab and ad are same. Currents
in dc and bc are same. Potentials of the points b, e
and d are same. The equivalent circuit is redrawn,

2
the equivalent resistance is 3 R . Note that there is no
current in branches be and ef .
Another symmetry is visible along line bd .

R p R

AB

(b)

The current flow is not a mirror image in branches ab
and bc because the flow is in same direction. This is
called asymmetric condition. The special thing about
this asymmetry is that current incoming at b is equal
to outgoing current, similar situation exists at b and d
also. Thus resistors in branches be and de are ineffective.
In the following figure there is a symmetry along
the xy.

Y
(@)
The current I, reaching O is equal to outgoing current,
which simply means there is no mingling of current
from upper branch and lower branch into middle
branch and hence we can remove the connection of
the respective upper and lower branches as shown.

The resulting circuit is simple enough and the

. . . 4R
equivalent resistance is ? )

ILLUSTRATION 18

Find the current in the branch AB of the circuit. Also
find the current in the branches BF and EA.

12V
FLA
2Q 6Q =40Q
ct G D
4Q 6Q 220
L E

12V
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SOLUTION

Referring to figure we see that symmetry demands that
current only circulates in outer branch. Points A and B
are at the same potential because the circuit is symmet-
rical. Therefore, no current can go across the resistors
in that branch. The current through BF and EAis 2 A.

ILLUSTRATION 19

Calculate effective resistance between points A and
C for the networks shown.

SOLUTION

The two sides of the line BOD , are symmetrical. Thus,
if the points A and C are connected to a source of
emf, points B, O and D of the network will have
same potential. Therefore, no current flows through
Rpp and Rpg . These resistances can be ignored. The
network then reduces to that shown in figure.

R
A A B
R
N
D M Cc
R

Thus, between points A and C, we now have three
branches in parallel, each having resistance of 2R .
2R

3

Alternately, since the points B, O and D are at
same potential, we can treat them shorted.

= Req=
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= R, =—+—=E
93 3 3

ILLUSTRATION 20

Calculate the effective resistance between points A
and C, by applying symmetry principle.

SOLUTION

Break the branch AC into two resistors in series, each
R
5 and consider the dotted line passing through B,

D and E . The network on the two sides of this line is
symmetrical. Hence, one can short-circuit the points

B, D and E and calculate (R, )AE.

i
\B
I
g : :
A = C AC
Ri2 51 Rf2 Rz E R2

Now, we find that resistances R, R and % are in
parallel across A and E . The parallel combination of
R and R gives % This g in parallel with g gives

R
— . Hence,
4

(Req )AE -
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IDENTICAL POTENTIAL POINTS

In some networks, you may not find symmetry on
the two sides of a line. But, you may find that the
network contains some set of points having identical
potential. Such a set of points can be joined together
to make the network simple.

ILLUSTRATION 21

Twelve equal wires of resistances R each are joined
up to form the edges of a cube, as shown in fig-
ure. The cube is connected into a circuit across the
diagonal AG . Find the equivalent resistance of the
network.

vy

SOLUTION

Let us search the points of identical potential. Since
the three edges of the cube from A, viz.,, AB, AD
and AE are identical in all respects in the circuit,
the points B, D and E are at the same potential.
Similarly, for the point G, the sides GC, GH and
GF are symmetrical and the points C, H and F are
at the same potential.
A D C G
o
E F

Next, to simplify the circuit, we bring together the
points, B, D and E and also C, H and F.
Now, it becomes obvious that

the resistance between A and D=R/3

the resistance between D and C=R/6

the resistance between C and G=R/3
Thus, the circuit is equivalent to three resistances of
value. R/3, R/6 and R/3, in series, and hence the net
resistance between A and G is

R R R_5R

Ryg=—+—+—
ACT3 763 6

ILLUSTRATION 22

Consider the circuit shown in figure. For a given
resistance R;, what must be the value of R, so that
the equivalent resistance between the terminals is
equalto Ry?

SOLUTION

The equivalent resistance, R, due to the three resis-
tors on the right is

1.1, 1 _ Ry+2R
R R, Ry+R, R/(Rj+R,)
= R’:M
Ry +2R,

Since R'is in series with the fourth resistor R, the equiv-
alent resistance of the entire configuration becomes
R (Ry+R;) 3R{+2RR,

Ry +2R, Ry +2R,

R€q=R1+

If Reg =Ry, then
Ry(Ry+2R;)=3R} +2R,R,

= R{=3R}
= K =%
INFINITE LADDER AND GRID

Some networks make a ladder (or a grid) and extend
to infinity. To reduce such networks we use the
following steps.

STEP-1: Let us assume the total resistance of the infi-
nite network to be X (say).

STEP-2: Now just retain one basic repetitive unit and
we observe the remaining circuit to be the same as the
original circuit. So, resistance of this left out circuit
must be X.

STEP-3: Now the equivalent circuit, is the combination
of basic unit and original repetitive circuit of resistance
X, such that the net resistance of the entire circuitis X.



ICON

The following illustrations are done on the basis of
these three steps.

ILLUSTRATION 23

(a) Find effective resistance between points A and
B of an infinite chain of resistors joined as shown
in Figure 1.

Ri o B P

Figure 1

(b) For what value of R, in the circuit shown in
Figure 2 will the net effective resistance is inde-
pendent of the number of cells in the chain?

Figure 2

SOLUTION
(@) Suppose the effective resistance between A and
B is X . Applying the steps discussed, we get
R,X
(R, +X)

=  X=R+[Ry[IX]=R+
= X’-RX-RR,=0

= X=%(R1J_r (R12+4R1R2))

Ry ¢ R Ry
A -

R, R R, £ To infinity =
Bo D - ---

A 1 C

X Ry X
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And as resistance can not be negative, we have

R 4R
X=-11+ [1+—2
2 R
However, if R, =R, =R we get

X=§(1+J§)=1.6R

(b) Suppose there are n sections between points A
and B and the network is terminated by R, with
equivalent resistance X . Now, if we add one
more to the network between the C and D, the
equivalent resistance of the network X will be
independent of number of cells if the resistance
between points C and D stillremains R, (or X).
So, the circuit reduces to an equivalent circuit as

shown.
Ry Ry Ry
C _____
RZ HZ HO =
Do——ee-
R
C ‘.\A‘I
yyyy
Ry ZRo=X
D
R
1t 2o =R,
(Ry +Ry)

If Ry =R, =R, then we get

X=Rﬂ=§(1+£)=1.61{

Problem Solving Technique(s)

Whenever each element of the circuit is multiplied by
a factor, say k, then the equivalent resistance is also
multiplied by the same factor.



ICON

3.34 JEE Advanced Physics: Electrostatics and Current Electricity

ILLUSTRATION 24

The circuit diagram shown consists of a large num-
ber of elements (each element has two resistors R;
and R, ). The resistances of the resistors in each sub-

sequent element differs by a factor of k = % from the

resistances of the resistors in the previous elements.
Find the equivalent resistance between A and B
shown in figure.

R, kR

kK°R; KR, k'R,

SOLUTION

When each element of circuit is multiplied by a factor
k then equivalent resistance also becomes k times.
Let the equivalent resistance between A and B
be X.

Ry  kRy KR, R4
A A
R,g kR KR, = R, +
Be --- B
——
X
kRy KR, KR,
kR, 3 k%R, K°R,
X

So, equivalent circuit becomes
gAY
X '3R, 3K
tg

For !c=l
2

(Ry—R,)+R2+R? +6 RR,
2

= X=

BALANCED WHEATSTONE BRIDGE LIKE
SITUATIONS

Condition of balance is

P_R
Q S

So, to conclude

| 4

(a) When battery and galvanometer arms of a
Wheatstone’s Bridge are interchanged, the
balance position remains undisturbed while sen-
sitivity of bridge changes.

(b) When Wheatstone’s Bridge is balanced, the resis-
tance in arm BD may be ignored while calculat-
ing the equivalent resistance of bridge between
A and C.So, P and Q are in series, R and S
are in series and both in parallel to each other.

1 1 1

= = -
P+Q R+S

R

net

Three other common forms of balanced Wheatstone's
Bridge are shown here.
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ILLUSTRATION 25

Two resistors with temperature coefficients of resist-
ance ¢y and @, have resistances R; and Ry at
0 °C. Find the temperature coefficient of the com-
pound resistor consisting of the two resistors con-
nected, (a) in series (b) in parallel

SOLUTION
In Series:
| —
At0°C Ry, Ro, Ro = Ro1 + Rz
Att°C Roy(1 + aqt) Ro(1 + aot) Ro(1 + at)

Roy (1404t )+ Ry, (14 eyt ) = Ry (1+ axt)

= Ry (1+oyt)+ Ry (140t )= (Ryy + Ry )(1+0xt)

= Ry + Ryt +Roy + Rypotpt =Ry + Ry +( Ry + Ry ) 0t
- R0 + Rt

Ry, + Ry
In Parallel:
Roy g = FoiRo
Ro1 + Rgo
e —
Roo
At t°C, ! = ! - !
Ry(1+at) Ry (1+eyt) Ry (1+ayt)
Ry+Rypy 1 1

Roy Ry (1+att) - Ry, (Hﬂ‘lf)Jr Rop (1+ 0t

Since ot <1, so by using the Binomial expansion,
we get

1 1 1
E(l—atha(l—at):E(l—altﬁ

1
@(1‘0‘2*)
- af(L+L)=ﬁt+ﬂt
Ry Ryp) Ry Ry
a=0‘1R02+a2R01
Rpi +Ryp
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ILLUSTRATION 26

Arod of length L and cross-section area A lies along the
x-axis between x =0 and x=L. The material obeys Ohm's
Law and its resistivity varies along the rod according to,

p(x)=poe™t

The end of the rod at x =0 is at a potential V}, and it
iszeroat x=L

(a) Find the total resistance of the rod and the current
in the wire.

(b) Find the electric potential V(x) in the rod as a
function of x.

SOLUTION

(@) Resistance of elementary section dx at x=x is,

P o rep!
A A
= dRzpﬂe—dx
A — X —»i
I
Since all such elements *=0  'ed»  x=L
are in series, hence
L L, !
R:de:p—OJe Ly =P (1_¢7)
A A
0 0
= R:@(l_l)
A e
Current in the wire is given by
1=E=M(L)
R plLle-1
(b) dV =IdR
V,A ¥l
dv = [ ‘ )Pﬂe dx
pL\e-1) A
dv=ﬁ(i)e_mdx
L\e-1

Vix)

= J. dv = E(L)J.e_x’idx
L\le-1
Vo

0
= Vix)-V, =V0(1i—8)(1—e"‘“)

W (et )

= Vix) -
1-¢
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0‘/ Test Your Concepts-V

Based on Series and Parallel Combination of Resistances

. The space between two coaxial cylinders, whose

radii are a and b (where a < b) is filled with a con-

ducting medium. The specific conductivity of the

medium is o.

(a) Compute the resistance between the cylin-
ders in the radial direction. Assume that the
cylinders are very long compared to their
radii, i.e, L>> b, where L is the length of the
cylinders.

(b) Calculate the resistance, assuming o varies as

a(r)=%

r@[

=

2. (a) Anetworkof 12 resistors each of value R=6 Q

are interconnected as shown in figure, being
placed along the sides of a regular dodecagon.
Each of the terminals 1, 2, 3, ..., 12 has been
connected to each of the 9 terminals (other
than nearest) directly by insulated wires each
of resistance R, there being 9 wires from each
terminal making 108 wire connections totally.
[Only one set of 9 wires, from terminal 1 have
been shown]. Find the equivalent resistance
of the network when the current enters at the
terminal 1 and leaves at terminal 2.

3.

5.

(Solutions on page H.203)
(b) If the above network were generalised so that
there are n (n=even) resistors each of resis-
tance R placed along the sides of a regular n
sided polygon and if each terminal point of
a resistor were connected by (n — 2) insu-
lated wires each of resistance R, directly to
the (n — 2) terminals, other than its, nearest
terminals, find the equivalent resistance across
any two terminals of the network (i.e., current
entering at one of the two terminals and leav-
ing by the other.
Calculate the equivalent resistance of the triangular
bipyramid between the points specified. Assume
the resistance of each branch to be R.

D

(@) AandC

(b) Dand E

A hemispherical network of radius a is made by
using a conducting wire of resistance per unit
length A. Calculate the equivalent resistance across
OP.

In the circuit shown, all the side resistances are of
value 2 Q and all inner resistances are of value 4 Q.
Find the current via branch AB.
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20V

6. A square pyramid, having vertex at M is formed by
joining 8 equal resistances R across the edges. The
square base of the pyramid has the corners at A, B,
C and D. Calculate the current in the edge

M

|y
II
E

(a) MCifanideal cell of emf E is connected across
the adjacent corners A and B.

(b) MAifan ideal cell of emf E is connected across
the opposite corners A and C.

7. A length 4a of uniform wire having resistance per
unit length 4, is bent in the form of a square and the
opposite angular points are formed with straight
pieces of the same wire which are in contact at the
intersection. A given current enters at the intersec-
tion of diagonals and leaves at an angular point.
Find the resistance of the whole network.

8. An infinite ladder network of resistances is con-
structed with 1 Q and 2 Q resistances, as shown in
figure. (1987, 7M)
The 6 volt battery between A and B has negligible
internal resistance.

A1Q 10 1Q 1Q

.

6V 20320220 29%’

|

B

-

9. Nine wires each of resistance r are connected to
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(a) Show that the effective resistance between A
and Bis2 Q

(b) What is the current that passes through the
2 Q resistance nearest to the battery?

make a prism as shown in figure. Find the equiva-
lent resistance of the arrangement across.

A E

(a) AD
(b) AB

10. In figure, determine the current through 6 Q and
9 Q resistor.

9Q

c AW B
2070
80 2 v 220
20 40
| A
L oy 60 L

11. Determine equivalent resistance between A and B.

12. In the figure shown, the resistances specified are
in ohms. Determine the equivalent resistance
between points A and D.
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16. Find the equivalent resistance between A and B in
the following circuit:

10Q
AAAA
13. Inthe network shown in figure all the resistances are s o
equal. Determine equivalent resistance between A o9
and E. L L
1002 210Q
‘ac} 6\0
A\"V‘IVAV
A 10Q B

17. Find the equivalent resistance between A and B in
the following circuit:

14. Twelve equal resistors each R Q are connected to
form the edges of a cube. Find the equivalent resis-
tance of the network:

A WD
& \*TV}\ B
2 18. Find the equivalent resistance between A and B in
B W c the following circuit:
D:’ A’

(a) when current enters at A and leaves at A",
(b) when current enters at A and leaves at B’
(c) when current enters at A and leaves at B.

15. What will be the change in the resistance of a
circuit between A and F consisting of five identi-
cal conductors if two similar conductors added as
shown by the dashed line in figure.
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19. An oceanographer is studying the variation of the ion
concentration in sea water with depth. This is done
by lowering into the water a pair of concentric metal-
lic cylinders at the end of a cable and taking data to
determine the resistance between these electrodes as
a function of depth. The water between the two cyl-
inders forms a cylindrical shell of inner radius r , outer
radius r, and length L much larger than r,, A potential
difference AV is applied between the inner and outer
surfaces, producing an outward radial current I. Let p
represent the resistivity of the water. Find the

Iy

(a) resistance of the water between the cylinders
interms of L, p,r, and r,.
(b) resistivity of the water, p in terms of the mea-
sured quantities L, r,, r,, AV and I.
20. The cross section area and length of a cylindrical
conductor are A and /, respectively. The specific

conductivity varies as ¢ where x is

1
(x)=0, N
the distance along the axis of the cylinder from one
of its ends.

(a) Compute the resistance of the system along
the cylindrical axis.

(b) Compute the current density if the potential
drop along the cylinder is V,,. What is the elec-
tric field at each point in the cylinder in the
case described?

21. A frame made of thin homogeneous wire is shown
in figure. Assume that the number of successively
embedded equilateral triangle with sides decreasing

\.
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by half tends to infinity. The side AB has a resistance
R,. Find the equivalent resistance between A and B.

A B

22. In the circuit shown in figure, determine the current
and potential drop across resistor R,.

R1=69 R2=4Q
f AW AW e

g A AMMN—— d
17Q 21Q
2Q

6V T 12V 6V

—iH H—
1Q 10

o
2]

23. Determine the current through the 8 Q resistor in
figure.

no
(o)

6Q

AN
Yyvy

2Q

%

J

KIRCHHOFF'S CIRCUIT RULES

In analyzing circuits, there are two fundamental
(Kirchhoff’s) rules

Junction Rule

At any point where there is a junction between vari-
ous current carrying branches, by current conserva-

tion the sum of the currents into the node must equal
the sum of the currents out of the node (otherwise
charge would build up at the junction)

zj'm = zfout

In other words this law states that current or charge
cannot accumulate at a junction. This law is in accord-
ance with the Law of Conservation of Charge.
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Kirchhoff’s junction rule

According to the junction rule, the three currents
shown here are related by

Loop Rule

The sum of the voltage drops AV, across any circuit
elements that form a closed circuit is zero.

Z AV =0

closed loop

This rule is simply saying that there cannot be a
potential difference between a point and itself and is
also in accordance with the Law of Conservation of
Energy.

The rules for determining AV across a resistor
and a battery with a designated travel direction are
shown below:

Travel direction
—

Travel direction
—

Higher V Lower V' Lower V | Higher V
a

a
AV:Vb—Va:—fR AV:Vb_Va:‘H,R

Travel direction
—_—

Travel direction
B —

a b a b
AV=V, -V, =+E

LowerV  _ L'|_+ Higher V Higher V +|E_ Lower V
| Py P I
1 I -~ - I I

AV=V,-V,=-E

Convention for determining AV

Note that the choice of travel direction is arbitrary.
The same equation is obtained whether the closed
loop is traversed clockwise or counter clockwise.
Also, remember that a closed loop must start and end
at the same point.

Problem Solving Technique(s)
Applying Kirchhoff’'s Rules

In this chapter we have seen how Kirchhoff's rules can
be used to analyze multiloop circuits. The steps are
summarized below:

(a) Draw a circuit diagram, and label all the quanti-
ties, both known and unknown. The number of
unknown quantities is equal to the number of lin-
early independent equations we must look for.

(b) Assign a direction to the current in each branch
of the circuit. (If the actual direction is opposite to
what you have assumed, your result at the end will
be a negative number).

(c) Apply KCL to each junction. Often, it is found
more convenient to apply KCL while marking the
currents in the branches. This reduces the number
of unknowns to be solved. For example, if we have
assumed currents in the branches AO and OB as
I; and I,, we need not mark the current in branch
OC as 1. Instead we apply KCL and say that the
current in branch OCis (h -1, ).

(d) Mark the polarity of the voltage across each
element. In a resistor, the polarity depends upon
the assumed direction of current. The end into
which the current enters is marked positive.

Assumed direction of current
_—

" -

+ V=R -

(e) Apply the loop rule to the loops until the number
of independent equations obtained is the same as
the number of unknowns. For example, if there
are three unknowns, then we must write down
three linearly independent equations in order to
have a unique solution.

Traverse the loops using the convention below
for AV
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Resistor
Travel direction
e
Higher V' Lower V
MW
a b
AV=V,-V,=-IR

Travel direction
am——

Lower V | Higher V

a
AV=V,-V,=+R

EMF Source
Travel direction
—_—
Lower V _ ﬁ 4+ HigherV
& L b
AV=V,-V,=+E

Travel direction
am——

HigherV IE - LowerV
Ps I 'y
I" h

b

L

a
AV=V,-V,=-E

Capacitor

Travel direction
—_—

Lower V 4, +q Higher V

a ! b
AV=V,-V,=+q/C

Travel direction
S

Higher V Lower V

+q19
I

AV =V, -V, =-g/C

The same equation is obtained whether the closed
loop is traversed clockwise or counterclockwise.
Try to take as many equations as the number of
variables.

Start from any point and mentally go around
the loop in the designated direction. Write
down directly the voltage of each element
whose positive (+) terminal is entered, and
write down the negative of every voltage
whose negative (-) terminal is entered.
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(f) If necessary, choose other loops and repeat

above steps until you get as many independent
equations as the unknowns. The set of equations
obtained will be independent provided each new
loop equation contains a voltage change not
included in a previous equation. The easiest way
to ensure the independency of equations is to
select all meshes (just like the panes of a window)
as the loops for writing KVL. You may have to
select loops as per the number of variables to be
calculated. Another thing we must keep in mind
while selecting loops is that we must select the
loops independently. Suppose we require three
loops to be selected and we select a bigger loop
along with two loops (these two loops collectively
form the bigger loop) and write three equations.
We will notice that actually we may not be get-
ting three equations but instead we shall be get-
ting only two equations. So avoid taking such type
of loops and try to identify and take independent
loops. Suppose, in this circuit, we take the cur-
rents as shown. Hence we observe that at least
three equations are required to get |, I, and /..

o =1

4 =N =1y +1)

Please be careful and take loops as abda, bcdb (or
abcda) because abcda = abda + bedb. So these are
just two loops. The third loop must be abcgha (or
adcgha or adbcgha or abdcgha).

So, while taking the loops, keep in mind to take
unique loops. Avoid taking big loops made from
smaller loops (for which equations have already
been taken) because the big loop made from the
combination of small loops will again fetch you the
identical equations which cannot be used as such.

(g) Solve the simultaneous equations to obtain the

solutions for the unknowns.
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ILLUSTRATION 27

In the arrangement shown, find the

2 Ry=5Q b
MW .
R,=5Q
r1_19§ c
‘ E;=4V
Ei=12V— d
rh=1Q

f Ry,=40 ¢

(a) current I in the circuit,

(b) potential at each of the labelled points a, b, ¢, d, ¢,
assuming potential at f to be zero,

(c) power input and output in the circuit.

SOLUTION

(a) First we assume that current is clockwise. Now
we apply KVL in the assumed direction of
current.

Circuit element Changes in potential | Sign

R, (@a—=Db) Drop IR, minus
R, (b—=c) Drop IR, minus
E,(c—d) Drop E, minus
ry(d—e) Drop I, minus
Ry(e—=f) Drop IR, minus
E(f-9 Gain E; plus

r (g —a) Drop Ir, minus

Always remember the signs of emf are indepen-
dent of the current.
Hence, we have

I = EI_EZ
Ry +Ry +R; + Ry +R;s

Note that if E, is greater than E, , we get a nega-
tive value of I, which shows that assumed direc-
tion of current is wrong.

o 12-4
545+4+1+4+1

(b) Now we determine the potential at each labelled
point in the circuit.

V,=Vi+E =0+12=12V

V, =V, - =12-(05)(1) =115V
V,=V,-IR, =115-(05)(5)=9 V
V.=V, -IR, =9-(05)(5)=65V
V,=V.-E,=65-4=25V
V,=V,-Ir,=25-(05)(1)=2V
Vi =V, IRy =2-(0.5)(4)=0

SA

Note that, here we have assigned f to be at zero
potential however, we can choose any point of
the circuit to be at zero potential and then deter-
mine the potentials of the other points relative

to it. The zero potential point is indicated by the

ground symbol Lat point f.

(c) Power delivered by source of emf E|,
P =EI1=(12)(05)=6 W

4

A

12

e
NEMmooo

>

fgabcdef
Power dissipated in resistors,

P =(05) (5+5+4+1+1)=4 W
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The power consumed by battery 2 in getting
charged,

Py =E,1=4(05)=2W

Note that battery E, is discharging, the current
comes out of its positive terminal. The terminal
voltage across its terminals is

=  V;=12-(05x1)
= V=115V

The battery E, is charging, the current goes in
from its positive terminal. The terminal volt-
age across it Vo =F, +Ir,=4+(05)(1)=45V.
The terminal voltage is greater than the emf of
the battery.

ILLUSTRATION 28

Calculate the currents through each resistance in the
given circuit. Also calculate the potential difference
between points a and b .

6V 8V
%m
b
SOLUTION

Let the current through R; be x and through R; be
y , as shown.

Applying KCL atjunction a, the current through R,
willbe (x-y).
According to the assumed direction of currents,

we mark the polarity of voltage drops across different
resistances.

50 x 2 10Q (x-y)
"Ry Y Ry
ETI0V
ev—& (1 % I gy 8V

RyZ240

b
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Writing KVL for loop I, we get
xRy +E;+yR;-E; =0

= 5x+10+4y-6=0

= Sx+d4y=-4 (1)

Writing KVL for loop II, we get
(x—y)R2+E2—yR3—E3:0

= (x-y)10+8-4y-10=0

= 10x-14y=2 (2)

Solving equations (1) and (2), we get

24 1

-— A, y=—i Aand x-y=—A
25 11 55

The signs indicate that the directions of x and y were

assumed incorrectly, whereas the assumed direction

of current x-y through R, was correct.

X=

Potential difference between a and b,
V., = Potential of 2 with respect tobis V, - V.. So,
V, =V, =Potential rise when we go from b to a

= V,-V,=yR,+E, =-1—51x4+10:@ \Y

11
ILLUSTRATION 29

Two dissimilar cells of emfs E; and E, and internal
resistances 1, and 1, respectively are connected in
parallel across a load resistance R, as shown. Find
the emf and internal resistance of the equivalent cell
of this combination.

SOLUTION

Let I; and I, be the currents supplied by the two
cells. Let the current through load resistance R be I.
According to KCL atjunction L,

I=1,+1, (1)
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i B r
1 Eeq leq
F——WA—
R
@ (b)

For loop ALMNOBA , writing KVL equation,

_E-IR
-

(2)

= I

Similarly, for loop CLMNODC , the KVL equation,
_E,-IR

Iy

= I

.3)

Substituting the value of I; and I, from equation (2)
and (3) into (1), we get

E. E
1=ﬂi+£1-m{l+l]
N nn

R mR(;AH:Pﬁ_ﬂ
| h n h n”
_ . 5
E, E
= IR+(l+i) }={1+2H1+1] (4
I o hilh h

Now if E,; and 7, are theequivalentemfand internal

resistance of a single cell as shown in Fig. (3.139(b)),
then according to loop rule, we have

~IR=Iry +E,, =0
= I(R+1q)=Eq .05
So, comparing equations (4) and (5), we get
-1 -1

Tog = l+l and E,, = 5+§ l+l

Tl on Tl nlln on
...(6)
(7

B Eir, +Eyn
n+n

Problem Solving Technique(s)

(a) If in the circuit battery E, is reversed E, = -E,,
equation (7) reduces to

nr Eir, —E,r
_| andEeq=“ 2N
h+n (n+n)

(b) If large number of dissimilar cells are joined in
parallel, in the light of equation (6), we have

wo[ 2] e[ 2]

1

ILLUSTRATION 30

In the given network, determine the potential of point
X with respect to the point Y.

2q  x 4v
T I
10
2V 39§ §3Q :ésg
4V
y

SOLUTION

There are two closed circuits or loops. Let the current
in the two loops be I, and I, as shown.

a 29 X d 4v e

2V 3Q 3Q 5Q

Note that no current can flow through branch cd,
since it is not a part of any closed loop. The whole
current I; goes round the left-hand loop, and whole
current I, goes round the right-hand loop.

s 04
2Q+3Q

and I, = LV A
3Q+5Q
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The potential of point X with respect to point Y is
written as Vyy . If we traverse any path starting from
point Y and end at point X, the net potential rise
will be Vyy . Now, let us find Vyy, by traversing the

path YdcX,
Viy =31, +1(0)-4-31,
Vyy =3(05)+0-4-3(04)=15-4-12=-37V

It means that point X is 3.7 V lower in potential than
the point Y . We can also write

VYX = _VXY = —(—37) V = 37 V

It means point Y is 3.7 V higher in potential than the
point X .

Note that whichever path we traverse from Y
to X, the result should be the same, that is, -3.7 V.
Let us check if by traversing the path YfedcbaX,

Vay =0-51,+4+1(0)-4+0-2+2I,
Vyy =0-5(05)+4+1(0)-4+0-2+2(0.4)
Vyy =—25+4-4-2+08=48-85=-37V

ILLUSTRATION 31

Find currents in different branches of the electric
circuit shown in figure. Also find the potential differ-
ence between points F and C.

4Q 2Q
A ‘M\' B *‘A\’A'*V C
2\ 0 —4V —6V
F —'WW—E—‘VW\(— D
2Q 4Q

SOLUTION

In this Illustration there are three wire segments
EFAB, BE and BCDE and two junctions at B and
E . Therefore we have three unknowns I, I; and I,
and hence we require three equations. One equation
will be obtained by applying Kirchhoff’s Junction
Law (either at B or at E) and the remaining two
equations, we get from the Second Law (Loop Law).
Consider three loops ABEFA , ACDFA and BCDEB.
But we have to choose any two of them. Further, we
can choose any arbitrary directions of I, I; and I,.
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Applying Kirchhoff’s First Law (Junction Law) at
junction B,

I=L+I, (1)
Applying Kirchhoff’s Second Law in Loop ABEFA,
AT+4-21+2=0 .(2)
= IL=6A
Applying Kirchhoff’s Second Law in Loop BCDEB,

R
6 3
Using (1), we get
5
L[ =-- A
R

Here, negative sign of I; implies that current I; isin
the direction opposite to that assumed by us in the
figurei.e., itis from C to B (and not from B to C).

H L ghH L
A C
I 4Q A 20
H L H
2V i fr 4V T 6V
L H
F i E e
20 Iy 4Q 40

To find the potential difference between any two
points of a circuit let us reach from one point to
the other via any path of the circuit. It is advisable
to choose a path in which we come across the least
number of resistors preferably a path which has no
resistance.

Let us reach from F to C via A and B,

Ve +2-41-21, =V,
= Vp-V.=4I+2[ -2

Substituting, I=1A and [, = —g A, we get

4
VF_VC =—§ V

Here negative sign implies that V, <V or F isata
lower potential than C.
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ILLUSTRATION 32

In the arrangement shown, find the

1kQ
E AW F
1kQ

A 1kQ

b

1kQ 3 §1kg

o
H AAAA 12V y G

Yyyy

1kQ

103 $1kQ

(a) equivalent resistance between C and G.
(b) current provided by the source.
(c) voltage across points G and E.

SOLUTION

(a) Imagine the wires to be flexible, lift up the inside
square with the resistors along with the source
attached and then following figures (a), (b), (c)
and (d) to arrive at equivalent circuit. The equiv-
alent resistance is 3 kQ.

1kQ
£ 1kQ Series
A —— A\ ~o—— B//
1 kQ
2 y
13 31kQ 1kQ3 31k
2 y
1 kQ
D b—ew—L .
C
12 Vy7
H G
1kQ
Series
(@)

Parallel
e
------- 3
r, \\ a C
| ]
‘ l
| : 2 kQ
2kQ'3 2kQ 3| C = 3k3 — 12V
‘4 I -
| 1
i ] 12V
: T
|\. /, hpd G
"""""" G Equivalent circuit
() (d)
. V
(b) Since V=IReq, [=—=4mA
Req

(c) Start at point G, assign it a potential V;, pro-
ceed toward E along any path. When you reach
point E after adding potential drops and gains
you get potential of E

V.+12-IR=V,
=  V,-V.=12-IR
= V-V, =12-(4x107 x2x10°) =4V

THE PRINCIPLE OF SUPERPOSITION OR
SUPERPOSITION THEOREM

Complex network problems can sometimes be solved
easily by using the principle of superposition. This
principle essentially states that when a number of
emf’s act in a network, the solution is the same as the
superposition of the solutions for one emf acting at a
time, the others being shorted.

Figure shows a network with two loops.

216V g
240 160

4Q 28.8V

The currents in various branches can be calculated
using Kirchhoff’s Laws. We can get the same solution
by considering only one battery at a time and then
superposing the two solutions. If a battery has an inter-
nal resistance, it must be left in place when the emf of
the battery is removed. Figure shows how the superpo-
sition principle can be applied to the present problem.
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The current values in figure (a) and (b) are easily
verified. For example when the 21.6 V battery alone is
acting, the total resistance in the circuit is,

§+22%16 \_s160
24+16
216V g g 80 12A
1A 04 A
1A 2402160 1hon 240 16 Q
0.4A 06A
40Q 4Q
@ o 288V
This makes the total current 21'6£\;=1A. This

current splits between 16 Q and 24 Q in the ratio
3:2.

Similarly, the total resistance when only the 28.8 V
battery is acting is,

24x12
24412

16+ 24 Q

Vv
Therefore, the total current is 9 =12A
The superposition principle shows that there is no
current in the 24 Q resistance.

216V 80 18A

1.8A 240 16 Q

49 288V

Only a current of 1.8 A flows through the outer loop.
All these conclusions can also be verified by analyz-
ing the circuit using Kirchhoff’s Laws.

Problem Solving Technique(s)

(a) If there are a number of emfs acting simulta-
neously in any linear network, then each emf
acts independent of the others, i.e., as if the
other emfs did not exist. The value of current
in any conductor is the algebraic sum of the
currents due to each emf. Similarly, voltage
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across any conductor is the algebraic sum of
the voltages which each emf would have pro-
duced while acting singly.

(b) This theorem is applicable only to linear networks
where current is linearly related to voltage as per
Ohm'’s Law.

(c) Please note that while applying the superposi-
tion theorem only the current sources (or batter-
ies) and the currents have to be superimposed.
Do not superimpose the resistances, because
then you will be getting inaccurate results.

NODAL ANALYSIS IN CIRCUITS

Node is a point at which two or more elements are
joined together. For two nodes to be different, their
voltages must be different. A conductor with a sub-
stantially zero resistance is considered to be a node
for the purpose of analysis. So, in circuit diagrams
where connections are done using ideal wires (i.e.
wires with zero resistance), a node may consist of the
entire section of wire between elements, not just a sin-
gle point.

a b

Node| - Ideal wire (Full section ab of

wire can be called as a node)

Junction is a point where three or more branches meet
together as shown in figure.

Node R, Junction g, Node
Ry
{TiNode

A junction can also be called a node but a node may
or may not be a junction.

Think about two wires/branches meeting at a
point, which makes it a Node, whereas think about three
wires meeting at a point which may be called a Node
(two or more branches meeting at a point) as well as a
Junction (three or more branches meeting at a point).
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In the above figure we can say that points a, b, ¢, d, e,
f are Nodes and point ¢ and f are called Junctions.
(or can also be called as Nodes)

A current through a resistor can be calculated by using
node-voltages as follows:

Vii W= i Vo< Vy)

Node 1 Node 2
V-V
1=% (when V;>V,)

Vy{ = 11 V)

Node 1 Node 2

V, -V,
J=% (when V, >V;)

Problem Solving Technique(s)

The nodal analysis is a systematic way of applying
Kirchhoff’s Circuit Laws (KCL) at each essential node
of a circuit and represents the branch current in terms
of the node voltages. This will give us a set of equa-
tions that we solve together to find the node voltages.
Once we find the node voltages, we can use them to
calculate any other currents or voltages of interest.
STEP-1: Identify all the essential nodes and select one
of them as a reference node i.e. the node at zero poten-
tial i.e. 0 V. This reference node (can generally be taken
as the ground) has usually most elements tied to it.
STEP-2: Now assign voltages (with respect to the ref-
erence node) to all the nodes except the reference
node.

STEP-3: Apply the KCL at each node except the refer-
ence node and write the equations.

In this step, for each node, we assume that all branch
currents are either leaving from the node (or entering
the node), and then we describe the branch current(s)
in term of node voltages.

Always keep in mind that a Junction may be
called a node but a node may or may not be a junction.
STEP-4: Solve the system of linear equations obtained
to find the unknown node voltage(s) and hence the
current through different branches of the circuit.

NODAL ANALYSIS METHOD

To solve problems on the basis of nodal analysis, we
use the following steps.

STEP-1: Assign potential to every node of circuit. For
doing this, we assign zero potential to any one of the
node of the circuit. This Node (which is assigned zero
potential) is called as Reference Node OR Reference
Junction.

For example, in the circuit shown, we assign zero
potential to the point c.

a 10Q f 30Q e
a1

20Q
I3
I\ [\
oY— @D

I ‘
20v ¢

Then, V.=0V, V, =420V, V; =-5V .Since ab and
de are perfectly conducting sections of the circuit.
SO, Va =Vb=+20V, Vi,:Vd:_SV.

Let the potential of node/junction f be x.

STEP-2: Now at junction f, apply KJL i.e,, =0
where [ = % . Assuming all currents I, , I, and I
to enter the junction, we get

L+1,+I,=0

20-x -5-x 0O-x
+ + =
10 30 20
6(20-x)+2(-5-x)+3(-x)=0
120-6x-10-2x-3x=0
11x =110
x=10V

0

L A
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So, potential of junction fis V; =x =10V

I = 20-x _ 20—10=1A
10 10

_Sox_ 5101,

5 = P

30 30 2

(Negative sign with I, implies that its direction is
opposite to the direction as assigned in the circuit i.e.,
actually from f to ¢)

X E_l

3=

20 20 2
1
= I;= EA(fromf toc)

Also, we observe that I} =1, +1;

ILLUSTRATION 33

Using Nodal Analysis method, calculate the current
through the resistors 28 Q, 54 Q and 6 V battery.

AAAA AN
W\ VW

12V

SOLUTION

Let us redraw the circuit and take a zero reference
point in the circuit. So let potential of the point ¢ be
taken as zero. Then with respect to this point potential
of point b is -8 V, point d is —12V ,point f is 6 V.

28 Q 540 e
O‘Sa W — W @
RUGEINE
li=3 == A

Iy +151

6V

DS ®

Also sections ab and de are perfectly conducting, so,
V,=V,=-8V,V,=V,=-12V.
A careful observation of this circuit reveals that

12v d

-8V 28Q 6V
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6V 54 Q
f

-12V

I €

12=6—(—12)=1A
54 3

So, current through 6 V battery is

(11—12):2 A (from e to f)

I,=l3q==A (from f to a)

W= MR

I, =Is g == A (from f to e)and

A (from ¢ to f)

™|

16 V battery = Il +12 =

ILLUSTRATION 34

Using Nodal Analysis method, calculate the current
through 5Q, 4Q, 10Q resistors. Also calculate
potential difference between the points 2 and b .

50 5 10Q

40

710V TQV

a

SOLUTION

Let V, =0 and the circuit is redrawn as shown.

50 1 l
f 1 X 2100

4Q
avVT 40) Ti2V
10V
aJ
®: < L0
Let x be the potential at junction b .
f 50 I x L10Q ¢
9V b 12V
40
Iy
gesioVv
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Applying KJL at b, we have

U

(I

U

ZIb =O
L+1,+1;=0
9-x 12-x 10-x
+ + =0
5 10 4

4(9-x)+2(12-x)+5(10-x)=0
36 -4x+24-2x+50-5x=0

11x =110

x=10V

p9x 910 1,
5 5 5

- 11=éA (from b to f)

12-x 12-10 1
x =70 = — A

10 10 5

= 12=%A (from ¢ to b)

10—x=10—10=0A
4 4

= L=

Since no current flows through the branch ab, so

Vn—Vb :an :].OV

@ Test Your Concepts-VI

Based on Kirchhoff’s Laws and Nodal Analysis

A dead battery is charged by connecting it to the
live battery of another car with jumper cables.
Determine the current in the starter and in the
dead battery.

0.01Q 1Q 0.06 0
i 12V i 10V et
T T
Live Dead

battery  battery

For the circuit shown in figure, calculate

(a) The currentin the 2 Q resistor and

(b) The potential difference between points a
and b.

12V 40

Calculate the potential difference between points
a and b in figure and identify which point is at the
higher potential.

(Solutions on page H.211)

20 4|v
7Yy |—oa
12V—=— $40
b
100

4. A circuit has a section ABC as shown in figure. If
the potentials at points A, Band Care V,, V, and V,
respectively, calculate the potential at point O.

5. Inthecircuit shown in figure, calculate the currents
I, 1, and 1. Also find out the potential differences
between the points A and Band B and C.
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2QBSQ

Yvvy YyYyy

6. Findthe currentin each branch of the circuit shown
in figure.

16 Q

7. Figure shows part of a circuit. Calculate the power
dissipated in 3 Q resistance. What is the potential
difference V. -V, ?

1o V520 3V 402n
_ 1 _
— WM F—wWw—] W
C 5A 6 A
30 60

8. Find the equivalent resistance between A and B in
the following circuit:

20Q 80Q
A B
60 —

4Q 10Q

9. In the circuit shown in figure E;=3V, E, =2V,
E;=1V and R=r=r,=r=1Q
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>
o
| +
I
)
I

(a) Findthe potential difference between the points
A and B and the currents through each branch.

(b) If r, is short circuited and the point A is con-
nected to point B, find the currents through E.,
E,, E; and the resistor R.

10. Calculate the steady state current in the 2 Q resistor
shown in the circuit (shown in figure). The inter-
nal resistance of the battery is negligible and the
capacitance of the condenser Cis 0.2 uF.

2Q

3Q

c
- 0.2 uF

gy 280

4Q

11. In the circuit shown in figure E, F, G, H are cells
ofemf2V,TV,3Vand 1V respectively, and their
internal resistances are 2 Q, 1 Q, 3 Qand 1 Q
respectively. Calculate
(a) the potential difference between B and D and
(b) the potential difference across the terminals of

each cells Gand H.

A E B
II

20 Y

D G C

12. A part of circuit in a steady state along with the cur-
rents flowing in the branches, the values of resis-
tances etc., is shown in the figure. Calculate the
energy stored in the capacitor C(4 uF).
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1A§
4V 39 33059
—\WW—p—

A ———
2A | 3A
C o= 4uF 310
3V oa | 3A 40
YA 6A
1Q 20
1A

13. In the given circuit:
E,=3E,=2E;=6V,R=2R,=6Q
R;=2R, =4 Q, C=5uF

Find the current in R, and the energy stored in the
capacitor.

-

R, E,
— AW i}
C =
H W ——w—
E R Rs
|
E; 4

14. Determine the current in each branch of the circuit
shown in Figure.

PRIMARY AND SECONDARY
CELLS/BATTERIES

A battery consists of a series or parallel combination
of two or more similar cells. Cells or batteries can be
divided into primary and secondary types. The sec-
ondary cell is rechargeable, whereas the primary is
not. The battery used in a car is of secondary type,
since it can be recharged. But the cells used in a torch
are primary type, as they cannot be recharged.

The resistance offered by the electrolyte to the
flow of current through the cell is called the internal
resistance of the cell. The internal resistance of a cell
depends on

(a) the distance between the electrodes (7 o< d)

1
(b) the area of the electrodes [r o ( ZH

(c) the concentration of the electrolyte (7 o< C)
(d) the absolute temperature of the electrolyte

(3]

Internal resistance is different for different types of
cells and even for a given type of cell it varies from
cell to cell.

IDEAL VOLTAGE SOURCE

An ideal voltage source is one that can maintain con-
stant voltage across its terminals whatever be the cur-
rent drawn from it. The internal resistance of an ideal
cell is zero. In practice, no cell can be ideal.

PRACTICAL VOLTAGE SOURCE

Itis due to the internal resistance that the source does
not behave as an ideal voltage source. It is usual prac-
tice to show a practical voltage source as consisting
of an ideal voltage source of voltage E in series with
a resistance r. E is the emf of the cell and r is its
internal resistance. If such a cell is connected to load
of resistance R, the current supplied by the cell is

I total emf in the circuit _E
R+vr

total resistance

Therefore, the potential difference that is now exist-
ing between the terminals A and B of the cell is
given as

V=E-Ir

This quantity V' is called the terminal voltage of the
cell.
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DISCHARGING OF CELL

When current is drawn from a cell, the potential dif-
ference across it is less than the emf of the cell and is
given by

If the load resistance i.e. R — < (i.e., when the termi-
nals A and B are open-circuited), then V — E. Thus,
the emf of a cell is nothing but its terminals voltage
when its terminals are open-circuited.

Suppose a battery of emf E and internal resist-
ance r is connected to a box which contains sources
with greater emfs.

Practical voltage

_______

A S

R |:‘§:| Load

Then the current I may flow into the positive ter-
minal of the battery (instead of its flowing out of the
battery). The battery does not supply energy to the
box; on the other hand the box supplies energy to the
battery. Now, the terminal voltage is given as

Wot—— < —Ppo >

V=E+Ir

CHARGING OF CELL

When a cell is being charged, the voltage across its
terminals is greater than its emf and is given by

Box
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SHORT-CIRCUITING OF A CELL

The terminals A and D of a cell are connected by a
conducting wire of zero resistance.

Using KVL in ABCDA, -Ir+E=0
= E=Ir

= I=E

Ly

—-Y
s

Terminal potential difference across the cell is

E
VAD =E—Ir=E—(_)r
r

= VAD=0

INTERNAL RESISTANCE OF CELL (r)

The internal resistance of a cell is the resistance
offered by the electrolyte of the cell to the flow of cur-
rent between its electrodes. It is denoted by r. The
internal resistance of a cell

(a) varies directly as concentration of the electrolyte
solution of the cell.

(b) varies directly as the separation between elec-
trodes i.e., length of electrolyte solution between
electrodes.

(c) varies inversely as the area of immersed
electrodes.

(d) is independent of the material of electrodes.

Remark(s)

The internal resistance of a circuit is always in series
with external resistance of the circuit.
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TERMINAL POTENTIAL DIFFERENCE
ACROSS A CELL

If a cell of e.m.f. E, internal resistance r sends a cur-
rent |, through an external resistance, then terminal
potential difference

V=IR=E-Ir

In general the terminal potential difference (T.P.D.) is
the potential difference across the external resistance
of the circuit.

E
where [ = ——
R+r
r
_M_
[\
‘l
E
fw
AW
R

During the process of charging of a battery current is
driven into a battery in the reverse direction. In such a
case positive charge enters the battery at the positive ter-
minal and leaves the battery from the negative terminal.
So, when a cell is being charged by an external bat-
tery, then terminal potential difference

V=E+Ir

MAXIMUM POWER TRANSFER THEOREM

The power consumption across the external resistance
of the circuit is maximum when the net external resist-
ance of the circuit equals the net internal resistance.

Consider the circuit shown. The power consumed

across R is I’R, where I = .
R+r

E r
2
. p- ER2
(R+71)
2
~ p- EzR
(R—r) +4Rr

For P to be MAXIMUM
R-r=0
= R=v

So, we observe that for maximum power consump-
tion across the external resistance, we must have
External Resistance = Internal Resistance of the
battery.

E* E?

max — E - E
This is an example of “impedance matching”, in
which the variable resistance R is adjusted so that the

power delivered to it is maximized. The behaviour of
P as a function of R is depicted in figure below.

Pmax sz

|-

ILLUSTRATION 35

Shown here are two resistors with resistances R; and
R, connected in parallel and in series. The battery
has a terminal voltage of E.

R
W 2 b S
> VW
fg F&
a > AVA'ATA' b K, rl
, E E
L

i i

Suppose R; and R, are connected in parallel, then

(a) find the power delivered to each resistor.

(b) show that the sum of the power used by each
resistor is equal to the power supplied by the
battery.

Suppose R; and R, are now connected in series,
then

(c) find the power delivered to each resistor.

(d) show that the sum of the power used by each
resistor is equal to the power supplied by the
battery.

Which configuration, parallel or series, uses more
power?
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SOLUTION

(a)

(b)

()

When two resistors are connected in parallel, the
current through each resistor is

E E
Il=_ aI‘ld IZ=_

1 2
and the power delivered to each resistor is given
by
E? E?
P,=I’R,==— and P, =I?R, =—
1=y R, 2 =1l R,
The results indicate that the smaller the resis-
tance, the greater the amount of power delivered.
If the loads are the light bulbs, then the one with
smaller resistance will be brighter since more
power is delivered to it.

The total power delivered to the two resistors is
E* E* F?
R, R, Req
1 1
where —=—+—
Req Ry R
RiR
N mziil_
1 +Ry

is the equivalent resistance of the circuit. On the
other hand, the total power P supplied by the
battery is P =1IE, where I =1, +I,, as seen from
the figure. Thus,

p=r1E+LE=[ L |E+[ £ |E
Rl RZ

E2 E* FE?
P=—+—=—=PR
Rl RZ Req

The above results are in accordance with Law of
Conservation of Energy.
When the two resistors are connected in series,
the equivalent resistance becomes

qu =R, +R,
and the currents through the resistors are

_E
R, +R,

L=I=I

Therefore, the power delivered to each resistor is

E 2
==
1 2

(d)
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E 2
RZ
R, +R,

and13=1§R2=(

Contrary to what we have seen in the parallel
case, when connected in series, the greater the
resistance, the greater the fraction of the power
delivered. Once again, if the loads are light bulbs,
the one with greater resistance will be brighter.
The total power delivered to the resistors is

2 2
R, +R, R, +R,

E? E?
PIE = = ;
Ri+R, R

On the other hand, the power supplied by the
battery is

2 2
P’=IE=( E ) E E

Ri+R, ) R+R, Rl

Again, we see that P’ = Py, as required by energy
conservation

Comparing the results obtained in (b) and (d), we
see that

E* E2 E?
P=—+—> =P’
R, R, Ri+R,
= P>P

which means that the parallel connection uses
more power because of the fact that the equivalent
resistance of two resistors connected in parallel is
always smaller than that connected in series.

IDENTICAL CELLS IN SERIES

In this arrangement the positive terminal of one cell is
connected to negative terminal of the other in succes-
sion. Figure represents n cells, each of em.f. E and
internal resistance r connected in series and an exter-

nal resistance R is connected across the combination.

E E E
r r r
/
AM‘V

R
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Since all the cells are in series, so

Net em.f. =nE

Similarly all resistances are in series, so
Net internal resistance = nr

= Total resistance of circuit = R+nr

Net e.m.f.
= Current] = ————
Net resistance
nE
I =
R+nr

(@) If R>>nr,then

I= n% =n (current due one cell)
(b) If R<<nr,then

E
[ =— = current due to one cell
T

So, when net external resistance >> net internal
resistance, then to get the maximum current, the cells
must be connected in series for maximum current, the
cells should be connected in series, when net external
resistance >> net internal resistance.

Note that if in series grouping of m cells, x cells are
reversed i.e. x cells are being charged, then

E =(m-x)E-xE=(m-2x)E and eq =MI

(m-2x)E
R+mr

= I=

NON-IDENTICAL CELLS IN SERIES

E, and E, are emf of two cells used in series as
shown in figure. If # and r, are their respective
internal resistances and I is the current flowing from
C to A, potentials at points A, B and C respec-
tively be V,, Vp and V-, then

VAB :VA _VB = El —Il"l and
VBC =VB—VC =E2—II‘2

Potential difference between terminals A and C is

We can replace the above combination by a single

cell of emf E,, and internal resistance r,, as shown
below.
Eeq |
A———<—C
r
eq
Sil‘lce, VAC = Eeq —I?'eq . (2)

Comparing (1) and (2), we get
Eq=E +E; and

La=h+"

q
(@) If n cells are connected correctly in series, then

By =E +E;+....+E, and

If cells are identical then E,y =nE and 7., =nr.

(b) If cells of emf E; and E, are connected wrongly
as shown below

E; E;
o—<—||—o—||—q—-
A r, B r C
then, Vo =E, -In-E, -1,
= Vic =(E=Ey)=1(n +1)
= VAC :Eeq —I?‘eq

Thus, equivalent emf E,, = E; —E, and internal

resistance f,q =1, +1,
(c) If out of N identical cells, n are wrongly con-

nected then
Eeq=(N-n)E-nE=(N-2n)E

and r,q = Nr

ILLUSTRATION 36

In the circuit shown in figure, E, =10V, E, =4V,
n=rn=1Q and R=2Q. Find the potential differ-
ence across battery 1 and battery 2.
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SOLUTION

Net emf of the circuit =E; -E, =6 V
Total resistance of the circuit = R+7 +1, =4Q
E1 r

E2 p)

|—i | ——
/ 72 Vs

> AN >
R

Current in the circuit

__netemf _6_y5,
total resistance 4

Now, V, =E, -1, =10-(15)(1)=85V

and V, =E, +Ir, =4+(15)(1)=55V

IDENTICAL CELLS IN PARALLEL

In this arrangement the positive terminals of all cells
are connected to one point and negative terminals to
the other point. Figure represents m cells, each of
em.f. E and internal resistance r, connected in par-
allel and an external resistance R is connected across
the combination.

Since all the cells are in parallel, so net e.m.f. equals to
the e m.f. due to a single cell.

= Netemf. =E
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Similarly all internal resistances are in parallel, so

. . r
Net internal resistance = R, = —
m

. . r
= Total resistance of circuit = R+—

m
=  CurrentI = E
R+ ( r )
m
(a) If R<< r , then
m
mE
[ = — = m(current due to one cell)

r

(b) If R>> - then
m

E
I= ﬁ = current due to one cell .

So, when Net Internal Resistance >> Net External
Resistance, then to get maximum current, the cells
must be connected in parallel.

NON-IDENTICAL CELLS IN PARALLEL

Consider two cells of emf E; and E, connected in
parallel across AB.

I Bl
/ ry /
E;

fz rs IZ

If I, and I, are the currents leaving positive elec-
trodes of both cells, then total current from B to A .
I=1,+], (1)

V, and Vj are potentials at A and B respectively,

then potential difference between A and B, can be
written as

V=V,-Vy=E-Iin .-(2)
and V=V, -Vy=E -Ln ..(3)
Using equation (1), (2) and (3), we get

I=L+1,
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E, -V E, -V E, E 1 1
= I=1—+2—=(—1+—2]—V[—+—)
n p) R h

Ve Er, +Eyn [ Ar @
ntn n+n

We can replace the given combination by a single cell
of emf equation and internal resistance 7, across AB
as shown in the figure.
We have,
VAB :VA_VB :Eeq—h'eq .(5)
Comparing (4) and (5), we have
_En+En Eeq |
eq n + ry A .—| —<——PB
Teq
ht

and r,_=
4+

Ew E, E 1 1 1
> —2=-"14+-2 where —=—+—
req lrl ?‘2 req Tl rZ

(@ If n cells of emf E,, E,,......, E, and internal

resistances 1, 15 ,......, 1, are in parallel, then
fa B N S
Teq h f) Tu
1 1 1 1
where, —=—+—+....4+ —
req h n T
(b) Foridenticalcells, 7, =7, =.....=1, =r (say) and
E,=E,=....=E, =E (say), then
-~ and E, = F
Teg =~ and Egq =

ILLUSTRATION 37

Calculate equivalent emf of four different cells
connected in parallel as shown.

1,10
I
2V10
A " B
— Vi [
|
4v20

SOLUTION

The equivalent cell arrangement between A and B
is shown for reference.

4, 2
7 V%79

A—|——B
ILLUSTRATION 38

Find the emf and internal resistance of a single
battery which is equivalent to a combination of three
batteries as shown in figure.

0V
6V 20
.—I 1Q 20

4V

The given combination consists of two batteries in
parallel and resultant of these two in series with the
third one.

SOLUTION

6V 3V E-3V
FM— Fwa— A
— 10 110 — =20

For parallel combination we can apply,

E_E 10 4
_h 2 2
Eeq_ 1 1 - 1 1 —3V
— i
noh 2 2
Further, i=l+l=l+l=1
req Tl r2 2 2

= g =10
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Now thisresistance isin series with the third resistance
so the equivalent emf of these two is (6-3) V=3V
and the internal resistance will be (1+1)=2Q.

Internal resistance of the equivalent battery is found
by the same routine procedure. For example, here 2 Q
and 1 Q resistances are in parallel. Hence, their com-

bined resistance is
\)/ Conceptual Note(s) 111 3
—_—=—-4—-—=

The equivalent emf can also be found by another

method. Suppose we wish to find the equivalent emf = r==-Q
of the circuit. Here we shall be using the fact that
when no current is drawn by the cell then, we must
have
E=V MIXED GROUPING OF IDENTICAL CELLS

However we may note that the current in the internal

— _ : In this arrangement a total of N cells are used. This
circuit may be non zero. This current is,

arrangement comprises of m rows of cells in paral-
_10+4 14 A lel, each row containing n cells in series. So, N = mn.

2+1 3 The e.m.f. of each cell is E and internal resistance of
each cell is 7. The combination is connected to exter-
nal resistance R .

For path ACDB, we have

14 _
Now, VA+4_1(?)_VB =0 Net em.f. =nE
Net internal resistance R, = o
14 2 m
3 2 g —>ncels
LARA VVVY I_A\’AVAVAV -“'
= E= 2 \% l
3 P WM W | s
10V g
R
2Q 5 E
=0 A" B Net resistance of circuit = R+ n
10Q m
D
oV = CurrentI = nk = NE
. . R+ E mR+nr
The identical result can also be obtained for the path m
AEFB for which we will get NE
14 = 1= 2
vA—10+2(?)+vB=0 (VmR =Jnr )" +2JmnRr
For maximum current
2
m

Further, since, V, —Vj is positive, i.e., V, >V;. So, we
conclude that A is connected to the positive terminal
of the battery and B to the negative.

= Rext = Rint

Thus for maximum current, the cells should be con-
nected in mixed grouping when external resistance
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R =net internal resistance i.e.,

nr
Rext:Ri.nt:_
m
1mE 1nE
and [ =-—=-—
mXo2r 2R

Please note that, for the current in the circuit to be
maximum or for maximum power to be consumed by
the external resistance R, following cases exist.

(@) In the first case, we arrange the cells in such a
manner that current and power in the circuit
should be maximum. And this happens when
we arrange the cells in such a manner that total
internal resistance comes out to be equal to total
external resistance i.e., load resistance.

(b) In the second case, when a battery of emf E, inter-
nal resistance r is connected in series with a load
of resistance R, then

B
|4
|
II
Er
=t
R+r
2
E
Py =12R=(—) R
R+r

(i) Now if r can be varied keeping E and R are
fixed, then both I and P, are maximum when
r=0.

(ii) However, if R can be varied keeping E and
r are fixed. Then, current in the circuit is

maximum when R = 0 (i.e, the battery is
shorted), but P, will be maximum, when
R=r

= External Resistance = Internal Resistance

ILLUSTRATION 39

In the circuit shown in figure, the emfs of batteries are
E, and E, which have internal resistances R; and
R, . At what value of the resistance R will the ther-
mal power generated in it be the highest? What it is?

SOLUTION

The two batteries are in parallel. Thermal power gen-
erated in R will be maximum when,

Total internal resistance = total external resistance

_ RiR,

= =
R, +R,

(&%)
Lo R, R, =(E1R2+E2R1)
“ [i+iJ R, +R,
Rl RZ
2RR,
R, +R,

Since, R, =

Eeq _ERy+ER,
R 2RR,

= I=

net

Maximum power through R.

P =I’R= (Ele +ER, )2
- 4RR, (Rl +R2)
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0‘/ Test Your Concepts-VII

Based on EMF, Internal Resistance and Combination of Cells
(Solutions on page H.215)
1. An automobile battery has an emf of 126 V. 6. We are made available with 4 batteries each of emf
and an internal resistance of 0.08 Q. The head- 2V and supplying a current of 2 A. Show by a cir-
lights together present equivalent resistance 5 Q cuit diagram how these can be arranged to supply
(assumed constant). What is the potential differ- 4 Aof currentat 4 V.

ence across the headlight bulbs when 7. The potential difference across a battery is 8.5 V
(a) they are the only load on the battery and when there is a current of 3 A in the battery from
(b) the starter motor is operated, taking an addi- the negative to the positive terminals. When the
tional 35 A from the battery? current is 2 A in the reverse direction, the potential
Under what circumstances can the terminal poten- difference becomes 11 V. What is the emf and the

tial difference of a battery exceeds its emf? internal resistance of the battery ?

. Two batteries having the same emf E but differ- 8. The output voltage can be reduced in the output
ent internal resistances r, and r, are connected in circuits of generators as desired by means of an
series with an external resistor R. For what value of attenuator designed as the voltage divider shown
R does the potential difference between the termi- in figure.
nals of the first battery become zero? U U U U, U, U,

. The emf of a storage battery is 90 V before charg-
ingand 100V after charging. When charging began
the current was 10 A. What is the current at the end
of charging if the internal resistance of the storage
battery during the whole process of charging may _ _ _ _
be taken as constant and equal to 2 27 A special selector SWI.’[Ch makes it posmblg to Fon-

. A battery is made by joining m rows of identical nectth.e output terminal either to the point with a
cells in parallel each row consists n cells joined potential _UO produced by the gener_ator, orto apy
in series. This battery sends a maximum current of .the points Uy, U .., Uy, each havm_g a potential
I'in a given external circuit. Now the cells are so ktimes smaller (k >_]) than the previous one. The
arranged that instead of m rows, n rows are joined sec_ond output terminal and the lower ends of the
in parallel and each row consists of m cells joined rgsnstances a.re earthed. )
in series. Show that current through the same F'_nd the ratio between t_he resistances Ry :R; :R;

>mn with any number of cells in the attenuator.
external circuit is now given by I'= ———1.
m+n

N J
AMMETER shunt of suitable resistance, the excess current

passes through it, without damaging the galva-
Measurement of Current: The instrument used for nometer.
measuring current in a circuit is called ammeter. ltis (b)) To reduce the error of measurement: Generally

basically a moving coil galvanometer in which a low
resistance wire (shunt) is connected in parallel with
the coil. The shunt is connected for two reasons.

the galvanometer coil has a fairly high resistance
(10 to 1000 Q) and therefore it will give error in
the measurement of current-the measured cur-
rent will be less than the actual current. By con-
necting a low resistance wire in parallel with the
coil, the effective resistance of the ammeter can
be made small and hence the error is reduced.

(a) To increase the range of current measurement:
The moving coil galvanometer is a very sensitive
device and its coil gets a full scale deflection for
a very small current (~1mA ). By connecting a
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SHUNT RESISTANCE TO CONVERT A
GALVANOMETER INTO AN AMMETER OF
DESIRED RANGE

If I is the range of the ammeter, | . is the galvanome-
ter current for full scale deflection, G is the resistance
of the coil and § is the shunt resistance then, clearly,

_______________

/ ly G
: “(’-’g)h\.\.\ :
o S
Ammeter
(I—Ig)S:IgG
I1.G
= S=-f—
I—Ig

The resistance of the ammeter so obtained is

GS

AT G+S

Generally S« G, so
G+5=G
RA =S

i.e., ammeter is a low resistance device and hence it is
always connected in series in a circuit.

Remark(s)

(a) The reading of an ammeter is always lesser than
the actual current in the circuit. If V is the poten-
tial difference across a resistance R, the true cur-

rent is I:(%). However, when an ammeter of

resistance r is used to measure it, the reading will
be

, Vv
" (R+r)

which is less than the true current |

(b) Smaller the resistance of an ammeter, the more
accurate will be its reading. An ammeter is said to
be ideal if its resistance (r) is zero. However, ideal
ammeter cannot be realized in practice.

ILLUSTRATION 40

The galvanometer shown in figure has resistance
50 Q and current required for full scale

deflection is 1 mA . Find the resistances R;, R, and
R; required to convert it into ammeter having ranges
as indicated.

SOLUTION

For the range 0.1 A, R, R, and R; are in series
combination.

G
()
L

Yo

e

So, equating potential difference across galvanometer
and series combination of R;,R, and R;, we get

[,G=(I-I)(R, +R, +Ry )

I.G 3
Hence R, +R,+R,=—i - 1 XSS _
(I-L) (01-10°) 99
(1)

Forrange 1A, (R, +R,) isin parallel to (G+R;)

= I (G+Ry)=(I-I,)(R +R,)

= [ (G+R +Ry+Ry)=1(Ry+Ry)
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Substituting for I,, G, I and (R;+R,+R;), we

have
3[50+38] 5
R, +R,=10" =— Q (2
LRy =5 ®

For range 10 A, R, is in parallel to (G+R, +R;)

So, I, (G+Ry +Ry )= (I-1, )R,

I (G+R,+R,+R
o RI:X( 1T 3)
I
10‘3(50+@) 5 1
= R=——-P/_2 g0 @
10 990 198
1
SO,R2=£—i=—Q
99 990 22
50
R3:9—9—(R1+R2)
_0 5. 86
799 99 99
33
Hence,RFLQ,RzzlgandRS:EQ
198 22 33
VOLTMETER

Measurement of Potential Difference: The most com-
monly used instrument for measurement of potential
difference is voltmeter. It is a moving coil galvanom-
eter to which a high resistance is connected in series.
The high resistance is connected for two reasons.

(a) To increase the range of measurement: Since the
galvanometer has a full scale deflection for very
small currents and hence it can measure only a
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small potential difference. However, if a large
resistance is connected in series with the coil, any
desired potential difference can be measured.

(b) To reduce the error of measurement: The volt-
meter is connected in parallel with that part of
the circuit across which the potential difference
is to be measured. Therefore its own resistance
should be very high, otherwise it will change
the current in (and hence the potential difference
across) that part of the circuit. The measured
potential difference will be less than the actual
value. By connecting a high resistance in series
with the coil, we can minimize this error.

SERIES RESISTANCE TO CONVERT A
GALVANOMETER INTO A VOLTMETER OF
DESIRED RANGE

If V is the desired range and R is the additional
series resistance, then

V=1 (G+R)

%4
= R=—-G

Ig
Voltmeter is a high resistance device and hence it is
always connected in parallel across a circuit whose
voltage is to be measured.

_______________

Voltmeter

Remark(s)

(a) The reading of a voltmeter is always lesser than
the true value. If a current |, is passing through
a resistance R, the true value V =IR. However,
when a voltmeter having resistance r is connected
across R, the current through R will become
L

=
(R+r)°

v

andso V' =I'R=———
(1+(R/r)]
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When the voltmeter is connected across R, its
reading will also be V" which is less than V.

Iy
I'y

RS V RS (V)r

<

ly

|y

(b) Greater the resistance of voltmeter, the more
accurate will be its reading. A voltmeter is said to
be ideal if its resistance r is infinite. An ideal volt-
meter draws no current from the circuit element
for its operation.

ILLUSTRATION 41

How can we make a galvanometer with G =20 Q
and [ p =1mA into a voltmeter with a maximum

range of 10 V?

SOLUTION

Using R=Z—G
Iy

We have, R= 1(1)—(_)3—20 =9980 Q

Thus, a resistance of 9980 Q is to be connected
in series with the galvanometer to convert it into the
voltmeter of desired range.

Please note that at full scale deflection current
through the galvanometer, the voltage drop across
the galvanometer

V, =1,G=20x10" V=002V
and the voltage drop across the series resistance R is,

V=1,R=9980x10" V=998V

(a) If an ammeter of range | and resistance G is to be
converted into a voltmeter of range V, then the
resistance R to be connected in series is

vV

R=-—-G
|

(b) If the voltmeter of range V and resistance G is to
be converted into an ammeter of range I, then
shunt S to be connected in parallel is

VG

IG-V

S=

ILLUSTRATION 42

A galvanometer has an internal resistance of 50 Q

and current required for full scale deflection is 1 mA.

Find the series resistances required (as shown in

figure) to use it as a voltmeter with different ranges,
as indicated in figure.

G R R, R,

AW

1V 10V 100V

SOLUTION

For range 1V, galvanometer and R, are in series

B vV
 (G+Ry)
= 107 L
(50+R, )

=  50+R, =1000
= R, =1000-50=950 Q

For range 10V, galvanometer and R,, R; are in
series.

0t 10
(G+R,+R,)
10 3
=  G+R+Ry=——=10x10
10
= R, =10000-(50+950) = 9000

R, =9kQ
and for range 100 V, galvanometer, R;, R, and R,
are in series.
100
(G+R,+R,+R;)

= G+R +R, +R, =11000

107 =

100 x10°

3=
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=  Ry=100x10°-(G+R, +R,)
= R, =100x10° -10x10°
=  Ry=90x10° =90 kQ

ILLUSTRATION 43

The scale of galvanometer is divided into 150 equal
divisions. The galvanometer has the current sensitiv-
ity of 10 divisions per mA and the voltage sensitivity
of 2 divisions per mV. How can you convert this gal-
vanometer into a/an

(a) ammeter of 6 A per division
(b) voltmeter of 1V per division

Calculate the galvanometer resistance G, value of
shunt S to be connected to convert into ammeter and
value of series resistance R to be connected to con-
vert into voltmeter.

SOLUTION

Since galvanometer resistance is

Full scale voltage

* Full scale current

Also, full scale voltage =
No. of divisions _ @ _75V
Voltage sensitivity 2
and full scale current =
No. of d1v1s.1(')n's _ @ —15mA
Current sensitivity 10
=15x107 A
= G= & - =5000 Q
15%10
1.G -3
IS 15%10™ x 5000 — 83 mO
I-I, 150x6-15x107
= R=K— = 150 2 -5=5000 Q
I 15x10

8

ILLUSTRATION 44

A voltmeter of resistance R, and an ammeter of
resistance R, are connected in series across a battery
of negligible internal resistance. When a resistance
R is connected in parallel to voltmeter, reading of
ammeter increases three times while that of voltmeter
reduces to one third. Find R; and R, in terms of R.
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SOLUTION
Let E be the emf of the battery

R
®—@ BB
3
| Y 2 3/ Y
. I . Al— 1 G
E E

In the first case let I be the current in the circuit, then
In the second case main current increases three times

while current through voltmeter will reduce to é

Hence, the remaining 3] —% =% passes through R

as shown in figure.

I 81
Vo=V =| = |R =| = |R
c P (3)1 (3)
= R;=8R

Applying Kirchhoff’s Second Law in Loop ABFGA ,
I

E=31(R2)+[§)(R1)=1(3R2+%] Q)

From equations (1) and (2), we get
R;+R, =3R, + %

2R
= 2R,= Tl

8R

R

ILLUSTRATION 45

A battery of emf 1.4 V and internal resistance 2 Q is
connected to a resistor of 100 Q. In order to measure
the current through the resistance and the potential
difference across its ends, an ammeter is connected in
series with it and a voltmeter is connected across its

4
ends. The resistance of the ammeter is — Q and that

of the voltmeter is 200 Q. What are the readings of
the two instruments? What would be their reading if
they were ideal instruments?
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SOLUTION

Let Ryand Ry be the resistances of the ammeter

and voltmeter respectively. Then the total resistance
across the emf E is
RRy _100x200 4

eq = Ry +r=———+-+2=70 Q
1 R+Ry 100+200 3

Therefore, the current

2 —E=0.02A

"Ry 70
This is the current through ammeter. Hence, the read-
ing of ammeter is 0.02 A
Reading of voltmeter is the potential difference across
its terminals. So reading of voltmeter is

V=1, KRy 100
R+Ry

If the ammeter and the voltmeter were ideal, R, =0
and Ry — . Then,

[ 100 %200

) =133V
100+ 200

The reading of ammeter = B 14 0.0137 A
r+R  2+100
14

The reading of voltmeter = I R = ﬁ x100=137V

ERROR IN THE MEASUREMENT BY
AMMETER

To measure current flowing in a certain branch, we
connect an ammeter in that branch. Consider the fol-
lowing circuit. To measure I, we connect an ammeter
in the wire.

Connecting the ammeter changes the current. Let R,
is the resistance of the ammeter, then

B E
R+R,+7

!

Clearly I’<I.So an ammeter reads less than actual
value. Error in the reading =1"-1

ERROR IN THE MEASUREMENT BY
VOLTMETER

Consider the same circuit as before. Now, we wish to
find out the potential drop across the external resist-
ance R .To measure the potential difference, a voltme-
ter of resistance Ry is connected between A and B.

I A R B

— |/ —>

-

E r

Current through the cell is

- E
R+r
NOW,V=VAB=IR
ER E
) V:VAB:( ):—
R+r 145
Now,R’:RXRV: RR <R
R+Ry, 1+ N
Ry

Current through the cell is

po E i RxRy
CR'+r’ T R+Ry

= V’=I’R’=(E’R 7= £
R'+r) 4, T

R’
As R'<R, V' <V (errorin the reading is V' -V'). So
a voltmeter reads less than the actual value.
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(a) An ideal ammeter should have zero resistance,
but a non-ideal ammeter has small but non-zero
resistance.

(b) An ideal voltmeter should have infinite resistance,
but a non-ideal voltmeter has large but not infi-
nite resistance.

(c) A non-ideal voltmeter (i.e,, a practical voltmeter)
always draws some current from the circuit and
there is always a potential drop across a non-ideal
ammeter (i.e,, a practical ammeter).

W)
Y,

/4

I 5 r

— | ——»i

Therefore, when it is used to measure the emf of
a cell, it will read V=E—Ir. As 10 therefore,
reading of a voltmeter will not be equal to emf of
the cell.

ILLUSTRATION 46

In the electrical circuits shown in figure (a) and
figure (b), the instruments are ideal in figure (a) while
their resistances are marked in figure (b). Determine
their readings.

10y 05Q
(@ (b)

SOLUTION
For figure (a), we have
10

2405
So, reading of ammeter is 4 A
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and reading of voltmeteris [IR=8 V

For figure (b), we have
I’=L,where R’=&=IQ
R'+0.5+05 2+2
r =E=5 A
2

So, reading of ammeter is 5 A and reading of voltmeter
is 'R"=5x(1)=5V

ILLUSTRATION 47

In the electrical circuit shown, the instruments are
ideal. Determine their readings.

15Q

4Q

SOLUTION

Since the ideal ammeter has zero resistance and an
ideal voltmeter has infinite resistance.

So, no current flows through the voltmeter. The given
circuit can be redrawn as shown in figure.

15 Q

40Q 10Q A B
—

}l—'vw.
3oy 19

—

The effective external resistance of the circuit is

R =440 140
15+30
I:i:ZA
14+1

Hence, reading of ammeter is 2 A

Since 15 Q and 30 Q are in parallel, so their effective
resistance is 10 Q as shown in figure.
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10Q A B

40 10Q

I aoy 1Q

The reading of voltmeter is the potential difference
between A and B. Since V,; =1(10)=(2)(10)=20 V.

So, reading of voltmeter is 20 V

ILLUSTRATION 48

In the circuit shown, all the ammeters are ideal.

(@) If the switch S is open, find the reading of all
ammeters and the potential difference across the
switch.

(b) If the switch S is closed, find the current through
all ammeters and the switch also.

SOLUTION

Using the loop current method.
@ -2(L-1,)+15=0 (1)

41, +20-2(I, - I, )-
15_12—10_2(12"‘13)_6:0

= 21,-9,-2[;-11=0 .(2)
2(I,+13)-6=0

= I,+1;+3=0 .(3)

Solving these three equation, we get

I,=95A

Ammeter

A

Ay

Ay

Ay

As

Reading (Amp)

9.5

9.5

2

5

PD. across switch =10+(1)I, =10+2=12V
(b) When switch is closed

2(L-1,)+15=0 (1)
L+1;+3=0 ..(3)
10-(I,-1,)=0 ..(4)
Solving these four equation, we get
L =125A
12 = 5 A
13 - _8 A
I, =15A
Ammeter A LA | Ay | A | A5 | A
Reading (Amp) | 125 | 25 | 10 8 5

And the current through switch is 15 A.
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0‘/ Test Your Concepts-VIII

Based on Galvanometer, Voltmeter and Ammeter

. Assume that a galvanometer has an internal resis-
tance of 60 Q and requires a current of 0.5 mA to
produce full scale deflection. What resistance must
be connected in parallel with the galvanometer if
the combination is to serve as an ammeter that has
a full scale deflection for a current of 0.1 A?
. Design a multirange ammeter capable of full scale
deflection for 25 mA, 50 mA, and 100 mA. Assume
the meter movement is a galvanometer that has a
resistance of 25 Q and gives a full scale deflection
for T mA.
. Design a multirange voltmeter capable of full scale
deflection for 20 V, 50 V and 100 V. Assume the
meter movement is a galvanometer that has a
resistance of 60 Q and gives a full scale deflection
for a current of 1 mA.
. Aparticular galvanometer serves asa 2 V full scale
voltmeter when a 2500 Q resistor is connected in
series with it. It serves as a 0.5 A full scale ammeter
when a 0.22 Q resistor is connected in parallel with
it. Determine the internal resistance of the galva-
nometer and the current required to produce full
scale deflection.

. To measure the resistance R of a resistor, a voltme-

ter of resistance R, is placed across a resistor and
an ammeter is placed in series with the combina-
tion as shown in figure

I

Ry

meas R

(‘,meas - I1)

(a) Find the resistance R in terms of the measured

readings on the ammeter | ___ and voltmeter
%

meas

V
(b) Discuss the result for R, > -2

meas

. To measure the resistance R of a resistor, an amme-

ter of resistance R, is placed in series with the resis-
tor and the voltmeter is placed across the series
combination as shown in figure.

. What shunt resistance is required to make the

. A voltmeter has a resistance G ohm and range V

. Consider two different ammeters in which the

(Solutions on page H.216)

- !meas

_._®_

(a) Find the resistance R in terms of the measured
readings on the ammeter | and voltmeter
%

meas

meas

V
(b) Discuss the result for -2 >R,

meas

1 mA, 20 Q galvanometer into an ammeter with a
range of 0 A to 50 mA?

volt. Calculate the resistance to be used in series
with it to extend its range to nV volt.

lg +:—+Ff_

I |/ >

[¢— nV —»i

currents are proportional to the respective deflec-
tions of the needle. The first ammeter is connected
to a resistor of resistance R; and the second to
a resistor of unknown resistance R,. Firstly, the
ammeters are connected in series between points
A and B (as shown in figure). In this case the read-
ings of the ammeters are n, and n,. Then the
ammeters are connected in parallel between A
and B (as shown in figure) and indicate N, and N,.
Determine the unknown resistance R, of the sec-
ond resistor.
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10.

11.

12.

13.

14.

16.

ICON

An ammeter is connected to measure the cur-
rent intensity in a circuit with a resistance R. What
relative error & will be made if connection of the
ammeter does not change the current intensity in
the circuit? The voltage across the ends of the cir-
cuit is kept constant.

Determine the voltage across a resistance R using
a voltmeter connected to its ends. What relative
error, £ will be made if the readings of the voltme-
ter are taken as the voltage applied before it was
switched on? The current intensity in the circuit is
constant.

What resistance r should be used to shunt a galva-
nometer with an internal resistance of R="10 k2 to
reduce its sensitivity n =50 times?

An ammeter and a voltmeter are connected in
series to a battery of emf E = 6 V. When a certain
resistance is connected in parallel with the voltme-
ter, the reading of the latter decreases two times,
whereas the readings of the ammeter increase the
same number of times. Find the voltmeter readings
after the connection of the resistance.

Two conductors ace and bdf are connected at
equal potentials on resistors R, and R,. Will there
any currents flowing through them and through
the cd section if the switch S is closed. Will this lead
to a change in the reading of an ammeter?

Ry
a b
@ d
e f

15. A cell of emf 3.4 V and internal resistance 3 Q is

connected to an ammeter having resistance 2 Q
and to an external resistance of 100 Q. When a
voltmeter is connected across the 100 Q resistance
the ammeter reading is 0.04 A. Find the voltage
read by the voltmeter and its resistance. Had the
voltmeter been an ideal one what would have been
its reading?

In the circuit shown in figure, V, and V, are two
voltmeters having resistances 6 kQ and 4 kQ
respectively. The emf of the battery is 250 V, having

17.

18.

19.

20.

negligible internal resistance. Two resistances R, =
4kQand R,=6 kQ are also connected in the circuit
as shown. Find the reading of the voltmeters V; and
V, when

f
E
SN\
R; R,
_WV\I AvA\vﬂ\rA\ll

(a) the switch S'is open and

(b) the switch Sis closed.

The emf E and the internal resistance r of the bat-
tery shown in figure are 4.3 V and T Q respectively.
The external resistance R is 50 Q. The resistances
of the ammeter and voltmeter are 2 Q and 200 Q
respectively.

(a) Find the readings of the two meters.

(b) The switch is thrown to the other side. What
will be the readings of the two meters now?

A moving coil galvanometer of resistance 20 Q
gives a full scale deflection when a current of 1
mA is passed through it. It is to be converted into
an ammeter reading 20 A on full scale. But the
shunt of 0.005 € only is available. What resistance
should be connected in series with the galvanom-
eter coil?

A resistance box, a battery and a galvanometer of
resistance G Q2 are connected in series. If the galva-
nometer is shunted by resistance of S Q, find the
change in resistance in the box required to main-
tain the current from the battery unchanged.
Determine the resistance r if an ammeter shows a
current of =5 A and a voltmeter 100 V. The inter-
nal resistance of the voltmeter is R = 2500 Q.
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21. Two resistors, 400 €, and 800 € are connected in
series with a 6 V battery. It is desired to measure
the current in the circuit. An ammeter of 10 Q
resistance is used for this purpose. What will be the
reading in the ammeter? Similarly, if a voltmeter of
1000 Q resistance is used to measure the potential
difference across the 400 Q resistor, what will be
the reading in the voltmeter?

22. Draw the circuit for experimental verification of

Ohm’s Law using a source of variable d.c. voltage,

a main resistance of 100 Q , two galvanometers
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and two resistances of values 10° Q and 1072 Q
respectively. Clearly show the positions of the volt-
meter and the ammeter.

23. In figure, show how to add just enough ammeters
to measure every different current. Show how to
add just enough voltmeters to measure the poten-
tial difference across each resistor and across each
battery.

30
50
1Q
8Q 10
+ 12V
— 4V -T
T

HEATING EFFECT OF CURRENT

When a charge dq passes across a potential differ-
ence V, the work done dW is given by,

dW =Vig

This work represents the loss of potential energy of
charges. The flow of charge dgq in time dt is equiva-
lent to current I, where

d
=4
dt
= dg=1Idt
= dW=VIdt

If constant current I passes through conductor for
time f under a potential difference V', then

W= VIt (1)

According to Ohm’s Law, V = IR

2
=  Work done =I*Rt = %t = VIt .(2)

This work is converted into the energy of random
thermal motion of molecules of the conductor. That
is the electric current through a conductor produces
thermal energy in the conductor and the conductor
gets heated. This phenomenon is called Joule’s heat-
ing effect of current.

If V isinvolt, I inamp, R in ohm, then Joule’s heat
is equivalent to
2

W =VIt=I*Rt = %t joule
OR
Heat produced Q is given by

V2
W VI IR (EJ*
J

Q=1=""_2 cal

_ t
I ]
POWER

The rate of work done in an electrical circuit is called
the power and is dissipated in the form of heat.
Power dissipated,

2
p=W_y_pr=Y
R
The SI unit of power is watt (W)
1W=1Js™
ELECTRIC ENERGY

The usual unit of energy is joule but for convenience
electrical energy (measured as a large unit ) is meas-
ured in kilowatthour (kWh).
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1 kWh = P(in kilowatt) x (¢ in hour)
1 kWh =1000x 3600 joule

1kWh =3.6x10° joule

In houses the electric appliances (e.g., bulbs,
refrigerator, T.V,, cooler, heater etc.) are connected in
parallel and the electric energy consumed is meas-
ured in kilowatthour (kWh).

_ wattxhours

Number of units consumed (N)
1000

N = (Power Consumed )( Time of Consumption )
- 1000

=

ILLUSTRATION 49

In the given figure each of the segments has resistance
R. EMF of battery is E and internal resistance is negligi-
ble. Find ratio of power generated in AE to that in HO.

SOLUTION

SPECIFICATION OF A BULB OR OTHER
ELECTRIC APPLIANCES

Every electrical appliance like Bulb, Heater, Geyser
etc. has wattage and voltage printed on it. These are
called rated values or the specified values. When a
bulb has specified voltage V and power P, then
resistance R and maximum allowed current | may
be determined.

Power (P) = Voltage(V)x Current ()

= Maximum allowed current in bulb is

=L
1%
Resistance of its filament is
_v_v. v
I PV P

The more the current flowing through a bulb the
more is its glow.

The bulbs and other electric appliances are
manufactured for parallel combination. If they are
connected in series, the effect is reversed. For exam-
ple if two bulbs of 50 W, 200 W are given, then for
parallel combination of the bulbs, the 200 W bulb
would glow more brightly. However, for the series
combination of the bulbs, the 50 W bulb would glow
more brightly as more current flows through it.

(a) S.I. unit of poweris Js~' and 1Js™' = Twatt

(b) Rated values of Voltage and Power: Every
electrical appliance like Bulb, Heater, Geyser etc.
has wattage and voltage printed on it. These are
called rated values.
FOR EXAMPLE: A 40 W, 220 V bulb has a rated
power P, =40 W and the rated voltage V=220 V.
This simply means that when this bulb is con-
nected across the rated voltage i.e. 220 V, then the
power consumed across it will also be the rated
power that is 40 W. So,
when V, Viaea then P

rated’ consumed < Prated and

pplied <
when Vapplied > vrated' then Pconsumed > Prated

(c) Resistance of electrical appliance: If varia-
tion of resistance with temperature is neglected
then resistance of any electrical appliance can be
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calculated by rated power and rated voltage i.e.

V2
by using R=—=-.

y using P,
(d) Itis observed that for a bulb

Brightness o< P

consumed

(e) Power consumed and illumination: An electri-
cal appliance (Bulb, heater, .... etc.) consume rated
power P, only when the applied voltage V, is
equal to the rated voltage V. So

(i) If VA = VRr then Pconsumed = PR
V2
(ii) 1fV, <V, then Pocimed = FA

V2
Since, R=—- and hence
Py

Va _
= Peonsumed = ( V_‘;]PR oc (Brlghtness)
R

POWER TRANSFORMATION RULE

CASE-|: Bulbs Connected in Series

When bulbs/appliances having rated voltage V , and
rated powers P, P,, P, .... are connected in series
across a voltage supply V', then the power consump-
tion across the series combination of the appliances
will be

2
bV,
RS
where R, =R; +R, +R; and

V? V2 V2
P1 PZ PS
2
= P= 4
v: ov:ov?
P B
1 1 1 1
=

— =
PP P P
CASE-2: Bulbs Connected in Parallel

When bulbs/appliances having rated voltage V,
and rated powers P, P,, P;, .... are connected in
parallel across a voltage supply V', then the power
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consumption across the parallel combination of the
appliances will be

2
p-L,
RP
1 1
where —=—+ —+— and
Rp 1 Ry Ry
2 2 2
R, v ,R2=V—andR3—V—
P p, P,
1 1 1
= P=V|—+—t—

COMBINATION OF BULBS
Series Combination
P,V P,V
Supply
oV
1 1
(a) Total power consumed S—t—t......
P total Pl P 2
. . P
(b) If n bulbs are identical, P, =—
n
. 1
(0 P oumeq (Brightness) o< V ec R e
Prated

i.e. in series combination, the bulb of lesser wattage
will give more bright light and potential difference
appeared across it will be more.

Parallel Combination
(a) Total power consumed

P =P +B+ P 4P,

qrv

@Pz, v
Supply
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(b) Ifnidentical bulbs are in parallel, then P, =nP

otal (n—1) bulbs are again connected in series across
, . same supply, the illumination will be more with
(©)  Pnsumeq (Brightness) o< Py o< joc — : : : ,
a (Brig )< P R (n = 1) bulbs than with n bulbs, but risk of fusing
i.e. in parallel combination, bulb of greater wattage of bulbs will increases.
will give more bright light and more current will pass (h) When a heavy current appliance such us motor,
through it. heater or geyser is switched on, it will draw a

heavy current from the source so that terminal
voltage of source decreases. Hence power con-

sumed by the bulb decreases, so the light of bulb
\)# Conceptual Note(s) becomes less,

(@) If Vappiied < Vkated then percentage drop in output . :.]:;
power of electrical device is e g
L
_ e K
%age drop = (e~ Peonsames) 199 ¥

R
(b) Different bulbs

25W 100W 1000 W ILLUSTRATION 50

22%\! 228?\[ 22%\! A wire of length L and 3 identical cells of negligi-

ble internal resistances are connected in series. Due
to this current, the temperature of the wire is raised
by AT intime t. Anumber N of similar cells is now
connected in series with a wire of the same material
= Brightness e B 5 and cross-section but of length 2L . The temperature
of wire is raised by same amount AT in the same
time . Find the value of N.

= Resistance Rys > Rygo > Rygoo

= Thickness of filament t1000 > tio0 > tao

¢) Necessary series resistance to glow a bulb of rated
ry g
power P, if Vipplied > Vrated 1S
SOLUTION

Vapplied — VRated
R=(% XV Since we have
R

- —
(d) When some potential difference applied across Heat =meAT =Rt

the conductor then collision of free electrons with CASE-1: Length (L), Resistance R and mass m

ions of the lattice result’s in conversion of electri- )
g e e CASE-2: Length (2L), Resistance 2R and mass 2m

(e) If a heating coil of resistance R, (_Iength_f) con- mSAT, Ry,
sumed power P, when voltage V is applied to it
then by keeping V constant if it is cut in n equal

m,S,AT,  i2nt

: : R .
parts then resistance of each part will be — and - mSAT  i{Rt
1 f 2,0,
from P omed o power consumed by each part 2mSAT iy 2Rt

(f) In series a device of higher power rating con-
sumes less power.

(g) Consider that n bulbs are connected in series 12 2R
across V volt supply. If one bulb gets fused and
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TIME RELATION FOR SERIES AND
PARALLEL COMBINATION

Let an electrical appliance having rated power P; can

generate energy E in time #,, then E=Dt,.
Similarly another electrical appliance having
rated power P, can generate same energy E in time

t,,then E=Pt,.
Now when these appliances are connected across the
same voltage source

CASE-1: In Series
Then power generated is

1 1 1
—_— =
I I
So time required to generate the same energy E is

E _E E_E _E

ts————+—_—+—
R RR [EVE
tl tZ

-

CASE-2: In Parallel
Then power generated is

Po=P+P

So, time required to generate the same energy E is

 _E__E _E _th
"R P+P, E E i+t
tl tZ
1 1 1
= |—=—+—
tP f1 t2

ILLUSTRATION 51

An electric tea kettle has a multi-position switch
and two heating coils. When only one of the coils is
switched on, the well-insulated kettle makes a full pot
of water to a boil in a time interval Af. When only the
other coil is switched on, it requires a time interval of
2At to boil the same amount of water. Find the time
interval required to boil the same amount of water if
both coils are switched while being used

(a) in a parallel connection and
(b) in a series connection.

Chapter 3: Electric Current and Circuits  3.75

SOLUTION

A certain quantity of energy AE,, =P(time) is

int
required to raise the temperature of the water to
100°C. For the power delivered to the heaters we

(AV)?

have P=]JAV = where AV is a constant.

Thus comparing coils 1 and 2, we have for the energy
(AVY' At (AV)* 24t

R ) R,
= R,=2R

H-=

(@) When connected in parallel, the coils present
equivalent resistance

1 1 2R,
=177 1 T3
R, R, R, 2R
2at (AV) At
and H=(AV) At: 4
R 2R
3
= Ai‘ :%

p
(b) For the series connection, R, = R, + R, = R, + 2R,
o AV AL (AV) A,

R, 3R,
= A, =3At

=3R, an

CHARACTERISTICS OF A FUSE

Fuse is used with the main electrical circuit for the
safety of electrical appliances.

A fuse wire must have high resistance and low
melting point. Hence, generally it is made of tin-lead
alloy.

Let R be the resistance, p resistivity, [ length,
a cross-sectional area and I ampere be its current
carrying capacity.

When the fuse is safe, then for its steady state
temperature, heat produced per second must be equal
to heat radiated by it per second. Heat produced in
fuse wire per second

H=9=12R=12(E)
t A

2
H= I—ﬁ;l joule sec”! (1)
nr
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If ¢ is emissivity of fuse material of radius r and T is
the excess safe temperature of wire above surround-
ings then according to Newton’s Law of Cooling, the
energy radiated per second

H=e(2rrl)T .2
For steady state
l
e(2rr)T=1" 2
nr
*p
= T = 2}1-27 .e (3)

So, we observe that the steady state temperature of a
fuse is independent of its length.

Hence length is immaterial for an electric fuse.

For a given material of a fuse wire

2 3
[Focr

ILLUSTRATION 52

What amount of heat will be generated in a coil of
resistance R due to a charge q passing through it if
the current in the coil decreases down to zero

(@) uniformly during a time interval ¢, ?
(b) halving its value every f, seconds?

SOLUTION
Heat generated in a resistance is given by,

H=TI"Rt
We can directly use this formula provided I is con-
stant. Here, I is varying. So, first we will calculate I
at any time t, then find a small heat dH in a short

interval of time dt . Then by integrating it with proper
limits we can obtain the total heat produced.

(a) The corresponding -t graph will be a straight
line with I decreasing from a peak value (say ;)
to zeroin time #,. [ -t equation will be as

= I=Io‘(i_0)f (y=-mx+c) ..(1)
0
14
"C'
I N

(b)

Here, I, is unknown, which can be obtained by
using the fact that area under -t graph gives the
flow of charge. Hence,

1
‘?=§(t0)(10)
= IO=§
tU

Substituting in (1), we get,

1=E(1_1J
tU tU

Now at time t, heat produced in a short interval
dt is,

dH = I*Rdt
2
= dH = 2 _2qt Rdt
ty  t

ty
So, total heat produced is H = JdH
0

ty

2
29 2qt
= HEJL§-4}JRm
f
o 00
_440R
3 1
Here, current decreases from some peak value
(say I;) to zero exponentially with half life f;.
I-t equation in this case will be
I=Ie ™

1 2
Here, A= L()

by

= H

Now, g= II dt =j108'l'dt = ( IID)
0 0

14

"D
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o0
= I= (lq)e‘“
=  dH=I*Rdt=A*¢"e "' Rat
- - 2
> H= '[dH = /1%;212_[ gty TAR
0 0
1 2
Substituting A = g, (2) , we have
0
_¢°Rlog, (2)
2,

ILLUSTRATION 53

A circuit shown in the figure has resistances 20 Q and
30 Q. At what value of resistance R will the thermal
power generated in it be practically independent of
small variations of that resistance? The voltage between
points A and B is supposed to be constant in this case.

200
A — W

SOLUTION
V = Constant

Now, voltage across R, is equal to the voltage across
the 30 Q resistor, because both are in parallel. Hence,
if V| is the voltage across R, , then
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30R,
30+R 30R
Vi=Vyo=| 20— — =(—x )
30R, +20 50R, +600
30+R,
20Q 20Q

A AV Al
, 30R, I
V= SDQ§ Ry=y—= 0RY
B B J

Original circuit Equivalent circuit

Now, power generated in R, is

p_ Vi _ _ 900RV?

R, (50R, +600)°

For P to be constant, we have

dp
-0
dR,
(50R, +600)* (900V2) -
2
_ (1800)(50)(R, V2 )(50R, +600) 0

(50R, +600)°
=  50R, +600-100R, =0

= R =12Q

@ Test Your Concepts-I1X

1. Calculate the power delivered to each resistor in
the circuit shown.

20
4Q

18V

Based on Heating Effects and Power Consumption

(Solutions on page H.220)
2. An electric teakettle has a multiposition switch and
two heating coils. When only one of the coils is
switched on, the well-insulated kettle makes a full
pot of water to a boil in a time interval At. When
only the other coil is switched on, it requires a time
interval of 2At to boil the same amount of water.
Find the time interval required to boil the same
amount of water if both coils are switched while
being used
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(a) ina parallel connection and
(b) in aseries connection.

. When two unknown resistors are connected in

series with a battery, the battery delivers total power

P. and carries a total current of I. For the same total

current, a total power P, is delivered when the

resistors are connected in parallel. Determine the
values of the two resistors.

. Two resistors R, and R, are in parallel with each

other. Together they carry total current I.

(a) Determine the current in each resistor.

(b) Prove that this division of the total current |
between the two resistors results in less power
delivered to the combination than any other
division. In other words prove the general
principle that current in a direct current circuit
distributes itself so that the total power deliv-
ered to the circuit is a minimum.

. Consider an ideal battery with emf V, and two

resistors with resistances R, and R,. For the power

absorbed by resistors to be maximum, should they
be connected in series or in parallel, as in figure.

Series connection Parallel connection

. Two resistors are made of identical material, have
the same length but one has the diameter twice
that of the other. Determine the ratio of powers
dissipated in the two resistors when
(a) each resistor is being connected across the
same voltage source i.e,, in parallel
(b) they are connected in series
. A T00 W, 110 V light bulb has a filament made
of an alloy having a temperature coefficient of
0.0055 °C™" at 0°C. The normal operating temper-
ature of the bulb is 2000°C. How much current will
the bulb draw at the instant it is turned on when
the room temperature is 20°C and 2000°C?
. (a) Two wires made of same tinned copper alloy
having equal cross-sectional area but of differ-
ent lengths are to be used as fuses. Show that
the fuses will melt at the same value of current
which is independent of the length of the wires.
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10.

11.

(b) A fuse wire of radius 0.1 mm blows when a
current of 10 A passes through it. What should
be the radius of a fuse wire made of the same
material which will blow at a current of 20 A?

In the circuit shown in figure abcd is a square.

All the wires forming the square and its diagonals

are homogeneous and have same cross-section.

Find the ratio of power dissipated in resistors ab

and cd.

4

The variable capacitor in figure is connected to a
battery of emf V and internal resistance r. The cur-
rent in the circuit is kept constant by changing the
capacitance. (Assume that we are able to increase
the capacitance indefinitely in order to accomplish
this).

(a) Calculate the power supplied by the battery.

(b) Compare the rate at which energy is supplied
by the battery with the rate of change of the
energy stored in the capacitor.

In the circuit shown in figure, find the power

0V 4V
O L e

Iy A

. AAAA
Ll YVYY

3Q

(a) supplied by 10V battery
(b) consumed by 4 V battery and
(c) dissipated in 3 Q resistance.




ICON

12. In the circuit shown in figure, find the heat devel-
oped across each resistance in t=2s.

6Q
3Q

3Q 50

|\
‘ I
20V

13. In which branch of the circuit shown, a 11V battery
be inserted so that it dissipates minimum power.
What will be the current through the 2 Q resistance
for this position of the battery?

s20 340 360

14. In acircuit shown in figure if the internal resistances
of the sources are negligible then at what value of
resistance R will the thermal power generated in it
be the maximum. What is its value?
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15. The current | through a rod of a certain metallic
oxide is given by 1=0.2 V"2, where Vis the poten-
tial difference across the rod. The rod is connected
in series with a resistance to a 6 V battery of neg-
ligible internal resistance. What value should the
series resistance have so that:

(a) the currentin the circuitis 0.4 A.

(b) the power dissipated in the rod is twice that
dissipated in the resistance.

16. A storage battery with emf 2.6 V loaded with exter-
nal resistance produces a current 1 A. In this case
the potential difference between the terminals of
the storage battery equals 2 V. Find the thermal
power generated in the battery and the power
developed in it by electric forces.

17. The circuit considered shown in figure is connected
for a duration of 2 minute.

(a) Find the energy delivered by each battery.

(b) Find the energy delivered to each resistor.

(c) Identify the types of energy transformations
that occur in the operation of the circuit and
the total amount of energy involved in each
type of transformation.

M ——] —— 30
6V 30 b 5Q §1Q
80% 10
o —12v

T4V
- J
WHEATSTONE BRIDGE: P, Q, R and S are four resistances, G is galvanometer
CONDITION OF BALANCE and E is a battery. The Wheatstone’s Bridge is said to

The Wheatstone’s Bridge is shown in figure.

be balanced when no current flows in galvanometer.
So,

Potential of B =Potential of D .

The condition of balance is best achieved by applying
Kirchhoff’s Laws

Applying Kirchhoff’s 2nd Law to loop ABDA

~L,P-1.G+(I-1;)R=0 (1)
Applying Kirchhoff’s 2nd Law to loop BCDB

—(I, =1 )Q+S(I -1, +I; )+1:G=0 ..2)
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For balance I =0, so that (1) and (2) give

Ilpz(l—jl)R and .(3)
11Q=(I—Il)5 ..(4)
Dividing (3) by (4), we get
Condition of balance is
P_R
Q S
Remark(s)

So, to conclude

(a) When battery and galvanometer arms of a
Wheatstone's Bridge are interchanged, the bal-
ance position remains undisturbed while sensitiv-
ity of bridge changes.

(b) When Wheatstone's Bridge is balanced, the resis-
tance in arm BD may be ignored while calculating
the equivalent resistance of bridge between A and
C. So, P and Q are in series, R and S are in series
and both in parallel to each other.

1 1 1
L T
R P+Q R+S
Three other common forms of balanced
Wheatstone's Bridge are shown here.

I-1, R

’1 !G G {I' = 1'1 + ’G)
A -—»—-W\/v—b-t;;;]-wvwv——b—os
I

net

P S |
W ——
-1 q
P Q
el
and
R S

(c) If the bridge is not balanced, then the current will
flow

(i) frothoBif£>E
Q §

(ii) fromBto Dif E<E
Q §

ILLUSTRATION 54

An electrical circuit is shown in figure. Calculate
the potential difference across the resistor of 400 Q
as will be measured by the voltmeter V' of resist-
ance 400 Q either by applying Kirchhoff’s rules or
otherwise.

©
400 Q

AMAA
Yyvyy

100Q 200Q
AMAN—

100 Q

—AAANA AAAA
Yyvy YYYYy

100 Q

AAAA
Yyvy

|
|
10V

SOLUTION

The given circuit actually forms a balanced

Wheatstone bridge (including the voltmeter) as

shown in figure.

R, =400 Q
@
400 Q

100Q | 1002 200Q
_’WW__WW ‘v‘v‘v‘
Ly 1, 100Q

I 1ov
(@)
Q=2000Q
P=100Q| 1000 B
Avl'l'A' A'l'l'lv A
A S=200Q|
AI'AI'AVAY -
R=100Q
[\
I r
10V
(b)

R

Here, we see that E = E {Bridge is balanced|

Therefore, resistance between A and B can be
ignored and equivalent simple circuit can be drawn
as shown in figure (c).
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The voltmeter will read the potential difference
across resistance Q. So, currents I; and I, are given

by
10 1

17279004200 30

= Potential difference across voltmeter is
1 20

AV =1,0=(200 (—) V==V

Q ) 30 3

So, reading of voltmeter is ? Vv

THE METRE BRIDGE

The metre bridge is the practical application of the
Wheatstone network principle in which the ratio of
two of the resistances, say R and S, is deduced from
the ratio of their balancing lengths. AC isa 1 m long
uniform wire. If AD=1cm ,then DC =(100-1) cm
Since Resistance o« Length

P Q
hel) G OB =]
R Y s
EEEEEEEEEEEEEEEEE I

A — r—-s—(mo-f}—u
I
P__1
Q 100-!

If P is known then Q can be determined.

At the balancing point galvanometer G gives no
deflection at all. At A and C, the galvanometer must
have deflections in opposite direction because, then
only zero deflection can be expected when the jockey
(]) attached to the galvanometer is moved from A to C.

ILLUSTRATION 55

In the meter bridge circuit shown in figure. Calculate
the length AJ for null deflection in galvanometer.

Ri=15Q R,=10Q
MW A
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SOLUTION
Let AJ=Icm,then JB=(100-1) cm
At zero deflection of Galvanometer

R _Ry_ 1
R, Rjp 100-I
15 /

=5 —=—
10 100-1
3 !

= —-=—
2 100-1

= 300-3/=2]

= 5/=300

= [=60cm

ILLUSTRATION 56

In a meter bridge, null point is found to be at 20 cm.
When the known resistance R is shunted by 10 Q
resistance, null point is found to be shifted by 10 cm.
Find the unknown resistance X.

SOLUTION
R X
AN A
20cm 80 cm
A B

R_X

20 80

R 1
o N1 (1

< )

Now shunting R by 10 Q, ie., 10 Q connected in

parallel to R, then new resistance becomes

0+R
(which is less than R) so new balance length is
20-10=10 cm . Hence

( 10R )
10+R)_X

10 9
10 4
10+R 9

= 90=40+4R

~ R=125Q

= X=4R=50Q
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ILLUSTRATION 57

If resistance R, in resistance box is 300 Q, then the
balanced length is found to be 75 cm from end A .
The diameter of unknown wire is 1 mm and length
of the unknown wire is 31.4 cm. Find the specific
resistance of the unknown wire.

SOLUTION

. R l
Since, — = ——
X 100-1

- w22

= X=(100_75)(300)=1OOQ
75
pl pl
where X ="=—"_
o
4
_nde
4]
(27—2)(10‘3)2(100)
= P W0314)

= p=25x10"* Qm

END CORRECTIONS IN METRE BRIDGE

In meter bridge, some extra length (under the metal-
lic strips) comes at points A and C. Therefore, some
additional length x; and x, should be included at
the ends. So, x; and x, are called the end corrections.
Hence, in place of | we use [+x; and in place of
(100-1) we use 100-/+x, . To find x, and x,, we use
known resistors R, and R, in place of R and X and
suppose we get null point length equal to [, Then,

R L +x

R_; = 71001_ ; ixz (D
Now, we interchange the positions of R; and R, and
suppose the new null point length is I, . Then,

R,  L+xy

R, 100-! +(2)
1 —lh X

Solving equations (1) and (2), we get

Ryl =R\l
1TTR-R
178
Ry, = R,l
and x,=———22_-100

Rl _RZ

When we use 100 Q and 200 Q in place of R and
X we get null point deflection at /=33 cm. On
interchanging the resistors, the null point length is
found to be 67 cm. Calculate the end corrections x,
and x,.

SOLUTION

_ Rl =Ryl

X
' Rl _RZ

.. (200)(33)-(100)(67)
b 100-200

= x=lcm

x, = R =Rel g4
R1 _RZ
R x2=(100)(33)—(2OO)(67)_100
100-200
= x=1m
POST OFFICE BOX

Post office box also works on the principle of
Wheatstone’s bridge. In a Wheatstone’s bridge cir-

cuit, when % = %, then the bridge is said to be bal-

anced. So, unknown resistance X is given by

D
i
II

It is observed that P and Q are set in arms AB and

Q

BC, where we can have the ratio E can be set by

using 10 €2, 100 © or 1000 € resistances.
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A P B Q

c
o0 S0 G el G 3§ ed—t

1000100 10 1 {1 10 100 1000

%SBMBHHE
1 2™, 2 5

X3
10 20 20 50 |p| —F

—éﬁjiﬁ[}%<t}

G 5000 200020001000¢ 500 200 200 100
L%FU Y e —

sz_______: \___S’ K1

These arms are called ratio arm, initially we take

Q=10Q and P=10Q to set %=1.The unknown

resistance (X) is connected between C and D, the
battery is connected across A and C.

Now, adjust resistance in part A to D such that
the bridge gets balanced. For this, keep on increasing
the resistance with 1 Q interval, check the deflection
in galvanometer by first pressing key K; then galva-
nometer key K, .
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Suppose at R=4 Q, we get deflection towards
left and at R=5Q, we get deflection towards right.
Then, we can say that for balanced condition, R
should lie between 4 Q to 5 Q.

Now, X:QR:ER=R:4Q to 5 Q.
P 10
To get closer value of X, in the second observation,
let us choose Q = L ie., P =100
P 10 Q=10

Suppose, now at R=42 we get deflection
towards left and at R =43 Q deflection is towards

right.
So R lies between 42 Q and 43 Q
Now, X=9R=£R=lR

P 100 10

= R liesbetween 4.2 Q and 4.3 Q

Now, to get further closer value take g= 11 and
SO On. 00
The observation table is shown below

S. No. Resistance in ratio arm Resistance in arm Direction of Unknown resistance
AB (isPohm) | BC (is@ohm) | 0 SR ohm) deflection X= %x R (ohm)
1. 10 10 4 Left 4tob
5 Right
2. 100 10 40 Left (large) 42t04.3
50 Right (large)
42 Left
43 Right
3. 1000 10 420 Left 425
424 Left
425 No deflection
426 Right

So, the correct value of X is 4.25Q



ICON

3.84 EE Advanced Physics: Electrostatics and Current Electricity

To locate the null point, deflection battery key (K;)
is pressed slightly earlier than the galvanometer key
(K,) because if galvanometer key K, is pressed first,
then just after closing the battery key K, the current
suddenly increases and due to self-induction, a large
back emf is generated in the galvanometer, which may
damage the galvanometer.

ILLUSTRATION 59

Calculate the maximum and minimum values of
unknown resistance X, which can be determined
using the post office box shown in the figure?

A P B Q c
Ajgjb {7 oS0 S0 =1
1000100 10 10100 1000
S IS
LW G be G G
5! 22 5010 20 20 50 |g =F
g K R O
@ 5000 20002000100G 500 200 200 100
L%//:U N e

Koy, .Y Kq

SOLUTION
xo R
P
So, maximum value of x is given by
Xmax — Qmameax
Pmin
= Xy = %(11110)
= X, =1111kQ
Xmi_n — Qmi_anin
Pmax
(10)(1)
= min —
1000

= X, =001Q

POTENTIOMETER

Potentiometer is a device mainly used to measure emf
of a given cell and to compare emf’s of cells. It is also
used to measure internal resistance of a given cell.

Circuit Diagram

Potentiometer consists of a long resistive wire AB
of length L (about 6 m to 10 m long) made up of
manganin or constantan and a battery of known
voltage ¢ and internal resistance r called supplier
battery or driver cell. Connection of these two forms
primary circuit.

Primary L.
circuit J
A B
Secondary_—_L,
circuit _E|

J = Jockey
K = Key
R4g = R = Resistance of potentiometer wire
p = Specific resistance of potentiometer wire
Ry = Variable resistance which controls the

current through the wire AB

One terminal of another cell (whose emf E is to be
measured) is connected at one end of the main circuit
and the other terminal at any point on the resistive
wire through a galvanometer G . This forms the sec-
ondary circuit. Other details are as follows :

(@) The specific resistance (p) of potentiometer wire
must be high but its temperature coefficient of
resistance (o) must be low.

(b) All higher potential points (terminals) of pri-
mary and secondary circuits must be connected
together at point A and all lower potential
points must be connected to point B or jockey.

(c) The value of known potential difference must be
greater than the value of unknown potential dif-
ference to be measured.

(d) The potential gradient must remain constant.
For this the current in the primary circuit must
remain constant and the jockey must not slide
while in contact with the wire.

(e) The diameter of potentiometer wire must be uni-
form everywhere.

Potential Gradient (x)

Potential difference (or fall in potential) per unit
length of wire is called potential gradienti.e.,

V volt
x= I_ where

m
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e
V=IR,, =| ——— |R
AB (R+Rh+r)

So, potential gradient x is given by
VR bp_ ¢ R
L A (R+R,+7)L

L L A

(a) The potential gradient directly depends upon the

: : : R :
(i) resistance per unit length (E) of potentiom-
eter wire.
(ii) radius of potentiometer wire (ie., Area of
cross-section)
(iii) specific resistance of the material of potenti-
ometer wire (i.e., p)
(iv) current flowing through potentiometer
wire (I)

(b) Potential gradient indirectly depends upon the
(i) emf of battery in the primary circuit (i.e., )
(ii) resistance of rheostat in primary circuit (i.e.,

R,)

Working

Suppose the jockey is made to touch a point | on
wire. Then potential difference between A and | will
be V = xl . At this length (1), two potential difference
values are obtained.

(@) V due to battery e and
(b) E due to unknown cell

R
e’r|| K A ’
|l A
A Jj J‘fﬁ B
r ©0@
_| .

If V>E, then current will flow in galvanometer
circuit in one direction, shown as ®

If V<E, then current will flow in galvanometer
circuit in opposite direction, shown as @

If V = E, then no current will flow in galvanom-
eter circuit this condition to known as null deflec-
tion position, length [ is known as balancing length,

shown as @
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In balanced condition E = x/

o Eex=VpBy (e Ry,
L L R+R,+r )L

If V is constant then Lo/
n_L_h
n L L
Standardization of Potentiometer

The process of determining potential gradient
experimentally is known as standardization of
potentiometer.

K A

P —o——h—
J
£

Let the balancing length for the standard emf E; is
ly, then by the principle of potentiometer we have

E, =xl,

Sensitivity of Potentiometer

Apotentiometer is said to be more sensitive, if it meas-
ures a small potential difference more accurately.

(a) The sensitivity of potentiometer is assessed by
its potential gradient. The sensitivity is inversely
proportional to the potential gradient.
(b) In order to increase the sensitivity of potentiom-
eter, the
(i) resistance in primary circuit will have to be
decreased.

(ii) length of potentiometer wire will have to
be increased so that the length may be mea-
sured more accuracy.
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(a) In the potentiometer arrangement shown,

under balanced condition (when I = 0) Loop @
and Loop @ are independent of each other. All
problems in this condition can be solved by a
single equation. i.e.,

VM = VDC
= ',1RAJ =E2 —llzrz

where, 4 is the resistance per unit length of
potentiometer wire AB. The length ¢ is called the
balance point length. Currents I, and I, are inde-
pendent with each other. Current I, = 0, if switch
is open.

(b) From equation (1), the null point length is given by

A

Now, suppose E, is increased then [, will also
increase and null point length ¢ will decrease.

(c) Under balanced condition, a part of potential dif-
ference of E, is balanced by the lower circuit. So,
normally E, < E, for taking balance point length.
Similarly, we observe that V, = V. Also, V, =V,
and VJ =V, so we conclude that positive termi-
nals of both batteries should be on same side and
negative terminals on the other side.

(d) If we do not get any balanced condition (I #0),
then the given circuit is simply a three loop prob-
lem, which can be solved by applying Kirchhoff’s
Laws.

[=

ILLUSTRATION 60

A constant voltage V; is applied to a potentiometer
of resistance R connected to an ammeter. A constant
resistor r is connected to the sliding contact of the
potentiometer and the fixed end of the potentiometer.
How will the reading of ammeter vary as the sliding
contact is moved from one end of the potentiometer
to the other. The resistance of ammeter is assumed to
be negligible.

SOLUTION

If x is the resistance of the potentiometer between
point a and the sliding contact, the total resistance

between a and the sliding contact is ——, while the

r+x

. L rx
resistance of the entire circuit is (R-x)+——. The
) . r+x
current supplied by the source is

1-— Y
R- x+£

r+x
The potential difference between the sliding contact
and point a is
Vorx B
(R—=x)(r+x)+rx

Vorx

Rx-x*+Rr
The current passing through ammeter is,

Viyr
I, = + (1)
Rx—x"+Rr
To find the extremum (maximum, minimum or
constant)

dI

Il
o

|: —R+2x }
=
Rx x? +Rr

R

2
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Substituting x in equation (1) we find the minimum
current

L= Vyr

R(r+5)
4

Thus, as the sliding contact is moved the current
through the ammeter passes through a minimum and
the smaller the r the deeper the minimum. At x =0

V
and x=R,acurrentof I, = Eﬁ passes through the

a

X
ammeter. The versus E curves for several val-

max

r o
ues of R are shown in figure.

A —
1 "max
0.8 r=R
0.6
041 ,02R
0.2 |
; b X
0 0.5 1 R

APPLICATIONS OF POTENTIOMETER

To Determine the Internal Resistance of a
Primary Cell

(@) Initially, in the secondary circuit the key K’
remains open and balancing length I; = l.y goen
is obtained. Since cell E is in open circuit so it’s

emf balances for a length ; ie.,
E=1xl, (1)

(b) Now key K’ is closed so cell E comes in closed
circuit. If the process of balancing repeated again

then potential difference V' balances on length
[2 = Ilkey closed Le,
V=xl, (2)

er K A

A J
—'Lrjg
R T K
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(c) Since we know that the internal resistance is
given by
E
r= (— - JR
|74
- T=(M)R= heyopen |5
'!2 Ikey closed
In a potentiometer circuit to find the internal resist-
ance r of the cell of emf E, when K is open, the bal-
ance point is obtained at 60 cm. When K is closed,
the balance point is obtained at 50 cm. What is the
value of r? If the cell is shorted by a 10 Q resistor,
then calculate the internal resistance of the cell.

SOLUTION

[, =60 cm, when K is open and
I, =50 cm, when K is closed

[e open
Since r=[kyp—1]R

Ikeyclosed
I R=(@—1)1OQ=1><109=2Q
I, 50 5

ILLUSTRATION 62

When a resistor of 5Q is connected across a cell its
terminal potential difference is balanced by 150 cm
of potentiometer wire and when a resistor of 10 Q is
connected across the cell, then the terminal potential
difference is balanced by 175 cm of the potentiom-
eter wire. Calculate the internal resistance of the cell.

SOLUTION

Since the same cell is used in both cases, $0 loy gpen, =1
will remain the same for both.
For the first case, we have [y qoeq =1 and R=R;.

So
l ey open
po| Deyopen R:(i_l)Rl (1)
j'lkeyclosed 11

For the second case, we have I qseq =/, and

R=R,.So
l ey open
P e L 12:(1—1)122 .2
llll(eyclosecl 12
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From (1), we get

r I_l
g

=1-1, ..3)

From (2), we get
(Iz =1-1, ..(4)
R
Subtracting (4) from (3), we get

(f‘t} 2

,-L175-150 25

= = = =
i_i 150 175 125
R, R, 5 10

= r=20Q

Comparison of EMF’s of Two Cell

Let /; and [, be the balancing lengths with the cells

E, and E, respectively then E; = x/; and E, =xl,

Let E; > E, and both are connected in series. If bal-
ancing length is I, when cells assist each other and
is I, when they oppose each other (as shown), then

Ei E,
Y SR

(El‘l‘Ez):xll

(E -Ey)=1xl,
- E+E _ L

E-E L
- 5_11+12

ILLUSTRATION 63

In a potentiometer arrangement a cell of emf 1.5V
gives a balance point at 30 cm length of wire. Now,
when the cell is replaced by another cell, the balance
point shifts to 50 cm. Calculate the emf of second cell?

SOLUTION
E; =15V, ;=30 cm
E,=?,1,=50cm

Using the formula for comparison of emf of cells by
potentiometer, we have

E_b
El ll
! 50

= Ey=2%xE=—x15V=25V
I 30
Comparison of Resistances

Let the balancing length for resistance R; (when XY
is connected) is /; and let balancing length for resist-
ance R, +R, (when YZ is connected) is /,.

Ry

iA R R, Y
) ,\W
I r A
K Bh1
Then IR, =xl; and I(R, +R,)=xl,
R -
o R L-1
Ry ]

ILLUSTRATION 64

One of the circuits for the measurement of resistance
using a potentiometer is shown. The galvanometer is
connected and zero deflection is observed at length
AJ=30cm. In second case the secondary cell is
changed.

Take E; =10V and r=1Q in 1" reading
and Eg=5V and r=2Q in 2" reading.
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In second case, the zero deflection is observed
at length A] =10 cm . Calculate the resistance R (in
ohm).

E
— oW ——

_|

SOLUTION
At zero deflection, we have
V LR LR

= (1
I 30 10 @
Now [, = —2
n+R
10
1= 7 5
I+R
E
[, =—2
1 +R
5
L=——
27 24R
Substituting in (1), we get
10R 5R

(1+R)x30 (2+R)x10
—  4+2R=3+3R
~ R=10Q

Calibration of Ammeter

Checking the correctness of ammeter readings with
the help of potentiometer is called calibration of
ammeter.

(@) In the process of calibration of an ammeter the
current flowing in a circuit is measured by an
ammeter and the same current is also measured
with the help of potentiometer. By comparing
both the values, the error(s) in the ammeter read-
ings can be determined.
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(b) For the calibration of an ammeter, 1 Q standard
resistance coil is specifically used in the second-
ary circuit of the potentiometer, because the
potential difference across 1Q is equal to the
current flowing through it. So, from Ohm’s Law
weget V=1

(c) If the balancing length for the emf E; is [, then

E, =xl,

E
=  x=-C (Process of standardisation)

e K
= Ky
—] F———wWn—
\
+
AYE }B
1
e
10 o
— W —A)-
A H
| F—o——MW—
Ko

(d) Let I’ be the current that flows through 1Q
resistance, thus giving the potential difference as

V’=1'(1)=xI; where , is the balancing length.
So error can be found as

0

Calibration of Voltmeter

(a) Practical voltmeters are not ideal, because these
do not have infinite resistance. The error of such
practical voltmeter can be found by comparing
the voltmeter reading with calculated value of
potential difference by potentiometer.

(b) If [; is balancing length for E;, the emf of stan-
dard cell (by connecting 1 and 2 of bi-directional

E
key), then x = I_U .
0

(c) The balancing length I, for unknown potential
difference V"’ is given by (by closing 2 and 3),

then V' =xl, =(f—UJll

0
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K Ry
—] F———wWh—
A
+
A R 15
——2
+, —
At
RB -
A l—‘
W
KE Rf-,

If the voltmeter reading is V' then the error will
be (V-V’) which may be positive, negative or

Zero.

DIFFERENCE BETWEEN VOLTMETER AND

POTENTIOMETER

Voltmeter

Potentiometer

It's resistance is high but
finite.

It draws some current
from source of emf.

The potential difference
measured by it is lesser

than the actual potential
difference.

Its sensitivity is low.

It is a versatile
instrument.

It is based on deflection
method.

It's resistance is infinite.

It does not draw any
current from the source
of unknown emf.

The potential difference
measured by it is equal
to actual potential
difference.

Its sensitivity is high.

It measures only emf or
potential difference.

It is based on zero
deflection method.

ILLUSTRATION 65

A cell having a steady emf of 2 V is connected across
the potentiometer wire of length 10 m. The potenti-
ometer wire is of manganin and having resistance
of 11.5Qm™. An another cell gives a null point at
6.9 m. If a resistance of 5 Q is put in series with the
potentiometer wire, find the new position of the null
point.

SOLUTION
Length of potentiometer wire =10 m
So, fall in potential per meter (also known as poten-

tial gradient) = 120 =02 Vm™

Since the cell gives a null point at 6.9 m, hence its emf
is,

E=(02)(69)=138V

Resistance of potentiometer wire =11.5x10=115Q.
When a resistance of 5 2 is connected, total resist-
ance becomes R, =115+5=120 Q and

2
Current, [=— A
120

So, new potential gradient = (current) (resistance per
unit length)
. . 2 23 a
= Dotential Gradient =| — [(11.5)=— Vm
120 120

Let I’ be the position of new null point, then
(ﬁ)[’ =E=138
120

138x120
23

ILLUSTRATION 66

In a potentiometer circuit, the emf of driver cell is
2V and internal resistance is 0.5 . The potentiom-
eter wire is 1 m long. It is found that a cell of emf
1V and internal resistance 0.5 Q is balanced against
60 cm length of the wire. Calculate the resistance of
potentiometer wire.

I 72 m

SOLUTION

Let resistance of potentiometer wire be R,z =R. At
balance, we have

1_2
R+0.5

2R

(1)

Si_nce, VA] = 1 V

Across 60 cm length of potentiometer wire, potential
differenceis 1V

{ There is no deflection}
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So, across 1 cm of potentiometer wire, potential dif-

ference is i A%
60

60cm J  40cm

A > B
L Ig=0

1V,05Q

Hence, across 100 cm of potentiometer wire, poten-
tial difference is

1 5
VAB=[5)100=§V .(2)
Equating (1) and (2), we get
5_ 2R
3 R+05
= O5R+25=6R
= R=25Q

ILLUSTRATION 67

In the figure shown, wire AB has a length of 100 cm
and resistance 8 Q. Find the balance point length I

20V 20
— | —»
A J B

8V,2Q

_|

IG=D

6Q

SOLUTION

For condition of balance, we have I, =0. So loops
@ and @ are independent of each other. Hence we
observe that

VA,r =Vep
= IlRAJl = E—Iz?’ (1)
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where E=8V, r=2Q

11=(ﬂ)=2A

2+8
R 8 21
Ry = —4B IA]:[_)IZ_
lig 100 25
12=i=1A
2+6
Substituting these values in equation (1), we get
2(21)=8—(1)(2)
25
= 4—l=6
25
= 41=150
150

= [=—=375cm
4

ILLUSTRATION 68

A potentiometer wire of length 100 cm has a
resistance of 10 Q. It is connected in series with a
resistance R and a cell of emf 2V and of negligi-
ble internal resistance. A source of emf 10 mV is bal-
anced against a length of 40 cm of the potentiometer
wire. What is the value of R ?

SOLUTION
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For the condition of balance i.e., when I =0, we have

AB is

2 2
" R+R,; R+10
20
= Vg=IRup=—I|V
AR (RHO)
Since V,; =10mV =10x10" V=107V (1)
For a length of 100 cm , potential difference across
20
Vg =——
T R+10

ae
For a length of 1 cm, potential difference is
NERES
~{R+10/100
For a length of 40 cm, potential difference is
20
Vy=————x40
47 100(R+10)
20 o
——— [40=10 = of (1
[IO(RHO)} { i
= 800=R+10
= R=790Q

o\/ Test Your Concepts-X

Based on Wheatstone Bridge and Potentiometer

. Figure shows a potentiometer using a cell C of emf
2V and internal resistance 0.4 Q connected to a
resistor wire AB. A standard cell of constant emf of
1.02 V gives a balance point at 67.3 cm length of
the wire. A very high resistance R = 600 kQ is put
in series with the standard cell. This resistance is
shorted by inserting switch S when close to the bal-
ance point. The standard cell is then replaced by a
cell of unknown emf E and the null point turns out
to be 82.3 cm length of the wire.

C
|y
]I

(a) What is the value of E?

(b) What is the purpose of using the high resis-
tance R?

(c) Is the null point affected by this high
resistance?

(d) Is the null point affected by the internal resis-
tance of the cell C?

(e) Would this method work if:
(i) the internal resistance of cell C were higher

than the resistance of wire AB and

(ii) the emf of cell Cwere 1V instead of 2 V?

(Solutions on page H.226)
(f) Would the circuit work well for determining
extremely small emfs of the order of a few
millivolts? What modification do you suggest

in the circuit.

2. Figure shows a potentiometer circuit for determin-

ing the internal resistance of a cell. When switch §
is open, the balance point is found to be at 76.3 cm
of the wire. When switch § is closed and the value
of Ris 4 Q, the balance point shifts to 60 cm. Find
the internal resistance of cell C'.

. Figure shows a metre bridge consisting of two resis-

tances X and Y together in parallel with a metre-
long constantan wire AC of uniform cross-section.
D is a movable contact that can slide along the wire
AC. The resistors X, Y and resistances of segments
AD and DC of the wire constitute the four arms of
the bridge. The length of wire ACis 100 cm. X'is a
standard 4 Q resistor and Y is a coil of wire. With Y
immersed in melting ice the null point is found to
be at a distance of 40 m from point A. When the
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coil Yis heated to 100°C, a 100 Q resistor has to be
connected in parallel with Y in order to keep the
bridge balanced at the same point. Calculate the
temperature coefficient of resistance of the coil.

A T= (Tou—=17= C
*40 cm '\‘ 60cm |
‘\

In a potentiometer experiment it is found that no
current passes through the galvanometer when the
terminals of the cell are connected across 0.52 m
of the potentiometer wire. If the cell is shunted by
a resistance of 5 Q a balance is obtained when the
cell is connected across 0.4 m of the wire. Find the
internal resistance of the cell.

. A battery of emf 4 V is connected across a 10 m
long potentiometer wire having a resistance per
unit length 1.6 Qm™". A cell of emf 2.4 V is con-
nected so that its negative terminal is connected
to the low potential end of the potentiometer wire
and the other end is connected through a galva-
nometer to a sliding contact along the wire. It is
found that the no-deflection point occurs against
the balancing length of 8 m. Calculate the internal
resistance of the 4 V battery.

E r
—— —W———
L ———»
L—x
A AAAAAAAAAANANANDAADAAN B
X —>
E
|' Cell |'
24V

. A thin uniform wire AB of length T m, an unknown
resistance X and a resistance of 12 Q are connected
by thick conducting strips, as shown in the figure.
A battery and a galvanometer (with a sliding jockey
connected to it) are also available. Connections are
to be made to measure the unknown resistance X
using the principle of Wheatstone bridge. Answer
the following questions.

. R, R, R, are different values of R. A, B, C are the
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O

A B C D

(a) Are there positive and negative terminals on
the galvanometer?

(b) Copy the figure in your answer book and show
the battery and the galvanometer (with jockey)
connected at appropriate points.

(c) After appropriate connections are made, it
is found that no deflection takes place in the
galvanometer when the sliding jockey touches
the wire at a distance of 60 cm from A. Obtain
the value of the resistance X.

null points obtained corresponding to R, R, and R,

respectively. For which resistor, the value of X will
be the most accurate and why?

Figure illustrates potentiometer circuit by means of
which we can vary a voltage V applied to a certain
device possessing a resistance R. The potentiom-
eter wire has a length L and a resistance R,. A volt-
age V,, is applied to the terminals of wire. Find the
voltage V fed to the device as a function of distance
x. Analyse the case R>>R,,.
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9. For the potentiometer arrangement to measure
the internal resistance of a cell, when the switch is
open in lowermost loop the balance point length
is 60 cm. When the switch is closed with a known
resistance of R = 4 Q, the balance point length
decreases to 40 cm. Calculate the internal resis-
tance of the unknown battery.

10. For the potentiometer arrangement shown in the
figure, the balance point is obtained at a distance
75 cm from A when the key K is open.

The second balance point is obtained at 60 c¢m
from A when the key K is closed. Find the internal
resistance (in Q) of the battery E,.

N J
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RC CIRCUIT AND APPLICATIONS

RC CIRCUIT
Charging a Capacitor

Consider the circuit shown below. The capacitor is
connected to a DC voltage source of voltage V. At
time t=0, the switch S is closed. The capacitor ini-
tially is uncharged,

q(initial )= g(att=0)=0

C
q

1
ol

4 v
[}
T 4 o 3
@ . ~(b)
RC circuit diagram for t < 0 Circuit diagram fort < 0

In particular, for t <0, there is no voltage across the
capacitor so the capacitor acts like a short circuit. At
t =0, the switch is closed and current begins to flow
and has a value

lo= R
At this instant, the potential difference from the bat-
tery terminals is the same as that across the resis-
tor. This initiates the charging of the capacitor. As
the capacitor starts to charge, the voltage across the
capacitor increases in time. At any instant, the voltage
across the capacitor is

(1)
Vc(t)—T

Applying Kirchhoff’s loop rule to 12341 shown in
figure (b), we obtain

q
V-IR-==0
C

o v-rY_4_,
dt C

Travel direction

——
Lower V -q H+q Higher V
a Il g b
AV=V,-V,=+ C

Travel direction
—
HigherV  +g ! -g LowerV
]
a b
AV =Vy=V, = -%

Kirchhoff’s rule for capacitors

Since I must be the same in all parts of the series
circuit, the current across the resistance R is equal
to the rate of increase of charge on the capacitor
plates. The current flow in the circuit will continue
to decrease because the charge already present on
the capacitor makes it harder to put more charge on
the capacitor. Once the charge on the capacitor plates
reaches its maximum value ¢, the current in the cir-
cuit will drop to zero.

Thus, the charging capacitor satisfies a first
order differential equation that relates the rate of
change of charge to the charge on the capacitor

dq _ 1( _i)

dt R C
This equation can be solved by the method of separa-
tion of variables. The first step is to separate terms
involving charge and time, (this means putting terms

involving dq and g on one side of the equality sign
and terms involving df on the other side),

B Ly
-9
C
_dq 1
CV-gq RC

Integrating both sides of the above equation, we get

t

o
CV—-gq " RC 0

0
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(CV—q) f
= log,|—|=-—
Ccv RC
o =V 1= gy (1)

where g, =CV is the maximum amount of charge
stored on the plates. The time dependence of g(t) is
plotted in figure below:

o]/ S
cv( - 6_1) —————— T =RC

Once we know the charge on the capacitor we also
can determine the voltage across the capacitor,

( -t/
Vc(t)=qT):V(1—e /RC)

The graph of voltage as a function of time has the
same form as shown in figure. From the figure, we
see that after a sufficiently long time the charge on the
capacitor approaches the value

q(t 5)=CV =q,

At that time, the voltage across the capacitor is equal
to the applied voltage source and the charging pro-
cess effectively ends,

q(t—)oc)=q_g=
C

The current that flows in the circuit is given by

1(1)=_ [ K)e"‘fﬁc = [ e "RC
dt \R

Ve = V (Battery Voltage)

The coefficient in front of the exponential (Ij) is
equal to the initial current that flows in the circuit
when the switch was closed at t=0. The graph of
current as a function of time is shown in figure below:

3

The current in the charging circuit decreases expo-

~t/RC

nentially in time, I(t)=I,e"" . This function is

-t/

often written as I(#)=1I,e”* where 7=RC is called

the time constant. The SI unit of 7 is second, as can
be seen from the dimensional analysis

~ ~ (VI [C]

[T]_[RC]_[Q][F]_([A]J[[V])
il cl

o)=Ll L€l

=== =[s]

(AT [C)s]

The time constant 7 is a measure of the decay time
for the exponential function. This decay rate satisfies
the following property

[(t+7)=1(t)e™

Vi -eT)p---- 7=RC

which shows that after one time constant 7 has
elapsed, the current falls off by a factor of el =0.368,
as indicated in figure above. Similarly, the voltage
across the capacitor (shown in figure) can also be
expressed in terms of the time constant 7

Ve(t)=V(1-¢"")

Notice that initially at time =0, V. (t=0)=0.
After one time constant 7 has elapsed, the

potential difference across the capacitor plates has

increased by a factor (1-¢7)=0.632 of its final value

Vo(r)=V(1-¢7)= 0632V

Discharging a Capacitor

Suppose initially the capacitor has been charged to
some value ;. For t <0, the switch is open and the
potential difference across the capacitor is given by

Vo= %0 On the other hand, the potential difference

across the resistor is zero because there is no current
flow, that is, I =0. Now suppose at ¢t =0 the switch
is closed (shown in figure). The capacitor will begin
to discharge.
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Discharging the RC circuit

The charged capacitor is now acting like a voltage
source to drive current around the circuit. When the
capacitor discharges (electrons flow from the nega-
tive plate through the wire to the positive plate), the
voltage across the capacitor decreases. The capaci-
tor is losing strength as a voltage source. Applying
the Kirchhoff’s loop rule to 12341, the equation that
describes the discharging process is given by

R-1=¢
C

The current that flows away from the positive plate is
proportional to the charge on the plate,

dq
dt

The negative sign in the equation is an indication
that the rate of change of the charge is proportional
to the negative of the charge on the capacitor. This is
due to the fact that the charge on the positive plate is
decreasing as more positive charges leave the posi-
tive plate. Thus, charge satisfies a first order differen-
tial equation

ﬂ+R@=0
C dt

This equation when integrated by using the method
of separation of variables
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= q(t)= %e-f.fRC

The voltage across the capacitor is then

(f) —t/

A graph of voltage across the capacitor vs. time for
the discharging capacitor is shown in figure.

1
1
1
1 ooy f
T

The current also exponentially decays in the circuit
as can be seen by differentiating the charge on the
capacitor

I=_@=(q_o)e-r/ﬁc
dt \RC

A graph of the current flowing in the circuit as a func-
tion of time also has the same form as the voltage
graph depicted in figure.

ILLUSTRATION 69

At t=0,switch S is closed. The charge on the capac-

itor is varying with time as Q=Q, (1-¢*). Obtain
thevalueof Q; and ¢ in the given circuit parameters.

R,

Sl c— IR,

SOLUTION

Qp is the steady state charge stored in the capacitor.
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Qy=C (Potential difference across capacitor in
steady state)

Ry

V— C— §R2

= Q, =C (Steady state current through R,) (R,)

74
= R
= C(RﬁRzJ :

CVR,
= Q=
Ry +R,
: 1 1
Since, ¢ =—=
Tc CRnet
where, R is the equivalent resistance across

capacitor after short circuiting the battery. So,

R1
R
RiR
ot =——— | R, and R, arein parallel}

R, +R,
L oy 1 _ R, +R,
c R,R, CRiR,

Ry +R,

ILLUSTRATION 70

In the circuit in figure, suppose the switch has been
open for a very long time. At time =0, it is sud-
denly closed.

R;

AVAVVV l

E—+ s/ o

AAAA
Yv

R,

(a) What is the time constant before the switch is
closed?

(b) What is the time constant after the switch is
closed?

(c) Find the current through the switch as a function
of time after the switch is closed.

SOLUTION

(a) Before the switch is closed, the two resistors R;
and R, are in series with the capacitor.
Since the equivalent resistance is R, = R; +R,,
the time constant is given by

T=R,C=(R +R,)C
The amount of charge stored in the capacitor is
q(t) = CE(l—e'”r )

(b) After the switch is closed, the closed loop on
the right becomes a decaying RC circuit with
time constant 7’ = R,C . Charge begins to decay
according to

qi( t) — CEB_Ur' — CEe_”RZC

(c) The current passing through the switch consists
of two sources :
(i) the steady current I; from the left circuit
givenby I = £ and
Ry
(ii) the decaying current I, from the RC circuit,

given by

- £) e

dt T R,

The negative sign in I’(#) indicates that the
direction of flow is opposite of the charging
process. Since both I; and I” move downward
across the switch, the total current is given by

E (E)._
I(f)=Il+I’(t)=R_+(_}e H/RoC

1 2

Problem Solving Technique(s)

(a) An uncharged capacitor offers zero resistance to
the current in a circuit, i.e., the branch containing
the uncharged capacitor can be assumed to be
short circuited in terms of the capacitance. That is
the capacitor can just be thought of being absent
initially.



ICON

(b) A fully charged capacitor offers an infinite resis-
tance to the current and hence no current will
pass through the branch that contains a fully
charged capacitor.

(c) While solving problems, whenever we come
across the branch that contains a fully charged
capacitor then we can omit that branch to calcu-
late the net resistance of the circuit.

(d) Please be alert that no current will pass through
the branch of the circuit that contains a fully
charged capacitor However, this does not imply
that potential across the capacitor is zero. The

Q

potential across the capacitor will be AV = J_rE.

For instance, consider the circuit shown.

W I

The circuit at time t = 0, when switch is closed,
becomes as shown in figure.

4Q

I 1A 1A

2A att=0

When the capacitor becomes fully charged i.e.,
when t — oo, the circuit in the figure becomes as if
no current passes through the branch containing
the capacitor.

I 4Q 1 A |

12105, B Ast e, the capacitor C blocks
3 the current flow in the branch AB
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Equivalent Time Constant

To find the equivalent time constant of a circuit, follow
the steps mentioned here :

STEP-1: Short-circuit the battery i.e., just remove
the battery and join the ends across which it was
connected.
STEP-2: Find net resistance across the capacitor (say
it R, ), Just think the capacitor is not there and the
two plates of the capacitor had been converted to the
ends across which we wish to find the net equivalent
resistance R_, of the circuit.

OR
For doing this just remove the capacitor and make the
points across which the capacitor was connected as
the current inlet and outlet points.

STEP-3: Then, the capacitive time constant is
7=(Ryet )JC

For example, in the circuit shown in figure, after short
circuiting the battery 6R and 12R

12R

AMA
Yvvy

are in parallel, so their combined resistance is

M=4R. Now this 4R is in series with the

12R+6R
remaining 2R.
12R
2R Z6R
B
1A

STEP-1: Battery Shorted
STEP-2: Capacitor removed to find equivalent resis-
tance across A and B.

Hence, R, =4R+2R=6R
= 7=(R)C=6RC
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Alternate Method of Finding Current in the Circuit

and Charge on the Capacitor at Any Time t:

In a complicated RC circuit it is easy to find current in

the circuit and charge stored in the capacitor at time

t=0and t — = by conditions which we have already

discussed. But to find the current and charge as func-

tion of time t following steps may be followed.

(a) Find equivalent time constant (1) of the circuit.

(b) Find steady state charge g, (at time t — ) on the
capacitor.

() Charge on the capacitor at any time t is,

q=q0(1-¢7¥)

By differentiating it w.rt. time we can find cur-

rent through the capacitor at time t. Then by using

Kirchhoff’s Laws we can calculate currents in other

parts of the circuit also.

Otherwise we can also find the current in the
circuit as shown and calculated in the following
ILLUSTRATION because, it may not always be easy
and convenient for us to find the current through the
capacitor as a function of time.

ILLUSTRATION 71

In the circuit shown in figure, the battery is an ideal
one, with emf V. The capacitor is initially uncharged.
The switch S is closed at time £=0.

(a) Find the charge Q on the capacitor at time .

(b) Find the currentin AB at time f. What is its lim-
iting value as t — o ?

SOLUTION

Let at any time t charge on capacitor C be Q and
currents are as shown. Since, charge Q will increase
with time t. Therefore,

Il=@
dt

—_

A 4

S A AAAA
N VWV S
-1
+
V= R Q=c
> A‘.\YA'A'
I R B

(@) Applying Kirchhoff’s Second Law in Loop
MNABM

V=(I-1;)R+IR

=  V=2IR-IR (1)

Similarly, applying Kirchhoff’s Second Law in
Loop MNSTM, we have

V:11R+9+IR .(2)
C
Eliminating I from equations (1) and (2), we get

2
V:311R+—Q

C

2Q
= 3JLR=V-—=
! C

= Ilzi(V—@J
3R C

. @_L[V_@)

dt 3R C
R L%Qi
C
Q J td
- j Q _[4
v 2Q J3R
0 C 0

This equation gives

0= %(1_6-2!/3RC)

(b) Il — % — 31Re—Zf/3RC

From equation (1), we get

V' at/3rc
_v+LR V*3e

2R 2R

I
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So, current through AB is given by

vV _
Vire 2t/3RC

L=I-1= 3—_16-2”31«7
2R 3R
I, = 1 _ 16-2r/3ﬁc
2R 6R

%
L=——ast—e
2R

Problem Solving Technique(s)

In the above ILLUSTRATION, please note that it is
advisable to take the current in the branch contain-
ing the capacitor as I, because then, directly we get
I aQ

= d_ otherwise we had to take

R
(I-h)= m

LEAKAGE CURRENT THROUGH A
CAPACITOR

Inideal situation, when the space between the capaci-
tor is filled with a dielectric (insulator) then no cur-
rent flows through it when it is connected to a battery
as shown in figure below

(a) Ideal Situation

Another ideal case where no current flows through
the capacitor is when a capacitor is charged and the
charge on the capacitor is left over for a longer dura-
tion of time, as shown.

- 1=0
I
%
(b) Ideal Situation

However, in both the cases discussed, we get some
smallamount of current flowing through the capacitor.
This non zero current (of the order of microampere)
is called the leakage current. This is due to the fact
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that every insulator has some conductivity (or very
lightly conducting), on account of which some cur-
rent flows through the capacitor which is connected
to battery as in Figure (a). Similarly when the capaci-
tor is charged and left over, then the charge does not
sustain (at its value) over a longer duration of time
and starts discharging. This situation can be thought
of as being equivalent to the case of discharging of a
capacitor in an RC series circuit. In both the cases
discussed above, we calculate the resistance of the
dielectric using the Ohm’s Law, according to which,
we get

R=—

0= ifi duct
A { 0 = specific conductance|

d
R=""
cA

| |

»
| I >

-
I

v
(c) Non-ldeal Practical Situation
Here I=d (the separation between the plates of the

capacitor)

= R=i
gA

Thus, the leakage current in the circuit shown in
figure is

-2
R
+, " +, =
—p—
q q
Attozo Att=t

(d) Non-ldeal Practical Situation

Similarly, if the capacitor is given a charge g, at time
t=0, and left over, then after time t the charge that
will remain onitis ¢, given by

g=qpe" {discharging of a capacitor}
Here, T=RC = ( Keyd )(i)
d oA
5 g=th
o
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Remark(s)

(a) Dielectric leakage occurs in a capacitor as the
result of LEAKAGE CURRENT through the dielec-
tric. Normally it is assumed that the dielectric will
effectively prevent the flow of current through the
capacitor. Although the resistance of the dielec-
tric is extremely high, a minute amount of current
does flow. Ordinarily this current is so small that
for all practical purposes it is ignored. However, if
the leakage through the dielectric is abnormally
high, there will be a rapid loss of charge and an
overheating of the capacitor.

(b) The power loss of a capacitor is determined by
loss in the dielectric. If the loss is negligible and
the capacitor returns the total charge to the
circuit, it is considered to be a perfect capacitor
with a power loss of zero.

(c) The dielectric used inside the capacitor is not a
perfect insulator resulting in a very small current
flowing or “leaking” through the dielectric when
applied to a constant supply voltage. This small
current flow (in the region of micro amperes) is
called the Leakage Current. This leakage cur-
rent is a result of electrons physically making
their way through the dielectric medium, around
its edges or across the leads. The leakage current
of a capacitor is sometimes called the insulation
resistance.

ILLUSTRATION 72

A leaky parallel plane capacitor is filled completely
with a material having dielectric constant k=5 and
electrical conductivity 0=74x10"% Q" m™ . If the
charge on the plane at instant t=0 is q=28.85mC,
then calculate the leakage current at the instant
t=12s.

SOLUTION

The problem deals with discharging of CR circuit,
because between the plates of the capacitor, there is
capacitor as well as resistance.

A 0A
{ where p = resistivity & o = conductivity }
Ke, A

R:p—dz d

and C=

The capacitive time constant of the circuit is
_ Ke,
o

7=CR

Substituting the values, we have

-12
- DEIAE
a X

Charge at any time decrease exponentially as
7=q0""
where g, =8.85x107° C is the charge at time t =0

Therefore, discharging (leakage) current at time f is
given by

dt T

So, the current at t=12 s is

8.85x107°
Iz%e‘“/ 3% 20.198x107° A=0.198 uA

ILLUSTRATION 73

A digital voltmeter of internal resistance r is used
to measure the voltage across a capacitor after the
switch in Figure is closed. Because the meter has
finite resistance, part of the current supplied by the
battery passes through the meter.

Voltmeter
AVLV‘VAV
r
AAAA I I
YYYY I l
C
—/. |_
S E

(@) Apply Kirchhoff’s rules to this circuit, and use

d
the fact that I = £ to show that this leads to

the differential equation
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t

dg . q_ r ErC R+r
R +—-=—-FL _E | =
4t C Rer = log{4 R+r) RrC Iy
R
where R, = Rr+ q—ErC
’ ==
R R+r
(b) Show that the solution to this differential equa- = log, (_TJ;E) = ( RiC )t
tion is
b (R+71)
_ CEr (1—@ ReqC) - ErC _ ErC ox [(_RH’Jt]
Rtr TRer Rer PR
and that the voltage across the capacitor as a '
function of time is ( C ) Rr
= q= L cE\1-¢ "= ) where Ry=—
r ( ot ) R+r 1 R+r
r C
Ve = p 1-¢ ™ The voltage across the capacitor is
(c) If the capacitor is fully charged, and the switch V.= q_ Er (1_6—{/Reqc )
is then opened, how does the voltage across the C R+r
capacitor behave in this case? () As t— e the capacitor voltage approaches
SOLUTION br —(1-0)= Er . If the switch is then opened,
R+r R+r

(a) Let I represent the current in the battery and I-

the capacitor discharges through the voltmeter.
the current charging the capacitor. Then I -1 is

Its voltage decays exponentially according to
the current in the voltmeter. The loop rule applied B

= e C
to the inner loop is +E -1 —% =0. The loop rule Rert

for the outer perimeter is E—IR—(I-I)r=0

) P
With I = dat’ this becomes E _IR_IHEF =0 Tpe capacitor C; in figure initially carries a charge

Between the two loop equations we eliminate o When the switches S, and S, are shut, capaci-
tor C,; is connected in series to a resistor R and a

E o .
I= R % by substitution to obtain second capacitor C,, which initially does not carry
L P any charge.
E—(R+r)[——i)+—qr=0 e
R RC) dt T S,
R+r R+r dq +qq R
= E- E+ + 0 b
( R ) ( RC )q rdt V—qo G c
d l ?
= _[L)E+i+(£)_q=0 _.H
R+r C \R+r/dt 2
This is the required differential equation (a) Find the charges deposited on the capacitors and
(b) From above, we get the current through R as a function of time.
dq E R +7 R+r ErC (b) What is the heat lost in the resistor after a long
it R RCT R ( "R+ r) time of closing the switch?
q t SOLUTION
dq _R+r
= q—Er C- ch dt (@) Suppose at a moment ¢ the charge deposited on
" (Rer) 0 C, is g(t). Then,
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q(t) 0 —q(t) dg g ——
V =—Ede = I(t)=——=—— RC
a=¢g G, = 1W=-g =2
Ve = IR where 1=—1 Charge on C;,
dt .
C[y-oxe)
! ‘?2=%‘ff(t)=%c_ 1-e K€
1
So, we observe that the charge on g, decays and
3“ L C, that on g, grows exponentially.
“ o (b) Electrostatic energy at t=0 is
cz2 _]’ 9
u(0)= -2
Applying KVL, we get 2G;
g (9%-9) dq Electrostatic energy at t— e is final energy
C_l_T:IR:_RE given by
2
dg (1 1) 4 Uj =Uloe) =10
gy |g= f
- Rdt+[Cl+C2 )q C, ' 2(C,+Gy)
1 1 1 Since, Heat Loss =—-AU = U; —Uf
Put —=—+—,weget
c ¢ G 45Ca
o —AU=U(0)-U(ew)= — D=2
R@+ﬂ=q70 2C1(C1+C2)
dt C G,
d
= Rd—q = go —g Two large conducting plates are arranged to form a
b parallel-plate capacitor of capacitance C . The plates
dg 1(C are given charges Q; and Q, respectively. The plates
= RE “C C_2 G0 —1 are then connected to the terminals of a battery of emf
E and internal resistance r at f = 0. Find the charges
f dq t dt on the four surfaces as function of time.
= =—]—
J C J RC N 5
wd~ C_2 Jo o
c,
G " t
1 2 =——
R e RC
Yo~ Mo
2 E r
C C\ e
= q——f?o=fi'u[1——J€ ke SOLUTION
G .

‘ When the battery is connected, the charges on the
C) . C inner surfaces will always be equal and opposite.
—a(t)= 1-— |e RC 4+ = | wh y q PP
= 0=alt)=q “ G, Je ) ] e Since the electric field inside the plates will be zero, the
cancellation of electric field must be accomplished by
the charges on the outer surfaces. For this, they have
to be of same magnitude and nature. It thus follows

_ GG
G +GC,
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that the charges on the outer surfaces will always be

Q1 +0Q,
o

what they initially were, i.e.,

Let g be the charges at time t on the inner surfaces.
Applying KVL,

q
-—-Ir+E=0 Q,-Q
C r ) 12 2_

. dq :ﬁ O1+02 O1+02
J E- j (-0
—Q;;C 1 OrC ( 2 J

t
q _
-log, (CE-q) Ql;QZ =
CE-q t ] i
= log,
g. CE (QI_QZJ rC
2 q -q

¢

- CE—q :E_E

2 E T
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= q:CE(l—e_%)Jr(Ql;Qz)e_%

2

Observation

We can interpret this result as a superposition of
discharging and charging of a capacitor. Also note
that in steady state, the charge on the inner sur-
faces will be CE and —CE respectively, regardless

of the initial value. In particular i

initial

if Q'I _QZ (
2C

potential difference between the plates) is equal to
E, there is no charge flow through the battery. If

and if ——= A-Q
2C

Q-9

o >E, an extra charge is given to the battery

——=<E, the battery supplies the charge to

the capacitor. This all is shown in the graph shown in
figure, wherein potential difference across the plates
has been plotted as function of time.

4
4
Q-Q
1"

2C
01—Q2¥
Cﬂ2<E

2C

0\/ Test Your Concepts-XI

1. Suppose that the current through a conductor

decreases exponentially with time according to the
t

equation I(t)=Iye © where I, is the initial current
(at t=0), and 7is a constant having dimensions
of time. Consider a fixed observation point within
the conductor. Calculate the charge passes through
this point between

(@) t=0andt=7 (b) t=0andt=101.

() t=0andt— e,

2. Thedielectric material between the plates of a par-
allel plate capacitor always has some nonzero con-
ductivity o Let A represent the area of each plate
and d the distance between them. Let x represent
the dielectric constant of the material

3.

Based on RC Circuit

(Solutions on page H.228)
(a) Show that theresistance R and the capacitance

C of the capacitor are related by RC = K
(9

(b) Find the resistance between the plates of a
14 nF capacitor with a fused quartz dielectric
having x=3.78

A 2 nF capacitor with an initial charge of 5.1 uCis

discharged through a 1.3 k<2 resistor.

(a) Calculate the current in the resistor 9 s after
the resistor is connected across the terminals
of the capacitor.

(b) What charge remains on the capacitor after
8 us?

() What is the maximum current in the resistor?
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4. A fully charged capacitor stores energy U,

How much energy remains when its charge has

decreased to half its original value?

. The circuit in figure has been connected for a long

time.

(a) What is the voltage across the capacitor?

(b) If the battery is disconnected, how long does it
take the capacitor to discharge to one tenth of
its initial voltage?

10 80
10V—

4Q 20

. The circuit in figure contains two resistors, R, =
2 kQ and R, = 3 kQ, and two capacitors, C, = 2 pF
and C, = 3 uF, connected to a battery with emf £ =
120 V. Charge is on either capacitor before switch
S is closed is zero. Determine the charges g, and
g, on capacitors C, and C,, respectively, after the
switch is closed.

. During the process of charging of a capacitor, how
long does it take for the current to decay to half its
value?
. At what time the charge on the capacitor in a
discharging circuit equal to one half its initial
value?
. Inadischarging RC circuit, at what time is the elec-
trical potential energy becomes half of its initial
value?

10.(a) Calculate the power absorbed by a charging

capacitor in the series RCcircuit as a function
of time.
(b) Integrate P(t) from t =0 to t — = to show that

1
the energy stored in the capacitor is (— )CVOZ.
when it is fully charged. 2

11.
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A leaky parallel plate capacitor is filled completely
with a material having dielectric constant K=5 and
electrical conductivity 0=7.4x 1072 Q" m™". If the
charge on the plate atthe instantt=01is g=8.85 uC,
then calculate the leakage currentatt=12s.

12. A 10 puF capacitor is charged through a resistance

13.

of 0.1 MQ from a battery of 1.5 V. Calculate the
time required for the capacitor to get charged upto
0.75 V for situations shown.

R
AW —e
N 1
Situation 1 Situation 2

Figure (a) shows a circuit in which time interval of
flashes of a neon gas tube is controlled by a capaci-
tor. When cool, the gas is a good insulator. The tube
“fires” (ionizes and emits light) when the potential
difference across it reaches the firing value V. Its
resistance becomes very small and so the capaci-
tor rapidly discharges through it. As the potential
difference drops, the gas cools down and becomes
an insulator. The extension potential difference is
V.. At this stage the capacitor again starts to charge.
The variation of potential difference is shown in
Figure (b). Determine the time period T of flashing of
the neon gas tube.

R
o—AWW—
c=— Neon gas
tube
o2 0
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14. In the given circuit, the switch is closed in the posi-
tion 1 at t = 0 and then moved to 2 after 250 ps.
Derive an expression for current as a function of
time for t > 0. Also, plot the variation of current

with time.
o1
2
500 Q
20V—
40V
]_&SyF

15. The circuit shown in figure is closed at time t = 0.
Calculate the total amount of heat generated in R,
during the time in which the capacitor is charged

to a voltage of 20 V.
E=40V
I l
R, =40Q K(
]
4
R, =200C = 107F

16. A battery consists of 2 identical cells, each of
e.m.f. E, connected in series. The battery is used to
charge a capacitor, with capacitance C, through a
resistor R.

(a) by connecting it across the terminals of the
entire battery and

(b) by connecting it first across a single cell, then
across two cells until it is again fully charged.

Determine, in each case, the amount of energy

transferred from the battery, which is not stored in

the capacitor. What has happened to this energy?
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17. The switch S is closed at t = 0. The capacitor C is
uncharged but C, has a charge Q,=2 uCatt=0. If
R=100€, C=2uF C,=2uF, E=4V. Calculate I(t)
in the circuit.

:C1

~ T

Sz

18. A time varying voltage is applied to the clamps A
and B such that voltage across the capacitor plates
is as shown in the figure. Plot the time dependence
of voltage across the terminals of the resistance C
and D.

"4

19. A circuit consists of a source of a constant emf E
a resistance R and a capacitor with capacitance
C connected series. The internal resistance of the
source is negligible. At a moment t = 0, the capaci-
tance of the capacitor is abruptly decreased n-fold.
Find the current flowing through the circuit as a
function of time t.

20. The gap between the plates of a parallel plate capac-
itor is filled with glass of resistivity p=10"" Qm.
The capacitance of the capacitor C=4 nF. Find the
leakage current of the capacitor when a voltage V =
2kVis applied across it. (Dielectric constant of glass

K=6).
J




ICON

3.108 JEE Advanced Physics: Electrostatics and Current Electricity

A battery has an open circuit potential difference of
6 V between its terminals. When a load resistance of
60 Q is connected across the battery, the total power
dissipated by the battery is 0.4 W. What should be
the load resistance R, so that maximum power will
be dissipated in R. Calculate this power. What is the
total power supplied by the battery when such a load
is connected?

SOLUTION
When the circuit is open, V =E

= E=6V

Let r be the internal resistance of the battery. Then
the power supplied by the battery in this case is,

R

2
po £
R+r

Substituting the values, we have

2
04— (6)
60+7r
= r=30Q

According to Maximum Power Transfer Theorem,
maximum power is dissipated in the circuit when,
net external resistance is equal to net internal resist-
ance. So, we have

R=r
= R=30Q

Further, total power supplied by the battery under
this condition is,

2 2
E_ O _opgw

P, =——=
Total = Ry 30430

SOLVED PROBLEMS

Out of this 0.6 W, half of the power is dissipated in R
and half in r. Therefore, maximum power dissipated
in R would be

PMAX =%=03W

A conductor has a temperature independent resist-
ance R and a total heat capacity C. At the moment
t=0 it is connected to a dc voltage V. Find the
time dependence of the conductor’s temperature
T assuming the thermal power dissipated into sur-

rounding space to vary as q=k(T -T, ) where k isa
constant, T, is the environmental temperature (equal
to conductor’s temperature at the initial moment).

SOLUTION

Here energy is being generated in the resistance at a
2
rate of T Of which part of energy is being lost in

the environment and the rest is utilized in raising the
temperature of conductor. So, applying the Law of
Conservation of Energy, we get

Energy Energy lost Energy used
supplied in the in raising the
by the dc |=| environment |+| temperature of
source per per the conductor
unit time unit time per unit time
Hence V—z— k(T-T, )+C[dT
"R 0 dt
S C(dTJ—VZ—k(T—T )
dt) R 0
dT dt
R C
= ~KT-T)

Integrating the above expression, we get
T t

Jor——=I¢
& C

h—k(T-T,) 9
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Solving this equation, we get

vfec]
T=T,+—\1-¢ C
kR

Abattery of emf 2 V and negligible internal resistance
is connected across a uniform wire of length 10 m and
resistance 30 Q. The appropriate terminals of a cell of
emf 1.5 V and internal resistance 1 Q is connected to
one end of the wire, and the other terminal of the cell
is connected through a sensitive galvanometer to a
slider on the wire.

(a) What length of the wire will be required to pro-
duce zero deflection of the galvanometer?

How will the balancing change,

(b) when a coil of resistance 52 is placed in series
with the battery.

() When the cell of 1.5 V is shunted with 5 Q
resistor?

SOLUTION

(a) Potential gradient across wire AB is

AV 2
—=—=02Vm™
Al 10
2V
I
AB=10m
Rag=30Q
A < B
! 10
15V

NOW, VAC = 15 V

AV
(E)(AC)=1.5

= (02)(AC)=15=E
= AC=75m

(b) V= Rap x2=( 30 )xZ:EV
Ryp+5 30+5 7
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2V
I
50
Cy
A B
L{»—l\ﬁ—@-[
15V

Now, the potential gradient across AB is

( AV ) 12 .
22 == voltm

Since, Ve, =1.5V=E

12

(7—0J(AC1)=1.5

= Acl = 875 m

(c) Ve, = Voltage drop across 1.5 V battery

‘2V
||

Gy

15V g

—_—

5Q

5

= (0.2)(AC2)=(E)(1.5)

= AC,=625m

A 10 m long potentiometer wire has resistance 10 Q
and is connected to an accumulator of 2 V and inter-
nal resistance zero. Two resistance boxes B, and B,
are connected in series with the accumulator. A cell
of emf 1.018 V and a shunted galvanometer are con-
nected in parallel across the box B, . Reading of gal-
vanometer is zero.

(a) For what values of resistances R; and R, both
having integral values will be required from the

boxes B, and B, to maintain a potential gradient
of 107 Vm™ in the potentiometer wire.
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(b) Determine the length of potentiometer wire that
balances the thermo emf of iron-copper couple at
300 °C which develops 1.7 x10™ volt °C™".

SOLUTION
According to the statement, we are provided with the
following data
E,=2V,E,=1.018V;AB=10mandR,,=10Q
(a) Potential gradient across potentiometer wire
AB=10" Vm™
Vs =(10°)(10)=1072 v

V107

=107 A (1)
Ry 10

—] B, |

A
Further, potential difference across
= IR, =1.018V

R, = LOIS 1018 Q
Also, I = _h
Ri+ Ry +Ryp
= 10°= 2
1018+ R, +10
= Ry=972Q
(b) V=(17x10")(300)=5.1x10" V
-3

- v _5.1x10 —51m

" Potential gradient 107

It is desired to send a current of 8 A through a cir-
cuit whose resistance is 5 Q. Find the least number
of cells which must be used for this purpose and how
should they be connected. The emf of each cell is 2 V
and the internal resistance is 0.5 Q.

SOLUTION

Let N = total number of cells required to be grouped
in m rows, each row carrying n cells = mn

Since, we know that for n cells in series con-
nected in m rows in parallel, the current in the exter-
nal circuit is given by

nE mnE NE

I = = =
R+ mR+nr  mR+nr
m
2N
= 8=y
Sm+——
m
=  20m*+2N =Nm (1)
For least value of N, we have
dN
- = 0
dm
Differentiating equation (1), we have
40m+ Zd—N =1m d—N +N
m m
AN N -40m
=5 —= =0
dm 2-m
= N=40m (2)

w
—

Since N =mn
Solving equations (1), (2) and (3), we get

n=40 and m=4
= N=mn=160

A resistance coil of resistance r connected to an
external battery, is placed inside an adiabatic cylinder
fitted with a frictionless piston of mass m and same
area A. Initially cylinder contains one mole of ideal
gas He. A current I flows through the coil such that
temperature of gas varies as T =T, +at + bt*, keeping
pressure constant with time f. Atmosphere pressure
above pistonis F}. Find

Py

m

He

/
— AW
r
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(a) Current I flowing through the coil as function of
time and

(b) Speed of piston as function of time.
SOLUTION
Heat produced by coil inside the cylinder in time dt
is

dQ =Irdt (1)
(a) From First Law of Thermodynamics

AQ =AU +AW (2

= [’rdt=C,dT+PdV

dr _dT dT

= I'r=C,— +R—=C,—
dt a  'd
lPOA
|
[m

|
PAT

As T =T, +at+bt*

= 9T (o)
dt

= I= 5R(2bt+a) (C =E)
2r :
(b) PV=RT
= PdV=RdT (pressure is constant)
=  PAdx=RdT
= Velocity v=d—x=£(d—T)
dt  PA\ dt

o o= X (pta)
PA

The value of a resistor R is to be determined using
the ammeter-voltmeter setup shown in figure. The
ammeter has a resistance of 0.5 Q, and the voltmeter
has a resistance of 20000 Q.

where P,A+mg=PA
0 s

. (A)' Al‘ti:\! d *— (::J UW\' —e

Circuit (a) Circuit (b)
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Within what range of actual values of R will the
measured values be correct to within 5% if the meas-
urement is made using the circuit shown in figure.
SOLUTION

Let R,, =measured value, R =actual value,

Iy =current through the resistor R

I = current measured by the ammeter.

(@) When using circuit (a), IzR=AV =20000(1-1Iy )

= R= 20000[%—1]

R
Circuit (a Cm:mt (b)
But since I= av and Iy = av , we have
R, R
I_R
IR Rm
(R -R, )
= R=20000——— (1)
R,
When R >R, , we require ( KKy J <0.05
= R, 2R(1-0.05) and from (1) we get

R<1050 Q.
(b) When using circuit (b), we have
IRR=AV-1,(05Q)

But since I, :?{—V and R, =(05+R) ..(2)

(Rm -R
R

When R,, > R, we require ) <0.05

From (2) we find R>10 Q

2AV

The switch in figure closes when AV, > = and

AV
opens when AV, < Y The voltmeter reads a volt-

age as plotted in figure. What is the period T of the
waveform in terms of R;,R, and C?
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Voltage ,2¢

controlled '\.}_,'
switch C j\? AV,

2AV/3 /\/\/\
I
AV/3 !

SOLUTION
Start at the point when the voltage has just reached
gAV and the switch has just closed. The voltage is

2
EAV and is decaying towards 0 V with a time con-

stant R,C

Avc(t)=[§m/]e R

R o
Voltage  -¢~ 2 T AV
controlled '\,
switch C:EDAVC

Let, AV (t)= %AV , at time £, then

_h
1 AV:[2 AV]e RC
3 3

b

Re _1

= ¢ ¥ =-— = H=RClog.?2

1
After the switch opens, the voltage is EAV , increas-

ing toward AV with time constant (R, +R, )C, so

t

AVC(H=AV-[§AV]€'W

AV,(D
X
AV
24V/3 /}\/\/\
1 1
AV/3 PN X .
1 S~aa S—-ao -

Let AV, (¢)= %AV ,in further time £, , then

ty

o 2 av=av_2ave (R#R)C
3 3

ty
Ri+Ry)C _ 1

2
= t,=(R +R;)Clog,2

a—

Figure shows a circuit in steady state. If charge on the
capacitor is 1000 uC, find

(a) The battery current
(b) The resistance Ry, R,, Rs.

The current in 50 Q resistor and R, is given to be 5 A.

SOLUTION
(a) The potential difference across 5 uC capacitor, is

V:Q:(@)V:ZDOV
C 5

The 10 Q resistor and capacitor are in parallel
arrangement and therefore current I through
10 Q resistor is given by
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1=2=2X 594
R 10

(b) From KCL atjunction A we get
[=25A

1=25A1

Now we apply KVLin the loop ABDA,
~(10)(20)-5R, +(50)(5)=0

= R,=10Q

Apply KVLin loop ADCEFA, we get
~(50)(5)-(5)(10)+310-25R, =0

R=-2g-p40
25

Apply KVL in loop ABCDA,
~(20)(10)-15R, +(10)(5)+(50)(5)=0

15
PROBLEM 10

In the circuit shown, initially the switches are open
and the capacitors are uncharged. Switches $; and
S, are closed simultaneously at f = 0.

G R,=6Q
2uF S, C,

(a) Obtain the expression for current through switch
S, as function of time.

(b) The switch S, is opened after a long time inter-
val. Find the heat dissipated in resistors and the
charge flowing through §,.
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SOLUTION

(a) The distribution of current in the circuit is shown
in the figure. Apply KVL to loop abefa, we get

“ (141, -1)R, =0 (1)
G
Apply KVL to loop bcdeb, we get
92
—[3R, +—==0 (2
ket )
Apply KVL to loop achga, we get
h
IRy, +—=E (3
Rt ®)
The current through capacitor C; is given by
dg,
I =—
bt
a +Q1‘ "CH b {3 ‘HE c
C1H !1 _IS: -

LI SRR

f—b—’V\N\ﬁ%—{ d
| Ry, € +q2''—q;

‘lz‘l‘l's

o

|| +—

18V

g

The current through capacitor C, is given by

g,
I =—2
2T dr
From equations (2) and (3), we get, at any
instant,
2 _p ()
G G
From equation (1), we get
h
-1 =1
2 1 Rlcl 3
d h 2
—(g2- —— - 5
= - 1)=Cr ek ©)

1 G p_f2 |2
CiRy G CoR,

= 1_}_& dﬂ=£_q_2 L_FL
C,)dt R C\R, R



ICON

+
Ry R
= L;i; 1RR [ECZ%‘%}
+
R )
111y
q t
. .f g =J' dt
EC,R, 4, 0( C+ Cz) RiR,
R, +R, R +R,
E R iz
= —logg(RCZZ—qz] =
1+ R,

R +R,
ECR,
o | Rt Ry s
= | TECR, |7
R, +R,
B t
R.R
(Q+Q{R12)
1 +Ry
EC,R
= 22 g, =
R, +R,
(ECZRZ Jexp - t
R, +R, (C1+C2)( RiR, J
R, +R,
t
g B ) 6
R, +R,
where R= 82 1ng C=GC+G, (7
1ty

Substituting the value of g, from above in equa-
tion (4), we get

3
‘]1=C1E—& EGR, (1_€-Rc)
Co\ Ry +R,
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t
= q1=C1E_RC1fI;2 (1 € RC)
11Ky
R, -t
= q=CGE|1- R (1-e) & (8)
1t Ry
where R=—"%- and C=C,+C,
1ty
d b
Now, 11:i=-(§) - e RC
dt RC A\ R +R,
= 1= e
R R
= (C1+C2) %
Ry Ry
t
Ri(C+Gy)
Similarly,
12=”;ﬂ= ECQ.H 1 R
t R R
(%)(Cﬁcz)(&lj/g/]
2
ECZ _é

[=— 2
’ Rl(cﬁcz)e

Let us first now substitute the values of all given
in equations (6), (7), (8) to get

(1856, w1

- 1-
2= Gre)
1)
= g, =48\1-¢ 12 (inuC) .9
Similarly

) (2)18)(6)[, -
0= (2)(18)—W(1-€ 12)

f
= f =36—24(1—e 12)

t
= =12+24e 12

= ql=12(1+2e-ﬁ) (inpC)  ..(10)
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Please note that as per equation (4), we must

have q_1+q_2

1 L
relation the above two equations satisfy it at all
the instants of time ranging from t =0 to t 5 .

Finally, from (9) and (10), we get

=E (at any instant) and as per the

t

dg BN
L=—-=-212 in A
1= € (in A)
L%, B (inA)
Podt
The current through the switch S, is given by
!
I=l-Iy=——++I
1TBETRG
o) (-
1201420 12 ( 3]
[=——————+48\1-¢ 12
(3)(2)

t t
= I=—2(1+2€ 12)+4e 12
= [==-2A

In the steady state, no current will pass through
the capacitors. The current and charges on capac-
itor will be as shown.

12 4C

a b 2A ¢
— 1w
C-| ﬂzARE:BQ
R;=3Q c, J2A
f—WW—->—2A 5 } d
oA L 48uC yoa
o e
g ‘ h
18V

Total resistance of circuit is
R=9Q

So, current is given by
18

I'=s—=2A
9

Potential difference across C; is
V-V, =IR =6V

Charge on C, is
Q,=(6)(2)=12 uC

Potential difference across C, is
V,-V.=(6)(2)=12V

Chapter 3: Electric Current and Circuits  3.115

Charge on G, is
Q,=(12)(4)=48 uC

After a long time, when switch S, is open and
switch S, still remains closed then no current is
drawn from battery in steady state. Both capaci-
tors are in parallel arrangement with battery, so as

to given equivalent capacitance of (2+4)=6 uF

36 4C Ry
W

2uF 4yuF

S0, Quotal = (Ceq ) (V) =(6)(18)

= Quu =108 uC

Hence Q, ;¢ = (2 uF)(18 V) =36 uC and
Qqur =(4pF)(18V)=72 uC

Hence, the charge flowing through S, is

AQ=Qy-Q;
= AQ=(36+72)-(12+48)
= AQ=48 uC

Total heat dissipated in the resistors is

Work done by
battery when
mnitial | | B HHEC | pinal
AH = B +| flows through |- B
ner ner
B battery after &Y
switch 5,
is opened
2 2
o AH=L o o1 12 +E(AQ)-
%(Cl +G)V?
= AH=136y]
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PROBLEM 11

Consider a parallel plate capacitor of capacitance C
with partially conducting medium between its plates
having a resistance R .. If this capacitor is connected to
a battery of emf E and a resistor R as shown. Find the

|y
II
E

(a) charge on the capacitor as a function of time.
(b) current through ‘R’ as a function of time.

SOLUTION

The equivalent circuit can be drawn as shown here.

c
Il
I
1'1 I
Ro SR
| 4
’
I
Applying Kirchhoff’s Law for the two loops,
(I-I,)R. +IR=E (1)
L=Re(1-1) @
c- .

(@) Eliminating I between (1) and (2), we get

i=[1+—R—J+11R=E
C Re

d
For capacitor C, d—? =1

dg _CE-q(1+a) R
di RC ’

_t(l+(x) )

(b) Solving, we get g= E—(l -e KC

1+«
Adding (1) and (2), we get

QL IR=E
C

CE-gq
RC
Substituting for g, we get

t1+a)
Izé(l_i(l_e S )]

R 1+o
PROBLEM 12

A capacitor initially given a charge Q, is connected
acrossaresistor R at t = (. The separation d between
the plates changes according to the relation
dq

1= (0<t<1)
A small bulb is connected across the plates of the
capacitor which lights when potential difference
across the plates of the capacitor reaches V. Find the

I=

(a) variation of charge with time
(b) time when the bulb will light?
SOLUTION
(a) Capacitance at t=0 is given by
&,A
C, ="
0 iy
A A
and at time tisC=£0—=80—
0

(1+4)=Cy (1+¢)

Using Kirchhoft’s Law, we get

q
——-IR=0
C
= 1 +Rﬂ=0
Co(1+t)  dt
dq 1 dt
= —=-—
q RC, (1+1)
1
9 —_ t
= log,q|{, ——Rcologc(lﬂ)‘g

q 1
log, [ 1 | = ——log, (1+£)
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1
= logg[Qi)ﬂogc(lH)_R_q)

0
L
= g=0Q,(1+1) rg

0, (1+1) K5,

q

b v=1-
®) C  Cy(1+t)

= V= Q”(Ht ) RG, ™

Co
_[ﬁ]
. tzl_[VUCU) RCy+1
Qo

PROBLEM 13

In the following RC circuit, the capacitor is in the
steady state. The initial separation of the capacitor
plates is x,. If at £=0, the separation between the
plates starts changing so that a constant current flows
through R, find the velocity of the moving plates asa
function of time. The plate area is A.

R

SOLUTION

Let g be the instantaneous charge on the capacitor
when a steady current I flows through the circuit.
Applying KVL on the circuit, we have

E=14R
C

- E=T LR (1)
gA

At the instant separation between the plates of the

o . . &A
capacitor is x, its capacity C = —
x

Differentiating equation (1) with respect to time,
we get

0=—"1 (dx)+1—x+0 {I=ﬂ]
A\ dt ] gA dt
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Ix

()

From equation (2), substituting the value of g in
equation (1), we have

= ( where% = velocity ) .(2)

2
E=-—"+IR
£,A ( dx J
0 at
2
= fﬁ=v=--i—( z ) ..3)
dt A J)\E-IR
= —d_§= R (i) ..(4)
X gA J\E-IR
Integrating the above expression w.r.t. time, we get
1 1 I
e — |t )
XX (&‘UA(E—IR)) ®)
From equations (3) and (5), we get
B I 1
gA(IR-E) T 2
&A1 1
E-IR X,

PROBLEM 14

The switch S is closed at t=0. The capacitor C is
uncharged but C, has a charge g, at t=0. Calculate

the current I(t) in the circuit.

f“”ﬂ

SOLUTION

Let g, and g be the instantaneous charges on C;, and
C respectively. Applying KVL to the circuit, we have

S 9, 1R=E (1)
C, C

Differentiating this equation, we get
1dg, 1d dl
— T 2R

Z -0
C, dt  Cdt — dt
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= I(i+l)=—Rﬂ {where1=%=d—q]

G C dt at dt
4 =— at where C,, = GoC
I RC, 1 C+(C,

Integrating this expression, we have

I 0o
iy _ t
= log‘ﬂ,lhU = —Rceq
a t
= I(t)=I " 2)

where [ is the initial current.

Further, [,R+ fo_
Cy

ot
= IU:TU

Substituting I, from equation (3) into equation (2),
we get

..03)

t

1(1)=L g |, R
Rl G,

PROBLEM 15

Plates of a parallel plate capacitor initially charged to
Q, are connected to a variable resistance R whose
resistance is given by R=R,+at. At time t=0,
R=R,. Find the current through the capacitor as
function of time.

AW C

B 4

SOLUTION
The resistance varies according to the relation given
by

R=R,+ot

Applying Kirchhoff’s Law to the loop ABCDA, at
time f, when charge on capacitor is g, we have

1 _IR=0 (1)
C dt dt
jd j‘dt
= —=|—
RC
Qo 0
[
> )
= log,|— |=|———=
8 Q 0(Ru+aaf)C
1 t
= log, Qiu =Eloge(Rﬁ+at)U
= log, 4 =iloge[Rﬁ+atJ
Q) oC Ry
1
- q=(RO+O!t)aC
Q R,
1
+ ot \oC
= Q=Q0[ R, ]
- q
[=—L
Since R
1
1_& R0+05f aC
RC| R,
1
—

I= Qo Ry +at \aC
C(Ry+at)\ Ry

PROBLEM 16

The wire AB of a meter bridge changes linearly from
radius r to 2r from left end to right end. Where should
the free end of the galvanometer be connected on AB
so that the deflection in the galvanometer is zero?

40Q 40Q
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SOLUTION

Let the galvanometer be connected at a point x = x;
fromend A where x=0.

Let R, = resistance of left part, i.e., AX; and
R, = resistance of right part, i.e., X;B

Length =100 cm=1m

Consider an element of thickness dx at a distance x
fromend A and of radius r, .

dx

e——100 cm——

Thus, r, :(r+§xJ:r(1+x)

Resistance of this element will be, dR, = p_d;c
nr,
1 d
ot e
n(l+x)°r* mr T+x

R. = pdx  p 1 1
2l (a2 | 1ex 141
1(1+x] re w1+ 1+

For null point of zero deflection,

K_2
R, 4
1 1
= 1- !

T+x, 1+x, 1+1

1
= x1=§m:33.33cm

PROBLEM 17

Consider an infinite ladder of network shown. A volt-
age is applied between points A and B. If the volt-

) ) . . R
age is halved after each section, find the ratio =1
2
Suggest a method to terminate it after a few sections

without introducing much error in its attenuation.
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Bo —_

SOLUTION
Voltage across AB=V

vV
Voltage across A'B"= 5

%
Voltage across R, = 5

A R 1 12 A R 1
! /2

I R, V/2

B B

Now from Kirchhoft’s Law it is obvious that voltage
across must be (V - %) 4

2

Now when the voltage is halved then the cur-
rent is also halved. So, current in R, is half of that
in R

= IRI:(é)RZ
1
2

Now the attenuation produced by circuit on termi-
nation by a resistance will not be affected if equiva-
lent resistance R becomes independent of number
of sections in the circuit. This is only possible if the
terminating resistance R, is itself equal to equivalent
resistance as shown. The equivalent resistance of R,
and R, is

R’ = RORZ
Ry +Ry
R; is in series with it, so equivalent resistance
between A and B is

Ry =R +R' =R+ Roks
! Ry +R,
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F?1
AAA
VVVy

%
!If f?z f?g
B

According to proposition we have
Req = RO

RyR,
Ry +R,

Solving for R, we get

R, 4R,
=— 1+ |1+ —=
a 2[ \ Rl]

Hence, the circuit may be terminated after a few
sections if resistance R, is connected in parallel as
shown in figure.

PROBLEM 18

In a circuit shown in figure the capacitance of each
capacitor is equal to C and the resistance equal to R.
One of the capacitance was connected to a voltage V}
by closing switch S;. Now at t=0, the switch §; is
opened and S, is closed. Calculate

Ry =Ry +

R
ﬁ—ww—
Vo C== —p)
Ll
S S»

(a) the current I'in the circuit as a function of time ¢
(b) the amount of heat generated provided the
dependence of current () on time ¢ is known.
SOLUTION
(a) Initial charge on capacitor “1"is Q = CV
Let charge g flow in the current in time f.

d
Then current [ = d—j

After time t, charge on capacitor ‘1" = (Q - q)
Charge on capacitor 2 is q

According to Kirchhoff’s Loop Law, we have

=

Q21 1g 4
C C

R=272
C

d1_0-2
d  C
dq dt

Q-29 RC
t

dq _J‘ﬂ
DQ—Zq 0RC
"

(loge (Q—Zq))

-2

. RC

2t
loge (Q_ZQ)_logc Q= .

RC
-2
log, (Q-2) S
Q RC
l_ﬁze-zr/fec
Q

29 _ 1 g 2IRC

Q
[y pnc)

q

Since, Q=CVj

=

Current [ = dq %{ 0+ ( 2 ) p~21/RC }
a2

=

= % [1- ¢ 2RC ]
RC

120 e
R
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(b) Heat produced is given by

[=-] =] 2
H= J.Iszf = j(%e‘mc ) Rdt

0 0
S L
R R| 4
) _4
2

1
H=-( = _¢0)=—CV}

4 4

PROBLEM 19

A two way switch S is used in the circuit as shown
in figure. First the capacitor is charged by putting the
switch in position 1. Now in switch is thrown to posi-
tion 2. Calculate the heat generated in each resistor.

10Q
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VVVY

SOLUTION

Initially the switch S is in position 1. Therefore bat-
tery of 60 V is in the circuit. The capacitor begins to
collect charge. When capacitor is fully charged, the
steady state is reached. In steady state there is no cur-
rentin R=10 Q resistance.
Energy stored by capacitor,

u =%cv2 :%0.1x(60)2 =180]

When switch S is thrown to position 2, the capacitor
starts discharging through three resistances 4 Q and
6 Q and 3 Q in parallel.
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Let I; be the instantaneous currentin 4 €, I, current
in 6 Q and I; currentin 3 Q, then

I, +1; =1, and 6I, =3I,
= =2,

Also, I, +2I, =1,
= 12:1—1 and so I _4
3 3

The ratio of currents
I, 2
I:L:L,=1,:2L:2[[=1:2:2=3:1:2
rh s =higrah
This ratio remains constant throughout.
Therefore ratio of heat energy dissipated in R;:R,
and R; is
H,:H,:H, =(3)" x4:(1)x6:(2)"x3
= H;:H,:H;=6:1:2
If K is ratio constant, then
H,=6K, H,=K and H;=2K
Also, H;+H,+H,;=180]
= 6K+K+2K=180]

k=220
9

Heat generated in R, =4 Q is
H,=6K=6x20=120]

20

Heat generated in R, =6 Q is
H,=K=20]

Heat generated in R; =3 Q is
H; =2K=2x20=40]

During discharging of capacitor, no current flows in
R=10 Q, so heat generated in 10 Q is zero.



