In the previous chapter, we have seen thart a current carrying conductor when kept in a
magnetic field, experiences force and torque. Now, in this chapter, we will study that
the reverse phenomenon is also possible, i.e. if we rotate the conductor (coil) in a
magnetic field, then the current will flow in it.

ELECTROMAGNETIC
INDUCTION

Current can be induced in the coils when these coils are rotated in a

magnetic field. This has led to the alternate ways of generating current. “\ﬁ CHAPTER CHECKLIST
When electromagnetic induction was discovered, only source of emf * Faraday’s Laws and

available were those of chemical nature such as dry cells, bur at present Motional Electromotive Force
large-scale production and distribution of energy became possible because of » Self and Mutual Induction

this phenomenon of Electromagnetic Induction (EMI). Faraday and Henry
independently discovered the principle of magnerically induced emfs and
found methods to convert mechanical energy into electrical energy. EMI
formed the principle of two important electrical devices namely, electric
generator and transformer, which has revolutionised the life styles of
mankind.

|TOPIC 1|

Faraday’s Laws and Motional
Electromotive Force

The phenomenon of generation of current or emf by changing the magneric
field is known as Electromagnetic Induction (EMI). The emf developed in the
conductor by the process of EMI is known as induced emf and if the conductor
is in the form of a closed loop, then the current flowing through the conductor
is known as induced current. It is the reverse process of magneric field
production by electric current. The phenomenon of EMI was discovered by
Michael Faraday in 1831, which is not merely of theoretical or academic
interest but also of pr:acric&l utili.ty. We cannot imagine a world with no
::|1:‘1.:l'rid.:ir:,'1 no electric |ig|‘|ts. no trains, no t::|f:|:|'|vr.ln::s1 no pcrsnna| computers.
Hence, today's civilisation owes a grear deal to the discovery of EMIL



MAGNETIC FLUX

The toral number of magnetic field lines crossing thn:rugh
any surface nnrm.':":-,r, when it is phc:d in a magnetic field
is known as the magnetic flux of that surface.

(b)

Suppose a loop enclosing an area A is placed in a uniform

magnetic field B. Then, the magnetic flux through the loop

1s given hy
0y = I B-dA

When the magnetic field is pcrpcndicular to that p|anc of

the lnup, then magnetic Hux will be

by = BA = maximum value i)
This means that B= %, i.e. magneric field strength B is

the magnetic flux per unirt area and is called magnetic flux
density or magnetic induction.

When the magnetic field B is not p:rp:ndicuhr to area A
rather it is inclined ar an angle B with respect to the normal
to the surface.

The magnetic flux becomes

s =B-A=|B||A|cosB
= BAcosB (i)

where, 8 is the smaller angle between B and A.

=

If a plane is parallel to the magnetic field,
then no field line will pass thmugh itand B
the magnetic flux linked with that p|anc

will be zero.

From Eq.(ii), it is clear that the flux canbe = =
varied by changing anyone or more of the g = gge 0,=0
terms B, A and 6.

The flux can also be altered by changing the shape of the
coil (by strerching or by compressing) in a magnertic field or

rotating a coll in a magnetic field, such thar the a.nglc o
between B and A changcs.

The SI unit of magnetic flux (bg)is tesla-metre square,

which is also called weber (abbreviated Wh).

1 weber =1 Wh =1 Tm*

1 weber is the amount of magnetic flux over an area of

1m? held normal to a uniform magnetic field of 1 tesla (T).
The CGS unit of magnetic flux (@ ;) is maxwell (Mx).

where, 1 weber =10* maxwell

Magnetic flux is a scalar quantity and its dimensional

formula is [ML'JT_zﬂ_I].

EXAMPLE |1] A long solenocid of radius 4 cm, length
400 cm carries a current of 3 A. The total number of turns
is 100. Assuming ideal solenoid, find the flux passing
through a circular surface having centre on axis of
solenoid of radius 3 cm and is perpendicular to the axis of
solenoid (i) inside and (ii) at the end of solenoid.

Sol
N =100

J— I=400cm —

Number of turns per unit length is given by
N 100
n=—=— =25 turns/m
1 4
(i) Magnetic field of a solenoid at a point inside is
B=p ofi

Area of cross-section of the solenoid, A = n7” and 8 = 0°

Magnetic flux,
;= BAcosB
= [gni Eﬂz cos0°
=4R X107 K I5XIXTR(IN1072)
=027 %107 Wh
= ﬂ.Z?I.l Wh
(ii) At the end, magnetic field of solenoid is

EXPERIMENTS OF
FARADAY AND HENRY

The discnv:r_t,r and und:rstanding of c|cctramagm:tic
induction are based on a |1:|ng series of experiments carried

out by Faraday and Henry.

It is the relative motion between the magnet and closed coil,
which is responsible for generation or induction of electric
current in the coil.

Whenever magnetic field linked with a closed coil changes,
an emf is induced in the coil, which is called induced emf.



First Experiment
(Current Induced by a Magnet)

Consider a coil © of few turns of cunducring material
insulated from one another and is connected to a
sensitive galvn.nam:tcr (1.

Whenever there is a relative motion between the coil
and magnet, the galvanometer shows a deflection
indicating that current is induced in the coil.

/i i

EMI with a stationary coil and moving magnet

Therefore, relative motion between the magnet and
the coil generates electric current in the coil. So, the
current generated is called induced current.

Second Experiment

(Current Induced by a Current)

When the bar magnet is replaced by a second coil €,
connected to a battery, the steady current in coil €,
produces a steady magnetic field. As coil C, is
moved towards coil C,, the galvanometer shows a
deflection. This indicates thar electric current is
induced in coil €.

EMI with one coil stationary and another moving

When coil C, is moved away, the galvanometer shows
a deflection again but this dme, in the opposite
direction. The deflection lasts as long as coil C; is in
the motion.

Third Experiment
(Current Induced by Changing Current)

Ca

EMI with changing current in one coil

The figure shows two coils € and €'y held stationary. Coil € is
connected to galvanometer G, while the second coil C; is

connected to a battcr}r thrnugh a rapping qu K.

It is observed that the galvanometer shows a momentary
deflection when the tapping key K is pressed.If the key is pressed
continuously, there is no deflection in the galvanometer. When
the Ic:y is released, a momentary deflection is observed again but
in opposite direction. All experimental observations lead us to
conclude that induced emf appears in a coil, whenever the
amount of magnetic flux linked with the coil changes.

Note Presence of magnetic flux is not enough. The amount of magnetic
flux linked with the coil must be change in order to produce an induced emf
in the coil.

FARADAY’S LAWS OF
ELECTROMAGNETIC INDUCTION

The two laws of tlcttrumagn:tic induction given h}r Farnda}r are

stated below

Faraday’s First Law

Whenever the amount of magnetic flux linked with a circuit
changes, an emf is induced in it. The 51 unit of this induced emfis
volt (V).The actual number of magnetic field lines passing
thraugh the circuit does not d:p:nd on the values of the induced
emf. Induced current is determined by the rate ar which the
magnetic flux changes.

Faraday’s Second Law

The magnitude of the induced emf in a circuit is equal to the rate
of change of magnetic flux through the circuit. Mathematically,
Faraday’s second law can be expressed as,

Induced emf o< Rate of changc of magnetic flux



_ by
&=
dt

Le.

$2 =9,

[ rate of change of magneric flux = ———]
fa =k

The negative sign in above relation indicates that the
induced emf in the loop due to changing flux always
opposes the change in the magnetic flux. In other words,
the direction of induced emf is such that it always opposes
the change in magnetic flux linked with the circuit. In the
case of a closely wound coil of V turns, the change of flux
associated with each turn is same. Therefore, the expression

for the total induced emf is given h}r

e= — N—lﬁ!
dt

The induced emf can be increased b}r increasing the number
of turns NV of a closed coil.
Induced Emf and Current

If NV is the number of turns and R is the resistance of a coil,
and the magnetic flux linked with its each turn changes by
dd in short time interval &, then

Induced emf in the coil, e = —N@IK;

dt
Induced current flowing through the coil,
j=f o N dby [u;—i:l
R R di R

Electric charge flows due to induced current,

N
q=lds == dby

EXAMPLE |2| A magnetic field of flux density 10 T acts
normally to the coil of 50 turns having 100 cm? area. Find
emf induced, if the coil is removed from the magnetic field
in 0.15 s,

Sol Given, B=10T, N =50turns,
A =100 cm” =107 m*, dt =0.15s
Magnetic flux linked with the coil initially,
b, = NBA =50 x 10x10 ™" = 5 Wh
But magnetic flux linked with the coil finally, ie.
{when removed from the magnetic field), ¢, =0

- Emf induced, e= ﬂ= _[¢2 - & ]
dt dt

~ n—s)
~ loas

=333V

EXAMPLE |3| A square loop of side 10 cm and
resistance 0.5 Q2 is placed vertically in the East-West plane.
A uniform magnetic field of 0.10 T is set up across the plane
in the North-East direction. The magnetic field is decreased
to zero in 0.70 s at a steady rate. Determine the magnitudes
of induced emf and current during this time interval.
Sol. Given, B=010T, A =100em® =107 m?, 8= 45°
(as the angle made by area vector of the loop with
magnetic field is 457,
R=054}, dt =070
Initial magnetic flux, ¢, = BA cos 8
=010x107* x cos 45°

[ cos 45% = - ]
2

-1
= wp
1_.‘ 2
As, final magnetic flux, ¢, =0.
s Magnitude of induced emf is

P
E=_ﬂ=_[¢z—¢:)=_ e
dt dt a7
=107V =10mV
s Magnitude of induced current,
w0V

LENZ'S LAW

According to this law, the polarity of emf induced is such
that, it tends to pn:ldu::: a current which Opposes the

change in magnetic flux that produced it.
[Mlustration of Lenz’s Law

Il

N m

As the magnet is moved towards the
loop, a particular amount of current is
induced in the loop. The magnetic
field is produced by the current, with
magnetic dipole moment m oriented,
s0 as to oppose the motion of magnet.
Thus, the induced current must be
counterclockwise as shown in the
figure. When the North pole of a
magnet moves towards a stationary
loop, an induced current 7 flows in anti-clockwise sense as
scen from the above, at which the magnet is located.



The anti-clockwise sense curr:spﬂnds to the generation of
Morth pul: which opposes the motion of the apprnaching
N-pole of the magnet.

W)?}j :NMmi:S]

Rest

When the Norch puh: of the magnet is moved away from
the loop, the current [ flows in the clockwise sense, which
corresponds to the generation of South pole as shown in
ﬁgur:. The induced South pol: opposes the motion of the
receding North pole.

Motion ~—

The direcrions of current induced in all above cases remain
same, if instead of the loop, the magner is kepr stationary
and ||:H:|p is moved towards or away from it

— —

Hest Rest

Mation Motion
If both the loop and magner are in relative motion w.r.t.
cach other, the induced pole on the loop facing magner is
according to Lenz's law.

(1) When vy >, e the lnup 15 apprnaching towards

N-polc, hence, induced palc in lnap 15 N—pnlc.

— 1y

o

(i1) When vy <vy, Le the laup 15 r:ccding away from
N-polc, hence induced pal: in IDCIP 15 .5'-pn|:.

—

— iy

(iii) When loop and magnet having oppaosite directions of
velocities, then loop is approaching towards V-pole,

hence, induced pole in loop is N-pole.

—_—

Lr

(iv) When lnup and magnet having opposite directions of
velocities and lﬂnp 15 rcccding away from N—polc,

then induced pnh: in lcmp is S—pulc.

—

S

Thus, Lenz's law is used to find the direction of
induced current in a closed circuir.

Mote This topic has been frequently asked in previous years 2017,
2014, 2013, 2012, 2011, 2010.

Lenz’s Law and Conservation of Energy

Lenz's law is in accordance with Coil

the law of conservation of energy. W @
In the alongside circuit, when

N-pole of magner is moved

towards the coil, the front face of

the coil acquires North polarity.

Thus, work has to be done against the force of repulsion in

bringing the magnet closer to the coil.

When N-puh' of magnet is moved away, South pal:
dl:'l.r:lops on the front face of the coil. Therefore, work has
to be done against the force of attraction in taking the
magnet away from the coil. This mechanical work in
moving the magnet w.r.t. the coil changes into electrical
cnergy producing induced current. Hence, energy
transformation takes place. When we do not move the
magnet, work done is zero. Therefore, induced current is
also zero.Hence, Lenz's law obeys the law of conservation of
cnergy.

Fleming's Right Hand Rule

If we strerch the thumb, the forefinger and the central finger
of right hand in such a way thar all these three are mutally
p:rpcndicuhr to each other and if thumhb represents the
direction of motion of the conductor and the ﬁ:lrcﬁngm

FEpresents the direction of magnetic field, then central ﬁngl:'r
will represent the direction of induced current as shown below.

Induced current



EXAMPLE |4| In the given figure, a bar magnet is
quickly moved towards a conducting loop having a
capacitor. Predict the polarity of the plates A and B of the
capacitor.

— &
‘ R ey

—

All India 2014

Hints: As, the magnet moves towards the coil, flux linked
with the coil, increases, hence according to the Lenz's law, it
will oppose the change.

Sol. Here the North pole is approaching towards the magnet,
50 the induced current in the face of loop viewed from
left side will flow in such a way that it will behave like
MNorth pole or South pole is developed in loop when
viewed from right hand side of the loop. The flow of
induced current is clockwise hence, A acquires positive
polarity and B acquires negative polarity.

EXAMPLE |5| A current carrying
straight wire passes inside a
triangular coil as shown in figure.
The current in the wire is ®!

perpendicular to paper inwards.
Find the direction of the induced

current in the loop, if current in the
wire is increased.

Sol Magnetic field lines around the current carrying wire
are as shown in figure below. Since, the lines are
tangential to the loop ( B8 = 907 ), the flux passing
through the loop is zero, whether the current is
increased or decreased. Hence, change in flux is zero.
Therefore, induced current in the loop will be zero.

~_—_ 7

MOTIONAL ELECTROMOTIVE
FORCE AND FARADAY'’S LAW

Consider a uniform magnetic field B confined to the region
ABCD and a coil PORS 1s p|accc| inside the magnetic field.
At any time ¢, the part P'Q) =5"R = y of the coil is inside
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Inducing current by changing the
area of the rectangular loop

Area of the coil inside the magnetic field at time ¢,
AS = QR x RS” = Iy
Magnetic flux linked with the coil at any time ¢,
¢ = BAS = Bly
The rate of change of magnetic flux linked with the coil is
given by

dg d
— =—|(BI
dt d'r( v)

= B d_y= Blv r d_y = v-l
dt |_ dt J

where, v is the velocity with which the coil is pulled out of
the magneric field.

If e is the induced emf, then accnrding to Famda]«"s law,

i
e=——or | e=— Blv
dt :

From Fleming's right hand rule, the current due to induced
emf will flow from the end R to ), Le. along SRQP in the
coil. This induced electromotive force (emf) Blv is called
motional emf.

Note When a conducting rod of length { fixed at its one end moves
on a circular path with angular velocity w in a uniform I'I_'Il.ﬂ.gl"lelll: field
B nomnal to it, then induced emf produced initise = EBmF.

W oa—n X
PR

EXAMPLE |6| A wire of length 0.3 m moves with a speed
of 20 m/s perpendicular to the magnetic field of induction
1 Wb/m?. Calculate the induced emf.

Sol Given, velocity, v = 20m/s

Length, I=03m
Angle, 8 =90°

Magnetic field, B=1Wh/m’
As, induced emf, e = Blv
: e=1x03x20=6V

the magnetic field. Let / be the ||:ngtl'1 of the arm of the coil.



EXAMPLE |7] A wheel with 10 metallic spokes each
0.5 m long is rotated with a speed of 120 rev/min in a
plane normal to the horizontal component of the earth’s
magnetic field Hg at a place. IfH; =0.4 gauss at the place,
what is the induced emf between the axle and the rim of

the wheel? Take, 1 gauss= 107" T.
Sol. Induced emf = 15 Bl® = (1/2) 0BR®

o

lnm:li: 2R

120

=(1/2) % 4T % 0.4 x 107° %{0.58°
=6.28X107° V

=2nf =2n—=4n

The number of spokes is immaterial because the emf’s

across the spokes are in parallel.

ENERGY CONSIDERATION
(A QUANTITATIVE STUDY)
Let B be the resistance of

X K X X OX w Nomw
movable arm PQ of the « =Sx =« « «||P
irregular  conductor. We = I o B | B
assume that the remaining :‘a: : : :V .:_: :
arms QR, RS and 5P have IW P | T= Y,
negligible FESISTANCES  « xp= = = = =[|=

= = = = = = X Y

com par-:d o K

Thus, overall resistance of the rectangular loop is R and this

does not changc as PQ) s moved.
Current I in the |1:mp is given h}r
e Blv

R R

A1)

Due to the presence of the magnetic field, there is a force on
the arm PQ). This force is directed outwards in the direction

opposite to the velocity of the rod.
The magnitude of this force is given by magnetic force
B**w
R

ie. F=IB or| F=

Mtcrnativchr, the arm PQis hcing pushcd with a constant

spccd v. Power rcquin:d to do this is given b}'

2y2_ 3
R

The agent that does this work is mechanical energy.

..{ii)

This mechanical energy is dissipated as joule heat and is

given by

2
P, =I"Ror P, =[&] Ror
R

2p2 2
PI=BI1.-
R

This is identical to Eq.(ii).

Thus, mechanical energy, which was required to move
the arm PQ is converted into electrical energy and

then to thermal energy.

MNote The magnetic flux linked with a loop does not change when

i)

(i) magnet and loop are moving with the same velocity.

(i) magnet is rotated around its axis without changing its
distance from the loop.

loop is moved in a uniform magnetic field and the whole of
the loop remains in the field.

Induced Quantities and Their Formulae

S.No. Name ofthe Formula Circuit Dependence Sl unit
quantity open/ upon
closed resistance
df Open or
a8 -_—
1. Induced emf = o closad Mo wolt
f=-
2. Induced current = Tt Closed Yes ampere
Charge flown dé
3. duetoinduced 99 = =4 Closed  Yes coulomb
current
Power required g
to pull a loop P v® Open or
4. out of a = R closed Yes wall
magnetic field

«

Induced Current in a Circuit

If R is the electrical resistance of the circuit, then induced
current in the circuit is given by

f_IE

If induced current is produced in a coil rotated in a uniform
magnetic field, then
I= NEBAw sinut
R

where, Iy = % = peak value of induced current

= I sinwt

N = number of turns in the coil,
B = magnetic field,
m = angular velocity of rotation

and A = area of cross-section of the coil.

EXAMPLE |8| A sguare metal wire loop of side 20 cm
and resistance 2 £1 is moved with a constant velocity v, in
a uniform magnetic field of induction B =1 Wh/m® as
shown in the figure. The magnetic field lines are
perpendicular to the plane of the loop. The loop is
connected to a network of resistance each of value 5 (2.
The resistances of the lead wires BF and AE are negligible.
What should be the speed of the loop, so as to have a
steady current of 2 mA in the loop? Give the direction of
current in the loop.



W 0 o A 50 50
| —_ C D
® *® b Vo B
50 50
" *® b F

Sol From the figure, we see that, network CEDF is balanced
Wheatstone bridge, so no current will flow in branch

CD.
So, the equivalent resistance of CEDF network is
1010
= =50
A 1+10

Resistance of loop =202
Ryt =2+R gy =2+45=710
We know that, induced emf, ¢ = Byl

Bw,l
and induced current, [==f_=2V
ol 7
_ 2x 0™t < LX Vo X02
¥
=% vy =7x10 m/s =7 cm/s

As flux is decreasing, so induced current [will be
clockwise.

EXAMPLE |9| Figure shows a rectangular conducting
loop PQRS in which arm RS of length /is movable. The loop
is kept in a uniform magnetic field B directed downward
perpendicular to the plane of the loop. The arm RS is
moved with a uniform speed v.

!P! = !SI = £
T! = = = = = £

= = = = = = £
! —

Deduce the expression for
(i) the emf induced across the arm RS
(ii) the external force required to move the arm and

(iii) the power dissipated as heat. All India 2009
Sol  According to the question,
P 8 s’
_|_ " w | "
|
I - | E—
" w | "
l |
1
u |:| kg R u R.‘ kg

¥

(i) Let RS moves with speed v rightward and also RS is at
distances x, and x, from PQ at instants t, at t,,
respectively.

o Att flux linked with loop 1.ie. PORS &, = Bix, )
Similarly, at instant t,, flux linked with loop 2, ie.

PQR'S”, 0, = Bllx,)
s Change in flux, Ad= b, — ¢,= Bl (x, — x, )= BlAx
Ax

— ﬂ:m—:mv |—'.‘ V=£]

At At |_ MJ
By Faraday’s law, magnitude of induced emf, e = vBI.

(ii) If resistance of loop is R, then I = %
~ Magnetic force = IBl sin 90° = [%] Bl
2
= ”B: [~ sin90°=1]

- External force must be equal to magnetic force and
in opposite directions.

2
. External force = v

2 2 g
. Bl Bl
(iii) As, P=1‘R=[%] xR:vRI x R
2l
P=vBI
R

EDDY CURRENTS

The currents induced in bulk picces of conductors, when
the magnetic flux linked with it changc.s, are known as cdd}r
currents. These currents are always produced in a plane,
perpendicular to the direction of magnetic field. They show
both heating and magneric effects.

The magnitude of eddy current is given by
I= Induced emf _ e
Resistance R
According to Faraday's law, e = — {;ﬂ, th
I

en = —ﬂ
R
The direction of eddy currents can be given by Lenz's law or
by Fleming's right hand rule. However, their flow patterns
resemble swirling eddies in water. That is why, they are
called eddy currents. These were discovered by Foucault in
1895 and hence, they are also named as Foucault current.
c.g. When we move a metal plate out of a magnetic field,
the relative motion of the field and the conductor again
induces a current in the conductor. The conduction
electrons build up the induced current whirl around within

the plate as, if they were caught in an eddy of water. This is
called the eddy current.



Undesirable Effects of Eddy
Currents

Edd}r CUrrents are pmduccd inside the iron cores of the
rotating armatures of electric motors and dynamos and
also in the cores of transformers, which experience flux
changes, when they are in use. They cause unnecessary
heating and wastage of power. The heat produced by eddy
currents may even damage the insulation of coils. They
are minimised b}r using laminations of metal o make a
metal core. The laminations are scpamn:d h}r an
insulating material. The plane of the laminations must be
arranged parallel to the magnetic field, so that they cur
across the eddy current paths. This arrangement reduces
the strength of eddy currents.

Applications of Eddy Currents

Edd}r currents are useful in many ways. Some of the
important applications of eddy currents are as given

below
(i) Electromagnetic damping In order to

immcdiatcl}-' bring the moving coil of a
galvanometer to rest, we make the use of
electromagnetic damping which uses eddy
currents to I:lring the coil to rest. When the coil
oscillates, the :dd}r CUrrents gcntmn:d in the core
oppose the morion and bring the coil to rest.

(ii) Induction furnace In this, high temperature can
be produced by using eddy currents. We generally
use induction furnace in preparation of .'1"0}-'5 h}r
melting the constituents of metal. A coil is wound
over the metal which needs to be melted and
thmugh the coil, we pass high f'rcqu:nqr
altcrnating current.

The eddy current generated in the metal produces
high temperature to melt the metal.

(iii) Electric power meters Old electric power meters
(analog type) had a merallic disc. The disc rotates
due to generation of eddy currents which are
produced due to sinusoidally varying currents in
the coil.

(iv) Magnetic bm]cing in electronic trains Some
electric puwcr:d trains make use of strong
electromagnets which are situated above the rails.
These electromagnets are used to produce eddy
currents in the rails which oppose the motion of
the train and thus stop it. In this case, as there is no

mechanical linkage, the braking effect is smooth.

| TOPIC PRACTICE1 |

OBJECTIVE Type Questions

1. Current in the coil is larger

(a) when the magnet is pushed towards the coil faster
(b) when the magnet is pulled away the coil faster

{c) Both (a) and (b)

(d) Meither (a) nor (b)

2. The instantaneous magnetic flux linked with a

coil is given by ¢ = (5t —100¢ + 300) Wb. The emf
induced in the coil at timet =25 is
(a) —40V ()40 V
(c)140V (d) 300V

3. There are two coils A and B as shown in figure. A
current starts flowing in B as shown, when A is
moved towards B and stops when A stops moving.
The current in A is counter clockwise. B is kept
stationary when A moves. We can infer that

NCERT Exemplar

(a) there is a constant current in the clockwise direction
inA

{(b) there is a varying current in A

(c) there is no current in A

(d) there is a constant current in the counter clockwise
direction in A

OO

4. Ahorizontal straight wire 20 m long extending

from east to west is falling with a speed of 5.0 ms™

at right angles to the horizontal component of the
earth’s magnetic field 0.30x 107 Wbm™. The
instantaneous value of the emf induced in the
wire will be
(a) 6.0 mV
(c) 4.5mV

(b) 3mV
(d) 1.5 mV



VERY SHORT ANSWER Type Questions

5. Two coils of wire 4 and B are placed mutually
perpendicular, When a current induced is
changed in any one coil, will the current
induced in another coil?

6. Along straight current carrying wire passes
normally through the centre of circular loop. If
the current through the wire increases, will
there be an induced emf in the loop? Justify.

Delhi 2017

7. What is the direction of induced currents in

metal rings 1 and 2, when current ['in the wire is
increasing steadily?

Oi
Oz
8. Inthe figure given, mark the polarity of plates A

and B of a capacitor when the magnets are
quickly moved towards the coil. All India 2017 C

A

9. The closed loop PORS of wire is moved into a
uniform magnetic field at right angles to the

plane of the paper as shown in the figure.
Predict the direction of the induced current in

-

All India 2017

the loop. Foreign 2012
x x x k1 k4 = x x
P Q
= = o = W lp— =
5 R
k3 = £ ks = = o =

SHORT ANSWER Type Questions
10. Acurrent is induced in coil C; due to the motion
of current carrying coil C..

(i) Write any two ways by which a large
deflection can be obtained in the
galvanometer G.

(ii) Suggest an alternative device to
demonstrate the induced current in place of
a galvanometer. Delhi 2011

1. Acoil Qis connected to low voltage bulb B and
placed near another coil P as shown in the
figure. Give reasons to explain the following
observations

(i) The bulb B lights.

(ii) Bulb gets dimmer, if the coil Q is moved
towards lefL.

@H AL source
@
—0Q P Delhi 2010

12. Two identical loops, one of copper and the
other of aluminium are rotated with the same
angular speed in the same magnetic field.
Compare

(i) the induced emf and
(ii) the current produced in the two coils. Justify
yOour answer. All India 2010

13. State Lenz's law. A metallic rod held
horizontally along East-West direction, is
allowed to fall under gravity. Will there be an
emf induced at its ends? Justify your answer.

Delhi 2013

14. Abar magnet is moved in the direction
indicated by the arrow between two coils PO
and CD. Predict the directions of induced

eurrent in each coil. All India 2012
P — C D
LR [ AT
N 5
% @
A A

15. Arectangular loop of length [ and breadth b is
placed at distance of x from infinitely long wire
carrying current i such that the direction of
current is parallel to breadth. If the loop moves
away from the current wire in a direction
perpendicular to it with a velocity v, what will
be the magnitude of emf in the loop?

16. A metallic rod of length L is rotated with angular
frequency of w with one end hinged at the centre
and the other end at the circumference of a
circular metallic ring of radius L, about an axis
passing through the centre and perpendicular to
the plane of the ring. A constant and a uniform
magnetic field B parallel to the axis is present



17.

18.

everywhere. Deduce the expression for the emf
between the centre and the metallic ring,
Delhi 2012

Why is the coil of dead beat galvanometer
wound on a metal frame?

Consider a magnet surrounded by a wire with
an ON/OFF switch as shown in the figure. If the
switch is thrown from the OFF position (open
circuit) to the ON position (closed circuit), will
a current flow in the circuit? Explain.

NCERT Exemplar

Bar
magnet
Circuit closed

Bar
magnet
Circuit open

Hints : The magnetic flux linked with a uniform surface

area A in a uniform magnetic field is given by
= B-A= BA cos 8. So, flux linked will changes, only
when either B or A or the angle between B and A changes.

19.

20.

21.

A wire in the form of tightly wound solenoid is
connected to a DC source and carries a current
I.If the coil is stretched, so that there are gaps
between successive elements of the spiral coil,
will the current increase or decrease? Explain.
NCERT Exemplar

Hints: Here, the application of Lenz’s law is
tested through this problem.

A solenoid is connected to a battery, so
that a steady current flows through it. If an iron
core is inserted into the solenoid, will the current
increase or decrease? Explain.

NCERT Exemplar

(i) Ametal ring is held horizontally and bar
magnet is dropped through the ring with its
length along the axis of the ring. What will
be the acceleration of a falling magnet?

(ii) Consider a metal ring kept on top of a fixed
solenoid (say on a cardboard) (see figure).
The centre of the ring
coincides with the axis of the Ring
solencid. If the current is @
suddenly switched ON, the

metal ring jumps up. Explain. ==t 1
NCERT Exemplar = =T

LONG ANSWER Type I Questions

22,

23.

24.

25.

Use Lenz's law to determine the direction of

induced current in the situations described by

figure.

(i) A wire of irregular shape turning into a
circular shape.

(ii} A circular loop being deformed into a

narrow straight wire. NCERT

L L M M

A metallic rod of length [ is moved
perpendicular to its length with velocity vin a
magnetic field B acting perpendicular to the
plane in which rod moves. Derive the
expression for the induced emf. All India 2017 C

Figure shows a rectangular conducting loop

ABCD in which arm CD of length a is movable.
The loop is kept in a uniform magnetic field B
directed downward perpendicular to the plane
of the loop. The arm CD is moved with a
uniform speed v.
!A £ £

=B = E ® 0 x E E

Deduce an expression for

(i) the emf induced across the arm CD

(ii) the external force required to move the arm
and

(iii) the power dissipated as heat.

(i) Arod of length ! is moved horizontally with
a uniform velocity vin a direction
perpendicular to its length through a region
in which a uniform magnetic field is acting
vertically downward. Derive the expression
for the emf induced across the ends of the
rod.

(ii) How does one understand this motional emf
by invoking the Lorentz force acting on the
free charge carriers of the conductor?
Explain. All India 2014



26. A metallic rod of length /is rotated with a
frequency v with one end hinged at the centre
and the other end at the circumference of a
circular metallic ring of radius r, about an axis
passing through the centre and perpendicular to
the plane of the ring.

A constant uniform magnetic field B parallel to
the axis is present everywhere. Using Lorentz
force, explain how emf is induced between the
centre and the metallic ring and hence obtain
the expression for it? Delhi 2013

LONG ANSWER Type Il Questions

27. Ametallic rod of length [ and resistance R is
rotated with a frequency v, with one end hinged
at the centre and the other end at the
circumference of a circular metallic ring of
radius [, about an axis passing through the
centre and perpendicular to the plane of the
ring. A constant and a uniform magnetic field B
parallel to the axis is present everywhere.

(i) Derive the expression for the induced emf
and the current in the rod.

(ii) Due to the presence of the current in the rod
and of the magnetic field, find the expression
for the magnitude and direction of the force
acting on this rod.

(iii) Hence, obtain the expression for the power
required to rotate the rod. All India 2014C

28. State Faraday's law of electromagnetic induction.
Figure shows a rectangular conductor PORS in
which the conductor PQ is free to move in a
uniform magnetic field B perpendicular to the
plane of the paper. The field extends from x =0
to x = b and is zero for x > b. Assume that only
the arm PQ possesses resistance r. When the
arm PQ is pulled outward from x =0 to x =2b and
is then moved backward to x = 0 with constant
speed v, obtain the expressions for the flux and
the induced emf.

Sketch the variation of these quantities with
distance 0 < x < 2b, All India 2010
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30.

31

32.

33.

NUMERICAL PROBLEMS

29. Arectangular loop of area 20 em x 30 em is

placed in magnetic field of 0.3 T with its plane

(i) normal to the field
(ii) inclined 30" to the field and

(iii) parallel to the field.

Find the flux linked with the coil in each
case.
The magnetic flux through a coil perpendicular
to the plane is given by ¢ = 5¢% + 41% + 2t.

Calculate induced emf through the coil att =2s

A circular coil of radius 10 em, 500 turns

and resistance 2 {1 is placed with its plane

perpendicular to the horizontal component

of the earth’s magnetic field. It is rotated about

its vertical diameter through 180° in 0.25 5.

Estimate the magnitude of the emf and current

induced in the coil. Horizontal component of the

earth’s magnetic field at the place is 3x 10 T.
NCERT Intext

A magnetic field in a certain region is given by
B = B, cos(wf)kand a coil of radius a with

resistance R, is placed in the xy-plane with its
centre at the origin in the magnetic field as
shown in the figure. Find the magnitude and
the direction of the current at (a, 0, 0) at

T T 3rn
f=—I=— d r=—
Zm ' man Py

NCERT Exemplar

A wheel with 15 metallic spokes each 60 cm
long, is rotated at 360 rev/min in a plane
normal to the horizontal component of the
earth’s magnetic field. The angle of dip at that
place is 60° If the emf induced between rim of
the wheel and the axle is 400 mV, calculate the
horizontal component of the earth’s magnetic
field at the place.
How will the induced emf change, if the
number of spokes is increased?

All India 2017C



34.

A horizontal straight wire 10 m long extending
from East to West is falling with a speed of
5.0 m/s, at right angles to the horizontal
component of the earth’s magnetic field,
0.30 x 10~ * Wb/m>
(i) What is the instantaneous value of the emf
induced in the wire?
(if) What is the direction of the emf?
(iii) Which end of the wire is at the higher electrical
potential? NCERT

35. Ajet plane is travelling towards West at a speed of

1800 km/h. What is the voltage difference
developed between the ends of the wing having a
span of 25 m, if the earth’s magnetic field at the
location has a magnitude of 5x10™ * T and the dip
angle is 30°7 NCERT

36. A1lmlong conducting rod rotates with an angular

frequency of 400 rad/s about an axis normal to the
rod passing through its one end. The other end of
the rod is in contact with a circular metallic ring. A
constant magnetic field of 0.5 T parallel to the axis
exists everywhere. Calculate the emf developed
between the centre and the ring. NCERT

37. Arectangular conductor LMNO is placed in a

38.

uniform magnetic field of 0.5 T. The field is
directed perpendicular to the plane of the
conductor.

® [ B E =
= = % = =
= = X o X =
= = % = =
= = % = =
x O x = = %

When the arm MN of length 20cm is moved
towards left with a velocity of 10 ms™, calculate the
emf induced in the arm. Given, the resistance of the
arm to be 50 (assuming that other arms are of
negligible resistance), find the value of the current
in the arm. All India 2013

A rectangular loop of sides 8 cm and 2 em with a
small cut is moving out of a region of a uniform
magnetic field of magnitude 0.3 T directed normal
to the loop. What is the voltage developed across
the cut, if velocity of loop is 1 cms™ in a direction
normal to the

39.

40.

4.

(i) longer side?

(ii) shorter side of the loop?
For how long does the induced voltage
last in each case? NCERT

A square loop of side 20 em is initially kept
30 cm away from a region of a uniform
magnetic field of 01T as shown in the figure.
It is then moved towards the right with a
velocity of 10 em s™ till it goes out of the
field. Plot a graph showing the variation of
(i) magnetic flux (¢) through the loop with

time ().
(ii) induced emf (¢) in the loop with time ¢.

(iii) induced current in the loop, if it has
resistance of 0.1 (1.

L v ¢ p— p—, B L down
L A

E—
oems” ||| ID_’
— ] e e ] e
aoem |11 |
i
20 cm | || |
A— - - S - U N

A square loop of side 12 cm with its sides
parallel to X and ¥ -axes is moved with a
velocity of 8 cm/s in the positive x-direction
in an environment containing a magnetic
field in the positive z-direction. The field is
neither a uniform in space nor constant in
time. It has a gradient of 10™* T/cm along
the negative y-direction (Le. it increases by 10
= T/em as one moves in the negative
x-direction) and it is decreasing in time at
the rate of 107 T/s. Determine the direction
and magnitude of the induced current in the
loop, if its resistance is 4.50 mg} . NCERT

A circular coil of radius 8.0 em and 20 turns
rotated about its vertical diameter with an
angular speed of 50 rad s™ in a uniform
horizontal magnetic field of magnitude

3% 107 T. Obtain the maximum and average
emf induced in the coil. If the coil forms a
closed loop of resistance 10 02 |, then
calculate the maximum value of current in
the coil. Calculate the average power loss
due to joule heating. Where does this power
come from? NCERT



HINTS AND SOLUTIONS

{¢) Current will be larger, when the magnet is pushed
faster towards the coil, also current is large when
magnet is pulled faster away but now it is in opposite
direction.

(b) Given, & = (5t* — 100t +300), t =2s

Induced electromotive force,
e=-39_ —1{5:‘ — 100t +300)
dt dt

£=—5%3t° +100 = -5%3({2)* +100

—5%12+100=—60+100=40 V

(d) When the A stops moving the current in B become
zero, it possible only if the current in A is constant. If
the current in A would be variable, there must be an
induced emf (current) in B even if the A stops moving.
(b) Induced emf across the ends of wire
e=B,lv=030x 107" % 20% 5= 3mV
No, this is because the magnetic field due to the current
in coil ( A or B) will be parallel to the plane of the other
coil { Bor A). Hence, the magnetic flux linked with the
other coil will be zero and so no current will be induced
in it.
The flux created by straight current carrying wire is

depicted in the figure.
As, induced emf (e) == rate of change A
7

of magnetic flux (&g)
and &y =B-A = BAcos 8
Here, BLA = &, = BAcos 90°=10
So, induced emf =0
Hence, a change in current of wire
will not create any emf in the loop.

Current in the wire is steadily increasing, so the induced
current in rings 1 and 2 will flow in such a way that it
opposes the increase of current.

So, it will flow in same direction. Now, from the figure, it is
clear that the direction of induced current in
(i) ring 1 is clockwise,

(ii) ring 2 is anti-clockwise.

Inducad current
1 is clockwize
[ (increasing)
: (L
Induced current is
anli-clockwise

8. From Lenz's law, the direction of induced current is in
clockwise sense. This implies that plate A of the
capacitor is at the higher potential than plate B, Le. B
will be negative plate, while A will be positive plate.

Since, magnetic flux increases, when the loop moves
into a uniform magnetic field. So, the induced current
should oppose this increase. Thus, the flow will be from
QPSRQ, Le. anti-clockwise.

10. (i) Large deflection in the galvanometer can be obtained
when change in magnetic flux is fast. So, according to
the diagram given in question,

(a) by moving quickly, the coil C, towards C, or by
moving quickly the coil C, away from C,.
(b) by switching off and on the key.
(ii) Alternating device in place of galvanometer can be
LED or bulb.

11. (i) Due to varying current in P, the flux linked with P
change and hence Q changes, which in turn induces
the emfin () and bulb B lights, where Pand Q are coils.

(ii) When  is moved left or it goes away from P, the
lesser flux charge takes place in Q. This leads to
decrease the value of rate of change of magnetic flux
and hence, lesser emf and bulb B gets dimmer.

12, (i) The induced emf in both the loops will be same as
areas of the loop and time periods are same as they are
identical and rotated with same angular speed.

(ii) The current induces in Cu coil is more than Al coil as

1
Cu coil has lesser resistance and I:-:E (for the

same voltage).

13. Lenz's law states that the polarity of induced emf is such
that, it tends to produce a current which opposes the
change in magnetic flux that produced it.

Yes, emf will be induced in the rod as there is change in
magnetic flux.

14. From the figure, it is clear that North pole of the magnet
is moving away from coil PQ, so the direction of current
at end ) will flow in such a way that it will oppose the
away moment of North pole, so it has to act as South

pole. Hence, the direction of current will be clockwise.

Again, the South pole is approaching towards coil CD,
s0 end C of the coil will act as South pole (to oppose the
approaching South pole). Hence, the direction of current
will be clockwise.

When a metallic rod held horizontally along East-West
direction, is allowed to fall freely under gravity, i.e. fall
from North to South direction, the intensity of magnetic
lines of the earth’'s magnetic field changes through it, i.e.
the magnetic flux changes and hence the induced emf in
it. When we increase the number of turns, the induced
emf will increase because induced emf is directly
proportional to the number of turns.

15. Since, loop is moving away from the wire, so the
direction of current in the loop will be as shown in the

figure.

b

B
I—:;—f—'i
1
i

Net magnetic field on the loop due to wire,



_ |.|.D:'|:1 1 ]_ Wil 22 (i) Here, the direction of magnetic field is perpendi-

ol x 1+x| 2nx {+ x) cularly inwards to the plane of paper. If a wire of
irregular shape turns into a circular shape then its
5o, the magnitude of the emf in the loop, area increases (therefore the circular loop has greater
¢ = vBh= Wyilv b area than the loop of irregular shape), so that the
2 x(l + x) magnetic flux linked also increases. Now, the induced
a1 current is produced in a direction such that it
16. Angular velocity of rod, @ = —, where T = time period decreases the magnetic field, i.e. the current will flow
T in such a direction, so that the wire forming the loop
- Charge in flux in one revolution = BA = B(nL") is pulled inward in all directions (to decrease the
According to Faraday’s law of EMI, magnitude of area), i.e. current is in anti-clockwise direction, i.e.
induced emf, along adcha.
Ad  Brl®  Bnl® m (i) When a circular loop deforms into a narrow straight
SAT T (zm) [ Tm o wire, the magnetic flux linked with it also decreases.
[—] The current induced due to change in flux will flow in
@ such a direction that it will oppose the decrease in
= le_,_—,L’ magnetic flux, so it will flow anti-clockwise, L.e. along
2 adcha due to which the magnetic field produced will
which is the required expression. be out of the plane of paper.
17. On switching ON, the current in a galvanometer, the 23. Refer to text on page 255.
coil of the galvanometer does not come to rest 24. Refer to text Example 9 on page 257.

immediately. It oscillates about its equilibrium position
but the coil of a dead beat galvanometer comes to rest
immediately. It is due to the reason that the eddy
currents are set up in the metallic frame, over which the
coil is wound and the eddy currents oppose the
oscillatory motion of the coil.

25. (i) Refer to text on page 255.
(ii) During motion, free electrons are o
shifted at one end due to magnetic force.
So, due to polarisation of rod electric
field is produced which applies electric
force on free electrons in an opposite | *® [~V

18. When the switch is thrown from the OFF position direction |
(open circuit) to the ON position (closed circuit), then At equilibrium of Lorentz force, Fm
neither Bnor A and the angle between Band A does F +F =0 (=)

not change. Thus, no change in magnetic flux linked with
coil occur, hence no electromotive force is produced and
consequently, no current will flow in the circuit.

where, F, = force due to electric field = gE
F,, = force due to magnetic field = g(v x B)

. gE+g{vxB)=0
19. When the coil is stretched, so that there are gaps . E=—vxB=Bxvy
between successive elements of the spiral coil, i.e. the .
= |E|= Bvsinf

wires are pulled apart which lead to the flux leakage
through the gaps. According to Lenz’'s law, the emf
produced must oppose this decrease, which can be done

Case 1 If B, E and v are collinear, then charged
particle is moving parallel or anti-parallel.

Casell If v, E and B are mutually perpendicular, i.e.

by an increase in current. So, the current will increase. 8=090° then Lorentz force is zero which means

20. When the iron core is inserted in the current carrying particle will pass through the field without any
solenoid, the magnetic field increases due to the change.
magpetisation of iron core and consequently, the flux 26. Suppose the length of the rod is greater than the radius

increases. According to Lenz’s law, the emf produced
must oppose this increase in flux, which can be done by
making decrease in current. So, the current will decrease.

of the circle and rod rotates anti-clockwise. Suppose the
direction of the rod at any instant be along positive
y-direction and the direction of the magnetic field is

21. (i) Asthe magnet falls, the magnetic flux linked with the along positive z- direction.
ring increases. This induces emf in the ring which Then, using Lorentz law, we get the following,
opposes the motion of the falling magnet, hence a< g F=—¢e(vxB)=F=—¢ f‘-’} % B fl}

(it) When current is suddenly switched ON, magnetic flux - -
linked with the solencid and thus, with metsl rieg = F=—evBi L fxk=1]
increases. Current is induced in the ring in Thus, the direction of force on the electrons is along
anti-clockwise direction (as seen from top of the ring). X-axis. Thus, the electrons will move towards the centre,
Since, the direction of flow of current in the ring is i.e. the fixed end of the rod. This movement of electrons
opposite to the current in the solenoid, therefore they will result in current having the direction opposite that

will repel each other and the ring jumps up. of electrons and hence, it will produce emf in the rod



between the fixed end and the point touching the ring.
Let 8 be the angle between the rod and radius of the

circle at any time t.

Then, area swept by the rod inside the circle = % nr'e

Mow, induced emf = B x i [l T:rzﬂ) = l-i'lrzﬂE
de \ 2 2 dt

1 1 .
=—nr'Bw=—mnr'B2nv) = n'r By
2 2

27. (i) Refer to text on pages 255 and 256,

(ii) Refer to text on page 256.
(iii) Refer to text on page 256.

28. For statement of Faraday's law of electromagnetic

induction. Refer to text on pages 252 and 253.
According to the given figure.
Casel When PQ moves forward.
(1) Foro<x=<bh
Magnetic field B exists in the region.
. Area of loop PORS = Ix
. Magnetic flux linked with loop PORS,

¢ = BA = Bix
=% o= Bix L1y
(i) For 2b=zx2b (b= x=0)
B=0

Flux linked with loop PORS is a uniform and given
by

¢ = Blb .{ii)
= x=b
Forward journey
Thus, forb>xz0
Flux, = Bix = e x
For 2bzxz2b
Flux, &= BH
Backward journey
For b< x < 2h,

¢ = constant = BW
ForD= x=bh,

= Blx
Graphical representation

[constant]

|decreasing)]

Forward
joumey
b=Bbl |===

journey

[ = 3 N ———

i

i

i

1

i

i

i

|

i

]
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i

I

i

]
2b

W ——

1 o PSR-

Casell For b>x20 B=0
As, = Bix

= ﬂ=B.|"£=B‘I.»!' [ 1.-'=£
dt dt di
Induced emf, f=—ﬁ=—vﬂ!
dt
For bz xz2b
As, ¢"=Bb!':5 i=1]:51?=l]
dt
Forward journey
For b=x20 = e=—vBl
For 2bzx2b = e=0

Backward journey
b>x20= e=vBl
bz x2h e=0
WVariation of induced emf

For
For

Forward | Raturn
joumey | journey
+ By p==m=—m==- i ininint
]
]
]
]
H
ot t  12b b 0
iox
]
H
=Bl !
]
1

29, Here, A=20cmx 30 cm=6 %107 m?®

B=03T
Let @ be the angle made by the field B with the normal to
the plane of the coil
(i) Here, ©=90°—90°=0°
So, flux, &= BA cos 6
h=073%6x10" % cos0®
=18x107" Wh
(i) Here, 8 = 90° —30° = 60°
B=03%6%10" % cos 607
B=0.9%x10"" Wh
(1ii) Here, 8 =90°
B=03%6x107" X cos 90°

o=0
30. As we know that, E=;ﬂ
t
As, d=5t" +41" + 2
So, e=15t> +8r +2
For t=2s, e=15x2" +8x2+2

=60+16+2=T8V

31. Here, radius, r=10cm =10"" m, N = 500 turns

Resistance, R = 20}, 6, =0° 8, =180°

di =0.255 e=? =7 B=3x10"T,
A=mrt=314 (107" = 3.14 x 107 m?



= eée=

N(do) N(6,-9,)
T = dt
_ NBA (cos 8, — cos 6,)
- dt
5003 %107 % 3.14 X 10™*(cos 180° — cos 0°)
0.25
_ 2% 500X 3% 3.14X107
B 0.25
il T e I oA
R 2
32. Atany instant, flux passing through the ring is given
by ¢=B-A=BAcosf= BA [-8=0]
or ¢= B,(na*)cosmt [ B= B,cosot]

=38x107° V

By Faraday's law of electromagnetic
induction, @k
the magnitude of induced emf is
given by

.............. X

. 2) @si .
es . B,(na” ) wsinwt i

This causes flow of induced current,
which is given by

I = By(na®) osinwt /R
Now, finding the values of current at different instants.
So, we have current at
_ By(na*)w

2 along ;

n
t=— = 1
20
Because sinwt = sm(mi) = sinﬁ =1
20 2

2
At t=—=s l=i’tsl(9-xsinn=0

{ R n R
Because sin@t = sin (m -—):smn=0
[0}

At 1=3_n:l=.84..!na_.
2m

= —_——]

2
33. Refer to Example 7 on page 256, B, =58 X 107°T

The number of spokes is immaterial because the emf's
across the spokes are in parallel.

g . ( 3x] . 3m
Because sin®t =sin |0 —|=
2m

34. Given, velocity of straight wire, W 10m E
v=5m/s |
Horizontal component of the

earth’s magnetic field, v

B=030x10"" Wh/m*
Length of wire, /=10m

(i) The emf induced in the wire, ¢ = Blvsin 6
Here, 6 = 90°
- sin@=1 [ wire is falling at right angle to the
earth’s horizontal magnetic field component]

e=030x10"*x 10x 5
=15x10"°V
(ii) According to the Fleming's right hand rule, if the
force is downward, then the direction of induced emf
will be from West to East.
(iii) As the direction of induced emf is from West to East,
the West end of the wire is at higher potential.

35. Given, speed of jet plane,
V=1800k1’n/h=1800)<-—5§
1

=500 m/s
and / = distance between the ends of the wings = 25m
The magnitude of magnetic field,
B=5x10"'T
Angle of dip, § = 30°
Use the formula of motional emf,
e=B,vl or e=(Bsind)v
[ vertical component of the earth’s magnetic field,
B, = Bsin 8]
=e=5x10""sin30° X500 X 25 =3.1V
Thus, the voltage difference developed between the ends
is3.1V.
36. Refer to Example 7 on page 256, e =10V
37. Given,B=05T
I=20cm=02m
v=10ms™
emf induced |e|=|Blv|=|-05% 0.2x10|]=1V

Currentinthearm.l=%=%=0.2}\

38. Here, area, A =8x 2=16cm” =16 x10"*' m*
B=03T,v=lcm/s=10" m/s
Induced emf, e =7
(i) When velocity is normal to longer side,
I=8cm=8x10"m
e=Blv=03x8x107 x10™
=24x100'V

Induced emf lasts till the loop comes out of field.

Distance covered by coil in uniform
magnetic field

Velocity of the coil
2x107

10
(ii) When velocity is normal to shorter side,

I=2em=2x10"m

Time, t =

= t=2s

e=Blv=03x2x107 x 107
=06x 107"V
. The induced voltage lasts for time,



Distance covered by coil in uniform
magnetic field

Velocity of the coil

=

-2
5x10
= — =58z
10

39. Given, [ =20cm =02 m,
B=01T,v=10cms "' =0.1ms™’
(i) Magnetic flux through loop = B-A = Blx
B, =01x02x02
=0004Wh=4x10""Wb

1
& (W)
4x1073
o s -
(ii) Induced emf, e=dﬂ=—ﬂm
T
o8] e = 0.1 X 0.2%0.1= 0002 V
=2x107'V
LS U S
(= S N O
— e
LS R R S
2x1073
t | |
e(V) t(s) —»
ey
. le]  2x107 2
(iii) Induced current, [ = —=—_=2x10""A

1

2!1{!{2
1A | f(g)—=
=2% 1072 ;

r

40. Given, side of loop, a=12em

. Area of loop, A =a* =(12)* =144 em® =144 x 107 *m”

Velocity, v=8cm/s=8x107" m/fs [X-axis]
Rate of change of magnetic field with distance,
% =107 T/em  [negative X-axis)
Rate of change of magnetic field with time,
B ot s

dt

41

Resistance of the loop, R=45mQ = 4 5x107 0

Rate of change of magnetic flux with respect to time,
i _d{BA}_(dB)A
dt
=107 % 144 x 107*
=144 x 107 Whis
Rate of change of magnetic flux due to the motion of
loop,
do_dB_, dx

A— =107 %144 x 107  x 8
dt  dx dt

d—x = \rt:lu:.'it_v-l
dt J

= 11.52% 107 Whys

Both of the effects cause a decrease in magnetic flux
along the positive z-direction.
Total induced emf in the loop,

e= 144 %107 + 11.52% 107

e=1296x10"V

-5
1296 x 10
Induced current in the loop = . o LY

R 45%x107?
=288 %1077 A

The direction of induced current is such as to increase
the flux through the loop along positive z-direction, ie.
induced current will be anti-clockwise.

Given, radius of coil, r=80cm=8 x 107 m
N = 20 turns, o =50rads™",
B=3x10"T ,e,=7. e, =7

Resistance, R=100, P=7

As, £,= NABm = N (nr*) Bw [+ A=mnr']

22 _ _
e, = znxTx{sxm 1) %3 %107 x50

£, = 0603V
Average value of emf induced over a full cycle,

Average power dissipated,

p = Eolo _ 0603 X 00603
o2 2
P, =0018W

The induced current causes a torque opposing the
rotation of the coil. An external agent (rotor) must
supply torque {and do work) to counter this torque in
order to keep the coil rotating uniformly. Thus, the
source of power dissipated as heat in the coil is the
external rotor.



| TOPIC 2|
Self and Mutual Induction

INDUCTANCE

Flux linl(a.gl: of a c|uscly wound coil is clircctl}r pmpclrtiona'

to the current
ie. hgoed
If the geomerry of the coil does not varying with time, then

dp A

="

de dr

For a closely wound coil of N turns, the same magnetic flux
is linked with all turns. The flux ¢, through the coil
changes, each turn contributes to the induced emf.
Therefore, flux linked with the coil (flux link.lgc] 15 cqual to
Npg. In this case,

Total flux, Nobogolt

The constant of pmpartionalit}f in this relation is called
inductance. Therefore, inductance is basically a measure of
the rario of the flux to the current,

The SI unit of inductance is the tesla-square metre per
ampere (T -m'}.f)\}_ We call chis as hcnr}r (H), named in the
honour of American physicist Joseph Henry, who

di.scavcr:s tI.'!.C J.EW DIF inductlan ﬂ.l'ld d cuntcmparar_v Df

Faraday and its dimensions are | ML? T_QA_'}],
Thus, 1H=1T-m*/A

Inductance is a scalar quantity which p|.'1)-'.s same role in an
electrical circuit as playcd by inertia in mechanics. It
dcpcnds unl}«' on the geometry of the coil and intrinsic
material properties.

SELF-INDUCTANCE

It is the property of a coil by virtue of which, the coil
opposcs any change in the strength of current flowing
thrﬂugh it h}r inducing an emf in itself. This induced emfis
also called back emf. When the current in a coil is switched
ON, the opposes the gmwrh of the current and when the
current is switched OFF, the self-inducton opposes the
dccay of the current. So, self-induction is also called the
inertia of electricity.

Coefficient of Self-Induction

Let us consider a coil of V turns carrying a current £. Letdy
be the magnetic flux linked with each turn of the coil.
Then, the number of flux linked through the coil will
be Ndjg.

If no magnetic materials (iron, etc.) are present near the
coil, then the number of flux linkagcs with the coil is
proportional to the current J, i.c.

Nogod or Nog=L1{
where, L is constant called the coefficient of self-induction
or self-inductance of the coil.
By the above equation, we have

Nbg
!

L= (1)

If 7 =1, then L=Ndg.
Hence, the coefficient of self-induction of a coil is

numcrica“y cqual to the number nFmagncric flux |inlr;;gcs
with the coil when unit current is ﬂnwing thn:uugh the coil.

If on changing the current rhruugh the coil, the back emf
induced in the coil be e, then by Faraday's law, we have

A0 _ANG,)
At LY

where, A [Nlbs}fﬁr is the rate ofchang: of magnetic flux
(due to change of current) in the coil. But Nz = L1

ALLI) I E

Ar A

where, AUA¢ is the rate nfcha.ngc of current in the coil. The
negative sign indicates that the induced emf ¢ is always in
such a direction thar it opposes the chang: of current in the
coil. From the above formula, we have

= -

£ =

[

L=-
AlAt

L)

If Al/Ar=1, then L =¢ (numerically).

Hence, the cocthicient of self-induction of a coill s
numcric.'l“}r cqu:-ll to the emf induced in the coil when the
rate of change of current in the coil is unity.

The SI unit of the coefficient of self-induction is henry (H)
and its dimensions are [MLET_'}EL - ] Thus, the
self-inducrance of a coil is 1 hcnry when an induced emf of
1volt is set up in the coil due to a current changing ar the

rate of 1 ampere per second in the coil, i.c.

1 volt
1 henry = b

1 ampcr:.fs:cund
Thus, as before, 1 H=1 Vs A~ = 1Wh A~
But from Eq. (i), 1 henry =1 weber/ampere.



The smaller units for £ are mi“ihcnr}-’ (mH) and
microhenry (LLH).
ImH=10"7"H,1pH=10"*H
Mote When two coils of coefficient of seff-induction L, and L, are
(i) connected in series, then L= 1, + L.

. . 1 1 1
{iiy connected in parallel, then — = —+ —.
L'LL

Self-Inductance of Long Solenoid

A long solenoid is one whose length is very large as
cnmpar-:d to its area of cross-secrion. The magnetic field B
at any point inside such a solenoid is practically constant

and is given by
NI
p=te =, nl ['.':r=%]...{i]
where, L, = magnetic pcrmcabﬂil}r of free space,

N = total number of turns in the solenoid,
{ = length of the solenoid
and n = number of turns per unir length.
. Magnetic flux through each wrn of the solenoid,
= B x arca of the cach turn

N
"I":(PDTI]A

where, A = area of each turn of the solenoid.
Total magnetic flux linked with the solenoid
= Flux through each turn X Total number of turns

N¢=un%fdxm’ ... (i)

If L is coefficient of self-inductance of the solenoid, then
No=LI ... (111)
From Eqgs. (ii) and (1), we ger
woN?A
!

If core of any other magneric marerial W is placed, then

N
LI =py—IAXNor |L=

L=y K, [K, = relative magnetic permeability]
_ ,'I'CI j'l'rN Z‘A
-

Mote This topic has been frequenily asked in previous years 2015,
2014, 2013, 2012, 2011, 2010.

L

EXAMPLE |1| Current in a circuit falls steadily from
2.0 A to 0.0 A in 10 ms. If an average emf of 200 V is
induced, calculate the self-inductance of the circuit.

Foreign 2011

Sol Given, Al=—2A, At =10x%107%s
e=200V, L=7
- Induced emf, & = LA =t [_—2_]
At 10% 107
= 200=Lx 2x 10°
s Self-induction, L =1 H

EXAMPLE |2| Whatis the self-inductance of a solenoid
of length 40 cm, area of cross-section 20 cm? and total
number of turns is 8007
Sol Given, =40 cm=04m
A=20cm® = 20% 107" m*
N=gon, L="
- W NZA _4mx 1077 % (B0D0)* x 20% 107 *
I 0.4
= 402x10"°H

EXAMPLE |3| In the circuit diagram shown in figure,
R=10Q, L=5H E=20V, I=2A. This current is
decreasing at a rate of —1.0 A/s. Find V', at this instant.

L b
T —— ——

a

R !
. AN

Sol. Potential difference across inductor is given as

dl
Vi=L—=(5)(-10)=-5V
p=1i= (5) (- 1.0}

Now, using Kirchhoff's second law, V, - IR-V, - E =V
Va=sV,-V,=E+IR+V,
=20+ 2){10)-5
=35V

Energy Stored in an Inductor

The energy of a capacitor Is stored in the electric field
between its plates. Similarly, an inductor has the capability
of storing energy in its magneric field.

I (Increasing)
T

—]

dal
g=L—
ot

An increasing current in an inductor causes an emf between
its terminals.

The work done per unit time is power,

[ Pzﬂz—ff:—ifﬂ]
dt

g




From dW == dU
dW dU
or ¥ =— o we have
a_,4a
dt dt
or dU = LI dI

The total energy U supplied while the current increases from

zero to a final value /7 is
7 Yooon
U=L| tdr==11*
0 2

[W:U:luz]
2

Energy stored per unit volume(V) in magnetic field is known
as energy density.

[Encrgy density = % = li}

Thus, if I =1A, then2W =L

Hence, the cocfficient of self-inductance is equal to twice the
work done in establishing a flow of one ampere current in the
circuit.

EXAMPLE |4| Two coils having self-inductances,
L, =5mHand L, = 1mH. The current in the coil is increasing
at same constant rate at a certain instant and the power
supplied to the coils is also same. Find the ratio of
(i) induced voltages (ii) currents
(iii) energy stored in two coils at that instant.
Sol. Given, L, =5mH and L, =1mH

(i) As we know, induced voltage is given by e = L&

dt
G i) 15 8% i)
e, Ly(dl/dt) L, 1
(i1) Power in the coil is given by
P=el

I
Here, =P, = e 1, =¢,1, = *=
2

~

-2
€

Using Eq. (i), we can write as, i i 1:5
I

(iii) Energy stored in a coil is given by U = lZLiz

U, W2)L,0; Ly\e

=§(l) =1:5
1\5

U, LI L [e_,]”

EXAMPLE |5| Suppose a cube of volume 2mm* is
placed at the centre of a circular loop of radius 5cm
carrying current 2A. Find the magnetic energy stored
inside the cube.

Sol.

Magnetic field at the centre of the circular loop is
. Wi
iven byB = ==,

g Y 2R

2

We know, energy density, i = ZB and energy stored
0

in the cube will be g!iven by
Vo

B

U=pV, =
Ve ™

where, V,, is the volume of the cube.
Substituting the values in the above equation,
2
= —l X (Ei] Vo = u—"lzvo
2u, \2R 8R*
_4nx 107 x 2* x 2x107°
8x (0.05)°

MUTUAL INDUCTANCE

The phenomenon according to which an opposing emf is
produced in a coil (i.e. primary coil) as a result of change
in current or magnetic flux linked with a neighbouring
coil (i.e. secondary coil) is called mutual induction.

=16mx 107" ]

=
o
w
PN
©

Mutual induction

Coefficient of Mutual Induction

Let a current of /;ampere flows in the primary coil (2).
Due to this current, the magnetic flux linked with each
turn of the secondary coil (5) be §,. If NV, is the number
of turns in the secondary coil, then the number of flux
linkages in the coil will be NV,0,. This number of flux
linkages is proportional to the current /, flowing in the
primary coil, i.ec.
N,yb, eI, or N,o,=MI,



where, M is a constant called the coefficient of mutual
induction or mutual inductance of the two coils. From the
above equation, we have

N
M= 2¢l

‘rl
If 7, =1, then M=N,0,

Hence, the coefficient of mutual induction of two coils is
cqua| to the number of magnetic Hux |in|cagcs in one coil
when a unit current flows in the other.

If on changing the current in the primary coil, the emf
induced in the s:cundar}r coil is €3, then accurding to
Famda}"s law, we have

ooy, 0 AN, 0)

Ae Ar
where, Ad, /At is the rate of change of magnetic flux in the

secondary coil (due to change of current in the primary
coil). Bur NV b, = MI,.

AlMI) Al
e fz = - = = —

Ar At

where, Af fAr s the rate of changc of current in the
primary coil. The negative sign indicates that the direction
of emf induced in the secondary coil is always such thar i
opposes any changc in current in the primary coil.
From the above expression, we have

£

Mutual inductance, M =—
AT TAr

If AT JAt =1, then M =, (numerically).

Hence, the coefficient of murual induction of two coils is
:qua| to the numerical value of the induced emf in one coil
when the rate of change of current in other coil is uniry.

The SI unit of the coefficient of mutual inducrance is hcnr}r
(H). Thus, the mutual inductance of two coils is 1 hcnr}-’
when an induced emf of 1 volt is set up in one of them due
to a current changing at the rate of 1 ampere per second in

the other.

1vol
Le. 1 henry = vor

1 ampcrcfs:l:und

or IH=1VsA™ =1 WbA™
The coefficient of mutual induction or mutual inductance
of two coils d:pcnd on
(i) geometry of two coils, i.e. size of coils, their shap-:,
number of turns, nature of marerial on which two
coils are wound.

(ii) distance berween two coils.

(111) relative plan:mcnt of two coils (L.e. orientaton of the
two coils).

Mutual Inductance of
Two Long Coaxial Solenoids

Consider two long solenoids §; and 5, of same length /,
such thar selenoid 5, surrounds solenoid §, completely.

Two long coaxial solenoids of same length !

Let n, be the number of turns per unit ll:ngth DFS. \ 1y be
the number of turns per unit length of 5,, J, be current
passed through solenoid S, and ¢,, be flux linked with 5,
due to current fllowing through 5,.
$y =i, or by =M, I,
where, M 5, is the coefficient of murtual induction of the
two solenoids.
When current is passcd thmugh solenoid Sy, an emf is
induced in solenoid §,.Magnetic field produced inside
solenoid 5, on passing current through ir.
By =pgm i,
Magneric flux linked with each turn of solenoid 5§, will be
l:qua] w B, times the area of cross-section of solenoid &
Magneric flux linked with each turn of the solenoid
8§, =84
Therefore, roral magneric flux linked with the solenoid 8,
will be
0y =B Axn,l
=Wom I, % Axn,d
Oy =pnonymy Al
M2L=|,.luﬂlnzjif L. (1)
Similarl}r, the mutual inductance between the two
solenoids, when current is passed through solenoid S5 and
induced emf is produced in solenoid §; and is given by
My =Wonny Al
My=M, =M (say)
Hence, coefficient of murual inducrion berween two long
solenoids,
M=pw,nn, Al

We can rewrite Eq. (i) as,

M= uﬂ[%][%J nrn® %I

_ BNy Ny 4
[



If core of any other magnetic material p is placed, then

Wolt, Ny VoA ]
)

MNote This topic has been frequently asked in previous years 2015,
2013, 22, 2011, 2010.

M=

EXAMPLE |6| There are two coils, which have mutual
inductance of 10 H. When the circuit is closed, current in
the primary coil is raised to 3 A within a time range of
1 millisecond. Calculate the emf induced in secondary coil.
Sol Given, mutual inductance, M= 10 H
Change in current, dl =3A
Change in time, dt =1 millisecond = 107s
emf induced, e =7
Mdl
dt

emf induced in secondary coil is given by ¢ =

10%3 _

-, emf induced = ——= =3x 10" V
0

EXAMPLE |7| A 1m long solenoid with diameter 2 cm
and 2000 turns has a secondary coil of 1000 turns wound
closely mear its mid-point. What will be the mutual
inductance between the two coils?

2 .
Sol Given,I=1mr= Etm =lem=10"m

N, = 2000,N, =1000, A = nr* = (107 )* m*
=ax107 ' m*, M =7
. Mutual inductance between the two coils is given by
A< NN A _dam %1077 % 2000 %1000 % 1 x10™*

! 107
=789x10"" H

EXAMPLE |8| A circular wire z
loop of radius R is placed in
the X¥-plane centred at the origin
0. A square loop of side a (a << R)
having two turns is placed with its

t
centre at z = +/3 R along the axis of 3R
the circular wire loop, as shown in R v
figure. The plane of the square loop ¥

makes an angle of 45% with respect
to the Z-axis. If the mutual inductance between the loops is

2
then find the value of p.

. Ly @
given by 2p/2

RJ’

Sol If I current flows through the circular loop, then
magnetic field at the location of square loop is

_ bR
AR+ ZEPR
Substituting the value of £ = V3R, we have
p=bel
16R
Now, total flux through the square loop is

ity = NBS cos @
i1
=(2) [”L] a* cos 45°
16R

Mutual inductance,
M=t o Bt
I 2!.]'2 R
p=7

AC GENERATOR

An AC generator produces electrical energy from
mechanical work, just the opposite of what a motor does.
In it, a shaft is rotared h}r some mechanical means, such as
an engine or a turbine starts working and an emf is induced
in the coil.

Principle

It is based on the phcnamtnun of c|cctramagm:1:ic
induction which states that whenever magnetic flux
linked with a conductor (or coil) changes, an emf is

induced in the coil.

Main Parts of an AC Generator

Main parts of an AC generator are shown in the figure
and discussed as given below

Armature A rectangular coil ABCD consisting of a large
number of turns of copper wire wound over a soft iron
core is called armarure. The soft iron core is used to
increase the magnetic flux.

Field magnets ['wo palc picces of a strong elect-
romagnet.

Slip rings The ends of the coil ABCD are connected to
two hollow metallic rings R, and R,.
Brushes B, and B, are two flexible metal plates or

carbon rods. Thl:‘_\,l' are fixed and are Ic:pt in slight contact
with B, and R,.
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Theory and Working

As the armarure of coil is rotated in the uniform
magnetic field, angle 8 berween the field and
normal to the coil changes continuously.
Therefore, magnetic flux linked with the coil
changcs and an emf is induced in the coil.
According to Fleming's right hand rule, current
induced in A8 is from A to B and it is from C o
D in CD. In the external circuit, current flows
from B, tw B,.
To calculate the m:;gnitudc of emf induced,
suppose

A= area of each turn of the coil,

N = number of turns in the coil,

B= strcngrh uFmagnctic field,

6= angh: which normal to the coil and B

at any instant ¢

.. Mormal
\'\\

‘\\ Coil
S E‘% N

Magnetic flux linked with the coil in this
position,

=N (B-A)
= NBA cosB
= NBA cos o [ 8 = e

where, @ is angular velociry of the coil and other symbaols have usual
meaning.
As, the coil rotates, angle 8 changes. Therefore, magnetic flux ¢ linked

with the coil changes and hence, an emf is induced in the coil. At this
instant ¢, if e is the emf induced in the coil, then

do

di
= = i (NAB cos wr)
= a": CO%

&=

== NAR % {cos )

== NAB (= sin ) 0 = NAB @ sin 6
where, NBA @ is the maximum value of the emf (also called peak
value) which occurs when sin @ =+1
If NEAw = a1 then ¢ =e sin ¢
Since, the value of the sine function varies between+1and 1. So, the
polarity of emf changes with time. The emf has its extreme value
when 8=90°0r 8 =270° as the changc of flux is greatest at these
points. The direction of the induced emf (and hence current) r.:l'langcs
p:riadic:;lly as shown in the ﬁgu.n: given below. Therefore, the current
is called alternating current.
Since, w=2my
R e=eysin2AVe

where, V is the frequency of revolution of the generator’s coil,

> T

o FE——

3
E
“
2

In commercial generators, the mechanical energy required for
rotation of armarure is provided by water falling from heighr, c.g.
dams. These are called hydroelectric generators.

If the steam ar high pressure is used to pruduct the rotation of
armature, these are called thermal generators. Instead of coal, if a
nuclear fuel is used, we get nuclear power generators.

Mote In India, the frequency of generation of AC is 50 Hz.



EXAMPLE |9| An AC generator consists of a coil of
1000 turns and cross-sectional area of 100 cm?, rotating at
an angular speed of 100 rpm in a uniform magnetic field of
3.6 x 10”2 T. Calculate the maximum emf produced in the
coil.

Sol. Given, N =1000, A =100 cm® =107 m?,

100
Vv =100 rpm = —1ps,
rp 60"P

B=36x10"T, e, =7
- Maximum emf produced in the coil is
e, = NBA @ = NBA (2rv)
=1000%3.6x107% X107 x 2x 22 x 22
7 60
=377V

TOPIC PRACTICE 2 |

OBJECTIVE Type Questions

1. The self-inductance of a coil is 2 mH. The rate
of flow of current in it is 10° A/s. The induced
electromotive force in the coil is
@)1V b)2v
)3V (d)yav

2. The self inductance L of a solenoid of length /
and area of cross-section A, with a fixed
number of turns N increases as
(a) [ and A increase
(b) I decreases and A increases

(c) ! increases and A decreases
(d) both / and A decrease

3. If a medium of relative permeability u, had
been present instead of air, the mutual
inductance would be
(a) M=p p nn,mrl (b) M=p n nznr,zl
() M=p, nn,mr’l  (d) M=p, pu nn,nr’l

4. Two coils are placed close to each other. The
mutual inductance of the pair of coils depends
upon
(a) the rates at which currents are changing in the

two coils
(b) relative position and orientation of the two coils
(c) the materials of the wires of the coils
(d) the currents in the two coils

5.

The effective area of the coil exposed to the
magnetic field lines changes with time, the flux
at any time is

(a) 05 = BA cotwt
(b) 65 = BA cos wt
(c) &5 = BAtan wt
(d) ¢, = BAsecwt

VERY SHORT ANSWER Type Questions

6.
f £

10.

11

12.

Can a straight wire act as an inductor?

Define the term self-inductance of a coil. Write
its SI unit. Delhi 2015

How can the self-inductance of a given coil
having N number of turns, area of cross-section

A and length /be increased?
Foreign 2009; Delhi 2012

A plot of magnetic flux (¢) versus current (I) is

shown in the figure for two inductors A and B.
Which of the two has larger value of

self-inductance? Delhi 2010
] A

I

Self-induction is called the inertia of electricity.

Why?

Define mutual inductance. Write its SI unit.
Delhi 2016

How does the mutual inductance of a pair of
coils change when

(i) distance between the coils is increased and

(ii) number of turns in the coils is increased?
All India 2013

SHORT ANSWER Type Questions

13.

A source of emf e is used to establish a current /
through a coil of self-inductance L . Show that
the work done by the source to build up the

1
current [ is 3 LI Delhi 2010 C



14.

15.

16.

Define mutual inductance between two long
coaxial solenoids. Find out the expression for the
mutual inductance of inner solenoid of length /
having the radius r, and the number of turns n, per
unit length due to the second outer solenoid of
same length and n, number of turns per unit
length. Delhi 2012

Two concentric circular coils, one of radius r and
the other of radius R are placed coaxially with
their centres coinciding. For R >=> r, obtain an
expression for the mutual inductance of the
arrangement. Delhi 2011

A small square loop of wire of side [is placed
inside a large square loop of wire of side L({L>> [).
The loops are coplanar and their centres coincide.
Give the dependence of mutual inductance.

LONG ANSWER Type I Questions

17.

18.

19.

(i) Define self-inductance. Write its 51 units.
(ii) Derive the expression for self-inductance of a

long solenoid of length [, cross-sectional area A
having N number of turns. Delhi 2009

Starting from the expression for the energy,

W= %LI 2, stored in a solenoid of self-inductance L

to build up the current I, obtain the expression for
the magnetic energy in terms of the magnetic field
B, area A and length [ of the solenoid having n
number of turns per unit length. Hence, show that
the energy density is given by B*/2 .

Delhi 2013C

The current through two inductors of

self-inductance 12 mH and 30 mH is increasing

with time at the same rate. Draw graphs showing

the variation of the All India 2017 C

(i) emf induced with the rate of change of current

in each inductor.

(ii) energy stored in each inductor with the current
flowing through it.

Compare the energy stored in the coils, if the

power dissipated in the coils is the same.

(i) Define the term ‘self-inductance’ and write its
SI unit.

(ii) Obtain the expression for the mutual
inductance of two long coaxial solenoids S, and
5, wound one over the other, each of length L
and radii r, and r,; and n, and n, number of turns
per unit length, when a current [ is set up in the
outer solenoid S,. Delhi 2017

21. Define mutual inductance between a pair of
coils. Derive an expression for the mutual
inductance of two long coaxial solenoids of
same length wound one over the other.

All India 2017

22. (i) Draw a schematic sketch of an
AC generator describing its basic
elements. State briefly its working
principle. Show a plot of variation of

(a) magnetic flux and

(b) alternating emf versus time generated
by a loop of wire rotating in a magnetic
field.

(ii)) Why is choke coil needed in the use of
fluorescent tubes with AC mains?
Delhi 2014

23. State the principle of an AC generator and
explain its working with the help of a
labelled diagram. Obtain the expression for
the emf induced in a coil having N turns each
of cross-sectional area A, rotating with a
constant angular speed @ in a magnetic field
(B), directed perpendicular to the axis of

rotation. CBSE 2018

LONG ANSWER Type Il Questions

24. (i) Describe a simple experiment (or activity)

to show that the polarity of emf induced in
a coil is always such that it tends to
produce a current which opposes the
change of magnetic flux that produces it

(ii) The current flowing through an inductor
of self-inductance L is continuously
increasing. Plot a graph showing the
variation of
(a) magnetic flux versus current.
(b) induced emf versus dl/dr.
(c) magnetic potential energy stored

versus the current. Delhi 2014

25. (i) Define mutual inductance and write its SI
units.

(ii) Derive the expression for the mutual
inductance of two long coaxial solenoids
of same length wound one over the other.

(iii) In an experiment, two coils C; and C, are
placed close to each other. Find out the
expression for the emf induced in the coil
C, due to a change in the current through
the coil C,. All India 2015



26.

27.

28.

29.

(i) Explain the meaning of the term mutual
inductance. Consider two concentric
circular coils, one of the radius r; and the
other of radius r,(r, <r,) placed coaxially
with centres coinciding with each other.
Obtain the expression for the mutual
inductance of the arrangement.

(ii) A rectangular coil of area A, having number
of turns N is rotated at f revolutions per
second in a uniform magnetic field B, the
field being perpendicular to the coil.

Prove that the maximum emf induced in the

coil is 2nf NBA. All India 2016

(i) Draw a labelled diagram of AC generator
and state its working principle.

(ii) How is magnetic flux linked with the
armature coil changes in a generator?.

(iii) Derive the expression for maximum value of
the induced emf and state the induced emf
and state the rule that gives the direction of
the induced emf.

(iv) Show the variation of the emf generated

versus time as the armature is rotated with
respect to the direction of the magnetic
fields. Delhi 2014

(i) State the principle on which AC generator
works. Draw a labelled diagram and explain
its working.

(ii) A conducting rod held horizontally along
East-West direction is dropped from rest
from a certain height near the Earth’s
surface. Why should there be an induced
emf across the ends of the rod?

Draw a plot showing the instantaneous
variation of emf as a function of time from
the instant it begins to fall. Foreign 2012

State the working of AC generator with the help
of a labelled diagram. The coil of an AC
generator having N turns, each of area 4, is
rotated with a constant angular velocity w.
Deduce the expression for the alternating emf
generated in the coil. What is the source of
energy generation in this device? Delhi 2010

NUMERICAL PROBLEMS

30.

A 200 turn coil of self-inductance 30 mH
carries a current of 5 mA. Find the magnetic
flux linked with each turn of the coil. Delhi 2011

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Self-induction of an air core inductor increases
from0.01 mH to 10 mH on introducing an iron
core into it. What is the relative permeability of
the core used?

Current in a circuit falls from 5.0 Ato 0.0 Ain

0.1 5. If an average emf of 200 V is induced, give

an estimate of the self-inductance of the circuit.
NCERT

If a rate of change of current of 4 As™ induces
an emf of 20 mV in a solenoid, what is the
self-inductance of the solenoid? Delhi 2010

A long solenoid with 15 turns per cm has a small
loop of area 2.0 em? placed inside, normal to
the axis of solenoid. If the current carried by the
solenoid changes steadily from 2 Ato 4 Ain

0.1 s, what is the induced voltage in the loop,
while the current is changing? NCERT

A coil has a self-inductance of 10 mH. What is
the maximum magnitude of the induced emf in
the inductor, when a current [ = 0.1sin 200 ¢
ampere is sent through it.

A solenoid of radius 3 cm and length 1 m has
600 turns per metre. Calculate its
self-inductance.

The current flowing in the two coils of
self-inductance L, =16 mH and L, =12 mH are
increasing at the same rate. If the power
supplied to the two coils are equal, find the
ratio of

(i) induced voltages  (ii) the currents and
(iii) the energies stored in the coil at a given

instant. Foreign 2014

A pair of adjacent coils has a mutual inductance
of 1.5 H. If the current in one coil changes from
01to 20 Ain 0.5 s, what is the change of flux
linkage with the other coil? Delhi 2016

Two coils have mutual inductance of 1.5 H. If
current in primary coil is raised to 5 Ain one
millisecond after closing the circuit, what is the
emf induced in the secondary coil?

There are two coils A and B separated by some
distance. If a current of 2 A flows through 4, a
magnetic flux of 10~ Wb passes through B

(no current through B). If no current passes

through A and a current of 1 A passes through B,
what is the flux through A? NCERT Exemplar



41. The flux linked with a large circular coil of 8.
radius R is 0.5 x 10~ Wb. When a current of

0.5 A flows through a small neighbouring coil of
radius r, calculate the coefficient of mutual 9
inductance for the given pair of coils. If the ’
current through the small coil suddenly falls to
zero, what would be its effect in the larger coil?

Delhi 2008

The self-inductance can be increased with the help of
electric fields. It does not depend on the current through
circuit but depends upon the permeability of material
from which the core is made up off.

Self-inductance of the inductor, L = ¢//.

The slope of J-é graph gives self-inductance of the coil.
Inductor A have got greater slope than inductor B,
therefore self-inductance of A is greater than

42. An AC generator consists of coil of 100 turns
and cross-sectional area of 3 m? rotating at a

constant angular speed of 60 rads™ ina

uniform magnetic field 0.04 T. The resistance of

the coil is 500 £ . Calculate (i) maximum
current drawn from the generator and (ii)
minimum power dissipation of the coil.

| HINTS AND SOLUTIONS

(b) Given, coefficient of self-inductance,
L=2x10"H

Rate of flow of current, difdt = 10* Ads

Induced electromoture force,
|e|=ﬂ= 2x107° V=2V

dt
(b) The self-inductance of a long solenoid of
cross-sectional area A and length [ having n turns per
unit length, filled the inside of the solenoid with a
material of relative permeability (e. g, soft iron, which
has a high value of relative permeability) is given by

L=y, p,n'Al

where, n=N/I
{d) Air as the medium within the solenocids. Instead, if a
medium of relative permeability |l, had been present,
the mutual inductance would be M =p_p nn,mrl

It is also important to know that the mutual inductance
of a pair of coils, solenoids etc., depends on their
separation as well as their relative orientation.

(b) Mutual inductance of the pair of coils depends on
distance between two coils and geometry of two coils.

(b) The effective area of the coil exposed to the magnetic
field lines changes with time, the flux at any time ¢ is

ty =BAcos @ =BA coswt
A straight wire cannot act as an inductor as the
magnetic flux linked with the wire of negligible area of
cross-section is zero. The wire has to be in the form of a
coil to serve as an inductor.

Self-inductance is the property of a coil by virtue of
which, the coil opposes any change in the strength of
current flowing through it by inducing an emf in itself.
Its 51 unit is henry (H).

self-inductance of B.

10. Seli-induction of coil is the property by virtue of which
it tends to maintain the magnetic flux linked with it and
opposes any change in the flux by inducing current in it.
This property of a coil is analogous to mechanical
inertia, i.e. why self-induction is called the inertia of
electricity.

11. The phenomenon according to which an opposing emf
is produced in a coil as a result of change in current of
magnetic flux linked with a neighbouring coil is called
mutual induction.

Its 51 unit is henry.

12, (i) As ¢ = MI, with the increase in the distance between
the coils, the magnetic flux linked with the secondary
coil decreases and hence, the mutual inductance of
the two coils will decrease with the increase of
separation between them.

(i) Mutual inductance of two coils can be found out by
M=py, N, N, Al, ie. M= N, N,, so with the
increase in number of turns, mutual inductance
increases,

13. Refer to text on pages 269 and 270.
14. Refer to text on pages 271 and 272
15. The magnetic field produced by current carrying large coil
, in the vicinity of small eoil C, is given by
ol
Ty
The magnetic flux linked with shorter coil C, is given

by ¢, =BA,= P0R1

Mutual inductance, M = & RoXr_ m henr}r
2

Iy
16. Magnetic field produced by current carrying square loop
of wire of side L is given by

_ ENETA
b=

The magnetic flux linked with shorter square of side | is
given by

Bl."n 2@0 :I IZ
- Mutual inductance, M = LY = ﬂ henry
I 2L
z
= M == I—
L



17.
18.

19.

Refer to text on pages 268 and 269.
Energy stored in the magnetic field,
1 1 uN*A B

Ws=-L"=- 20T
2 2 1 uiN?
2
sl Lo N i
2u, ! [
Energy density,
E %Bz B
Uy = nergy _ 24, = [ volume = Al

Volume AL 2,
Given, L, =12mH, L, =30 mH

d, _di,
Tdt dt
(1) Induced emf in the inductors, |e|= L ‘;ﬂ
t
As' .‘&- - .dl—2
dt dt
= e L

Thus, graph of e versus? for two inductors is as shown
t

in figure.
L,
Ly

o —

al

_——

L,>L,
sooco ]
.. For the given —, ¢, > ¢,.
dt
(i1) Energy stored in inductor, U = 1; L

ForagivenL, U e I’
Thus, U versus I graph is curved as shown in the figure.

t

u
I
Given, P, = P,
I, _e
=el=el, = ===
I, ¢

_12[L, @rrant
30| L, (a/dt)

_(z)x(ﬂ)“ﬂ_i
30 12 12 2
20. (i) Refer to text on page 268.

(ii) Refer to text on pages 271 and 272.

21. Refer to text on pages 271 and 272.

22. (i) Refer to text on pages 272 and 273.
(a) Variation of magnetic flux with time

N
| Nt

& = BNA cos ot
(b) Variation of alternating emf with time

T~

e = BNA wcos ot
(ii) The choke coil is used to reduce the current.
Therefore, it is required in the use of fluorescent tubes
with AC mains.

23. Principle
An AC generator is based on the phenomenon of
electromagnetic induction which states that whenever
magnetic flux linked with a conductor (or coil) changes,
an emf is induced in the coil.

Axis motion
Armature
e W ¢
== e .
H ' i
| : | I magnet
S H T ;
' ]
] ' :
: ; ;
N ]
ST
'
L

Output
- (alternating emf)
R




24.

Working

As the armature of coil is rotated in the uniform
magnetic field, angle 6 between the field and normal to
the coil changes continuously.

Therefore, magnetic flux linked with the coil changes
and an emf is induced in the coil. According to
Fleming’s right hand rule, current induced in ABis from
Ato Band it is from C to D in CD. In the external
circuit, current flows from B, to B,.

To calculate the magnitude of emf induced, suppose
A= area of each turn of the coil,

N = number of turns in the coil,

B = strength of magnetic field

and 6 = angle which normal to the coil makes with B
at any instant t.
. Normal

N4
S N
y

Magnetic flux linked with the coil in this position,

Coil

6=N(B-A)
or & = NBA cos 6
& = NBA cos wt

where, @ is angular velocity of the coil and symbols
have usual meaning.

As we know, due to the rotation of the coil, an emf is
being induced.

Thus, at this instant ¢, if e is the emf induced in the coil,
then

e= —i(NAB cos wt)
dt

e=—NAB£(cos wt)
dt

or e =— NAB(—sin wt) = NAB sin ot

where, NBA @ is the maximum value of the emf (also
called peak value) which occurs when sin wt = +1.

If NBAw =¢,, then e =¢, sinwt

(1) According to Lenz’s law, the polarity of the induced

emf is such that it opposes the change in magnetic flux
responsible for its production.

Refer to text on pages 253 and 254.

(ii) (a) Magnetic flux versus current

(b) Induced emf versus-j—l

t

= e=—L£
dt
e
dal __
dar

%’- is positive, and e is negative and constant.
t

(c) Magnetic potential energy stored versus current

valis
2
u
1
= Uel?
25. For parts (i) and (ii) refer to text on pages 270, 271

and 272.
(iii) Suppose that a current Iis flowing through the coil C,
at any instant. Flux linked with the coil C, is given by
<] =0=M
where, M is the coefficient of mutual induction. If e is

the induced emf produced in the coil C,, then

=3 _ _i(m) -
dt  dt dt

26. (i) Whenever the current passing through a coil or
circuit changes, the magnetic flux linked with a
neighbouring coil or circuit will also change. Hence,
an emf will be induced in the neighbouring coil or
circuit. This phenomenon is called ‘'mutual induction’.
According to question, let the current in big coil of
radius r, be I,, so magnetic field at point O due to this

coil will be Eﬁ.
2n,

Change in magnetic flux in the coil of radius 7, is
Holy 2
= BA = —=xnr,
o = A

2
Mutual inductance,

2 x1I, 2r,

This is the required expression.



(i1) According to question, if the coil rotates with an R L 10 s
angular velocity of ® and N turns through an angle 6 LSl e 0 10
in time t, thus 6 = wt. ¢

¢ = BAcosO = BA cosmt or P, =1000
As the coil rotates, the magnetic flux linked with it 32. 4 H; refer to Example 1 on page 269.
cl.xanges. An induced emf is set up in the coil which is 33. Here, dl SAAT)
given by
-do —d - i —3
e=—=—(BAcosmt) = |le|=20mV = |e|=20x10""V
dt dt di
= BAwsinwt = |"l=L;"
For N number of turns, e = NBAwsinw¢t lel
For maximum value of emf wt must be equals to 90°. L= T
So, maximum emf induced is = NBA®. »
ie. e = NBA2rf [ o = 2nf] - La2@X10 oy 10 HesmH
27. Refer to text on pages 272 and 273. 4
28. (i) Refer to the text on pages 272 and 273. 34. Here, number of turns per unit length,
(if) As the earth’s magnetic field lines are cut by the n= N =15 turns/cm = 1500 turns/m
falling rod, the change in magnetic flux takes place. 1
This change in flux induces an emf across the ends of A=20cem’*=2x10""m*
the rod.
; ; . 7 : £—4—2 or ‘—iL—zOAs_’
Since, the rod is falling under gravity. ; il AT <Y o
v =gt AR TE
Induced emf, |¢| = ﬂ = i(BA) [ B= M]
e=Blv =¢&=Blgt e dt !
goct Ad NI ) ( N) dI
=— —Il=A —_——
e\ R T )&
I =(2x107%) x4 ® X107 x 1500 x 20 V
=75x10"°V
P 35. Here, L=10mH = 107 H, I = 0.1 sin 200t

29. Refer to text on pages 272 and 273.

dl
— = 0.1 cos 200 t X 200= 20 cos 2001
Direction of induced emf can be determined using dt

Fleming’s right hand rule given below. If we stretch the dl 4

thumb and the first two Fingers of our right hand in = (’J;) =20x1=20As

mutually perpendicular directions and if the forefinger e

points in the direction of the magnetic field, thumb in As, le|=L(dl/dt) = eny =L(dl/dt),,,
the direction of motion of the conductor, then the = €y =107 2 x20=02V

central finger points in the direction of current induced

io the cosdustos. 36. From the relation of self-inductance, we have

L= WeN®A  4m =107 x(600)° x 1 x (3x107)°

Maormal
. I 1
s ﬂ}«? " =4n’ x36%10* x9x 107"
=128x10" H
30. Let ¢ be the magnetic flux linked with each of the 7. REﬂ:r o t;hf Examplei-l ungpage Z?D.E a
N turns of the coil (i) +=-= (i) =+ == (i) =+ ==
Then, N ¢ 1 e, 3 I, 4 E, 4
' LI 38. emfinduced in the secondary coil is given by
= Né=LI or ¢=F —Mdl
3 -1 °T dt
= ¢=3ﬂxlﬂ 2:}5:-(10 =75% 107 'Wh - do  —Mdl
dt dt
_ S
31. Here,L,=0.01mH =10" H - do = —Mdl

L=10mH =107 H or, dh=—15%20 = —30Wh



39.

40.

41.

Given, M =15H, Ai, =54, At =107%s

We know that, M = — €2
Ay At
= ey =Mx2oy5x 2 o7510°Y
At 107

Applying the mutual inductance of coil A with respect
to coil B,
M, = Nas
Therefore, we have f;
Mutual inductance = oo =5mH
Again, applying this fur%'nu.la for other case,
Né=M_Il=5mH=x1A=5mWh

Flux linked with larger coil of radius,

h=05% 10" Whand [=05 A
Flows through neighbouring coil of radius r.
Total flux () linked with one coil = M

[ I current flows in neighbour coil]

L 05X 107 = Mx 05
M=10"H
Mutual inductance of two coils, M = 107 H.

With the fall of current in small coil to zero, the magnetic

flux linked with long coil decreases to zero quickly
which in turn produces large induced emf in it.

42, Here, total number of turns,
N =100, A =3m" @ =60rads™, B=0.04T
(1) Maximum emf produced in the coil,
ey = NBAm =100 = 0.04 = 3 x 60
e, =720V
Since, resistance of the coil is 500 02, the maximum
current drawn from the generator is

{ii) Maximum power dissipation in the coil,
P=eg,l, =720 x 144 =10368 W



SUMMARY

Magnetic Flux The total number of magnetic field lines
crossing through any surface normally when it is placed in a
magnetic field is known as the magnetic flux through that
surface.

Faraday's Law of EMI Faraday gave two laws of EMI

(1) First Law An emf is induced in a circuit when the magnetic
flux linked with circuit charges.

(i) Second Law The magnitude of induced emf in a circuit is

equal to the rate of change of magnetic flux through the
circuit.

Induced emf and Current
Induced emf,e =N ‘%

e -Ndé
Induced current, [ = — = — —&
5 R R d

Here, R = resistance of the circuit and N =number of turns.
Lenz's Law According to this law, the polarity of induced emf

is such that it tends to produce a current which appose the
change in magnetic flux produced it.

Fleming's Right Hand Rule If we stretch the thumb, the
forefinger, the central finger of our right hand in such a way that
all three are mutually perpendicular to each other, then if the
thumb represents the direction of force, forefinger represent
the direction of magnetic field, then the central finger will
represent the direction of induced current.

Induced Current in a Circuit If induced current is produced in
a coil rotated in a uniform magnetic field, then I = I, sin wt.

Motional emf and Faraday's Law If e is the induced emf, then
according to Faraday's law,

e =(-dé/dt) =—-Blv
Energy Consideration Power required to move a conductor in

a uniform magnetic field perpendicular is, P =

Here, R = resistance of the circuit through which current is
flowing.

B = a uniform magnetic field, I = length of the conductor, v =
speed.

Eddy Currents The current induced in the bulk of conductors,
when the magnetic flux linked with the condutor charges are
known as eddy currents.

Undesirable Effects of Eddy Currents Eddy Currents cause
unnecessary heating and wastage of power.

The heat produced by eddy currents may even damage the
insulation of coils.

Inductance It is the ratio of the flux to the current. It depends
on the geometry of the coil and intrinsic material properties.
Self-inductance It in the property of a coil by virtue of which it
opposes any changes in the strength of current flowing
through it by inducing an emf in itself.

When current in a coil changes, it induces a back emf in the
same coil. The sell-induced emf is given by, e =—- L ZTI where

L is the self-inductance of the coil.

If coil of N turns and area Ais rotated with v revolutions per
second in a uniform magnetic field B, then the induced emf is
e = &g sinw! =NABw sin mf =NBA 2rv)sin 2rv)L.
Self-inductance of a Long Solenoid Self-inductance of a long
solenoid is given by

L=M
1

Mutual Inductance The phenomenon according to which an
opposing emf is produced as a result of change in current or
magnetic flux linked with a neighbouring coil.

Mutual Inductance of Two Long Coaxial Solenoids Mutual
inductance of two long coaxial solenoids is given by
M= poN,]NzA

AC Generator A generator produced electrical energy from
mechanical work just opposite of what a motor does.



CHAPTER
PRACTICE

OBJECTIVE Type Questions

1. Asquare of side L metres lies in the xy-plane in
a region, where the magnetic field is given by B

= L._(QE-& 3] + 4ﬁ] T, where B, is constant. The
magnitude of flux passing through the square is

NCERT Exemplar
(a) 2B,L* Wb {b)3B,L* Wb
{c)4B,L* Wb (d) v29B,L* Wb

2. What will happen with the galvanometer when
the tapping key K is pressed?

C,

Ca

(a) A momentary deflection
(b) A long time deflection

{c) No deflection
{d) None of the above

3. The magnitude of the induced emf in a circuit is
equal to the time rate of change of magnetic
flux through the circuit, is statement of
{a) Fleming’s right hand rule
{b) Fleming's left hand rule
(c) Felming's third law
{d) Faraday's law of electromagnetic induction

4. The direction of induced current is decided by
{a) Lenz's law
{b) Fleming's left hand rule
(c) Biot-Savart's law
(d) Ampere's law
5. AS50 turns circular coil has a radius of 3 cm, it is

kept in a magnetic field acting normal to the
area of the coil. The magnetic field B increased

from 0.10 T to 0.35 T in 2 ms™. The average
induced emf in the coil is

(a) L77V (b) 177V (c) 177V (d) 0177V

6. A rectangular loop and a circular loop are

moving out of a uniform magnetic field region
in the given figure to a field free region with a
constant velocity v. In which loop do you expect
the induced emf to be constant during the
passage out of the field region?

X ox o x X X
X X M X X

(a) Rectangular loop  (b) Circular loop
({c) Both (a) and (b) {d) Neither {(a) nor (b)

. An electron moves along the

line PQ which lies in the
same plane as a circular loop
of conducting wire as shown
in figure. What will be the . D e d
direction of the induced current in the loop?

(a) Anti-clockwise

(b} Clockwise

(c) Alternating

(d) Non-current will be induced

Loop

. Aconstant current is flowing through a

solenoid. An iron rod is inserted in the solenoid
along its axis. Which of the following quantities
will not increase? CBSE 2021 (Term-I)
(a) The magnetic field at the centre

(b) The magnetic flux linked with the solenoid

(c) The rate of heating
(d) The self-inductance of the solenoid

. Acoil of area 100 em? is kept at an angle of 30°

with a magnetic field of 107 'T. The magnetic
field is reduced to zero in10™ *s. The induced
emf in the coil is CBSE 2021 (Term-I)

(a)543 V (b) 503V
(©) 5.0V (d) 500V



10.

The self-induced emfin a coil of 0.4 H
self-inductance when current in it is changing at
the rate of 50 As™, is

(a) 8x107* V (b) 8x107° Vv
(c) 20V (d) 500V
ASSERTION AND REASON

Directions (Q. Nos. 11-16) In the following questions, two
statements are given- one labeled Assertion (A) and the other
labelled Reason (R). Select the correct answer to these questions
from the codes (a), (b), (c) and (d) as given below

11

12.

13.

14.

15.

16.

(a) Both Assertion and Reason are true and Reason is
the correct explanation of Assertion.

(b) Both Assertion and Reason are true but Reason is
not the correct explanation of Assertion.

(c) Assertion is true but Reason is false.

(d) Assertion is false but Reason is true.

Assertion Faraday’s law are consequence of
conservation of energy.

Reason In purely resistive AC circuit, the
current lags behind the emf in phase.

Assertion Lenz's law violates the principle of
conservation of energy.

Reason Induced emf always opposes the
change in magnetic flux responsible for its
production.

Assertion In equation F=g(E+vxB)whenv=0,

any force on the charge must arise from the
electric field term E alone.

Reason To explain, the existence of induced
emf or induced current in static conductor kept
in time-varying magnetic field, we must assume
that a time-varying magnetic field generates an
electric field.

Assertion Eddy currents are undesirable.

Reason Eddy currents heat up the core and
dissipate electrical energy in the form of heat.

Assertion Eddy current is produced in any
metallic conductor when magnetic flux is
changed around it.

Reason Electric potential determines the flow
of charge.

Assertion If the inner solenoid was much
shorter than (and placed well inside) the outer
solenoid, then we could still have calculated the
flux linkage N,0,.

Reason The inner solenoid is effectively
immersed in a uniform magnetic field due to the
outer solenoid.

CASE BASED QUESTIONS

Directions (Q.Nos. 17-18) These questions are case study
based questions. Attempt any 4 sub-parts from each question.
FEach question carries 1 mark.

17. Faraday’s Laws

According the Faraday’s first law, whenever the
amount of magnetic flux linked with a circuit
changes, an emf is induced in it. Induced
current is determined by the rate at which the
magnetic flux changes.

Mathematically, the magnitude of the induced
emf in a circuit is equal to the rate of change of
magnetic flux through the circuit.

Induced emf = Rate of change of magnetic flux

(i) On the basis of Faraday's law, current in the
coil is larger

G

(a) when the magnet is pushed towards the coil
faster

(b) when the magnet is pulled away the coil
faster

(c) Both (a) and (b)
(d) Neither (a) nor (b)

(ii) The flux linked with a circuit is given by
0=r*+3t-7 The graph between time
(X-axis) and induced emf (Y-axis) will be a
(a) straight line through the origin
(b) straight line with positive intercept
(c) straight line with negative intercept
(d) parabola not through the origin

(iii) Wire loop is rotated in a magnetic field.
The frequency of change of direction of the
induced emf is
(a) once per revolution
(b) twice per revolution
(c) four times per revolution
(d) six times per revolution

(iv) The instantaneous magnetic flux linked
with a coil is given by ¢ = (5t* —100¢ + 300)
Whb. The emf induced in the coil at timet =2

sis
(a)—40V (byaov
(c)140V (d) 300V



18.

(v) A copper disc of radius 0.1 m is rotated
about its centre with 20 rev/s in a uniform
magnetic field of 0.1 T with its plane
perpendicular to the field. The emf induced
across the radius of the disc is

i n
—V b) —V
(3)20 ( )10
(c) 20m mV (d) None of these
Eddy Current

Coil is wound over metallic core is helpful in
reducing eddy currents in the metallic cores
of transformers, electric motors, induction
furnaces and other such devices (as shown
below). Eddy current are undesirable since
they heat up the core and dissipate electrical
energy in the form of heat. These currents are
minimised by using laminations of metal to
make a metal core.

Wounded coil on core [ >

(i) How are eddy currents minimised to make
a metal core of transformer on which coils
are wound?

(a) By using laminations of metal
(b) By using solid metallic core
(c) Both (a) and (b)

(d) Neither (a) nor (b)

(ii) The plane of the laminations must be
arranged parallel to the magnetic field, so
that they cut across the
(a) keep on sliding
(b) keep on rotating
(c) cut across the induced eddy currents
(d) Both (a) and (b)

(iii) Induction furnace is used to produce
(a) low temperature to melt the metal
(b) high temperature to melt the metal
(c) constant low temperature 20°C
(d) high pressure
(iv) Induction furnace can be utilised to prepare

(a) alloys, by melting the constituent metals

(b) metal, by mixing electrons, protons,
neutrons

{c) Both (a) and (b)
{d) Meither (a) nor (b)

(v) When a high frequency alternating current is
passed through a coil which surrounds the
metal to be melted. Then,

(a) the metal freezes

(b) coil rotates with frequency ®
(c) the metal melts

(d) None of the above

VERY SHORT ANSWER Type Questions

19. On what factors does the magnitude of induced
emf in a coil depend?

20. If a coil is removed from a magnetic field
(i) slowly and
(ii) rapidly, then in which case, more work will be
done?

21. Why is a core of transformer laminated?
22. Give any two useful applications of eddy currents.

23. How can self-inductance of a given coil having N
number of turns be changed, if N is doubled
keeping other factors constant?

24. If two coils are very tightly wound over one
another, will their mutual inductance increase or
decrease as compared to the case when the coils
are placed some distance apart?

SHORT ANSWER Type Questions

25. (i) When primary coil P is moved towards
secondary coil S (as shown in the figure below),
the galvanometer shows momentary deflection.
What can be done to have larger deflection in the
galvanometer with the same battery?

S P
2 =l
(ii) State the related law. Delhi 2010

26. Four shapes made of wires are situated in a
magnetic field B, perpendicular to the plane of the
paper, directed downwards. If B starts reducing,
what will be the directions of the induced currents
in these shapes?

{SACHCONG
(a (o (d)

(c)



27.

28.

29.

A magnet is quickly moved in the direction
indicated by an arrow between two coils C; and
C, as shown in the figure.

¢, c.
@%

What will be the direction of induced current in
each coil as seen from the magnet? Justify your
answer.

A conducting square loop of 2 @ &
side L and resistance R moves

in its plane with a uniform

velocity v perpendicular to one ®
of its sides. A magnetic

induction B, constant in time and space, pointing
perpendicular to the plane of the loop exists
everywhere. What will be the current induced?

Two concentric circular coils C; and C,, radius r,

and r, (r, << r,) respectively are kept coaxially. If
current is passed through C,, then find an
expression for mutual inductance between the
two coils.

LONG ANSWER Type I Questions

30.

31.

The figure given below shows an arrangement

by which current flows through the bulb X

connected with coil B, when AC is passed

through coil A

(i) Name the phenomenon involved.

(ii) If a copper sheet is inserted in the gap
between the coils, explain how the
brightness of the bulb would change?

mE)

Bulb [¥)

Coil B

A coilA

State the law that gives the polarity of the
induced emf. Give its illustration.

LONG ANSWER Type Il Questions

32.

State and explain Faraday's law of
electromagnetic induction.

A cylindrical bar magnet is placed along the
axis of a circular coil. Will there be a current
induced in the coil, if magnet is rotated about
its axis?

— ¥

33.

34.

State Lenz's law. Give one example to illustrate
this law. Lenz's law is a consequence of principle
of energy conservation. Justify this staterment.

How is the mutual inductance of a pair of coils
affected, when
(i) separation between the coils is increased?

(ii) the number of turns of each coil is
increased?

(iii) a thin iron sheet is placed between the two
coils, other factors remaining the same?
Explain your answer in each case.

NUMERICAL PROBLEMS

35.

36.

37.

1L

12,

. (e} 2. (a)
. (a)

Ajet plane is travelling towards West at a speed
of 450 m/s. If the horizontal component of the
earth’s magnetic field at that place is 4 x107*T
and dip angle is 30 calculate the emf induced
between the ends of wings having a span of 30 m.

Along solenoid of 10 turns/cm has a small loop
of area 1 em? placed inside with the normal of
the loop parallel to the axis. Calculate the
voltage across the small loop, if the current in
the solenoid is changed from 1 Ato 2 Ain 0.1 s,
during the duration of this charge.

A solenoid of length 80 cm, area of
cross-section 1 m* with 20 turns per em
completely surrounds another coaxial solenoid
of the same length, area of cross-section 25 cm?
with 20 turns per cm. Calculate the mutual
inductance of the system.

ANSWERS

3. (d) 4. (a) 3 ()

7. (d) 8. (c) 9. (a) 10. (c)
(€) According to Faraday’s law of the conservation
mechanical energy into electrical energy is in
accordance with the law of conservation of energy. It is
also clearly known that in pure resistance, the emf is in

phase with the current.
(d) Lenz's law is based on conservation of energy and

induced emf always opposes the cause of it, L.e. change
in magnetic flux.

13. (a) Increasing B causes induced current [ due to induced

electric field E along I

Note This induced electric field is non-conservative, makes
closed loop electric field lines.

So, time varying magnetic field generates electric field.

14. (a)



15. (b)

16. (a) If the inner solenoid was much shorter than (and placed
well inside) the outer solenoid, then we could still have
calculated the flux linkage N, 6, because the inner solenoid
is effectively immersed in a uniform magnetic field due to
the outer solenoid.

17. (i) (¢) Current will be larger, when the magnet is pushed
faster towards the coil, also current is large when magnet
is pulled faster away but now it is in opposite direction.

(i) (d) o=t +3t -7

Induced emf, e =-::’—;=—(3t2 +3) =-3t" -3
At t=0;e=-3V
Therefore, shape of graph will be a parabola not through
origin. (e e tz)

(iii) (b) If a wire loop is rotated in a magnetic field, the
frequency of change in the direction of the induced emf is
twice per revolution.

(iv) (b) Given, & =(5¢* — 100t +300), t = 2s

Induced electromotive force,

e=-92__4 51> 100t +300)
dt dt

e=—-5x3t"+100 = -5x3(2)* +100

=-5x12+100=—60+100=40 V
(v) (¢) From Faraday's law of electromagnetic induction,

e=--di=—BAN (. dt =1s)

dt
Given, B=01T, N = 20, A = ntr’ = r(0.1)*

e =01 x 20 x m(0.1)° = 20m mV

18. (i) (a) Eddy current are minimised by using laminations of
metal to make a metal core.

(ii) (¢) The laminations are separated by an insulating
material like lacquer. The plane of the laminations must
be arranged parallel to the magnetic field, so that they cut
across the eddy current paths. This arrangement reduces
the strength of the eddy current. Since, the dissipation of
the strength of electric current, heat loss is substantially
reduced.

19.

20.
21

22.
24.
25.
26.
28.
30.
3L
32.
34.

35.

36.

(1ii) (b) Induction furnace can be used to produce high
temperatures and can be utilised to prepare alloys,
by melting the constituent metals. A high
frequency alternating current is passed through a
coil which surrounds the metals to be melted. The
eddy currents generated in the metals produce

high temperatures sufficient to melt it.

(iv) (a) Since, induction furnaces uses the concept of
eddy currents. Thus they are used to prepare

alloys, by melting the constituent metals.

(v) (¢) Eddy current generated in the metal produce

high temperature sufficient to melt it.

Number of turns in coils, and rate of change of
magnetic flux.

More work will be done in (ii) Case.

To prevent it from eddy current being produced in the

core.

In electric power meters and in induction furnace.
. Doubled.

Increases
Refer to text on page 252.
Refer to text on page 253.

. Refer to Q. 10 on page 259.

Current induced is zero.

. Refer to Q. 15 on page 275.

Refer to Q. 11 on page 259.
Lenz’s law Refer to text on pages 253 and 254.
Refer to text on pages 252 and 253.

. Refer to text on pages 253 and 254.

Refer to text on page 271.
Also, refer Q. 12 on page 274.
e=3kV.

Refer to Q. 35 on page 262.
Voltage =1257 x107' V

Refer to Q. 34 on page 276.

. Mutual inductance = 392 H

Refer to Example 7 on page 272.



