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Jt was discoveved by orested that an electric curvent produces a magnetic field. (/n 1931 Y1lichel favaday
demonstrated the converse effect i.e., the production of electric curvent, with the help of magoetic fields, such a
phepomenon is known as electromagnetic induction.

» When a coil made of copper wire is placed inside a magnetic field, magnetic i§ linked with the coil. Faraday found that when the
magnetic flux linked with the coil is changed, the change is magnetic flux nked he coil may be caused by varying the strength of the
magnetic field or by the relative motion between the source of mag coil, an electric current starts flowing in the coil,
provided the coil is closed.

P In case the coil is open an emf is set up across the two end of t
Thus
“The phenomenon of generating current/ emf by changi e no. of magnetic lines of force associated with a

conductor is called electromagnetic induction.”
» The current of emf so produced are called included current and included emf respectively.

IMAGNETIC FLUX

Magneiic flux: The magneti(-

rough any surface placed in a magnetic field is the total number of
riace normally. It is measured as the product of the component of the magnetic

» Magnetic flux is@ sc
If a uniform magnetic field B s normally through a plane surface area
A, as shown in Fig. (a), the tic flux through this area is ¢ = BA
Area=A

E (a) (b)

[Magnetic flux through an area depends on its orientation w.r.t. the magnetic field]
If the field B makes angle 6 with the normal drawn to the area A, as shown in Fig. (b), then the component of the field normal
to this area will be B cos 0, so that
o= Bg)sexA BA cos 0

or
Here the dlrectlon of vector% is the direction of the outward drawn normal to the surface.
In general, the field B over an area A may not be uniform. However, over a small area ele ent%A, the field ?may be assumed
to be uniform. As shown in Fig. if O is the angle between B and the normal drawn to area element dA, then the component of 8 normal
o dA will be B cos 0.

[Surface A in a magnetic field]
= Flux through area eIement?A is
d¢ BJ_ dA=B cos 9 dA

A cos 0 = B A
Then the flux through the whole area A is

I-Dimensions of magnetic flux: As we know that

¢ =BA
But B= F
qv sin 0
b=__F A
qv sin 0
Dimensions of flux, p = __ MLT2 .12 = ML T2 [+1CT1=1A]

C.LTt.1 A or (0] = [ML2A1 T2
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P> Sl unit of magnetic flux: The SI unit of magnetic flux is weber (Wb). One weber is the flux produced when a 3
uniform magnetic field of one tesla acts normally over an area of 1 m?.
1 weber = 1 tesla x 1 metre?

or 1Wb=1Tm?
P> CGS unit of magnetic flux: The CGS unit of magnetic flux is Maxwell (Mx). One Maxwell is the flux produced when a uniform
magnetic field of one gauss acts normally over an area of 1 cm?.
1 maxwell = 1 gauss x 1 cm?
or 1Mx=1Gcm?
Relation between weber and maxwell.
1Wb=1Tx1m?=10%G x 10° cm? r Wb = 10® maxwell.

m Maximum and zero Magnetic flux: )
@®Case :- 1 : When § = 0° i.e., uniform magnetic field is act'g& to the plane of the surface then,

® = BACos 0°
¢ = BA (maximum) ‘ , B
» Magnetic flux through a given surface mum no. of magnetic lines of force passes through the given
surface, When 6 = 0° A
n
@ Case:-ll: When & = 90° i.whe magnetic field is touching the surface tangentially then
¢=BA Cos 90° minimum) =
» Magnetic flux througl iven surface is zero when 0 = 90° / ( >
]

L

@ Defin - magnelic flux density (B) (or magnetic induction):
Since, (bmax =BA ’ s~ B= Cl)max/ A
“Magnetic flux density (B) is defined as the magnetic flux associated normally per unit area”.

= If the coil has N turns, total amount of magnetic flux linked with the coil is ¢ =N '('f KT
® =NBA Cos 0

» Positive and negative flux: A normal to a plane can be drawn from either side. If the normal drawn to a plane points out
in the direction of the field, then 8 = 0°. and the flux is taken as positive. If the normal points in the opposite direction of the field, then

0 = 180° and the flux is taken as negative.

180°
______ > e
3 A A 3

0=0° ¢=+BA 6 =180° ¢ =—BA
[(a) Positive flux and (b) negative flux]

ELECTROMAGNETIC INDUCTION:

Electromagnetic induction: Electricity and magnetism are intimately connected. currents are produced in a loop of wire if a
magnet is suddenly moved towards the loop or away from the loop such that the magnetic flux across the loop changes. The current in the
loop lasts so long as the flux is changes. The current in the loop lasts so long as the flux is changing. This phenomenon is called
electromagnetic induction which means inducing electricity by magnetism.

FARADAY’S EXPERIMENTS

The phenomenon of electromagnetic induction was discovered and understood on the basis of the following experiments performed by

Faradays and Henry.
OExperiment 1: Induced emf with a stationary coil and moving magnet. As shown in Fig. take a circular coil of thick insulated

copper wire connected to a sensitive galvanometer.

- = 2 o
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(a) N-pole moved towards coil (b) N-pole moved away from coil

(c) Magnet at rest

[Induced emf with a moving magnet and stationary coil]

O(i) When the N-pole of a strong banymagnet is moved towards the coil, the galvanometer shows a deflection, say to the right of
the zero mark [Fig. (a)]

O(ii) When the N-pole of &m gnet is moved away from the coil, the galvanometer shows a deflection in the opposite direction

[Fig. (b)].

O(iii) If the above exp%& are repeated by bringing the S-pole of the magnet towards or away from the coil, the direction of
current in the coil i osite to that obtained in the case of N-pole.

O(iv) When the'magnet is held stationary anywhere near or inside the coil, the galvanometer does not show any deflection [Fig. (c)].

a Expl hen a bar magnet is placed near a coil, a number of lines of force pass through it. As the magnet is moved

closer to th nagnetic flux (the total number of magnetic lines of force) linked with the coil increases, an induced emf and

hence angindu rrent is set up in the coil in one direction. As the magnet is moved away from the coil, the magnetic flux linked

with the eases, an induced emf and hence an induced current is set up in the coil in the opposite direction. As soon as the

relative motion between the magnet and the coil ceases, the magnetic flux linked with the coil stops changing and so the induced

current through the coil becomes zero.

DOExperiment 2: Induced emf with a stationary magnet and moving coil. Similar results as in experiment 1 are obtained if the
magnet is held stationary and the coil is moved, as shown in fig. When the relative motion between the coil and the magnet is fast, the
deflection in the galvanometer is large and when the relative motion is slow, the galvanometer deflection is small.

v — &) (]
[Electromagnetic induction with a stationary magnet and moving coil]

Faster the relative motion between the magnet and the coil, greater is the rate of change of magnetic flux linked with the coil
and larger is the induced current set up in the coil.

DIExperiment 3: Induced emf by varying current in the neighbouring coil. Fig. shown two coils P and S wound independently on a
cylindrical support. The coil P, called primary coil, is connected to a battery and a rheostat through a tapping key K. The coil S, called
secondary coil, is connected to a sensitive galvanometer.

O(i) When the tapping key is pressed, the galvanometer shows a momentary deflection in one direction. When the key is
released, it again shows a momentary deflection but in the opposite direction.

X
P
l,‘ \\
| I} "
= AAARY VVVVUVV
Battery Rh
—] ctromagnetic induction by varying current in the neighbouring coil]
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O(ii) If the tapping key is kept pressed and steady current flows through the primary coil, the galvanometer does
not show any deflection. 5
O(iii) As the current in the primary coil is increased with the help of the rheostat, the induced current flows in the
secondary in the same direction as that at the make of the primary circuit.
O(iv) As the current in the primary coil is decreased, the induced current flows in the same direction as that at the
break of the primary circuit.
O(v) The deflections in the galvanometer become larger if we use a cylindrical support made of iron.
B Explanation: When a current flows through a coil, a magnetic field gets associated with it. As the primary circuit is closed,
the current through it increases from zero to a certain steady value. The mag x linked with the primary and hence with the
secondary also increases. This sets up an induced current in the secondary coi irection. As the primary circuit is broken, the
current decreases from the steady value of zero, the magnetic flux through the seééndary coil decreases. An induced current is set up in
the secondary coil but in the opposite direction. When steady curren@M primary coil, the magnetic flux linked with the primary

coil does not change and no current is induced in the secondary coil.

Conclusion:
1. Whenever the magnetic flux linked with a closed circui an induced emf and hence an induced current is set up in it.
2. The higher the rate of change of magnetic flux linked With'the closed circuit, the greater is the induced emf or current.

LAWS OF ELECTROMAGNETIC I ION
Laws of electromagnetic induction: There are two'types of fTaws which govern the phenomenon of electromagnetic induction:
il A. Faraday’s laws which give us the map.&' de of induced emf.
I B. Lenz’s law which gives us the direction of induced emf.
A. Faraday’s laws of oloctromugneiic induction: These can be stated as follows:

a FIRST LAW:Wh
is induced in it which la

(= SECOND L s

closed circuit. M atically,
lel =dd
dt

B. Lenz's law: This law states that the direction of induced current is such that it opposes the cause which produces it, i.e., it
opposes the chan Wagnetic flux.
t

e e magnetic flux linked with a closed circuit changes, an emf (and hence a current)
ng as the change in flux is taking place. This phenomenon is called electromagnetic induction.

magnitude of the induced emf is equal to the rate of change of magnetic flux linked with the

Ma i orm of the laws of electromagnetic induction: Expression for induced emf.
or o the Faraday’s flux rule,
Magnitude of induced emf = Rate of change of magnetic flux
o lel =dd
dt
Taking into account Lenz’s rule for the direction of induced emf, Faraday’s law takes the form:
e=-do
dt

The negative sign indicates that the direction of induced emf is such that it opposes the change in magnetic flux.
If the coil consists of N tightly wound turns, then the emfs developed in all these turns will be equal and in the same direction
and hence get added up. Total induced emf will be

e=—Ndd
dt
If the flux changes from ¢1 to ¢z in time t, then the average induced emf will be
e=—Nd2—¢1
t

If ¢ is in webers and t in seconds, then ‘e’ will be in volts.

also e= f 8’1 from unit —1st, E = Work done

Unit charge
3 fE dl=-dd / dt

(integral form of faraday’s law)

> If the coil has ‘N’turns, than, =-Ndd¢/dt
Included current, | = Induced emf
Resistance in the circuit
1=- d¢
R dt

EXPLANATION OF LENZ’S LAW

Lenz’s law: In 1833, German physicist Heinrich Lens gave a general law for determining the direction of induced emf and

hence that of induced current in a circuit.
BSE-PHYSICS, T AE P
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Lenz’s law states that the direction of induced current in a circuit is such that it opposes the cause or the change which 6
produces it.

7hus, if the magnetic flux linked with a closed civcuit increases, the induced curvent flows in such a divection so as to
create a magnetic flux in the opposite divection of the oviginal magnetic flux. JJf the magnetic flux linked with the closed
civeuit decreases, the induced curvent flows in such a divection so as to create a magnetic flux in the divection of the oviginal flux.

M ILLUSTRATIONS OF LENZ’S LAW:
O(i) When the north pole of a bar magnet is moved towards a closedcojlf the induced current in the coil flows in the

anticlockwise direction, as seen from the magnet side closely. The face of.the co ards the magnet develops north polarity and thus, it

opposes the motion of the north pole of the magnet towards the coil 'C*W.lally the cause of the induced current in the coil.

[(a) Direction of induced current when a magnet moves towards a coil]

In other words, the moti f thelmagnet increases the flux through the coil. The induced current generates flux in opposite
re h

direction, and hence opposes a is flux.
O(ii) When the north poléof a magnet is taken away from a closed coil, the induced current in the coil flows clockwise, as seen
v
%o -

[(b) Direction of induced current when a magnet moves away from a coil]

from the magnet side. The face of the coil towards the magnet develops south polarity and attracts the north pole of the magnet i.e.,
the motion of the magnet away from the coil is opposed which is really the cause of the induced current.

Jn other words, the motion of the magnet decreases the flux through the coil. 77he induced curvent genevates flux in the
same divection and h PP and ince this flux.

OLens’s law is a consequence of the law of conservation of energy.:

Lenz’s law and law of conservation of energy: Whether a magnet is moved towards or away from a closed coil, the induced
current always opposes the motion of the magnet, as predicted by Lenz’s law. For example, when the north pole of a magnet is brought
closer to a coil [Fig (a)], its face towards the magnet develops north polarity and thus repels north pole of the magnet. Work has to be
done in moving the magnet closer to the coil against this force of repulsion. Similarly, when the north pole of the magnet is moved away
from the coil [Fig. (b)], its face towards the magnet develops south polarity and thus attracts the north pole of the magnet. Here work
has to be done in moving the magnet away from the coil against this force of attraction. It is this work done against the force of repulsion
or attraction that appears as electric energy in the form of induced current.

Suppose that the Lenz’s law is not valid. Then the induced current flows through the coil in a direction opposite to one dictated
by Lenz’s law. The resulting force on the magnet makes it move faster and faster, i.e., the magnet gains speed and hence kinetic energy
without expanding an equivalent amount of energy. This sets up a perpetual motion machine, violating the law of conservation of energy.
Thus Lenz’s law is valid and is a consequence of the law of conservation of energy.

Examples based on (i) Magnetic flux (ii) Laws of Electromagnetic Induction
L 2 FORMULA USED >
1. Magnetic flux, $ =BA cos 6 =B.A
2. Induced emf, € =—N d¢
dt
3. Average induced emf, € =—N ¢1— 2
t

4. Induced current, | =] €]
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LECTRO-MABNETIC
INDUCTION

L 4 UNIT USED
Magnetic field B is in tesla, flux ¢ in Wb, area a in m?, induced emf € in volt, induced current | in ampere. 7
A rectangular loop of area 20 cm x 30 cm is placed in a 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.
Sol. A=20cmx30cm=6x102m?B=03T

Let O be the angle made by the field B with the normal to the plane of the coil.

(i) Here 6 =90°-90° = 0° (i) Here &= 90° — 30° = 60°

¢ =BAcos 6=0.3 x6x 1072 x cos 0° - .3 x6x 1072 x cos 60°

=1.8 x 102 Wh.
Qt) pole pieces of a magnet in 0.5 s. The magnetic flux

(iii) Here 6 = 90°
e the emf induced in the wire.

Q. 1.

¢ =0.3 x6x 1072 x cos 90° = zero.
A small piece of metal wire is dragged across the gap
between the pole pieces is known to be 8 x 10* W

Sol. Here dt=0.5s,dp =8 x 10*-0=8 x 10 Wb \

Q. 2.

The emfinduced in the wire,
lel=dd=8x 10%=1.6x103V

=—1000><05><10‘4—55><10'4 5V

CISE FHYSH@S

dt 0.5
Q.3 The magnet flux passing perpendicuh%e plane of a coil and directed into the paper is given by ¢ = 5t* + 6t + 2, where ¢ is
in milliwabers and t in seconds.
(a) What is the magnitude of t @ d emf set up in the loopatt=1s? & A 5 X . 5 %
(b) What is the direction of curken ‘ough the resistor R? X X X
Sol. Given ¢ =(5t2+6t+2
Induced emf, t+6) mV X X
At t=1s, (e=a6mV . %
(b) By Lenz’s law, t ction of the induced current is such as X X
to oppos hange in flux, For this the induced current should
gener ard flux by flowing in the anticlockwise sense. So X X
the ifiduged current flows through the resistor R from
eft t X X
Q.4 The magnitude flux through a coil perpendicular to the plane is varying according to the relation:
¢ = (5t +4t2+ 2t - 5) Wb
Calculate the induced current through the coil at t = 2s, if the resistance of the coil is 5 Q.
Sol. the magnitude of induced emf set up at any instant t will be
lel=dp=_d (5t3+4t2+2t—5)=15t>+8t+2 Resistance of the coil, R=5Q
dt dt Induced current, | =]e [ =78 =15.6 A
At t=2s, R 5
lel=15(2)?+8(2)+2=60+16+2=78V
Q.5 A square loop of side 10 cm and resistance 0.70 Q is placed vertically in the earth-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. Clearly, the angle made by the normal to the plane (east-west plane) of the coil with the magnetic field in north-east direction is
0 =45°
Maximum flux through the coil, The magnitude of induced current,
Omax = BA cos 6 = 0.1 x (0.10 x 0.10) cos 45° I=lel=1mV=04mA
=102=0.7x 102 Wb R 07Q
V2
This flux is set up in 0.7 s. So the magnitude of induced emf,
lel = ¢Q= Qmax —-0=0.7x103 Wb
dt dt 0.7 s
Q.6. A10Qresistance coil has 1000 turns and at a time 5.5 x 10~ Wb of flux passes through it. If the flux falls to 0.5 x 10™ Wb in
0.1 second, find the emf generated in volts and the charge flown through the coil in coulombs.
Sol. R=10Q, N = 1000, ¢1=5.5x 10" Wb, $2=0.5 x 107 Wh, t=0.1s
Induced emf, Current through 10 Q resistance coil is
e=—Nd2—d1 I=e=5=05A
t R 10

The charge passing through the coil in 0.1 s is
=1t=0.5%x0.1=0.05C
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Sol.

Q. 8.

Sol.

Q. 9.

Sol.

Q. 10.

Sol.

Q. 11.

Sol.

CeseE-

A coil with an average diameter of 0.02 m is placed perpendicular to a magnetic field of 6000 T (tesla). If the induced emf is

11 V when the magnetic field is changed to 1000 T in 4 s, what is the number of turns in the coil? 8
Radius of coil, r=0.02=0.01m
2
B1=6000T,B2=1000T,t=4s, E=11V 11 =N. 22 x (0.01)? 6000 — 1000
Now, [e|=N d2—d1=NAB—By 7 4
t t Numbef of turns, N = 11x7 x4 =28
=N.nr2. B,— B 22 x (0.01)% x 5000
t

A wire 88 cm long bent into a circular loop is placed perpe
0.5 s, the loop is changed into 22 cm square and flux depsity is ingreased to 3.0 Wbm™2, Calculate the value of the emf induced.
For circular loop, 2ntr =88 cm

or r=88x7=14cm=0.14m

2x22 \
Initial area of loop,
Final area of loop, A2 = (0.22)? = 0.0484

B1=2.5Wbm> B,=3.0 Wbm>,
Induced emf,

R
=_[3xo.o4s®os]

54J = [0.0088] =0.0176 V

0.5

cm? and having 1000 turns is held perpendicular to a uniform field of 0.4 gauss. The coil is turned
1/ 10 second. Calculate the average induced emf.

il is held perpendicular to the field, the normal to the plane of the coil makes an angle of 0° with the field B.
itial flux, ¢1=BA cos 0° = BA

Final flux, ¢2 = BA cos 180° = - BA
Average induced emf,

e==N (p2=d1}=—N (=BA—-BA

T A
=2 NBA=2x1000x0.4x10“%x500x10*V =0.04V
t 1/10

A circular coil of radius 10 cm, 500 turns and resistance 2 Q 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 0.025 s. Estimate the magnitudes of the
emf and current induced in the coil. Horizontal component of the earth’s magnetic field at the place is 3.0 x 10 T.
Here A=m (0.10)2=m x 102 m? R=2Q,N=500,t=0.255,B=3.0x 10°T
Initial flux through each turn of the coil,

¢1=BA cos 01=3.0 x 107 x (n x 107) cos 0° =31 x 107 Wb

Final flux through each turn of the coil, =-500 —=3nx107-3n x 107’
¢2 = BA cos 02 0.25
=3.0x 107° x (n x 107?) cos 180° =500 x 6m x 107 =3.8x 103V
=—31x 107 Wb 0.25
Estimated value of emf in the coil, Current induced in the coil,
e=-N -0 l=e=3.8x103V=19x103A
t R 2Q

A coil of cross-sectional area A lines in a uniform magnetic field B with its plane perpendicular to the field. In this position
the normal to the coil makes an angle of 0° with the field. The coil rotates at a uniform rate to complete on rotation in time
T. Find the average induced emf in the coil during the interval when the coil rotates:

(i) From 0° to 90° position (iii) From 180° to0 270° and
(ii) From 90° to 180° position (iv) From 270° to 360°
(i) For rotation from 0° to 90° (ii) For rotation from 90° to 180°
¢1=BA cos 0° =BA, p2=BAcos90°=0,t=T/4 ¢1=BA cos 90° =0,
Average induced emf, {2 = BA cos 180° = — BA,
e=—¢o—d1=—0-BA=4BA t="T/4
t T/4 T e=— —BA—0=4BA
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(iii) For rotation from 180° to 270° (iv) For rotation from 270° to 360° 9
¢1=BA cos 180° = — BA, ¢2 = BA cos 270° =0, ¢1=BA cos 270° =0,
t=T/4 $2=BA cos 360° =BA, t =T/4
e=—0+BA=—4BA e=—-BA-0=—-4BA
T/4 T T/4 €

As the sense of the induced emf in the second half rotation is opposite te that in the first half rotation, the induced current will
change its direction after first half rotation.

***Q. 12.A conducting of the induced emf in the second half rotation is osite®to that in the first half rotation. the induced current
will change its direction after first half rotation.
Sol. Suppose ris the radius of the loop at time t. Then magnetic flux linked with the loop is
¢=nr’B @ agnittde of induced emf is
lel=dd=2nrBdr \ el=2%x3.14x2.0x102x0.02x1.0x 1073
dt dt

=25x%x10°%Vv=25 [TAY
Heredr=1.0 mm/s=1.0 x 103 ms™
Whenr=2.0cm=2.0x102m,

op of area 1 sq. cm placed inside with the normal of the loop parallel to the
all loop if the current in the solenoid is changed from 1 Ato 2 Ain 0.1 s, during

Q.13. Along solenoid of 10 turns/cm ha

axis. Calculate the voltage across S
the duration of this change.

Solenoid
Sol. Here n = 10 turns/ cm
=10 x 100 turAs/m turns/ m
A=1cm?=10"m?, dl=2=1=1A,dt=0.1s
The magnetic field inside the solenoid is given by
B=ponl
R f change of magnetic field with time will be \ Loop
Zd (noNI)=pondl
t Wdt dt

Hen ude of the induced voltage is =10%x4nx 107 x1000x _1_V
=dd=_d (BA)=AdB=A.pondl 0.1
dt dt dt dt =12.56 x 1077 V.

MOTIONAL EMF FROM FARADAY’S LAWS

Motional emf from Faraday’s law: Induced emf by change of area of the coil linked with the magnetic field: The emf induced
across the ends of a conductor due to its motion in a magnetic field is called motional emf. As shown in Fig., consider a conductor PQ
of length | free to move on U-shaped conducting rails situated in a uniform and time independent magnetic field B, directed normally
into the plane of paper. The conductor PQ is moved inwards with a speed v. As the conductor slides towards left, the area of the
rectangular loop PQRS decreases. This decreases the magnetic flux linked with the closed loop. Hence an emf is set up across the ends
of conductor PQ because of which an induced current flows in the circuit along the path PQRS. The direction of induced current can by

determined by using Flemin%’<s rigty hang ruIeXstate)g in tf;? nexfxs ion. X X
S

A
X X P ——. X X X
[4
x| X x x x x X Py x
X X X X X X X X X
) B —
X X X X X X X X X
X X X X X X X 0 X X
X X X e IX X X
v
R
X X X X X X X X X
< x =
Suppose a length x of the loop lies inside the magnetic field at any instant of time t. Then the magnetic flux linked with the
rectangular loop PQRS is ¢ = BA = Blx
According to Faraday’s law of electromagnetic induction, the induced emf is
e=—ddp=- d (BIx)=-Bldx or e =Blv
dt dt dt

Where dx/dt = — v, because the velocity v is in the decreasing direction of x. The induced emf Blv is called motional emf because
this emf is induced due to the motion of a conductor in a magnetic field.
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FLEMING'’S RIGHT HAND RULE 10
Fleming's right hand rule: This rule gives the direction of induced current set up in the conductor moving perpendicular to a
magnetic field and can be stated as follows:
Motion up

T Motion
Field /
< Z -z
> 'z
=N V.
= 7
77
o
S / ?ﬁg |
B - UFleming's right hand rule]

If we stretch the thumb and the first two figures of our right hand in mutually perpendicular directions and if the forefinger
points in the direction of the magnetic field, t the direction of motion of the conductor; then the central finger points in the
direction of current induced in the cond

This rule is also called the dyn

enerator rule and has wide practical applications.

MOTIONAL EMF FR NTZ FORCE AND ENERGY CONSIDERATION

Motional emf from Lorentz force: A conductor has a large number of free electrons. When it moves through a magnetic field, a
Lorentz force acting on the'fr lectfons can set up a current. Fig. shows a rectangular conductor in which arm PQ is free to move. It is
placed in a uniform magn ield B, directed normally into the plane of paper. As the arm PQ is moved towards left with a speed v, the
free electrons of PQgalso mo ith the same speed towards left. The electrons experience a magnetic Lorentz force, Fm = qvB. According
to Fleming’s left hand sule, this force acts in the direction QP and hence the free electrons will move towards P. A negative charge
accumulates ndia positive charge at Q. An electric field E is set up in the conductor from Q to P. This field exerts a force, Fe = qE on th
free electron umulation of charges at the two ends continues till these two forces balance each other, i.e.,

m = Fe
qvB =qgE
or vB=E
S X X X X X X X X X
A
X X X —4%—x—p X X X
P
X X X X X X X X X
X X X X X X X X X
| —
X X X X X X X X X
X X X X X X X Q X X
K% :
v x| X * | * X x [Motional emf]
B X X X X % X X X X X
The potential difference between the ends Q and P is
V=El=vBI
Clearly, it is the magnetic force on the moving free electrons that maintains the potential difference and produces the emf,
e =Blv

As this emf is produced due to the motion of a conductor, so it is called a motional emf.

Current induced in the loop: Let R be the resistance of the movable arm PQ of the rectangular loop PQRS shown in Fig. Suppose
the total resistance of the remaining arms QR, RS and SP is negligible compared to R. Then the current in the loop will be

I=e=Blv
R R
Force on the movable arm: The conductor PQ of length | and carrying current | experiences force F in the perpendicular magnetic
field B. The force is given by , F = IIB sin 90° =[_BL/_]IB =B%2v
R R

This force (due to induced current) acts in the outward direction opposite to the velocity of the arm in accordance with Lenz’s
law. Hence to move the arm with a constant velocity v, it should be pulled with a constant force F.
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Power delivered by the external force: The power supplied by the external force to maintain the motion of the movable arm is
P =Fv=RB2I2\? 11
R
Power dissipated as Joule loss: The power dissipated in the loop as Joule heating loss is

=I2R=[Blv]2R= B2 22
R R

S | P’

NP

A
\ = [Equivalent electrical circuit of the electromagnetic
& ‘ LY | + set up of Fig. (Above)]
R \ ’

Clearly, Py = P. Thus, the mechanical energy expanded to maintain the motion of the movable arm is first converted into
electrical energy (the induced emf) and then al energy. This is consistent with the law of conservation of energy. This fact allows
us to represent the electromagnetic set u . by the equivalent electrical circuit shown in Fig.

RELATION BETWEEN INDU CHARGE AND CHANGE IN MAGNETIC FLUX
According to Far. y he magnitude of induced emf,
lel=A¢d
If R is the total ré% of the closed loop, then the induced current will be
= or Ag=A¢.1

At At R
rge induced in the circuit in time At,
t change in magnetic flux

Resistance

%the induced charge depends on the net change in the magnetic flux and not on the time interval At of the flux change.
Thus the induced charge does not depend on the rate of change of magnetic flux.

Examples based on Motional EMF

FORMULA USED
1. The emf induced in a conductor of length | moving with velocity v perpendicular to field B, € = Blv.
2. Induced emf developed between the two ends of rod rotating at its one end in perpendicular magnetic field, £ =% BI> ®

2 UNIT USED
Field B is in tesla or Wbm™, length | in metre, velocity v in ms™, angular speed ® in rad s and emf € in volt.

Q.1. Anaircraft with a wing span of 40 m flies with a speed of 1080 kmh™ in the eastward direction at a constant altitude in the
northern hemisphere, where the vertical component of earth’s magnetic field is 1.75 x 107 T. Find the emf that emf that
develops between the tips of the wings.

\

v Bv v v
Sol. The metallic part between the wing tips can be treated as a single conductor cutting flux lines due to vertical component of
earth’s magnetic field. So emf is induced between the tips of its wings.
Here 1=40m, Bv=175x10"T
v = 1080 kmh™ = 1080 x 1000 ms™
3600

=300 ms™
e=Bylv=1.75x 107 x 40 x 300 =0.21 V.
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Q.2. Ajetplane is travelling west at 450 ms™. If the horizontal component of earth’s magnetic field at that place is 4 x 10~ tesla
and the angle of dip is 30°, find the emf induced between the ends of wings having a span of 30 m. 12
Sol. Here|=30m,v=450ms™,6=30%Bu=4x10"T
The wings of a airplane cut the flux-lines of the vertical component of earth’s magnetic field, which is given by
Bv=Buxtan =4 x 10™ tan 30°
=4x10*%x0.577T
The emf induced across the tips of the wings is
e=BvIv=4x10"x0.577 x30 x450=3.12V
Q. 3. A railway track running north-south has two parallel rails 1.0 m art. culate the value of induced emf between the rails
when a train passes at a speed of 90 kmh™. The horizontalomp of earth’s magnetic field at that place is 0.3 x 10~
Wbm™ and angle of dip is 60°.

Sol. Herel=1.0m, Bu=0.3 x 10* Wb m™, & = 60°
Bv =By tan 3 =0.3 x 10™ tan 60°
=0.3x 10 x 1.732 = 0.52 x 10“‘Wb(\
v =90 kmh™ =90 x 1000 = 25 ms
3600

5 e=Bvlv= o52x10*‘x10-g§¥3x10-3v
Q.4. A conductor of length 1.0 m falls fseely under gravity from a height of 10 m so that it cuts the lines of force of the horizontal
component of earth’s magneti "@ x 10° Wbm™. Find the emf induced in the conductor.
Sol. The velocity v attained by the ductor as it falls through a height of 10 m is given by
vi=u?+2gs=0 8% 10=4x49 Induced emf,

v=2x7=1 e=Bulv=3x10°x1.0x14=4.2x10*V
Q.5. Twelve wires of e s (each 10 cm) are connected in the form of a skeleton-cube (i) If the cube is moving with a
velocity of 5 ms{i direction of a magnetic field of 0.05 Wbm™>, find the emf induced in each arm of the cube. (ii) If
the cube moves per, icular to the field, what will be the induced emf in each arm?
Sol. For the g ion of motional emf: B, | and v must be in mutually perpendicular directions. If any two of these quantities are
parallel, e not induced. \
D D
C \ C
" : N
B\ r— B
H N
[a] G [b] G
E F E F
B B

(i) In Fig. (a), the velocity of any conductor is parallel to the field B, so no emf is induced in any conductor.

(ii) In Fig. (b), the arms AE, BF, CG and DH are parallel to the velocity v, no emf is induced in these arms. Also, the arms AB, DC,

EF and HG are parallel to the field B, so no emf is induced in these arms.

The arms AD, BC, EH and FG are perpendicular to both B and v. Hence emf is induced in each of these arms and is given by
e=Blv=0.05x10x102%x5=2.5x 102 V.

Q. 6. Fig. shows a conducting rod PQ in contact with metal rails RP and SQ which are 25 cm apart in a uniform magnetic field of
flux density 0.4 T acting perpendicular to the plane of the paper. Ends R and S are connected through a 5 Q resistance. What
is the emf when the rod moves to the right with a velocity of 5 ms™? What is the magnitude and direction of the current
through 5 Q resistances? If the rod moves to the left with the same speed, what will be the new current and its direction

Sol. Here B=04T, v=5ms? 1=25cm=0.25m
Induced emf, e =Blv=0.4x0.25x5=0.5V
Current,1=e=0.5V=0.1A

R 5Q P
R
'y
25cm SQ§ ——® y=5ms?
Yy
S

m:l Zool...

Q
Cose-puvsic Sy o A B
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Applying Fleming right hand rule, the induced current flows from Q to P, i.e., from the end R to S through the 5 Q resistance. 13
If the rod moves to the left with the same speed, then the current of 0.1 A will flow through 5 Q resistance from the end S to R.
Q.7. A metallic rod of length L is rotated at an angular speed ® normal to a uniform magnetic field B. Derive expressions for the
(i) emf induced in the rod (ii) current induced and (iii) heat dissipation, if the resistance of the rod is R.
Sol. Suppose the rod completes one revolution in time T. Then change in flu
=B x Area swept =B x 1t L?

Induced emf = Change in flux .
Time X
or €=Bxnl?=Brl?f [+ T=1/f] ”
As f= o ,therefore
2n X
€=Brnl?’._o =1Bl%w x
2n 2
Induced current, I=€=1BL%® %
R 2 R X
Heat dissipation in timet, Q= €2t =182 14w
R X x X X X x x
Q.8. A metal disc of radius R rotat angular velocity ® about an axis perpendicular to its plane passing through its centre
in a magnetic field B acti erpéndicular to the plane of the disc. Calculate the induced emf between the rim and the axis of
the disc.
Sol. Consider a disc of r otating in a transverse magnetic field B with frequency f. In time period T, the disc completes one
revolution.
Change i B x Area swept = B x it R?

| d emf = change in flux
Time
€=B n R?=Bn R*f 1=
; ()
= o ,~E€=BxnR%. _w =1BR?n
27 2 2

Q.9. 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 earth’s magnetic field Bu at a place. If B4 = 0.4 G at the place, what is the induced emf between the axle and
the rim of the wheel? Note that 1 G=107*T.

Sol. HereL=0.50m, B=0.40G=0.40x 10T
f=120 rev = 120 rev=2rps

min 60 sec
Induced emf,

€=BnL?>f=0.40 x 10™ x 3.14 x (0.50)? x 2

=6.28 x107°V
As all the ten spokes are connected with their one end at the axle and the other end at the rim, so they are connected in
parallel and hence emf across each spoke is same. The number of spokes is immaterial.

Q.10. When a wheel with metal spokes 1.2 m long rotates in a magnetic field of flux density 5 x 10~ T normal to the plane of the
wheel, an emf of 102 V is induced between the rim and the axle of the wheel. Find the rate of revolution of the wheel.

Sol. Here L=12m,B=5x10°T,£=102%V,f=?
As E=BrnL2f
; f=_ €
Bml?
= 1072 =44.2 rps.

5x 1075 x 3.14 x (1.2)2

Q. 11. Acircular copper disc 10 cm in radius rotates at 20 © rad/s about an axis through its centre and perpendicular to the disc.
A uniform magnetic field of 0.2 T acts perpendicular to the disc. (i) Calculate the potential difference developed between
the axis of the disc and the rim. (ii) What is the induced current, if the resistance of the disc is 2 ohm?

Sol. Here R=10cm=0.10m, ow=20nrads?, B=02T
(i) P.D. developed between the axis and the rim (ii) Induced current,
£=%BR?® 1=€=0.0628 =0.0314 A
=% x 0.2 x (0.10)> 20 T = 0.0628 V R 2
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Q.12. AO0.5 mlong metal rod PQ completes the circuit as shown in Fig. The area of the circuit is perpendicular to the 14
magnetic field of flux density 0.15 T. if the resistance of the total circuit is 3 ), calculate the force needed to move the rod in

the direction as indicated with a constant speed of 2 ms™. X X X %X x %X %

Sol. Here e =Blv x %

and I=¢e=Blv % 5

R R x x
F=1IBsin90°=Blv.IB=B21%v v

x x

R R % &

But,1=0.5m,B=0.15T,R=3Q,v=2ms™*
F = (0.15)2 x (0.5)2 x 2 = 0.00375 N. S
3 x x

Q. 13. Asquare metal wire loop of side 10 cm and resistance 1 o ith a constant velocity v in a uniform magnetic field of induction
B =2 Wb m~2 as shown in Fig. The magnetic lines are perpendicu plane of the loop (directed into the paper). The loop is connected to the
network of resistors each of value 3 Q. The resistan dx wires OS and PQ are negligible. What should be the speed of the loop so as
to have a steady current of 1 mA in the loop? Givefthe dirgction of the current in the loop?

PUEReT
ix ITx Kkoox! Q
iXOIX >(B x& ’ A 3QC
0 R WY
i X X X X!
i : 3 3Q
X X X X
T S
Sol. The network of resista balaficed Wheatstone’s bridge. So the resistance AC is ineffective. The equivalent resistance R’
of the network is gi y
L =1 or R=3Q
R’ 3
As the resi of the loop is 1 Q, therefore, effective resistance of the circuit,
R=3+1=4Q
e loop, e=Blvo
ntintheloop, 1= e=Blvy
R R
e speed of the loop, vo= IR
Bl
Givenl=1mA=103A,1=0.1m, B =2 Wbm2 vo=103x4=2x102ms1=2cms™!

2x0.1

oMETHODS OF GENERATING INDUCED EMF

Methods of generating induced emf: An induced emf can be produced by changing the magnetic flux linked with a circuit. The
magnetic flux, ¢ =BA cos 0 can be changed by one of the following methods:
O1. Changing the magnetic field B, ©2. Changing the area A of the coil, and ©3. Changing the relative orientation 0 of B and A.

1. Induced emf by changing the magnetic field B: We have already learnt before how an induced emf is set up in a coil on

changing the magnetic magnetic flux through it by (i) moving a magnet towards a stationary coil, (ii) moving a coil towards a stationary
magnet and (iii) varying current in the neighbouring coil.

2. Induced emf by changing the area of the coil: Consider a conductor CD of length | moving with a velocity v towards right on
U-shaped conducting rails situated in a magnetic field B, as shown in Fig. The field is uniform and points into the plane of the paper. As a
conductor slides, the area of the circuit changes from ABCD to ABC'D’ time dt.

<«—dt—»p
-«— D D’

A

v —r

| v
[Induced emf by changing area of the loop]

v &

B = C C

The increase in flux, dd =B x change in area

=B x area CDD’ C’' =B. |. vdt
This sets up induced emf in the loop of magnitude,| e | = d¢ = Blv
dt
According to Fleming's right hand rule, the induced current flows in the anticlockwise direction.
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3. Induced emf by changing relative orientation of I!g coil and the magnetic field: Theory of AC generator: Consider 15
a coil PQRS free to rotate in the uniform magneti¢field B. The axis of rotation of the coil is perpendicular to th?ﬁeld B. The flux through

the coil, when its normal makes an angle 0 with the field, is given by ¢ = BA cos 6 Where A is the face area of coil.
Axis of rotation Coil
Coi\l Q ) . s
IR g
R w
:,%::,1/1
A z -
,’,,;I/M{ 0 '%
Patal M »
72 L e »
G 1L Ny "
= Aty P
L .
D "
coil in a magnetic field]
If the coil rotates with an angular velocity,® ant 5 through an angle 0 in time t, then 0 = ot
¢ = BA cos ot )
As the coil rotates, the magnetic flux ith it changes. An induced emf is set up in the coil which is given by
e=—ddp=— d (BAco ® sin ot
dt dt ;
If the coil has N turns, the he totalinduced emf will be e =NBA o sin ot

usoidally with time t. The value of induced emf is maximum when sin wt =1 or wt = 90°, i.e.,
when the plane of the coil is to the field B. Denoting this maximum value by €o, we have

e=eosin 20 sin 2 nift
frequency of rotation of the coil.
Fig. (b) shows ho duced emf € between the two terminals of the coil varies with time. We consider the following special cases:

m! = 0°, the plane of the coil is perpendicular g B, sinot=sin0°=0 sothate=0
=1/2, the plane of the coil is parallel to field B, sinot=sinnt/2=1,sothate=eo
ot =7, the plane of the coil is again perpendicular to B, sinot=sint=0,sothate=0
hen ot = 31t/2 the plane of the coil is again parallel to B, sinowt=sin3n/2=-1sothate=-eo

m>° When ot = 2w, the plane of the coil again becomes perpendicular to B after completing one rotation,
sinot=sin2n=0sothat E=0
As the coil continues to rotate in the same sense, the same cycle of changes repeats again and again, As shown in Fig. (b), the
graph between emf € and time t is a sine curve. Such an emf is called sinusoidal or alternating emf. Both the magnitude and direction of
this emf change regularly with time.
The fact that an induced emf is set up in a coil when rotated in a magnetic field forms the basic principle of a dynamo or a generator.

Q'Y @R D 2 _Q
S  — - ——
7 ' AT
,f/ 7 F 7 ’ .
N T B : . P/ S/
// Z P — /
‘z s 7z L) 4 Z IIS
(1) ()

)/4

(5)

Induced emf e E
H

A
n/2 T\~ €0 LWZE

Angle of Rotation (ot) &>
[(b) Induced emf in a rotating coil]

Eotnblintl T vismiiiimpiinisnivsiimiii

M The magnetic flux linked with a surface is maximum when it is held perpendicular to the direction of the magnetic field and
the flux linked is zero when the surface is held parallel to the direction of the magnetic field.

Induced emf is set up wherever the magnetic flux linked with a circuit changes even if the circuit is open. However, the
induced current flows only when the circuit is closed.

No emf is induced when a coil and a magnet move with the same velocity in the same direction.

No emf is induced when a magnet is rotated about its own axis. However, emf is induced when a magnet is rotated about an

axis perpendicular to its length.
N
I_ -
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No emf is induced when a closed loop moves totally inside a uniform magnetic field. 16
Just as a changing magnetic field produced an electric field, a changing electric field also sets up a magnetic field.

The electric fields created by stationary charges have vanishing and path independent loop integrals. Such fields are called
conservative fields.

$%.d7-0

The electric fields created by time-varying magnetic fields have non-yaf
fields. Their loop integrals are path dependent. §

$3. 7=

dt

Electric potential is meaningful only for electric fields prodt
up by magnetic induction.

The heart beating induces a.c. in the surrounding ti

electrocardiography which provides valuable i

ishing loop integrals and are called non-conservative

\ stationary charges. It has no meaning for electric fields set

detection and study of these currents is called

h regarding the pathology of the heart.

) erringly to water spots in the Indian subcontinent. It is believed that
migratory birds make use of earth’s magnetic fie determine their direction. As birds contain no ferromagnetic material, so

*

Sol.

Sol.

Sol.

Sol.

Examples based on Induced EN

Q. 1:

Q. 2.

FORMULA USED
1. E=E&osin ot
2. €0 =NB Aw, whe

mf € and maximum induced emf o are in volt, field B in tesla, area A in m?, angular frequency o in rads™,
mpere, resistance R in ohm.

coil of area 300 cm? and 25 turns rotates about its vertical diameter with an angular speed of 40 s in a uniform
zontal magnetic field of magnitude 0.05 T. Obtain the maximum voltage induced in the coil.
A=300cm?=300x10%m? N=25 ®=40s%B=0.05T
The maximum voltage induced in the coil is

€0=NBA®=25x0.05x300x10%x40=1.5V.

A rectangular coil of length 1 n and width 0.5 m, and 10 turns is rotated at 50 revolutions per second. the magnetic field
within which the coil is rotated is B = 0.5 T. Calculated the peak value of the voltage generated across the ends of the coil.
HereA=1mx05m=05m=05m? N=10,f=50rps,B=0.5T
Peak voltage €0 = NB A ® = NBA x 2 «f

=10x0.5x0.5x 2 x3.14 x 50

=785V.
A flat coil of 500 turns, each of area 5 x 103 m?, rotates in a uniform magnetic field of 0.14 T at an angular speed of 150 rad
s™%. The coil has a resistance of 5 Q. the induced emf is applied to an external resistance of 10 Q. Calculate the peak current
through the resistance.
Here A=5x102m? B=0.14T, ®=150rads™?
Total resistance, R=5+10=15Q

Peak value of induced emf, €=NBA®=1x0.14x5x103x150=52.5V
Peak current, lo=€0=525=35A
R 15

A rectangular coil of wire has dimensions 0.2 m x 0.1 m. The coil has 2000 turns. The coil rotates in a magnetic field about
an axis parallel to its length and perpendicular to the magnetic field of 0.02 Wb m~2. The speed of rotation of the coil is 4200
r.p.m. Calculative (i) the maximum value of the induced emf in the coil (ii) the instantaneous value of induced emf when the
plane of the coil has rotated through an angle of 30° from the initial position.
Here A=0.2x0.1m?=2x102m? N=2000,B=0.02 Wbm™

f=4200r.p.m.=4200rps =70 rps

60

w=2nf=2nx70=140trad s
(i) The maximum value of the induced emf in the coil is €0=NBA ®

=2000x 0.2 x2x 1072 x 140 x 22V =3520V
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(i) The instantaneous value of induced emf when the coil has turned through 30° is 17
e =epsin ot
=eosin30°=3520x % V=1760V

Q. 5. A rectangular coil of 200 turns of wire, 15 cm x 40 cm makes 50 revolutions/second about an axis perpendicular to the
magnetic field of 0.08 weber/m?2. What is the instantaneous value of induced emf when the plane of the coil makes an
angle with the magnetic lines of (i) 0° (ii) 60° and (iii) 90°?

Sol. Here N =200, A=15cm x 40 cm = 15 x 40 x 10 m?

=6x102m? \/
B=0.08 Wb m2
=2nx50=100mrad s
Induced emf at any instant is given by
e =eo sin ot = NBA o sin ot
If the plane of the coil makes an angle a with ’ic%l lines of force, then the angle between the normal to the plane of
the coil and the magnetic field will be
ot=90°-a
(i) Whena = 0°, ot =90° —0° = 90° (ii) When o = 60° = 30°
e = NBA w sin 90° e= NBA ® sin 30° =301.6 x % =150.8 V.
=200 x 0.08 x 6 x 102
(iii) When o = 90°, ot = 90° —

e =NBA  sin 0%=
EDDY CURRENTS &

Eddy currents: Cugrefitsican be induced, not only in conducting coils, but also in conducting sheets or blocks. Whenever the
magnetic flux linked with a metal sheet or block changes, an emf is induced in it. The induced currents flow in closed paths in planes
perpendicular to 1es of force throughout the body of the metal. These currents look like eddies or whirlpools in water and so they
are knows as urrents. As these currents were first discovered by Foucault in 1895, so eddy currents are also known as Foucault
currents.

‘:““‘ x1V

dd nts are the currents induced in solid metallic masses when the magnetic flux threading through them changes.
urrents also oppose the change in magnetic flux, so their direction is given by Lenz’s law.

Experimental demonstration of eddy currents:

OExperimeni 1: Take a pendulum having its bob in the form of a flat copper plate. As shown in Fig. (a), it is free to oscillate
between the pole pieces of an electromagnet. In the absence of any magnetic field, the pendulum swings freely. As the electromagnet
is switched on, the oscillations of the pendulum get highly damped and soon it comes to rest. This is because as the copper plate moves
in between the pole pieces of the magnet, magnetic flux threading through it changes. So eddy currents are set up in it which according
to Lenz’s law, opposes the motion of the copper plate in the magnetic field. Eddy currents flow anticlockwise as the plate swings
into the field and clockwise as the plate swings out of the field.

AT
Pendulum suspension

-

Copper plate

Eddy currents

[(a) Eddy currents damp the oscillations of a
copper plate in a magnetic field]

CISE PHYSICS,

’lll:l 2001...
-— ir-se | eeT | cese |

STUDY CIRCLE

ACCENTS EDUCATIONAL PROMOTERS



\ Z P oo LECTRO-WABNETIC
ACCENTS ESDECHTE):ALERIOEA(ETQ-RE HN] @ @ E -D- [] @ N

OExperiment 2: Now take the pendulum of a flat copper plate with narrow slots cut across it, as shown in Fig. (b). 18
As the electromagnet is switched on, eddy currents are set up in the plate. But this plate swings for longer duration than the plate
without slots. This is because the loop has much larger paths for the electrons to travel. Larger paths offer more resistance to electrons
and so the eddy currents are sufficiently reduced. As a result, the opposition to the oscillations becomes very small.

[(b) Reduced eddy currents in a slotted, ¢ -!’3 plate]

OExperiment 3; e a cylindrical electromagnet fed by an A.C. source and place a small metal disc over its top. As the current
is switched on, the magne d at the disc rises from zero to a finite value, setting up eddy currents which effectively convert it into
a small magnet. If injtially thestop end of the electromagnet acquires N-polarity by Lenz’s law, the lower face of the small magnetic disc

will also have N-pglarity, resulting in a repulsive force. The disc is thus seen to be thrown up as the current in the electromagnet is

switched on. -
Light

metallic disc
<
<
<
<

(~ A.C. source = Coil
: [A light metal disc on top of an electromagnet is thrown
< up as the current is switched on]
<

mUndesirable effects of eddy currents: Eddy currents are produced 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. Eddy currents cause

unnecessary heating and wastage of power. The heat produced by eddy currents may even damage the insulation of coils.
mMinimisation of eddy current: The eddy currents can be reduced by using laminated core which instead of a single solid mass

consists of thin sheets of metal, insulated from each other by a thin layer of varnish, as shown in Fig. The planes of the sheets are placed

perpendicular to the direction of the currents that would be set up by the emf induced in the material. The insulation between the sheets

then offers high resistance to the induced emf and the eddy currents are substantially reduced.

InsulRﬁ layers

v

vy

(@) WY
[(a) Solid core, (b) Laminated core]
m Applications of eddy currents: Although eddy currents are undesirable, still they find applications in the following devices:

1. Induction furnace: If a metal specimen is placed in a rapidly changing magnetic field (produced by high frequency a.c.),
very large eddy currents are set up. The heat produced is sufficient to even melt the metal. This process is used on the extraction of
some metal from their ores.

2. Electromagnetic damping: When a current is passed through a galvanometer, its coil suffers few oscillations before
coming to rest in the final position. As the coil moves in the magnetic field, induced current is set in the coil which opposes its motion.
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The oscillations of the coil which opposes its motion. The oscillations of the coil are damped. This is called electromagnetic 19
damping. The electromagnetic damping can be further increased by winding the coil on a light copper or aluminium frame. As the frame
moves in the magnetic field, eddy currents are set up in the frame which resists the motion of the coil. This is how a galvanometer is
rendered dead beat, i.e., the coil does not oscillate — it deflects and stays in the final position immediately.

3. Electric brakes: A strong magnetic field is applied to the rotating drum attached to the wheel. Eddy currents set up in the
drum exert a torque on the drum so as the stop the train.

4. Speedometers: In a speedometer, a magnet rotates with the speed,of the vehicle. The magnet is placed inside an aluminium
drum which is carefully pivoted and held in position by a hair spring. As the m eprotates, eddy currents are set up in the drum which
opposes the motion of the magnet. A torque is exerted on the drum in the op e ditection which deflects the drum through an angle
depending on the speed of the vehicle.

5. Induction motor: In an a.c. induction motor, a rotatin ne Id is produced by two single phase alternating currents
having a phase difference of 90°. A metallic rotor is placed in the mag@eld. The eddy currents set up in the rotor tend to oppose the
relative motion between the rotating magnetic field and the d S

6. Electromagnetic shielding: Eddy currents mx
n,

It, the rotor also stars rotating about its axis.
or electromagnetic shielding. As shown in Fig. when a magnetic
rge eddy currents are produced in the sheet. The change in the
e other side of the sheet. The higher the conductivity of the sheet, the

field B, directed towards a metallic sheet is suddenly swi
magnetic field is only partially detected at points (suchf@as P)
better the shielding of the transient magnetic field

|

[Electromagnetic shielding]
7. Inductothermy:&r ts can be used to heat localized tissues of the human body. This branch is called Inductothermy.
8. Energy meteps®in energy meters: In energy meters used for measuring electric energy, the eddy currents induced in an
aluminium disc are made %

1T 1 E L

Conducting sheet

M Eddy elirr: are basically the induced currents set up inside the body of conductor whenever the magnetic flux linked with it
charge
M y rents tend to follow the path of least resistance inside a conductor. So they form irregularly shaped loops. However,
ections are not random, but guided by Lenz’s law.
Eddy currents have both undesirable effects and practically useful applications.
M Eddy currents can be induced in biological tissues. For example, the cavity of the eye is filled with a conducting fluid. A large

transient magnetic field of 1 T alternating at a frequency of 60 Hz then induced such a large current in the retina that it
produced a sensation of intense brightness.

OSELF INDUCTION (Inertia of electricity) ‘Self induction is the property of a coil by virtue of which;
the coil opposes any changes in the strength of current flowing through it by inducing an emf in itself”.
(for this reason self induction is also called the inertia of electricity)
or

“Self induction is the propecty by which if opposes the growth or decay of the curvent flowing through it”.
or
“7The phenomenon, according to which an opposing induced emf is produced in a coil as result of change in curvent of
magnetic flux linked with the coil, is called self induction”.
@ When a current flow in a coil, it gives rise to a magnetic flux through the coil itself. As the strength of current changes, the linked

magnetic flux changes and an opposing emf is induced in the coil. This emf is called self-induced emf or back emf and the phenomenon is
known as self-induction.

IndEced current Induced cusrent
(a) 6 6 6 6 (b) 6 6 6 6

Battery 4 4 Battery 4 Y
current current
[ N o] |1 o
Battery Closing switch Battery Opening switch

[Induced current in a coil when the circuit is (a) closed and (b) opened]
Self-induction is the phenomenon of production of induced emf in a coil when a changing curvent passes through it.
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Fig. (a) shows a battery and a tapping switch connected in series to a coil. As the switch is closed, the current increases 20
and hence the magnetic flux through the coil increases from zero to a maximum value and the induced current flows in the opposite
direction of the battery current. In Fig. (b), as the tapping switch is opened, the current and hence the magnetic flux through the coil
decreases from a maximum value to zero and the induced current flows in the same direction as that of the battery current.

O The increasing magnetic flux set up an induced emf in the coil in accordanceywith faraday’s law of electromagnetic induction.
O The direction of the included emf in the coil, according to LENZ”S law , shéulddoe such as to oppose the growth of current in the coil .
O Thus the growth of current delayed in the coil . When the current in the ¢ ttains maximum value, constant (maximum) so, there is

no induced or back emf. V
gﬁ’

It is clear that the current does not attains its maximum value immediately but takes sometime to do so.
When the key k is released, the currents being to decay f m to zero value. The magnetic flux linked with the coil also
begins to decrease. The decreasing magnetic flux set d emf in the coil. The direction of the induced emf is such as to

oppose the decay of current.
[ At the time of make (growth) the direction of i duc@t is opposite to the Battery current.

] At the time of break (decay), the direction of induced current/emf is the same as the direction of Battery current.

00

O Coefficient of Self Induction :- (e
Let, ¢ = magnetic flux lin

Then, ¢ al or
ee The value of ‘L’ depend;
core (if any) on whic
“The self induct

finductance)
the coil when current | flows through it.

on
il is wound. e
a coil is the magnetic flux linked with the coil when unit current flows through it”.

Doefficient of self induction of a coil is equal to the emf induced (numevically) in the coil when vate of change of
eurgﬂt through the coil is unity”.

(i) fromgp=IL
Il Henry = 1 Wh/sec | | H=Whb/sec

(ii) from e =-L di/dt
&~ L=-e/dl/dt
|1 Henry = 1volt/1Amp/ sec = volt. Sec/Amp I

“The Self inductance of coil is said to be 1 H when a current changing at the rate of 1 A/sec causes
an induced emf equal to 1V in the coil”.
M Smaller units:- 1 mH=103H; 1 uH = 10°H
M Dimensional formula:-

e=Ldl/dt
L=e= W/dg= W_
di/dt  dlI/dt | dl
[L]=[ML2T?] = [ML2T2A?]
[A% Coil
Experiment to demonstrate self-induction: Take a solenoid having a —m\—
large number of turns of insulated wire wound over a soft iron core. Such a
solenoid is called a choke coil. Connect the solenoid in series with a battery,
a rheostat and a tapping key. Connect a 6 V bulb in parallel with the solenoid. Bulb
Press the tapping key and adjust the current with the help of rheostat so that s
the bulb just glows faintly. As the tapping key is released, the bulb glows .

brightly for a moment and then goes out. This is because as the circuit is

broken suddenly, the magnetic flux linked with the coil suddenly vanished, A
i.e., the rate of change of magnetic flux linked with the coil is very large.

Hence large self-induced emf and current are produced in the coil which _l |_ - A A—

makes the bulb glow brightly for a moment. Battery' Rh

[Demonstration of self-induction]

>
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Energy stored is an inductor:- Consider an inductor of inductance L connected across a e = -Ldl/dt 21
battery. When current flows through the inductor, an emf is induced in it.
& e=-Ldl/dt

Magnitude e =Ldl/dt

Il—Il—';

Let an infinitesimally small change ‘dq’ be driven through the inductor. So work'dope by the external voltage is
dw=edq, dw=Ldl dq = Ldl(dq)
dt dt

But, dg/dt =1 V
dw=LIdl
Total workdone to maintain the maximum value of CQIO~ gh the inductor is
Io
de o J LIdI C)\

W=L[P]'=L[I’]
29 2
W =" L lo2

Hence, Fnersgy stored in the inducter
Total magnetic flux linked with the s@

epoid , d = po NI x 72 x N

[
But, ¢=LI
o I/r: mﬁf/_{ T[r2
L

L = po N? 2 = N2 R A =mn
1 l

Soft inducti n ai? cored solenoid L depends on :-
. of turns (N)

-------- ii) \tePeh 5f the solenoid (/)

-------- iii) Agea of cross section (A) of the solenoid.

m Sclencid wound on magnetic material: - When a solenoid is wound on a rod of magnetic material of permeability u.
= Self induction , L = uN* A or L5 oy N* A « 1 >
l )

\AAA A AR A A A

I

D
i.e., Self inductance of the coil increases of the air core of the coil is replaced by the iron core..

» Inductor: - “ A coil having a sufficiently high inductance is called ‘Inductor’ . o YV TT y—=
@ An ideal inductor has high value of self inductance and zero ohmic resistance. (Symbol)

Self - induction of a plane coil :- Consider a plane coil of radius ‘r’ meter through which a current | ampere is flowing.
Let ‘N’ be the no. of turns of the coil.
Magnetic field at the centre of the coil.
B=po NI Tesla

2r

Magnetic flux per turn of coil = B A (Where A = mir?, area of cross section of the coil.)
Total magnetic flux linked with N turns, ¢=po NI A  Tesla

2r

=wNI xmr? =pwN1 tr
2r 2
¢ =(pom N’r) I
2

But ¢ =LI

L= pomm N2r Henry
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SELF-INDUCTION OF A LONG SOLENOID 22

length. If a current | flows through the coil, then the magnetic field inside the coil is almost constant and is given by

permeability of the core material.

PHENOME SSOCIATED WITH SELF-INDUCTION

in the same on,as the original emf. This causes a big spark across the switch.
0 cting winding: In resistance boxes and post office boxes, different resistance coils have to be used. Here the wire is
first doub itself and then wound in the form of a coil over a bobbin. Due to this, the currents in the two halves of the wire flow in

opposite direction as shown in Fig. The inductive effects of the two halves of the wire, being in opposite directions, cancel each other.
The net self-inductance of the coil is minimum. Such a winding of coils is called non-inductive winding. The resistance coils having no self-
inductance are called non-inductive resistances.

COERRNIRS IO cosonisisnmaniseersiniciniirernitsons
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Self-inductance of a long solenoid: Consider a long solenoid of length ‘" and radius r with r << | and having n turns per unit

B=ponl
Magnetic flux linked with each turn = BA = o nlA
Where A =7 r? = the cross-sectional area of the solenoid.
Magnetic flux linked with the entire solenoid is ¢ = Flux

But =1
Self-inductance of the long solenoid is
L=pon? A,
If N is the total number of turns in the solenoid, th\ N/tand so

ith each turn x total number of turns

L=poN2A
l

If the coil is wound over a material of high relati agnetic permeability i (e.g. soft iron), then
L = pr pon?IA =

¥ Factors on which self-inducta lends: The self-inductance of a solenoid depends on its geometry and magnetic

1. Number of turns: Lar, e number of turns in the solenoid, larger is its self-inductance.

2. Area of cross-secti arg e number of turns in the solenoid, larger is its self-inductance.

3. Permeability of coréynaterial: The self inductance of a solenoid increase pir times if it is wound over an iron core of
relative permeablli T

1. Sparking¥The break of a circuit is very sudden. When the circuit is switched off, a large self induced emf is set up in the circuit

7 e

[Non-inductive winding of resistance coil]

Inductance is a measure of the ratio of induced flux ¢ to the current I. It is a scalar quantity having the dimension of magnetic

flux divided by current. Its dimensions in terms of the fundamental quantities are [ML?T-2 A-2]. Its Sl unit is Wb A~ or VsA™!

which is called henry (H). It is named in honour of Joseph Henry who discovered electromagnetic induction in USA

independently of Faraday in England.

Inductance plays the role of electrical inertia. The analogue of self-inductance in mechanics is mass.

A solenoid made from a thick wire has a negligible resistance but a sufficiently large self-inductance. Such an element is called ideal inductor,
denoted by

A wire itself cannot act as an inductor because the magnetic flux linked with the wire of negligible cross-sectional area is zero. Only a wire
bent into the form of a coil can act as an inductor. Moreover, the self-induced emf appears only during the time the current through it is
changing.

The inductance of a coil depends on its geometry and the intrinsic properties of the material that fill up the space inside it. In

this sense, it bears similarity to capacitance and resistance. The capacitance of a parallel plate capacitor depends on the plate

area and plate separation (geometry) and the dielectric constant k of the interposing medium (intrinsic material property). Similarly, the
resistance of a conductor depends on its length and cross sectional area (geometry) and resistivity (intrinsic

material property).

The capacitance, resistance, inductance and diode (describe in chapter 14) constitute the four passive elements of an electrical circuit. In fact,

these are the four alphabets of electrical/electronic engineering.
L}
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MUTUAL INDUCTION 23

“Mutual induction is the phenomenon of production of induced emf in one coil due to varying current in current in the neighbouring coil”.

@ Mutual induction is the property of this coil of virtue of which each apposes any change in the strength of current flowing
through theother by developing an emf (induced).

consider two coils P and S placed close to each other. The coil P is connected if series to a battery B and a rheostat Rh through a tapping
key K. The coil S is connected to a galvanometer G. When a current flows through coil’P, it produces a magnetic field which produces a
magnetic flux through coil S. If the current in the coil S changes which in d an,emf and hence a current in it, as is seen from the
deflection in the galvanometer. The coil P is called the primary coil and coil S; secondary coil, because it is the former which

causes an induced emf in the latter. The two circuits are said to be ceuple:

ircuit.

o—||—

p

Rh
[Mutual induction]

@ Coefficient of mutu ion: At any instant,
Magnetic flux linked with the secondary coil o current in the primary coil
i.e., pocl

or % b =M (1)
7he propo alit§"Constant M is called the mutaual inductance ov coefficient of mutual induction of the two coils.
Any ch he current | sets up an induced emf in the secondary coil which is given by

= =-M.dl - (2)

dt dt
ion (1) I=1,then$p=M
s the mutual inductance of two coils is numerically equal to the magnetic flux linked with one coil when a unit current
passes through the other coil.

Again, from equation (2), if
dl=1,thene=-M
dt
The mutual inductance of two coils may be defined as the induced emf set up in one coil when the current in the neighbouring
coil changes at the unit rate.

@ Unit of mutual inductance: From equation (2), we have

M=¢g
dl
dt
Slunitof M= __1V__=1VsA™=1henry (H)

1As™
7he mutual inductance of two coils is said to be one henry if an induced emf of one volt is set up in one coil when the
current in the neighbouring coil changes at the vate of 1 ampere per second.

MUTUAL INDUCTANCE OF TWO LONG SOLENOIDS

consider two long co-axial solenoid S1 and Sz, with S; wound over Ss.

I1 & S1

[Two long coaxial solenoids of same length 1]
Since Z0OOL...
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Let / = length of each solenoid, r1, r2 = radii of the two solenoids
A = tr1? = Area of cross-section of inner solenoid S1

First we pass a time varying current Iz through S..
m The magnet field set up inside Sz due to Iz is , Bz2=ponzl2

where n2 = N2/ [ = the number of turns per unit length of S..
m Total magnetic flux linked with the inner solenoid S1 is

N1, N2 = number of turns in the two solenoids

Mutual inductance of coil 1 with respect to coil 2 is

Mi2= ¢1 = pon2AN;: =
I2
Consider the flux linked with the outer solenoid Sz due to t

m'he field Bi due to l1 is constant inside S\ ro in the annular region between the two solenoid. Hence
Bi=ponih

where n1 = N1/l = the number of turns per unit length of Si.
Total flux linked with the outer salenoi i

¢2 = B1 ANz = ponali . ANz =

Mutual inductance of ¢
Moz = sb_z = M

respect to coil 1 is

Clearly, ay)
M = LlONlNZ 1nzAI poninamri?l

Thus, the mutual inductance of two coils is the property of their combination.

Ot does not matter whiel ong) of them functions as the primary ov the secondary coil. 7his fact is known as RECIPROCITY

THEOREM.
O Factors on
magnetic pe

vtual inductance depends: The mutual inductance of two solenoids depends on their geometry and the
of the core material.

f turns: Larger the number of turns in the two solenoids, larger will be their mutual inductance
M oc N1 N2

ommon cross-sectional area: Larger the common cross-sectional area of two solenoids, larger will be their mutual
inductance!

3. Relative separation: Larger the distance between two solenoids, smaller will be the magnetic flux linked with the
secondary coil due to current in the primary coil. Hence smaller will be the value of M.

(a) (b)
[(a) M is maximum when primary envelops secondary, (b) M is minimum when primary is perpendicular to secondary]
4. Relative orientation of the two coils: M is maximum when the entire flux of the primary linked with the secondary,

i.e., when the primary coil completely envelops the secondary coil. M is minimum when the two coils are perpendicular to each other
as shown in Fig.

5. Permeability of the core material: If the two coils are wound over an iron core of relative permeability L, their mutual
inductance increases pr times.

O Coefficient of coupling: The coefficient of coupling of two coils givens a measure of the manner in which the two coils are

coupled together. If L1 and L2 are the self-inductances of two coils and M is their mutual inductance, then their coefficient of coupling is
given by K=_M

Vi L

The value of K lies between 0 and 1.
Case I:- When the two coils P & S are wound on each other K = Max When the coupling is perfect i.e

the entire flux of primary is linked with the secondary, M is maximum and K = 1.
~ M = Max
@ S E Kis urth; irgreﬁse[sE w%n the two are wound on a soft iron are (as p) is very large.
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Case lI:- Kis large but less then that of in 1% case. M is also large but less than that of in 1% case. 25

Case III:- They are perpendicular to each other K = Min™

When there is no coupling, M=0and K =0.
conceptuul iips...'..'Ol.‘..'.‘.l“!l'...l.'..‘

4| When two coils are inductively coupled, in additionto
two coils due to self-induction also.

The mutual inductance of two coils is a properity of tHeir combination. The value of M remains unchanged irrespective of the fact
that current is passed through one coil orgthe o

While calculating the mutual inductance of two long co-axial solenoids, the cross-sectional area of the inner solenoids, the cross-
sectional area of the inner solenoid.is to onsidered.

While calculating the mutual inddCtange of two co-axial solenoids of different lengths, the length of the larger solenoid is to be
considered.

emf produced due to mutual induction, induced emf is set up in the

H @ H®

GROUPING OF INDUC
[A 1Grouping of coils:-{

ductance is negligible}

1) Coils in series:- When two coil’of inductance L; and L are connected in series and the coefficient of coupling K = 0 than as in
ugh)coil is same and potential is divided. L L

dt e e

A
(¢]
A\ 4

2) Coilsin parallel:- 1=1, +I»
dl/dt = dI,/dt + dl/dt

e/Lp=e/Li + e/l I
A=1+1 T o =
Le L1 L = =
= =
Li 3 RL
e p= p=
32 Nk
vl
Aliter = [B]
Inductors in series: (i) Let the series connection be such that the current flows in the same sense in the two coils as shown
p—— - e -
- i - =
L1 V ‘ L2
[ _ [
I A - ! |
o o
= €1 - :‘ €2 il
-t yel -

[(a) Inductances in series when fluxes get added]
Let Leq be the equivalent inductance of the two self-inductances L1 and L2 connected in series. For the series combination, the
emfs induced in the two coils get added up. Thus
€eq=€1+€2
If the rate of change of current in the series circuit is dl, then

- Dt = 2 o
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er=—Lidl- Mdl, e2=—Ldl-Mdl

26
dt dt dt dt

and, €eq = — Leq ﬂ

dt
The negative sign throughout indicates that both self and mutual induced emf’s are opposing the applied emf. Using the above

equations, we have €eq= €1+ €2
or —Leq.dl==(L1+ M+ L2+ M)dl
dt dt
or Leq= L1+ L2 +2M
(ii) Let the series combination be such that the currept flows senses in the two coils, as shown ...
PV VWV V¥V Vo V¥ o G BRSSO W _W__V_V_W-W_V.
> = 3
L1

[(b) Inducmkl series when fluxes get subtracted]
The emfs induced in the two coils/ill'be

er=-Lidl+Mdl, % Ldl+Mdl

dt dt dt dt
Here the mutual emf& e direction of applied emf and hence positive. For this series combination also, the emfs induced
[L

in the two coils get added up.

Hence eeq=€1+e¢ i +L2—=M] dl
dt
But €eg,= —Leq

dt
—-Leg di =—[L1 + L2—2M] dI
t dt
=Li1+L2—-2M
L. Two inductors of self-inductances L1 and L2 are connected in parallel. The inductors are so far apart that their mutual inductance is
NCGHGIDIC....civsvisvsiissisvssvsssonsusssmvmsnssvisssionsassvansia A
Inductances in parallel: For the parallel combination, the total current | divide up through the two coils as
I=lh+l2
di=dli +dl,
dt dt dt
L1 l1
B 8 | g S——
| I1 |
[ S —>—0
12 I2
< = >

[Inductances in parallel]
For parallel combination, induced emf across the combination is equal to the induced emf across each inductance. Thus

e=-Lidh or e=—dh
dt dt
e=-Ladb or e=—db
dt dt

This is because the mutual inductance M is negligible. If Leq is the equivalent inductance of the parallel combination, then
e=—Leq.dl = Leq [gh+g|_z]

dt dt dt
= Leq— (dli—db or e =(e+e
[dt dt Leq [Ll Lz]
or 1 =1 +_1 or Leq=_Lilo
Leq L1 L2 La: Lo
@®If there is any mutual inductance M between the coils, then
L=_Lilo —M?
L+LtM
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Examples based on Self-Induction and Mutual induction 27
¢ FORMULA USED

1. For self-induction, ¢ = LI 5. Self-inductance of long solenoid,

2. Self induced emf, e =—LdI L=poN2 A =pon? Al, wheren =N

dt l
3. For Mutual induction, ¢ = Ml A nductance of two closely wound solenoids,
4. Mutual induced emf, e == M dI
dt

L 2 UNITS USED

Flux ¢ is in weber, inductances L and M in henry, em It, current | in ampere, cross-sectional area A in m?, number of

turns per unit length n, n1 and nz arein m™.
Q.1. Whatis the self-inductance of a coil, in which n x of 40 milliweber is produced when 2 A current flows through it?
Sol. Here $ =40 mWb =40 x 102 Wb, 1=2A

Self-inductance,
L=¢=40x103=2 x 1072
L 2

Q. 2. A 200 turn coil of self-inductan carries a current of 4 mA. Find the magnetic flux linked with each turn of the coil.
Sol. Let ¢ be the magnetic flux link gach of the N turns of the coil. Then

¢=L1=20x 3=4x107 Wb
N 2
Q. 3. If a rate of changeé o rent of 4 As™! induces an emf of 10 mV in a solenoid, what is the self-inductance of the solenoid?
Sol. Here dl=4As?, lel=20mV=20x 103V
As dl
dt
= =20x103=5x103H=5mH.
di/dt 4
Q. 4. ery connected to a 6 2, 10 H coil through a switch drives a constant current through the circuit. The switch is
suddenly opened. If it takes 1 ms to open the switch, find the average emf induced across the coil.
Sol. Steady-state current=12V=2A
6Q

Final current =0
dl=(0-2)A=-2x1073As™
dt 1ms
Induced emf,
e=—Ldl=—10x (-2 x 10%) = 20, 000 V
Such a high emf usually causes sparks across the open switch.

Q. 5. An inductor of 5 H inductance carries a steady current of 2 A. How can a 50 V self-induced emf be made of appear in the
inductor?
Sol. Suppose the current reduces to zero in time t second. Thus
L=5H,dI=0-2=-2A,E=50V
As e=—Ldl
dt
50=-5x=2 or t=0.2s

t
Hence an induced emf of 50 V can be generated by reducing the current to zeroin 0.2 s.
Q. 6. What is the self-inductance of an air core solenoid 50 cm long and 2 cm radius if it has 50 turns?
Sol. Here L=50cm=0.50m,
r=2cm=2x107?m
N =500, po = 4nt x 107 TmA™
Self-inductance of the solenoid is
L= [40N2 A= goN2 T r?
| |
=4n x 107 x (500)? x T x (2 x 107%)? =7.89 x 10 H
0.50
Q. 7. An air-cored solenoid with length 30 cm, area of cross-section 25 cm? and number of turns 500, carries a current of 2.5 A.
The current is suddenly switched off in a brief time of 1073 s. How much is the average back emf induced cross the ends of
the ends of the open switch in the circuit?
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Sol.

Sol.

Q. 9.

Sol.

Q. 10.

Sol.

Q. 11.

Sol.

Q. 12.

Sol.

Q. 13.

Sol.

Q. 14.

Sol.

JBSE-PHYSIGS,

1=30cm =0.30 m, A=25cm?=25x 10" m? 28
N =500, dt =1073s, dil=0-25=-25A
Backemf=—Ldl =—poN2A . dl "
dt | dt
=—4 1 x107 x (500)? x 2.5 x 107* x (= 2.5) = 6.642 V. "

6.30 x 1073
A large circular coil, of radius R, and a small circular coil, of radius r, is put in vicinity of each other. If the c\éefﬁcient of
mutual induction, for this pair, equals 1 MH, what would be the fluxfin with the larger coil when a current of 0.5 A
flows through the smaller coil? When the current in the smaller coil tgzero, what would be its effect in the larger coil?
HereM=1mH,1=05A
Flux, ¢ = Ml = 103Hx0.5A=5x 10" Whb.
When the current in the smaller coil falls to zero, an inducediemf is set up in the larger coil due to the decrease in the linked flux.
What is the mutual inductance of a pair of coils if a @ ge of six ampere in one coil causes the flux in the second coil

of 2000 turns to change by 12 x 10~* Wb per turn\

Here N = 2000, I=6A
Flux per turn =12 x 10 Wb
Total flux, ¢ =2000 x 12 x 10~ = 244 Wb:.)

As ¢ =Ml
% M=¢=24=04
|

6
An emf of 0.5 V is developed ndary coil, when current in primary coil changes from 5.0 A to 2.0 A in 300
millisecond. Calculate theimutuahinductance of the two coils?

5

Here e=0.5V,dl=2- , dt =300 ms =300 x1073s
As e=—Mdl y 0.5=—-Mx -3

t 300 x 1073
or M= 0.0;%

If the curr; the primary circuit of a pair of coils changes from 5 Ato 1 Ain 0.02 s, calculate (i) induced emf in the
secon if the mutual inductance between the two coils is 0.5 H and (ii) the change of flux per turn in the secondary,
if it b@s 200 turns.
i)e =—0.5x(1-5) (i)e =—N _dd_
dt 0.02 0.02
=_2 =100V Change in flux per turn,
0.02 dd =—100 x 0.02 =—0.01 Wh.
200

The negative sign shows a decrease of magnetic flux.
Over a solenoid of 50 cm length and 2 cm radius and having 500 turns, is wound another wire of 50 turns near the centre.
Calculate the (i) mutual inductance of the two coils (ii) induced emf in the second coil when the current in the primary
changes from0to5Ain 0.02s.
Here N1 =500, N2=50,r=2cm=0.02m
1=50cm=0.50m, po=4 7 x 107 TmA™

(i) The mutual inductance of the two coils is (ii) The emf induced in the second coil is
M = poNiN> A = poN1No. wtr? e=—Mdl=-78.96x10°.(5-0)
| | dt 0.02
M =4x x 10~ x 500 x 50 x 7 x (0.02)? =-19.74x 103V =-19.74 mV.
0.5 The negative sign indicates a back emf.

=78.96 x 10° H = 78.96 uH.

A solenoidal coil has 50 turns per centimetre along its length and a cross-sectional area of 4 x 10 mZ2. 200 turns of another
wire are wound round the first solenoid coaxially. The two coils are electrically insulated from each other. Calculate the
mutual inductance between the two coils. Given po=4 1t x 107 NA™.
Here n1 50 turns per cm = 5000 turns per metre, nal = 200 turns, A =4 x 107 m?

M = ponin2Al = poni(nzl)A= 47 x 107 x 5000 x 200 x 4 x 10™* =5.027 x 10 H
A solenoid of length 50 cm with 20 turns per cm and area of cross-section 40 cm? completely surrounds another co-axial
solenoid of the same length, area of cross-section 25 cm? with 25 turns per cm. Calculate the mutual-induction of the system.
Here | =50 cm =0.50 m

Total no. of turns in outer-solenoid, N1 =nil =20 x 50 = 1000
Area of cross-section of outer solenoid, A1=40cm? =40 x 107* m?
Total no. of turns in inner solenoid, N2 = n2l =25 x 50 = 1250
Area of cross-section of inner solenoid, A2=25cm?=25x 10 m?

To determine mutual inductance, we take area of cross-section of inner solenoid.

M = poNiN2A2 =4m x 107 x 1000 x 1250 x 25 x 10* =7.85x 10 H = 7.85 mH.
| 0.50
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Q. 15. (a) A solenoid with an air-core has an average radius of 15 cm, area of cross-section 12 cm? and 1200 turns. 29
Obtain the self-inductance of the toroid. Ignore field variation across the cross — section of the toroid.

(b) A second coil of 300 turns is wound closely on the toroid above. If the current in the primary coil is increased from zero

to 2.0 Ain 0.05 s, obtain the induced emf in the second coil.

Sol. (a) The uniform magnetic field set up inside a solenoid is given by (b) Here N1 =1200, N2 =300
B = ponl = twoN . | [‘:n=% dt=0.05s,d=2.0-0=2.0A
2 mr 27, p The emf induced in the second coil is
Total flux linked with the N turns is e=Mdl=poNiN,Adl
¢ =NBA=N.poNI.A= poN2IA dt lh dt
2nr 2nr \ =41 x 107 x 1200 x 300 x 12 x 10~ x 2.0
Self-inductance of the toroid is V 21t x 0.15 0.05
=0.023V [« 1=2mr]

21t % 0.15
Q. 16. Fig. shows a short solenoid of length 4 cm, radi .0 cm and number of turns 100 lying inside on the axis of a long solenoid,
80 cm length and number of turns 1500. What is the flux through the long solenoid if a current of 3.0 A flows through the
|

short solenoid? Also obtain the al inductance of the two solenoids.

L=¢=poN2A
| 2 r
=4m x 107 x (1200)2 x 12 x 107* Cté 3H =2.3mH

2

Ko o
CRDE)))

Sol. As the short solenoid produces a complicated magnetic field, so it is difficult to calculate mutual inductance and flux through
the outer oid. For this purpose we make use of the principle of reciprocity of mutual inductance i.e.,
M1z = M21

Supp@se S1 resents the long solenoid and Sz, the short solenoid. Then

l1 80 cm = 0.80 m, N1 = 1500 l2=4cm=0.04m,

2=2.0cm=0.02m N2=100, 12=3.0A
uniform magnetic field inside the long solenoid is given by
Bi=poNih

l1
Since the short solenoid lies completely inside the long solenoid, the flux linked with it is given by

G¢=N2A2B1=N2A2.uoN1li or N2. _poNilhi . tR2?2 =Ml
l1 l1

Flux through each turn of short solenoid From the symmetry of mutual inductance, we have
=g2=poNili.A Mi2 = M21 = por R2% . NaN»

N2 I l1
=uoNili . R2? =4m x 10”7 x 1 x (0.02)? x 1500 x 100 H

I1 0.80
By definition, ¢2 = Mail1 =296 x 104 H
The total flux linked with the long solenoid is

Nid1 = Mial2 = 2.96 x 107 x 3.0 Wb =8.88 x 10 Wb = 8.9 x 10™* Wh.

Q. 17. Acircular loop of radius 0.3 cm lies parallel to a much bigger circular loop of radius 20 cm. The centre of the small loop is on
the axis of the bigger loop. the distance between their centres is 15 cm. (a) What is the flux linking the bigger loop if a current
of 2.0 A flows through the smaller loop? (b) Obtain the mutual induction of the two loops.

Sol. We use here the idea of symmetry of mutual inductance between two coils, i.e.,

M1z = M21
Here 1 refers to the bigger loop and 2, the smaller loop.
Let us calculate the flux through the smaller loop due to a current |1 in the bigger loop. The area of the smaller loop is so small
that we can use formula for field B at any point on the axis of the bigger loop.
Loop 1
Loop 2

ri=2.0cm

Field B2 at 2 due to current l1in 1is

= P e
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Ba=__ polir? 30
2 (x2 + )2

Where x = the distance between the centres of the two loops. Flux linked with loop 2,

d=Baxarea=Bamr?=_mporlr? .h =144 1> x 10°=4.55 x 10" H
2(x? + ry?)¥? 2 x (625)%2
Ma=da=_muorlr? =Mn Flux linking the bigger loop is
i 20+ %) Oy#Muz. 2= M1 . 1= 4,55 x 107 x 2 Wb
Thus flux linked with loop 1, 1% 1071 Wh.

dr=Mula=_mpor®r? .

T v/
Givenr1=20cm=0.20m,r2=03cm=3x10"3m

x=15cm=0.15m, po=4 1 x 107 TmA™

Ma1 = 1t x 41t x 107 x (0.2)? x (3 x 1073)2
2[(0.15)% + (0.2)2]32 CJ

Field B2 at 2 due to current l1in 1is

B2=__ pohin?
2 (x2+ra?)¥2

tres of the two loops. Flux linked with loop 2,
. =144 > x 10° =455 x 10°** H
2 x (625)%/2
Flux linking the bigger loop is
d1=M12.2=M21.11=4.55x 10" x 2 Wb
=9.1x 10" Wb.

nh=_npor?r? .l

2 (x4 r1?) 32
=0.20m,r2=03cm=3x10"m
5ecm=0.15m, po=47mx 107 TmA™
u=m x4 x 107 x (0.2)2 x (3 x 1073)?

2[(0.15)2 + (0.2)2?2
Q 18 Three inductances are connected as shown in Fig. Fin the equivalent inductance.
The equivalent inductance L’ of L2 and Ls is given by
=l l=1 4 1=
or U'=%=0.25H
Now, L1 and L’ form a series combination, their equivalent inductance is given by
L=L1+Ll'=0.75+0.25=1H

L2=05H
—— N ——
Li=0.75H
— A ——
l3=05H ... END.
_@SE—FHYSH@S, —[_\
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