Chapter 6
Electromagnetic Induction

Eddy Currents
What are Eddy Currents?

«An eddy current is a current set up in a conductor in response to a
changing magnetic field. They flow in closed loops in a plane
perpendicular to the magnetic field. By Lenz law, the current swirls in
such a way as to create a magnetic field opposing the change; for this to
occur in a conductor, electrons swirl in a plane perpendicular to the
magnetic field.

«Because of the tendency of eddy currents to oppose, eddy currents cause a
loss of energy. Eddy currents transform more useful forms of energy,
such as Kkinetic energy, into heat, which isn’t generally useful.
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Formation of Eddy Currents

Some Practical Applications
In the Brakes of Trains

During braking, the brakes expose the metal wheels to a magnetic field which
generates eddy currents in the wheels. The magnetic interaction between the
applied field and the eddy currents acts to slow the wheels down. The faster the
wheels spin, the stronger is the effect, meaning that as the train slows the braking
force is reduces, producing a smooth stopping motion.



Electromagnetic damping

«Used to design deadbeat galvanometers. Usually, the needle oscillates a
little about its equilibrium position before it comes to rest. This causes a
delay in taking the reading so to avoid this delay, the coil is wound over
a non-magnetic metallic frame.

«As the coil is deflected, eddy currents set up in the metallic frame and
thus, the needle comes to rest almost instantly.

«Thus, the motion of the “coil is damped”. Certain galvanometers have a
fixed core made up of nonmagnetic metallic material. When the coil
oscillates, the eddy currents that generate in the core oppose the motion
and bring the coil to rest.

Electric Power Meters
The shiny metal disc in the electric power meter rotates due to eddy currents. The

magnetic field induces the electric currents in the disc. You can also observe the
shiny disc at your house.

Electric power meters

Induction Furnace

In a rapidly changing magnetic fields, due to a large emf produced, large eddy
currents are set up. Eddy currents produce temperature. Thus a large temperature
is created. So a coil is wound over a constituent metal which is placed in a field of
the highly oscillating magnetic field produced by high frequency.



Industrial induction furnace

The temperature produced is enough to melt the metal. This is used to extract
metals from ores. Induction furnace can be used to prepare alloys, by melting the
metals at a very high temperature.

Speedometers

To know the speed of any vehicle, these currents are used. A speedometer consists
of a magnet which keeps rotating according to the speed of our vehicle. Eddy
currents are been produced in the drum. As the drum turns in the direction of the
rotating magnet, the pointer attached to the drum indicates the speed of the vehicle
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Ques: Eddy currents are produced in a metallic conductor when
(a) The magnetic flux linked with it changes

(b) It is placed in the changing magnetic field

(c) Placed in the magnetic field

(d) BothAand B

Ans: D

Solution: They are produced when the magnetic flux passing through the metal
object continuously changes. This may happen due to many reasons.



1. The object is placed in the region with changing magnetic field.
2. The object continuously moves in and out of the magnetic field region.

Power dissipation of eddy currents
Under certain assumptions (uniform material, uniform magnetic field, no skin effect,

etc.) the power lost due to eddy currents per unit mass for a thin sheet or wire can
be calculated from the following equation:

T2 B2 f?
GkpD

where

P is the power lost per unit mass (W/kg),

By is the peak magnetic field (T),

d is the thickness of the sheet or diameter of the wire (m),

fis the frequency (Hz),

Kk is a constant equal to 1 for a thin sheet and 2 for a thin wire,

p is the resistivity of the material (2 m), and

D is the density of the material (kg/m3).

This equation is valid only under the so-called quasi-static conditions, where the
frequency of magnetisation doe snot result in the skin effect; that is, the
electromagnetic wave fully penetrates the material.

Diffusion Equation

The derivation of a useful equation for modelling the effect of eddy currents in a
material starts with the differential, magnetostatic form of Ampére’s Law, providing
an expression for the magnetizing field H surrounding a current density J:
VaH=].

Taking the curl on both sides of this equation and then using a common vector
calculus identity for the curl of the curl results in

V(V-H -V H=V x]J.

From Gauss’s law for magnetism, V-H = 0, so

-V:H=V x].

Using Ohm’s law, | = oE, which relates current density ] to electric field E in terms of
a material’s conductivityc and assuming isotropic homogeneous conductivity, the
equation can be written as

—V:H=0VxE.

Using the differential form of Faraday’s law, V X E = —dB/dt, this gives
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By definition, B = po(H+M), where M is the magnetization of the material and po is .I
the vacuum permeability. The diffusion equation therefore is I
: ]
: oM OH 1
VBH = g0 | — =i g
e (E?t+6t) 8,
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L.R. Circuit i !
i
As the switch S is closed in given figure, current in II
1
R II
— o A '
I
B |
V—— L I
— 1
|
1
i
1
v i
circuit wants to rise upto ® in no time but inductor II
4w I
opposes it - v/ 1
hence at time t = 0 inductor will behave as an open circuit Il
att=20 1
& i
As the time passes, i in the circuit rises and # decreases. At any instant t. II
L% +iR =V I
N l I
current reaches the value R at time t = oo or we can say, inductor will behave as a 1
simple wire. .I
att=o00 1
i
VR R 1
- I
1
1
1
] 1
Example 1. Find value of current i, i1 and iz in given figure at I|
|
1
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1
|
1
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1
]



1
1
1
1
1
& ]
iy 1
¥ - l l
(@) timet=20 1
: ]
(b) time t = co 1
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Ans. (a) At time t = 0 inductor behaves as open circuit '.
i=v/R |
i1 =0 8
R
AAAA I
-2 S |
e A— l|
14 i I I
Iy
iz=i=v/R 1
I 1
(b) At time t = oo. Inductor will behaves as simple wire I g
v 2V
i= :R;’Z’:_E ll
- 3.3 1
f- ey I
b o I I
y i |l
y [
i1=iz=R ly |
' 1
Growth and Decay of Current in L-R CircuitGrowth of Current i |
Consider a circuit containing a resistance R, an inductance L, a twoway key and a 1
battery of e.m.f E connected in series as shown in figure. When the switch S is II
connected to a, the current in the circuit grows from zero value. The inductor |
opposes the growth of the current. This is due to the fact that when the current I "
grows through inductor, a back e.m.f. is developed which opposes the growth of 1
current in the circuit. So the rate of growth of current is reduced. During the growth II
of current in the circuit, let i be the current in the circuit at any instant t. Using |
Kirchhoff's voltage law in the circuit, we obtain ll
1
R l' 1 !
=iy P—m!“"-"‘_‘: l
—-a—-ll)—] 1 I
i _d _dt 1
E-~- Ldl—RlorE-Ri=LdlorE-m - l|
Multiplying by - R on both the sides, we get I
il.'ll = -Rdt 1
E-Ri L 1
1
]
1
]



1
1
1
1
Integrating the above equation, we have ! "
R 1
loge (E-Ri)=-L" +A (1) 1
1
1
where A is integration constant. The value of this constant can be obtained by I
applying the condition that currentiis zero just at starti.e,att = 0. II
Hence, |
loge E=0+4A '
or A =log.E ..(2) [
1
1
Substituting the value of A from equation (2) in equation (1), we get 1
" 1
loge(E-Ri)=- L' +log. E I
.E-‘E'I'.l .7 ll
orlog.” B/ =t 1
EChi) (R '
or' E)=exp' Lt |l
Ri I= 8 r‘: 1
orl-E=exp't’ I
Ri |} r RO l
= 1-exp - % I_| I
or * 1
F-:r:l-exp S |;tll II
Therefore, i = e I
1
The maximum current in the circuitio = E/R. |I
. ) -'l-&su_l-ﬁli;- II
So,i=1o v (3 I
1
Equation (3) gives the current in the circuit at any instant t. It is obvious from ||
equation (3) thati = ip, when II
s
| ==1]
exp® -/ =0ie,att=o0 |I
b I
1
1
1
i
1
lI
Hence the current never attains the value iy but it approaches it asymptotically. A 1
graph between current and time is shown in figure. ll
We observe the following points 1
(i) When t = (L/R) then II
:1 3 ‘_ R 1] [ By ]
: W el T | ; ™ 2
i=1o =j{l-exp(-1)}=i0- ¥ =063 1 ll
1
1
1
]
1
]



Thus after an interval of (L/R) second, the current reaches to a value which is 63%
of the maximum current. The value of (L/R) is known as time constant of the circuit
and is represented by t. Thus the time constant of a circuit may be defined as the
time in which the current rises from zero to 63% of its final value. In terms of t,

I:l__li-—E“ |

(ii) The rate of growth of current (di/dt) is given by

: o T R di . [R) [ R
di d .-.-I—P.-xpi-—r“ — i laxpl-—
s = | —=lt—|exp{-—¢t
o= al ! R N LY

-(4)

£ A

From equation (3), exp L=

a4 °\pH )
Therefore, 9t ‘i b6/ =

di_. [R)le-} g
il
This shows that the rate of growth of the current decreases as 7 tends to /. For any
other value of current, it depends upon the value of R/L. Thus greater is the value of
time constant, smaller will be the rate of growth of current.

Note:

» Final current in the circuit = R, which is independent of L.

» After one time constant, current in the circuit=63% of the final current (verify
yourself)

> More time constant in the circuit implies slower rate of change of current.

# If there is any change in the circuit containing inductor then there is no
instantaneous effect on the flux of inductor.

L1i1 = Lziz

Example 2. At t = 0 switch is closed (shown in figure) after a long time suddenly

the inductance of the inductor is made h times lesser ' n than its initial value,

find out instant current just after the operation.
R L

]

s -

Ans. Using above result (note 4)

Lili=loiz=2iz= R
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Example 3. Which of the two curves shown has less time constant. 1 l
i l
"H1_ ]
Ans. curve 1 II
1
Decay of Current i I
1
Let the circuit be disconnected from battery and switch S is thrown to point b in the 1 )
figure. The current now begins to fall. In the absence of inductance, the current 1
would have fallen from maximum /i to zero almost instantaneously. But due to the II
presence of inductance, which opposes the decay of current, the rate of decay of 1
current is reduced. II
suppose during the decay of current, 7/ be the value of current at any instant t. Using 1
Kirchhoff's voltage law in the circuit, we get Il
di di R
-L;ﬁ_lgr @ L ll
|
_ 1
i i
1
R L I !
Integrating this expression, we get |l
& 1
logei=-L +B 1
where B is constant of integration. The value of B can be obtained by applying the II
condition that whent=0,1 =1 |
Therefore, loge io = B II
Substituting the value of B, we get 1
R !
logei=- L' + logeio 1 :
L Re 1
orloge =-1L 1
[-E¢ '
or (i/io) =exp" - ..(6) il
|-|._Erp.—5r-|—i. EYFE—E 1
or 1 LT S - S 7, l
where t = L/R = inductive time constant of the circuit. 1 i
[t is obvious from equation that the current in the circuit decays exponentially as .l
shown in figure. i
We observe the following points 1
(i) After t = L/R, the current in the circuit is given by |'
]
1
1
1
]
1
]
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fT Decay of current 1
(8,5 o |
i=igexp' - ¥=ipexp(-1) © t— i
=(io/e)=1/2.718=0.37 i y
1
1
So after a time (L/R) second, the current reduces to 37% of the maximum current #. [
(L/R) is known as time constant t. This is defined as the time during which the ll
current decays to 37% of the maximum current during decay. i
(ii) The rate of decay of current in given by ll
LII E,;_q;pl—ﬁt. ". I
dt = dti L7} ]
] i :"E'-'I| B4 ll
=t =FEjjexp ¥ = = (7 1
d R 1
or-dt=1 II
This equation shows that when L is small, the rate of decay of current will be large [
i.e., the current will decay out more rapidly. I|
i
Example 4. In the following circuit the switch is closed at t = 0. Initially there is |I
no current in lnductor Find out current the inductor coil as a function of time. 1
J—\a\l—m ll
SL
T g II
l I
Ans. At any time t II
-e+i1R-(i-i))R=0 1
-e+2i1R-iR=0 Il
R+e
11 = _ii;\_ II
II
R R
A —E——s i
[ = - iR = 1
-:i—!.1ﬁ+ R LE i
i = = 1
di T > - i
Now,-e+iiR+iR+L® =0 b | i
i.'IR.E' g ] E.El_q _.‘9 l
~apYE4 LiREI W =22 I
-2+ 3R’ -di __ di ! I
2 dt—-Ld1=> dt ““ewdilk 1
i dt di L. (-8+3R 1
_-':I_-!-z-jui 2 RN = 1
(e+3R) 3wt i
-Iny T =4 |
1
i
1
]
1
]



Example 5. Figure shows a circuit consisting of a ideal cell, an inductor L and a
resistor R, connected in series. Let the switch S be closed at t = 0. Suppose att =
0 current in the inductor is io then find out equation of current as a function of
tixgle _

L L

L/C_. Ij
g S 5 A

Ans: Let an instant t current in the circuit is i which is increasing at the rate di/dt.
Writing KVL along the circuit, we have

di di
—_ i L— i
ge-Ld-jR=0= d=¢g-jR
_a__jdt il RL
:_.:—iR i L =1n'g—.:ﬂ_.‘=_r
:-{:-r:h‘je“""
=>e-iR=(e-ipR) eR/L = i= R
Self-Inductance

6. Self induction

Self induction is induction of emfin a coil due to its own current change. Total flux
N b passing through a coil due to its own current is proportional to the current and
isgivenas N ¥ = L i where L is called coefficient of self induction or inductance.
The inductance L is purely a geometrical property i.e., we can tell the inductance
value even if a coil is not connected in a circuit. Inductance depends on the shape
and size of the loop and the number of turns it has.

[f current in the coil changes by Al in a time interval At, the average emf induced in
the coil is given as

_AM) AQLL) LAl
g At = At At

The instantaneous emf is given as

d(e) duy _ udl
gi—w db == b dt

S.I unit of inductance is wb/amp or Henry (H)
L - self inductance is +ve Quantity.



L depends on: (1) Geometry of loop

(2) Medium in which it is kept. L does not depend upon current. L is a scalar
Quantity.

Brain Teaser

[f a circuit has large self-inductance, what inference can you draw about the circuit.

6.1 Self Inductance of solenoid

Let the volume of the solenoid be V, the number of turns per unit length be n. Leta
current [ be flowing in the solenoid. Magnetic field in the solenoid is givenas B =
1o nl. The magnetic flux through one turn of solenoid f = pon 1 A.

b

The total magnetic flux through the solenoid = N
=NpnlA

=pmonzl A/

Therefore, L=ponz /A= pon2V

u
=ponipr?(n)
L]

L= =pon2mr2/

Inductance per unit volume = g n2

Ex.38 The current in a coil of self-inductance L = 2H is increasing according to the
law i = 2 sin t2. Find the amount of energy spent during the period when the current
changes from 0 to 2 ampere.

Sol. Let the currentbe 2amp att =1

Then2=2sint2=>1t= \fi
di
When the instantaneous current is i, the self induced emfis L “ . If the amount of
charge that is displaced in time dt is d©, then the elementary work done
{ di® di

_ & .LEqu- L d_l;ldr-l_ldl
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(i !i_udi _ [r_{zsint"] 2zint') .I
. g 1
W= [8Ls..’1t’:us £{tdt) _ ::L]:Bnnzt’(tdt: II
Let 6 = 2t2 o
Differentiating d6 = 4t dt [
t)'1.4""]'3'09 1
Therefore, W= ' =< 1
=L (- cosB) T_.-Lcos 2t2 |'
A [cos26T 1
W = Hees2e] :
=2L=2X 2=4joule II
]
7. Inductor ll
1
[t is represent by 1
— i II
electrical equivalence of loop II
lI
{ i
= ||
—?—’WLUU’J"—?— II
] I
1
If current i through the inductor is increasing the induced emf will oppose |I
the increase in current and hence will be opposite to the current. If current i through i
the inductor is decreasing the induced emf will oppose the decrease in current and ll
hence will be in the direction of the current. II
_ 1
i _ _ |
(increasing) L 1 (decreasing) |_ ||
—>— o 1
i ' |
induced emf I
Induced emf MiHcon om lI
1
Over all result ll
A8 !
L .I
a
L] 1
Va-Ldt =Vg ll
Note i
> If there is a resistance in the inductor (resistance of the coil of inductor) then : ll
1
]
1
]
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Ex.39 A B is a part of circuit. Find the potential difference va - vg if 1
20 1
I’L"Wi' A I
H Svol [
(i) currenti = 2A and is constant 1
(ii) currenti = 2A and is increasing at the rate of 1 amp/sec. II
(iii) current i = 2A and is decreasing at the rate 1 amp/sec. lI
2i ll
—— ] —MWA——
Sol. A UIH 5ok " ll
di di
- dt = ld_t ' ]
lI
writing KVL from A to B |I
di I|
Va-1d -5-2i=Vjp 1
di i
()Puti=2,a=0 II
i
Va-5-4=Vg Therefore, Va- Vg =9 volt II
di
(i) Puti=2, 4 =1; II
Va-1-5-4=VgorVa-Vp=10Vp Il
di
(ili) Puti=2, & =-1 II
Va+1-5-2X2=Vg |
Va = 8volt ll
1
Ex.40 Find current i, i1 and iz in the following circuit. I I
!
B i
R L 1
L Z% t "
TV R
1
2R T i
1
i
Sol.att=10 1
v 1
i=h=Randi=0 b
att=o0 1
R |
- - 1
1 2 I
v ;[:n TL II
| I
1
1
1
1
1



[ = = = = = = = = = m = = = m o= = = = = = = = = = o= = = ]
1 1
1 1
1 1
1 1
1 L ;
'I >h=iz=2==R .I
1 1
! I 7.1 Energy stored in an inductor: ' I
1 1
II If current in an inductor at an instant is i and is increasing at the rate di/dt, the II
i induced emf will oppose the current. Its behaviour is shown in the figure. 0
| voiking as a vad 1
] ]
I L = I
| T = 1
1 |, mcTEasing . 1
1 = didat Lda i
1 di 1
1 Power consumed by the inductor =iL & §
| di |
Il Energy consumed in dt time =i L & dt II
1 , [1Ldi = 215 1
[ Therefore, total energy consumed as the current increases from 0 tol = [ e |l
1 - 3.
1 =5 =U= ZLF 1
1 |
1 1
; 1 Note: I I
1 » This energy is stored in the magnetic field with energy density I
1 @ _s8' 8 1
1 dV  2u 2pgu, I |
" v I
1 Total energy U = = - 1
1 1
! i Ex.41 Find out the energy per unit length ratio inside the solid long wire having ! i
1 . current density |J. 1 I
1 — 1
| Ir/ \‘-1 i |
1 \ /
1 % L/ ' |
1
| Sol. Take a ring of radius r and thickness dr as an element inside the wire i I
U € E '
1 & = 2 1

. ) )

1 it 1
I usingB= 2 "
" A T L "
[ dv  H2p ] = =g st ey of 16 1
1 Il
! 8 Mutual Inductance |
1 1
1 |
1 1
i i
1 1
1 1
1 1
] 1
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10. MUTUAL INDUCTANCE

Consider two coils P and S placed close to each other as shown in the figure. When
the current passing through a coil increases or decreases, the magnetic flux linked
with the other coil also changes and an induced e.m.f. is developed in it. This
phenomenon is known as mutual induction. This coil in which current is passed is
known as primary and the other in which e.m.f. is developed is called as secondary.
Let the current through the primary coil at any instant be i;. Then the magnetic

4, %

flux * in the secondary at any time will be proportional to i1 i.e,, is directly
proportional to i
There fore the induced e.m.f. in secondary

when ii changes is given by

d'»_ di,
=i g% ——
dt ie., dt
Ly o
000000 ]
(000000 ]
r__p,qgﬂ'_ .G_M.': [
i la— it = ° =Mi;

where M is the constant of proportionality and is known as mutual inductance of
two coils. It is defined as the e.m.f. induced in the secondary coil by unit rate of
change of current in the primary coil. The unit of mutual inductance is henry (H).

10.1 Mutual Inductance of a Pair of Solenoids one Surrounding the other coil

Figure shows a coil of N2 turns and radius Rz surrounding a long solenoid of
length /i, radius R; and number of turns Nj.

S.

B TI1111111 o

To calculate mutual inductance M between them, let us assume a current i; through
the inner solenoid S4

There is no magnetic field outside the solenoid and the field inside has magnitude,

IN,
B = Hel — |1
.g' 4 3



and is directed parallel to the solenoid's axis. The magnetic flux *: through the
surrounding coil is, therefore,

- J...N L .
po, =B(=R]) = —'—f—' =Ry

MmNt NG TN g N NGERE
IERHE

Notice that M is independent of the radius Rz of the surrounding coil. This is because
solenoid's magnetic field is confined to its interior.

Brain Teaser

What is the meaning of the statement "The coefficient of mutual inductance for a
pair of coils is large"?

Note: .h.d ""!I

> For two coils in series if mutual inductance is considered then
Leq=L1+ L2 + 2M

Ex.48 Find the mutual inductance of two concentric coils of radii a; and
az (a1 << ay) if the planes of coils are same.

iy

Sol. Let a current i flow in coil of radius ax.
Magnetic field at the centre of coil =

- -.a.: M= ;.L_;'j_:_
orMi= %:  or )

gl




Ex.49 Solve the above question, if the planes of coil are perpendicular.

Sol. Let a current i flow in the coil of radius ai. The magnetic field at the centre of
this coil will now be parallel to the plane of smaller coil and hence no flux will pass
through it, hence M = 0

Ex.50 Solve the above problem if the planes of coils make 6 angle with each
other.

Sol. If i current flows in the larger coil, magnetic field produced at the centre will be
perpendicular to the plane of larger coil.

Now the area vector of smaller coil which is perpendicular to the plane of smaller
coil will make an angle 8 with the magnetic field.

= b Mgl
BA = —2=
Thus flux = 25, 1ra;? cos O

pera” CESHLI

orM= 2a,

Ex.51 Find the mutual inductance between two rectangular loops, shown in
figure.

Sol. Let current i flow in the loop having co-by long sides. Consider a segment of
width dx at a distance x as shown flux through the regent

a
e

»*
oy =k

v _"_;L_ "":I
d — | 2zx% !1[r+a)]bdx
AP .
= — j_ _?:x 2-.|jx-a-a:|" :



b | c+b | a-bic

i A c a-c |

Ex.52 Figure shows two concentric coplanar coils with radiiaand b (a << b). A
current i = 2t flows in the smaller loop. Neglecting self inductance of larger loop

3

(a) Find the mutual inductance of the two coils

(b) Find the emf induced in the larger coil

(c) If the resistance of the larger loop is R find the current in it as a function of
time

Sol. (a) To find mutual inductance, it does not matter in which coil we consider

current and in which flux is calculated (Reciprocity theorem) Let current i be
g
flowing in the larger coil. Magnetic field at the centre = 2b,
wd =

flux through the smaller coil = 25
Therefore, M = 2

s ; . ; M i'ﬂ mn smaller coil
(ii) |emf induced in larger coil| = -°* ]
I'I"

. A
el I
=2 = b

Hyxa”

(iii) current in the larger coil = b*

Ex.53 If the current in the inner loop changes according to i = 2t2 then, find the
current in the capacitor as a function of time.

©

7 di =
M| —|m smaller coil
|\dt/

Bo-_ 2
SolL. M= 2"

|emf induced in larger coil| =



——] i
R
B 2p .3 at _(_+

Applying KVL: -

q ;’p,‘_: ar

+e-c-iR=0= b --iR=0

2p s i di

differentiate wrt time: & - ¢ -

11. Series Combination of Inductors

i L Ls v
SRELLC LT St 111 B 11T
LT \J:

= Lo

Therefore, V=V + V;

di di d
T T T T
Lee=Li+ L2+

Parallel Combination of inductor

of

d di di, -
: ; : —-—t 4t
i=i1+iz= dt dt dt 2
L v v
k. b L
2 S S
L L L

0 . . . ;
onsolvingiti= b

Faraday's Law of Electromagnetic Induction & Lenz's Law

1. MAGNETIC FLUX

Consider a closed curve enclosing an area A (as shown in the figure). Let there be a
uniform magnetic field € in that region. The magnetic flux through the area 2 is

given by
(1)
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@ =BAcos B

where 6 is the angle which the vector B makes with the normal to the surface. If € is
perpendicular to #, then the flux through the closed area # is zero. SI unit of
magnetic flux is weber (Wb).

Notes

» Area vector is perpendicular to the surface

> For open surface choose one direction as the area vector direction and stick to it
for the whole problem.

> For closed surfaces outward normal is taken as area vector direction

> Flux is basically count of number of lines crossing a surface

» Because magnetic field lines exists in closed loop.

Ex.1 Find flux passing through Area?

Sol. Since is Lto B
p=BA=0

2. FARADAY'S LAW OF ELECTROMAGNETIC INDUCTION

Whenever the flux of magnetic field through the area bounded by a closed
conducting loop changes an emf is produced in the loop. The emf is given by

(1)

where the flux of magnetic field through the area.

The emf so produced drives an electric current through the loop. If the resistance of
the loop is R, then the current

oo AN
R Rt (111)

Ex.2 A coil is placed in a constant magnetic field. The magnetic field is parallel to the
plane of the coil as shown in figure. Find the emf induced in the coil.

Sol. f = 0 (always) since area is perpendicular to magnetic field.



Therefore, emf =0

Ex.3 Find the emf induced in the coil shown in figure. The magnetic field is
perpendicular to the plane of the coil and is constant.

r/‘\\\ﬁ.rea;ﬂ.
I ®

\ B )
B

Sol. f = BA (always) = const.
Therefore, emf =0

Ex.4 Show that if the flux of magnetic induction through a coilchanges from f; to f2,
then the charge 8 that flows through the circuit of total resistance R is given by 0

4 -4

= R ,where Ris the resistance of the coil.

de
Sol. Let f be the instantaneous flux. Then ¢t is the instantaneous rate of change of
flux which is equal to the magnitude of the instantaneous emf. so the current in the
1/de dg
circuit |i| = R since the current is the rate of flow of charge, thatis, i = dt

_.:I.-l :“
9 — [Idt or q—al:.\i'ﬁ"dt

where t is the time during which change takes place.butatt=0,f=f,andatt=¢t, f

'I L]

=i &-8
Therefore, 6 = R-I-'u = R
3.LENZ'S LAW

The effect of the induced emf is such as to oppose the change in flux that produces it.

(@) (©) (b) (d)

In figure (a & b) as the magnet approaches the loop, the flux through the loop
increases. The induced current sets up an induced magnetic field Bina whose flux



opposes this change. The direction of Biyg is opposite to that of external field Bex: due
to the magnet.

In figure (c & d) the flux through the loop decreases as the magnet moves away from
the loop, the flux due to the induced magnetic field tries to maintain the flux through
the loop. The direction of Bina is same as that of Bext due to magnet.

Lenz's law is closely related to the law of conservation of energy and is actually a
consequence of this general law of nature. As the north pole of the magnet moves
towards the loop an induced current is produced. This opposes the motion of N-pole
of the bar magnet. Thus, in order to move the magnet toward the loop with a
constant velocity an external force is to be applied. The work done by this external
force gets transformed into electric energy, which induces current in the loop.
There is another alternative way to find the direction of current inside the loop
which is described below.

Figure shows a conducting loop placed near a long, straight wire carrying a current i
as shown. If the current increases continuously, then there will be an emf induced
inside the loop. Due to this induced emf, an electric current is induced. To determine
the direction of current inside the loop we put an arrow as shown. The right hand
thumb rule shows that the normal to the loop is going into the plane. Again the same
rule shows that the magnetic field at the site of the loop is also going into the plane
of the diagram.

Bandak . « ; B.dA . was G
Thus ®*** are in the same direction. Therefore [*** is positive if i increases, the

¢

magnitude of flux
di

increases, * is positive. Thus € is negative and hence the current is negative. Thus
the current induced is opposite, to that of arrow.

increases. Since magnetic flux f is positive and its magnitude

Brain Teaser
Two identical coaxial circular loops carry equal currents circulating in the same
direction. What will happen to the current in each loop if the loops approach each

other?

Ex.5 Find the direction of induced current in the coil shown in figure. Magnetic field
is perpendicular to the plane of coil and it is increasing with time.



Sol. Inward flux is increasing with time. To oppose it outward magnetic field should
be induced. Hence current will flow in anticlockwise.

Ex.6 Figure shows a long current carrying wire and two rectangular loops moving
with velocity v.
Find the direction of current in each loop.

Sol. In loop (i) no emf will be induced because there is no flux change.

In loop (ii) emf will be induced because the coil is moving in a region of decreasing
magnetic field inward in direction. There fore to oppose the flux decrease in inward
direction, current will be induced such that its magnetic field will be inwards. For
this direction of current should be clockwise.

L]

O

e

4. CALCULATION OF INDUCED EMF

As we know that magnetic flux (¢) linked with a closed conducting loop = BA cos

0 where B is the strength of the magnetic field, A is the magnitude of the area vector
and 0 is the angle between magnetic field vector and area vector.

Hence flux will be affected by change in any of them, which is discussed in the next

page.

4.1 By changing the magnetic field

Ex.7 Figure shows a coil placed in decreasing magnetic field applied perpendicular
to the plane of coil. The magnetic field is decreasing at a rate of 10 T/s. Find out
current in magnitude and direction

d8
emf=A.d =2x10=20v

Therefore, i = 20/5 = 4 amp. From lenz's law direction of current will be
anticlockwise.
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1 1
1
1 I
i Ex.8 The magnetic flux (¢2) in a closed circuit of resistance 20 W varies with time ! "
(t) according to the equation f = 7t2 - 4t where fis in weber and t is in seconds. The 1
' magnitude of the induced currentatt=0.25sis i '
I (A) 25 mA (B) 0.025 mA (C) 47 mA (D) 175 mA I|
1 1
Sol. p = 7t2- 4t 1
' Jol= St o 141-4 !
= Induced emf: ¢ I
1 1
= Induced current : [
| i lel liet-4| |14x0.25 4| |
R 20 20 (att=0.255s) !
1 o 1
- 5p ~25x107A 1
' Therefore, (A) l:
1
I Ex.9Consider a long infinite wire carrying a time varying currenti =kt (k > 0). A ! |
i circular loop of radius a and resistance R is placed with its centre at a distance d I I
from the wire (a < < d). Find out the induced current in the loop? 1
1 |
1 Sol. Since current in the wire is continuously increasing therefor we conclude that d |
; magnetic field due to this wire in the region is also increasing. ||
i Magnetic field B due to wire ~ 22 going into and perpendicular to the plane of the ! I
paper 1 I
. Flux through the circular loop, 1
| P i
2xd |
1 | |
|
| |t £ I
k>0 d I
i " |
K
1 ' ; 2d l I
I i I
I Induced e.m.f. in the loop ! i
1 ¢  —p.ak i
==-gi"2d |
' 1= lxl 1K I
i Induced current in theloop * 2¢R 'I
i 1
Direction of induced current in the loop is anticlockwise. 1 ;
i
1
I Ex.10Two concentric coplanar circular loops have diameters 20 cm and 2 m and 1
i resistance of unit length of the wire = 10-4+ W/m. A time -dependent voltage V = (4 ! I
+ 2.5 t) volts is applied to the larger as shown. The current in the smaller loop is 1 I
: |
I 1
|
i 1



V= -T}E 5
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T

Sol.ri=1.0m,r=101m
Resistance of outer loop = 2p X 10-4?
Resistance of inner loop = 0.2p X 10-4?

v _(-'--.-2.5{]
TR N

Currentin outer loop # 2= -10°

398" "
i, = 2 x10% 4| 2=« 10 x kA

or %
Magnetic field produced at the common centre (see figure)

A

y [[2+1.25t) » 10°] .
i U2+ LRt IS _SL-' . =2 %107°(2 4+ 1.250)T

Hence, flux linked with the inner loop,

o=BA=2x 103 (2 + 1.25t)
x 7(0.1)2 = 27 x 10-5 (2 + 1.25t) Wb

Hence, the e.m.f. induced in smaller loop =

[

ds -2 c -5
1—'ai-"?'-'1ﬁ -12:\_—-—25:l1ﬂ I"I’I

The negative sign indicates that the induced e.m.f. (or current) is opposite to applied
e.m.f. (or current)
Hence, the current induced in the inner (smaller) loop is

£
el 257 x10°V
PR T LR e BT
R~ (0.2= x10™)0

Ex.11 A rectangular wire frame of length 0.2 m, is located at a distance of 5 X 10-2m
from a long straight wire carrying a current of 10 A as shown in the figure. The
width of the frame = 0.05 m. The wire is in the plane of the rectangle. Find the
magnetic flux through the rectangular circuit. If the current decays uniformly to 0 in
0.2 s, find the emf induced in the circuit.



1
1
1
1
<+ 0.05m 1
1054 T .l
le— (=0.05m— 0 2n 1
1
: l '
tx 1
=0 1m— |
1
1
Sol. A current, /= 10 A is flowing in the long straight wire. Consider a small [
rectangular strip (in the rectangular wire frame) of width dx at a distance x from the ll
straight wire. i
The magnetic flux at the location of the strip, ' I
]
The flux linked with the infinitesimally small rectangular strip ll
1
Ko I
. bd 1
= Bx X Areaofthestrip=d = x= 2= /dx 1
where /is the length of the rectangular wire circuit |l
=2X101m 1
II
¢ . y
ord x=(moi//2p) (dx/x) II
1
Hence, the total magnetic flux linked with the rectangular frame I|
4 T T I
_ [dh - 9= TogxI: ll
. E g 1
(R e I
¢ = —I[log, r, ~log,r,]=-——log, 22 |
or 2= 22 \r;) 1
i
1
Substituting values, we get .'
1
1
¢ :
=2x%X107%x10 X 2 x 10! X loge2 [
=2.772 X 107 Wb II
i [+ | r_;‘ I
|=-3-p:‘] g"".n,'g 1
Induced em.f.  dt 23 dt "
=(2x10 .2.10"Iog=2,-0‘2 'l
= 1.386 x10°V = 1.386 mV II
1
1
]
1
i
1
]
1
]



Ex.12 Figure shows a wire frame PQSTXYZ placed in a time varying magnetic field
given as B = bt, where b is a positive constant. Resistance per unit length of the wire
is L. Find the current induced in the wire and draw its electrical equivalent diagram.

L

]

(B

2B

= s

&
m

F =

- ]

Sol. Induced emf in part PQST = b a2 (in anticlockwise direction, from Lenz's Law)
Similarly induced emf in part TXYZ = b bZ (in anticlockwise direction, from Lenz's
Law)

Total resistance of the part PQST = 14a

Total resistance of the part PQST = 14h.

The equivalent circuit it is shown in the diagram.

writing KVL along the current flow

Bb2 - pa2 - i 4ai - % 4bi = 0

- %(h—a}

Brain Teaser:

A copper ring is held horizontally and a bar magnet is dropped through the ring
with its length along the axis of the ring. Will the acceleration of the falling magnet
be equal to, greater than or lesser than the acceleration due to gravity ?

4.2 BY CHANGING THE AREA
Solved Examples:

Ex.13 A space is divided by the line AD into two regions. Region I is field free and the
region Il has a uniform magnetic field B directed into the paper. ACD isa
semicircular conducting loop of radius r with centre at O, the plane of the loop being
in the plane of the paper. The loop is now made to rotate with a constant angular
velocity w about an axis passing through O, and perpendicular to the plane of the
paper in the clockwise direction. The effective resistance of the loop is R.

(a) Obtain an expression for the magnitude of the induced current in the loop.

(b) Show the direction of the current when the loop is entering into the region IL.



(c) Plot a graph between the induced emf and the time of rotation for two periods of
rotation.

Sol. (a) As in time t, the arc swept by the loop in the field, i.e., region II.

Loy Lo
iqna)—ir ot

A=
So the flux linked with the rotating loop at time t,

f=BA= ;—Enr"l‘ [E - ot]
and hence the induced emf in the loop,
de 1

e=-cd =-2""" =constant.
And as the resistance of the loop is R, the induced current in it,

(.8 _Bar’
" R 2R
Reguonl Region i it i ant ¥
Region | P.‘egi;nl
xxxxxx . o
o h - \
}’,.-—- v ﬂ’_f ‘»,‘\‘_ !
' ]| = omox o on = 0 !1 B e, g "
{ r Whe & % % e
el OFfx 3 ¢« ‘\ : TR | !
\ T P —-—
" - - Elfrard
e | _,? A
= E = L - L -
Fig (a) Fig ) : Flg (c)

(b) When the loop is entering the region II, i.e., the field figure (b), the inward flux
linked with it will increase, so in accordance with Lenz's law an anticlockwise
current will be induced in it.

(c) Taking induced emf to the negative when flux linked with the loop is increasing
and positive when decreasing, the emf versus time graph will be, as shown in figure

©

Ex.14 Two parallel, long, straight conductors lie on a smooth plane surface. Two
other parallel conductors rest on them at right angles so as to form a square of side
a initially. A uniform magnetic field B exists at right angles to the plane containing
the conductors. Now they start moving out with a constant velocity (v). (a) Will the
induced emf be time dependent? (b) Will the current be time dependent?

Sol. (a) Yes, ¢ (instantaneous flux) = B (a + 2vt)?
de

Therefore, e = 4 = 4Bv (a + 2vt)
(b) No,

c

(instantaneous current) i = #
Now R = 4(a + 2vt) r where r = resistance per unit length



48v{a - 2vt) Bv
Therefore,i = 4{a+2¥) = r (a constant)
The current will be time independent.

Motional Electromotive Force

An emf induced by the motion of the conductor across the magnetic field is a
motional electromotive force. The equation is given by E = -vLB. This equation
is true as long as the velocity, field, and length are mutually perpendicular. The
minus sign associated with the Lenz’s law.

e |

F
¥
v

For us to understand the motional electromotive force, let us make a particular
setup. Let us take a rectangular coil, a metal rod of length L, moving with
velocity V, through a magnetic field B. There is a magnetic field at some location.
Length, velocity and magnetic field should always be at a right angle with each
other. The direction of the magnetic field is going inside. Assume the metal rod is
frictionless that means there is no loss of energy due to friction and we apply a
uniform magnetic field. The conductor rod is moved with a constant velocity and
placed in the magnetic field.

Browse more Topics under Electromagnetic Induction
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But %’ changes with time,



__d®s 4 N da
E=- dt —  dt (Bx) = -Bl dt

E = Blv

The induced emf Blv is motion electromotive force. So we produce emf by

moving a conductor inside the uniform magnetic field. The power required to

move a conductor rod in a magnetic field is,

B2 l!avi
b= =p—

Where

+B is the magnetic field,

o] is the length of the conductor
+v is the velocity of the conductor
+R is the resistance

The magnetic flux associated with the coil is given by @ = BA cos 8. We know
that cos 0 = 0, so @ = BA. The motion of electromotive force can be further
explained by Lorentz force which acts on free charge carriers. The Lorentz force
on charge is:

F = qVB

Energy Consideration: A Quantitative Study

Energy Consideration

We all know that Lenz’s law is consistent with the law of conservation of energy.

Lenz’s Law states that, when you induce a current in a wire via a changing
magnetic field, the current flows through the wire in such a direction so that its
magnetic field opposes the change that produced the current.

Now let us understand energy consideration in a better way
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Suppose there is a rectangular conductor. now from the above figure, we can say
that the sides of the sides of the rectangular conductor are PQ, RS, QR, and SP.
Now in this rectangular conductor, the three sides are fixed, while one of it’s side
that is the side PQ is set free.

Let r be that movable resistance of the conductor. So the resistance of the other
remaining sides of the rectangular conductor that is the resistance of side RS, SP
and QR is very small as compared to this movable resistance. In a constant
magnetic field, if we change the flux, an emf is induced. i.e E = d@/dt

If there is induced emf E and a movable resistance r in the conductor then, we
can say that I = Blv/R. As the magnetic field is present, there will also be a force
F acting, as F = ILB. This force is directed outwards in the direction opposite to
the velocity of the rod, given by F = B212v/R

Power = force X velocity = B2]2v/R

Now here the work done is mechanical and this mechanical energy is dissipated
as Joule heat. This is given as P] = I2R = B2l2v/R. Further, the mechanical energy
converts into electrical energy and finally into thermal energy. From the
Faraday’s law, we have learned that, |E| = A@g/At

So we get, |E| =

_ AQ
IR=—"R

Hence we get,

AQ= 2B

AC Generator

An AC generator is an electric generator that converts mechanical energy into
electrical energy in form of alternative emf or alternating current. AC generator
works on the principle of Electromagnetic Induction”.



AC Voltage

Parts of an AC Generator

An Ac generator consists of two poles i.e is the north pole and south pole of a
magnet so that we can have a uniform magnetic field. There is also a coil which
is rectangular in shape that is the armature. These coils are connected to the slip
rings and attached to them are carbon brushes.

The slip rings are made of metal and are insulated from each other. The brushes
are carbon brushes and one end of each brush connects to the ring and other
connects to the circuit. The rectangular coils rotate about an axis which is
perpendicular to the magnetic field. There is also a shaft which rotates rapidly.

Working of an AC Generator

When the armature rotates between the poles of the magnet upon an axis
perpendicular to the magnetic field, the flux which links with the armature
changes continuously. Due to this, an emf is induced in the armature. This
produces an electric current through the galvanometer and the slip rings and
brushes.

The galvanometer swings between the positive and negative values. This
indicates that there is an alternating current flowing through the galvanometer.

Emf induced in an AC generator

[f the coil of N turn and area A is rotated at v revolutions per second in a uniform
magnetic field B, then the motional emf produced is e = NBA(27v) sin(2nv) t,
where we assume that at time t = 0 s, the coil is perpendicular to the field. The
direction of the induced emf is given by Fleming's right-hand rule or the Lenz'’s
law.

Fleming’s right-hand rule states that, stretch the forefinger, the middle finger
and the thumb of the right hand such that they are manually perpendicular to
each other. If the forefinger indicates the direction of the magnetic field, rhumb
indicates the direction of the motion of the conductor. The middle finger
indicates the direction of the induced current in the conductor.



3-Phase AC generator

In a symmetric three-phase power supply system, three conductors each carry
an alternating current of the same frequency and voltage amplitude relative to a
common reference but with a phase difference of one third the period. The
common reference usually connects to ground and often to a current-carrying
conductor that is neutral.

Due to the phase difference, the voltage on any conductor reaches its peak at
one-third of a cycle after one of the other conductors and one-third of a cycle
before the remaining conductor. This phase delay gives constant power transfer
to a balanced linear load. It also makes it possible to produce a rotating magnetic
field in an electric motor and generate other phase arrangements using
transformers.

Experiments of Faraday & Henry

In this section, we will learn about the experiments carried out by Faraday and
Henry that are used to understand the phenomenon of electromagnetic induction
and its properties.

Experiment 1

Direction of
A Coil or loop B « movement
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q
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In this experiment, Faraday connected a coil to a galvanometer, as shown in the
figure above. A bar magnet was pushed towards the coil, such that the north pole is
pointing towards the coil. As the bar magnet is shifted, the pointer in the
galvanometer gets deflected, thus indicating the presence of current in the coil
under consideration. It is observed that when the bar magnet is stationary, the
pointer shows no deflection and the motion lasts only till the magnet is in motion.
Here, the direction of the deflection of the pointer depends upon the direction of
motion of the bar magnet. Also, when the south pole of the bar magnet is moved
towards or away from the coil, the deflections in the galvanometer are opposite to
that observed with the north-pole for similar movements. Apart from this, the
deflection of the pointer is larger or smaller depending upon the speed with which it
is pulled towards or away from the coil. The same effect is observed when instead of
the bar magnet, the coil is moved and the magnet is held stationary. This shows that



only the relative motion between the magnet and the coil are responsible for the
generation of current in the coil.

Experiment 2
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In the second experiment, Faraday replaced the bar magnet by a second current-
carrying coil that was connected to a battery. Here, the current in the coil due to the
connected battery produced a steady magnetic field, which made the system
analogous to the previous one. As we move the second coil towards the primary coil,
the pointer in the galvanometer undergoes deflection, which indicates the presence
of the electric current in the first coil.

Similar to the above case, here too, the direction of the deflection of the pointer
depends upon the direction of motion of the secondary coil towards or away from
the primary coil. Also, the magnitude of deflection depends upon the speed with
which the coil is moved. All these results show that the system in the second case is
analogous to the system in the first experiment.

Experiment 3
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From the above two experiments, it was concluded by Faraday that the relative
motion between the magnet and the coil resulted in the generation of current in the
primary coil. But another experiment conducted by Faraday proved that the relative
motion between the coils was not really necessary for the current in the primary to
be generated.

In this experiment, he placed two stationary coils and connected one of them to the



galvanometer and the other to a battery, through a push-button. As the button was
pressed, the galvanometer in the other coil showed a deflection, indicating the
presence of current in that coil. Also, the deflection in the pointer was temporary

and if pressed continuously, the pointer showed no deflection and when the key was

released, the deflection occurred in the opposite direction.
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