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6.8 EDDr CURRENTSs 
So far we have studied the electric currents induced in well defined paths 
in conductors like circular loops. Even when bulk pieces of conductors 

are subjected to changing magnetic flux, induced currents 
are produced in them. However, their flow patterns resemble 
swirling eddies in water. This effect was discovered by physicist

Foucault (1819-1868) and these currents are called eddy 

currents.
Consider the apparatus shown in Fig. 6.13. A copper plate 

is allowed to swing like a símple pendulum between the pole 
pieces of a strong magnet. It is found that the motion is damped 
and in a little while the plate comes to a halt in the magnetic 
field. We can explain this phenomenon on the basis of 
electromagnetic induction. Magnetic flux associated with the 
plate keeps on changing as the plate moves in and out of the 
region between magnetic poles. The flux change induces eddy 
currents in the plate. Directions of eddy currents are opposite 
when the plate swings into the region between the poles and 

when it swings out of the region. 
If rectangular slots are made in the copper plate as shown 

Pivot 

FIGURE 6.13 Eddy currents are in Fig. 6.14, area available to the flow of eddy currents is less. 
generated in the copper plate, Thus, the pendulum plate with holes or slots reduces 

electromagnetic damping and the plate swings more freely. 

Note that magnetic moments of the induced currents (which 
oppose the motion) depend upon the area enclosed by the 
currents (recall equation m = lA in Chapter 4). 

his fact is helpful in reducing eddy currents in the metallic 
cores of transformers, electric motors and other such devices in 

while entering 
and leaving the region of 

magnetic feld. 

which a coil is to be wound over metallic core. Eddy currents are 
undesirable since they heat up the core and dissipate electrical 
energy in the form of heat. Eddy currents are minimised by using 

PIvot 

laminations of metal to make a metal core. The laminations are 
separated by an insulating material like lacquer. The plane of the 
laminations must be arranged parallel to the magnetic field, so 

that they cut across the eddy current paths. This arrangement 
reduces the strength of the eddy currents. Since the dissipation 

of electrical energy into heat depends on the square of the strength 
of electric current, heat loss is substantially reduced. 

Eddy currents are used to advantage in certain applications like: 

0) Magnetic braking in trains: Strong electromagnets are situated 
above the rails in some electrically powered trains. When the 
electromagnets are activated, the eddy currents induced in the 

rails oppose the motion of the train. As there are no mechanical 
linkages, the braking effect is smooth. 

(i) Electromagnetic damping: Certain galvanometers have a fixed 
core made of nonmagnetic metallic material. When the coil 
oscillates, the eddy currents generated in the core oppose the 
motion and bring the coil to rest quickly. 

FIGURE 6.14 Cutting slots 
in the copper plate reduces 
the effect of eddy currents. 
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(ii) Induction furnace Induction furnace can be used to produce high 
temperatures and can be utilised to prepare alloys, by melting the 

constituent metals. A high frequency alternating current is passed 
through a coil which surrounds the metals to be melted. The eddy 

Currents generated in the metals produce high temperatures suficient 
to melt it. 

(iv) Electric pouwer meters: The shiny metal disc in the electric power meter 
(analogue type) rotates due to the eddy currents. Electric currents 
are induced in the disc by magnetic fields produced by sinusoidally
varying currents ina coil. 

You can observe the rotating shiny disc in the power meter of your 
house. 

ELECTROMAGNETIC DAMPING 

Take two hollow thin cylindrical pipes of equal internal diameters made of aluminium and 
PVC, respectively. Fix them vertically with clamps on retort stands, Take a small cylinderical
magnet having diameter slightly smaller than the inner diameter of the pipes and drop it 
through each pipe in such a way that the magnet does not touch the sides of the pipes 
during its lall. You will observe that the magnet dropped through the PVC pipe takes the 

same time to come out of the pipe as it would take when dropped through the same height 
without the pipe. Note the time it takes to come out of the pipe in each case. You will see that 
the magnet takes much longer time in the case of aluminium pipe. Why is it so? It is due to 
the eddy currents that are generated in the aluminium pipe which oppose the change in 
magnetic tlux, 1.e. the motion of the magnet. The retarding force due to the eddy currents 
inhibits the motion of the magnet. Such phenomena are referred to as electromagnetic damping. 

Note that eddy currents are not generated in PVC pipe as its materfal is an insulator whereas 

aluminium is a conductor. 

6.9 INDUCTANCE 
An electric current can be induced in a coil by lux change produced by 
another coil in its vicinity or flux change produced by the same coil. These 
two situations are described separately in the next two sub-sections. 
However, in both the cases, the fux through a coil is proportional to the 
current. That is, d, al. 

Further, if the geometry of the coil does not vary with time then, 

dd 
dt dt 

For a closely wound coil of Nturns, the same magnetic flux is linked 
with all thhe turns. When the flux d, through the coil changes, each turn 
contributes to the induced emf. Therefore, a term called Jlux linkage is 
used which is equal to N®, fora closely wound coil and in such a case 

NO,oI 
The constant of proportionality, in this relation, is called inductance. 

We shall see that inductance depends only on the geometry of the coil 219 
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and intrinsic material properties. This aspect is akin to capacitance which 
for a parallel plate capacitor depends on the plate area and plate separation 

geometry) and the dielectric constant K of the intervening mediumn 
(intrinsic material property). 

Inductance is a scalar quantity. It has the dimensions of [ML"TA1 
given by the dimensions of flux divided by the dimensions of current. The 

SI unit of inductance is hernry and is denoted by H. It is named in honour 
of Joseph Henry who discovered electromagnetic induction in USA, 
independently of Faraday in England. 

6.9.1 Mutual inductance 

Consider Fig. 6.15 which shows two long co-axial solenoids each of length 

L We denote the radius of the inner solenoid S, by r, and the number of 

turns per unit length by n,. The corresponding quantities for the outer 

solenoid S,are r, and n: respectively. Let N, and N, be the total number 
of turns of coils S, and S. respectively.

When a current 1, is set up through S. it in turn sets up a magnetic 

flux through S,, Let us denote it by ,, The corresponding llux linkage 
with solenoid S, is 

N, = Ml 

M is called the mutual inductance of solenoid S, wvith respect to 

solenoid S2. It is also relerred to as the coetficternt of muitual inductiorn 

For these simple co-axial solenoids it is possible to calculate Mi2. The 

magnetic field due to the current 1, in S, is Hh. The resulting flux linkage 
with coil S, is, 

(6.9) 

N,4-(n) (r) 46n,l,) 
(6.10) 

where n,lis the total number of turns in solenoid S,. Thus, from Eq. (6.9) 
and Eq. (6.10). 

(6.1 Mi2 4,n,Trt 
Note that we neglected the edge effects and considered 

the magnetic field ,n to be uniform throughout the 

length and width of the solenoid S. This is a good 
approximation keeping in mind that the solenoid is long. 

implyingl >> r2 
We now consider the reverse case. A current I, is 

passed through the solenoid S, and the flux linkage with 
coil S, is, 

w2 
N,P = Ma1 (6.12) 

, turns M is called the mutual inductance of solenoid S, with 
respect to solenoid S,. 

The flux due to the current , in S, can be assumed to 
be confined solely inside S, since the solenoids are very 
long. Thus, flux linkage with solenoid S, is 

N, turns

FIGURE 6.15 Two long co-axial 

solenoids of same 
length . N, = (n,) (Tr) (usn,4,) 220 
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where nlis the total number of turns of S,. From Eq. (6.12). 

Ma Ho, ,aril 6. 13) 

Using Eq. (6.11) and Eq. (6.12), we get 

M2 MaM (say) 
We have demonstrated this equality for long co-axial solenoids. 

However, the relation is far more general. Note that if the inner solenold 
was much shorter than (and placed well inside) the outer solenoid, then 
we could still have calculated the flux linkage N,", because the inner 
solenoid is effectively immersed in a uniform magnetic field due to the 
outer solenoid. In this case, the calculation of M, would be easy. However, 
it would be extremely difficult to calculate the fux inkage with the outer 
solenoid as the magnetic field due to the inner solenoid would vary across 

the length as well as cross section of the outer solenoid. Therelore, the 

calculation of M21 would also be extremely difficult in this case. The 

equality M=M2 is very useful in such situations. 
We explained the above example with air as the medium within the 

solenoids. Instead, ifa medium of relative permeability 4, had been present, 
the mutual inductance would be 

6. .14) 

M=4,41,n,Tril 
It is also important to know that the mutual inductance of a pair of 

coils, solenoids, etc., depends on thefr separation as well as their relative 

orlentation. 

Example 6.9 Two concentric circular colls. one of small radius r and 
the other of large radius r. such that r <r are placed co-axially 
with centres coinciding. Obtain the mutual inductance of the 
arrangement, 

Solution Let a current 1, flow through the outer circular coil. The 
field at the centre of the coil is B, = Hol2 2r, Since the other 

co-axially placed coil has a very small radius, B, may be considered 

constant over its cross-sectional area. Hence, 

rB 

Ho1 2r 
- Mi2a 

Thus, 

M= T 
2r 

From Eq. (6.14) 

Ma- Ma 2r, 

Note that we calculated M2 from an apprOximate value of d,. assuming 
the magnetie field B, to be uniform over the area t ri. However, we 
can accept this value because r, < 221 
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Now, let us recollect Experiment 6.3 in Section 6.2. In that experiment, 

emf is induced in coil C, wherever there was any change in current through 

coil C. Let o, be the flux through coil C, (say of N, turns) when current in 
coil C, is I 

Then, from Eq. (6.9). we have 
N,o, MI 
For currents varrying with time, 

d(N,)d(MI,) 
dt dt 

Since induced emf in coil C, is given by 

d(N,4) 
dt 

We get, 

-M dt 

It shows that varying current ina coil can induce emf in a neighbouring 

coil. The magnitude of the induced emf depends upon the rate of change 
of current and mutual inductance of the two coils. 

6.9.2 Self-inductance 

In the previous sub-section, we considered the flux in one solenoid due 
to the current in the other. It is also possible that emf is induced in a 

single isolated coil due to change of ilux through the coil by means of 
varying the current through the same coil. This phenomenon is called 
self-induction. In this case, flux linkage through a coil of N turns is 
proportional to the current through the coil and is expressed as 

NG, «1 

N LI 
where constant of proportionality Lis called self-inductance of the coil. It 
is also called the coetficient of self-induction of the coil. When the current 
is varied, the flux linked with the coil also changes and an emf is induced 
in the coil. Using Eq. (6.15), the induced emf is given by 

6.15) 

e=-d{N4) 
dt 

e-d (6.16) 
dt 

Thus, the self-induced emf always opposes any change (increase or 
decrease) of current in the coil. 

It is possible to calculate the self-inductance for circuits with simple 
geometries. Let us calculate the self-inductance of a long solenoid of cross- 

sectional area A and length L, having nturms per unit length. The magnetic 

field due toa current I lowing in the solenoid is B =4, nl (neglecting edge 
effects, as before). The total flux linked with the solenoid is 

222 N,-(n)an )(A) 
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A HnALI 
where nlis the total number of turns. Thus, the self-inductance is, 

HnAl (6.17 

Ifwe fill the inside of the solenoid with a material of relative permeability 
4,(for example soft iron, which has a high value of relative permeability). 
then, 

L= 4, Hn*Al (6.18 

The self-inductance of the coil depends on its geometry and on the 

permeability of the medium. 

The self-induced emf is also called the back emf as it opposes any 

change in the current in a circuit. Physically. the selfinductance plays 

the role of inertia. It is the electromagnetic analogue of mass in mechanics. 
So, work needs to be done against the back emf (e) in establishing the 
current. This work done is stored as magnetic potential energy. For the 

current Iat an instant in a circuit, the rate of work done is 

dW 
dt 

-- l4 
If we ignore the resistive losses and consider only inductive effect, 

then using Eq. (6.16). 

dW d 
dt 'dt 

Total amount of work done in establishing the current Iis 

W-Jaw -jLIdI 
Thus, the energy required to build up the current Iis, 

W-u (6.19 
2 

This expression reminds us of mu"/2 for the (mechanical) kinetic energy 
of a particle of mass m, and shows that L is analogous to m (i.e.. L is 

electrical inertia and opposes growth and decay of current in the circuit). 
Consider the general case of currents flowing simultaneously in two 

nearby coils. The flux linked with one coil will be the sum of two fluxes 
which exist independently. Equation (6.9) would be modified into 

N, 4-M +Ma la 
where M, represents inductance due to the same coil. 

Therefore, using Faraday's law, 

-M, M,, dt 223 dt 
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M is the self-inductance and is written as L. Therefore, 

-L- Ma dtd 
dt 

Example 6.10 (a) Obtain the expression for the magnetic energy stored 
in a solenold in terms of magnetie field B, area A and length l of the 

solenoid. (b) How does this magnetic energy compare with the 

electrostatic energy stored in a capacitor? 

Solution 

(a) From Eq. (6.19). the magnetic energy is 

(since B Hnd,for a solenoid) 

from Eq (6.17)] 
Hn) 

BAL 
Ho 

(b) The magnetic energy per unit volume is, 

(where V is volume that contains lux) 
V 

B 
24 (6.20) 

We have already obtained the relation for the electrostatic energy 

stored per unit volume in a parallel plate capacitor (refer to Chapter 2, 

Eq. 2.77) 

(2.77) 
PHYSICS 

In both the cases energy is proportional to the square of the field 
strength. Equations (6.20) and (2.77) have been derived for special 
cases: a solenoid and a parallel plate capacitor, respectively, But they 
are general and valid for any region of space in which a magnetic field 

or/and an electric field exist. 

6.10 AC GENERATOR 
The phenomenon of electromagnetic induction has been technologically 
exploited in many ways. An exceptionally important application is the 
generation of alternating currents (ac). The modern ac generator with a 
typical output capacity of 100 MW is a highly evolved machine. In this 
section, we shall describe the basic principles behind this machine. The 
Yugoslav inventor Nicola Tesla is credited with the development of the 
machine. As was pointed out in Section 6.3, one method to induce an emf 224 


