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ELECTROMAGNETIC INDUCTION 

Electromagnetic induction is the process of using magnetic fields to 
produce voltage, and in a complete circuit, a current. Michael Faraday 
first discovered it using some of the work of Oersted. His work started 
at first using combination of wires and magnetic strengths and current. 

 

WHAT IS FARADAY’S LAW  

Faraday’s law of electromagnetic induction is a basic law of 
electromagnetism predicting how a magnetic field will interact with an 
electric circuit to produce an electromotive force (EMF). This 
phenomenon is known as electromagnetic induction. 

Faraday’s law states that a current will be induced in a conductor which 

is exposed to a changing magnetic field.  
Faraday’s law of induction explains the working principle of 
transformers, motors, generators, and inductors. The law is named after 
Michael Faraday, who performed an experiment with a magnet and a 
coil. During Faraday’s experiment, he discovered how EMF is induced 

in a coil when the flux passing through the coil changes. 
 

 

https://www.electrical4u.com/what-is-transformer-definition-working-principle-of-transformer/
https://www.electrical4u.com/electrical-motor-types-classification-and-history-of-motor/
https://www.electrical4u.com/electric-generator/
https://www.electrical4u.com/what-is-inductor-and-inductance-theory-of-inductor/
https://www.electrical4u.com/what-is-flux-types-of-flux/


 

 

 

INDUCTION 

 An induced current is produced by a changing magnetic field 
 There is an emf associated with induced current 
 A current can be produced in a circuit without a battery 
 Faraday’s law of induction describes this emf 

 So current flows when there is EMF. When magnetic flux 
changes than EMF is created and current flows (when circuit is 
complete).  

 
FARADAY’S EXPERIMENT 

 
In this experiment, Faraday takes a magnet and a coil and connects 
a galvanometer across the coil. At starting, the magnet is at rest, so 
there is no deflection in the galvanometer i.e the needle of the 
galvanometer is at the centre or zero position. When the magnet is 
moved towards the coil, the needle of the galvanometer deflects in 
one direction. 

 
When the magnet is held stationary at that position, the needle of 
galvanometer returns to zero position. Now when the magnet 



 

moves away from the coil, there is some deflection in the needle 
but opposite direction, and again when the magnet becomes 
stationary, at that point respect to the coil, the needle of the 
galvanometer returns to the zero position. Similarly, if the magnet 
is held stationary and the coil moves away, and towards the 
magnet, the galvanometer similarly shows deflection. It is also 
seen that the faster the change in the magnetic field, the greater 
will be the induced EMF or voltage in the coil. 

Conclusion: From this experiment, Faraday concluded that whenever 
there is relative motion between a conductor and a magnetic field, the 
flux linkage with a coil changes and this change in flux induces a 
voltage across a coil. 

 Magnet not moving galvanometer is zero 
 Magnet moved towards the coil current is I . 
 Magnet stopped near the coil the galvanometer current is zero. 
 Magnet moved back the coil current is I but reversed. 

 
Michael Faraday formulated two laws on the basis of the above 
experiments. These laws are called Faraday’s laws of 
electromagnetic induction. 
 
Faraday’s First Law 

Any change in the magnetic field of a coil of wire will cause an emf to 
be induced in the coil. This emf induced is called induced emf and if 
the conductor circuit is closed, the current will also circulate through 
the circuit and this current is called induced current. 
Method to change the magnetic field: 

 

1. By moving a magnet towards or away from the coil 
2. By moving the coil into or out of the magnetic field 
3. By changing the area of a coil placed in the magnetic field 

https://www.electrical4u.com/voltage-or-electric-potential-difference/


 

4. By rotating the coil relative to the magnet 
 

Faraday’s Second Law 

It states that the magnitude of emf induced in the coil is equal to the 
rate of change of magnetic flux  linked with the coil. The flux linkage 
of the coil is the product of the number of turns in the coil and flux 
associated with the coil and it is denoted by ϕ. Flux is a scalar quantity 
which depends on area and quantity of magnetic field.Its unit is weber. 

                                                Φ = B.A 

 

 
Faraday Law Formula 

 
Consider, a magnet is approaching towards a coil. Here we consider 
two instants at time T1 and time T2. 
 
Flux linkage with the coil at time T1, 

 

Flux linkage with the coil at time T2, 



 

 

Change in flux linkage, 

 

Let this change in flux linkage be, 

 

So, the Change in flux linkage 

 

Now the rate of change of flux linkage 

 

Take derivative on right-hand side we will get 

 

The rate of change of flux linkage 

 

But according to Faraday’s law of electromagnetic induction, the rate 

of change of flux linkage is equal to induced emf. 
 

 (-ve sign shows that EMF opposes the change in flux       

            considering Lenz’s Law). 

where: 

 Flux ϕ in Weber = B.A 



 

 B = magnetic field strength 
 A = area of the coil 

 
 
 

How To Increase EMF Induced in a Coil 

 By increasing the number of turns in the coil i.e N, if the number 
of turns in a coil is increased, the induced emf also gets increased. 
 

 By increasing magnetic field strength i.e B surrounding the coil- 
Mathematically, if magnetic field increases, flux increases and if 
flux increases emf induced will also get increased. Theoretically, 
if the coil is passed through a stronger magnetic field, there will 
be more lines of force for the coil to cut and hence there will be 
more emf induced. 

 By increasing the speed of the relative motion between the coil 
and the magnet – If the relative speed between the coil and 
magnet is increased from its previous value, the coil will cut the 
lines of flux at a faster rate, so more induced emf would be 
produced. 

Applications of Faraday’s Law 

Faraday law is one of the most basic and important laws of 
electromagnetism. This law finds its application in most of the 
electrical machines, industries, and the medical field, etc. 

 Power transformers function based on Faraday’s law 
 The basic working principle of the electrical generator is 

Faraday’s law of mutual induction. 
 The Induction cooker is the fastest way of cooking. It also works 

on the principle of mutual induction. When current flows through 
the coil of copper wire placed below a cooking container, it 

https://www.electrical4u.com/electrical-power-transformer-definition-and-types-of-transformer/
https://www.electrical4u.com/mutual-inductance/


 

produces a changing magnetic field. This alternating or changing 
magnetic field induces an emf and hence the current in the 
conductive container, and we know that the flow of current 
always produces heat in it. 

 Electromagnetic Flow Meter is used to measure the velocity of 
certain fluids. When a magnetic field is applied to an electrically 
insulated pipe in which conducting fluids are flowing, then 
according to Faraday’s law, an electromotive force is induced in 

it. This induced emf is proportional to the velocity of fluid 
flowing. 

 Form bases of Electromagnetic theory, Faraday’s idea of lines of 

force is used in Maxwell’s equations. According to Faraday’s 

law, change in magnetic field gives rise to change in electric 
field and the converse of this is used in Maxwell’s equations. 

 It is also used in musical instruments like an electric guitar, 
electric violin, etc. 

 
MOTIONAL EMF 
 

A motional emf is the emf induced by the motion of the straight 
conductor in a constant magnetic field. It is same as the induced 
EMF produced when the magnetic flux passes through a 
stationary circuit. 
The electrons of the conductor experience a force given by 
 

𝑭 = 𝒒(𝑽Х𝑩) 
 

https://www.electrical4u.com/what-is-electric-field/
https://www.electrical4u.com/what-is-electric-field/


 

 

Motional EMF e = Blv 

Few examples of motional EMF: 

 When aeroplane is moving than the motional EMF produced on 
the wings cancel the vertical component of earth’s magnetic 

field. 
 Train is moving than motional EMF is produced between two 

tracks which cancel the vertical component of the earth. 
 

 LENZ’S LAW 
Lenz's law, named after the physicist Emil Lenz who formulated it in 
1834, states that the direction of the current induced in a conductor by 
a changing magnetic field is such that the magnetic field created by the 
induced current opposes the initial changing magnetic field. 

It is a qualitative law that specifies the direction of induced current, but 
states nothing about its magnitude. Lenz's law explains the direction of 
many effects in electromagnetism, such as the direction of voltage 
induced in an inductor or wire loop by a changing current, or the drag 
force of eddy currents exerted on moving objects in a magnetic field. 
Lenz law of electromagnetism states that the direction of this induced 
current will be such that the magnetic field created by the induced 
current opposes the initial changing magnetic field which produced it. 
The direction of this current flow can be determined using Fleming’s 

right-hand rule. 

 

https://en.wikipedia.org/wiki/Physicist
https://en.wikipedia.org/wiki/Emil_Lenz
https://en.wikipedia.org/wiki/Magnetic_field
https://en.wikipedia.org/wiki/Electromagnetism
https://en.wikipedia.org/wiki/Electromagnetic_induction
https://en.wikipedia.org/wiki/Electromagnetic_induction
https://en.wikipedia.org/wiki/Inductor
https://en.wikipedia.org/wiki/Eddy_current


 

Lenz's law may be seen as analogous to Newton's third law in classic 
mechanics. 

 

 
 
Lenz's law is connected to conservation of energy. 
 
SELF INDUCTION AND MUTUAL INDUCTION 

DEFINATION 

As the strength of the current in the coil is changed, the flux linked with 
the coil also changes. Under such circumstances an emf is induced in 
the coil too. Such emf and this phenomenon is known as self-induction. 
The change of current in a coil induces an EMF in the same coil. 

 If the number of turns in a coil is N and the flux linked with each 
turn is ϕ, then the total flux linked through the coil is Nϕ 

In this case the total flux linked with the coil (flux linkage) is directly 
proportional to the current I flowing through the coil    

 

                     ϕ ∝ I 

                   ϕ = L I 

https://en.wikipedia.org/wiki/Newton%27s_laws_of_motion#Newton's_third_law


 

L is the constant of proportionality and is known as coefficient of 
inductance of the coil. When current in a coil is one unit the flux linked 
to the coil itself is the value of its self-induction i.e 

If I = 1 then L = ϕ. 

 
  
 

 Nϕ=LI 
 Where the constant of proportionality Lis called the self-

inductance of a coil. 
Nϕ=LI,   ⸫ Nϕ/I=L 

 The self- inductance is a measure of the flux linked with the coil 
per unit current 

 Differentiating equation Nϕ=LI with respect to time t 
N dϕ/dt = L dI/dt 

 In the case of self- induction, Faradays law and Lenz law hold 
good. Hence self- induced emf in the coil is, 
e = -N dϕ/dt 

 self – induced emf is also called “back emf”. 
 Form equation e = -L dI/dt.This is important because it is basis of 

electricity. 
 Self- inductance L = -e / (dI/dt) 



 

  The self- induced emf produced per unit rate of change of current 
in the circuit is called self -inductance of the circuit. 

 Unit of L = Unit of emf(volts) / unit of rate of change of current 
(Ampere/sec) 
                                        = henry(H) 

 Henry is defined as a coil has a self-inductance of one henry if the 
back EMF in it is one volt, when the current through it is changing 
at the rate of one ampere per second. 

 For practical purposes  

        1 milli-henry = 10-3henry. 1micro henry = 10-6 henry. 

 The self -inductance L of a coil depends upon 
1. The size and shape of the coil  
2. The number of turns N 
3. The magnetic property of the medium within the coil in 

which the flux exists 
4. Self- inductance does not depend on I 

 
5. Determination of self–inductions is by Rayleigh’s method, 

A.C bridge method (Owen’s bridge and Anderson’s bridge) 
 
 
 

CALCULATION OF COEFFICIENT OF SELF -INDUCTION 

Let there be solenoid of turn density n. Area of cross-section A, length 
l, current I flowing through it. Then magnetic field B is 

                    B = μ0nI  

Flux linked with one turn of the coil = B.A 

                                                         = μ0nI A 

Flux linked with all turns (n l)  = μ0ni A n l  



 

                           

                                   ϕ = μ0n2I A l                           

                                             L = ϕ /I 

                      L = μ0n2I A l /I 

                           = μ0n2A l 

 

Total number of turns N =nl 

                                      N2=n2l2                           

                                    N2/ l = n2l 

                                L = μ0N2A / l    

 

MUTUAL INDUCTANCE 
 
Mutual inductance is the basic operating principal of the 
transformer, motors, generators and any other electrical 
component that interacts with another magnetic field. Then we 
can define mutual inductance as the current flowing in one coil 
that induces a voltage in an adjacent coil.  
 The magnetic flux through a circuit varies with time because of 
varying currents in a nearby circuit. 
 
This gives rise to an induced EMF through a process known as 
mutual induction because it depends on the interaction of two 
circuits. The mutual inductance is measured ballistic 
galvanometer, Carey Foster bridge method. 
 
Consider the two closely wound coils shown in cross-section. 



 

The current I1 in coil 1, which has N1 turns creates magnetic field 
lines, some of which pass through coil 2, which has N2 turns. 
 

 

 

 

 

 

 

 

 

 

 

The corresponding flux through coil 2 produced by coil 1 is 
represented by ϕ21  
 
The mutual inductance M1 on 2 of coil 2 with respect to coil 1 is 
the ratio of N2.ϕ1 on 2 and the current I1 :  

 

 

 
 
 
 

 

 



 

The mutual inductance depends on the geometry of both circuit 
elements and on their orientation with respect to one another. 

 

 As the circuit separation increases, the mutual inductance 
decreases since the magnetic flux linking the circuit decreases. 

 If the current I1 varies with time, the EMF induced in coil 2 by 
coil 1 is given by 

  

  
 

 

 

                                                      

 

 If the current I2 varies with time, the induced EMF in coil 
1due to coil 2 is given by 

  

                           

 



 

 

 These results are similar in form to the expression for the 
self -induced EMF ; 

𝐸𝑀𝐹 =  −𝐿 .
𝑑𝐼

𝑑𝑡
 

 

 The EMF induced by mutual induction in one coil is always 
proportional to the rate of current change in the other coil  

 If the rates at which the currents change with time are equal 
(that is if dI1/dt=dI2/dt), then EMF1=EMF2 

 Therfore, M2 on 1 =M1 on 2 and  
 
EMF2 =-M .dI1/dt and EMF1 = -M. dI2/dt 

 Mutual inductance unit = henry. 

 
 

  

Here the current flowing in coil one, L1 sets up a magnetic field around 
itself with some of these magnetic field lines passing through coil 
two, L2 giving us mutual inductance. Coil one has a current 
of I1 and N1 turns while, coil two has N2 turns. Therefore, the mutual 
inductance, M12 of coil two that exists with respect to coil one depends 
on their position with respect to each other and is given as: 

  

  
Likewise, the flux linking coil one, L1 when a current flow around coil 
two, L2 is exactly the same as the flux linking coil two when the same 
current flows around coil one above, then the mutual inductance of coil 
one with respect of coil two is defined as M21. This mutual inductance 
is true irrespective of the size, number of turns, relative position or 



 

orientation of the two coils. Because of this, we can write the mutual 
inductance between the two coils as: M12 = M21 = M. 

Then we can see that self- inductance characterises an inductor as a 
single circuit element, while mutual inductance signifies some form of 
magnetic coupling between two inductors or coils, depending on their 
distance and arrangement, and hopefully we remember that the self -
inductance of each individual coil is given as: 

and  

  
By cross-multiplying the two equations above, the mutual 
inductance, M that exists between the two coils can be expressed in 
terms of the self- inductance of each coil. 

 

  
giving us a final and more common expression for the mutual 
inductance between the two coils of. 

 

 COEFFICIENT OF MUTUAL INDUCTION 

 

At any instant, 

the Magnetic Flux linked with the secondary coil is directly 
proportional to current in primary coil i.e. 

         

                                         ϕ ∝ I 

 



 

                                          ϕ = MI  

 

  The proportionality constant M is called the mutual inductance or 
coefficient of mutual induction of the two coils  

 

Any change in the current I set up an induced emf in the secondary coil 
which is given by 

𝐸 = −
𝑑𝜙

𝑑𝑡
= −𝑀 −

𝑑𝐼

𝑑𝑡
 

 

Consider two long co-axial solenoids S1 and S2 wound over S2  

      Let l= length of each solenoid 

       r1 and r2   radii of two solenoids 

       A=area of cross section of 
inner solenoid S1 

   N1 and N2 = number of turns 
in the two solenoids 

 We first pass a time varying 
current I2 through S2. The 
magnetic field setup inside S2 
due to I2 is  

          B2 = μ0 n2 I2 where n2 =N2 ̸ l = number of turns per unit length of 
S2  

Total magnetic flux linked with the inner solenoid S1 is  

                  ϕ1 = B2AN1 = μ0 n2 I2 AN1 

⸫ Mutual inductance of coil 1 w.r.t coil 2 is 

                   M12=ϕ1/I2= μ0n2AN1= μ0N2AN1/l 



 

Similarly,  

          Mutual inductance of coil 2 w.r.t coil 1 is 

                         M21 = μ0N1AN2 /l  

Clearly  

                                M12 = M21 =M 

Thus mutual induction of two coils is the property of their combination .It does not 
matter which one of them function as primary or secondary coil. 

 

 FACTORS ON WHICH MUTUAL INDUCTANCE DEPENDS 

 
1. Number of turns, larger the number of turns, larger the 

mutual inductance  
2. Larger the common cross- sectional area of two solenoids 

larger will be the mutual inductance 
3. Larger the distance between the two coils smaller will be 

the magnetic flux linked with the secondary coil due to the 
current in the primary coil. Hence smaller will be the value 
of mutual inductance. 

 

    COEFFICIENT OF COUPLING 

The coefficient of coupling gives idea about the magnetic 
coupling between the two coils .So when the entire flux in one 
coil links with the other ,the coupling cofficient is maximum.The 
maximum value of k is unity Thus when k=1, the coupled coils 
are called tightly or perfectly coupled coils. Also the mutual 
inductance between the two coils is maximum with k=1.The 
maximum value of the mutual inductance is given by 
 
                                   M=√(L1L2) 



 

 
 
       Range of  k :   0 ≤ k ≤ 1 

 k=0 means the two coils are not coupled. 
 k=1 means the two coils are perfectly coupled 
 k< 0.5 means the two coils are loosely coupled 
 k> 0.5 means the two coils are tightly coupled 

   k  depends on the closeness of two coils,their core,their 
orientation and their winding.The coefficient of coupling is given 
by 
  
 
 
 
 
 
MAXWELL EQUATION 
 
 Electromagnetism is the study of the relationship between 
electricity and magnetism . Maxwell’s four equations describe the 

electric and magnetic fields arising from distributions of electric 
charges and currents, and how those fields change in time.   They 
were the mathematical distillation of decades of experimental 
observations of the electric and magnetic effects of charges and 
currents, plus the profound intuition of Michael Faraday. 
Maxwell was able to unify the entirety of electromagnetism into 
only four equation that became known as Maxwell Equation. 
 
Here are the equation: 
 

1. Gauss’ Law for electric fields 

∫  𝐸 ⃗⃗  ⃗  . 𝑑𝐴  ⃗⃗ ⃗⃗ ⃗⃗  ⃗= q /ε0. 



 

 
The integral of the outgoing electric field over an area 
enclosing a volume equals the total charge inside in 
appropriate unit. It tells us that electric charge of any shape 
produces an electric field. 
 

2.   The corresponding formula for magnetic field : 
                                     

               ∫ �⃗�  ⋅𝑑𝐴⃗⃗⃗⃗  ⃗ =0. 
 
(No magnetic charge exists: no “monopoles”). This is    
Gauss’ Law for magnetic fields. It tells us that magnetic 
field lines have no beginning and no end. In other words 
magnetic field lines are continuous.   
 

3.  Faraday’s Law of Magnetic Induction:  

                         ∮ �⃗� ⋅𝑑ℓ⃗⃗⃗⃗  =−d/dt (∫ �⃗� ⋅𝑑𝐴⃗⃗⃗⃗  ⃗ ). 

The first term is integrated round a closed line, usually a 
wire, and gives the total voltage change around the circuit, 
which is generated by a varying magnetic field threading 
through the circuit. This tells us that a changing magnetic 
field will induce an electric field. 
 

4. Ampere’s Law plus Maxwell’s displacement current:  
 

                  ∮�⃗� ⋅𝑑ℓ⃗⃗⃗⃗  = μ0( I +
𝑑

  𝑑𝑡
 (ε0  ∫�⃗� ⋅𝑑𝐴⃗⃗⃗⃗  ⃗)  ).  

 
This gives the total magnetic force around a circuit in terms 
of the current through the circuit, plus any varying electric 
field through the circuit (that’s the “displacement 



 

current”).It tells us that a magnetic field is produced by a 
current or by a changing electric field. 
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