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Electromagnetic induction

Magnetic flux and flux linkage

The magnetic flux density can be thought of as the number of flux lines that pass through a given area.  In a strong field the field lines are close together and the flux density is high.
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Provided that the area is at right angles to the field lines, the total flux, Φ, that passes through a given area, A, is given by

total flux = flux density x area

or
Flux is measured in units of webers, Wb

(Essential notes – Since flux density is the flux per unit area, one tesla is equal to 1 weber per square meter)
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Sometimes, especially when we are considering electromagnetic induction, it is useful to calculate the total flux through a coil of wire.  If the coil has several turns of wire, the flux through the whole coil is the sum of the flux through each individual turn.  This is referred to as the flux linkage through the coil.  For a coil of N turns the fluxlinkage is N Φ.
The amount of flux linkage through a coil depends on the orientation of the coil with respect to the magnetic field.  If θ is the angle between the normal to the plane of the coil and the magnetic field (see above), the total flux Φ through the coil is BAcos θ. If there are N turns on the coil, the total flux linkage is 

Electromagnetic Induction (Induced e.m.f.s)
If magnetic flux through a coil is altered then an e.m.f. will be generated in the coil. This effect was first observed and explained by Ampere and Faraday between 1825 and 1831. Faraday dis​covered that an e.m.f. could be generated by either:

(a) moving the coil or the source of flux relative to each other or by

(b) changing the magnitude of the source of magnetic flux in some way.
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Note that the e.m.f. is only produced while the flux is changing.

For example, consider two coils as shown in Figure 1. 

Coil A is connected to a galvanometer and coil B is connected to a battery and has direct current flowing through it. Coil A is within the magnetic field pro​duced by B and an e.m.f. can be produced in A by moving the coils relative to each other or by changing the size of the current in B. This can be done by using the rheostat R, switching the current on or off, or (c) using an a.c. supply for B.

(An e.m.f. could also be produced in A by replacing B with a permanent magnet and moving this relative to A.)

Faraday's laws

Faraday summarised the results of his experiments as follows:

(a) An e.m.f. is induced in a coil if the magnetic flux through the coil changes
(b) The magnitude of the induced e.m.f. depends on
(i) the rate of change of flux,
(ii) the number of turns on the coil, and 
    (iii) the cross-sectional area of the coil.

Points (ii) and (iii) simply refer to the amount of change of flux. The faster the flux is changed the greater is the e.m.f. produced.

Simple observations about induced e.m.fs
A voltage (e.m.f) can be induced in a wire or a coil if the wire is in a region where the magnetic field is changing. This can be done by:
(a) moving the wire through a fixed field
(b) moving a fixed field (a permanent magnet) relative to the wire 
or
(c) varying the field by using a.c in a coil 
(d) the faster the relative motion the greater the e.m.f generated
(e) the direction of motion affects the “direction” of e.m.f

When the magnetic flux through a coil changes, the e.m.f. E generated in the coil can be expressed as

[image: image6.png]Np turns N urns

Secondary

Is  current
-—

Primary
current

Secondary
voltage

%




     

where N is the number of turns in the coil and  Φ the magnetic flux through one coil. The quantity NΦ is known as the flux linkage and is measured in webers, and therefore d(NΦ)/dt is the rate of change of flux linkage in webers per second.

This change of flux can be produced by either:

(a) moving the wire or coil through the field or

(b) changing the intensity of the magnetic field 

If we think of a conductor moving through a constant magnetic field (Figure 1) then the e.m.f (E) at any moment is given by the equation:


where N is the number of conductors cutting the flux (There is only one wire cutting through the field in Figure 1  and so in this example N = 1).

E.m.f. induced in a straight conductor 

When a straight conductor is moved through a mag​netic field an e.m.f. is induced between its ends. This movement must be in such a direction that the conduc​tor cuts through the lines of magnetic flux, and will be a maximum when it moves at right angles to the field  (Figure 1(a)).

Let the length of the conductor be L and the flux density of the field be B.

If the conductor moves with velocity v at right angles to the field then the flux cut per second will be BvL (since the conductor will sweep out an area vL every second).

But the rate of cutting flux is equal to the e.m.f. induced in the conductor. Therefore

 

If the conductor cuts through the flux at an angle θ ((b) in Figure 1) the equation becomes






You can see that the maximum e.m.f is generated when the conductor moves at right angles to the field. (θ = 90o and so sin θ = sin90 = 1).

Faraday's right-hand rule (The dynamo rule) 

Faraday proposed a simple rule for giving the direction of the induced current as follows:

Faraday's and Lenz's laws may be tested by the follow​ing simple experiments:

(a) rotating a metal disc at a constant rate in a magnetic field and measuring the e.m.f. generated between the rim and the axle;

(b) moving a bar magnet within a solenoid con​nected to a meter;

(c) rotating a magnet near a coil connected to a cathode ray oscilloscope.

Lenz's law

The direction of the induced e.m.f. was explained by Lenz who proposed the following law in 1835:


We can explain this law by considering the energy changes that occur when a magnet is moved towards a coil, as shown in Figure 1. Assume that the mag​net is moved towards the coil with its north pole facing towards the coil. Now by Lenz's law this should induce a current in the coil such that the right-hand end of the coil (B) nearest the magnet is also a north pole. If this is true then it should repel the magnet and work must be done on the magnet to move it in against this repulsion.


The energy used goes to produce the induced e.m.f. in the coil. 

This would agree with Lenz's law.

However, if we assume that the e.m.f produced is in the opposite sense and gives a south pole at B then as the magnet is moved in it will experience an attrac​tion due to the e.m.f. in the coil. This will accelerate it, the e.m.f. produced will increase in size, the accel​eration will increase and so on. 

Clearly energy is being produced from nothing and this is impossible.

Back e.m.f

Since the e.m.f generated opposes the changes that produce it, it is known as a back e.m.f. This effect is particularly important in electric motors.

Simple alternator

A simplified form of the a.c. generator is shown below.  Notice how similar it is to a simple motor.  In fact motors can behave as generators and vice versa.  The alternator is a generator that produces alternating current.
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What do the slip rings and brushes do?

What happens to the voltage and current every half rotation?
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The amount of flux cut by the coil (flux linkage) is:

As the coil rotates, θ changes so the flux linkage varies sinusoidally between 

How fast θ changes depends on the angular speed, ω of the coil, θ = ωt.  So you can write:

The induced e.m.f, ε, depends on the rate of change of flux linkage (Faraday’s law), so it also varies sinusoidally.  The equation for the e.m.f. at time t is :
What are the factors affecting the peak output voltage?
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The transformer

The transformer uses the property of mutual induct​ance to change the voltage of an alternating supply. It may be used in the home to give a low-voltage output from the mains for a cassette recorder or train set, or in a power station to produce very high voltages for the National Grid. It is important to remember that transformers rely on changing magnetic flux and will therefore not work with d.c.!
In its simplest form a transformer consists of two coils known as the primary and secondary, wound on a laminated iron former that links both coils. The former, or core as it may be called, must be laminated otherwise large eddy currents would flow in it. The laminations are usually E-shaped, and the primary and secondary are wound one on top of the other to improve magnetic linkage.


An a.c. voltage is applied to the primary and this produces a changing magnetic field within it. This changing magnetic field links the secondary coil and therefore induces an e.m.f. in it. The magnitude of this induced e.m.f. (Vs) is related to the e.m.f applied to the primary (Vp) by the equation :


where Np and  Ns are the number of turns on the primary and secondary coils respectively. 

If the output voltage Vs is greater than the input voltage Vp the transformer is known as a step up transformer and if the reverse is true it is called a step down trans​former.


Examples 

1. What is the output voltage for a transformer with a primary coil of 100 turns, a secondary coil of 300 turns and an input voltage of 230V?

2. A transformer with 150 turns in the primary coil has an input voltage of 9V.

(a) How many turns are needed in the secondary coil to step up the voltage to 45V?

(b) The input current for the transformer is 1.5A.  If the transformer is ideal, what is the output current?

(c) What is the efficiency of the transformer if the power output is measured as 10.8W?

If a transformer is ideal, all power put in to the primary coil will be extracted from the secondary coil:

Output power = input power

Transformers inefficiencies

We have assumed here that there is no leakage of flux, that is, that all the flux produced by the primary links the secondary and that there are no energy losses. In practice, however, energy is lost from a transformer in the following ways:

(a) heating in the coils - this can be reduced by cooling the transformer, usually in oil; or using thick copper wire
(b) eddy current losses in the core - reduced by the laminated core;

(c) hysteresis loss - every time the direction of the magnetising field is changed some energy is lost due to heating as the magnetic domains in the core realign. This is reduced by using a 'soft' magnetic material for the core such as permalloy or silicon-iron. For soft magnetic materials the loss might be about 0.02 J per cycle.

Despite these energy losses transformers are remark​ably efficient (up to 98 per cent efficiency is common) and they are in fact among the most efficient machines ever developed.

Transformer Efficiency =

If we now assume the transfer of energy from pri​mary to secondary to be 100 per cent efficient, then

 power in primary = power in secondary and therefore:

and so a step up transformer for voltage will be a step down transformer for current, and vice versa.

Eddy currents  
These are induced currents in metal objects larger than pieces of wire; the e.m.f.s induced may not be very great but because the resistance of a lump of metal is low the induced currents can be large.

Since the induced currents always act so as to oppose the motion (Lenz's law) eddy currents can be used as a very effective electromagnetic brake. A simple exam​ple of this is shown in Figure 1.

A piece of metal is swung between the poles of magnet and currents are induced in the metal which quickly damp the oscillation as is shown in Figure 1 (a). In figure 1 (b) slots have been cut in the metal so increasing its resistance, the induced currents are reduced and the damping is very much less –  the metal swings freely.


Eddy currents become a problem in the cores of transformers where they can cause large energy los​ses. For this reason the cores are made of thin leaves of metal called lamina​tions. The laminations are coated with an insulating paint, thus increasing the resistance of the core and limiting the eddy current flow. The energy loss is proportional to the square of the lamination thickness and the square of the frequency of the current.

Eddy currents can be used as electromagnetic damp​ing, to melt metals in a vacuum, so giving metals of a high purity free from atmospheric contamination, and to heat metal parts of valves.

The transmission of electricity 

The transformer is a vital part of the National Grid that distributes electrical energy around the country.

Electrical energy is generated in power stations by generators at a potential of 25 kV. It is first stepped up to 400 kV by a transformer and then transmitted across the country in aluminium cables roughly 2 cm in diameter.

High voltages are used because the power loss per kilometre (I2R) for a given power output will be much less at high voltage and low current than at low voltage and high current. Despite this, even after the current has been reduced many transmission lines carry up to 2500A (What must the current output from the generators be in these cases?)

In Britain the grid system can meet a simultaneous demand of 56 000 MW supplied through some 8000 km of high-voltage transmission line. Alternat​ing current is used in the National Grid, although this has not always been the case, because it may be trans​formed to high voltage. However, the underground cross-Channel link between Britain and France uses d.c. because of the large losses in the dielectric with a.c.

A simplified diagram of part of the grid system is shown in the following diagram.
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Is/Ip =  np/ns
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The direction of the induced e.m.f. is such that it tends to oppose the change that produced it.





If the thumb and first two fingers of the right hand are held at right angles and the first finger is pointed in the direction of the magnetic field and the thumb in the direction of motion then the second finger gives the direction of the induced current (Figure 1).
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Examples


1. Calculate the e.m.f. generated between the wing tips of an aircraft that is flying horizontally at 200 ms-1 in a region where the vertical component of the Earth's magnetic field is 4.0 x 10-5 T, if the aircraft has a wingspan of 25 m. (Ans 0.2V)











2. Calculate the e.m.f. generated between the fixed and the free ends of a helicopter blade 9.45 m long that is rotating at 3.5 revs per second. 


The vertical component of the Earth's field has a flux density of 4.0 x 10-5 T. (Ans  39.3 mV)








E = BLvsin








E = BL v








(b)





Figure 1





Example


Calculate the e.m.f. induced in a coil of 200 turns placed in a field where the rate of change of flux is 0.01 Wb s-1         
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