HKAL Physics Essay writing : Electromagnetism

Chapter 16 Electromagnetism

16.1
Definition

16.1.1
Magnetic flux density B
The magnetic flux density is the number of magnetic field lines through a unit cross-sectional area perpendicular to the field lines, which indicates the ‘strength’ of the magnetic field.

16.1.2
Ampere

The ampere is defined as : I = 1 A when d = 1 m, and wires when placed in vacuum gives a force per unit length on wires, F/l = 2 ( 10-7 Nm-1.

16.1.3
Tesla

One tesla is the flux density in a magnetic field when the force on a conductor 1 m long, placed perpendicular to the field and carrying a current of 1A, is 1N. (F = IBl)
16.2
Magnetic force on a current carrying conductor

16.2.1
Experiment to measure the magnetic force
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(a)
Set up the current balance and place one pair of magnadur magnets around the current-carrying arm. With one rider placed on the arm, adjust the current by shifting the rheostat to restore the balance. With the current remains unchanged, place another pair of magnadur magnets next to the first one.

(b)
Equilibrium can be restored by placing another rider on the arm. This shows that the magnetic force (i.e. no. of riders) is directly proportional to the length of current-carrying conductor in the magnetic field.

(c)
To avoid overheating, the current should be switched off as soon as observations have been made and measurements taken.

(d)
Make sure the direction of the magnetic field is perpendicular to the current-carrying arm.

(e)
Shield the set-up from the disturbance of wind.

(f)
Minimize the effect of the earth’s magnetic field by aligning the current-carrying arm along the N-S direction.

(g)
The set-up should be far from any current-carrying conductors so as to avoid the effect of stray magnetic fields.

16.2.2
Application : Loudspeaker

(a)
Note :

(1)
Construction similar to microphone but cone larger area.
(2)
This is firmly but loosely coupled to main frame - gap between pole pieces narrow (larger field) and coil attached to cone has to slide freely without touching.
(b)
Working principle
Reverse of microphone - a.c. current through coil – is subjected to an alternating force along axis (force direction given by Fleming L.H. rule or (
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) – produces a compression of the air in front of cone followed by rarefaction as cone move back and this is repeated with frequency of the a.c. giving rise to a sound wave of the same frequency.
16.3
Turning Effect of a Coil in a B-field

16.3.1
Force and torque


[image: image3.wmf]B

B

B

F

1

F

1

I

F

2

F

2


On the vertical wires there is a force F1 which rotates the coil. The forces F2 cancel one another; no contribution to rotating torque.
16.3.2
Moving Coil Galvanometer

(a)
Structure


[image: image4.wmf]
When a current flows through the meter, the coil experiences a couple, the coil then turns until it is stopped by the increasing tension in the springs. Thus the larger the current through the meter, the greater the forces on the coils, and a greater angular deflection results.

[image: image5.wmf]
(b)
Method to achieve a linear scale

Set up a radial magnetic field then flux density B of the field is nearly constant at the coil.


The coil stops rotating when


( coil = ( spring


NBAI = k(  (( = angular deflection)


hence I  (  (N, B, A & k are constants)
(c)
The deflecting torque is the same at different position.

The field is produced in the narrow air gap between the concave pole
pieces of a permanent magnet and a fixed soft iron cylinder and is radial, therefore it is always parallel to the plane of the coil.

(d)
Equilibrium

When a current flows in the coil, the magnetic forces acting on the vertical sides therefore form a deflecting couple which causes the coil to rotate. Equilibrium is reached when the torque due to the deflecting couple is balanced by that of the hair spring which is twisted a certain angle.

(e)
Air resistance

Air resistance is zero as soon as the pointer stops at the equilibrium position. So it doesn’t alter the equilibrium position.

(f)
Use d.c. moving coil to measure a.c. voltage.

When the a.c. mains is fed into a d.c. moving-coil meter, no deflection would be observed as the moment of inertia of the coil and pointer is so large that the system was unable to respond to the high frequency of the signal (50 Hz).

(g)
Damping

The coil of the moving-coil meter is wound on a metal former. When a current is passed through the coil of the meter, it applies a couple to the coil which sets it swinging.

By Lenz’s law, eddy currents are induced in the metal former and cause opposition to the motion of the coil and metal former as it cuts across the radial magnetic field of the permanent magnet. The pointer stops as soon as it reaches the measured value as critical damping occurs. (In steady state, the storing couple provided by the spiral hair springs just balances the torque due to the current.)
16.3.3
D.C. motor

(a)
Structure
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The commutator (split ring) is used to reverse the current in the coil whenever it passes the vertical position (neutral plane) so as that the torque is always maintained in the same direction.
(b)
Working principle
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Forces F form a couple Fb sin which rotates coil.
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Current direction through coil is reversed when  = /2 so that forces remain in same direction

and continue to rotate coil.
(c)
Methods to improve the turning effects

Wind several equally spaced coils on a laminated soft iron core and use permanent magnets with curved pole pieces.


Several coils are used to provide a greater driving torque. The use of
the curved pole pieces together with the soft iron core produces a radial field and thus the driving torque becomes more steady.


The soft iron core is laminated so as to reduce the power loss due to eddy current heating.

(d)
Advantages of using electromagnets

Electromagnets can give a stronger magnetic field, and they allow the
 motor to work from an a.c. supply as well as from a d.c. supply.
16.4
Moving charged particles in Crossed E and B Fields
16.4.1
Speed selector

(a)
Setup
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(b)
Working principle

An ionized isotope will experience a downward electric force (QE) due to the uniform electric field and a upward magnetic force (Q v B) due to the uniform magnetic field.



The ions, with a particular speed v, would pass straight through when the electric and magnetic forces acting on it are balanced,



   Q v B
= QE



  v
= 
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16.4.2
Mass spectrometer

(a)
Setup
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(b)
Working principle



When entering the magnetic field, all ions describe circular arcs and strike the photographic plate P. For particles of mass M, the radius r of the path is given by


  Q v B1
= 
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If B1 is constant, r is directly proportional to M (assuming Q is the same for all
ions). When ions with different masses are present each set produces a definite line and from their positions the (relative) masses can be found.

16.4.3
Experiment to measure charge/mass (e/m) ratio

(a)
Working principle
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Crossed fields are
(1)
electric field E across plates Y1 and Y2,
(2)
magnetic field B due to Helmholtz coils X1 and X2.

These are adjusted so there is no deflection of electron beam, then forces are equal and opposite and -Ee = -Bev.
If electrons emitted from cathode with zero speed, ½mv2 = eV.
If d separation of Y1, and Y2, E = V/d.
Hence e/m = V/(2B2d2).
B could be determined using e.g. a Hall probe.
(b)
Main difficulties are


(1)
magnetic/electric fields uniform and

(2)
extend over same length of electron path.
16.5
Hall effect
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Force on a free electron of charge -e is –Bev, v being velocity in opposite direction to I.
Electrons move to bottom surface 
which becomes negatively charged w.r.t. top.
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Charge stops flowing to bottom surface when the electric field force due to the negatively charged surface -Ee = -Bev. electric field E = Bv
16.5.1
Hall voltage
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(a)
There will be a force F, as indicated, acting upon the electrons and they will be moved to the lower surface.
(b)
The charged surface will give rise to a downward electric field E and an upward force eE on each electron. When eE = F no further build-up of charge will take place on the lower surface. A p.d. (or Hall voltage) will be formed between the upper/lower surfaces.
16.5.2
Derivation of Hall voltage
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(a)
If there are n free electrons per unit volume, in 1 second a total charge of n(Av)e passes through the plane AP that is current, I = nAve ..............(1).

At equilibrium, Ee = F = Bev ..........(2)

Since E = VH/d, then VH = Bvd

Using (1) we obtain VH = BI/(net), because A = td.
(b)
Factors adjustable :

(1)
For high sensitivity,


n,
carrier concentration to be small - use semiconductor.


t,
thickness to be small - (enscapulated in plastic to give mechanical protection.)

(2)
For good spatial resolution,


the surface area of probe placed perpendicular to magnetic field should be small.
16.5.3
Hall probe

(a)
First description
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(1)
A Hall probe consists of a thin slice of semiconductor with a low density of charge-carriers.


(2)
A d.c. supply passes a steady current through the slice.

(3)
When a magnetic field is applied perpendicularly to the current (as shown), forces will act on the charge-carriers
forming the current and cause them to move to the top surface of the slice, no matter they are positive or negative.


(4)
The accumulation of charges will set up an electric field E along the vertical direction.

(5)
The deflection of charge-carriers ceases when the electric and magnetic forces balance along the vertical direction.

(6)
The Hall voltage V across the top and bottom sides is proportional to the strength of the magnetic field, and V is then measured by a millivoltmeter/CRO.

(b)
Alternative description

(1)
Force on current carriers (of charge Q) due to a magnetic field B. F = BQv.

(2)
Carriers drift downwards (if -ve) or upwards (if +ve) giving rise to charged upper/lower surfaces. When force on carrier charges, QE = F charge flow stops and a p.d.

(3)
VH can be measured.


(4)
Now E = VH/d and since QE = BQv, VH = Bvd. If I is kept constant so will v and VH ( B.
(c)
Precautions

(1)
Keep constant current through specimen.
(2)
Adjust balance away from the magnetic field to make sure no p.d. across X/Y contacts of the semiconductor probe - no current through A.

(3) 
Move probe into position and rotate to obtain maximum VH p.d.


(N.B. it seems common practice to use A meter for the Hall probe measurements in schools - in fact no current should be taken and it is best to use milli-voltmeter/ d.c. amplifier etc.)
(d)
Factors affecting accuracy


(1)
Uniform (through) probe standard known field for calibration.

(2)
Area of probe restricts spatial resolution if field gradient.

(3)
The probe may not be exactly perpendicular to field.
(4)
Correction for temperature essential since the mobility (and v) increases significantly with temperature increase.

16.5.4
Experiment to reveal the sign of the current carrying particle
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(a)
When a current-carrying conductor is placed with its current perpendicular to a
uniform magnetic field as shown, forces will act at right angles to the charge carriers according to Fleming’s left-hand rule.

(b)
The charge carriers will be pushed upwards, thus increasing their concentration towards the top of the conductor.

(c)
As a result, a p.d. (and an electric field) is produced across the top and bottom of the conductor. According to the diagram, the side X of the conductor develops a negative potential that indicates the charge carriers take a negative sign while a positive potential implies the charge carriers take a positive sign.
16.6
Production of B-field

16.6.1
Measuring the B-field of a Solenoid

(a)
First description

(1)
A long solenoid carrying constant current will give a uniform magnetic field inside the solenoid. Set up the apparatus as shown.
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(2)
Adjust the rheostat so that there is a current of about 1 A through the solenoid.

(3)
Insert the Hall probe well inside the solenoid and adjust for zero deflection of the galvanometer before switching on the current.


(4)
Switch on the current and set the galvanometer to give a (large) deflection.


(5)
Move the probe about inside the solenoid over a cross-section and along the length of the solenoid.

(6)
The deflection of the galvanometer remains unchanged, which indicates the magnetic field due to the solenoid is uniform.
(b)
Alternative description

(1)
The apparatus shown below is needed.



D.C. source, Hall probe inside solenoid, reasonable set-up.
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(2)
Place the solenoid along east-west direction so that it is perpendicular to the earth’s magnetic field. (or, before making any measurement, adjust the potentiometer in the control box to set the millivoltmeter to zero.)



(3)
The current should be kept constant.

(4)
Slightly move the semiconductor slice inside the solenoid and record the maximum Hall voltage to ensure that the slice is perpendicular to
the magnetic field in the solenoid.

(5)
Repeat the procedure at different positions along the solenoid, so as to obtain the variation of magnetic flux density along the axis of the solenoid.

16.7
Forces between currents

(a)
Qualitative approach

(1)
Consider two long, straight, parallel conductors, distance a apart in air, carrying 
current I1 and I2 respectively.
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(2)
The magnetic field at the right-hand conductor due to the current I1 in the left-hand one is directed into the paper.

(3)
A magnetic force F therefore acts on length l of the right-hand conductor carrying current I2.

(4)
The left-hand conductor experiences an equal and opposite force due to being in the field of the right-hand conductor.

(b)
Quantitative approach
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(1)
Directions of magnetic field B and resultant forces on wire F are given in diagram. 

(2)
Magnitude are :


B = 

, F = 

, where l is length of each wire and  permeability of free space.
16.8
Electromagnetic induction

Electromagnetic induction takes place when
(a)
there is a relative motion between a magnetic field and an object which cuts the magnetic field and
(b) 
there is a magnetic flux change e.g. through a coil in a circuit, due to the changing current.
In both cases, an electric field, or e.m.f. E is induced, E = -d/dt,
d/dt is the rate of change of magnetic flux. Direction of E is so as to oppose the magnetic field change (drive current/produce magnetic field for a conductor).
16.8.1
Magnetic flux linkage Φ
Factors affect the total magnetic flux linkage through a coil :

Number of turns, area of coil, orientation of coil and field, strength of magnetic field.

16.9
Faraday’s law of electromagnetic induction and Lenz’s law

16.9.1
Physical meaning
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(1)
E = 

.  Consider a coil of area A and N turns.
(2)
E is the induced e.m.f. which opposes the change of magnetic flux through the coil. t is the time.  is the magnetic flux linkage through coil and,  = NAB, where B is the magnetic flux density component perpendicular to coil area.
16.9.2
Experiment to demonstrate Faraday’s law

(1)
Field and rate of change of flux linkage :

Connect a square solenoid to the signal generator via the a.c. ammeter. Wire, say, 10 turns of wire round the solenoid and connect it to the CRO. Set the signal generator to, say, 500 Hz. Adjust the sensitivity such that a vertical trace of about 1 cm is displayed. Note the ammeter reading.

(2)
Increase the frequency in steps but adjust the signal generator to maintain the same current through the solenoid.

(3)
Record the frequency f used and the corresponding length l of the vertical trace which increases with f.

(4)
Plot a graph of l against f.

(5)
A linear graph should be obtained showing the induced e.m.f. is directly proportional to the rate of change magnetic field or flux linkage through the coil.

16.10
Translational movement between coil and magnet

16.10.1
A rod moving in a magnetic field

(a)
Force approach
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(1)
The electron in the moving rod will experience a magnetic force towards Q.


(2)
Therefore electrons will be forced to end Q, making Q negative and P positive.


(3)
As a result of the charge separation and electron accumulation, an electric field is created inside the rod which causes a repulsive electric force to be exerted on other electrons being urged towards Q by the magnetic force.

(4)
These magnetic force Bev and electric force Ee act oppositely and when they become equal there is no further charge accumulation, i.e. when Bev = Ee,



where E is the equilibrium electric field and e the charge on an electron.


(5)
And E = potential gradient = potential difference across PQ/length.



potential difference across PQ = Blv.
(b)
According to Faraday’s law, the induced e.m.f. across the rod is


ε = 
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which is consistent with the result.

(c)
Accelerating rod

The potential difference across PQ will increase and the accumulation of electrons will continue as the magnetic force (Bev) will keep pushing electrons towards end Q.
16.10.2
An aircraft flying horizontally in air

(1)
When an aircraft is flying horizontally in air, its wings, which is a long conductor, cut the flux of the vertical component of the earth’s magnetic field.

(2)
By Faraday’s law, an e.m.f. would be induced across the wings resulting in the accumulation of charge at one of the wing-tips such that a potential difference would develop between the wing-tips.
16.10.3
A moving coil in a uniform B-field
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(a)
Working principle

(1)
Lenz’s law states that induced current always flows in such a direction to opposite the change causing it.

(2)
When the loop ABCD is leaving the field, the magnetic flux entering the paper through the loop is decreasing.

(3)
By Lenz’s law, an induced current should flow in clockwise direction (ADCBA) since this produces a flux entering the paper so as to maintain the original flux.

(b)
Energy conservation (first description)

(1)
Energy may be transformed from one form to another, but it cannot be created nor destroyed. (i.e. the total energy of a closed system is constant).

(2)
As the induced current (clockwise) flows from B to A along the part BA inside the magnetic field, by Fleming’s Left-hand Rule, a magnetic force directed to the left will act on BA (opposing the loop’s motion).

(3)
Thus external mechanical work has to be done by an external agent against this opposing force and converted into electrical energy and dissipated as heat in the loop eventually. 


(4)
Lenz’s law thus in fact follows the principle of conservation of energy.

(c)
Energy conservation (alternative description)

(1)
An external force is required to pull a metal frame from a region with a magnetic field perpendicular to it. This is due to the induced current in the frame which produces a magnetic force to ‘oppose’ the change as suggested by Lenz Law.

(2)
Therefore the work done (W) by the external force eventually becomes the joule heating (i2R) within the frame, and this is consistent with the law of conservation of energy
(d)
Energy conservation (third description)

If the current flows in anti-clockwise direction, the magnetic force on BA would favour the motion of the loop and hence accelerate the loop to the right. Consequently the loop will gain K.E. as well as generate electrical energy, i.e. energy would be created from nothing and this violates the principle of conservation of energy.

16.10.4
Moving magnet with stationary coil
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(a)
Wind the copper wire into a coil of a few turns and connect it with the light beam galvanometer.

(b)
Move the bar magnet towards and away from the coil along a direction normal to the coil, the galvanometer would deflect to opposite directions showing that the induced e.m.f. / current depends / opposes to the change in magnetic flux.

(c)
Repeat the experiment by moving the magnet with a higher speed, the deflection of the galvanometer would increase showing that the induced e.m.f. / current increases with the rate of flux change.

(d)
Repeat the experiment by using two magnets with the same pole facing the coil and move them at the same speed as before, the deflection of the galvanometer would increase showing that the induced e.m.f. / current increases with the strength of the magnetic field responsible for the change.

(e)
Wind more turns for the coil and repeat the experiment, the deflection of the galvanometer would increase showing that the induced e.m.f. / current increases with the number of turns of coil experiencing the flux.
16.10.5
Microphone
(a)
Note :

(1)
Only 2 turns of a large no. turns voice coil shown.
(2)
Diaphragm has to be able to move but there must be a restoring force produced by e.g. corrugation annular ring connecting it to the main body frame of the microphone ('loosely' coupled).

(3) 
There is a need for a hole to equalise pressure each side of the (vibrating) diaphragm.
(4)
Stop prevents diaphragm being moved too far inwards - might not be able to move back and microphone would be damaged.
(b)
Working principle
(1)
Movement of air due to the change of pressure of a sound wave incident upon the diaphragm will cause it to move together with the voice coil into magnet gap. Since the coil turns cut across a magnetic field an e.m.f. is induced in them and a current flows through coil in the direction shown in diagram - clockwise looking into microphone. 

(2)
Direction is given by Lenz's law - force on this induced current acts oppositively to the force causing displacement. Considering a sound wave of a single frequency the pressure increase will be followed by a rarefaction and diaphragm would then move outwards - thus a sinusoidal time - varying voltage of the same frequency would be generated across the ends of the voice coil.
16.11
A coil rotating in a B-field

(a)
Derivation of the induced e.m.f.
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(1)
Since there are N turns in series, induced e.m.f. at any inclination of coil to B, , is
Eind = 

 (normal component of magnetic flux through coil.)

(2)
Since  = (t, Eind = BAN( sin (t.
(b)
Alternative description

(1)
A plane coil rotates with constant angular speed ω about an axis perpendicular to a uniform magnetic field of flux density B.
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(2)
By Faraday’s law of electromagnetic induction, the e.m.f. induced in the coil



ε
= -dΦ/dt




= -d(NAB cosθ)/dt




= -d(NAB cosωt)/dt




= NABωsinωt


where A is the area of the coil, B is the magnetic field strength and t is time.


(3)
The arrowed time is when the plane of the coil is parallel to the magnetic field.
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16.12
Generator

16.12.1
a.c. generator

(a)
Structure
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The output is sinusoidal if the coil is rotating with uniform angular speed (50 rps) in a uniform magnetic field between two pole-pieces.
(b)
Derivation of induced e.m.f.
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(1)
At coil position shown, the magnetic flux linking each turn of coil is  = BA cos (t.

(2)
By Faraday Law of Induction the induced e.m.f.,

     V 
= 







= BAN( sin (t


i.e.  V = V0 sin (t, where V0 is max = BAN(

(3)
From diagrams in (**),
V is a max for d/dt max coil horizontal,




V is zero for d/dt = 0 coil vertical.
(c)
The use of soft iron cylinder

(1)
With the soft iron cylinder, a stronger magnetic field results and therefore a larger induced e.m.f. is produced for the same angular speed.

(2)
The soft iron cylinder is laminated so that the eddy current induced in it is minimized, power loss is kept to a small value.

16.12.2
d.c. generator

(a)
Structure
[image: image37.png]



The coil wound on an armature is connected to a commutator which consists of two half-rings insulated from one another. Brushes press against the commutator and are connected to the light bulb.

(b)
Working principle

When the coil rotates, by Fleming’s right hand rule, the current flow are as shown :
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(c)
The generator is connected to a less resistance light bulb

(1)
By Fleming’s left hand rule, when the generator produces a current, that current flowing in the coil would produce a torque which opposes its rotation.
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(2)
A larger current is drawn from the generator when connecting to a less resistance light bulb

(3)
When the current drawn increases, the opposing torque will increase. The rotation of the coil will then slow down, thus the driving torque has to be increased in order to maintain the speed of rotation of the coil.


(4)
When the current drawn increases, more electrical energy is consumed in the light bulb.


(5)
Therefore more work has to be done by the driving torque to provide the electrical energy.
16.13
A coil in a changing B-field

16.13.1
A ring falling towards a coil connected to an a.c. supply

An a.c. voltage supply is connected across a coil of many turns, this coil being placed over the vertical iron rod of a retort stand and resting on the base.

(a)
A small aluminium ring is dropped over and slides down the vertical rod of the retort stand
(1)
The changing a.c. through the coil produces a changing magnetic field flux through the falling ring.

(2)
This induces an e.m.f. in the ring and drives a current I’ in the opposite direction in ring.

(3)
At a certain height conditions are such that the ring appears to float where, the electromagnetic upward force between the currents (opposite currents repel) = downward force due to gravity (weight of ring).
(4)
Reaction is according to the physical principle (Lenz’s law) that any induced effect (such as current/magnetic field) tries to stop any physical change of system (such as motion).
(b)
The ring of (a) is replaced by a similar ring, but broken by a vertical slot and
If the ring has a vertical slit in it, there is no continuous path for an induced current I’ to flow and so there is no repulsion by I and so ring will drop down on to base of retort stand.
(c)
The ring of (a) is fastened down on top of the coil.

If the ring of (i) is held down on top of the coil it would heat up very rapidly due to the Joule heating (I2R) of the induced eddy current I’.
16.13.2
Search coil

(a)
Structure

For the search coil shown, orientated  to alternating magnetic field B, the induced e.m.f. across terminals PQ is E = 

.
i.e.  E = (nAB0 cos (t.
(b)
Precautions in measurement

(1)
connect P/Q to the input terminals of a C.R.O.,

(2)
rotate coil until amplitude of wave trace is a maximum.

(3)
measure amplitude  B0.
(c)
Accuracy factors

(1)
uniform, known calibration field (e.g. from Helmholtz coils),

(2)
C.R.O. of sufficient sensitivity high enough to give large amplitude trace.

(3)
Effect of stray fields could be comparable to field being measured.
(d)
Working principle

(1)
According to the laws of electromagnetic induction, when a coil is exposed to a changing magnetic field perpendicular to it, the total flux linkage through the coil varies with time, an e.m.f. will be induced across the ends of the coil. (
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(2)
Connect the coil to the Y-input of a CRO to measure the induced e.m.f. obtained, which is proportional to the rate of change of flux and thus to the flux density of the magnetic field.
16.14
Back e.m.f.

16.14.1
Sparks appear while opening a switch

(a)
There is current flowing in the coil of the electromagnet in use.

(b)
When the circuit is broken by opening the switch, the current starts to drop and the flux linkage through the coil of the electromagnet decreases abruptly.

(c)
By Faraday’s law, a large induced e.m.f. would develop across the coil of the electromagnet so as to oppose the change.

(d)
Sparks occur due to the discharge across the small gap of the switch.
16.12.2
Motor’s back e.m.f.

(a)
A moving motor
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(1)
When armature (coil) of a motor rotates in the field, it cuts the magnetic flux, an e.m.f. is thus induced. This e.m.f. opposes the applied voltage V and tends to reduce the current in the coil, therefore called a back e.m.f. Eb = V – Ir.

(2)
When a motor is started or suddenly jammed, the armature coil is at rest (ω = 0) and back e.m.f. Eb (Eb = NωAB) is zero. The armature current (I = V/r) would be so large that the coil is liable to be burnt as the coil resistance is usually very small.

(b)
Switching on a motor with no mechanical load
(1)
When the motor is switched on the coil starts to rotate in the magnet field and a back e.m.f. is induced which opposes the current flow and tries to prevent motion of the coil.
(2)
The resultant current through coil, I = 

, where V is applied voltage, R the resistance of coil and E the induced e.m.f.

(3)
Initially the back e.m.f. is zero but this increases with time, the motor coil revolution speed increasing so as to try and make E = V
 since E ( n (revs s-1).
(4)
Correspondingly, the starting current is high (I = V/R) and this reduces to an equilibrium (normal running) current which is much lower (I = 

), with E just slightly less than V.
(5)
This state is reached when the total input power = work done by rotating coil + Joule heating (I2R).
(c)
Switching on a motor with no mechanical load (Alternative description)

(1)
When the motor is just switched on, Eb is zero (ω = 0), but as the motor speeds up the back e.m.f. Eb increases (as Eb 
[image: image42.wmf]µ

 ω).

(2)
Therefore the current I (I = (V – Eb) / r) surges to high value and then falls gradually to a final steady value when the driving torque τ (τ 
[image: image43.wmf]µ

 I) produced just overcomes the small frictional torque at the motor’s axle.

(d)
After switching on for a while, applying a load on the motor.

(1)
When a mechanical load is applied to the motor extra work
has to be done by the rotating coil and so more power (VI) has to be drawn from the external power supply.
(2)
Hence the current taken has to increase which is only possible if the induced e.m.f., E drops (I = 

) and this results in a drop in the motor coil revolution speed, n(E ( n).
(e)
After switching on for a while, applying a load on the motor. (Alternative description)

(1)
If the motor is connected to a mechanical load, an additional driving torque (usually much greater than the frictional torque) is required to drive the load.

(2)
Therefore the current I drawn from the supply increases while the back e.m.f. decreases correspondingly as the motor slows down (as Eb 
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 ω) to its final steady value and the driving torque τ (τ 
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 I) increases until it can just overcome the torque due to the load and friction.

16.13
Inductor

16.13.1
Self induction

When the current in the coil decreases, a back e.m.f. would be induced in the coil in the same direction as the current so as the oppose the ‘change’ according to Lenz law. This phenomenon is called self induction.

16.13.2
Energy stored in an inductor

(a)
As E = 

. If at this instant the current is I - then the rate of doing work against the back-emf is P = EI = 

.

(b)
Total work done in establishing a current I0,


, this is stored energy, EL = ½LI02
16.13.3
LR circuit

For a series circuit connecting an inductor, a neon lamp with a d.c. supply voltage
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(a)
The switch is closed
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(1)
A back e.m.f. VL is produced across L due to changing I and magnetic field through coil.  At first VL  E (slightly less since a current has to flow) and there is a large rate of change of current dI/dt, though I is small.


(2)
There is a time delay in the lighting up of the light bulb to full intensity. This is due to the 

large induced e.m.f. which opposes the flow of current through it.
(3)
dI/dt reduces with time and also VL - leading to an increase in I. Current I is a maximum when dI/dt and the back e.m.f. VL = 0.
(4)
Current rises slowly to max. value I0 since e.m.f. 
  and induced e.m.f. reduces with time.
(b)
After connecting a neon lamp across the coil, the switch is opened.

(1)
On switching off the d.c. supply there is a large induced e.m.f. in the inductor which opposes the collapse of the current.

(2)
This is large enough to light up the neon.
(c)
Switching-off of the electromagnet current
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(1)
On switching off current there will be a reduction of magnetic field flux through core of the electro-magnet and this induces an e.m.f. which attempts to maintain the same current through coil.

(2)
The energy stored by the coil (in its magnetic field), ½LI2 will produce a dangerous spark across the contacts of the switch, since the inductance (and energy) may be very large.
(3)
Best precaution is to slowly reduce the current through the magnet to ~ zero by increasing the resistance of a rheostat wired in series with the electromagnet coils and power supply  and then switch off.

(4)
Additional precautions are (i) neon lamps across electromagnet winding to allow dumping of current through them and (ii) a capacitor wired across switch contacts so that spark does not jump contacts but released power goes into charging of capacitor.
16.14
Transformer

(a)
Working principle
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(1)
Primary/secondary windings wound on same core - rate of change of magnetic flux at any time same, d/dt.

Np, Ns respective no. of turns.


Vp = Np (d/dt)  -  equal to back e.m.f.

Vs = Ns (d/dt)  -  if no current taken.

(2)
Hence  Vs/Vp  =  Ns/Np
(3)
Thus the input voltage may be transformed to a higher or lower voltage, depending upon the turns-ratio.

(b)
Necessary conditions under which the relation Vs : Vp 
[image: image50.wmf]»

 Ns : Np holds for a transformer.

(1)
Input to the primary is sinusoidal a.c. with small resistance in the primary winding carrying small primary current.

(2)
The primary and the secondary windings must be wound on the same iron core so that the flux leakage is negligible.

(3)
The secondary is not on load (i.e. open circuit) or if on load the load resistance is high so that the secondary current drawn is small.

(c)
Heating of a transformer core
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(1)
Induced currents are in opposite direction to those of winding i.e. try to maintain zero magnetic field in coil (or oppose change of magnetic field).

(2)
Power will be dissipated by such current flow producing a heating of the transformer core.

(d)
Design of a high efficiency transformer


(1)
Copper windings are thick to reduce joule heating loss.


(2)
Soft iron is used for reducing hysteresis loss.

(3)
Core constructed of flat thin iron laminations with both flat surfaces coated with oxide or varnish. These form a very very high resistance to the eddy current flow and prevent overheating of the core-currents ~ zero.


[image: image52.wmf]laminations


(e)
The bulb connected to the secondary coil is replaced by one with a smaller resistance


[image: image53.wmf]

(1)
Secondary output voltage is reduced slightly and the secondary current becomes larger.


(2)
Back e.m.f. in primary would decrease and the primary current would increase.
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