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IB PHYSICS ADDITIONAL HIGHER LEVEL



ELECTROMAGNETIC INDUCTION


NOTES
12.1 

Induced electromotive force (EMF) 

12.1.1 
Describe the inducing of an emf by relative motion between a conductor and a magnetic field.
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The diagram opposite shows a metal conductor (insulated from the hand!) being pulled across a magnetic field. Electrons in the bar are moving down which can be thought of as being a current upwards. Using the right hand rule, a current upwards and a field into the page results in a force on the electrons to the left. End A of the bar becomes negatively charged and end B is left positively charged. An EMF is said to be induced across the ends of the bar. 



If the bar is moved or rotated so it cuts across field lines, an EMF is induced. If it moves between the field lines no induced EMF occurs. The field's direction can be changed so field lines are cut when the bar is held stationary. As long as relative motion occurs between the field and the conductor that results in field lines being cut, an EMF is induced. 


12.1.2 
Derive the formula for the emf induced in a straight conductor moving in a magnetic field.

[image: image4.wmf]x            x            x            x

x            x            x            x

x            x            x            x

x            x            x            x            

x            x            x            x

x            x            x            x

x            x            x            x

x            x            x            x            

F

F

F

hand

hand

induced

I

field 

B

field 

B

velocity 

v

velocity 

v

l

At t = 0, the conductor and the loop are inside 

the field with the right edge of the lop about to 

exit the field. No current has been induced up to

this point because the flux through the loop has

not changed.

At time , the area of the loop inside the field 

has decreased by , the area of the shaded 

section. The flux change has changed by 

t

vtl

Bvt

D

D

DFD

DF

  

l

Bvl

. 

Therefore  . 

   =

B

B

B

D

t

D

t

Previously it was shown that  = . 

e

Bvl

Therefore   = 

e

DF

  

+

-




The diagram shows a length l of metal conductor being pulled with velocity v across a magnetic field B. An EMF ( is induced across its ends and this drives a current I in the circuit connected to the ends of the conductor. The metal conductor now carries a current in a magnetic field so it has a force applied to it Finduced in the opposite direction to the force of the hand. 



In time t, the conductor moves a distance vt.



In time t, the work done by the hand is Fhandvt.


The power transfer by the hand is Fhandv.



When the velocity of the conductor is 



constant the two forces above have equal magnitude.



Therefore:


Power = Finduced v


The power transfer in the electric circuit is (I


There is no change to the kinetic energy of the conductor so all the work done by the hand is transferred to electrical energy in the circuit. The mechanical power equals the electrical power.







(I = Finduced v




The induced force Finduced = BIl



Therefore

      (I = BIlv






      (  = Blv 



The magnitude of the induced EMF is equal to the strength of the field times the length of the conductor times the velocity of the conductor. When the magnetic field is not at right angles to the plane of motion of the conductor and/or the conductor is not at right angles to the direction of its velocity, the perpendicular components of each must be used.







                 ( = B(lv(
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2.

12.1.3 
Define magnetic flux and magnetic flux linkage.



The quantities magnetic field and area through which it passes are combined in the definition of MAGNETIC FLUX (B. Magnetic flux can be calculated using either of the following equations.



Magnetic flux = the strength of the magnetic field passing through an area x the component of the area at right angles to the field. 









     or



Magnetic flux = the component of the magnetic field at right angles to an area x the area through which the field is passing.



The diagram on the left shows a uniform magnetic field through an area A at an angle of  to the field. The other diagrams show the side view of the arrangement and the alternative methods of calculating the magnetic flux.
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The unit of magnetic flux (B is Tesla m2 and is called 1 Weber in honour of the German physicist Wilhelm Weber (1804 - 1891). The abbreviation for Weber is Wb. One Weber is a very large amount of magnetic flux. Magnetic flux values are usually much less than 1 Wb.

12.1.4 
Describe the production of an induced EMF by a time-changing magnetic flux.



When the flux magnetic flux through a coil of wire is changed, an EMF is induced in the coil. The flux can be changed by increasing or decreasing the strength of the field. Moving a magnet towards or away from the end of a solenoid alters the field strength. 


Altering how much of the coil's area is at right angles to the field also produces an induced EMF. Rotating a magnet near the end of the solenoid or vice versa alters the area of the coil at right angles to the field and produces an induced EMF.
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The average induced EMF equals the change in the flux divided by the time to change.

12.1.5 
State Faraday’s law and Lenz’s law.


When more than one turn of wire is present, an induced EMF occurs in each turn. The total induced EMF in a coil of n turns is n times the time rate of change in flux. i.e.









(( = n((B     this is Faraday's Law.
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The diagram opposite includes the direction of the induced magnetic field around the wire. Although drawn on only one side, there is an induced field all around the loop. The direction of the induced field is out of the page outside the loop and into the page inside the loop. The magnetic flux is into the page and decreasing due to the loop moving out of the field. The induced field is opposing the decreasing of the flux inside the loop by being into the page inside the loop.



The EMF induced always drives an induced current in a direction so the induced field opposes the change in the flux that caused the induced EMF to exist. This is known as Lenz's Law.



The diagrams below show the direction of the induced fields and currents for the 4 possible ways the flux can change in a solenoid.
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4.

12.1.6 
Solve electromagnetic induction problems.
[image: image14.wmf].25

p

 .5

p

.75

p

1.5

p

E

M

F

 

V

o

l

t

  

p

2

p

time

sec

nBA

w

-nBA

w

-2nBA

w

2nBA

w

2

w

w


﻿

The plane of a single loop of wire is at right angles to a uniform magnetic field with magnitude 4.0 x 10-2 T. The loop is moving across the field at a constant speed. At the instant of the diagram, all the loop is within the field. To the right of the dotted line, the field is 0. The resistance of the loop is 2.0 Ohm.



a.

Which two sides have an induced EMF across them?



     
AC and BD are cutting across field lines.



b.

Why is no current driven by the two induced EMF's?



      
They are trying to drive currents in opposite 
directions.


c.   
At the instant of the diagram, which side of the loop:





i. has a positive charge?  CD 
 ii. has a negative charge?  AB



d.   
Describe the position of the loop when a current first exists.



      
The side BD is to the right of the dotted line and AC is still within the field.



e.   
Describe the change in the magnetic flux through the loop while it is leaving the field.



     
The flux is out of the page and decreasing.



f.

A magnetic field surrounds the loop when a current exists. Describe the direction of this field on the inside the loop.



     
Out of the page.



g.   
Is the direction of the current in the loop clockwise or anticlockwise?



     
Anticlockwise



h.   
The current is driven by the induced EMF across AC. Calculate the magnitude of this EMF   using the formula ( = Blv.



      
( = Blv = 4.0 x 10-2 x 0.050 x 0.50 = 1.0 x 10-3 V



i.   
Calculate the size of the current.



     
I = (/R = 1.0 x 10-3/2 = 5.0 x 10-4 A



j.   
Determine the magnitude and direction of the induced magnetic force acting on side AC while the loop is leaving the field.



      
F = BIl = 4.0 x 10-2 x 5.0 x 10-4 x 0.05 = 1.0 x 10-6 N



k.   
Determine the magnitude and direction of the external force acting on the loop. 



      
1.0 x 10-6 N



l.   
What is the magnitude of the magnetic flux through the loop at the instant of the diagram?



     
Flux = BA = 4.0 x 10-2 x 0.050 x 0.10 = 2.0 x 10-4 Wb



m.  
What is the time interval between sides BD and AC crossing the dotted line?



     
t = 5/50 = 0.1 s



n.   
Calculate the magnitude of the induced EMF using the formula ( = (B/(t.



      
( = 2.0 x 10-4/0.2 = 1.0 x 10-3 V



o.   
Describe the position of the loop when the current first becomes 0.



     
AC is on the dotted line.
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5.


p.   
Calculate the total charge transferred past a point in the loop while the current was present.



      
Q = I x t = 5.0 x 10-4 x 0.1 = 5.0 x 10-5 C



q.  
What current would be present if the loop moved at 25 cm s-1?



     
Half the current is 2.5 x 10-4 A



r.   
What total charge would be transferred if the loop were moving at 25 cm s-1?



    
Half the current for twice the time = same amount of charge. 5.0 x 10-5 C

12.2

Alternating current (2h)



Aim 7: Computer simulations of ac generators are a useful means to assess understanding.

12.2.1 
Describe the EMF induced in a coil rotating within a uniform magnetic field.
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The diagrams show a coil of n turns with Area A rotating with angular frequency ( radians per second in a magnetic field B. At t = 0, the flux is zero. After t seconds the coil has rotated an angle ( such that ( = (t.  The area of the coil at right angles to the field is Acos (.
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The induced EMF alternates between (nBA( Volts and is sinusoidal in nature. It drives a current that alternates in direction.

12.2.2 
Explain the operation of a basic alternating current (ac) generator.



An alternating current generator consists of a rotor which is an electromagnet created by passing a direct current through a coil with an iron core. The rotor is made to turn at either 50 or 60 Hz. Near the rotor are coils of wire in which an AC EMF is induced and an AC current flows.



As the rotor spins, there is a change in the flux in the coils inducing an AC EMF that drives an AC current in the coils.



An electromagnet is used rather than a permanent magnet as this would weaken over time and result in a lower induced EMF.



It may sound strange to use an electric current to create the electromagnet when the purpose of the exercise is to cause a current to exist.  However, there is a net gain in electrical energy due to the energy input of the burning fossil fuel, rushing water or nuclear reactor causing the rotation of the rotor.
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6.
12.2.3 
Describe the effect on the induced EMF of changing the generator frequency.
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On the previous page, it was established that the induced EMF of a generator is nBA sin t. The amplitude is nBA and the period 2/. If the frequency of the generator is increased to say 2, the amplitude doubles to 2nBA and the period halves to /
12.2.4 
Discuss what is meant by the root mean squared (rms) value of an alternating current or voltage.
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The circuit diagram shows an AC power supply which applies an AC potential difference V across a heating coil such that V = Vpeak sin (t. The current in the circuit is I such that  I = Ipeak sin (t.



The heat produced in the resistor will rise and fall so rapidly that it will appear smooth and continuous. The resistor will seem to have a constant temperature.



If the AC power supply were replaced with a DC supply, what PD would it need to apply to the resistor so its temperature was the same as when the AC supply were used. i.e. The AC and the DC power supplies have the same heating ability. The average power transfer in the resistor when the AC supply were used would be equal to the power transfer when the DC supply was used.




A graph of the Power transfer in the resistor for the AC supply is shown to the right. 



The symmetry of the sine squared function means the average power is equal to half the peak power.

12.2.5 
State the relation between peak and RMS values for sinusoidal currents and voltages.



The DC equivalent circuit is shown opposite. The power transfer is equal to the average power transfer in the AC circuit. Therefore:
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The DC equivalent values are found by dividing the peak AC value by the square root of 2. The DC equivalent values are also called RMS values short for Root Mean Square -  Root because of the square root, Mean because of the average heating ability and Square because the sine squared function was involved. 

12.2.6 
Solve problems using peak and RMS values.
Power points in Australia are described as 240 V AC. What is the amplitude of the AC EMF applied to appliances?


240 V is the RMS value.  The peak value or amplitude is 240(2 or 339V

12.2.7 
Solve ac circuit problems for ohmic resistors.


Ohm's Law can be used in two ways in AC circuits. It can be applied to the RMS values or the peak values. i.e.







VRMS = IRMS R      and   Vpeak = Ipeak R



The average and peak power transfers in an AC circuit have the following relationships:






Pav = VRMS IRMS        Ppeak = Vpeak Ipeak         Pav = ½ Ppeak
12.2.8 
Describe the operation of an ideal transformer.


A transformer consists of a primary coil of wire connected to an AC generator or power supply. A secondary coil of wire is connected to a circuit. A core of iron links both coils. The AC current in the primary coil causes a changing magnetic field and a changing magnetic flux to be set up in the iron core. 


The changing magnetic flux through the secondary coil causes an induced EMF in the secondary coil and an induced AC current flows through the secondary circuit. 



There is interplay between the two coils via the changing magnetic field that is created in the iron core by the alternating current in the primary coil. The field in the iron core is forever changing which causes a change in the flux through the secondary coil. 



For an ideal transformer, the rate of change in magnetic flux is the same in both coils and there are no heat losses in the primary and secondary coils. The following two equations apply.







VS  =  NS

VPIP = VSIS

Vs = Is RLoad






VP      NP


The current in the secondary coil is affected by the resistance of the load. The current in the secondary coil should be determined first as its value affects the field strength in the core and the size of the primary current.


When NS ( NP then VS ( VP and IS ( IP.  The induced EMF in the secondary coil is larger than in the primary coil and the current in the secondary coil is less than in the primary coil. This type of transformer is called step-up.



When NS ( NP then VS ( VP and IS ( IP.  The induced EMF in the secondary coil is smaller than in the primary coil and the current in the secondary coil is larger than in the primary coil. This type of transformer is called step-down.
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12.2.9 
Solve problems on the operation of ideal transformers.

When operating, the resistance of the globe above a ripple tank is 4 ohm. It is powered by a 20:1 step down ideal transformer that is plugged into a 240 V power point. 



a.
Determine the PD across the globe.



b.
What is the current in the globe? 



c.
Calculate the current in the primary coil of the transformer.



a.
Ns:Np = Vs:Vp

b.
Is = V/R

c. 
VpIp = VsIs



1:20
= Vs:240

            = 12/4


240 x Ip = 12 x 3




Vs
= 12 V


   = 3 A


          Ip = 0.15 A

12.3

Transmission of electrical power (1h)

12.3.1 
Outline the reasons for power losses in transmission lines and real transformers.

AC generators are usually at some distance from a big city. This presents the problem of heat losses in the transmission wires. The PD across the wires at the town is less than the PD across the wires at the generator. Since P = VI and V = IR, then P = I2R.  The power loss to heat in the wires is equal to the square of the current times the resistance of the wires. 

Power losses occur in the transformers because the primary and secondary coils have resistance which results in heat production. Also the magnetic linkage between the coils is not perfect so the rate of flux change in the secondary coil is not quite as large as in the primary coil. 
12.3.2 
Explain the use of high-voltage step-up and step-down transformers in the transmission of electrical power.

 

Power loss can be minimised by reducing the current in the transmission wires. This is achieved by adding a step-up transformer at the generator end and a step-down transformer at the town end. When the PD is stepped-up at the generator end, the current is reduced and much less power loss occurs in the transmission wires.




The transmission wires must be isolated from each other and the ground by being strung between large towers. The step-down process is done in stages. The first is at the outer suburbs and the last occurring in a pole transformer. 

12.3.3 
Solve problems on the operation of real transformers and power transmission.


You will be expected to solve problems on the operation of ideal transformers and transmission systems.

﻿

A generator has an EMF of 20.00 kV. It drives 1.000 x104 A through the transmission wires 



leading to a nearby town. The wires have a total resistance of 1.500 Ohm. 



a. 
At what power is the generator operating?



    
P = VI = 2.000 x104 x 1.000 x104 = 2.000 x 108 W



b. 
Calculate the amount of electrical energy converted to heat energy in the wires each second.



     
P = I2r = 1.000 x108 x 1.5 = 1.500 x108 W
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c. 
What is the total potential drop across the wires?



     
P = VI
1.500 x108 = V x 1.000 x104  V = 1.500 x104 V



d. 
What is the potential difference across the wires at the outskirts of the town where they 



    
connect to a step-down transformer?



    
Vtown = Vgenerator - Vwires   V town = 2.000 x104 - 1.500 x104     V town = 5.000 x 103 V



e. 
How much power is available to the town?


 
     
Ptown = Pgenerator - Pwires   P town = 2.000 x 108 - 1.500 x108    P town = 5.000 x 107 W



f. 
A step-up transformer is added to the system between the generator and the start of the 




   
transmission wires. Its secondary coil contains 25 times more turns than its primary coil. 


   
Assuming 100% efficiency, what is the PD across the wires at the start of the system?



   
VS = VP x 25     VS = 2.000 x104 x 25     VS = 5.000 x105 V



g. 
What current is present in the transmission wires?



    
IS = IP/25     IS = 1.000 x104/25    IS = 4.000 x x102A    



h. 
Calculate the amount of electrical energy converted to heat energy in the wires each second.



     
P = I2r = (4.000 x x102)2 x 1.5 = 2.400 x105 W



i. 
What is the total potential drop across the wires?



     
P = VI
2.400 x105 = V x 4.000 x x102    V = 6.000 x102 V



j. 
What is the potential difference across the wires at the town where they connect to a



   
step-down transformer?



   
Vtown = VS - Vwires   V town = 5.000 x105 - 6.000 x102     V town = 4.994 x 105 V



k. 
How much power is available to the town?



     
Ptown = Pgenerator - Pwires     P town = 2.000 x 108 - 2.400 x105     P town = 1.998 x 108 W



l. 
By what factor has the step-up transformer reduced the heat losses in the wires?



    1.500 x108/2.400 x105 = 625   or   252 = 625



m. 
The greater the step-up in potential difference, the greater the tendency for electrons to move 



    
 near the surface of the transmission wires. This is called skin effect. Skin effect causes air 



    
 molecules near the wires to become ions. Conducting pathways are set up to nearby wires, 



     
trees, the ground etc. How is leakage along these pathways minimised?



     

The wires are strung up on very tall towers with good insulation between the wires and the 
towers.


n. 
Describe some factors that would make the inclusion of the transformer not economically 



    
viable for the power company.

﻿

   
The cost of purchase, installation and maintenance of the transformers during their life time



   
was greater than the money saved from not having to drive the generator so hard.
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The diagrams show the coil of a generator every quarter turn during one rotation. In diagram 1, the coil's plane is parallel to the magnetic field. At t = 0 the coil is forced to rotate at a constant rate in an anticlockwise direction about the axis XY.


﻿

a. 
What is the magnetic flux through the coil at t = 0?



    
zero



b. 
Describe the change in magnetic flux through the coil during the first quarter turn.



    
Increase in flux down.



c. 
Starting from A, write the letters A, B, C and D to describe the direction of the induced 



   
current in the first quarter turn e.g. ABCDA.



   
ADCB  The induced field around the induced current has to be up inside the coil.



d. 
Describe the change in magnetic flux through the coil during the second quarter turn.



   
Decrease in flux down.



e. 
Describe the direction of the induced current in the second quarter turn.



   
ABCD The induced field around the induced current has to be down inside the coil.



f. 
Describe the direction of the current during each quarter turn.



   
1st ADCB 
2nd ABCD

3rd ABCD

4th ADCB



g. 
Describe the current in words during one complete turn of the coil.



    
For half a turn it is in one direction and for the other half it is in the opposite direction.



h. 
Describe the coil's orientation relative to the field when the current reverses direction.



   
The coil's plane is at right angles to the field.



i. 
Describe the orientation of the coil relative to the field when the current is a maximum.



  
The coil's plane is parallel to the field




Let the induced EMF be positive when it
 


drives a current in the direction ABCDA. 



Graphs of induced EMF and magnetic
 


flux through the coil during one turn are 



sketched opposite. 



j. 
How is the graph of induced EMF related 



to the graph of magnetic flux?



   
Induced EMF's are the negative gradient of the Flux graph.
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 12.3.4 
Suggest how extra-low-frequency electromagnetic fields, such as those created by electrical appliances and power lines, induce currents within a human body.


Electrical appliances have AC currents through their circuits. Around them and the power cord is a magnetic field that oscillates at a low frequency – 50 or 60 Hz are typical values. When a human is near the appliance and/or cord, the changing magnetic field causes a change in the flux within the body causing induced currents to exist.


Muscle has relatively higher conductivity than surrounding tissues for example fat. Therefore, induced currents are concentrated in muscle.

The energy of 50 Hz electromagnetic fields is too small to break chemical bonds or cause ionisation in the same way that x-rays or alpha particles do. 

12.3.5 
Discuss some of the possible risks involved in living and working near high-voltage power lines.

Potential health concerns about power lines were first raised in a 1979 study that linked increased risk of childhood leukemia with residential proximity to power lines. Since then, numerous other studies have failed to clarify whether various health effects were due to the fields associated with the power lines or were coincidental.
The current body of evidence shows that exposure to these fields does not presents a human health hazard. It appears that the fields humans are exposed to in the domestic or occupational environment do not produce important health effects, including cancer.
There are no known health risks that have been conclusively demonstrated in relation to living near high-voltage power lines. But science is unable to conclusively prove that anything, including low-level EMFs, is completely risk-free. Most scientists believe that exposure to the weak fields near power lines is safe, but some scientists continue research to look for possible health risks associated with these fields. If there are any risks such as cancer associated with living near power lines, then it is clear that those risks are small.

Aim 8 and TOK: The use of risk assessment in making scientific decisions can be discussed here. The issues of correlation and cause, and the limitations of data, are also relevant here.
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