
Episode 416: Generators and transformers

In a generator, motion of a conductor in a magnetic field induces an EMF. In a transformer, it is the changing field that induces an EMF in a fixed conductor.

Lesson Summary

· Discussion: Generators (30 minutes)

· Demonstrations: A motor in reverse (15 minutes)

· Student questions: On ac generators (20 minutes)

· Demonstration: Transformers (20 minutes)

· Student experiment: Testing the relationships (30 minutes)

· Student questions: Transformer equations (20 minutes)

· Further discussion: Practical transformers (10 minutes)


Discussion: Generators
The structure of a simple generator is essentially the same as a motor. The difference is that now mechanical working is used to generate a potential difference. The electrical current to a load is via a commutator for an ac generator or slip rings if ac is required.

Basic ideas can be understood by thinking about a coil rotating in a uniform magnetic field.
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Consider a coil of area A with N turns of wire rotating at a constant angular velocity ω in a uniform magnetic flux density B. As the coil rotates, it cuts through the lines of flux. Another way to express this is to say that the flux linking the coil is changing.

At what point is the rate of flux-cutting greatest? (When it is horizontal in the diagram above; when it is vertical, the rate of flux cutting is instantaneously zero.)

Rate of flux cutting = induced EMF
Einduced = BANωcos(ωt)
with a maximum value,

E0 = BANω when the coil is parallel to the field.

Demonstration: A motor in reverse
Show that a motor can operate in reverse, as a generator. One starting point is simply to attach a weight to a small motor and to drop the weight. The motor works in reverse as a generator; the induced EMF can be monitored with a meter.

Further experimental work will reinforce the discussion.

Episode 416-1: The effect of loading a generator (Word, 57 KB) - see end of document

An alternative approach is to think about a magnet rotating to give changing flux in one or more pairs of coils. A useful demonstration follows but you may decide to show only the first stages of this.

Episode 416-2: Building up an alternator (Word, 304 KB) - see end of document

Student questions: On ac generators
Episode 416-3: Alternating current generators (Word, 80 KB) - see end of document

Demonstration: Transformers
Experiments with transformers can be used as a way of investigating and confirming the laws of electromagnetic induction and could be done earlier. This work can also be a means of rounding off the whole of this section of post-16 work.
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The aim is to show that a transformer is an electrical machine that converts one ac voltage into another ac voltage. Working through parts or all of the following presentation will illustrate both the structure and the operation of a transformer.

Episode 416-4: Building up a transformer (Word, 172 KB) - see end of document

Discussion:Transformer equations
Having defined the quantities involved, you can deduce the transformer equations. Emphasise that the deduction of these equations depends on an assumption of 100% efficiency; in most transformers the efficiencies are so high that the inequalities can be treated as being approximate equalities.

Student experiment: Testing the relationships
The theory presented above can be tested by experiment.

Energy losses become very apparent with the apparatus described in this experiment. It is worth repeating the measurements with 120/240 turn coils (if available) or with a small commercial transformer.

Episode 416-5: Transformers (Word, 31 KB) - see end of document

Student questions: Transformer equations
Episode 416-6: Transformers (Word, 108 KB) - see end of document

Further discussion: Practical transformers
Discuss reasons for energy losses in real transformers. These are readily identified as:

· ohmic heating of the coils

· eddy current heating of the core

· hysteresis effects which heat the core

· magnetic flux escaping

But even with these it is not unusual to find efficiencies of 95% and higher. Large transformers used in power transmission may be as much as 99.5% efficient.

Where electronics are being used, low voltage ac supplies are usually required so step-down transformers will be an essential part of the power supply. The output from a transformer is ac, so there will have to be some form of rectification (with diodes) and smoothing (with capacitors).
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A second widespread use is within the Grid that supplies electricity to the consumer. The connection from a power station to the consumer involves a long length of wire and often, high currents. For a given section of the grid, the resistance, R is fixed and the rate of heating generated in the wire will be I 2R; this energy is wasted. To minimise this energy loss, the current should be as small as possible. To deliver a particular power (VI), a smaller current can be achieved by using as high a voltage as possible. The grid is designed so that transformers are used to step up the voltage at the power station before transmission. Step down transformers reduce the voltage in stages to the level required by industrial and domestic consumers.

Episode 416-1: The effect of loading a generator

Here you use a large ac motor acting as a generator to show the forces that act on the rotor and how they change when the generator provides a current to a load such as a bulb. You can’t get something for nothing! 

You will need: 

· three filament lamps, 12 V, 24 W 

· three spst switches 

· demonstration multimeter, used as a voltmeter 

· large ac motor / generator with separate connections to field coils and armature 
· hand drill 

· power supply, 0–12 V 

· leads, 4 mm 

· digital multimeter 

· variable-speed power drill 

Hand-powered dynamo 

A current is induced in the coil of a dynamo as it turns. This current experiences a force in the field that is in the opposite direction to the motion that induced the current. Just because it is being used as a generator, a current-carrying coil of wire cannot know that it is not meant to feel the motor effect! The more current the dynamo supplies the harder it gets to turn it.
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1.
The motor can be turned at a speed fast enough to light a bulb using a hand drill. Try it. 
The axle of the motor should be clamped in the chuck of the drill. Set the field current at 
about 0.5 A and turn the drill at a steady speed. Start with a voltmeter connected to the 
rotor coil to measure the induced emf. 

2.
How does the induced emf change as the drill is rotated faster? 

3.
Replace the voltmeter with a 12 V lamp. Switch more and more lamps in, whilst turning. 
The drill will be noticeably harder to turn. 

4.
The lamp has a much lower resistance than the voltmeter, which means that there will be 
a current in the rotor. 

5.
Why does this make it harder to turn the drill? 

Things to remember 

1.
The induced emf is proportional to the speed of rotation of the rotor coil. As the rotor 
moves in the field, the emf increases as the rotor turns faster. The rate of cutting of flux 
has increased.

2.
When there is a current in the rotor a force acts which tries to slow down the speed of 
rotation of the rotor. This is an example of the dynamo and motor effects occurring 
together. A force acts on the rotor but in a direction that opposes the original motion. This 
is an example of Lenz’s law – the induced emf opposes the change that causes it.

	[image: image5.png]



	Be safe

When driving motors and generators at high speeds (i.e. not manually) the pulleys and belt drive must be guarded to prevent trapping fingers, entanglement of clothing and to catch the belt should it fail


Practical advice

The point here is that students begin to understand how an induced current can give rise to a force acting against the motion which induces the current. A dynamo cannot help being a motor. Students should also see that the induced emf increases with the rate of flux cutting as described by Faraday’s law, but the effect of the iron in the rotor will probably mean that direct proportionality will not be observed. A variable-speed drill allied with a frequency meter can produce excellent results however; a plot of induced emf / rotational frequency is suitable. 

Remember that the main aim is to feel the retarding force and to attempt to explain it. Consistency with Faraday’s law should be considered as a bonus. 
If your school does not already own one of these motor/generators, they can be difficult to obtain.
Alternative approaches

A car generator (few modern cars use an ac generator, almost all cars have alternators with built in diodes) driven by a motor will show the same effect. The generator uses a rotating electromagnet and the voltmeter (or bulb) is connected to the stator windings. Use a dc power supply to provide a current for the rotor; start with about 0.5 A. 

Social and human context

The discussion of generators can naturally lead to the electricity distribution industry, the historical development of electricity distribution and its effects on society (for example, electrical household appliances).
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
	Be safe

When driving motors and generators at high speeds (i.e. not manually) the pulleys and belt drive must be guarded to prevent trapping fingers, entanglement of clothing and to catch the belt should it fail


External reference

This activity is taken from Advancing Physics chapter 15, 310P

Episode 416-2: Building up an alternator

Rotating flux linked to coils

Here you can show how a spinning flux can be used to generate one-, two- and three-phase ac.

A simple spinning magnet provides the flux. Coils placed around the magnet are linked to the rotating flux. A careful study of the induced emf suggests ways to connect these coils to maximum effect.

The activity is set up to provide a sequence of things to show, on the way to the three-phase generator.
You will need:

· bar magnet

· three microvoltmeters

· six 1100-turn coils

· leads, 4 mm

· gimballed bar magnet (Magnaprobe)
· small motor or means of spinning the bar magnet slowly 
A spinning flux

1.
Set the bar magnet spinning slowly. Try to imagine the flux sweeping round with it, much as a lighthouse illuminates a swathe of sea with its rotating beam. Then use the gimballed bar magnet to probe this flux.
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Linking the flux

2.
Now place a coil to link the flux, so that the imagined beam sweeps past the axis of the 
coil, illuminating the inside. Monitor the induced emf. Can you account for the variation of 
the emf with time?
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3.
Now place another coil opposite the first. Make sure that the two microvoltmeters are 
wired in the same sense. Watch the microvoltmeters. Can you account for the emfs?
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Sources of emf in series

4.
Now see if you can wire these two coils in series – just as you would wire any two 
sources of emf in series – to provide double the output.
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Many phase supplies

This now provides a large emf across the two coils. More can be extracted, by placing extra pairs of coils around the spinning magnet. You might try two pairs, and then perhaps three.
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Three-phase ac achieved with the three pairs of coils evenly spaced around the spinning magnet is commonly used in large-scale power systems and car alternators.

Going further

You might like to look at how altering the rate of rotation affects the induced emf. Any expectations?

Remember that you will probably have to change your measuring apparatus – a computer-based oscilloscope might be best.

You might also like to look at the effect of filling the axes of the coils with iron or aluminium bars. Can you explain what happens to the emfs?

You have shown

1.
How a spinning flux can generate an emf.

2.
How to generate emfs that are out of phase by constant steps

Practical advice

The chance to build up a complex electromagnetic machine by stages can show how a few simple principles are sufficient to give accounts of real machines.

Again this is a long presentation, but you should break it up by providing plenty of discussion points around each stage, perhaps focusing on flux flow, linked flux and resultant emf. In this it may be useful to control the rotation of the magnet by hand.

Alternative approaches

You could start with a real machine, pulling it apart to see how the coils are arranged. In any case you will probably need to show a real machine at the end.

Social and human context

Efficient ac generators provide the backbone of the national grid. You might like to relate the goodness of the machine (essentially that permeance and conductance increase in proportion to dimension) to the existence of the grid. The SATIS reading Why 50 Hz? might be used here.

External resource

Why 50 Hz? SATIS 16-19 Unit 25 published by ASE 1990 ISBN 0 86357 13 9

External reference

This activity is taken from Advancing Physics chapter 15, 210D

Episode 416-3: Alternating current generators

Thinking about generators and induced emf 

An emf is induced in a coil when the magnetic flux through the coil changes. The emf in volts is numerically equal to the rate of change of flux linked, in Weber turns per second. Use these principles to answer the following questions. 
A cycle dynamo 
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A cycle dynamo has a permanent magnet that spins inside a cylindrical stator made of iron. On the inside of the stator there are pole pieces wound with coils. 

1.
As the magnet turns, when is the flux through the coils greatest? When is it least?

2.
The magnet rotates 10 times a second. In approximately what time does the flux through 
the coils go from its least value to its largest value? 

3.
At this speed the dynamo produces an alternating emf just enough to light a lamp, and so 
of the order of magnitude 2 V. Estimate the largest flux through the coils, if the coils have 
500 turns in all. 

4.
If the coils have cross section of 20 mm  20 mm estimate the flux density in the coils 
when the flux is a maximum

Spinning a coil in a magnet 

A large Alnico horseshoe magnet produces a uniform flux density of 0.5 T between its poles. The poles have a cross section of 50 mm  20 mm. 
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5.
Estimate the flux between the pole pieces. 

6.
A circular search coil of radius 10 mm is placed between the poles. How must it be 
placed so as to have the maximum flux through it? Estimate that maximum flux. 

7.
The search coil is rotated through 180, in a time of 1/10 s. Estimate the magnitude of the 
emf that would be detected briefly across each turn of the coil. 

8.
The search coil has 500 turns. What emf is expected across the coil in the conditions of 
question 7? 

9.
If the coil is rotated continually like this, how does the emf across it vary? 

A large alternator 

A large alternating current generator (alternator) is to be designed. It is to produce an alternating emf of maximum value 10 kV at a frequency of 50 Hz. The design has a cylindrical stator with fixed coils in which the induced emf is generated. The emf is generated by rotating a cylindrical ac electromagnet rotor inside the stator, at 50 rotations per second.
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10.
Calculate the maximum rate of change of flux linkage through the stator coils, in Weber 
turns per second. 

11.
If the emf and flux are varying sinusoidally at frequency f, the maximum rate of change of 
flux is 2f times the maximum value of the flux. Calculate the maximum flux linkage 
through the coils of the stator. 

12.
The stator coils are wound with 300 turns. What is the magnetic flux through them, in 
Webers? 

13.
The largest flux 
density that can be achieved in the air gap between rotor and stator is 0.1 T. What must be the design area of the stator coils? 

Practical advice

These questions provide practice in calculating rates of change of flux and flux linkage, and emf. The most likely source of difficulty will be distinguishing between flux F and flux linkage N F, and remembering which of them is in use at a given point in the calculation. It may be worth stressing that the rate of change of magnetic flux gives the emf per turn. 

Social and human context

High-powered generators have to be very big. You may have seen one being transported slowly by road on a long trailer with police escort.

Answers and worked solutions

1.
The flux is greatest when the magnet is lined up with the pole pieces. The flux is least 
when the magnet is at right angles to the pole pieces. 

2.
Approximately 1/4 rotation, so 1/4  1/10 s = 1/40 s. 

3.
Emf = flux change  turns / time. Flux change = emf  time / turns:

4.
Area of coils = 20 mm  20 mm = 400 mm2 = 4  10–4 m2. Bfield = flux / area:
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5.
Flux = flux density  area. Area = 20 mm  50 mm = 1000 mm2 = 10–3 m2:
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6.
Centre the coil between the pole pieces, with its plane parallel to the pole pieces:
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7.
emf  time = change of flux. The flux reverses so the change of flux is 3  10–4 Wb:
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8.
With 500 turns emf = 3 mV per turn  500 turns = 1.5 V.

9.
The emf alternates sinusoidally.

10.
emf = rate of change of flux linkage = 104 Wb turns per second.

11.
Maximum flux = maximum flux linkage / 2f:
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12.
Flux = flux linkage / turns:
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External reference

This activity is taken from Advancing Physics chapter 15, 180S

Episode 416- 4: Building up a transformer

Producing flux, linking flux 

In a transformer a primary coil produces flux: an electric circuit of varying current driven through a coil (current-turns) drives a changing flux through a magnetic circuit. The magnetic circuit interacts with a second electric circuit. The changing flux through this second electric circuit produces an emf in the circuit.
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You will need: 

· gimballed bar magnet (Magnaprobe)
· signal generator

· 240-turn coil

· 1100-turn coil

· digital multimeter

· microvoltmeter

· iron rod

· aluminium rod

· search coil

· oscilloscope

· power supply, 0–12 V ac
Producing a flux 
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Closing the switch allows the power supply to drive a current round the coil. The current is driven round a number of turns, producing a flux. Use the gimballed bar magnet to probe this flux. You should be able to show the magnetic circuit. Draw attention to the linked rings of the electric circuit (current round the coils) and the magnetic circuit (flux round and round the magnetic circuit). Note also that the electric circuit is well defined by a region of high conductance. As yet the magnetic circuit is not well defined by a region of low permeance, so is much more diffuse.

You might try reversing the power supply, again exploring the flux pattern, as a prelude to this next arrangement
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To show how a slowly changing current from the signal generator produces a slowly changing flux, again explore the flux with a gimballed bar magnet. This has a long response time, so you must keep the frequency low.

Linking the flux produced 

Now introduce a secondary coil: 
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You need to ensure that the secondary coil is placed so that it is linked to the flux produced by the primary coil. It is this changing flux linkage that induces an emf in the secondary coil.

Again keep the frequency low, show the flux patterns using a gimballed bar magnet. You will find it useful to have the two meters next to each other, so that you can see how the current in the primary is related to the emf induced in the secondary.

Some things you might try:

· altering the separation of the coils.

· altering the frequency of the primary current.

· linking the two coils with a material of high conductance (an aluminium bar, for 
example).

· linking the two coils with a material of high permeance (an iron bar, for example).

· reversing either coil.

· rotating either coil by 90.

In all cases trace out the electric and magnetic circuits, showing how the flux produced by one is linked to the other, or not, as the geometry dictates.

Exploring flux patterns 

Rapidly changing fluxes are well beyond the response times of the Magnaprobe, so use a search coil, connected to a multimeter, to probe the flux paths for higher frequencies of the primary. The search coil acts just like the secondary of a transformer, so the emf measured by the multimeter shows the flux linked to the coil. Now you can also show how the emf induced in the secondary depends on the frequency of the current in the primary.

You have shown 

1.
How the current-turns in an electric circuit produce a magnetic flux.

2.
How this magnetic flux encircles a circuit. 

3.
How a second coil linked to this flux has an emf induced in it. 

4.
Some of the ways in which this induced emf can be increased. 

5.
That a transformer consists of three separate circuits: two for electric flow, and one for 
magnetic flow.

Practical advice

This is written up as a presentation in the hope that you will find a small number of students willing and able to lead a discussion around the suggested bits of apparatus. You will need to decide how much to guide the discussion towards the phase relationships between the current in the primary, the flux, and the emf induced in the secondary. Similarly you might decide that the whole sequence is rather long, and that different groups of students could profitably lead each of the three sections. Or you may decide to demonstrate the whole, controlling the discussion rather more tightly. In any case you may find it wise to focus on three steps:

· flux produced in primary by current turns

· this flux linked to the secondary

· changing flux linked to the secondary induces an emf around the secondary. 

Or, even more briefly: 

· produce flux, link flux, induce emf.

Alternative approaches

There are many ways to approach transformers. This one, using very slow triangular waves as a basis, has the advantage that you can see it all happening in slow motion. It may be that you will want to use this experiment to introduce, or to explain the action of, the search coil.

External reference

This activity is taken from Advancing Physics chapter 15, 110P

Episode 416-5: Transformers
Build circuits with C-cores and coils to produce transformers and investigate the relationships between input and output voltage, current and power.
Requirements

· 2 V ac power supply

· double C-core and clip

· 120 + 120 turn coil (2) (Unilab 111.422)

· voltmeter ac 10 V fsd (2)

· ammeter ac 5 A fsd (2)

· 1.5 V cell

· 16 5 A rheostat (Philip Harris Q77060/9)

· leads

Safety

Be careful over the maximum voltage which could be used as input: some LVPUs have an ac output as high as 28 V. A step-up 2:1 ratio takes the voltage to 56 V. If other coils are used, it could be higher still.

Voltages

Set up a transformer with a turns ratio 2:1, i.e.
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 by choosing coils and fitting them on the C-cores. Clip them firmly together.

[image: image34.emf]Build the circuit shown right. 
Set the ac supply to 2 V and note the voltmeter readings. (They will be called rms values as you are using an ac supply.)

Write down the ratio Vp/Vs
Compare this ratio with the turns ratio you set earlier.

Alter the turns ratio to 1:1 and repeat.

Alter the turns ratio to 0.5:1 i.e. 
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Write a statement relating the turns ratio, Np/Ns, of a transformer to the voltage ratio Vp/Vs.
Currents and powers

Add a rheostat to control the current in the secondary circuit.

Measure pairs of values of current Ip and Is in the two coils.

For each pair of measurements, work out the ratio Ip/Is.

Also work out the input power VpIp and the output power VsIs for each pair of measurements.
If the transfer of energy from primary to secondary coil were 100% efficient, what relationship would you expect between VpIp and VsIs?

What would this predict for the ratio Ip/Is?

Comment on how closely your values match these ‘ideal’ predictions, and explain any discrepancies.

Further work

Instead of an ac supply, use a battery for the primary voltage and see what happens to the secondary voltage.

Explain your findings.

Practical advice

Students will also see that real transformers are less than 100% efficient.

There is another factor to be considered as well: in a real transformer, the relationship between voltages and turns applies only on open circuit. When power is drawn, the output voltage falls due to the resistance of the coils.

External reference

This activity is taken from Salters Horners Advanced Physics, section TRA, activity 14

Episode 416-6: Transformers

This arrangement is an experiment to investigate electromagnetic induction.
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State, giving a reason for your answer in each case, what is observed as:

1.
The switch S is closed.

2.
Switch S remains closed. 

3.
Switch S is reopened. 

The battery is replaced by an ac supply. The voltmeter can register either dc or ac
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4.
State what will be observed with switch S closed. 

5.
Give a reason for your answer. 

6.
Door bells in houses are often connected to the mains electricity supply through a step-down transformer. Here are two circuits to do this.

A
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B
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Which circuit do you consider to be less expensive to operate once it has been installed? Explain your choice. 

7.
In petrol engines, the fuel is ignited by a spark across a gap which must be less than about 0.60 mm. To establish the field necessary for this spark, voltages of up to 40 kV are needed, using only a 12 V battery. To achieve this, two coils are wound around the same iron core.

[image: image33.wmf]p

r

i

m

a

r

y

 

c

o

i

l

c

o

n

t

a

c

t

b

r

e

a

k

e

r

1

2

 

V

i

r

o

n

 

c

o

r

e

s

e

c

o

n

d

a

r

y

 

c

o

i

l

s

p

a

r

k

 

g

a

p


The secondary coil is in series with the spark gap. The primary coil is in series with the battery and a contact breaker. When the primary circuit is broken, a spark is produced. The capacitor prevents sparking across the contact breaker.

Explain why a large voltage is induced when the contact with the battery is broken. 

8
Many home electrical devices, such as televisions, refrigerators and hi-fi systems, 
incorporate transformers to step down the supply voltage.

(a) 
An ideal transformer with a primary coil of 3000 turns provides a 9 V ac output when the input is 230 V ac. How many turns must there be on the secondary coil?

(b) 
No transformer is 100% efficient, although most are nearly so. State two effects that may in practice reduce the efficiency of a transformer.

(c) 
Explain why a transformer cannot provide an output of 20 V dc when connected to a car battery whose emf is 12 V.

Practical advice

Beginning with basic ideas, this question set develops understanding of everyday devices such as domestic door-bells and the induction coil used in ignition systems for petrol motors and finishes with a calculation from SHAP

Answers and worked solutions

1.
The needle kicks in one direction (say to the right) because as the current rises in circuit 1, there is a change in magnetic flux. Some of this flux is linked with circuit 2, inducing a current in this complete circuit.

2.
No deflection as the flux is not changing when the current is constant.

3.
The needle kicks in the opposite direction to question 1 as there is a flux change in the opposite direction, i.e. flux is collapsing instead of growing.

4.
The meter shows a steady deflection in ac mode.

5.
The flux linkage between the coils is constantly changing due to the constantly changing current.

6.
Circuit B is more economical. In circuit B, current flows through the transformer only when the bell push is pressed. In circuit A, current flows through the primary circuit at all times, which dissipate energy.

7.
A large flux is linked due to the presence of the iron core and a very large number of turns on the secondary winding. The contact is broken quickly, causing a large change of flux in a short time. According to Faraday’s law, this produces a very high voltage for a short time.

8

 (a)

Vs / Vp =Ns / Np , so Ns = (Np x Vs) / Vp. So (3000 X 9 V) / 230 V = 117.4 » 117 turns (nearest whole no.)

  (b) 
Any two of the following:

· Incomplete flux linkage between coils

· Resistance of primary coil

· Eddy currents induced in core

  (c) 
With steady dc input the magnetic flux is constant so no emf will be induced in the 
secondary coil

External references

Questions 1 to 7 are taken from Advancing Physics chapter 15, 100S

Question 8 is taken from Salters Horners Advanced Physics, section TRA, activity 8 and 9
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