
Episode 415: Electric motors
The common electromagnetic machines are motors, generators and transformers. All three are described in this episode but you will need to check your specification to find out which you need to cover and in what detail.

Lesson Summary

· Demonstration or student experiment: A model motor (20 minutes)

· Discussion: Motor torque (30 minutes)

· Discussion: Back EMF and power (10 minutes)

· Demonstrations: The practical importance of motors (20 minutes)

· Student questions: DC motor (20 minutes)

Demonstration or student experiment: A model motor

Although motors could be discussed in

episode 412

, there is much sense in waiting until after electromagnetic induction has been covered so that a full account of back emf can be included. Again your students are likely to have met motors at pre-16 level. Working with a simple motor will cover the essential physics involved.

Episode 415-1: A simple electric motor (Word, 91 KB) - see end of document

Discussion: Motor torque

From this practical work (and previous knowledge), it should be clear to your students that a simple motor is a (rectangular) coil of wire that rotates in a magnetic field when a current is passed through the coil.

The diagram shows a section through a coil that is pivoted at ´ so that it can turn about a horizontal axis. The coil has sides of length L and a width w, so that its area is A. There are N turns of wire in the coil carrying a current I. B is the flux density between the magnetic poles.

The force F on each side of the coil is F = NBIL
[image: image1.png]



The direction of the forces is found by Fleming's left hand rule and the two forces together produce a couple.

The torque produced = 2  ×  (F  ×  w2)
torque = NBILw
torque = NBIA
This picture is only valid if B is uniform and B and I are perpendicular. The design of commercial motors tries to make this true for a significant part of the rotation by including a lot of shaped soft iron, both in the armature and in the pole pieces. At the same time this increases the value of B.

The current has to be reversed each time the coil is perpendicular to the field so that the forces reverse and the circular motion is maintained. A commutator and brushes are used for this.

Discussion: Back emf and power

Once the motor starts to turn, the movement of the coil through the magnetic field leads to an induced emf E in the coil. This emf will generate a current that opposes the motor current. (Why? – either Lenz's law or conservation of energy).

Now if the supply voltage is V and the armature has a resistance R, we have:

V = E + IR
VI = EV + I 2R
or

electrical power supplied = mechanical power output + rate of heating of armature
Demonstration: The practical importance of motors

These two experiments will show some of the ideas discussed.

Episode 415-2: Torque from a motor (Word, 27 KB) - see end of document
Episode 415-3: Using an electric drill (Word, 28 KB) - see end of document
Student questions: DC motor

These questions emphasize the design features of a dc motor.

Episode 415-4: Thinking about the design of a simple DC motor (Word, 43 KB) - see end of document
Episode 415-1: A simple electric motor
Construct a simple motor such as one of those shown below. If you are working with other groups of students compete to see whose motor can rotate for more than 30 seconds.

Motors have their own vocabulary: armature, split ring commutator, brushes, etc. Use this activity to make sure that you know and recognise them.

You will need:
[image: image9.emf]Westminster motor kit containing:
· steel yoke

· Magnadur magnet (2)

· split pin (2)

· axle

· support base

· armature block

· rivets (4)
Other items:
· wire strippers

· Paper clip motor

· bar magnet

· paper clip (2)

· [image: image10.emf]leads (2)

· crocodile clips (2)

· polystyrene cup

· piece of glass paper

· 2 V power supply or 1.5–3 V battery

· access to Sellotape

· 26 swg PVC-covered copper wire

· rubber bands (cut from 2.5 mm bore rubber tubing)

· 30 swg enamel-covered copper wire (Philip Harris Y94912/9)

· 2 V dc power supply or 1.5–3 V battery

Optional extension: applet demonstration of electric motor

· PC with Internet access

Set-up:

Take the long piece of plastic covered wire and wind it tightly onto the plastic or wooden block to make the armature. Bring both ends to the same end of the block and strip a little of the insulation from both ends.

Insulate the end of the tube in the block with Sellotape as shown. Make two rubber bands by cutting slices of small rubber tubing. Loop the bare ends of the coil wire and use the rubber bands to hold them in place, on top of the Sellotape, as shown in above. Trim any excess wire. Make sure the bare wires are on opposite sides of the tube and do not touch one another or the metal tube.

The electric current is brought into the armature coil by wires that brush against the looped ends of wire, the commutator that you have just made.

Make these brushes from two further lengths of[image: image11.emf] wire. Bare a short section at each end of these. Place the split pins in the holes provided on the baseboard. Anchor one end of each of the wires into the baseboard with the rivets, making sure that the bare ends – the brushes – are at the level of the holes in the split pins. Make the brushes cross over temporarily.

Raise the armature up through the crossed-over brushes so that they spring into contact on each side of the commutator.

Place the axle through the tube and the holes in the split pins. Check at this stage that the armature can spin freely but with the brushes maintaining contact with the commutator.

Place the Magnadur slab magnets onto the steel yoke so that they are attracting across the gap.

Slide the baseboard and motor assembly into the steel yoke.

Connect the wires that end at the brushes to a low-voltage dc power supply and switch on. If it does not start on its own, give the armature a gentle flick.

Time how long your motor continues to run.

Paper Clip motor


Make a circular coil, the armature, from the length of enamelled wire, taking the ends out to opposite sides as shown. 
Open up your paper clips to make a ledge on which to support your coil and insert these firmly into the base of the polystyrene cup. These will make the brushes.

Scrape the enamel off the ends of the coil wire where they will sit on the paper clips – glass paper is ideal for this.

Connect wires onto each of the paper clips from a low-voltage dc supply and switch on. Introduce one pole of the magnet as shown in above and you should find that the motor begins to turn.

The momentum of the coil will keep it going if it is symmetrical. If it does not turn initially, give the armature coil a gentle flick.

Time how long it spins on its own.

Recording your work

Make notes and diagrams on the following points.

· Draw diagrams of a coil inside a magnetic field in the positions listed below.

· Decide on a direction for the current to flow round the coil.

· Add the forces, which would act on the sides of the coil in each position, to your diagrams.

Positions:

· plane of coil parallel to field lines;

· plane of the coil perpendicular to the field lines, i.e. after a 900 rotation;

· after a further 900 rotation, when it is once more in the plane of the field;

· at an angle in between.

How does the brush construction affect your drawings? Why is this technical arrangement so important?

At what position is the torque or turning effect of the forces on any coil at its greatest?

Further work

1 
Derive a formula for the torque on this coil due to the field shown below.

[image: image2.emf]

Write your formula in terms of flux density B, current I, the coil’s length L and width w. 
Then generalise your formula so that it gives an expression for the torque on a coil with n 
turns and area A.

2 
Carry out an information search to find out about modifications to the simple electric 
motor to make it run smoothly on dc. Can such a motor work on ac?

Practical advice

Two versions of a motor are suggested for this activity; the Westminster model, and a simpler version using paper clips. If time allows, we recommend that students see both. It is worth discussing the Westminster model and ensuring that students appreciate the crucial role of the split-ring commutator in ensuring that the torque is always in the same sense.

The Westminster model will work on ac, often better than with dc provided it is flicked at the correct speed. It may burn out more quickly but well constructed motors can run for some time

Applets available at the time of writing are found at:

http://users.pandora.be/educypedia/electronics/javamotor.htm 

The W Fendt applet is at:

http://www.walter-fendt.de/ph11e/electricmotor.htm 

or

http://www.sciencejoywagon.com/physicszone/lesson/otherpub/wfendt/electricmotor.htm 

or

http://mgc314.home.comcast.net/motor.html 

External reference

This activity is taken from Salters Horners Advanced Physics, section TRA, activity 10

Episode 415-2: Torque from a motor

An electric motor will spin up to an equilibrium speed. At that speed the electrical input power is equal to the mechanical output power plus thermal losses. If the motor is ideal it will spin with a very small current, i.e. almost zero input power and almost no output power. The reverse induced emf from the dynamo effect is exactly balancing the pd. If a torque is needed for the motor to do work then charge must flow. For this to happen the rotor must slow down, so that the induced emf is smaller. 

You will need:

· large dc motor / generator with separate connections to field coils and armature
· power supply, 0–12 V 

· string 

· four 4 mm leads 

· digital multimeter 

What to do 

1.
Connect the power supply to the motor’s field coils and armature. The digital multimeter should be used to measure the current in the armature. 

2.
First watch the motor spin up to speed. This may happen quite quickly. The current being measured is due to work being done against friction in the motor bearings and also energy being dissipated in the armature windings. 

3.
Use the string to apply a brake to the spinning motor shaft. Be careful not to burn the motor out – a little force will suffice. Note that, as a torque is needed to do work, the motor slows and that this causes the current in the windings to rise. Increasing the force 
increases the current, to very large values (that is why care is needed to avoid damaging the motor). 

Things to remember 

1.
Energy needs to be transferred to a freely spinning motor to compensate for energy 
dissipated by frictional forces and in the heating of the armature coil due to its resistance.
2.
To do work a torque must be supplied. The motor slows. This reduces the induced  emf and so a larger current flows.

Safety

Do not apply power to the armature alone or disconnect the field coils while the motor is running.
Practical advice

This is a quick demonstration to illustrate the operation of an electric motor, drawing attention to energy in the system. Energy transferred electrically increases the energy stored kinetically and thermally. The motor spins up to a speed where the back emf balances the applied pd. if the motor is ideal, without armature coil resistance or friction. If a torque is required, the motor must slow, reducing the back emf causing a larger current to flow.
If your school does not already own one of these motor/generators, they can be difficult to obtain.
Alternative approaches

It is possible to try to get some quantitative results with this experiment. The band brake would need to be applied with newton meters, to allow calculations of the efficiency of the motor from energy transferred electrically and mechanical work done. This can then be related to a measurement of the resistance of the armature.

External reference

This activity is taken from Advancing Physics chapter 15, 320P

TAP 415-3: Using an electric drill

An electric drill can be found in most households. Experience the energy the drill uses when making holes.

You will need:

· variable-speed electric drill

· blunt counter-sink drill bit

· scrap piece of wood, approximately 300 mm  15 mm  10 mm

· G clamp, 10 cm jaw

· mains joulemeter (optional)

What to do

Run the drill unloaded, and then attempt to drill a hole, using the counter-sink bit, in the scrap piece of wood. Feel the drill casing get hot. This can only be because of heating in the coils – the way to ‘burn out’ any electric motor is to load it heavily. You might like to wonder why this is. Having the coils not moving past the magnets at all, with the supply still connected, is the best way of all.

1.
Why do the coils get hotter when the drill is slowed, by loading?

2.
When is the drill being asked to provide most torque?

These two are connected – can you see how?

3.
Try another hole. When is the drill supplying most power - when running fast or slowly? 
(Clue: feel the inside of the hole, straight after drilling!)

You have thought about

1.
The current drawn by an electric drill.

2.
The torque provided by the electric drill.

3.
The connections between these two.

4.
The power supplied by the drill.

Safety

Ensure the wood is firmly clamped before starting to drill it.
Practical advice

You will need to make sure that you only alter the speed of the drill by loading supplied through the drill, not by any electronic speed controllers that may be present.

The drill draws most current when run slowly, because the reverse induced emf is least then, as there is little movement of the rotor past the stator so producing a low rate of change of flux. As the pd. across the coils is nearly equal to the applied pd, so the current driven through the coils is large, thus producing a large heating effect that eventually leads to the coils ‘burning out’.

This large current also leads to a large torque being produced: you could argue either from the greater flux from the rotor, leading to greater alignment forces, or deploy F = BIL.

If you have a mains joulemeter it can reinforce the arguments about power supplies to the drill to have it showing the power supplied to the drill at different rates of rotation of the drill.

Alternative approaches

Any motor could be loaded. An electric drill is at least a realistic choice, and is useful elsewhere.

External reference

This activity is taken from Advancing Physics chapter 15, 330P

Episode 415-4: Thinking about the design of a simple dc motor

1.
Describe a simple experiment to show that a magnetic field exerts a force on a wire 
carrying an electric current.

Here are the relationships between the force and the current and between the force and the length of the conductor in the field.
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A magnetic field exerts a force of 0.25 N on an 8.0 cm length of wire carrying a current of 3.0 A at right angles to the field. 

2.
Calculate the force the same field would exert on a wire 20 cm long carrying the same 
current

3.
Calculate the force the same field would exert on three insulated wires, each 20 cm long 
and held together parallel to each other, each carrying a current of 3.0 A in the same 
direction. 

4.
Use this diagram to help you relate the answers you have calculated to the design of a 
simple electric motor. 

[image: image4.wmf]N
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What are the design features that will make a good motor? 

Practical advice

These simple questions point towards what must be maximised in order to build a motor capable of delivering a high torque. 

Answers and worked solutions

1.
The answer should give some simple arrangement of a conductor carrying a current 
arranged to be flowing perpendicular to the field of a bar magnet, e.g. a loop of wire free 
to swing in a field. When the current is switched on, the wire kicks out of the field. 

2.
For 20 cm length
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3.
If each wire carries 3.0 A this is the same as effective current of 9.0 A, 


so force F = 3  0.625 = 1.9 N. 

4.
There are no forces on the short sides of the coil. Forces on the other two sides are in 
opposite directions because the current flow in each side is in the opposite direction. 
More turns of wire on the coil give more force for the same current, i.e. it is the ampere-
turns which are important.

External reference

This activity is taken from Advancing Physics chapter 15, 250S

Episode 415-5: Thinking about the design of a simple dc motor

1.
Describe a simple experiment to show that a magnetic field exerts a force on a wire 
carrying an electric current.

Here are the relationships between the force and the current and between the force and the length of the conductor in the field.
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A magnetic field exerts a force of 0.25 N on an 8.0 cm length of wire carrying a current of 3.0 A at right angles to the field. 

2.
Calculate the force the same field would exert on a wire 20 cm long carrying the same 
current

3.
Calculate the force the same field would exert on three insulated wires, each 20 cm long 
and held together parallel to each other, each carrying a current of 3.0 A in the same 
direction. 

4.
Use this diagram to help you relate the answers you have calculated to the design of a 
simple electric motor. 
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What are the design features that will make a good motor? 

Practical advice

These simple questions point towards what must be maximised in order to build a motor capable of delivering a high torque. 

Answers and worked solutions

1.
The answer should give some simple arrangement of a conductor carrying a current 
arranged to be flowing perpendicular to the field of a bar magnet, e.g. a loop of wire free 
to swing in a field. When the current is switched on, the wire kicks out of the field. 

2.
For 20 cm length


[image: image8.wmf]N.

625

.

0

cm

8

cm

20

N

25

.

0

=

´

=

F


3.
If each wire carries 3.0 A this is the same as effective current of 9.0 A, 


so force F = 3  0.625 = 1.9 N. 

4.
There are no forces on the short sides of the coil. Forces on the other two sides are in 
opposite directions because the current flow in each side is in the opposite direction. 
More turns of wire on the coil give more force for the same current, i.e. it is the ampere-
turns which are important.

External reference

This activity is taken from Advancing Physics chapter 15, 250S
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