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Worksheet 1 Motors

and

Motor principles Generators

In

They can even power the whole car. All rely on
the same physical principle, investigated here

Over to you:

Electric motors come in all shapes and sizes.

Some run off DC power, others need AC.

S8

the car, they:

There are brushed and brushless, single
phase and three phase, induction,
synchronous, stepper ,servo, and many more.

start the engine,
operate the windows,
wipe the windscreen,
run the fan,

pump the washers, raise the radio aerial, ad-
just the driver’s seat .....

This investigation uses the Motor-effect carrier, shown opposite. It has two
fixed conductors, with a moveable metal rod sitting on top, across them.

wij

Build the system shown in the second picture.
For clarity, the magnet has not been pushed right over the metal rod.

Push it right across, so that the moveable rod sits in the ® =B ® ® = = =
middle of the magnetic field.

The power supply is set to 3V.

55 wih

Press the push switch, and notice what happens.

Next, flip the magnet over so that the South pole is on top.

Press the push switch again. What is the difference?

Reverse the current direction by rotating the power supply carrier so that the negative end
(short line on the symbol) is at the top.

What happens now when you press the push switch?

Change the power supply voltage to 12V. This should increase the current flowing through
the rod.

Can you see any difference when you close the push switch?
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Motor principles Generators

So what?
Here’s the underlying theory:

e acurrent is a flow of electrons, tiny negatively-charged
‘particles’ found in all atoms;

¢ when electrons move, they generate a magnetic field;

e this interacts with the field of the ceramic magnets, caus- ;
ing attraction / repulsion, except that it acts at right-
angles to the current direction and to the magnetic field.

Fleming’s Left-hand Rule:
John Ambrose Fleming devised a way to work out the direction a wire will move in (also known
as the motor rule):

Motion Clamp your left-hand to the corner of an imaginary box, so that
thumb, fore finger and centre finger are all at right-angles to each
J other. Then, line up the Fore finger points along the magnetic Field

¢ P Field (from North pole to South pole,) and line up the Centre finger with

7 the Current (from positive battery terminal to negative.)
‘ The thuMb now points in the direction of the resulting Motion.

Current

For your records:

Copy and complete the following, using your observations from the investigation:

« The magnetic field exerts a force on a conductor which is at ......... -angles to the direction of
the .......... and to the direction of the .......... .

« When the magnetic field is reversed, the .......... is reversed.

o When the current is reversed, the .......... is reversed.

 Increasing the current, increases the ..........

Complete the following version of Fleming’'s motor rule:

e Using the .......... hand, hold the thumb, fore finger and centre finger at .......... to each other.

« Keeping this shape, move the hand until the fore finger points in the direction of the .......... ,
(from .......... to .oeeeens ) and the centre finger points in the direction of the .......... (from ..........
to e J)

e The thumb now points in the direction of .......... :
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The electric motor Generators

Electric motors usually consist of a coil rotating inside the magnetic field of either a permanent
magnet or an electromagnet. They rotate because the current reverses at just the right time.
There are two problems to be solved then:

e making electrical connections to a rotating coil;

e reversing the current at the right time.
Two solutions are:

e use slip rings with an AC supply;

e use a commutator and carbon brushes with a DC supply.

Over to you: o

This investigation uses any of the three Locktronics DC motors.
They use a commutator and carbon brushes.

¢ Build the system shown opposite with a 6V power supply.
Press the push switch, and watch the ammeter reading.

¢ Next, keep the push-switch closed, and press gently on the
motor shaft, or against the plastic wheel attached to it, to slow down the motor. Watch the
ammeter reading as you do so.

) ] Motor speed Currentin A
¢ Press the push switch again. Press on the shaft or on the YI—
wheel to stop the motor rotating for a moment. Again watch Slow
the ammeter reading as you do so. Zoro

e Copy the table, and complete it with your measurements.

Most motors rotate, so how does that happen?

The top diagram shows a cutaway coil of wire, dis-
appearing into the sheet of paper. There is a mag-
netic field from left to right. Current flows into the pa-
per on the left side of the coil, and out of the paper on the right.
Using the Left-hand rule, the coil sides move in the directions shown by

the blue arrows, and so the coil starts to rotate. (There is no force on the

back of the coil, because there current flows parallel, not at right-angles, to N
the magnetic field.)

S w2e

When the coil reaches the position shown in the second diagram, there is
no twisting effect as the forces on the sides are in line, but in opposite directions.
Momentum carries it past that position.

We now reverse the current, so that when the coil reaches the position N—
shown in the third diagram, the forces keep it rotating.

: ; w2f

Provided the current reverses again at the right time, rotation continues.
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So what?
There are two ways to reverse the current:
1. use slip-rings with brushes:

The picture shows one form of slip-ring.

Each end of the coil is connected to its own full brass ring.

Electrical contact is made to each ring with a carbon brush,

which moulds itself to the shape of the ring, reducing contact resistance.
The coil is supplied with AC, and so the current automatically

changes direction in step with the mains supply.

w2g

2. use a commutator with brushes:
The diagram shows the design of a simple commutator, a

" . X
brass drum, split into two halves, separated by an insulator.
Electrical contact is made by carbon brushes. v wh
The coil is connected to the two halves at X and Y. /\E@

As the coil rotates, X is connected to the positive supply for roughly
half of the time, and then to the negative supply. At all times, Y is connected to the opposite
supply to X.

The pictures show a typical design of carbon brush, and an electric motor. Its rotor contains a

w2j

The current is a minimum when the motor is spinning fastest - why?

We will see that when a coil spins round inside a magnetic field, it generates a voltage. The
faster it spins, the greater the voltage and this voltage opposes the external voltage producing
the motion. Otherwise, we could switch off the external voltage, and have perpetual motion!

As a result, at full speed, the overall voltage, and so the current, is reduced.

Putting it another way, when we ask the motor to do more work, spinning against the extra
friction of us pressing on the axis, it needs more current.

For your records:

e When the work done by the motor increases, the current it draws from the supply increases.

e When running freely, at maximum speed, the current is at a minimum because the rotating
coil generates a voltage that opposes the externally applied voltage.
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chemical reactions in the car, and store it in the car battery.

It is usually generated in a device called an alternator.

fl_‘ - To generate a voltage, you need a magnetic field, a wire conductor and relative

movement between them.

In this investigation, the conductor is in the form of a coil of wire. A single wire can be used but
the voltage produced is very difficult to detect.

Over to you:

Set up the arrangement shown in the diagram.
The amount of electricity generated will be tiny. Eﬁﬂ;g
We can observe it using: ==
e the Locktronics milliammeter module, connected as shown;
e a multimeter, connected to points X and Y;
e an oscilloscope, connected to points X and Y.
If using the multimeter, set it to its most sensitive DC current scale. However, this samples

the input signal periodically. The meter may miss an event that takes place in between
samples so you may need several attempts to see convincing results.

For the oscilloscope, suitable settings are given at the bottom of the page.

Move the magnet into the coil as fast as you can.
Watch what happens to the output, as you do so.

Next reverse the direction of motion, and pull the magnet out, watching what happens as you
do so..

Optional extension:

Investigate the effect of speed of movement on the emf produced.

Typical oscilloscope settings:

Timebase 1s/div (X multiplier x1)
Voltage range Input A £200mV DC (Y multiplier x1)
Input B Off
Trigger mode  Auto Trigger channel Ch.A

Trigger direction Rising Trigger threshold 10mV

Copyright 2010 Matrix Multimedia Limited
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So what?
From the results, the generated voltage has:
¢ a magnitude that depends on the speed of movement;

PP Al o G g, . Ty e PP P

e a polarity that depends on the direction of motion.

Typical results for the oscilloscope are shown opposite.
(Experiment with other time base settings to try to get better results.)

Here’s the underlying physics:

e When the wire moves at right-angles to the magnetic field, the electrons move with it.

e Whenever electrons move, they generate a magnetic field.

e This interacts with the field of the magnet, exerting a force on the electrons at right-angles
to the direction of motion and to the magnetic field.

e This force pushes electrons along the wire, generating a voltage.

e Using a coil of wire increases the size of voltage and current generated because each wire
turn in it is moving inside the magnetic field, and so has electricity generated in it.
The effects of all the turns add together, increasing the amount of electricity generated.

Fleming’s Right-hand Rule:

Fleming devised a painful way of predicting the direction of the generated current.
Motion

Use your right-hand to produce the gesture shown in the picture. Fore fin-
ger, centre finger and thumb are all at right-angles to each other!

When the Fore finger points in the direction of the magnetic Field (from

_ North pole to South pole,) and the thuMb points in the direction of the Mo-
" tion, the Centre finger points in the direction of the resulting Current.

| This is also known as the dynamo rule.

Optional extension:

If you have other coils available, and other magnets, you could show that the magnitude also
depends on the number of turns of wire in the coil and the strength of the magnetic field.

For your records:

Copy and complete the following:

e The voltage and current generated have a size that depend on the .......... and the .......... :
and a direction that depends on ..........

Fleming’s dynamo rule:

e Using the .......... hand, hold the thumb, fore finger and centre fingerat .......... to each other.
e Keeping this shape, move the hand until the fore finger points in the direction of the .......... ,
(from .......... to e ) and the thumb points in the direction of ..........

e The centre finger now points in the direction of .......... .

Copyright 2010 Matrix Multimedia Limited
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Generating electricity - a closer look Generators

TEEIEELS The last worksheet focussed on the physics of electricity generation. This one looks
‘e in more detail at the underlying physics, and at an important application.

In a car, the electrical system obtains its energy from a combination of battery and
alternator, an electricity generator. In some vehicles, eddy current braking uses the
» same principles to slow down vehicles without relying on friction braking.

Over to you (optional investigations):
1. Generating more electricity:

This investigation looks at the electricity generated when a magnet is dropped through a caoil,
mounted on a plastic tube The electricity generated depends on factors like the number of turns
of wire, and the speed of motion of the magnet.

e Connect the Faraday’s law apparatus, shown opposite, to an oscilloscope., to H
monitor any electricity generation. (Typical settings are given below.) ‘
e Drop the magnet through the coil, and record the result on the oscilloscope.
¢ Reverse the magnet and do the same thing again. % "
(Optional extension:)
¢ Investigate the connection between the speed of movement and the amount of
electricity produced using this kit. This requires that you can vary the speed, and
measure it! [ |

2. Eddy current magic:

The Lenz’s law kit consists of a copper tube and two identical-looking projectiles.
e Hold the copper tube in a vertical position.

e Drop the first projectile down the tube.

e Now drop the second projectile. What is the difference?

e Look at the two projectiles. One is a magnet, the other is not. Find out which is
which - you might need an object like a paper clip to help you decide.

e Which fell faster? Why?

Typical oscilloscope settings:

Timebase 1s/div (X multiplier x1)
Voltage range Input A £500mV DC (Y multiplier x1)
Input B Off
Trigger mode  Auto Trigger channel Ch.A
Trigger direction Rising Trigger threshold 10mV
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So what?

A typical trace for the first investigation is shown opposite.

when the magnet falls through the coil.

The bipolar nature of the pulses (above and below the
centre axis,) is the result of the magnet first approaching
and then retreating from the coil, generating a current first in one direction and then in the other.

The spikes are produced by pulses of current generated ,,/] 1 “4‘“’”’”” A |
- - * v‘

This is a demonstration of Faraday’s law of electromagnetic induction.
Eddy current magic -

The unmagnetised projectile did exactly what was expected - it fell under gravity.

The magnet fell much more slowly. Its moving magnetic field interacted with the conductor, the
copper pipe, and random currents were generated as a result. These produced a magnetic field
that opposed the motion, slowing it down, just as Lenz’s law predicts.

This effect is used in braking systems, for some buses and trains. A disc attached to the rotating
wheels of the vehicle sits in between the poles of an electromagnet.
Normally, there is no effect on the spinning disc.

However, when the electromagnet is energised, the resulting magnetic
field induces eddy currents in the spinning disc. In turn, these produce
a magnetic field that opposes the motion, slowing down the disc and
converting its rotational energy to heat.

’ wae

The braking effect is varied by adjusting the current to the electromagnet. As the spinning disc
slows, the induced eddy currents decrease, reducing the braking effect. In this way, the vehicle
is braked smoothly.

For your records:

e Write an account, in less than fifty words, to explain to a colleague what happened in the
Lenz’s law demonstration.

¢ Use the internet to find out as much as you can about:
e applications of Faraday’s law of electromagnetic induction, (such as induction heat-
ers;)
¢ applications of Lenz’s law (such as magnetic levitation for transport.)

e Present your results to the rest of the class in the form of a display.

Copyright 2010 Matrix Multimedia Limited



Worksheet 5 Wotors

Transformers Generators

A huge advantage of generating electricity as AC is that it allows the use of
- transformers, to step-up or step-down an AC voltage to any desired value.

~ Our treatment of the transformer links it, in four steps, to the principles we met
earlier, where we saw that an electric current is generated
when a magnetic field moves across a conductor.

w5c

= |n the transformer, the moving magnetic field is produced by
an electromagnet supplied with AC.

Over to you:

Step 1 - Moving the magnet:

¢ Build the arrangement shown opposite.

To
oscilloscope

w5f

¢ Plunge a magnet into the coil, and then pull it out, watching the
oscilloscope as you do so.

e Suitable oscilloscope settings are given below. — i
é 1]
= |

Step 2 - Electromagnet, not magnet:
¢ Now, connect the second coil, at X and Y, to a DC power supply, set to 3V.
e Switch the DC supply on and off, watching the trace as you do so.

Step 3 - AC not DC:

¢ Now, create a moving magnetic field by connecting points X and Y to a signal generator,
set to an amplitude of 3V and a frequency of around 1kHz.

e Switch on the signal generator, and watch the trace.

Step 4 - Intensify the field:
¢ Slide a ferrite core down the middle of the two coils, and notice the effect this has.
e We now have a simple but very inefficient transformer!

Optional extension:
Investigate the effect of:
e changing the amplitude of the AC supply from the signal generator;
e changing the frequency of the AC supply from the signal generator;
¢ linking the coils with cores made from other materials, like steel, instead of ferrite.
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Worksheet 5 Wotors

Transformers Generators

So what?

The pictures show typical traces for this investigation:

n |

¢ the upper one shows current spikes generated when JLMM |
the DC supply to the second coil is switched on and ) ”‘
off.

¢ the lower one shows current generated when the
second coil is connected to the AC supply .

. o o ; -
We saw earlier that the essential ingredients to generate - /\ f\ f\\/\ f\ \/\/ \/\\/\\/\/ \\/\\/ .ﬂ \// \f\\ s

electricity are a magnet, wire and movement. Here, we
have replaced the magnet with an electromagnet (second
coil), and produced movement by using an alternating
magnetic field.

%JWV'N‘MWWMMJL— wse

One caoil, called the primary, is supplied with AC current, and generates an alternating magnetic
field. This links with the other coil, called the secondary. As a result, an alternating voltage is
generated in the secondary. This is the principle of the transformer.

Some refinements:

e The strength of the magnetic field in the primary depends on factors like:
e the number of turns of wire in the primary coil
¢ the current flowing through it, which, in turn, depends on the voltage applied to it.

e The voltage generated in the secondary coil depends on factors like:
¢ the strength of the magnetic field generated by the primary
e the number of turns of wire in the secondary coil
¢ how effectively the magnetic field of the primary links with it.

For your records:
e Copy the circuit symbol for the transformer, given at the top of the previous page.

e Describe the role played by each of the three components in the transformer:
e the primary coil,
¢ the secondary coil,

e the core.
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Practical transformers Generators

Transformers play an important role in many electrical

: and electronic applications by allowing AC voltages to

/ - be stepped up or down, efficiently, to any
1 desired value.

Over to you:

Step-down transformer:

In a step-down transformer, the primary coil, the one supplied with AC power, has more turns of
wire than the secondary, the one that generates the transformer output voltage.

Here we use a commercial transformer with a turns ratio of 2:1, meaning that one coil has twice
as many turns as the other. The primary will be the ‘2’ coil, and the secondary the ‘1’ coil. It has
a laminated magnetic core, meaning that is made by ‘gluing’

together a lot of sheets ( = lamina in latin) of magnetic material.

Signal =,
e Build the system shown, which delivers power to a 1kQ load.  generator

e Connect a signal generator to the ‘2’ coil (primary). Use the low |
impedance output (typically 50Q.) Set it to output a sine wave
with frequency of 1kHz, and amplitude 6.0V. (If in doubt, check these with your instructor.)

e Connect a digital multimeter, set on the 20V AC voltage range, to measure voltage Vp across
the primary (the 2’) coil, and then Vs across the secondary (the ‘1’ coil.)

e Set the muItiméter to the 20mA AC.) current range,.and connect it Reading Step- | Step-
to replace the link below the 2’ coil, to read the primary current, |p. down up

 Replace the connecting link. x:

¢ In the same way, measure the current, Is, in the secondary coil. I,

¢ Record all measurements in a table, like that shown opposite. ls

Step-up transformer:

In a step-up transformer, the primary coil has fewer turns than the secondary. In this case, the
primary will be the ‘1’ coil, and the secondary the 2’ coil.

e The system is the same as above, except that the transformer carrier is now upside down.

e Connect the multimeter to measure the secondary voltage Vs. Adjust the amplitude of the
signal from the signal generator until Vs is the same as in the previous investigation.

¢ Now measure and record Vp, |p and Is.

Copyright 2010 Matrix Multimedia Limited
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So what?

The last worksheet looked at transformer principles, but the final device was very inefficient.
This is an improved version - two coils, side by side, as before, but linked by
a much more elaborate core, threading through the centre of the coils, and
wrapped around the outside too. The result - more effective linkage between
the magnetic field generated in the primary and the secondary coil.

wof

What the results show:

e Look at the ratio Vp:Vs for both step-up and step-down
transformers. The transformer equation says that, for an
ideal transformer:

Vp/Vs=Np/Nsg
where Np and Ns are the number of turns on the two coils.

wbe

i
e Next look at the ratio Ip:Is for both transformers. Magnetic flux linking primary
and secondary windings
In general terms:
e a step-up transformer ‘steps up’ the voltage (virtually doubles it) - ;
but ‘steps down’ the current - |, is much greater than Is. .
e a step-down transformer ‘steps down’ the voltage, but delivers the
same secondary current for a much smaller primary current.
¢ Both delivered the same voltage, Vs, to the 1kQ load, and so Is, the secondary current,

was very similar in both cases.

Ve

The acid test:
What about the power? Was it stepped up or stepped down?

Using the formula: Power = Current x Voltage:

Power delivered to the primary caoill, Pe=IlpXVp = i, mW

Power delivered from the secondary, Ps=IlsXVs= i, mwW
For an ideal transformer (100% efficient): Pp =Psg

and |s/|p = Np/ Ns
Optional extension:

Investigate the effect of applied frequency on the output of the transformer. Research the topic
of power matching to explain your results.

For your records:

« Copy the transformer relation, and explain what it means, in words.

« Explain what is meant by the terms step-up and step-down when applied to transformers.
Be clear about the role of the number of turns of wire, and about exactly what is stepped up,
and what is stepped down in each case.
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Over to you:

Most of the auto electrical system runs on DC (direct current.) The alternator,
however, generates AC.

We need to turn AC into DC so that the alternator can service the needs of the
system. This process is called rectification, and the device used is the diode.

There are several ways in which diodes can be used as rectifiers. This work-
sheet looks at the simplest - the half-wave rectifier.

Set up the circuit shown in the top diagram, using
the AC power supply. The 1kQ resistor represents
all the devices in the auto electrical system.

There are two positions for the oscilloscope -
connected to AC or connected to DC.

If your oscilloscope has two input channels, then
connect one to AC, and the other to DC.

If your oscilloscope has only one input channel,
then connect it to measure each of the signals in
turn. The settings for the oscilloscope are given
at the bottom of the page, (identical for both
methods.) Record the trace seen on the screen
both before and after the diode.

You should find that the current through the 1kQ
resistor is DC - it does not change direction.
However, it is not smooth DC.

The performance of this rectifier can be improved by adding a capacitor. Set up the circuit
shown in the second diagram, where a large value capacitor, (2200uF,) known as a smooth-
ing capacitor, has been added.

Using the same settings as before, use an oscilloscope to record the waveform across the
1kQ2 load (by connecting to the points labelled DC again.)

Typical oscilloscope settings:

Timebase 10ms/div (X multiplier x1)
Voltage range Input A £10V DC (Y multiplier x1)
Input B same setting if used
Trigger mode Auto Trigger channel Ch.A
Trigger direction Rising Trigger threshold 200mV

Copyright 2010 Matrix Multimedia Limited
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Half-wave rectifier

So what?

The diode allows current to flow through it, and the 1kQ
load, in one direction only. It acts as a small resistor for
currents trying to flow in one direction (when forward-
biased,) and as a very large resistor for currents trying
to flow in the other direction, (when reverse-biased.)

The top picture shows a typical trace obtained from the
first circuit. The AC input is turned into DC (rectified.)
Notice that while the output is DC (as it never crosses
the OV line,) it is not steady DC. The second picture
shows the same signal, using a different time base
setting for the oscilloscope (2ms/div.)

This shows the rectification in more detail. In particular,
notice that the DC output, in red, is approximately 0.7V
lower than the AC input. The diode does not really
conduct until the voltage across it reaches 0.7V.

Once it starts to conduct, there is a 0.7V drop across the
diode, leaving the DC output 0.7V below the AC input at
all points.

The third picture shows the effect of adding a smoothing
capacitor. The output voltage is now both DC and
steady. There are issues about the size of the capacitor.
These will be explored later.

For your records:

e The process of turning AC into DC is called rectification.

Page 16

Motors
and

Generators

Simple rectification

S

/7 A
Ars. / —\. /
4

L N\ B N
AC— A - AC current changes direction here
pc— B -DC current does not change direction

A closer view

‘u o\
7\
\ N\ .
/. V N\
/ 0.7V.0a

e ]

Using a smoothing capacitor

DC

\ 7N /

¢ Half-wave rectification uses only one diode, but results in only half of the AC signal being
turned into DC. No current at all flows for half of the time.

e The silicon diode conducts only when it is forward-biased, and there is a voltage of at least

0.7V across it.

e The output of this half-wave rectifier is 0.7V less than the AC input, and is not smooth DC.

e A large capacitor can be connected across the output of the half-wave rectifier to smooth the

DC signal produced.

Copyright 2010 Matrix Multimedia Limited
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A half-wave rectifier circuit uses only one diode, but it does not make efficient
‘,, use of the electrical energy on offer. For half of the time, no current at all flows
. through the load.

A full-wave rectifier overcomes this limitation, but uses a number of diodes to do
.| so, and drops more of the AC voltage across them as a result. Nevertheless, it is
the common solution to converting the AC output of the alternator to DC.

Over to you:

e Set up the circuit shown in the diagram, using the
AC power supply. Once again, the 1kQ resistor
represents the load - all the devices in the auto
electrical system.

w8m

Important:
If your oscilloscope has two input channels,
DO NOT connect one to AC, and the other to
DC. This will short-circuit one of the diodes.
(The reason is given on the next page.)

e Use only one channel of your oscilloscope. First, connect it to measure the AC signal input.
Then connect it to measure the DC signal output. Oscilloscope settings are given below.

e Record both the AC and DC traces.

e The DC output varies less than that for half-wave
rectification, but it is still not a steady voltage.
Connect a large capacitor across the output of the
full-wave rectifier. This is shown opposite.

wan

¢ With the same settings as before, use the
oscilloscope to record the output waveform.

Typical oscilloscope settings:

Timebase 10ms/div (X multiplier x1)
Voltage range Input A £10V DC (Y multiplier x1)
Input B Off
Trigger mode Auto Trigger channel Ch.A
Trigger direction Rising Trigger threshold 200mV
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So what?

The circuit diagram for the full-wave rectifier is shown
opposite.

[]1KQ war

It was pointed out earlier that, in this circuit, you cannot measure
AC and DC simultaneously using two oscilloscope channels .

\

S —
That would require connecting one channel to points A and C,
for the AC signal, and the other to points B and D to
measure DC. i P P r

Full wave rectification

However, oscilloscopes have a common OV connection |.... /. .\ /o \ /
between the two channels. This means that you would | .
be connecting together points C and D, say, through B/ \" "/ \"
the common oscilloscope connection, short-circuiting
one of the diodes. i

w8p

The three traces show the AC signal going into the full- NN NN N
wave rectifier, the DC output. and the effect of addinga | ...\ /
capacitor to smooth the output. . "

LT
‘//

"
I

e

The DC output, in the middle trace, is an improvement
on the half-wave output, in that current flows through
the load throughout the AC cycle.

Again, this is DC current, because the trace never
crosses the 0V line. However, once again, a smoothing |
capacitor is needed to provide steady DC. wes

For your records:
¢ Full-wave rectification uses at least four diodes, but allows current to flow through the load
throughout the AC supply cycle.

e The output of this full-wave rectifier, using four diodes, is 1.4V less than the AC input, and is
not smooth DC.

e Again, a large capacitor can be connected across the output of the rectifier to smooth the DC
signal produced.
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It is a diode, so it conducts in one direction only, when forward biased. It is used, however,
connected in reverse bias, in what is known as zener breakdown, to
control the voltage sent out to a circuit. It is a voltage regulator.

The zener diode

This worksheet investigates its behaviour, first in forward bias and ® Vad > Y "
then in reverse bias.. anode  cathode
Over to you:
1. Forward bias: #oo® ® ® ® E
e Set up the circuit shown opposite. The anode of the ze- | . .
ner diode is connected closer to the positive end of the
power supply than to the negative. It is forward biased. | = S e
e The power supply is set to 6V DC. A 1kQ resistor is - v
connected in series with the zener diode.
iof =3 if I Iof i}

e Connect a multimeter, set to the 2V DC range, to read
the voltage V; across the zener diode.

e Remove the connector between the ‘pot’ and the 1kQ lzinmA | VzinV
resistor, and replace it with a second multimeter, set to the 20mA 0.2
range, to read the zener current |. g':
e The 'pot’ allows us to vary the voltage applied to the zener diode. 08
e Turn the knob on the 'pot’ fully anticlockwise, to set the supply 1.0
voltage to zero. 1.2
e Turn the knob slowly clockwise until the current through the diode 14
reaches 0.2mA. Then read the voltage across the diode. 16
e Copy the table and use it to record your results. ;'3

o Keep increasing the current in 0.2mA steps, up to 2.0mA, taking the
voltage reading each time.

2. Reverse bias:

e Change the power supply setting to 9V DC.

e Swap the 1kQ resistor for a 270Q resistor.

e Reverse the direction of the zener diode, so that it is reverse biased.

e Repeat the procedure outlined above, increasing the current through the zener in 0.2mA
steps, up to 5.0mA, measuring the voltage across it each time.

e Record your results in a second table, like the first.
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So what?

Current
e Plot a graph of your results for the behaviour of the zener diode, 4

with current on the vertical axis, and voltage on the horizontal.

e Draw a smooth curve through the experimental points. Zener

Voltage
The result should look like the graph shown opposite. breakdown >

w9c

e The results show that once the zener breakdown voltage is
reached, the voltage across the zener diode hardly changes as
the current increases. This is ideal behaviour for a power source.

Reverse Forward

A zener voltage regulator:

The ideal voltage regulator offers a steady output voltage no matter what changes occur in
either the output current or in the supply voltage. We have seen that a zener diode comes close
to this behaviour. The circuit diagram shows a simple zener voltage regulator.

| T

¢

VZT 'ZSI4.7V [Output o

0

O
|
|+

As the supply voltage Vs changes, the voltage V7 across the zener stays steady, and the volt-
age VR across the resistor changes.

For example, when Vs = 8.5V, Vz;=4.7V and so Vg = 3.8V (= 8.5 - 4.7).

If Vs then rises to 8.8V, Vz;=4.7V and Vg = 4.1V (= 8.8 - 4.7).

When the current drawn by the output changes, the voltage across the zener remains steady,
as the graph at the top of the page shows.

Optional extension:

¢ Build the circuit shown above.
e Connect different resistors as loads to the output, and measure the output voltage for each.

For your records:

e Copy the diagram given at the top of the previous page showing the circuit symbol for a ze-
ner diode and labels to identify the anode and cathode.

e Copy the graph given above showing the I/V behaviour of a zener diode.

e Draw the circuit diagram for a voltage regulator based on a zener diode.

e Explain why the output remains steady:
e when the supply voltage changes;
¢ when the output current changes.
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About this course
Introduction
The course is essentially a practical one. Locktronics equipment makes it simple and quick to construct
and investigate electrical circuits. The end result can look exactly like the circuit diagram, thanks to the
symbols printed on each component carrier.

Aim
The course introduces students to the principles of motors and generators, in an automotive context,
through a series of practical experiments, allowing students to unify theoretical work with practical skills.

Prior Knowledge
It is recommended that students have followed the ‘Electricity Matters 1’ and ‘Electricity Matters 2’ , or
have equivalent knowledge and experience of building simple circuits, and using multimeters.

Learning Objectives

On successful completion of this course the student will:

¢ identify five uses of electric motors in a car;

¢ recall that the force acting on a current-carrying wire acts at right-angles to the current and to the magnetic field;

e recall Fleming’s left-hand rule;

e explain the need to reverse the current in the rotor of an electric motor;

¢ relate the current drawn from a power source to the work done by a rotating electric motor;

¢ identify the alternator as the means of generating electricity in automotive equipment;

e recall the fact that current induced in a wire moving in a magnetic field flows at right angles to the motion and to
the magnetic field;

¢ relate the size of current induced to the speed of movement, strength of field and number of conductors present;

e explain the shape of a voltage / time graph showing voltage induced in a wire moving in a magnetic field;

e explain how the production of eddy currents can be harnessed to produce a braking effect;

e be able to describe the use of commutators and slip-rings to extract electrical energy from a generator;

e be able to draw the circuit symbol for, and describe the general features of a transformer;

¢ relate these features to the principles behind electricity generation;

e distinguish between the behaviour of step-up and step-down transformers;

¢ define and use the transformer relation;

e explain the relationship between current and voltage in the primary coil and secondary coils of a transformer;

e recall that practical transformers waste energy;

e calculate the power delivered to the primary and available from the secondary of a transformer;

o define rectification as the process of turning AC into DC;

¢ know that half-wave rectification uses only one diode, but produces a DC current for only half of the time;

¢ recall that half-wave rectification produces a DC output voltage which is ~0.7V less than the peak AC voltage;

¢ know that full-wave rectification uses at least four diodes, but produces a DC current throughout the AC cycle;

¢ recall that full-wave rectification produces a DC output voltage which is ~1.4V less than the peak AC voltage;

e be able to draw the circuit symbol for a zener diode, and identify the anode and cathode;

e be able to sketch and describe the implications of the I/V characteristic of a zener diode;

e describe the features of a zener diode that make it useful as a voltage regulator;

e explain how the output of a zener-based voltage regulator resists changes in input voltage and in output current.
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What the student will need:

To complete the Motors and Generators course,
the student will need the parts shown in the table.
In addition the student will need:

¢ one function generator, capable of generating
sinusoidal AC signals with frequencies up to
10kHz. For this we recommend part HP8990.

¢ one oscilloscope with two traces. You have a
choice here between a conventional oscilloscope
and a PC based oscilloscope. For the former, we
recommend part LK4679 which is a conventional
oscilloscope. For the latter, we recommend the
HP4679 Picoscope which is a 5MHz dual trace
PC based scope.

Power source:

The investigations in this module require two power
sources, one AC and the other DC. Both of these
are available as ‘plug-top’ power supplies.

The HP2666 is an adjustable DC power supply of-
fering output voltages of either 3V, 4.5V, 6V, 7.5V,
9V or 12V, with currents typically up to 1A.

The voltage is changed by turning the selector dial
just above the earth pin until the arrow points to the
required voltage. (The instructor may decide to
make any adjustment necessary to the power sup-
ply voltage, or may allow students to make those
changes.)

Page 22

Motors
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Qty| Code |Description
1 HP4039 |Lid for plastic trays
1 LK2340 |AC voltage source carrier
1 HP2666 [International power supply with adaptors
1 HP5540 [Deep tray
1 HP7750 [Locktronics daughter tray foam insert
1 HP9564  [62mm daughter tray
1 HP6529 [Binding post
20 labour Technician labour - 1 minute
1 LK4000 [Locktronics User Guide
1 LK4123 [Transformer - 2:1 turns ratio
1 LK5202 |Resistor - 1K, 1/4W, 5% (DIN)
1 LK5205  |Resistor - 270 ohm 1/4W, 5% (DIN)
1 LK5208 |Potentiometer 250 ohm (DIN)
1 LK5243  |Diode (IN4001) power 50V
1 LK5247  |Zener diode (4.7V)
12 LK5250  |Connecting Link
1 LK5266  |Bridge rectifier (1IN4001)
1 LK5297 |Lead - black - 600mm, 4mm to croc clip
1 LK5298 |Lead - red - 600mm, 4mm to croc clip
1 LK5603 |Lead - red, 500mm 4mm to 4mm stackable
1 LK5604 |Lead - black, 500mm 4mm to 4mm stackable
1 LK6203  |Capacitor, 2,200 uF, Electrolytic, 25V
1 LK6207  [Switch Press (morse key-type strip, push to make)
1 LK6482 |Left hand motor rule carrier
1 LK6706  |Motor 3/6V D.C. 0.7A
1 LK7483 [2:1 transformer with retractable ferrite core
1 LK7485 |Alnico Rod Magnet
1 LK7487 |LenZ's law kit
1 LK7489 |Faraday's law kit
1 LK8275 |Power supply carrier with battery symbol
1 LK8397 |Ammeter, 0 - 1A
1 LK8900 |7 x 5 baseboard with 4mm pillars
1 LK9381 |Ammeter 0 - 100mA
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Using this course:

It is expected that the series of experiments given in this course is integrated with teaching or small
group tutorials which introduce the theory behind the practical work, and reinforce it with written
examples, assignments and calculations.

The worksheets should be printed / photocopied / laminated, preferably in colour, for the students’ use.
Students should be encouraged to make their own notes, and copy the results tables and

sections marked 'For your records’ for themselves. They are unlikely to need their own permanent copy
of each worksheet.

Each worksheet has:

e an introduction to the topic under investigation;

o step-by-step instructions for the investigation that follows;

e a section headed ‘So What’, which aims to collate and summarise the results, and offer some
extension work. It aims to encourage development of ideas, through collaboration with partners
and with the instructor.

e a section headed ‘For your records’, which can be copied and completed in students’ exercise
books.

This format encourages self-study, with students working at a rate that suits their ability. It is for the
instructor to monitor that students’ understanding is keeping pace with their progress through the work-
sheets. One way to do this is to ‘sign off’ each worksheet, as a student completes it, and in the process
have a brief chat with the student to assess grasp of the ideas involved in the exercises it contains.

Time:
It will take students between seven and nine hours to complete the worksheets. It is expected that a
similar length of time will be needed to support the learning that takes place as a result.
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Worksheet

Notes for the Instructor

Timing

Motors abound in automotive systems, and come in a variety of shapes and
sizes. It is helpful to have a display of examples to introduce this topic.

The experiment itself lasts only a few minutes, but the students should be
allowed to ‘play’ with the kit until they are confident about what is happening.
The instructions tell them how to reverse the magnetic field, and reverse the
current direction, to see what effect these changes have.

Ultimately the effect is pretty mysterious, and begins with the properties of
electrons themselves. It depends on the previous experience of the students,
and of the instructor, as to how far the explanation is taken.

Electrons are ‘magical’ and their behaviour is beyond our everyday
experience. For example, if an electron moves past us we experience a
magnetic field. Equally, if the electron is at rest and we move past it the result
is the same. If we move along at the same rate as an electron we experience
no magnetic field. Moving electrons are the source of all magnetic effects,
even those in ‘permanent’ magnets, where there is no obvious electron flow.

It is important that students learn to use the left-hand (motor) rule to relate the
direction of the force on a conductor to the current and magnetic field
directions. They will need plenty of practice in applying this rule.

20 -30
mins

In worksheet 1 the motion was linear. Students need plenty of time to absorb
the change to rotary motion. The diagrams on page 5 need to be studied
carefully with liberal application of the left-hand rule. Students need to realise
that where the rotor is a single coil, the motion will be ‘lumpy’. Maximum
torque is delivered when the plane of the coil is parallel to the field, as in the
first and third diagrams. When the coil is vertical there is still a force on the
two sides, but it has no turning effect. Fortunately the momentum built up will
carry the coil through that position.

Students also need to realise that rotation can continue if there is some
means of reversing the current direction. In a DC motor, this can be achieved
through the use of a commutator. For a simple coil, this is a drum split into
halves. For multi-coil rotors, the commutator is more complicated, but does
the same job.

For AC motors, the current reverses automatically during every cycle of the
AC supply. It can be delivered to the coil by two slip rings which are brass
rings connected one to each end of the coil.

A common cause of difficulty is the relationship between speed of rotation
and current demanded from the power source. If the motor is running at
maximum speed, the only work it has to do is against frictional forces in the
bearings and air resistance. As a result, it draws only a small current. When
required to do additional work, the motor draws extra current to provide it with
extra energy.

20 - 30
mins
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Worksheet

Notes for the Instructor

Timing

3

The practical exercises need careful attention. The effects being studied are
small and easily missed. If students are using digital multimeters, they need to
be aware that these sample the input signal periodically, and that short-
duration pulses may be missed.

Traditionally, students are always nervous about using multimeters - selecting
the right range using the correct sockets. Instructors may need to run a brief
revision session beforehand, or be prepared to assist with the readings.

A further complication is that many multimeters have an internal fuse to pro-
tect against overload on DC current ranges. These ‘blow’ very easily, but do
so out of sight, leaving the student puzzled as to the lack of activity on the
meter. Instructors will need to check the meters regularly, and have a ready
supply of new fuses.

Similarly with Picoscope, the input is sampled. Repeating the action several
times will help to convince the student what is going on, and should produce a
good trace on the Picoscope eventually.

Fleming’s right-hand (dynamo) rule will need careful explanation, and a deal of
practice, if students are to feel confident about its use. Some will confuse the
use of the left-hand and right-hand rules.

An explanation is given in terms of the behaviour of electrons. The instructor
should judge how far to take this with a given class of students.

30 -40
mins

The use of the coil intensifies the induced current, making it easier to spot.
Students are asked to investigate the effect of speed of movement on the size
of current induced. Instructors may wish to question students about their
approach to this investigation.

The second part of the worksheet is quick to carry out, but should be done a
few times to convince the students what is going on. They need to examine
both projectiles closely, sorting out which is the magnet, checking their
weights etc.

Although the task is a short one, the explanation is not. Instructors should step
through the stages of the explanation slowly and be prepared for detailed
questions about current and resulting force direction. Fleming’s rules should
be applied, together with the reductio ad absurdum argument about the con-
sequences of the force acting in the other direction.

The significance of this effect for automotive students is in its application to
electrical retarders for heavy vehicles like coaches and trains. The outcome of
eddy current braking is heat energy.

An alternative is regenerative braking, where the energy of motion is stored in
some other form - as rotational energy in a spinning flywheel, or as electrical
energy in a battery. Students could be given the task of researching these op-
tions. For example, Formula 1 racing has dabbled with KERS (kinetic energy
recovery systems.)

25-40
mins
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5

Transformers can appear as mysterious objects. The aim in this worksheet is
to introduce them as an extension of what has gone before. If students can
accept that electricity is generated when a magnet is plunged into a coil, then
they should have no difficulty with the transformer. The magnet is replaced
with an electromagnet, and the motion with a moving magnetic field generated
by an alternating current.

However, use of oscilloscope and signal generators may cause problems and
blur the sequence of events when students are not familiar with these
instruments. Instructors may wish to give a short briefing about them to reduce
these difficulties.

It may not be obvious to some that switching a DC electromagnet on and off
causes a moving magnetic field, and hence induces current in the secondary
coil. Instructors may wish to develop their understanding on this through
questioning them.

30 -40
mins

The main part of the development here is to distinguish between step-up and
step-down transformers. Some students find it easy to accept ‘step-down’ but
see ‘step-up’ as defying the laws of nature. It looks like something for nothing.
That is why the investigation goes on to look at the effect on current, and on
the overall power issues.

The transformer used here is much more efficient than the primitive device
used in worksheet 5 but is far from ideal. We now begin to see the relationship
between the current and turns ratio. The ideal transformer wastes no energy
but the presence of cooling fins and coolant circulation in substation transform-
ers shows that ideal transformers are difficult to design.

The difficulties here probably centre again on the use of signal generators and
digital multimeters. The choice of 300Hz for the signal frequency is purely
pragmatic - it produces more efficient transforming. Faster students might be
given the task of investigating the effect of frequency. In automotive alterna-
tors, the situation is made more complicated by the use of multi-phase alterna-
tors anyway. Not everything is simply 50Hz!

The treatment of the results introduces the transformer relation, which works
pretty well, and the issue of stepping up and stepping down current, which is
more problematic. Students should be asked to compare the use of a
transformer to reduce voltage, with the use of a series resistor to drop some of
the voltage. The transformer wins every time!

25-40
mins
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This worksheet introduces the process of converting AC to DC, called rectifica-
tion. There are several ways to implement rectification. We look at two, known

as half-wave and full-wave rectification. Full-wave rectification is the subject of
worksheet 8. Here we look at half-wave rectification.

The students need reminding about the significance of voltage/time graphs.
The current changes direction only when the trace crosses the 0V line. If it
never crosses, then the current is DC, but not necessarily steady DC.

Half-wave rectification uses the one-way conduction of a diode to ensure that
the current through the load never reverses i.e. is always DC. The rectifier cir-
cuit is simple - just add a diode in series with the load. However, it is not very
efficient as no current at all flows during the negative half-cycle of the AC sup-
ply. A half-wave rectifier rectifies only half of the AC ‘wave’. When this is not a
problem use half-wave rectification. One such case is the simple lead-acid
battery trickle charger where it is accepted that the charging process will take
some time to complete.

The half-wave rectifier does not provide smooth DC. There is a large ripple
voltage (variation in output voltage.) This can be reduced substantially by
adding a high value capacitor in parallel with the load. To keep the size down,
this is usually an electrolytic capacitor, and so care must be taken to ensure
that it is connected the right way round, as shown in the diagram on page 15.
The results also show that the output is 0.7V lower because the available
voltage is shared between the conducting diode and the load.

Now the student investigates full-wave rectification. As its name suggests, it
makes use of both the positive and negative half-cycles of the AC supply. A
DC current can flow all the time through the load thereby making more efficient
use of the supply.

This improved efficiency comes at the price of more complex circuitry. At least
four diodes are used to rectify the AC supply.

Often, auto alternators output what is known as 3-phase AC, effectively three
AC signals, superimposed on each other, but staggered in time. The alternator
contains three independent sets of coils. The rotating electromagnet generates
a separate AC signal in each set of coils. This idea is shown in the next dia-

Voltage

o XXX,

When this is the case, full-wave rectification will need six diodes.

It is important that students do not try to use two oscilloscope input channels to
capture two signals at the same time. The outer casing of the BNC connectors
are joined. Using two inputs, connected to different parts of a circuit, can short-
circuit those parts. This is discussed on page 18 using a circuit diagram of the
full-wave rectifier to make the issue clearer. However, instructors may wish to
discuss this problem with students because of its wider implications for the use
of test instruments.
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9 The story so far has covered generating electricity, transforming the voltage 30 - 45
rectifying it. All that remains is to look at controlling the delivery of the voltage. mins

In many situations, we need a constant voltage supply. The input from the
generator may change, the output demand (current) may change, but the out-
put voltage must not. This introduces the need for a voltage regulator.

The worksheet explores the behaviour of the zener diode. Actually, all semi-
conducting diodes show the same behaviour - conducting freely when forward
biased and not conducting when reverse biased - well, not at first. All semicon-
ducting diodes have a maximum reverse voltage. Beyond it, they break down
and conduct. The difference with zener diodes is that they are designed to do
just that, at relatively low, but carefully defined voltages.

To start off, the students investigates the current / voltage behaviour of the
zener diode. When forward biased, the result is the same as for any silicon
diode - a 0.7V forward voltage drop. In reverse bias, things start off very pre-
dictably - no current. When the applied voltage approaches the zener break-
down value, 4.7V in this case, the diode starts to conduct. Very soon, it con-
ducts freely, and the voltage drop across it changes very little as the current
increases. This is just the behaviour we want for a voltage regulator.

The next section looks at a voltage regulator circuit connected on to the back
of a half-wave rectifier, and seeks to explain how it functions. In reality, it simp-
ly exploits the behaviour of the zener diode.
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The Picoscope uses the same controls as an oscilloscope:

Timebase: picot
e controls the scale on the time (horizontal) axis; @

o spreads out the trace horizontally if a lower number is used. '
Voltage sensitivity:

o controls the scale on the voltage (vertical) axis;

o spreads out the trace vertically if a lower number is used.

AC or DC:

e shows only varying voltages if AC is chosen (so centres the trace on 0V vertically;)

o shows the true voltage levels if DC is chosen.

Trigger:

o looks at the selected signal to decide when to set off on the next trace;

o waits for that signal to reach the voltage level selected before starting;

e can be either when a rising or a falling signal reaches that voltage level.

Stop / Go:

o ‘Stop’ indicates that the trace is ‘frozen’ (i.e. showing a stored event;)

e ‘Go’ shows that the trace is showing events in real-time;

e Click on the box to change from one to the other.

The settings are selected on-screen using the drop-down boxes provided.

* PicoScope - [NONAME.PSD]

g Fle Edt Settings View Window Help

[ [ 2 o N T ] e | L ] |
8
Timebase D

. \ // \ / \ PH1
AC or DC \ / \
) \ / \ /

[©] [Running Trigger |auto W:mv EZ

Trigger—when / how the trace starts.

In this trace:
Timebase = 5 ms/div, so the time scale (horizontal axis) is marked off in 5 ms divisions.
Voltage sensitivity = £10 V, so the maximum possible voltage range (vertical axis) is +10V to -10V.
Trigger - Auto - so will show any changes in the signal as they happen;
Ch A - so looks at the signal on channel to decide when to start the trace;
Rising - so waits for a rising voltage to reach the threshold;
Threshold - 0 mV - so starts the trace when the signal on channel A rises through 0V.
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More Picoscope traces for the same signal:

* PicoScope - [NONAME.PSD]

g File Edt Settings View MWindow Help BEES
“‘.|||_|\@| [Zx[20 mstaiv <[ ~| als20v -|[ac -|Jort -] 8o ~[[ac ~[fot | ‘
v

20

}ﬁ f\\ /q \W/\\f f/
WV,

-8 \/

20 40 60 80 100 120 140 160 180 200

‘ Running Trigger Auto - [ch A ~| [Rising | 4000 [Smy [0 [2%

In this trace:

Timebase = 20ms/div,

o the time scale (horizontal axis) is marked off in 20 ms divisions;

o the trace is ‘squashed’ horizontally, but shows a greater time duration.

Voltage sensitivity = +20 V,

o the maximum possible voltage range (vertical axis) is +20V to -20V;

o the trace is ‘squashed’ vertically, but shows a greater possible voltage range.

Trigger - now 4000 mV, and so the trace does not start until the signal on channel A reaches 4000mV
(4V)

£, PicoScope - [NONAME.PSD]

A Fle Edt Settings View Window Help

LI [ meiow =[] AT foc <][on <Jglon _=IJwc <Jfon ] ]
v

20

15 AR
VAN

20 40 60 80 100 120 140 160 180 200

Running Trigger [Auto ~| [chA ~| [Rising ~| [4000 [Smy [0 |35 |

In this trace, the settings are identical except that the DC option is chosen. The trace now reveals that,
in addition to the AC signal, there is a steady DC component of +4V. The trace is centred vertically on
4V, not OV. The AC component makes it swing by 8V, i.e. between -4V and +12V.
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15 04 2012

Worksheets 3, 4, 5 changed

Added 400 turn coil to BOM

Various worksheet changes have Optional work added.
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