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Worksheet 1

Cells and batteries

locktronics’

Many different types of battery are used to provide the
power supplies in electrical and electronic equipment.
They can be categorized by materials used in them.
Types include lead-acid, nickel-cadmium (NiCad) and
nickel metal hydride (NiMH).

Here are the e.m.f.’s of some single-cell batteries:

Alkaline (primary dry cell) 1.5V
Lead-acid (secondary cell) 2V

Nickel-cadmium (secondary cell) 1.2V
Nickel-metal hydride (secondary cell) 1.2V
Zinc-carbon (primary dry cell) 1.5V

The cells within them can be either primary (non-rechargeable) or secondary (rechargeable).
In primary cells, the active constituents are used up at the end of the cell’s life, whereas for
secondary cells, the chemical reaction is reversible and the cell can be re-charged many times.

Batteries consist of a number of individual cells connected in series or in parallel. For example,
a 24V lead-acid battery will usually have 12 cells (each with an e.m.f. of 2V) connected in
series.

This first worksheet examines batteries and the cells within them.

Over to you:

Set up each of the series-connected battery arrangements
shown opposite. The diagram below shows one way of arranging
the cells on the baseboard.

For each, use a multimeter (set to the 20V DC range) to measure
the output voltage.

For the single-cell battery (a), measure the voltage, E1.
For the two-cell battery (b), check that the voltage, V = E1 + E2
For the three-cell battery (c), check that V =E1 + E2 + E3

-

Copyright 2012 Matrix Technology Solutions Ltd

SENNO

(b)

Page 3




Worksheet 1

Cells and batteries

Over to you:

Set up each of the parallel-connected battery arrange-
ments shown opposite.

For each use measure the output voltage.

For the single-cell battery (a), measure voltage E1.

For the two-cell battery (b), check that the voltage, V =
E1 = E2.

For (c), check that V = E1 = E2 = E3.

For your records:

locktronics’

E175

—

E1-I—_

|E2

I
BT

T

e Summarise your findings for voltages in series-connected cells.

e Summarise your findings for voltages in parallel-connected cells.

o With a series-connected battery the same load current flows through each of the cells.

¢ With a parallel-connected battery the load current is shared between the cells.

Questions

1. How many nickel-cadmium cells are required in a series-connected 24V battery?
2. Two batteries are connected in parallel to supply 180A for an engine starter motor.

How much current is supplied by each battery?

3. An emergency lamp uses eight 1.5V dry-cells connected in series.

What voltage is applied to the lamp?

4. A 24V battery supplies 18 parallel-connected emergency lights. Each light requires 1.5A.

What current is supplied by the battery?

5. Why should parallel connection of dissimilar types of batteries be avoided?

Answers are provided on page 70.
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Worksheet 2

Current measurement

The symbols for three electrical meters are shown on Ammeter O
the right. Ammeters measure current, voltmeters

measure voltage (potential difference) and ohmmeters Voltmeter@— wn
measure resistance.

They are often combined as a multimeter, which offers Ohmmeteh@-—
a convenient and cheap way to measure a range of

electrical quantities. The photograph shows a typical multimeter. AC N\
It can measure both AC and DC quantities, and the symbols shown DC — .
opposite distinguish between the two: T ’

This worksheet shows you how to use a multimeter to measure the current
flowing in a circuit.

Over to you:

P Q
A. Series circuit: J_'__ ®
12V}
_l_

Set up the arrangement shown, using 12V 0.1A bulbs.

Make sure that the power supply is set to 12V. S ® R
This is a series circuit - There is only one route for the electric current i n ""‘
to flow around the circuit.

Measure the current flowing at point P.
To do this, plug the wires from the ammeter into the posts at the ends i
of the link at point P, and remove the link. This is shown in the picture. r

Record the result in the table.

Now replace the link at P.

Measure and record the current at point Q in the same way.
Next, measure and record the current at points R and S.

. Parallel circuit: Posifion | P | @ | R | S
Current
Set up the second circuit, again using 12V 0.1A bulbs.
The power supply is still set to 12V. P
. o ‘ . o . Q
This is a parallel circuit - there are branch.es in the circuit, and a 12T ® ® ® .
number of ways for current to flow around it. T - 4
Measure the current at the points shown in T =
the circuit diagram and record them in the _
table given opposite, specifying A or mA: zzizz? Pl Q | RIS|T]U
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Worksheet 2

Current measurement

So what?

Using a multimeter to measure current:

e Plug one wire into the black COM socket.
¢ Plug another into the red mA socket.

e Select the 200mA DC range by turning the dial to the 200m’ mark next to the ‘A =— "
symbol.

e Break the circuit where you want to measure the current, by removing a link, and then plug
the two wires in its place.

e Press the red ON/OFF switch when you are ready to take a reading.

e Change to a lower range if the reading allows it. (A ‘1’ on the display means that the reading
is too big for the chosen range.)

A possible problem!

The ammeter range is protected by a fuse located inside the body of the multimeter. This fuse
may have ‘blown’, in which case the ammeter range will not work. Report any problems to your
tutor so that the fuse can be checked.

A challenge:
The first circuit you built was a series circuit. The second was not.
See if you can spot a pattern for the behaviour of currents in each of the circuits!

For your records:
Use your findings to complete the following statements:
¢ In a series circuit, the .................... current flows in all parts.

¢ In a parallel circuit, the currents in all the parallel branches add up to the current leaving

w2h

w2j
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Worksheet 3

Voltage measurement

We can visualise electric current easily - it's the flow of tiny electrons . More
precisely, electric current measures the number of electrons per second
passing a particular point in the circuit.

I's more difficult to picture voltage, but you can think of it as the pressure
that causes the current to flow.

Fortunately, it's easier to measure voltage than current. There’s no need to
break the circuit - just add the voltmeter in parallel with the component you
are interested in!

Ammeters are connected in series but voltmeters are connected in parallel!

This worksheet shows you how to use a multimeter as a voltmeter.

Over to you:

A. Series circuit:

but without the voltmeters. P

e Set up the arrangement shown, using 12V 0.1A bulbs, @

e Make sure that the power supply is set to 12V. '
« This is a series circuit with only one route around it. 12V ® Q e

e Measure the voltage across the first bulb, shown as P. i ®
To do this, plug the wires from the voltmeter into the posts at | @R |
either end of the bulb. Don’t remove any connecting links!

Position P Q R

e Record the result in the table. Voltage

¢ Next, measure and record the voltage across the second bulb,
Q, in the same way.

e Then measure and record the voltage across the bulb, R.

B. Parallel circuit:

Set up the second circuit, again using 12V 0.1A bulbs. 12VT ®P ®Q (X)R »
The power supply is still set to 12V. T

This is a parallel circuit - notice the ‘branches’ in the circuit.
Position P Q R

Voltage

Measure the voltage at the points P, Q and R and record
them in the table given opposite, specifying V or mV:

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 3

Voltage measurement

So what?

Using a multimeter to measure voltage:

A multimeter can measure both AC and DC quantities. The symbols were given on the last
worksheet.

e Plug one wire into the black COM socket.

¢ Plug another into the red V socket.

e Select the 20V DC range by turning the dial to the ‘20’ mark next to the V' — ’ symbol.
(Itis good practice to set the meter on a range that is much higher than the reading
you are expecting. Then you can refine the measurement by choosing a lower range that
suits the voltage you find.)

¢ Plug the two wires into the sockets at the ends of the component under investigation.

e Press the red ON/OFF switch when you are ready to take a reading.

e If you see a *- sign in front of the reading, it means that the voltmeter leads are connected the

wrong way round. Swap them over to correct this!

w3i

Two challenges:
e Looking at the results for the first circuit, add together the readings of the voltmeters at points
P, Q and R. What do you notice about this total?

e Find a pattern in the results for the behaviour of the second circuit.

For your records:

¢ |n a series circuit, the voltages across the components add up to the voltage across
the .., .

¢ In a parallel circuit, the components all have the .................... voltage across them.

e Copy the following circuit diagrams, and calculate the voltages across bulbs A to E.

SV 4y
& &
Al .
| T 'y
v T )s? Xc ' v s
E7 w3h

Copyright 2012 Matrix Technology Solutions Ltd
pyrig gy Page 8



Worksheet 4

Ohm’s Law

locktronics’

Current I - how many electrons pass per second.

Voltage V - a measure of how much energy the electrons gain or
lose as they flow around a circuit.

Resistance R - how difficult it is for the electrons to pass through

a material. In squeezing through, the electrons lose energy to the
resistor, which warms up as a result.

The photograph shows Georg Simon Ohm - a significant figure in
the study of electrical and electronic principles!

Ohm'’s law leads to a very important relationship in electricity: V=1x R

Over to you:

Build the circuit shown in the diagram.
The picture shows one way to set this up.
Make sure that the power supply is set to 3V!

The variable resistor allows us to change the
voltage across the 100Q2 resistor.

Before you switch on, select the 20mA DC range
on the ammeter, and the 20V DC range on the volt-
meter.

Notice the positions of the red and black connecting
wires. This ensures that the meters are connected
the right way round to avoid ‘-’ signs on the read-
ings.

Turn the knob on the variable resistor fully anticlock-
wise, to set the voltage supplied to a minimum.

Turn the knob slowly clockwise until the voltage across the re-
sistor reaches 0.1V. Then read the current flowing through the
resistor.

Turn the voltage up to 0.2V, and take the current reading again.

Keep doing this until the voltage reaches 1.0V. (Don’t go past
this or the resistor may overheat.)

Write your results in a table like the one opposite.

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 4

Ohm’s Law

So what?

Using a multimeter to measure resistance:
You cannot measure resistance while the component is in the circuit. It must be removed first.
Plug one wire into the black COM socket, and the other into the V Q socket.

Select the 200kQ range, (or a range much higher than the reading you are expecting.)
Plug wires into the two sockets at the ends of the component under investigation.

Press the red ON/OFF switch when you are ready.

=

e Turn the dial to a lower range, until you find the reading. :E ;:
[EEE

A challenge: SN 9T 1
e Plot a graph to show your results. > ﬁ:
e Ohm'’s law predicts a straight line, so draw the best straight a
line through your points. ;Z

e If you know how, calculate the gradient of your graph. Ohm’s 3t 1

0" 7 3 456 78 g 16"

Curmrent in mA

law calls this quantity the resistance of the resistor.

For your records:

e« Ohm’s law gives us the equations: V=IxR R=V/I I=V/R

where R = resistance in ohms, I = current in amps and V = voltage.

(This also works with R in kilohms and I in milliamps, because the kilo and milli cancel out.)
o Copy the following diagrams, and calculate the missing quantities:

=9
01— MR — 'Ss0n
4+—> 4+—> 4+—>
V=7 V=5V V=9V

Resistor Colour Code:
Resistors come ringed with coloured bands to show the resistance value.

Each colour represents a number, given in the table below. —y
Black Brown Red Orange Yellow Green Blue Purple Grey White ——M__ wae
0 1 2 3 4 5 6 7 8 9 1 i g

To read the colour code:

o start from the opposite end to the gold or silver band;

e write down the number shown by the first colour band;

¢ do the same for the second colour band;

e add the number of 0’s shown in the next band (e.g. for red, add two 0’s.)

¢ the final band gives the tolerance - how accurately it is made, (gold = 5%, silver = 10%.)
For the resistors in the photograph: Resistance = 7 (purple) 5 (green) 000 (orange) = 750002
with a tolerance of 5%

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 5

Series and parallel circuits

In nearly all electrical circuits, some components are connected
in series, while others are in parallel. — Ir" ~—
To apply the rules that you learned earlier, you have to recognise ! %

p— E

which parts of a circuit are in series and which are in parallel.

In a complex circuit, components in parallel have the same voltage across them, but may carry
different currents, while components in series have the same current flowing through them, but
may have different voltages across them.

Over to you:

e Connect a 270Q resistor, a 1kQ resistor and a 2.2kQ) resistor, as shown in the diagram.
The 270Q and 1kQ resistor are in series, while the 2.2kQ resistor is in parallel with the
Combination.

= R
¢ Note: 2.2kQ and 2k2Q mean exactly the same thing, with A —- C 2
the unit multiplier prefix replacing the decimal point. 2aq . 1ka
3
e Use extra connecting links so that the current can be 45V T B %3m0
measured at points A, B, C and D. The photograph shows T
one way to do this.
D

e Set the power supply to give a 4.5V output.

e Remove the connecting link at A, and connect a
multimeter to read the current. Record it in the table.

¢ Remove the multimeter and replace link A.

¢ Remove the connecting link at B, and use a
multimeter to measure the current here.
Record it in the table.

¢ In the same way, measure and record the

current at points C, and D. Power supply voltage 4.5V
e Connect the multimeter to read the voltage Current at point A in mA
across resistor Ry. Record it in the table. Current at point B in mA

e Then connect the multimeter up to read the volt- Current at point C in mA
age across Rzand R, in turn, and record them  Current at point D in mA
in the table. Voltage across R1 (270Q resistor)

Voltage across Ry(1kQ resistor)

Voltage across R3(2.2k resistor)

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 5

Series and parallel circuits

So what?

locktronics’

e The same current flows through Ry and R3, as they are in series. This is the current you

measured at point C.

e The current readings at A and D should be the same, as these measure the total current

leaving and returning to the power supply.

e The current from the power supply splits, with part going through R4 (and then R;), while the
rest flows through Rj. In other words, adding together the readings at B and C should give a

total equal to the reading at A (and D).

e The full power supply voltage appears across Rj, but is split between Ry and R.

e Complete rows 1, 2 and 3 of the following table.

Power supply voltage 4.5V
Average of currentsat Aand DinmA (=1)

Sum of currents at B and C in mA

Sum of voltages across Ry and R, ( =Vs)

Total resistance Ry = Vg /1

Combined resistance of Ry and R; (in series) (=R¢)

Total resistance of all three resistors Rt = Rex R3/ Rg + R3

e Complete the table by calculating the total resistance Ry of the three resistors by:

e using |l and Vs in the formula R = V/I;

e adding together the resistance of Ry and R, as these are in series, to give Rc, their com-

bined resistance, and then using Rt = Rc X R; / (R¢ + R;j).

e Think of reasons why these two approaches might give different values for Ry. Which, do you

think, gives the more reliable result?

Questions
For the circuit shown opposite, calculate:

1. The total resistance;

R,

R,

1 Q I

2. The current at P;
3. The voltage across R3, the 6kQ resistor;

8ka 4k

4. The current at R; 6v_T
5. The current at Q;
6. The voltage across R4, the 8kQ resistor.

Answers are given on page 70.
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Worksheet 6

Voltage dividers

Resistors are used to protect other components from excessive current. . 1
They can also be used in voltage dividers to split the voltage from a power I;ljl

supply into smaller predictable portions. This is particularly useful when -y % | .
one of the resistors is a sensing component, such as a LDR (light- '
dependent resistor,) or a thermistor, (temperature-dependent resistor.) !

Voltage dividers form the basis of many sensors. The output voltage can ey o
represent temperature, light-level, pressure, humidity, strain or other physical quantities.

Over to you:

Connect two 10kQ resistors in series, as shown in the circuit diagram.

Set the power supply to give a 6V output. A

web

Remove the connecting link at A, and connect a multimeter, % R, =10kQ
set on the 2mA DC range, to measure the current. gy T

Record the value in the table. lvz R, =10kQ

Remove the multimeter and replace link A.

Set up the multimeter to read DC voltages of about 5V, and connect it to read the voltage
across resistor R4, and then across R,. Record these in the second column of the table.

Next, set the power supply to 9V, and repeat the measurements. Record them in the third
column of the table.

R, = 10kQ, R; = 10kQ

Power supply voltage 6V 9V
Current at point A in mA

Voltage V1 across R,

Voltage V; across R,

Now, swap resistor R4 for a 1kQ resistor.
Repeat the process and record the results in the second table.

Finally, replace both resistors, with a 2.2kQ resistor for R4, and a 22kQ2 resistor for R..
Repeat the measurements and record them in the third table.

Ri = 1kQ, R; = 10kQ R1 = 2.2kQ, R, = 22kQ
Power supply voltage Vv Power supply voltage Vv
Current at point A in mA Current at point A in mA
Voltage V1 across R, Voltage V1 across R,
Voltage V, across R, Voltage V, across R,

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 6

Voltage dividers

So what?

First of all, look at the theoretical behaviour of this circuit -

Resistors Ry and R, are connected in series. Their total resistance, is given by:

Rr =(R1 + Ry).
The full power supply voltage, Vs, appears across this total resistance, R, and so the current
[, flowing through the two resistors is given by:

| =Vs/Ry
The voltage across resistor R4 is given by:

Vi=1xR;
The voltage across resistor R, is given by:

Vo =1xR;

Calculate Ry, I, V4 and V, for each of the circuits looked at, and complete the next table with
your results:

Circuit Rr | V4 V,
Ry =10kQ, R; = 10kQ, Vs = 6V

Ry =10kQ, R; = 10kQ, Vs = 9V

Ri = 1kQ, Ry = 10kQ, Vs = 9V

Ry =2.2kQ, R, = 22kQ, Vs = 9V

Compare the values of V; and V, with those you measured for each circuit.
Why might you expect the experimental values to be different?

For your records:

There is a straightforward way to view these results:

e The voltage from the power supply is shared between the resistors,
so that Vi +V,=Vs.
e The bigger the resistor, the bigger its share of the voltage.

In the first circuit, R1 = R, = 10kQ so V1=V,=Vg/ 2

In the second and third circuits, R,=10xR4, and so Vo=10x V.

The second and third circuits produce the same result, but the current is different.
Sometimes it is best to use big resistor values, to reduce battery drain and power dissipation.

However, using lower resistor values allows us to draw more current from the voltage
divider circuit without really affecting voltages V1 and V..

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 7

Current dividers

Voltage dividers use resistors connected in series to split a voltage
into calculable fractions.

Current dividers use resistors connected in parallel to set up known > Yoo
fractions of current.

Current dividers are used in ammeters. A known fraction of the total
current passes through the meter and is measured. From that the
total current is calculated.

o RN
AN
A Vg 200

21218701
—0 115 30 mv CO72x49

Over to you:

Connect two 10k resistors in parallel, as shown in the circuit diagram.

Set the power supply to give a 6V output. A B

R1 R; w7b
=10kQ2 =10kQ2

Remove the connecting link at A. Connect a multimeter, on
the 2mA DC range, to measure the current, I, at A (the total 4, _T_IV
i S——
current leaving the power supply.) Record the value in the T
table.

Remove the multimeter and replace link A.

Measure the current at B, |,, in the same way, and record the result in the table.

Set up the multimeter to read DC voltages of about 10V, and connect it across the power sup-
ply to read Vs. Record it in the table.

Next, set the power supply (Vs) to 9V, and repeat the measurements. Record them in the ta-

ble.
R1 = 10kQ, R2 = 10kQ2

Power supply voltage
Current at point A, I, in mA
Current at point B, I, in
mA
Lastly, swap resistor Rq for a 1kQ resistor. Change the multimeter range to 10mA.

Repeat the process, with the power supply still set to 9V, and record the results in a second
table.

R1 = 1kQ, R, = 10kQ
Power supply voltage

Current at point A, I, in mA

Current at point B, I, in
mA

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 7

Current dividers

So what?

First of all, the theoretical behaviour - > . -
e The voltage across resistor Ry =V, and so: '
Vs =1I; x R Ve 1 9 R,
e Similarly, Vs=IL xR,
which means that:
II1xRi=L xR,
or: I1=1,x (R2/ Ry)

The current | from the power supply splits into I and I, at the junction.
In other words: I =5L1+D

Using the equation for I, given above: 1T =1,x (R2/ Ry)+ I,
=12(1 +R2/R1)

Re-arranging this gives ILb =Ix(R1)/(R1+Ryp)
This can be used to calculate the current I, flowing in the branch of the circuit.

e Use this formula to calculate 1, in the three cases you looked at in your investigation. Write
your results in the following table:

Circuit LinmA
R1 = 10kQ, R, = 10kQ2, Power supply set to 6V

R1 = 10kQ, R, = 10kQ, Power supply set to 9V

R = 1kQ, R, = 10kQ, Power supply set to 9V

e Compare the calculated values of I, with those you measured for each circuit.
Again, why might you expect the experimental value to be different to the theoretical one?

For your records:

e As with voltage dividers, there is a straightforward way to view these results:

e The current from the power supply is shared between the resistors,
so that I =5L1+D
e The bigger the resistor, the smaller its share of the current.

¢ In the first and second circuits, R1 =R, = 10kQ so I1=I,= 1/ 2.

¢ In the third circuit, R,=10xR4, and so I; =10 x I,.

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 8

Using Kirchhoff’s Laws

¢ Kirchhoff’s Current Law - ‘What flows in must flow out’

The algebraic sum of all currents at any junction is zero.
In other words, |1 =1, + I3 13 "

« Kirchhoff’s Voltage Law -

Around any loop in the circuit, the algebraic sum of voltages is
zero. The expression ‘algebraic sum’ simply means that we
must take the direction of current flow into account.

There are three loops in the circuit you will investigate.
These are shown in different colours in the diagram.

Over to you:
e Connect a 1kQ, a 2.2k2 and a 10kQ resistor, as shown in the circuit diagram.
e Set the power supply to give a 9V output. L L0 —
R= 1kQ R 10kQ
¢ Remove the connecting link at P. — R_—
Connect a multimeter, on the 20mA DC range, to measure L R=2.2kQ "
the current at P, (the total current leaving the power supply,)
and record it in the table.

e Remove the multimeter and replace link P.
e Measure the current at Q and then R in the same way, and record the results in the table.

e Set up the multimeter to read DC voltages of about 10V, and use it to measure the voltages
across the three resistors. Record them in the table.

Measurement Value
Current at point P in mA

Current at point Q in mA

Current at point R in mA

Voltage across R

Voltage across R;

Voltage across Rj

e Next, we are going to analyse these results using Kirchhoff’'s Current and Voltage Laws.

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 8

Using Kirchhoff’s Laws

locktronics’

So what?
« Kirchhoff's current law gives us the relationship: e -
= 1
lh=1l+1;3 R 1k | Ry= 10k
« Now apply Kirchhoff’s voltage law to each of the three loops. s 3 v
e The greenloop: 9=V;+V, equation 1 gl R
The orange loop: 9=V +V; equation 2 ’

The blue loop: 0=V,+V;

« Ohm’s law gives us the relationships:
Vi=1xRy=(l2 +13) X Ry
Vo=1, xRy
V3 =13 xR3
« Inserting the values of the resistors (in kQ2) gives:
Vi=(+13)x1=(+15)

Vo=1,x10
V3=13x2.2
e Using these, equation 1 becomes 9= (Il +13) + (10 x I,)
or 9=111Lb + 13
which means that [3=9-11l,
and equation 2 becomes 9= (I, + I3) + (2.2 x I3)
or 9=1,+3.2l5
Inserting the value of I3 gives 9=1,+3.2(9-111)
so (352-1)I,=28.8-9
which gives I, = 0.58 mA
Substituting this in earlier equations 135=9-111,=9-11x0.58 = 2.63 mA
andso 141=0.58 +2.63 =3.21 mA

In turn, these values give

Vi=321x1=32V
V,=0.58x10=58V
V3=2.63 x2.2=5.8V (not surprisingly!)

o Check your measured values against these results!

For your records:

« Kirchhoff’'s Current Law - ‘What flows in must flow out’
The algebraic sum of all currents at any junction is zero.

« Kirchhoff’s Voltage Law -

Around any loop in the circuit, the algebraic sum of voltages is zero.

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 9 locktronics

Superposition

In this worksheet you are going to examine the effect of each power source separately. Then,
the voltages and currents caused by the separate power supplies are “superimposed” to find
the actual voltages and currents, in the circuit containing the multiple power sources.

In practice, all these values would be calculated, but this investigation takes actual
measurements to check that the approach works.

Over to you:
Build the circuit shown opposite, but do not switch on any power supplies yet!
In three separate stages, measure currents and voltages:
1. using only the 9V power supply;
2. using only the 6V power supply;
3. using both power supplies.
Step 1: Use only the 9V power supply
Replace the 6V power supply carrier with a connecting link.
Switch on the 9V power supply.
Use a multimeter, on the 2mA DC range, to measure the current at A, then at B and then
at C, and record the values in the table. The directions of current flow have been added for you.
Use a multimeter, on the 10V DC range to measure the voltage across the power supply, and
then each resistor, and record the results in the table. The voltage directions (opposite to current
flow, as current flows from a high voltage to a low voltage,) have been added for you.
Step 2: Use only the 6V power supply
Replace the 9V power supply carrier with a connecting link.
Return the 6V power supply and carrier, and switch on.
Repeat the measurements and record them in the table.
Add arrows to show the directions of currents and voltages.
Step 3: Use both power supplies
Reconnect both power supplies, and switch them on.
Measure the currents and voltages once more, recording the results in the table.
Add arrows to show the directions of currents and voltages.

4 e S S
<

N/

Step | - 9V supply Step 2 - 6V supply  Step 3 - Both power

only supplies
Measurement Value Direction Value Direction  Value Direction
Currentat A= 1,
Currentat B =1,
Currentat C = |
Voltage across power supply, Vs Not needed

Voltage across 1kQ resistor, V,
Voltage across 2.2kQ) resistor, V,

Voltage across 5.6kQ resistor, V;

2V VA ErA

Voltage across |0kQ resistor, V|,



Worksheet 9

Superposition

So what?
For steps 1 and 2, Kirchhoff’s voltage rule applies, so using the symbols defined in the table
on the previous page, Vi+Vy+Vio=Vsg
and Vi+V,o+ V5 =Vs

Kirchhoff’s current rule still applies so I = Ig+ Ic
« For step 3, these rules also apply but we have to take direction into account.
The diagrams show the directions of current flow for the circuits used in the first two stages.

T
B Cc
Slﬁ’%l)cTJ Ve 014 R,
1uF 2700
Step 1 Step 2
Notice that the current flows the same way through the 10kQ resistor in both.
This means that when both power supplies are used:
e current at C = sum of separate currents due to the two power supplies
« Vvoltage across the 10kQ2 resistor = sum of separate voltages due to the two power supplies

w7c

In all other resistors, the current direction reverses between step 1 and step 2, so
current at A = difference between separate currents at A due to each power supply.
current at B = difference between separate currents at B due to each power supply.
V, = difference between separate V voltages due to each power supply.
V, = difference between separate V, voltages due to each power supply.
Vs = difference between separate V5 voltages due to each power supply.
The direction of the current or voltage is the direction of the bigger component from step 1 or 2.

For example, here are a set of typical results:
Step1: In=0.87TmA € Iz=1.16mA € V,=195V 2> V5=6.54V =
Step2: Ion=0.93mA =2 [z =0.59mA 2> V, =208V € Vs5=3.36V €
When both power supplies are used:
In=0.06mA € Iz =0.57TmA € V,=0.13V € V5=3.18V 2>

Look at the measurements you made. Check that the rules outlined above work for your results.

For your records:

To calculate the currents and voltages in a circuit that has more than one power source:

o replace all power sources but one with short-circuit links;

« calculate the currents and voltages caused by that remaining power source;

« do the same thing for each of the other power sources in turn;

« for each component, superimpose the currents and voltages from each separate power
source (meaning that you must take into account the direction - add them when they are in
the same direction - subtract smaller from bigger when they are in opposite directions.)

Copyright 2012 Matrix Technology Solutions Ltd
Pymo o Page 20



Worksheet 10 locktronics

Using Thevenin’s Theorem

Complex circuits, having large numbers of resistors and power sources, are difficult to analyse!

It may be possible to work out the combined resistance of parallel resistors, and then combine
that with the total of series resistors to arrive at the total resistance of the circuit. Then that
could be used to work out the total current leaving the power source. Further calculations could
work out how much current flows through each component, and what the voltage across it is.

In some cases, this procedure is not possible, because the resis-

tor connections are not straightforward. The classic example of |I--- }
this is the bridge network, shown in the diagram.

Thevenin’s theorem offers a quick way forward in both of these
cases. It states that any combination of voltage sources, current
sources and resistors is electrically equivalent to a single voltage
source in series with a single resistor.

Over to you:
Connect two 10kQ2 resistors and a 15kQ resistor, x
as shown in the circuit diagram. Set the power 10k 10k
supply to 6V. T 1 et
Set up the multimeter to read DC voltages of T I Quipat
about 10V, and use it to measure the output volt- 15kQ Vs
age Vour with nothing else connected to the out- T s
put. This is known as the open-circuit output volt-
age, Voc. Record it in the table.
Set the multimeter on the 10mA DC range, and
connect it to the output terminals. As ammeters ~ L0ad ~ Measurement Value
have zero resistance ideally, this short-circuits None Open-circuit output voltage
the output. The reading you get is called the short Vour
-circuit current, Isc. Record the value in the table. Short-circuit current I
Connect the following resistors across the output, Output voltage Vo1
i.e. in parallel with the 15kQ resistor, in turn: 10kQ Output current loyr
e a 10kQ resistor;
e a270Q resistor. 2700 Output voltage Vour
Each time, measure the output voltage, Vour, and Output current loyr

the output current ( the current at point A).
Record the results in the table.

Copyright 2012 Matrix Technology Solutions Ltd
Pyno o Page 21



Worksheet 10 locktronics

Using Thevenin’s Theorem

So what? 1
_ o o 10kQ 10kQ
Thevenin’s theorem says that the circuit you built, circuit A, 1 [
is electrically equivalent to circuit B. 6V T . lol ut Output
In other words, if both were enclosed in black boxes, with on- T B
ly the output sockets accessible, then no experiment you 19K2 Vour
could perform could tell the difference between them. 1 °
Circuit A
To see this, first you need to use the component values given Real T
in circuit A to calculate Voc and Rgq: Output
1. What is the combined resistance of Ry and Ry, i.e. two Vo
oc |

10kQ resistors, connected in parallel? T Vour

ANSWET ... o
2. This combined resistance and R, the 15kQ resistor, form a voltage di-  Circuit B

vider.
Calculate the output voltage, which is actually V¢, for this voltage divider.

. If the output terminals were short-circuited, (connected together), this would remove the

effect of the 15kQ resistor, leaving only the two 10kQ2 resistors to limit the output current.
Calculate that current, i.e. the short-circuit output current, Isc.

. The theorem says that you would get exactly the same values for Voc and Isc in circuit B.

If you short-circuit the output of circuit B, then the full voltage, Voc, from the voltage source

appears across the equivalent resistor, Rgq, and the current flowing through it would be Isc.
Ohm’s law then gives the value of Req as:

Rea = Voc/ Isc

Calculate the equivalent resistance Rgq. | 1 0
REQ T e inssrsssssrrsssssssaassssrsssarssErsssEassEansann T Outpu’t

. Write your values for Voc and Regq on the Thevenin - 777777777 ———
equivalent circuit, shown opposite. T o

. Use this circuit to calculate the output voltage, Vour, and output current, Ioyt, when the follow-

ing load resistors are connected across the output:
(a) 330kQ (b) 10k (c) 270Q Load

vOUT IC)UT

0kQ2
27002

Write your answers in the table.

. Check your measured values against these results!

Notice how much easier it was to calculate Voyt and Ioyr in step 6, using the equivalent
circuit, than using the procedure in steps 1 to 3. That’s the merit of Thevenin’s theorem!

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 11 locktronics

Maximum Power Transfer

There are two common situations in electrical systems. Often we
want one subsystem to pass on a voltage signal to a subsequent
subsystem. This is called voltage transfer. Occasionally, we want
to transfer electrical power from one subsystem to the next. This
happens at the end of an audio system, for example, where we
want the loudspeakers to receive as much power as possible
from the preceding driver subsystem.

The maximum power transfer theorem states that the maximum
amount of power will be transferred from one subsystem to the next when the input resistance
of the final subsystem is equal to the Thevenin equivalent resistance of the preceding one.

iStock_000010162335Small.jpg

Over to you:
Connect two 10kQ resistors and a 15kQ resistor, = r-| R,=
as shown in the circuit diagram. 10kQ 10kQ
Set the power supply to 6V. 6V : .I_,_O_IOUT —_——
R.=
L]1 5k IVOUT D s
$ O— — — —

w9a

This is the same circuit you investigated in worksheet 8. There, you found that the
Thevenin equivalent resistance of the circuit is 3.75kQ.

Connect the first resistor listed in the table as a load for this circuit.
Use a multimeter, set to read DC voltages of about 10V, to measure the output voltage Vour.

Then set it on the 2mA DC range, measure the output current loyr.
Record your measurements in the table.

Repeat this procedure for each of the resistors in turn.

If you have one, set a variable resistor to a resistance of 3.75kQ, (the equivalent resistance of
the circuit,) and use it as the load. As before, measure the current through it and voltage
across it.

Load Resistor Output Voltage Output Current

vOUT IOUT

kO
2.2kQ
5.6kQ
10kQ
22kO

3.75kQ2

Copyright 2012 Matrix Technology Solutions Ltd
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Worksheet 11

Maximum Power Transfer

So what?

o Power dissipated = current x voltage.
To dissipate a lot of power, both the current through the load and the voltage across
it must be big. Look at your table of results. The voltage across the load is big when
the load resistance is high. However, the current through the load is big when the
load resistance is small!

Load Resistor Power Transferred
« Use your measurements to calculate the = lour X Vour
power dissipated in the load, using kO
P =. lout X Vour for each value of load e
resistor .
Complete the table with your results. 5.6k
10k
e Plot a graph of your results, with ‘Load’ 279kO)
on the x-axis, and draw a smooth curve
through your plotted points. 3.75kO

A graph of a typical set of
results is shown here:

Loadinkiohm

For your records:

Maximum power is transferred when the current through the load and the voltage
across it are both big. However, the current is big when the load resistance is
small, and the voltage across the load is big when the load resistance is big.
These conflicting requirements lead to:

Maximum power transfer theorem:

The maximum amount of power will be transferred from one subsystem to the
next when the input resistance of the final subsystem is equal to the Thevenin
equivalent resistance of the preceding one.

Copyright 2012 Matrix Technology Solutions Ltd
Pyno o Page 24



locktronics’

Worksheet 12

Power in DC circuits

Electrical power is vital to the operation of many complex
systems. An aircraft, for example, would not be able to fly
without electricity.

The ability to generate and make efficient use of electrical
power is central in the modern world. As a result, you need a
sound grasp of electrical power and energy conversion.

woa

This worksheet provides a useful introduction to this topic.

Over to you:

e Set up each circuit in turn .
e For each bulb, measure:

¢ the current through it,

¢ the voltage across it.
(First, decide where to connect the ammeter and voltmeter!)

seq i 12VT (X) 12VT (X) (X) o
C1 —— —— wad

A few relationships that you need to know:

A reminder:
Electric current is a measure of how many electrons are passing per second.
Voltage is a measure of the energy the electrons gain or lose on passing through a component.

Fact 1: Number of coulombs Q = Current | x time t
(Common sense - current measures how many electrons pass per second, so to find out how many have
passed in 10 seconds, for example, you simply multiply the current by 10!)

Fact2: One volt means one joule of energy given to or lost by one coulomb of charge.
(A 12V battery gives each coulomb of charge that passes through it 12J of energy. If the voltage dropped
across a resistor is 2V, every coulomb that passes through it loses 2J of energy (i.e. converts 2J to heat
energy. It's the electrons struggling to squeeze past the atoms in the resistor - it makes them hot!)

Fact 3: Power is the rate at which energy is converted.

(So - a power rating of one watt means that one joule of energy is converted from one form to another
every second. The old style of domestic light bulbs had power ratings of about 60W. Newer energy-
saving types have a rating of 15W for the same brightness, because they waste less electrical energy as
heat!)
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Worksheet 12 locktronics

Power in DC circuits

So what?
Formula juggling - ignore all but the result if you wish:
P=E/t fromfact3 and E=QxV fromfact2 so P=QxV/t

but Q=Ixt fromfact1 SO P=IxtxV/t
or, cancelling out the ‘t’ Result P=IxV
The cast:

P = power in watts  E = energy converted in joules Q = charge in coulombs
| = currentin amps V = voltage dropped in volts! t =time energy conversion took in seconds

e Use your results to answer the following:

e Calculate:
e the power dissipated in each bulb (using the formula P =1 x V)
e how long it takes each bulb to take 1J of energy from the electrons;
¢ how much energy (in joules) the power supply is losing each second.

e Each of the three circuits that you investigated transferred energy at different rates.
The amount of energy transferred depends not only on the number of lamps but also on
the way they are connected. Think about the energy dissipated in each of the three
circuits. Which circuit transfers the least energy and which the most in a given time?
Explain to your colleague why this is.

e Which battery will ‘go flat’ first?
Explain your answer in terms of the amount of energy converted.

For your records:
e Power is the rate at which energy is being used.

e When a component has a voltage V across it, and a current | flowing through it, it is
converting energy from one form to another at a rate given by the power formula
P=1xV.

Questions:

1. A DC power unit supplies 28V to two parallel loads, each rated at 288W, for 10 minutes.
What current is supplied to each load?
What energy is supplied by the power unit in that 10 minutes?

2. The battery in an emergency radio beacon can supply 480kJ of energy. The battery is rated at
12V 1A. For how many hours will the beacon operate?

Answers are provided on page 70.
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Worksheet 13

Electrostatics and capacitors

Static electricity can be produced by friction (for example,
rubbing a balloon on a woollen sweater).

Bodies charged by this method have either positive or
negative polarity, depending on whether a deficit or excess
of charge-carrying electrons is present.

Bodies can remain in this state for some time. Stray static
charge like this cause electrical noise and interference to
avionic and communications equipment . Special ! :
measures, such as static discharging wicks - are used to avoid the build-up of charge on
aircraft.

Capacitors, extremely useful electrical components, provide us with a means of accumulating
and storing electric charge. A simple capacitor consists of two metal plates separated by an
insulating dielectric, such as polyester film. The charge present is the product of the
capacitance of the capacitor (in Farad) and the applied voltage (in Volt). In other words Q = C x
V coulomb.

Over to you (optional investigation):

e Make your own capacitor with a square of thin card between two
square aluminium plates. Keep it clamped together by placing it
between heavy glass plates with a heavy object on top.

e Measure the capacitance of your capacitor using a digital
multimeter switched to the 2nF range.

¢ Increase the separation of the plates by adding extra pieces of
card (up to six).
e Each time, measure and record the capacitance.

Thickness of card 1 2 3 4 5 6
CinnF

¢ Next change the amount by which the plates overlap (whilst keeping the plates parallel). Mark
lines on the capacitor at 75%, 50%, 37.5%, 25% and 12.5% of the surface and for each
overlap, measure and record the capacitance in the table.

Area of over- 100% 235:/4 50% ?;:Ig’ 25% 12.5%

lap (A) ) (A2) ) (A/4)  (A/8)

CinnF
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Worksheet 13

Electrostatics and capacitors

So what?

Use your results to:

¢ Plot a graph showing how the capacitance changes with plate separation.

¢ Plot a graph showing how capacitance changes with the overlapping area of the plates.

e What conclusions can you draw from the first graph?

e What conclusions can you draw from the second graph?

For your records:

¢ Increasing the separation of the plates reduces the capacitance.
More precisely, capacitance is inversely proportional to the plate separation.

¢ Increasing the overlap of the plates increases the capacitance.
More precisely, capacitance is directly proportional to the plate area.

e Combining these results we can arrive at the important relationship:

C o« A_ ké _ &8 A
where: d d d
C = capacitance;
A = plate area;
d = plate separation;
Eo = permittivity of free space;

E. = relative permittivity of the dielectric material (insulator).

Copyright 2012 Matrix Technology Solutions Ltd
Pymo o Page 28



Worksheet 14

Capacitor charge and discharge

Capacitors provide a means of storing electric charge, acting as a
reservoir for electrical energy. Charge can be transferred to a capacitor
by connecting it to a power supply or a battery.

When the capacitor discharges, the stored energy is released, usually
as heat. Later, the capacitor can be recharged. The stored energy is
then replenished.

wila

In this worksheet, you investigate capacitor charge and discharge.

Over to you:
Charging a capacitor:

e Build the circuit shown opposite, using values R = 10kQ and C = 1,000uF.

e Make sure that the DC power supply is set to 9V. L= ' ",
e Use a multimeter, on the 20V DC scale to measure the voltage = —— + s Q
. 9V C == S I"
across the capacitor. —— [o}
e Press and hold down switch S to discharge the capacitor fully.

e Release S so that the capacitor begins to charge, and measure and record the capacitor
voltage every 10 seconds.

e Repeat this process using values of C = 2,200uF and R = 10kQ , and then C = 1,000uF with
R = 22kQ. You now have three sets of readings, set out in three tables like the one below:

R= kQ,C= uF
Timeins 0 10 20 30 40 &0 60 70 80 90 100 110 120
Capacitor voltage in V

Discharging a capacitor:

¢ Build the circuit shown opposite, with R = 10kQ and C = 1,000uF.

e Again, make sure that the power supply is set to 9V DC and that the multimeter is on the 20V
DC range. -0

¢ Press and hold down switch S to charge the capacitor fully. -
The charge will build up rapidly as there is no resistance to v T C E— R (v) wite
limit the charging current.

¢ Release S so that the capacitor begins to discharge and
record the voltage every 10 seconds in a table like the one above.

e Repeat the same process for values of C = 2,200uF and R = 10kQ , and then C = 1,000uF
with R = 22kQ. You should once again have three sets of readings set out in three tables.
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Worksheet 14

Capacitor charge and discharge

So what?

e Use your results to:
¢ plot three graphs showing how the capacitors charge, when connected to series
resistors, (over the period from 0 to 120s.)

e plot three graphs showing the discharge of capacitors through ‘shunt’ resistors, (again
over the period from 0 to 120s.)

e The diagrams show typical shapes for these graphs. Guided by your experimental points,
draw smooth curves for each graph.

o Voltage Voltage
il Charging a capacitor ' Discharging a capacitor

ﬂme Time witd

e Take a close look at your graphs. Does the capacitor ever completely charge or discharge?

e What effect do the values chosen for C and R have on the rate at which the capacitor charges
or discharges?

e For each charging graph, find the time it takes for the capacitor voltage to reach 63% of its
final value. Compare this with the corresponding time constant (= R x C, where R is in MQ
and Cin uF.)

e For each discharging graph, find the time it takes for the capacitor voltage to fall to 37% of its
initial value. Once again, compare this time value with the corresponding time constant).

e The charge and discharge curves show exponential growth and exponential decay
respectively. Find out as much as you can about the exponential constant, e.

For your records:

¢ A capacitor charges faster initially, as a larger charging current flows, and then the rate of
charging slows down. The shape of the charging curve is an example of exponential growth.

e When a capacitor discharges, the voltage across it falls rapidly to begin with, and then falls
more slowly. This is an example of exponential decay.

e The rate of change of voltage for both charge and discharge is governed by the time constant
for the R-C network. The time constant T is calculated using the formula:
T=RxC
and it has units of seconds if RisinQand Cin F,
orif Ris in MQ when C is in uF.
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Worksheet 15

Electromagnetism

Many electrical components, such as the generator shown here,
are based on the application of electromagnetism.

To generate an emf, you need a magnetic field, a wire conductor
and some relative movement as you will see from this
investigation.

Over to you:

e Set up the arrangement shown in the diagram.

¢ The amount of electricity generated will be tiny. We can observe it using:

e the Locktronics milli-ammeter mod-
ule, ( though this may not give good re-
sults)

e a multimeter, connected to points X
andY;

¢ an oscilloscope, connected to points
Xand Y. (as shown)

¢ [f using the multimeter, set it to its most
sensitive DC current scale, you may need
several attempts to see convincing re-
sults.

¢ For the oscilloscope, suitable settings are given at the bottom of the page.
¢ Move the magnet into the coil as fast as you can and watch what happens to the output.
¢ Next reverse the direction of motion, and pull the magnet out, watching what happens.

¢ 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
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Worksheet 15 locktronics

Electromagnetism

So what?

From the results, the generated current and voltage have:
¢ a magnitude that depends on the speed of movement;
e a polarity that depends on the direction of motion.

hmumﬂﬂmﬂuunhwwww*

Typical results for the oscilloscope are shown here. Inserting
the magnet generates a pulse of current in one direction, and

withdrawing it produces a pulse of opposite polarity. (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 and a current if there is an
electrical circuit.

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 .

Use your right-hand to produce the gesture shown in the picture. Fore
finger, 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
Motion, the Centre finger points in the direction of the resulting Cur-
rent. 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:
Use the results of the investigation to answer the following questions:
e What factors determine the emf generated?

e How can you predict the polarity of the emf generated?
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Worksheet 16

Inductors and inductance

A current flowing in a conductor creates a magnetic field in the space around
it. This can be intensified by winding the conductor into a coil and then
inserting a core of a material such as iron, steel or ferrite, a ceramic material
containing iron oxide.

When a changing current passes through an inductor, an induced emf
appears across its terminals. This opposes the change that created it, which
explains why larger inductors are often referred to as chokes.

Inductors are used in many applications, from filters to fluorescent lighting and ignition units.

Over to you:
¢ Build the circuit shown.

The push-to-make switch, S is connected in series with R, a current-limiting resistor. The
inductor, L is the primary of the 2:1 transformer.

e Set the power supply to 12V DC.

e Connect an oscilloscope to display the voltage drop across the inductor. Make sure the leads
are connected with the polarity shown on the diagram. Typical settings for the oscilloscope
are given in the next section.

¢ Switch on the DC power supply and then press, and hold the switch closed so that current
flows through the inductor.

o Keep the switch closed for a few seconds then release it and observe the result on the
oscilloscope . You should see a sudden, very large negative voltage spike.

¢ You may have to repeat this step several times to obtain a satisfactory display

Typical oscilloscope settings:

Timebase 1 ms/div (X multiplier x1)

Voltage range  Input A +20 V DC (Y multiplier x1) Input B Off
Trigger mode Normal Trigger channel Ch.A
Trigger direction Falling Trigger threshold 1000 mV
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Worksheet 16

Inductors and inductance

So what?

The trace shows a typical display v
produced when the switch is 16
released. .

It shows the large negative spike : wige
generated as the magnetic field 8 //(
in the inductor suddenly i /

collapses, when the current is
interrupted.

Here’s the physics:

¢ When the switch is closed, a steady current flows in the inductor and produces a steady
magnetic field in its core.

e When the current is interrupted by opening the switch, the magnetic field collapses rapidly
because there’s nothing to maintain it.

¢ When the field collapses through the turns of the inductor coil, a voltage is generated
across the terminals of the inductor. This can be many times greater than the supply
voltage.

e The induced voltage is negative. In other words it opposes the original direction of current
flow, and as a result it is called a back emf.

e A large back emf. can cause considerable damage such as arcing at switch or relay
contacts and destruction of low-voltage electronic components.

For your records:

Back emf:
e appears whenever current is suddenly removed from an inductor.

e opposes the original current flow.

e can be very large and many times greater than the supply voltage.

e We often take precautions to limit the back emf generated when an inductive component
(such as a relay coil) is switched on and off.

Later, you see that this can be achieved easily using a diode, connected with reverse bias, in
parallel with the inductive component.

Copyright 2012 Matrix Technology Solutions Ltd
Pymo o Page 34



Worksheet 17 locktronics

AC measurements

The ability to make accurate measurements of alternating current
and voltage is an important skill. In reality, AC measurements are
not quite so easy to make as DC.

wida

First of all, here’s a brief introduction to some of the quantities and
terminology that you will need to get to grips with:

AC voltage and current
When measuring alternating voltage and Voltage (V)
current, we usually use root-mean-square
(RMS) values. These are the effective value
of an alternating current. They are the DC
equivalents that would produce the same
heating effect if applied to a resistor.

+Voi

Time  wiap
(ms)

It is sometimes useful to use the peak or
peak-to-peak value of an AC waveform as
they are easy to measure using an
oscilloscope (see the picture).

Frequency

The frequency of a repetitive waveform is the number of cycles of the waveform which occur in
one second. Frequency is expressed in hertz, (Hz), and a frequency of 1Hz is equivalent to one
cycle per second. Hence, a signal frequency of 400Hz means that 400 cycles of it occur every
second.

Periodic time
The periodic time (or period) of a signal is the time taken for one complete cycle of the wave.
The relationship between periodic time, t, (in s) and frequency, f, (in Hz) is:
T=1/for f=1/T
For example, the periodic time of a 400Hz AC signal is 2.5ms.

Waveforms

Waveforms show us how voltage or current signals vary with time. Common types of waveform
include sine (or sinusoidal), square, triangle, ramp (which may be either positive or negative
going), and pulse. In this module we are concerned only with the most basic of waveforms, the
sine wave.

Waveforms are viewed and measured using an
oscilloscope, either a conventional type like the
one shown in the picture or a virtual instrument
(like Picoscope).

Copyright 2012 Matrix Technology Solutions Ltd
Pymo o Page 35



Worksheet 17

AC measurements

Over to you:

Connect an oscilloscope to display the output of an audio frequency signal generator. (Typical
oscilloscope settings are given at the bottom of the page.)

Adjust the signal generator to produce a sine wave output at 100Hz. and set the amplitude of
the signal so that the display on the oscilloscope is exactly 2V peak-peak.

Sketch the oscilloscope display on the graph paper and make Frequency Periodic

sure that you label the voltage and time axes. (Hz) time (ms)
Use the X-axis time scale on the oscilloscope to measure 100
accurately the time for one complete cycle (i.e. the periodic 200

time). Show this in the table. 400

Set the signal generator to 200Hz, 400Hz, 600Hz, 800Hz and ¢4
finally 1,000Hz and at each frequency measure and record the

period time in the table. 800

1000
Use the data in the table to plot a graph of periodic time

against frequency.
Use this to verify the relationship f = 1/T.

For your records:

e Write a short description of the following AC terms:

e amplitude;
e frequency;
e period.

e The rms (root-mean-square) value of a sinusoidal AC signal gives the equivalent DC volt-

age which has the same effect. To replace an AC power source, which has a rms voltage of
12V, you could use a 12V DC source instead.

e The rms and peak values of a sinusoidal AC signal are related by the relationship:

Peak value = rms value x V-2

Typical oscilloscope settings:
Timebase - 1ms/div (X multiplier x1)

Voltage range - Input A - £5V DC (Y multiplier x1) Input B - Off
Trigger Mode - Auto Trigger Channel - Ch.A
Trigger Direction - Rising Trigger Threshold - 10mV
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Worksheet 18

AC and inductors

releases energy, which tries to maintain the current.

Inductors behave rather like flywheels on a rotating shaft. Their angular momentum tries to
keep the shaft rotating at the same speed. When the shaft starts to slow down, the energy
stored in the flywheel tries to keep it going. When the shaft tries to speed up, the flywheel
requires energy to speed it up, and so the flywheel seems to resist the change.

| Resistors oppose electric currents. Inductors oppose changes to electric

| currents, but the mechanism is different. An electric current flowing in the

.= inductor, sets up a magnetic field. Increasing the current increases the

i magnetic field, and that takes energy from the current, opposing the
increase. Reducing the current reduces the magnetic field, and that

Over to you:
A
Connect a 47mH inductor in series with a signal generator, as
shown in the circuit diagram. Signal n, L v
generator 47TmH "

Use enough connecting links so that the current can be
measured at point A. The photograph shows one way to do this.

Set the signal generator to the maximum output (5V,) AC voltage
at a frequency of 50Hz.

Remove the connecting link at A, and connect a multimeter, set to
read up to 20mA AC, in its place.

In the table, record the current flowing at point A. wiso
Remove the multimeter and replace link A.

Set up the multimeter to read AC voltages of up to 20V and
connect it in parallel with the inductor.

Record the voltage in the table.

Now change the signal generator frequency to 100Hz and repeat
the measurements. Record them in the table.

Do the same for frequencies of 500Hz and 1kHz (1,000Hz). Again, record the measurements
in the table.

Frequency ICurrent xoltage

50 Hz
100 Hz
500 Hz
1 kHz
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Worksheet 18 locktronics

AC and inductors

So what?

Resistors behave in a linear way. From Ohm’s Law we know that if you double the current
through the resistor, you double the voltage dropped across it, and so on. The ratio of voltage
to current is called resistance.

Inductors are more complicated. If you double the rate of change of current through the
inductor, you double the voltage dropped across it, and so on. The ratio of voltage to rate of
change of current is called inductance.

The higher the frequency of the AC, the faster the current changes, and so the greater the
voltage drop across the inductor. In other words, the voltage dropped depends on the
frequency of the AC supply. This is not the case with pure resistors, where frequency has no
effect.

We describe this behaviour in terms of the (inductive) reactance, X, defined, in the same
way as resistance, as X, =V / I. As a result, the units of reactance are ohms.

The inductive reactance measures the opposition of the inductor to changing current. The
higher the frequency .f, the greater the change in current. In fact, the formula for inductive

reactanceis: Xy =2rfL

Using your measurements, calculate the X, from the formula: X =V/I
and compare that with the value calculated using X =2 n fL where L = 47mH.

Carry out these calculations and complete the following table with your results:
Inductive reac-

Frequency tance
XL=VI/lI

Inductive reac-
tance

50Hz
100Hz
500Hz
1kHz

For your records:

The opposition of an inductor to changing currents is called inductive reactance, X, given by
the formula: X, = 2 1 f L where f is the AC frequency, and L is the inductance of the inductor.

It can also be obtained from the formula X_ =V /|, where V and | are rms voltage and current
respectively.

Inductance is measured in a unit called the Henry, (H) and reactance in ohms.

Complete the following:
When the AC frequency is doubled, the inductive reactance is ............... .
When the AC frequency is halved, the inductive reactance is ............... .
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Worksheet 19

AC and capacitors

locktronics’

An electric current sets up a magnetic field inside an inductor. This then

‘ e oppose changes to electric currents. An electric current sets up an
electric field across the plates of a capacitor. This opposes changes to
the voltage applied to the capacitor.

Before the voltage can increase, electrons must flow onto the plates of the
capacitor, increasing the electric field. This requires energy.

When the voltage starts to decrease, electrons flow off the plates, reducing the electric field.
These electrons try to maintain the voltage across the capacitor’s plates.

Capacitors behave rather like buckets in a water circuit. They must fill up before any water
flows anywhere else in the circuit. When the flow of water starts to fall, excess water flows from
the bucket, trying to maintain the flow.

Over to you:

Connect a 1uF capacitor in series with the signal generator, as A
shown in the circuit diagram.

||
I
O

Signal
Use enough connecting links so that the current can be measured gengratér}l

at point A. |

Set the signal generator to the maximum output (5V,) AC voltage
at a frequency of 50Hz.

Remove the connecting link at A, and connect a multimeter, set to
read up to 20mA AC, in its place.

Record the current flowing at point A in the table.
Remove the multimeter and replace link A.

Set up the multimeter to read AC voltages of up to 20V and con-
nect it in parallel with the capacitor.

Record the voltage in the table.

Now change the signal generator frequency to 100Hz and repeat
the measurements. Record them in the table.

Do the same for frequencies of 500Hz and 1kHz (1,000Hz). Again, record the measurements
in the table.

Frequency ICurrent xoltage

50 Hz
100 Hz
500 Hz
1 kHz
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Worksheet 19 locktronics

AC and capacitors

So what?

For resistors, double the current through the resistor and you double the voltage dropped
across it, and so on. For inductors, double the rate of change of current through the inductor
and you double the voltage dropped across it, and so on.

Capacitors oppose changing voltage. The faster the rate of change of voltage, the greater the
current needed to charge or discharge the capacitor. The higher the frequency of the AC, the
faster the voltage changes, and so the greater the current flowing in the circuit.

In other words, the current depends on the frequency of the AC supply.

We describe this behaviour in terms of the capacitive reactance, X¢, defined, in the same
way as resistance, as X¢ =V / I. As before, the units of reactance are ohms.
Capacitive reactance measures the opposition of the capacitor to changing current. The
formula for capacitive reactance is: Xc=1/(2 = fC)
Capacitors are mirror images of inductors. As the frequency of the AC supply increases, an
inductor offers more opposition, (inductive reactance increases, and current decreases)
whereas a capacitor offers less opposition, (capacitive reactance decreases and current
increases).
Using your measurements, calculate the X¢, using both :

Xc=V/I and Xc=1/(2nfC) where C = 1uF
Carry out those calculations and complete the following table with your results:

Capacitive reactance

Xc=V/I Capacitive reactance

Frequency

50Hz
100Hz
500Hz
1kHz

For your records:

The opposition of a capacitor to changing voltage is called capacitive reactance, Xc, given by:
Xc=11/(2 = fC)where fis the frequency of the AC signal, and C is the capacitance.

It can also be obtained from the formula Xc =V /I, where V and I are rms voltage and
current respectively.

Capacitance is measured in farads (F), though, in practice, this unit is too large. Most capaci-
tors have values given in microfarads (uF).

Complete the following:

When the AC frequency is doubled, the capacitive reactance is ...............
When the AC frequency is halved, the capacitive reactance is ...............
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Worksheet 20

L-R series circuit

When an inductor and a resistor are connected in series, the pair act as a

voltage divider, but with an important difference - the way they share an AC voltage
changes with frequency. The circuit is known as a series L-R circuit.

As it is a series circuit, the same current flows everywhere.

The opposition to the current comes in two forms, the resistance of the resistor,
which is independent of frequency, and the reactance of the inductor, which
increases as the frequency increases. Together, these combine to make what is
known as the impedance of the circuit.

Over to you:

e Connect a 270Q resistor, and a 47mH inductor in series with A
the signal generator, as shown in the circuit diagram. i R

« Use enough connecting links so that the current can be Signal v |y 2700 n
measured at point A. generatorr}/ S L

e Set the signal generator to to the maximum output (5Vy,) AC 47mH || IVL
voltage at a frequency of 100Hz. M

Remove the link at A, and connect a multimeter, set to read up to 20mA AC, in its place.
Record the current flowing at point A in the table.
Remove the multimeter and replace link A.

Set up the multimeter to read AC voltages of up to 20V. Connect it to measure the signal gen-
erator voltage, Vs, applied across the two components, and record it in the table.

Measure the voltage V|, across the inductor, and then the voltage Vg, across the resistor.
Record these voltages in the table.

Next, set the signal generator to a frequency of 1kHz. and repeat the measurements.

Record them in the table.

AC frequency =
1kHz

Measurement AC frequency = 100Hz
Current at point A in mA

Supply voltage Vs

Voltage Vg across 270Q) resistor

Voltage V| across 47mH induc-
tor
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L-R series circuit

So what?

Theory allows us to calculate the quantities that you just measured. You can then compare the
two results.

e The two effects limiting the current are:

¢ the resistance of the resistor, R = 270Q;
¢ the reactance X of the inductor.
e Atthe first frequency, 100Hz: X, =2z fL=2n(100)x (47 x 10°) = 29.5Q
The voltage across the resistor is in phase with the current through it. The voltage across the
inductor is 90° ahead of the current . As a result, we cannot simply add together resistance
and reactance. Instead, we combine them using the impedance formula which takes phase
into account: Z = (R? + (X, - Xc)?)”
In this case, there is no capacitive reactance, and so:
Z = (R?+ X_ %)% = ((270)? + (29.5)%)% = 271.61Q
We can use this to calculate current, using the formula:
I =Vs/Z where Vs = AC signal generator voltage

e Use your measured value of Vs to calculate I.

e Use this in the formula Vg = I x R to calculate the voltage Vg across the resistor.

e Use it again in the formula V| = I x X to calculate the voltage, V|, across the inductor.

Check these results against your measured values.

At the second frequency, 1kHz:
¢ the share of the AC voltage changes - the higher frequency increases the reactance of
the inductor to 10 times its earlier value, so X, = 295.3 Q, and the inductor takes a much
bigger share of the AC voltage;
¢ the output impedance of the signal generator may change;
Repeat the calculations at 1kHz, and check your results against the measured values.

For your records:

When the rms value of supply voltage is used, all currents and voltages will be rms.
At frequency f, the reactance of the inductoris: XL =2 rn fL.

The impedance of a L-R circuitis: Z = (R* + X_ ?)”*

The rms current is given by: I =Vg/Z where Vg = AC supply rms voltage.

The resulting rms voltage across the resistor: VR = I xR

The resulting rms voltage across the inductor: VL =1 x XL
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Worksheet 21

C-R series circuit

An inductor and a resistor, connected in series, act as a voltage divider, which
depends on AC frequency. For the inductor, reactance increases as the
frequency increases.

wi8a
A similar effect is seen when a capacitor and resistor are connected in series,
but with an important difference - the reactance of the capacitor decreases as
the frequency increases.

As before, since it is a series circuit, the same current flows in all parts of the circuit.

Over to you:
e Connect a 270Q resistor, and a 1uF capacitor in series with - 4
the signal generator, as shown in the circuit diagram. R Vs
2700
¢ Use enough connecting links so that the current can be Signal,{l V. Y e
measured at point A, generatorg c
1uF—— |Ve
o Set the signal generator to the maximum output (5V,,) AC !

voltage with a frequency of 100Hz.

e Remove the connecting link at A, and connect a multimeter, set to read up to 20mA AC, in its
place. Record the current flowing at point A in the table.

e Remove the multimeter and replace link A.

e Set up the multimeter to read AC voltages of up to 20V. Connect it to measure the signal gen-
erator output voltage, Vs, applied across the two components, and record it in the table.

e Measure the voltage V., across the capacitor, and then the voltage Vs, across the resistor.

Record these voltages in the table.

o Next, set the signal generator to a frequency of 1kHz., repeat the measurements and record
them in the table.

Measurement AC frequency = 100Hz AC frequency = 1kHz

Current at point A in mA
Voltage Vg across R

Voltage V¢ across C
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Worksheet 21

C-R series circuit

So what?

Once again, theory allows us to calculate the quantities that you just measured, and then you
can then compare the results.

e The two effects limiting the current are:
¢ the resistance of the resistor, R = 270Q;
¢ the reactance X of the capacitor:
e At the first frequency, 100Hz: Xc=1/(2nfC)=1/(2 = (100)x (1 x 10°) = 1591.5Q

e Voltage and current are in phase in the resistor. There is a phase lag of 90° between voltage
and current in the capacitor. Again, the formula for impedance, Z, takes this phase shift into
account. In this case, there is no inductive reactance, and so:
using Z = (R*+ (XL-Xc)?)* = (R® + Xc ?)*

= ((270)% + (1591.5)%)%= 1614.3Q
e We can use this value of impedance to calculate the current, using the formula:
I =Vs/Z where Vs = AC signal generator voltage
e Use your measured value of Vs to calculate I.

e Use this in the formula Vg = I x R to calculate the voltage Vg across the resistor.
e Use it again in the formula V. =1 x X¢ to calculate the voltage, V¢, across the capacitor.
e Check these results against your measured values.

e At the second frequency, 1kHz:

e again, the share of the AC voltage changes. The higher frequency reduces the reac-
tance of the capacitor to one-tenth its earlier value - i.e. 159.2 Q3. The capacitor takes a
much lower share of the AC voltage;

e the output impedance of the signal generator may change.

e Repeat the calculations at 1kHz, and check your results against the measured values.

For your records:
e At afrequency f, the reactance of a capacitoris: X.=1/(2=fC).

The impedance of a C-R circuitis:  Z = (R® + X¢ %)%

The rms current is given by: I =Vs/Z where Vs = AC supply rms voltage.

The resulting rms voltage across the resistoris Vg =IxR.

The resulting rms voltage across the capacitor V¢ =1 x Xc.
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Worksheet 22

L-C-R series circuit

behaves in an extraordinary way!

W At this point, AC circuits become very interesting!

In inductors, reactance increases with frequency. In capacitors
it decreases with frequency, and in resistors frequency has no
effect

A series LCR circuit has all three, though the resistance may
i be that of the inductor wire itself, rather than that of a discrete
resistor.

At one particular frequency, the resonant frequency, the circuit

Over to you:

A

e Connect a 47mH inductor and a 1uF capacitor in series, as i

shown in the circuit diagram. L
e Set the signal generator to the maximum output (5V,,) AC Signal 47mH " Ve

voltage at a frequency of 100Hz. generato/r\o-’ Vs A
e Remove the connecting link at A, and connect a multimeter, 1CF—— VA

set to read up to 20mA AC, in its place. e

v

Record the current flowing at point A in the table. == —/—7ma™m™—™ -

Remove the multimeter and replace the link.

Set up the multimeter to read AC voltages of up to 20V. Connect it to measure the signal
generator output voltage, Vs, and record it in the table.

Change the frequency to 200Hz, and repeat the measurements. Again record them in the
table.

Repeat the measurements for each of the frequencies listed and record them in the table.

Frequency in Sig. gen. output Current at Ain Impedance in k
Hz Vs mA Q

100
200
300
400
500
600
700
800
900
1000
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Worksheet 22

L-C-R series circuit

So what?

e Your results table may not make it obvious what is happening, partly because the output
impedance of the AC power supply will probably have an effect on output voltage. This will
become clearer when we look at the impedance of the circuit.

¢ Complete the table, by calculating the impedance, Z, at each frequency, using the formula:
Z= VS /1

¢ At low frequencies, the capacitor has a high reactance, and the inductor a low reactance.
¢ As the frequency rises, the capacitor’s reactance falls, but the inductor’s reactance increases.

¢ At one value of frequency, called the resonant frequency, the combined effect of the two is a
minimum.
At this frequency, the impedance of the circuit is a minimum.

¢ Plot a graph of impedance against frequency, and use it to estimate the resonant frequency.
A typical frequency response curve is shown below.

18

16

- P

14
12
ZinkQ 1
038
06 +
04

02

x100 Hz

For your records:

For a series LCR circuit, the impedance is a minimum at the resonant frequency, f..
This can be calculated from the formula f. = 1

27V({L xC)
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Inductor and Resistor in Parallel

When an inductor and a resistor are connected in parallel, the pair act as a current
divider, which shares the AC current in a way that changes with the frequency of
the AC supply.

Since the inductor and resistor are connected in parallel, they have the same
voltage across them, but take a current which depends on resistance / reactance.

Over to you: A
Connect a 270Q resistor and a 47mH inductor in B C
parallel with the AC supply, as shown. AC /{’J VA

suppl
Use enough connecting links so that the current can PPY o 47mL|_1| " 270%1
be measured at points A, B and C.

Set the AC power supply to output a frequency of o
100Hz.

Remove the connecting link at A, and connect a multimeter, set to read up to 20mA
AC, in its place. Record the current flowing at point A in the table. Remove the multi-
meter and replace link A.

Do the same for the currents flowing at points B and C.

Set up the multimeter to read AC voltages of up to 20V. Connect it to measure the AC
supply voltage, Vs, applied across the two components, and record it in the table.

Next, set the AC power supply to a frequency of 1kHz.

Repeat the measurements of currents and the voltage across the two components,
and record them in the table.

Measurement AC frequency = |100Hz AC frequency = |kHz
Current at point A in mA
Current at point B in mA
Current at point C in mA

Supply voltage V;
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Worksheet 23

Inductor and Resistor in Parallel

So what?

« As before, we are going to calculate the quantities you measured, so that you can
compare the two. Use your value of Vgto complete the calculations below.

At a frequency of 100Hz
« Resistance of resistor Ry = 2700,
and so the current through it, (at point C,) Ic=Vs/ R = .............. 1270 = ..o A
Reactance X, of inductor L is given by:
Xp=2nflL
=2 7 (100) x (47 x 107)
= 29.5Q
and so the current through it, (at point B,) Izg= Vs/ X, = ............ [129.5= ... A
e The current at A, I,, is found by combining these currents, but not by simply add-
ing them.
These currents are not in phase! The current, I, through the resistor is in phase
with Vs. The current, Ig, through the inductor lags behind Vg by 90°.
The currents can be combined using the formula: In?-Ig?. Ic?
or:  In-y(Ig?+ 19
« Use your rfesults To the calculations above to calculate a value for Ia.
o Check these results against your measured values.

At a frequency of 1kHz

« Notice how the share of the current changes. The reactance of the inductor is 10
times bigger (i.e. 295.3Q.) Thus, the inductor takes offers a much more difficult
route for the current and so passes a much smaller current.

e You need to measure the AC supply voltage across the resistor and inductor
again. The output impedance of the AC power supply itself will have an effect.

« Repeat the calculations at the new frequency, and check your results against the
measured values.

For your records:

For a parallel combination of a resistor and inductor,
the total current Is is given by:
132 — IL2 + IRz
where I, = current through inductor and Ir = current through resistor.
Using the AC version of Ohm’s Law:
I|_=V3/X|_ and IR=V3/R
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Capacitor and Resistor in Parallel

When a capacitor and a resistor are connected in parallel, they act as a current
divider, sharing the AC current in a way that changes with the frequency of the AC

supply.

However, in this case, when the supply frequency increases, the reactance of the
capacitor decreases, making it an easier route for the current to flow though.

Over to you: A
Connect a 270Q resistor and a 1uF capacitor in B c
parallel with the AC supply, as shown. AC °

suppl)g\f Vs
Use enough connecting links so that the current can 't 1C1F:: 270R1
be measured at points A, B and C. H >
Set the AC power supply to output a frequency of wa

100Hz.

Remove the connecting link at A, and connect a multimeter, set to read up to 20mA AC, in
its place. Record the current flowing at point A in the table. Remove the multimeter and
replace link A.

Do the same for the currents flowing at points B and C.

Set up the multimeter to read AC voltages of up to 20V. Connect it to measure the AC
supply voltage, Vs, applied across the two components, and record it in the table.

Next, set the AC power supply to a frequency of 1kHz.
Repeat the measurements of currents and the voltage across the two components, and
record them in the table.
Measurement AC frequency = |100Hz AC frequency = | kHz
Current at point A in mA
Current at point B in mA
Current at point C in mA

Supply voltage Vi
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Worksheet 24

Capacitor and Resistor in Parallel

So what?

« As before, we are going to calculate the quantities you measured, so that you can
compare the two. Use your value of Vgto complete the calculations below.

At a frequency of 100Hz
« Resistance of resistor Ry = 2700,
and so the current through it, (at point C,) Ic=Vs/ R = .............. 1270 = ..o A
« Reactance X¢ of capacitor C4 is given by:
Xc=1/2nfC
=27 (100) x (1 x 10®)
=1591.5Q
and so the current through it, (at point B,) Izg= Vs/ X¢ = .......... /18915 = ... A
« Again, these currents are not in phase. The current, I, through the resistor is in
phase with Vs. The current, Ig, through the capacitor leads Vs by 90°.
The current at A, I,, is found by combining these currents, using the formula:
I -Ig%. 1
or: In-y(Ig?+1c%)
« Use your results to the calculations abbve to calculate a value for I,.
e Check these results against your measured values.

At a frequency of 1kHz

« Once again. notice how the share of the current changes. The reactance of the
capacitor is 10 times smaller (i.e. 159.2Q.) Thus, the capacitor offers a much
easier path for the current and so passes a much bigger current.

o As usual, measure the AC supply voltage across the resistor and inductor again.
The output impedance of the AC power supply itself will have an effect.

« Repeat the calculations at the new frequency, and check your results against the
measured values.

For your records:
For a parallel combination of a resistor and capacitor,
the total current Is is given by:
132 — Icz + IR2
where I¢ = current through capacitor and Ig = current through resistor.
Using the AC version of Ohm’s Law:
IC=V3/XC and IR=V3/R
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Worksheet 25

Parallel LCR circuit

We return to the question of resonance again. In worksheet
5, you investigated a series circuit, which favoured one
particular frequency, known as the resonant frequency,
more than any other. Now you take a look at the behaviour
of a parallel circuit.

Remember - inductors have a reactance that increases with
frequency, capacitors have a reactance that decreases with
frequency and resistors don’t care about frequency.

Our parallel circuit has an inductor connected in parallel with a capacitor. In reality, the
resistance of the wire used to make the inductor, appears in series with the inductor. To
begin with, we assume that this is so small that we can ignore it. The procedure is the same
as that used for the series circuit - measure current and voltage over a range offrequencies,
and use these measurements to calculate the impedance of the circuit at that frequency.

Over to you: A
Connect a 47mH inductor and a 1uF capacitor in c 4 .
. o A
arallel, as sh th td : Y% 1 Ci—==
p s shown in the circuit diagram supplﬁf S 47mH §|| 1H1F__
Set the AC power supply to output a frequency
of 100Hz.

w8b

Remove the connecting link at A, and connect a multimeter, set to read up to 20mA
AC, in its place. Record the current flowing at point A in the table. Remove the multimeter
and

replace the link. Fre- AC supply Currentl
. quency voltageVg atAin
Set up the multimeter to read AC voltages of up to in Hz inV mA

20V. Connect it to measure the AC supply voltage,
Vs, applied across the two components, and record 100

it in the table. 200
Change the frequency to 200Hz, and repeat the 300
measurements. Again record them in the table. 400
Do the same for the other frequencies listed, and 500
complete the table. 600
700
800
900
1000
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Worksheet 25

Parallel LCR circuit

So what?

« As before, the results will look clearer when we calculate the impedance of the circuit at
the different frequencies.

Fre- AC supply Currentl Imped-
« Complete the table, by calculating quency voltageVg atAin ance Z in
the impedance, Z, at each frequency, in Hz inV mA kQ
using the formula: 100
Z= VS /1
200

« At low frequencies, the capacitor has 300
a high reactance, and the inductor a

400
low reactance, and so more current
flows through the inductor than 500
through the capacitor. 600

As the frequency rises, the capacitor's 700
reactance falls, but the inductor’s 800
reactance increases. Gradually, the 900
capacitor offers an easier path for the
current than does the inductor. The 1000
resonant frequency is where the
combined effect of the two, the circuit /N
impedance, is a maximum. /

« Plot a graph of impedance against E /
frequency, and use it to estimate the é
resonant frequency. A typical / \
frequency response curve is shown ™~
opposite.

FregenyinHxi0

For your records:

For a parallel LCR circuit, the impedance is a maximum at the resonant fre-
quency, fr.

At frequencies below fg, the inductor offers an easier route for the current. At
frequencies above fg, the capacitor offers an easier route.
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Worksheet 26

Q Factor and Bandwidth

What connects trombones, bridges and wine glasses with LCR
circuits? They all have a resonant frequency.

In trombones, air vibrates at the resonant frequency, producing a
musical note - usually desirable! Resonance can have undesirable
effects too. Everyone has heard the story of the opera singer singing
so loud that she shatters a wine glass. Bridges can also resonate. In
November 1940, the bridge over Tacoma Narrows, near Seattle, USA,
collapsed when the aerodynamic effects of the wind blowing over it
made it vibrate at its resonant frequency. The replacement was made
more rigid - given more resistance to vibration!

Well - LCR circuits behave in the same way when you add some resistance! It suppresses the
vibration, making it less likely to build up.

Over to you:
Connect a 47mH inductor and a 1uF capacitor in series with the 1
AC supply. This is the circuit you used in worksheet 5, though the L4 3"
procedure will be slightly different! AC Ny, AFmH

I b s g
Set the AC supply to output a frequency of 100Hz. SUPPY o c,

- v

Connect a multimeter to measure the AC voltage, Vs, and 1uF ¢
record it in the table. Then measure, and record, the voltage, V¢ v

w9b

across the capacitor.

Change the frequency to 200Hz, repeat the measurements and record them.
Do the same for the other frequencies listed, and complete the table.

Next, connect a 100Q resistor in series with the inductor and capacitor, and repeat the meas-
urements. Finally, swap the 100Q resistor for a 180Q resistor and repeat the measurements.

No series resistor 100Q2 series resistor 180 series resistor
Frequencyin '\ v VeinV  VeinV VeinV  ViinV VeinV
100
200
300
400
500
600
700
800
900

1000
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Worksheet 26

Q Factor and Bandwidth

So what?

o The ‘Q’ in Q factor stands for ‘Quality’. There are several ways to view the Q factor of a
resonant circuit.
« The higher the quality, the longer it takes for the oscillations to die out.
« The Q factor is a measure of the sharpness of the peak of the frequency response curve.
« ltis the ratio of energy stored, to the energy lost per cycle of the AC.
« The higher the quality, the greater the voltage amplification of a resonant circuit.

« We will use this final version.

At resonance, the voltage across the inductor, Vi, is equal to  Frequen- 0 100Q2 180Q2
the voltage across the capacitor, Vc. cy Vel Vel Vel
The voltage amplification refers to the ratio of the voltage in Hz V Vi V

across the capacitor (or inductor, as it is equal,) to the supply 100

voltage, Vs at resonance.
200

300

« Complete the table by calculating the ratio (V¢ / Vs) for each 400
frequency and for each value of series resistor used. The

In other words: Q factor =V / Vs

first row shows the value of the series resistor added to the °00
resistance of the inductor, i.e. the resistance of the long 600
length of wire used to wind the coil inside it. 700
« Plot three graphs to show the frequency responses of your 800
three circuits, 900
(with no added resistance, with 100Q2 added in series and 1000
with 180Q added in series.)
The results should resemble those shown
opposite.
e Use your graph to estimate the Q factor of P
the L-C circuit. ; 4 b \\
a L \
» Notice the effect on the shape of the N\
resonance curve, and on its Q factor of : y
adding series resistance to the circuit. 1 ,),2// N |
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Worksheet 27

Transformers

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.

In the transformer, the moving magnetic field is produced by waoe
an electromagnet supplied with AC.

Over to you:

Step 1 - Moving the magnet:

e Build the arrangement shown opposite. X " N\

e Suitable oscilloscope settings are given below. a =

¢ Plunge a magnet into the coil, and then pull it out, ’W % oscilloscope .

watching the oscilloscope as you do so.

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:

e This time, 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:

e Slide a ferrite core down the middle of the two coils, and notice the effect this has.
¢ 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.

Typical oscilloscope settings:

Timebase Steps 1 and 2: 1s/div Steps 3 and 4: 1ms /div (X multipli-
erx1)
Voltage range Input A - £500mV DC (Y multiplier x1)  (needs increasing
for step 4.)

Input B - Off
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Worksheet 27

Transformers
So what?

The pictures show typical traces for this investigation: :
e the upper one shows current spikes generated when the
DC supply to the second coil is switched on and off. :

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

We saw earlier that the essential ingredients to generate
electricity are a magnet, wire and movement. Here, we have /‘\/\/\/\/\/\/\/‘\/\/\/\/\/\/\/\ s
replaced the magnet with an electromagnet (second coil), ;
and produced movement by using an alternating magnetic .

field.

One coil, 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
e how effectively the magnetic field of the primary links with it.

In other words, the voltage generated in the secondary depends on the number of turns in the
primary, and the number of turns in the secondary. The next worksheet explores this link.

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:
¢ the primary coil,
¢ the secondary coil,

e the core.
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Worksheet 28

Practical transformers

Transformers play an important role in many electrical and
electronic applications by allowing AC voltages to be
stepped up or down to any desired value.

w21a

In this worksheet you investigate the operation of a small
transformer, which has a laminated steel core, when used for
step-down and then step-up operation.

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.

¢ Build the system shown, which delivers power to a

1kQ load. (Ignore any labelling on the transformer itself.)

e Connect a signal generator to the 2’ coil (primary), = r r w2t
using the low impedance output (typically 50Q2.) Set VPJ , | | ; [vs :
it to output a sine wave with frequency 300Hz, and 5
amplitude 5V. 9 9 19 9}

(If in doubt, check these with your instructor.)

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

e Set the multimeter to the 20mA AC current range, and connect it to replace the link below the
‘2’ coll, to read the primary current, Ip.

¢ Replace the connecting link and measure the secondary current, ls in the same way.

e Record all measurements in the table.

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.

e Now measure and record Vp, Ip and Is. Reading Step-down  Step-up
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Worksheet 28

Practical transformers

So what?

The last worksheet looked at transformer principles, but the final device was very inefficient.
This one uses 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 p— w2l
linkage between the magnetic field generated in the primary and the o
secondary coil.

What the results show:
Laminated. steel.core

e Look at the ratio Vp:Vs for both step-up and step-down

. Segondar
transformers. The transformer equation says that, for an AC ’

x

tput

ideal transformer: supply
Vp/Vs=Np/Ng Input—— Load we
where Np and Ns are the number of turns on the two coils. Primary
_ Magnetic flux linking primary
e Next look at the ratio Ip:ls for both transformers. and secondary windings

In general terms:
e a step-up transformer ‘steps up’ the voltage (virtually doubles it) , ;
but ‘steps down’ the current - Ip, is much greater than Is. . H y IV e
e a step-down transformer ‘steps down’ the voltage, but delivers P s s
the same secondary current for a much smaller primary current.
e Both delivered the same voltage, Vs, to the 1kQ load, and so |g, 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 coil, Pe=1lpXVp = i mW

Power delivered from the secondary, Ps=ls X Vs = i mW
For an ideal transformer (100% efficient): Pp = Pg

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:
e Copy the transformer equation, and explain what it means, in words.

e Explain what is meant by ‘step-up’ and ‘step-down’ when applied to transformers.
Include the role of the number of turns of wire, and specify exactly what is stepped up, and
what is stepped down in each case.
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Worksheet 29

Diode characteristics

locktronics’

Diodes allow current to flow in one direction but not the other. The 10

performance of a diode can be illustrated by plotting a graph of
‘forward’ and ‘reverse’ current against the applied voltage. This

graph allows us to predict accurately how a diode will behave in a N

particular circuit and decide whether or not it is suitable that
application.

In this worksheet you compare the characteristics of two different ]

diodes. One is a general purpose low-voltage silicon diode
(1N4001) whilst the other is a shottky diode.

Forward current (mA)

- Germanium
w22a

Reverse voltage (V)

Silicon Forward voltage (V)

Germanium

Reverse current (pA)

Over to you:

Build the circuit shown opposite, to allow you to measure
the forward characteristics of a diode.

Set the DC power supply for an output of 4.5V.

Set the voltmeter to the 20V DC range and the ammeter to
the 20mA DC range.

Use the 'pot’ to vary the voltage, Vg, applied to the diode from

0.1V 10 0.7V in steps of 0.1V.

270Q

:
45V 2500 SZ <V> -

)t
@

Forward characteristics
Ve I (IN4001) ' I (Shottky)
0

At each step, measure and record the forward current, I, in 0.1
the table. 0.2
Repeat this procedure for a Shottky diode. gi
Next invert the diode, and change the power supply voltage 0.5
to 12V, as shown in the lower diagram, .This allows you to 0.6
measure the reverse characteristics of the two 0.7
diodes.
270Q
Change the ammeter to the 200uA DC range. - - i
| o 12V 2500 7\ Cv)
Once again, use the ’pot’ to vary the voltage —u
applied to the diode, now called Vg, but this time
you will only need to take current readings, Ir, at @+

0V, 5V and 10V.
Record them in the table.

Repeat the process for the other diode.
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Worksheet 29

Diode characteristics

So what?

e Use the axes like those shown below to plot your results as graphs of applied voltage against
current for both the forward and reverse directions and for both diodes.
Notice that the voltage and current scales are different for the two directions.

Current

A

>

5mA

80 | [-60 |40 20 | o2 [ 04l | 06l 08

|
iz

|

1

|

|

|

|

1

|
—
-10.0
|
|
L
T
|
|
|
|
|
=
|
|

e Describe what the graphs tell you about the behaviour of the two kinds of diode.
e What forward voltage is required to make each of the diodes begin to conduct?
Silicon ..., Shottky ...oovveviinn.

For your records:

e Diodes are usually made from semiconducting crystals. The behaviour of the device depends
on the material it is made from, as the graph shows.

Forward current (mA)
101

e The diode is a ‘one-way valve’. It allows a current to flow
through it in only one direction. 8 1
(A resistor behaves in exactly the same way no matter
which way the current flows. Try it!) 1

Silicon

e When it is forward-biased, a silicon diode conducts, with 1 Germanium
a voltage drop of about 0.7V across it. Reverse voltage (V) ~ |
A0 75 %0, 35 |
e When reverse-biased, it does not conduct (for low = ok 11 giz ‘ 314|‘ ofezv)' 08
orward voltage
voltages, at any rate.) 4] k
e \When forward-biased, a Shottky diode conducts, with a . 24
voltage drop of about 0.2V across it. Some Germanium Gqmantum o]
diodes have a forward voltage drop of around 0.3V. Reverse eurment (i)

Copyright 2012 Matrix Technology Solutions Ltd
Pymo o Page 60



Worksheet 30

Half-wave rectifier

One of the most common applications for a diode is to convert
alternating current (AC) to direct current (DC) in a rectifier circuit.
This exploits the unidirectional properties of a diode - current flows
only when the anode is positive with respect to the cathode.

The next issue is to maintain the current flow while the diode is not
conducting. This involves the use of a large value capacitor acting as
a reservoir for charge. This maintains current flow, and output
voltage, until the diode conducts again.

1N4001

Over to you: N
O
e Build circuit A. The AC power supply provides the input. The 1
180Q2 resistor acts as the load for the rectifier circuit. A Vy l\{\l Vour
e Connect a DC voltmeter to measure the DC output voltage, .
Vout. Record it in the first line of the table.
e Connect a dual trace oscilloscope, using two ‘x10’ probes, so “‘I@Im
that channel A displays at least two complete cycles of the V1
input waveform and channel B displays the corresponding - I\/\l Ccl+ ”
output. Connect the oscilloscope ground terminals to the o T .
negative rail of the circuit. . 2kaa
e Modify the circuit by adding a 47uF capacitor, C, connected :
as in circuit B. Capacitor Vour
Take care to connect it the right way round, as shown! None - circuit A
¢ Notice the effect on the oscilloscope trace. 4TuF
100uF
e Again measure and record the output voltage, Vour. 1504F
o Repeat this process for all the other values of capacitor C, 1000pF
given in the table.
Typical oscilloscope settings:
Timebase 10 ms/div
Voltage range (Both Inputs ) +5V DC with x10 probes
Trigger Mode Repeat Trigger Channel
ch.A
Trigger Direction Rising Trigger Threshold - 4 mV
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Worksheet 30

Half-wave rectifier

So what?

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

The first diagram shows a typical trace obtained from the
first circuit. The AC input is turned into a DC output
(rectified.) Notice that, while the output is DC (as it never
crosses the OV line,) itis not steady DC.

. . . A - AC current changes direction here
The second diagram shows the same signal, using a B - DC current does not change direction

different time base setting for the oscilloscope (2ms/div.)

to show the rectification in more detail. A closer view

In particular, notice that the DC output, (the lower one), is
approximately 0.7V lower than the AC input. The diode does
not really conduct until the voltage across it reaches 0.7V.
Thereafter, there is a 0.7V drop across the diode, leaving the
DC output 0.7V below the AC input at all points.

w23d

With capacitor in circuit
The third diagram shows the effect of adding a smoothing . /DC

capacitor. The output voltage is now both DC and steady.

w23e

For your records:
e Sketch a voltage-time graph for the output signal for circuit A.

e Sketch a voltage-time graph for the output signal for circuit B with the 1000uF capacitor.
e Explain the difference between these two graphs.

e Which value of reservoir capacitance produced the highest value of DC output voltage?
Why was this?
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Worksheet 31

locktronics’

Full-wave bridge rectifier

flow through the load on both positive and negative half-cycles of the

The diode in a half-wave rectifier conducts for no more than 50% of
the time. This is inefficient and requires large reservoir capacitors.

Most practical power supplies use four diodes to maintain the current |

w24a

supply.

In practice, they use either four individual diodes (as shown opposite)
or a single component, a bridge rectifier, where the four diodes are
encapsulated in a single package.

In this worksheet you investigate a full-wave rectifier, using four
diodes.

Over to you: -
¢ Build the circuit shown opposite, using the AC power
supply as the input once again. V'“T Voull | 12k2Q2

Measure the DC output voltage, Vour and record it in |
the first line of the table (for ‘Capacitor - None’.). =
Using the same time base and voltage sensitivity settings as before, connect an oscilloscope
to display at least two complete cycles of the output.
Do not try to display the input waveform at the same time.
The common ground connection will short-circuit one of the diodes!

The input waveform is the same as that displayed in
the previous worksheet. +

Cl+
= Vo 2k2Q

Modify the circuit by adding a 47uF reservoir
capacitor, C, as in the second circuit.
Take care to connect it the right way round, as
shown!

<
Z§
1
N

Notice the effect on the oscilloscope trace.

Measure and record the DC output voltage, Vour.

Use each of the other capacitor values shown in the
table. Measure and record the Capacitor  Voyr DC output voltage, Vour, for each.
None
47uF
100uF
150uF
1000pF
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Worksheet 31

Full-wave bridge rectifier

So what?

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

It was pointed out that you cannot measure the input and output
waveforms simultaneously.

To do that, you would connect one channel to points A and C to
measure the input, and the other to points B and D to measure the

locktronics’

]Load w24d

output. However, most oscilloscopes have a common 0V connection between the two channels.
This would connect points C and D together, say, and thus short-circuit one of the diodes.

The three oscilloscope traces show typical waveforms for:

¢ the AC signal going into the full-wave rectifier,

e the DC output

¢ the effect of the reservoir capacitor.

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, itis DC , because the trace never crosses the
reservoir capacitor is needed to provide smooth DC.

For your records:

// \ ’//'l ‘\\ / /" w2de
_// ,/ o/

w24g

0V line. However, again, a

e Sketch a voltage-time graph of the full-wave rectified DC output signal, without smoothing.

¢ Compare the performance of the full-wave rectifier with the half-wave rectifier.

Which circuit performed the best, and why?

e The output of this full-wave rectifier, using four diodes, is 1.4V less than the AC input peak

value, 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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I Tutor’s notes

About this course
Introduction
This workbook is intended to reinforce the learning that takes place in the classroom or lecture
room for intermediate level courses such as the BTEC National unit (QCF Level 3) in Electrical
and Electronic Principles (J/600/0255). It provides a series of practical activities and
investigations, designed to complement the BTEC syllabus.
The learning outcomes are as follows:
e Use circuit theory to determine voltage, current and resistance in direct current (DC) circuits.
e Understand the concepts of capacitance and determine capacitance values in DC circuits.
e Know the principles and properties of magnetism.
e Be able to use single-phase alternating current (AC) theory.
Locktronics equipment makes it simple and quick to construct and investigate simple electrical
and electronic circuits. Thanks to the symbols printed on each component carrier, the result can
look exactly like the circuit diagram.

Prior Knowledge

Students should have previously studied (or should be concurrently studying) Module 1
(Mathematics) and Module 2 (Physics) or should have equivalent knowledge at Level 2.

Learning Objectives
On successful completion of this course the student will have learned:
e to use a multimeter and oscilloscope to carry out basic DC and AC circuit measurements;
¢ to identify series and parallel branches within a circuit network;
e the relationship between current, voltage and resistance in simple DC and AC circuits;
¢ the relationships between power, voltage, current, resistance, energy and time
¢ the relationship between resistance, reactance and impedance in an AC circuit;
¢ the relationship between charge, voltage and capacitance;
¢ the relationship between motion, current flow and induced emf;
¢ the relationship between reactance, frequency and capacitance (or inductance);
e the behaviour of a series resonant L-C-R circuits;
¢ the relationship between Q-factor and bandwidth;

¢ the relationship between turns ratio, voltage ratio and current ratio for an ideal
transformer

e the behaviour of a diode when forward and reverse biased;
¢ the operation of simple half-wave and full-wave (bridge) rectifiers.
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Tutor’s notes

What students will need:

Students need the equipment shown
in the table, together with the following
items of test equipment:

e 1 digital multimeter

e 1 oscilloscope (single or dual trace)

¢ 1 audio frequency signal generator
with low-impedance output
(preferably 50Q, or less).

In addition, students may need a
small supply of thin card and two
aluminium plates in order to complete
Worksheet 10 (optional). A multimeter
with a capacitance range will also be
required for this investigation.

Power source:

The majority of the investigations in
this workbook require a DC power
source such as the HP2666, which is
an adjustable DC power supply
offering output voltages of 3V, 4.5V,
6V, 7.5V, 9V or 12, 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. Tutors may decide to make
any adjustment necessary to the
power supply voltage themselves, or
may allow students to make
necessary changes.

The two power supply worksheets
require the use of an 12V 1A AC
supply such as the HP3728. This is a
fixed voltage supply. Alternative
versions are available for use in
Europe and the USA.

Items in yellow highlight changes from kit
LK4583-1

Copyright 2012 Matrix Technology Solutions Ltd
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Qty Code Description
1 HP2045 Plastic tray
1 HP 2666 Power supply
1 HP4039 Tray Lid
1 HP5540 Deep tray
1 HP7750 Daughter tray foam cutout
1 HP7750 Daughter tray foam cutout
1 HP 9564 62mm daughter tray
1 HP9564 62mm daughter tray
1 LKO123 Small bar magnet
1 LK2340 AC voltage source carrier
3 LK2346 MES bulb, 22V, 0.1A
1 LK3982 Voltmeter, 0V to 15V
1 LK4000 Locktronics User Guide
1 LK4002 Resistor, 100 ohm, W, 5% (DIN)
1 LK4003 Capacitor, 1000 uF, Electrolytic 30V
1 LK4123 Transformer, 2:1turns ratio
1 LK5202 Resistor, k, 14W, 5% (DIN)
8 LK5203 Resistor, 10k, ¥4W, 5% (DIN)
1 LK5205 Resistor, 270 ohm, 12W, 5% (DIN)
1 LK5207 Resistor, 180 ohm, 12W, 5% (DIN)
1 LK5208 Potentiometer, 250 ohm (DIN)
1 LK5209 Resistor, 5k6 ohm, 12W, 5% (DIN)
1 LK5224 Capacitor, 47uF, Electrolytic, 25V
1 LK8000 Diode, shottky
1 LK5243 Diode, power, 1A, 50V
? LK5250 Connecting Link
1 LK5266 Bridge rectifier
3 LK5291 Lampholder, MES
D) LK5570 :ia:r_oﬂmmm
2 LK5607 Lead, yellow, 500mm, 4mm to 4mm stackable
2 LK5609 Lead, blue, 500mm, 4mm to 4mm stackable
1 LK6202 Capacitor, 100uF, Electrolytic, 25V
1 LK6203 Capacitor, 2,200 uF, Electrolytic, 25V
1 LK6205 Capacitor, 1uF, Polyester
1 LK6207 Switch, push to make, metal strip
1 LK621 Resistor, 22k, 14W, 5% (DIN)
1 LK6213 Resistor, 1Bk, 14W, 5% (DIN)
1 LK624R2 Choke, 47mH
1 LK6218 Resistor, 2.2k, 14W, 5% (DIN)
1 LK6223 Capacitor, 160 uF, Electrolytic, 25V
1 LK6492 Curriculum CD ROM
3 LK7409 AA battery holder carrier
1 LK7483 T1transformer with retractable ferrite core
1 LK8275 Power supply carrier with battery symbol
1 LK8900 7 x5 metric baseboard with 4mm pillars
1 LK9381 Ammeter,0OmA to 100mA
1 LK9998 400 Turn coil carrier
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I Tutor’s notes

Using this course:

It is expected that the worksheets are printed / photocopied, preferably in colour, for the
students’ use. Students should retain their own copy of the entire workbook.

Worksheets usually contain:

e an introduction to the topic under investigation;

« step-by-step instructions for the practical investigation that follows;

« a section headed ‘So What?’ which aims both to challenge learners by questioning their
understanding of a topic and also provides a useful summary of what has been learned.
It can be used to develop ideas and as a trigger for class discussion.

« a section headed ‘For Your Records’ which provides important summary information that
students should retain for future reference.

This format encourages self-study, with students working at a rate that suits their ability. It is for
the tutor to monitor that students’ understanding is keeping pace with their progress through the
worksheets and to provide additional work that will challenge brighter learners. 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 learner to assess their grasp of the ideas involved in the exercises that it contains.

Finally, a set of multiple choice revision questions has been provided to conclude the work in
this unit. These questions are of mixed difficulty and are designed to help students identify
topics which might need more work. It is recommended that students should attempt these
questions under examination conditions and without the use of notes.

Time:

It will take most students between eleven and eighteen hours to complete the full set of
worksheets. It is expected that a similar length of time will be needed to support the learning in a
class, tutorial or in a self-study environment.
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1 In the first worksheet, students investigate the series and parallel 20-30
connection of cells in order to produce batteries. Before this, students minutes

should be introduced to the different types of cell and to the distinction
between primary and secondary types. It is also important for students to
know the basic characteristics of several of the most common types of cell,
including lead-acid, alkaline, nickel-cadmium and zinc-carbon types.

Series and parallel connection of batteries should be described together
with representative circuit diagrams. Students need to be aware that the
same load current flows through all cells in a series-connected battery but
is shared between the cells in the case of a parallel-connected battery.

Students are asked to construct three arrangements of series-connected
cells and three arrangements of parallel-connected cells. By comparing the
measured voltages, they confirm what they have previously learned about
series and parallel combination of individual cells.

2 This worksheet introduces students to the use of a multimeter to measure 20 -30
the current flowing in a circuit. Where multimeters are not available, tutors minutes
may wish to use discrete meters but these must be of comparable
sensitivity.

Multimeters are in widespread use because of their low cost and versatility.
Although they differ in terms of the functions they offer and the precise
details of their structure, the broad principles are the same. Here we look
at their use to measure current (ammeter function) and later voltage
(voltmeter function.)

We address the distinction between DC ranges and AC ranges, without
going into detail about DC and AC.

Beware! It is common to find that the ammeter settings are protected by an
internal fuse. This is frequently ‘blown’ because students switch on the
multimeter, connected as a voltmeter, with the dial turned to a current
range. Teachers should check all fuses prior to this exercise, and be
prepared with a supply of replacement fuses!

The aim of the exercises is to spot the pattern for current flow - that the
total current leaving any junction in the circuit is equal to the total current
entering the junction. (Compare this with traffic at a road junction, where
crashes and parking can lead to a different result.)

The worksheet ends with an additional exercise and questions, requiring
students to apply the current rule that they discovered in the investigation.
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3 This worksheet mirrors the structure of the last one, but looks at measuring 20 - 30
voltage rather than current. minutes

The point is made in the introduction, that it is relatively easy to visualise
an electric current - millions of electrons slowly squeezing their way along
a wire, like crowds of people in a shopping mall, but that it is more difficult
to visualise voltage. It is a topic we return to in a later workbook.

For the present, the exercise concentrates on measuring voltage, rather
than defining it. Students use a multimeter for this, by connecting it in
parallel with the section of the circuit under investigation.

The circuit diagram at the top of the second page of the worksheet shows
three voltmeters. The student does not need three, but can move one from
one voltmeter position to the next to take the three readings.

Again, students are asked to look for a pattern in their results. This is that
the total of the voltmeter readings in any loop of the circuit is equal to the
power supply, or battery, voltage.

The worksheet ends with an exercise and questions, requiring students to
apply the voltage rule.

4 This worksheet focuses on Ohm’s Law. It also introduces the use of a 20-30
potentiometer as a simple variable voltage source. Students might need minutes
help in setting up the circuit. A picture is provided to assist with this.

The instructions refer to use of an ammeter and a voltmeter. While it is
possible to use a single multimeter to do both jobs, it is easier if each
student has access to two multimeters. If using only one, once the current
is measured, a connecting link must replace the ammeter, while the
multimeter is acting as a voltmeter.

The voltage adjustment is delicate, and students should be encouraged to
have patience when setting it to the values given in the table.

In reality, Ohm’s Law applies only when a very specific set of
circumstances apply. In particular, the temperature of the conductor, (a
resistor in this case,) must not change. As the current through it increases,
the resistor gets hot! We attempt to limit this by specifying a maximum of
1.0V across the resistor. The students plot a graph of their results, and can
use it to obtain a value for the resistance of the resistor.

The next section introduces the resistor colour code. Tutors should spend
time giving further examples of its use.

A guide on using a multimeter to measure resistance follows,. The most
important aspect of this is that this cannot be done ‘in-circuit’. The
component must be removed from the circuit for the measurement.

The worksheet ends with questions on using Ohm’s Law formulae, and on
applying the resistor colour code (see Intermediate Electronics, LK9284,
for a colour chart for the four-band resistor colour code).
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This investigation introduces students to series and parallel circuits. 20-30
As before, this involves similar multimeter skills, and pitfalls. Instructors minutes

should again be aware of the internal fuse issue.

The treatment compares measured values with calculated ones.
Instructors might decide at this point to discuss component and instrument
tolerance. Inspection of the resistors beneath the carriers will show them to
have either 5% or 1% tolerance. Measuring instruments have a range of
accuracies, depending on what scale they are on. Where available,
students could be directed to manufacturer’s data.

The worksheet ends with a network for students to analyse. The outcome
of their calculations will indicate how well they have assimilated the
contents of the earlier worksheets.

Voltage dividers are a very important in electricity and electronics as they 20-30
form the basis for many sensing subsystems, such as light-sensing units. minutes

They can also appear difficult to students. The aim here is to overcome
that aura of difficulty by reducing the treatment to two simple stages:

e the sum of the voltages across the components equals the supply
voltage;

e the bigger the resistance of a component, the bigger its share of the
supply voltage, - if one resistor has four times the resistance of the
other, it gets four times as much voltage.

This approach is tested with three different pairs of resistors, and using two
supply voltages.

The output voltage depends only the supply voltage and the relative size of
the resistors, (not their absolute resistance,) so that a voltage divider
made from a 2Q and a 1Q resistor behaves much like one made from a
2MQ and a 1MQ resistor.

However, the absolute values of resistance are important in two ways:

e Using very low values of resistance increases the current flowing
through the voltage divider, and increases the power dissipation in the
resistors. This is usually undesirable.

e When another subsystem, which draws an appreciable current, is
connected to the voltage divider output, this extra loading can change
the output voltage of the voltage divider. This extra current flows through
the upper resistor but not the lower resistor in the voltage divider. A
useful rule of thumb says that the current flowing through the
unconnected voltage divider should be at least ten times bigger than the
current that will be drawn from it when the next subsystem is connected
to its output.

It may be worth discussing these points with the students once they have
completed this exercise.
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7 This worksheet investigates current divider circuits, and compares and 20-30
contrasts their behaviour with that just studied for voltage dividers. minutes

Current dividers do not have as many obvious applications as voltage
dividers, though they are used in current measurement. It is often useful to
measure only a fixed portion of the total current, and from that deduce the
total current flowing. For example, if a current divider sends 10% of the
total current through an ammeter, which then registers a current of 2.5A,
then the total current flowing was 25A.

In an approach parallel to that used for voltage dividers, the treatment

looks at two simple ideas:

o the sum of the currents through the components equals the supply
current;

o the bigger the resistance of a component, the smaller its share of the
current, so that if one resistor has four times the resistance of the other,
it passes a current four times smaller.

8 This worksheet looks at two very important, but straightforward, rules of 20-30
electricity, known as Kirchhoff’s laws. In the light of modern knowledge minutes
about electricity, these are less impressive than they would have appeared
in 1845 when they were first formulated. Nevertheless, they offer valuable
tools for analysing networks of components.

The current law states that the (vector) sum of the currents at any point in
a circuit is zero, or in other words, the total current flowing out of any
junction is equal to the total current flowing into the junction. It may need to
be stressed to students that it is vital to take into account the direction in
which a current is flowing, as well as its magnitude, when applying
Kirchhoff’s rule. We can now say that it is a consequence of the
conservation of charge, or, in other words, that electrons are neither
created nor destroyed as they flow around a circuit.

The voltage law says that around any loop in a circuit (any possible path
that an electron may flow around,) the sum of the emf’s (energy given to
the electrons,) is equal to the sum of the pd’s (energy taken from the
electrons). In other words, in a series circuit consisting of a 6V battery and
two resistors, (so that there is only one possible loop,) the sum of the
voltages across the resistors (which take energy from the electrons and
heat up in the process, - the pd’s) is equal to 6V ( the energy which the
battery gives to the electrons - the emf.) In reality, this rule is simply a
restatement of the conservation of energy.

The investigation looks at both these aspects, and takes measurements to
justify them.
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Notes for the Instructor

The idea behind the Superposition theorem is straightforward - that one pow-
er supply cannot know whether there are any others in the circuit. It offers us
a powerful tool with which to analyse complex circuits. The approach is to find
out what currents and voltages are set up by each power source in isolation,
and then to combine these together using vector addition to take into account
direction of current flow..

The investigation requires two power sources. It is anticipated that students
will use two Locktronics power supplies and carriers, perhaps borrowing one
from another group. Where this is not possible, a 6V battery, or a mains pow-
ered lab. supply could be used instead. The assignment proceeds by remov-
ing one of the two power sources and replacing it with a conducting link. The
student then measures the currents and voltages cause by this power source.
Then the effect of the second power source is investigated in the same way.
Finally, the values obtained for a particular component are combined to find
the joint effect of the two power sources.

The students may find the question of direction a difficult one, especially
when it applies to voltage. The rule states that electric current flows from a
region of high voltage to one of low voltage. (A useful analogy - under gravity,
objects fall from high locations to lower.) Once the current direction is estab-
lished, the direction of voltage follows straightaway - it's the opposite.

The aim of the practical work is, once more, to justify the approach. In prac-
tice, the currents and voltages would be calculated, not measured. The stu-
dents will require a number of examples illustrating the approach, and exer-
cises for them to do themselves in order to fix the approach firmly in their
minds.

It can be extremely tedious and time consuming to do repeated calculations
on a complex network of components. The accomplishment of Leon
Thevenin, a French telegraph engineer, was to show, in the late nineteenth
century, that these complex circuits can be reduced to much simpler ones to
speed up those calculations.

The Thevenin equivalent circuit consists of a power source and a single resis-
tor in series with it. It comes into its own when the original complex circuit is
attached to a load resistor of some kind. The idea is that the original circuit
and the equivalent circuit have identical effects on that load. When the load
changes, it is much easier to perform repeated calculations on the equivalent
circuit than on the original. We think of the original circuit having two output
terminals, onto which we will connect a variety of load resistors. The Thevenin
equivalent circuit also has two output terminals. The behaviour of both is iden-
tical when the same load is attached to each. In other words, the same volt-
age is set up across the load, and the same current flows through it.

The method looks at attaching loads at the extreme ends of the resistance
spectrum, i.e. a short-circuit, and an open-circuit. In reality, these are an am-
meter, which ideally has zero resistance, and a voltmeter, which ideally has
infinite resistance. The reading on the first is called the short-circuit current,
Isc. The reading on the second is called the open-circuit voltage Voc.
Thevenin’s theorem says that dividng the second by the first gives the equiva-
lent resistance Regq. The investigation contrasts real measurements with cal-
culated values to show that this approach works. As with earlier topics, there
is no substitute for example after example of how this is applied to real cir-
cuits.
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It is important that students can distinguish between two situations. 30-45

In one, a subsystem passes on a signal to the next as a varying voltage. mins
Then it is important that as much of the voltage is transferred as possible.

To achieve this, the input impedance (resistance in current terms,) of the

second subsystem should be as high as possible, compared to the output
impedance of the first subsystem. Ideally, the input impedance of the sec-

ond stage should be infinite.

This is known as the maximum voltage transfer theory.

In the second situation, the aim is that the first subsystem passes on as
much electrical power as possible in the signal. Since power = current x
voltage, the ideal is to pass as high a current as possible, and as high a
voltage as possible. These are conflicting requirements. For maximum cur-
rent, the input and output resistances should be as small as possible. For
maximum voltage, as pointed out in situation one, the input resistance
should be as high as possible. The result is a compromise.

The maximum power transfer theory says that the input impedance of the
second stage should be equal to the output impedance of the first stage. In
effect, this means that the maximum efficiency of this transfer is 50%. As
much energy is dissipated in the output of the previous stage as in the sec-
ond one.

This is relevant in situations such as driving a loudspeaker as the final sub-
system in an audio system. As much power as possible should be trans-
ferred to it to make it as loud as possible.

The investigation uses a range of resistors as loads for the circuit used in
Worksheet 8. There, Thevenin’s theorem was used to obtain the output im-
pedance (equivalent resistance Rgq in this case.) For each load, students
measure the voltage across and current flowing through the resistor, and
use them to calculate the power dissipated (and so transferred) to the load.
A graph of the results should point to maximum power transfer when the
load resistance is equal to Req. Where a variable resistor is available, this
can be set to a value of Rgq and used as one of the loads. This should yield
the maximum value of power transferred.
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14

Notes for the Tutor

Students should appreciate the relationship between energy, power (as the
rate at which energy is used), voltage, current and time. The introduction
uses three key facts (definitions) to arrive at the relationship P =1 x V.

The investigation into three circuits is designed to give students experience
of electrical calculations in the context of actual circuits.

The questions will provide students with practice in applying the principles
of power and energy in relationship to practical power distribution systems.

The first worksheet on capacitors is optional. The materials for this are
NOT included in the Locktronics kit, as the essence of the investigation is
that it uses everyday materials.

The investigation, as described, uses aluminium plates, separated by
cardboard, but equally, it could use aluminium kitchen foil and kitchen food
wrapping such as 'ClingFilm’ . (Commercially produced capacitors are
mysterious packages that hide any details of inner structure.)

Students investigate the construction and operation of a simple parallel
plate capacitor, constructed from two square aluminium plates with area of
around 80cm?®. The plates are separated by one or more squares of card,
each having a thickness of around 0.2mm. The arrangement must be kept
flat to ensure that the plates are truly parallel. They can be placed between
two glass plates, then placed flat on a table, with a non-metallic weight,
(such as a bag of sugar,) applied to the upper glass plate.

The capacitance of this arrangement (with one single sheet of card) will be
around 1nF and should be easily measurable using a digital multimeter
with a 2nF or 20nF capacitance range.

Care should be taken when assembling the apparatus to avoid short
circuits and any unwanted stray capacitance.

Here students investigate the charging and discharging of a capacitor.
They first investigate capacitor charging by connecting a 9V DC supply to a
capacitor via a series resistor. A push-to-make switch is used to discharge
it prior to making measurements. The capacitor will begin to charge as
soon as the switch is released. Students need a clock or stopwatch with a
sweep second hand or digital seconds display.

The measurements are repeated for three different sets of C-R values.
They then plot three different graphs from which to make inferences about
the effect of time constant (CxR) on the rate of charging.

Students then investigate the discharge process. Now the push-to-make
switch is first closed in order to charge the capacitor fully, and then
released to start the discharge period,. Once again, measurements are
repeated for three different sets of C-R values, from which three different
graphs are drawn. The students make inferences about the role of time
constant (CxR) on the rate at which the capacitor is discharged.

This worksheet provides the basis of a useful class discussion, on for
example, just how long it takes to charge or discharge a capacitor. More
able students will benefit from additional work based around a
mathematical analysis of charge and discharge.
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15 This practical exercise needs careful attention. The effects being studied 30-45
are small and easily missed. Students using digital multimeters, should be minutes
aware that these instruments sample the input signal periodically, so that
short-duration pulses may be missed.

Traditionally, students are nervous about using multimeters - selecting the
right range, using the correct sockets, and so on. They may need a brief
revision session beforehand. A potential complication is that many
multimeters have an internal fuse to protect 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 meters regularly, and have a ready supply of new fuses.

Similarly with digital storage oscilloscopes, the input is sampled. Repeating
the action several times will help to convince the student what is going on,
and may produce a good trace on the storage oscilloscope eventually.

Fleming’s right-hand (dynamo) rule needs careful explanation, and a great
deal of practice, if students are to feel confident about its use. Some
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.

16 This worksheet is designed to introduce students to the concept of 30-45
inductance. minutes

It involves first the generation of a steady magnetic field in the core of an
inductor and then observing the emf generated when the current is
interrupted, causing the magnetic field to collapse. Due to the transient
nature of this ‘back emf’, it is necessary to use a triggered oscilloscope or
equivalent virtual instrument to display it.

Some initial experimentation may be required to optimise the oscilloscope
settings but those given in the worksheet make a good starting point.

Note that the inductance used for this investigation is obtained from the
primary winding of the Locktronics transformer component. This has
optimum characteristics for this investigation (smaller components may
produce much shorter transients which may be accompanied by a
significant amount of damped oscillation resulting from the presence of
shunt capacitance in the oscilloscope leads).

Where students use a storage oscilloscope, they should be encouraged to
save their screen displays and subsequently print these out.
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Notes for the Tutor

In the worksheet, students are introduced to alternating current (AC)
measurements.

They are provided with an introduction to the quantities and terminology
used in AC measurements. Students should understand the relationship
between root-mean-square (rms), peak and peak-peak values and should
be able to relate these to sinusoidal waveforms displayed on an
oscilloscope.

They should also understand the relationship between frequency and
periodic time and be able to manipulate this relationship in order to
calculate one from the other.

Waveforms can be displayed using a conventional oscilloscope or a
storage oscilloscope. Recommended oscilloscope settings are given in the
worksheet.

This worksheet introduces students to the effects of inductive reactance.
As students may be unfamiliar with using a signal generator, the instructor
should check that it is set to the correct frequency and amplitude.

For those returning to electrical studies after a break, this is another
opportunity to revisit the use of multimeters to measure current and
voltage. In particular, students should be reminded that voltage
measurements can be made without interrupting the circuit, with the
multimeter connected in parallel with the resistor under investigation. On
the other hand, to measure current, the circuit must be broken at the point
of interest, with the multimeter inserted there to complete the circuit.

Instructors need to be aware that the low current range on most
multimeters is protected by internal fuse. If a student is having difficulty in
getting readings from a circuit, it may be that this fuse has blown. It is
worth having spare multimeters available, and the means to change the
fuses, to streamline the lesson.

The instructions specify the signal generator output frequency, but not
amplitude. This is because it is irrelevant, providing it gives measurable
results. Typically, a value of 5V p-p will be sufficient.

A comparison is made between resistors, which oppose current, and
inductors, which oppose changing current. The instructor might wish to
elaborate on this, and expand on what is meant by ‘rate of change of
current’.

Students may find it confusing that reactance is measured in ohms. The
point should be made that this comes from the definition of inductive
reactance, and a formula that looks like, but has nothing to do with, Ohm’s
law. The opposition caused by resistors is the resistance. However, the
opposition caused by inductors is not called inductance, but inductive
reactance.

They need plenty of practice in calculating this from the formula:
Xe=2nfL

as they confuse the terms f and L, and find it difficult to convert multipliers
such as 'milli’ often used with inductance.
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20

Notes for the Tutor

This is the introductory worksheet for capacitive reactance, equivalent to
the earlier one on inductive reactance.

It is important that students appreciate that inductors and capacitors are
really mirror-images of each other:

e The former sets up a magnetic field, the latter an electric field.

e The former has a slowly increasing current, once a voltage is applied to
it. The latter has a slowly increasing voltage across it, as a current flows
in the circuit.

¢ Inductors oppose a changing current, capacitors a changing voltage.

e This opposition increases with frequency in inductors, but decreases
with frequency in capacitors.

Again, the instructions specify only the signal generator output frequency,
and not amplitude. Any measurable signal can be used, providing it gives
measurable results. A typical value is 5V p-p.

The treatment given in the worksheet makes no mention of phasor
diagrams, but the instructor may wish to introduce these to support the
student’s understanding.

They will need plenty of practice in calculating reactance from the formula:
Xc=1/2nfC

Students find it difficult to convert multipliers such as ‘micro’ and ‘nano’.

Whereas series combinations of inductors, resistors and capacitors make
frequency-dependent voltage dividers, parallel combinations form
frequency-dependent current dividers. This worksheet introduces the first of
these, the series L-R circuit.

The treatment deliberately avoids the issue of impedance in parallel
circuits, because the relevant formula is quite complicated. Instead, it looks
at the currents in various parts of the circuit, and how they are related.

Again, the instructions specify only the signal generator output frequency,
and not amplitude. Any measurable signal can be used, providing it gives
measurable results. A typical value is 5V p-p.

There are phase shift issues again, and the formula given to calculate total
current comes directly, but without explanation, from the phasor diagram
for this circuit.

In this case, the voltage across the components is the same. The current
through the resistor is in phase with it, but the current in the inductor lags
behind by 90°. The instructor must judge how much of this needs to be
explained to the class.

As before, students use their measured value of the supply voltage to
calculate the currents flowing through the inductor and resistor, and then
combine these to calculate a value for the total current flowing.

The investigation is repeated for a second, higher, frequency to show that
the distribution of current is frequency dependent.
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This investigation is parallel to the previous one, but for C-R (capacitor- 30-45
21 ; : . :

resistor) networks. The same ideas apply. The reactance of the capacitor minutes

and the resistance of the resistor cannot simply be added together in

order to determine the impedance because of the phase shift involved.

Again, tutors may wish to go into this in more detail with a more able

class.

The approach is identical, except that the second frequency chosen is ten
times smaller, i.e. 100Hz. Students should be encouraged to notice the
similarities and differences between the two situations. Here, once again,
the reactance is ten times bigger at the second frequency, and so the
capacitor dominates the voltage divider at this second frequency.
Amplitude is again irrelevant, but 5V p-p should give reasonable results.

In other words, low frequencies set up large voltages across the capacitor,
whereas high frequencies do so across the resistor.

22 Having studied inductors and capacitors separately, this worksheet now 30-45
combines them, and introduces the concept of resonance. minutes

Instructors should emphasise that resonance is a widespread effect in any
oscillating system. In some, such as musical instruments, it is beneficial,
and students could research how the resonant frequency and so note
produced, can be changed in, say, wind and string instruments. In others,
particularly in civil and mechanical engineering, it can cause problems -
annoying rattles in cars at particular speeds, vibrations in aircraft wings
and bridges that threaten complete mechanical failure etc.

Electrical resonance has a number of applications. The obvious one is in
radio receivers, where the weak signal picked up by the aerial stimulate
the tuned circuit to oscillate at its resonant frequency. Other uses include
a surgical implant that kills nearby cancerous cells, when heated by
stimulation at its resonant frequency through high frequency radio waves, ,
and the widespread techniques of RFID (radio frequency identification,)
where passive devices can pick up enough energy, through stimulation at
their resonant frequency, to transmit information to a nearby device.

The approach here looks at the effect on circuit impedance of changing
the applied frequency. In other words, the circuit offers less hindrance to
some frequencies than to others. Although there is no added series
resistor, students should be made aware that the windings of the inductor
coil have resistance. Amplitude is again irrelevant, but 5V p-p should give
reasonable results.

At resonance, the voltage across the capacitor is equal and opposite to
that across the inductor, and so the two cancel each other out. The only
hindrance to the flow of current is then the resistance of the various
elements in the circuit, particularly the inductor. Equally, because the
voltages across the capacitor and inductor cancel each other out, there is
no reason why these cannot be very large voltages. Again, this voltage
amplification effect is explored later.

These large-scale effects occur in other examples of resonance too - the
much-publicised shattering of a wine glass by an opera singer or the
collapse of the Tacoma Narrows Bridge due to the effect of the wind - see
videos available on ‘YouTube’).
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23 Whereas series combinations of inductors, resistors and capacitors make 30 - 45
frequency-dependent voltage dividers, parallel combinations form frequency- = mins
dependent current dividers.

This worksheet introduces the first of these, the parallel L-R circuit.

The treatment deliberately avoids the issue of impedance in parallel circuits,
because the relevant formula is quite complicated. Instead, it looks at the
currents in various parts of the circuit, and how they are related. Ther are
phase shift issues again, and the formula that is dropped in to calculate total
current comes directly from the phasor diagram for this circuit, though this is
not explained. In this case, the voltage across the components is the same.
The current through the resistor is in phase with it, but the current in the in-
ductor lags behind by 90°. The instructor must judge how much of this needs
to be explained to the class.

As before, students use their measured value of the supply voltage to calcu-
late the currents flowing through the inductor and resistor, and then combine
these to calculate a value for the total current flowing.

The investigation is repeated for a second, higher, frequency to show that the
distribution of current is frequency dependent.
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Tim-
ing
This is the equivalent investigation for parallel C-R circuits. 30 - 45

The approach is identical, and again the formula for impedance is studiously mins
avoided, because of its complexity. Students should know that the formula used

for impedance in earlier worksheets applied only to series combinations, but the
investigations in this and the previous worksheet avoid the need to calculate

impedance itself.

The measurements are repeated for a frequency of 10kHz, to show that this
changes the pattern of currents. Now the capacitor has a much lower reactance,
and so passes a higher current.

Students should be helped to visualise that here we are using a relatively pure
single frequency, whereas in many systems, the signal is a combination of many
frequencies, and then the way the currents divide differs depending on frequen-

cy.

Notes for the Instructor

Students should compare the behaviour of this circuit, a parallel LCR circuit, 30 - 45
with that of the series LCR circuit studied in Worksheet 5. mins

Students measure the AC supply voltage and the total current leaving the power
supply, and from that calculate the circuit impedance. The emergence of a reso-
nant frequency becomes apparent when the impedance calculations are carried
out. This time, though, the circuit impedance is a maximum at the resonant fre-
quency, not a minimum.

The behaviour of inductive and capacitive reactances above and below the res-
onant frequency are described, but this may need reinforcing in class discus-
sion.

Students have now investigated two forms of electrical resonance, one in series = 30 - 45
LCR circuits, and one in parallel LCR circuits. mins

The next concept introduced is that of Q factor, essentially how sharp the reso-
nance curve is. The controlling influence here is the total resistance of the cir-
cuit. The greater it is, the less the circuit notices the resonant frequency. For
mechanical systems such as bridges, this is the ideal behaviour - despite stimu-
lation at the resonant frequency, the vibrations of the structure are very small.

There are several ways to calculate the Q factor for a vibrating system. The one
used here essentially looks at the ratio of energy stored to energy lost per cycle,
though this boils down to the ratio of peak voltage across the capacitor (or in-
ductor, as these are equal at resonance,) to the supply voltage.

The investigation then looks at the effect on the resonance curve of adding extra
series resistors.

Then the concept of bandwidth is introduced. It is defined in terms of the half-
power points on the frequency spectrum for the signal. In reality, this is not often
a useful way to measure bandwidth, as usually voltage, not power is measured.
Therefore, bandwidth is then defined in terms of voltages. To find the point at
which the power has dropped to 0.5, we look for the points at which the voltage
has dropped to 0.7 of its peak, since power depends on (voltage)?, and (0.7)* =
0.5, roughly!
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27 Transformers can appear mysterious. Here, the aim is to introduce them 30-45
as extensions of what has gone before. If students accept that electricity is = minutes
generated when a magnet is plunged into a coil, then they should have no
difficulty with the transformer. The magnet is replaced by an electro-
magnet, and motion with the moving magnetic field generated by an
alternating current.

However, lack of familiarity with oscilloscope and signal generator may
blur the sequence of events. 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.

The main part of the development here is to distinguish between step-up 30-45
28 o . ’

and step-down transformers. Some students find it easy to accept ‘step- minutes

down’ but see ‘step-up’ as defying the laws of nature. It looks like

something for nothing. That is why the investigation explores the effect on

current, and on the overall power issues.

The transformer used in the investigation is much more efficient than the
primitive device used earlier but is still far from ideal. An ideal transformer
wastes no energy and so obeys both the transformer relation and the
current ratio vs turns ratio relation . The sight of cooling fins in substation
transformers shows that ideal transformers are difficult to design.

The difficulties probably centre again on the instrumentation - the use of
signal generators and multimeters. The treatment of the results introduces
the transformer relation, which works well. However, the issue of stepping
up and stepping down current can be more problematic.

Students should be asked to compare the use of a transformer to reduce
AC voltage, with the use of a series resistor to drop some of the voltage.
The transformer wins every time!

29 The practical exercise involves varying the size and direction of voltage 45-75
applied to two types of diode and measuring the resulting current flow. minutes

Students record their measurements and then use them to plot the
forward and reverse characteristics of each device. The silicon diode will
not conduct measurable reverse current, and so different scales are used
for the forward and reverse directions. Students should have access to
sample characteristics for a variety of common devices (e.g. 1N4001 and
OA91) to compare with their own graphs.

They can be asked to suggest approximate forward conduction voltages
for each diode. Generally, these are 0.6V - 0.7V for silicon diodes and
around 0.1V to 0.3V for germanium devices.

They could also be asked for applications for each type of device, or to
group them as either ‘power’ or ‘signal’ devices.
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30 In this worksheet students investigate one of the most important 45-75
applications for a diode, converting alternating current (AC) to direct minutes

current (DC). They construct and test a simple half-wave rectifier . Initially
they explore the operation of the circuit without a reservoir capacitor
before going on to test it with four different values of capacitor. They
obtain waveforms for each circuit, and should sketch them for their
records.

The input to the circuit is obtained from the nominal 12V 50 or 60Hz AC
power supply (not from a signal generator as this will not usually have a
low enough output impedance). Note that the 470 resistor is used to
place a load on the rectifier circuit. Also note that ‘x10’ probes should be
used to connect the oscilloscope or equivalent virtual instrument.

Typical waveforms for this investigation are shown below for:
® no reservoir capacitor;
e a 47 uF reservoir capacitor.
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Students should be asked to explain the shape of the rectified waveforms
and the effect of increasing the value of the reservoir capacitance on the
ripple produced by the circuit.

More able students could be asked to measure the amount of ripple
superimposed on the DC output and relate this to the time constant of the
reservoir capacitor and load resistance.
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31 In this worksheet students construct and test a full-wave rectifier 45 -75
arrangement. Once again, they initially explore the operation of the circuit minutes
without a reservoir capacitor before going on to test the circuit with four
different values of reservoir capacitor. They obtain waveforms for each
circuit, and should sketch them for their records.

The input to the circuit is again derived from the nominal 12V 50 / 60Hz
AC power supply and not from a signal generator. Note that the 470Q
resistor is used again to place a load on the rectifier circuit, and that x10’
probes should be used to connect the oscilloscope or equivalent virtual
instrument.

Important: Students should NOT attempt to make any connection to the
AC input of the bridge rectifier as this will place a short-circuit across one
of the diodes of the bridge! For this reason, students are asked only to
investigate the output voltage from the bridge rectifier arrangement.

Typical waveforms for this investigation are shown below. The first is
where no reservoir capacitor is used whilst the second is for a 47 pF
component.
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It is important for students to compare these results with those obtained
for the half-wave rectifier circuit used in the previous worksheet. They
should, in particular, note that the full-wave rectifier functions on both
positive and negative cycles of the input waveform and that the ripple
frequency is twice that of the half-wave arrangement.

As before, students should be asked to explain the shape of the rectified
waveform and the effect of increasing the value of the reservoir
capacitance on the amount of ripple produced by the circuit.

Once again, more able students could be asked to measure the amount of
ripple superimposed on the DC output and relate this to the time constant
of the reservoir capacitor and load resistance.
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I Change notes

18 04 2012 First version released
1908 I5 Renamed—was ‘Advanced’.
1009 18 Edits and amends courtesy of Dr Clarke @ Uni of Bradford

18 06 2020 changed Germanium diode to Shottky diode for worksheet 22

17 08 21 incorporated Advanced DC and Advanced AC into the pack to create Intermediate
Electrical and Electronic engineering

16 08 2023 Reformatted to new style

0410 23

Page 21 removed bullet with 330k
Removed 330K lines from table

Page 22 Removed 330K line from table

Page 53 |0 ohm changed to 100ohm in text

47 ohm changed to 180 ohm in text

10 to 47 in table, 47 to 180 in table
Page 54 |0 ohm changed to 100ohm in bullet 4

47 ohm changed to 180 ohm in bullet 4

10 to 47 in table, 47 to 180 in table
Page 59 OA91 changed to ‘Shottky’ in 2 tables
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