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Introduction

Controlling current:

There are three ways to control electric current - using resistance, using inductive
reactance (hindering current using inductance) and using capacitive reactance
(hindering current using capacitance) . All three effects are measured in units called
ohms (W).

Inductance and capacitance are properties of a particular device and depend on its
structure (number of turns of wire, diameter of the coil... for an inductor, area of
plates, plate separation... for a capacitor.)

Impedance is the sum of all these effects and is also measured in ohms, though it is
not found by simply adding together the three effects.

It is calculated from resistance , R, inductive reactance, X,, and capacitive reactance,
Xc, using the formula:  , _ ez (XX,

The three effects

An electric current is a flow of electrons, tiny negatively-
charged particles found in all atoms.

As they flow, they lose energy as heat as they collide with
other particles in the material. This effect is called
resistance.

When electrons flow, they create magnetic fields - that’s how
electro-magnets work. The magnetic field stores energy, which
can be recovered later. It cannot be created instantly. It takes it
time to build up and die away. While doing so, it hinders the
growth and decline of current. This effect is called inductive
reactance.

Electrons flow because one end of the circuit is more
positively charged than the other. Their negative charge

“ causes them to be attracted to the positively charged end.
This situation is called an electric field. It too stores energy.
It too cannot be created instantly. Charged particles must
be separated to create an electric field. While this happens,
electric current is hindered. This effect is called capacitive
reactance.
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Introduction

Effect of AC frequency:

Resistors: hinder the flow of both AC and DC equally.

Inductors: have inductive reactance which hinders AC but has no effect on DC.
Capacitors : have capacitive reactance which blocks DC but only hinders AC.

>

The graph shows: Inductive

« the frequency of the AC has no effect on
resistance;

» inductive reactance rises as frequency increases;

« capacitive reactance falls as frequency increases. Capacitive

Resistance
Reactance

>

Frequenc'y

Ideal components:

Resistors - have resistance but zero inductance and zero capacitance.
Capacitors - have capacitance but infinite resistance and zero inductance.
Inductors - have inductance but zero resistance and zero capacitance.

Real components:
Resistors - wire-wound resistors have appreciable inductance, typically around a few
mH.

Capacitors - have high, but not infinite resistance. As a result, there is a small leakage
current when it is used.

Inductors - long lengths of wire wound into a coil, have
appreciable resistance which can swamp the reactance at low
frequencies, e.g. 50Hz.

Conflicting demands:
Microelectronics is all about physical size! To exert an effect at low frequencies, they
must have a high value of inductance.

How do you make a physically small inductor?
You use fine wire, but that has a higher resistance.

How do you make a high value inductor?
You use lots of turns of wire, but that increases the resistance too.
The result is that practical inductors made for modern electronic circuits have a high
resistance!

In this course, we make no attempt to explore inductive reactance because, at mains
frequency (50Hz), huge coils would be required.
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Introduction

locktronics

Real components continued...:

The inductor used in the 68mH Matrix carrier has a :
« resistance of 185W;
« inductance of 68mH.

\\\\\\

[ L R \‘}
It behaves like a 68mH inductor in series with a 185W  {68mH 185Q |
resistor. —N——

'~ -

At mains frequency, its inductive reactance, X,, is given by the formula:
Xi=2pfl
where f = AC frequency =50Hz;
and L=inductance = 68mH.
giving it an inductive reactance of 21.4W.

These effects can be combined together using the formula for impedance:
Z= (Rz + (X, - Xc)z)yz

In this case, there is no capacitor and so no capacitive reactance involved, and the
formula reduces to:
Z=(R*+X7)"
= ((185)% + (21.4)1)*
=186.2W

This result illustrates the problem of using inductors at relatively low frequencies.
Their inductive reactance is drowned by their resistance.
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Worksheet 1

AC behaviour of resistors

Resistors are basic components in most electronic systems.
They control electric current by converting some of its energy

into heat. Resistance is measured in units called ‘ohms’, given — _L’ =

the Greek letter omega ‘(Y. ——— I | .
This is often combined with a prefix, such as ‘kilo’ (‘thousand’) f '

or ‘mega’ (million). For example 1k = 1000Q2 and 10MQ = 10 1&; -

million ohmes.

Over to you:

e Build the circuit shown below. A possible layout is shown at the bottom of the page.

e Connect the 12V AC power supply and switch it on.
e Close switch S.

e Use multimeters to measure the current through the resistor and the voltage across it.
(Appendix 1 and Appendix 2 will help you with this task if you need it.)

e Record the measurements in the Student Handbook.
e Replace the resistor with a 1kW resistor and repeat the measurements.
e Once again, record them in the Student Handbook and answer the questions.

ol = = =] =] = ol
ol o] o] ol ol ol loi

voltmeter

/4
_,.,} :i/ s s .
\"/

E;. {0} /ﬂ ol ol loi

ammeter
| X el ol ol ol 0 o]
| X el ol ol o ol o]
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Worksheet 1

AC behaviour of resistors

So what?

In DC circuits, voltage and current in resistors are related in a simple way . The relationship is
known as Ohm’s law, after the German physicist Georg Ohm.
Their behaviour with AC is no different:

It can be expressed:
e asagraph:

Voltage

e orinwords: Current
The voltage across a resistor is directly proportional to the current through it provided its

temperature does not change.

In plain English, this means that:
o if the current doubles, then so does the voltage;
o if the current is reduced to a quarter, then so is the voltage;

e andsoon..
provided the resistor stays at the same temperature (unlikely to happen!)

The graph gives us information about the resistance of the resistor.
A big resistor offers a lot of hindrance to an electric current.

It takes a lot of energy from the current as it passes through.

Put another way, it takes a large voltage to force the current

through it. A
A small resistor, on the other hand passes a large current with
little hindrance, little loss of energy. It requires only a small
voltage.

Using these ideas, it can be seen that trace A in the graph shows
the effect of a large resistor. It takes a high voltage to drive a
relatively small current through it.

Similarly, B shows the effect of a small resistor. Even a small
voltage creates a large current. Current

Voltage

»
»

Be careful!
Sometimes these graphs are plotted with current on the vertical axis and voltage on the horizontal

axis. In that case, a slope like B would represent a big resistor - a high voltage needed for even a
small current.
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Worksheet 2

Combinations of resistors

locktronics

There are two types of connection in electronics, series and
parallel.

In a series connection, there are no alternative routesandno [
junctions - the electric current must pass through each resistor | S
in turn.
Components connected in parallel offer different routes for
the current. Combining resistors in parallel reduces the total

Over to you:

A. Series combination:
o Build the series circuit shown opposite.

S

H H ]
100€2100Q2
e Connect the 12V AC power supply and switch it on. 12\//\; CA)

A possible layout is shown at the bottom of the page.

e Close switch S.

e Measure the current through the combination of resistors
and the voltage across it.

e Record them in the Student Handbook.

B. Parallel combination:
e Build the parallel circuit shown opposite. Again, the layout at the bottom of the page can
guide you.
e Connect the 12V AC power supply and switch it on.
e Close switch S.

e Measure the current through the combination of resistors and
the voltage across it, as indicated in the circuit diagram.

e Record these results in the Student Handbook.

voltmeterJ—"‘—"‘—\

Series O
% . oy = gi > o il
12V 100Q2 1OOQ

AC

. > . . o o
ammeter

o o o o o o o

ST . s s

1002 [§|| 1002/ [g]| voltmeter

5 . < o O

7 ammeter i 4

Copyright 2023 Matrix TSL Limited Page 8



Worksheet 2 locktronics
Combinations of resistors

So what?

The aim now is to compare the results for the two combinations, one serial and one parallel, with
the performance of the 100Q2 resistor by itself.

From the results of the first worksheet, we know that the bigger the resistor, the smaller the cur-
rent, for the same power supply voltage.

More particularly, when the resistor is ten times bigger, the current is ten times smaller.

The theoretical results are:

for a series combination, total resistance = Ri + Ry;
for a parallel combination, total resistance = Ri xR,
Ri+R,

The treatment in the Student Handbook uses the measurements to
calculate the total resistance of the two combinations, i.e. to find the |——7341"—"3}—
value of the single resistor that would have the same effect as each 100€2 100€2
combination.

100902

In the Student Handbook: 1000

?

?

e use the measurements to calculate the total resistance for each
combination;

e complete the table to show your results.
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Worksheet 3 locktronics
Capacitors

In an inductor, an electric current sets up a magnetic field inside it
which opposes changes to the current through the inductor.
In a capacitor, the current sets up an electric field across the plates I ' u
which opposes changes to the voltage applied to the capacitor. -
o Before the voltage can increase, electrons must flow onto the H
plates
of the capacitor, increasing the electric field. This stores energy in
the electric field.
e When the voltage tries to decrease, electrons flow off the plates, reducing the electric field.
These electrons try to maintain the voltage across the capacitor.
Capacitors behave rather like buckets in a water circuit. They must fill up before water flows any-
where 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:
A capacitor consists of two metal plates, separated by a thin film of an insulator, sometimes called a
dielectric. Its capacitance, measured in a unit called the farad (F), depends on factors like the area of
the plates, their separation and the material used as the dielectric.
The circuit diagram shows a capacitor connected to a 12V 50Hz power
supply. The capacitor has a capacitance of 33uF, (33 microfarads)

-33 millionths of a farad. Notice the circuit symbol for the capacitor. lAZe/f\l 33C Se—
¢ Build the circuit shown in the circuit diagram. H

= = = = = = =

L1 lol

jof jof

o o

| B o o o o o o

W el jo| 0 0 0 jof jo|

e Measure the current through the capacitor and the voltage across it.
e Record these in the Student Handbook. (There is space for two sets of measurements, to
allow you to improve the accuracy of your results.)

e Now replace the 33uF capacitor with the 2.2uF capacitor.
e Repeat the procedure and record the measurements in the Student Handbook.

o Complete the calculations in the Student Handbook.

Copyright 2023 Matrix TSL Limited Page 10



Worksheet 3 locktronics
Capacitors

So what?

e With resistors, when you double the current through the resistor, you double the voltage
dropped across it, and so on...

o Capacitors oppose a changing voltage.
The faster the rate of change of voltage, the greater the current that must flow to charge or
discharge the capacitor.
The higher the frequency of the AC, the faster the voltage changes, and so the greater the cur-
rent that flow in the circuit.
In other words, the current depends on the frequency of the AC supply.

e We describe this behaviour in terms of the capacitive reactance, X, defined, in the same way
as resistance, as Xc =V / I. As stated before, the units of reactance are ohms.

¢ The capacitive reactance measures the opposition of the capacitor to changing current.
The higher the frequency ,f, the greater the change in voltage, and the greater the current flow.
The formula for capacitive reactance is:
Xc=1/(2nfC)

o Capacitors are very much a mirror image of inductors.
As the frequency of the AC supply increases, an inductor offers more opposition, (i.e. inductive
reactance increases, and the current decreases) whereas a capacitor offers less opposition, (i.e.
capacitive reactance decreases, and the current increases).

e In the Student Handbook, use your measurements to calculate X¢ for each capacitor:
e using your measurements in the formula:

Xc=V/I
where V = voltage across the capacitor
and I = current flowing through it.

e using the formula:
Xc=1/(2nfQ)
where f = AC frequency (=50Hz)
and  C = capacitance.
and compare the results

¢ Complete the table given in the Student Handbook with your results.
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Worksheet4 locktronics
Capacitor and resistor in series

A capacitor and a resistor, connected in series, act as a voltage divider, sharing
the AC voltage in a way that depends on the frequency of the AC supply.

However, the reactance of the capacitor decreases as the frequency increases.

This type of circuit is known as a series C-R circuit. As it is in series, the same cur-
rent flows in all parts.

Over to you:

e Connect a 100Q2 resistor, and a 33uF capacitor in series with the 50Hz 12V AC supply, as shown
in the circuit diagram and in the layout below.

= = = = = = =
W el jo| jol joli joli jof jol
mmeter
W 1. oF :Ei joi jol cee-
12v 100Q2 A
AC Y R V,
| N 8 10062
12V v
ac v |Vs
? C
W ie lef Ief Ief Ief Ief lef 33mF T IVC
v
W el jo| Jo jo o jol jo|

e Measure the current leaving the AC power supply.
e Measure:

e the AC supply voltage, Vs;

e the voltage V¢, across the capacitor;

o the voltage Vg, across the resistor.

e Record these voltages in the Student Handbook and complete the calculations.
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Worksheet4 locktronics
Capacitor and Resistor in Series

So what?

In a resistor, the current is in phase with the gglrtraegn?[
applied voltage. In other words, they rise and

fall in step. /
When voltage is a maximum, so is current and Timz
soon.... Q 57

In a capacitor, they are not in phase.
The current leads the applied voltage. Voltage
Because of this, it is complicated to work out ~ Current

exactly what is happening in the circuit. K\ /7<
. . —>

The solution is to work out the impedance of the \></ Time

combination, i.e. the ‘sum’ of the resistance

and the capacitive reactance. This takes into ac-

count the phase differences between the various
voltages and currents in the circuit.

¢ The two effects limiting the current are - the resistance (100€2) of the resistor, and the reac-
tance
of the capacitor.
For the 33uF capacitor, at a frequency of 50Hz, capacitive reactance can be calculated using:
Xc=1/(2nfC)
=1/(27(50)x (33x10°)
=96.5Q2

¢ The voltage across the resistor is in phase with the current through it. The voltage across the
capacitor lags behind the current . The impedance formula takes this phase shift into account:
Z = (R*+ (X,- Xo)")*
In this case, there is no inductive reactance, and so:
Z=(R*+X %)
= ((100)° + (96.5))"
=138.9Q2

¢ In the Student Handbook, use this value of impedance to calculate theoretical values for Vg and
V, for both capacitors.

As the frequency increases, the share of the supply voltage changes. The higher frequency reduces
the reactance of the capacitor. As a result, the capacitor takes a much lower share of the supply
voltage.
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Worksheet 5 locktronics
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.

The way the current is divided between the two routes depends
on the frequency of the AC supply. 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:

Connect a 500Q2 resistor and a 33uF capacitor in parallel l
with the 50Hz 12V AC supply, as shown in the diagram lAZé/ /\/ C 1 R

\Y
opposite and the layout below. s 33uF 500Q2

Use enough connecting links so that the current can be
measured at points A and B.

Measure:
the current, l,, through the capacitor (i.e. at point A);
the current lg, through the resistor (i.e. at point B).

Measure the supply voltage, Vs.

Record these measurements in the Student Handbook and complete the calculations.

4 by Myvé ;54( }E\ o o
12v
AC voltmeter amm{ter ammeter

E
o
0
0

i
i

1
1

0
)j
)
)
0
0
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Worksheet 5

Capacitor and Resistor in Parallel

So what?

e We are going to calculate the quantities you measured, from theory so that you can compare
them with your results.

Use your value of Vsto complete the calculations below in the template provided in the Student
Handbook..

At a frequency of 50Hz

e Resistance of resistor R= 5000,
and so the current through it, (at point B,) Izg=Vs/R=.............. /500 =............. A

e Reactance X of capacitor Cis given by:
Xc=1/2xnfC
=27 (50)x (33x10°)
=96.5Q2

and so the current through it, (at point A,) Ia=Vs/ Xc = .......... /96.5=........... A

¢ The currents through the capacitor and the resistor are not in phase:
e the current, lg, through the resistor is in phase with Vs;
e the current, I, through the inductor lags behind Vs by 90°.

As the frequency of the AC changes, the share of the current changes. When the frequency
increases, the reactance of the capacitor decreases and so the path for current through it becomes

easier. The current through the capacitor increases.

The resistance of the resistor is unaffected by frequency changes.
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locktronics

Electrical
Safety
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Worksheet 6

The fuse

locktronics

Electricity is dangerous!

Our bodies can sense electric currents as small as 1ImA. A
current of 10 mA DC can cause muscle contractions - the
victim cannot release the electrified object.

The voltage required depends on a number of factors, in-
cluding the electrical

resistance of the human body, which, in turn, depends on:

the presence of sweat on the skin;

the hydration level of the body - 45 to 70% of the
weight of the body is water;

the body fat content;

where on the body the electrical contact occurs.

The resistance of the human body is typically between 1kQ

Over to you:

One effect of an electric current is to heat the wires and devices it flows
through. If there is a problem, wires can get so hot that they cause a fire.
We need a safety device to prevent a fire when an electrical fault occurs!

One answer is to use a fuse.
The next investigation illustrates this approach.
Clamp one or two fibres of steel wool between the pillars of the sam-

pler to form a simple fuse.

Build the circuit shown in the diagram, using a 12V AC power supply and a 12V 0.1A bulb.
Leave one end of the black lead loose. Make sure that it does not touch any part of the circuit!

Close the switch - the bulb should light.

Strands of steel wool

= = = = = = =

W el jo| jol 0 Jol jol jol
ol ol

L4
lead “s__o
Wl el Jo| Jo| jo| Jo| Jol jol
W el joi e Ie Ie lo| lol
//

Now create a fault in the circuit. Touch the loose end

of the black lead onto the right hand side

of the bulb, for a moment. You just short-circuited the bulb.

What happens?
Record your observations in the Student Handbook.

Copyright 2023 Matrix TSL Limited
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So what?

Electricity is dangerous!

‘Short-circuits’ are a potentially harmful effect of electrical heating. ~
Worn or damaged insulation lets wires touch, allowing very large »
currents to flow. These can generate a lot of heat, causing fires.

One precaution is an application of electrical heating, the fuse - a short

length of wire made from a metal with a low melting point. It acts as

the weakest point in the circuit. A large current flowing through it heats

it so much that it melts. This breaks the circuit, stopping the current

before it causes damage.

The ‘cartridge fuse’ protects the wiring installation and
appliance. It is important that the correct fuse rating i
used for the appliance. These cartridge fuses typically
come in values of 3A, 5A and 13A.

Calculating fuse values:

We need to know:
e the power rating, P, of the appliance;
o thevoltage, V, it is designed to work on.

From these, we first use the formula P=1xV (or 1 =P / V) to work out the normal current, I, flowing
through the appliance. This current is fine - no overheating will occur.

Then we choose a fuse value just greater than this so that the fuse will ‘blow’ cutting off all current
when a problem occurs.
For example:

A modern TV - power rating (P) 200W on a 240V power supply (V).
- normal current (1) = 200 / 240 = 0.8A.

The best cartridge fuse rating for this is 3A.

Calculate the normal current and best cartridge fuse value for the appliances listed in the Student
Handbook.
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Worksheet 7

The circuit breaker

Electricity is dangerous!
@’5&’? Fuses protect the appliance and the wiring connecting it, but NOT the user!
= 5? A fuse may happily pass a 10A current without ‘blowing’. The human body would not
‘a: i> beha with a current of 10A!
g‘\%py PPy
Circuit breakers (MCBs), similarly, offer protection for the appliance but
not the user, by switching off the circuit when it senses excessive current. Like the
fuse, it protects theappliance and wiring. Whereas a ‘blown’ fuse must be re-wired or
replaced, the MCB is reset, by pressing a button or operating a switch.

Over to you:

The modern consumer unit contains both MCBs (miniature circuit breakers)
and RCDs (residual current devices). However, these have different func-
tions. RCDs are explored in the next worksheet.

eBuild the layout shown below.

I

ol
circuit
breaker
'EE o—e . . o o
12v 12V =l
AC Eel 01A% b
. A . . . .
ammeter
o o o o o ol ol
i e o o o ol ol

e Connect the 12V AC power supply and switch on.

o Press the circuit breaker ‘Reset’ button if necessary. The lamp should turn on.

e Press the switch to introduce a fault - it short-circuits the bulb.  The circuit breaker should
trip as its rated current is exceeded.

e Restore the supply by pressing the ‘Reset’ button again.

Challenge:
¢ Switch off the power supply and remove the connecting link at A.

e Replace it with an ammeter, set to read up to 10A AC.
Now modify the circuit by adding a 250Q2 variable resistor so that you can measure the current that
causes the circuit breaker to ‘trip’. Record your results in the Student Handbook.
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Worksheet 8
The RCD

Electricity is dangerous! Fuses and circuit breakers protect the appliance and the )
wiring connecting it, but NOT the user! one
The RCD (residual current device) compares the current it supplies to the appliance _—
with the current, which flows back from it. An imbalance might indicate a fault, ke
such as an electric current flowing to earth through the user. o
The RCD then ‘trips’, shutting off the electricity supply to the appliance and the user. sxgm/;
% @

Over to you:

A faulty electrical appliance might give the user an electric shock, with a
current, lgy, flowing to earth through the user. The RCD compares the l
current (loy) flowing to with that (lp,) returning from an appliance.
When the difference (lout - lback) reaches a set value (typically 30mA),
the RCD ‘trips’, shutting off the electricity supply.

Iout

N, |RCD Appliance

e Build the layout shown below, connect the 12V AC power supply
and switch on.

9 ° h /TW TN
2y
o ‘:" oS S S yd Jol

e Press the ‘Reset’ button on the RCD if necessary. The three lamps can be controlled separately
by the on/off switches.

e Simulate a fault by pressing switch X. This diverts some current around the RCD, producing an
imbalance in the currents leaving and returning to it.

e The RCD ‘trips’, switching off the supply and lighting the ‘Fault’ LED on the RCD.

e Restore the supply by pressing the ‘Reset’ button again.

e Replace the 1kQ resistor with a 10kQ2 variable resistor.

Challenge:

Modify your circuit by adding a 10kQ variable resistor so that you can measure the fault current
which causes the RCD to trip. Record your result in the Student Handbook.
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Worksheet 9

Solenoids

locktronics

One effect of an electric current is that it heats up the conductors that it
flows through. Another is that it produces a magnetic field around that
conductor.

This is put to use in electromagnets, like the one shown in the picture which
is used to move steel ingots in a steel works.

The magnetic effect is stronger if the conductor is made into a coil. It is even
stronger if the coil has a core of a material such as ferrite.

The first part of the worksheet looks at this magnetic effect in a

solenoid, a cylindrical coil of wire, with and without a core.

The second part investigates a commercial solenoid, used to turn electrical

Over to you:

e  Build the layout shown opposite.
The purpose of the lamp is to show
when there is a current flowing.
The purpose of the compass needle is
to
detect any magnetic field.

e Connect a DC power supply set to
deliver 6V.

e Press the switch. The lamp should turn 60mA
on. Notice the effect on the compass s o o o lo o lo|
needle.

e Remove the ferrite core and repeat the
procedure. Is there any difference?

e Replace the ferrite core.

e Turn the power supply carrier upside down to make the current flow in the opposite
direction. What is the effect on the compass needle?

0 0 lej joi

=
O
O
°

e  Build the second layout.
This time, the solenoid is enclosed and
has at its core a moveable plunger, or
actuator. This is magnetised by the

magnetic field of the solenoid and then o ol isi isi

interacts with that magnetic field to solenoid

produce motion. . . - -
~e| e e e

e  Press the switch. Notice the effect on
the core of the solenoid.

e Record all your observations in the e o o o lo o ol
Student Handbook.
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Worksheet 10
Relays

The relay is another application of electromagnetism - a Switch Contactsﬁ

remotely controlled switch. Operated from a low voltage, Pivot
low current control circuit, it can be used to switch large
currents and high voltages, or can be used to operate
devices in a hazardous environment from a safe distance.

Armature

When a current flows through the coil, a magnetic field To
is created which magnetises the core. This attracts a control circuit

pivoted armature to it. As it moves towards the core, it

rocks around the pivot and closes a pair of contacts in the process. (Other forms of relay can open
‘normally-closed’ contacts or act as a changeover switch.)

Over to you:
The next system illustrates how a solenoid actuator can be operated from a remote switch, using a
relay. It also demonstrates how a small current in the control circuit
can switch a much larger current. The circuit includes two diodes,

connected to prevent any damage to other components when the ———
relay coil or solenoid de-energise. &
e  Build the circuit shown above using a layout like that below.
_—— = = = = = =
| o o o o o o
e jei joi
6V
DC
i o o
I o o
ammeter
| Y O o o s sl i

e Connect a DC power supply set to deliver 6V.

e Remove the connecting link at A and measure the current at this point. This is the current that
flows through the relay, i.e. the control circuit current.

o Replace link A and in the same way, measure the current flowing at point B - the current de-
manded by the load, the solenoid in this case.

¢ You should find that a circuit like this can control a large load current using a much smaller cur-
rent in the control circuit.

e Record all results in the Student Handbook.
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locktronics

Electrical
Science
and
Technology

Appendix

Electrical measurements
with a multimeter
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Appendix 1 -measuring DC voltage

locktronics

The picture shows one form of multimeter. It has a wide
range of uses -which varies from model to model - but
usually includes measuring AC and DC voltage and current

When using a multimeter, before you switch it on:

« select the correct range.

Voltage:
is @ measure of the force pushing the electrons around the circuit;
measures energy lost or gained as an electron moves through part of a circuit
is measured with a voltmeter connected in parallel with the component.

The circuit symbol for a voltmeter is shown in the diagram.

Using a multimeter to measure voltage:

Multimeters can measure both AC and DC.
The following symbols distinguish between them:

Plug one wire into the black ‘COM’ socket.
Plug another into the red ‘V’ socket.

Select the 20V DC range by turning the dial

AC
DC

to the ‘20" mark next to the 'V =—=——"'sym-
bol.
(It is good practice to set the meter on a range

that is much higher than the reading you are expecting.
Then refine it by choosing a lower range to suit the volt-

age you find.)

Plug the wires into the sockets at the ends of the compo-

nent under investigation.

» take care to plug the probes into the correct sockets;

(‘Auto-ranging’ versions select the best range automatically.)

voltmeter

y & ¢ 4

Switch on the multimeter when you are ready to take a reading.

A ‘" sign in front of the reading means that the meter wires are connected the
wrong way round. Swap them over to get rid of it!
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When using a multimeter to measure current, plug the
probes into the ’A” and "COM’ sockets, or equivalents.

Then select the correct range, either from the ‘A~ section,
for AC current or the ’ A’ section, for DC current.

Finally, switchon. =———

Current:
« measures the number of electrons passing any point in the circuit each second;
« measures the rate of flow of electrical charge in the circuit;
« is measured with an ammeter connected in series with the component.
The circuit symbol for a ammeter is shown in the diagram. C

ammeter

Using a multimeter to measure current:

« Plug one wire into the black ‘COM’ socket.

o Plug another into the red ‘mA’ socket.

« Select the 200mA DC range by turning the dial to the 200m’ mark next to
the ‘A =’ symbol.
(Again, it is best to set the meter on a higher range to begin with. Then choose a
lower range to suit the current you find.)

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

« Switch on the multimeter when you are ready to take a reading.

o A possible problem:
The ammeter range is protected by a fuse located inside the body of the
multimeter. This may have ‘blown’, in which case the ammeter will not work.

Report any problems to your instructor so that it can be checked.
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Appendix 3 -measuring resistance

When using a multimeter to measure resistance, the
component must be removed from the circuit first!

Once again, before you switch on:

« take care to plug the probes into the correct
sockets, the ')’ and 'COM’ sockets;

« select the correct range.

Resistance:

is a hindrance to the flow of electrons around the circuit;

removes energy from each electron as it moves through the resistor;
converts this energy into heat;

is measured in units called ‘ohms’ (symbol - ’€2’) or kilohms (k€2),
using an ohmmeter. (1 kilohm =1 000 ohms.)

Using a multimeter to measure resistance:

Ohmmeter
Plug one wire into the black ‘COM’ socket.

Plug another into the red ‘QQ" socket.

Turn the dial to select a resistance range, such as 200k(2.

(Once again, it is good practice to set the meter on a range higher than the
reading you are expecting and then refine it to a lower range.)

Make sure that the component under investigation is not connected to any
other.

Plug the wires into the sockets at the ends of the component.

Switch on the multimeter when you are ready to take a reading.
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Student Handbook locktronics

Introduction

Controlling current:

Three ways to control electric current, all measured in units called ohms (Q):
e using resistance:
e using inductive reactance (hindering current using inductance);
e using capacitive reactance (hindering current using capacitance).
Inductance and capacitance are properties of a particular device and depend on its structure.

Impedance is the sum of all these effects and is also measured in ohms, though it is not found by
adding together the three effects but using the formula:  , _ [pZ+ (X -X
L C

An electric current is a flow of electrons, tiny negatively-charged particles found in all atoms. As
they flow, they lose energy as heat as they collide with other particles in the material. This effect is
called resistance.

Nucleus

electrons

When electrons flow, they create magnetic fields. The magnetic field stores energy, which can be
recovered later. It cannot be created instantly. It takes it time to build up and die away. While doing
so, it hinders the growth and decline of current. This effect is called inductive reactance.

Electrons flow because one end of the circuit is more positively charged than the other. Their nega-
tive charge causes them to be attracted to the positively charged end. This situation is called an elec-
tric field. It too stores energy. It too cannot be created instantly. Charged particles must be separat-
ed to create an electric field. While this happens, electric current is hindered. This effect is called
capacitive reactance.

Effect of AC frequency:

Resistors: hinder the flow of both AC and DC equally.

Inductors: have inductive reactance which hinders AC but has no effect on DC.
Capacitors :have capacitive reactance which blocks DC but only hinders AC.
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Introduction continued...

The graph shows: g gt :
o the frequency of the AC has no effect on resistance; %% Inductivs
e inductive reactance rises as frequency increases; ﬁé
e capacitive reactance falls as frequency increases.
Ideal components: Capacitive
Resistors - have resistance but zero inductance and s
zero capacitance. Frequency
Capacitors - have capacitance but infinite resistance
and zero inductance.
Inductors - have inductance but zero resistance and zero capacitance.
Real components:
Resistors - wire-wound resistors have appreciable inductance, typically around a few pH.
Capacitors - have high, but not infinite resistance, resulting in a small leakage current when
used.
Inductors - long lengths of wire wound into a coil, have appreciable resistance which can

swamp reactance at low frequencies, e.g. 50Hz.

Worksheet 1 - AC behaviour of resistors:

Resistors control electric current by converting some of its energy into heat.

Resistance is measured in units called ‘ohms’, (‘Q2’), often combined with a prefix e.g. 1kQ = 1000Q2,
10MQ = 10 million ohmes.

Their behaviour with AC is no different from their behaviour with DC:

The voltage across a resistor is directly proportional to the current flowing through it provided its
temperature does not change.

In plain English, this means that:
o if the current doubles, then so does the voltage;
o if the current is reduced to a quarter, then so is the voltage;
e and so on... provided the resistor stays at the same temperature (unlikely to happen!)
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Worksheet 1 - AC behaviour of resistors continued...

A big resistor offers a lot of hindrance to an electric current.

It takes a lot of energy from the current as it passes through.
Put another way, it takes a large voltage to force the current
through it. B
A small resistor, on the other hand passes a large current with

little hindrance, little loss of energy. It requires only a small voltage.

Using these ideas, it can be seen that trace A in the graph shows the
effect of a large resistor. It takes a high voltage to drive a relatively small

current through it.

Similarly, B shows the effect of a small resistor. Even a small voltage creates a large current.

Voltage

Current

Be careful!
When this graph is plotted with current on the vertical axis and voltage on the horizontal axis, a
slope like B would represent a big resistor - a high voltage needed for even a small current.

Your results:

S
l_/ 550} Resistor Currentin mA VoltageinV
1AZé//\J ® 1000
f 1kQ

Complete the sentence:
The bigger the resistor, the .........ccevvvvvervennenee. the current, for a given voltage.

Measured values of resistance:
Use the formula: Resistance = voltage / current with your measurements to calculate the values of

the resistors:
‘100QY’ resistor - measured value = .........co....... S e, Q

‘1kQY’ resistor - measured value = ..........c......... S e Q

With the power supply used in this investigation, estimate the current that would flow through

a 50Q2 resistor:
Estimated current = ....ccccovvvevrveveerneennne
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Worksheet 2 - Combinations of resistors:
Series connection - no alternative routes - no junctions - the electric current must pass through each
resistor in turn. Combining resistors in series increases total resistance.

Parallel connection - offers different routes for the current. Combining resistors in parallel reduces
the total resistance.

(N
s —©

—e _H 1
100€2 10002
12v

Series Parallel

Your results:

Current in mA Voltage in V

Combination N -
through combination  across combination

Two 100Q2 in series

Two 100Q2 in parallel

Total resistance:

For a series combination, total resistance = R;+ Ry;
For a parallel combination, total resistance = Ri xR,
Ri+R,
Measured resistance: -
Using your results in the formulaR=V /1:
¢ two 100Q2 resistors in series have a total resistance of .........c......... Q;
e two 100Q2 resistors in parallel have a total resistance of .................... Q.

How do you account for any differences between stated and measured values?
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Worksheet 3 - Capacitors:
Capacitance, C, is measured in farads (F), though, in practice, this unit is too large.
Most capacitors have values given in microfarads (uF), nanofarads (nF) or picofarads (pF).
o Capacitors oppose a changing voltage.
The faster the voltage changes, the greater the current needed to charge or discharge the ca-
pacitor. The higher the AC frequency, the faster the voltage changes, and so the greater the
current.
In other words, current depends on the frequency of the AC supply.
e We describe this behaviour in terms of the capacitive reactance, X, defined, in the same way
as resistance, as Xc = V / I. As stated earlier, the units of reactance are ohms.
o Capacitive reactance measures the capacitor’s opposition to changing current.
The formula for capacitive reactance is: Xc=1/(2nfC)
e Capacitors are a mirror image of inductors.
As the AC frequency increases, an inductor offers more opposition, - inductive reactance in-
creases, whereas a capacitor offers less opposition, - capacitive reactance decreases.
Capacitors behave rather like buckets in a water circuit. They must fill up before water flows any-
where else in the circuit. When the flow of water starts to fall, excess water flows from the bucket,
trying to maintain the flow.

Your results:

Capacitor Frequency Currentl VoltageV
33uF 50Hz

2.2uF 50Hz

The stated value takes no account of meter and component tolerances and factors like the finite
resistance of the insulating layer between the capacitor plates.

Your calculations:

Capacitor Frequency  Capacitive reactance Xc=V /| Capacitive reactance Xc=2n fL
33uF 50Hz
2.2pF 50Hz

Complete the following statement:
When the AC frequency is doubled, the capacitive reactance is ............... .
When the capacitance is increased, the current ............... .
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Worksheet 4 - Capacitor and resistor in series:

At a frequency f, the reactance of a capacitor is: Xc=1/ A
(2nfC) R V,
. R p2 2% 100Q2

and the impedance of a C-R circuit is: Z=(R"+Xc") 12V .°

The (rms) current is given by: 1=Vs/Z AC r>/ Vs N
: . . _ C
The resulting voltage across the r‘e5|sjcor is: Vr=IxR 3BmFT— |V,
and the voltage across the capacitoris: V¢=1x Xc.
v

In a resistor, the current is in phase with applied voltage. Voltage U
In other words, they rise and fall in step. When voltage is current
a maximum, so is current ... . 1 Resistor %
In a capacitor, they are not in phase. Current leads applied —*
voltage. As a result, it is complicated to work out exactly v
what is happening.

. o . Voltage
The impedance of the combination takes into account Current Canaci
these phase differences. To calculate this, first we need apac'tor/7<

the reactance of the capacitor: —p
Time
Xe=1/(@27fC) —

=1/(2 7 (50)x (33x10°)
=96.5Q2

The voltage across the resistor is in phase with the current through it.

The voltage across the capacitor lags behind the current .

As there is no inductive reactance, the impedance formula reduces to:
Z=(R*+X%)*

= ((100)* + (96.5)%)"

=138.9Q
Using the formula: | = Vs / Z, this gives the current: I = e, maA.
and using Vg = I x R, it gives the voltage across the resistor: Vg = ...ccocveiviiciieeeennnns Vv,
and using V¢ = I x Xc the voltage across the capacitor:  Ve= .oooiiiiiiiiinienen. V.

Check these results against your measured values.
Your results:

Measurement

Power supply current, I, in mA
Supply voltage Vs

Voltage Vi across 100Q2 resistor

Voltage V¢ across 33 uF capacitor

As the frequency increases, the way the supply voltage is shared changes. At a higher frequency, the
reactance of the capacitor decreases and so it takes a much lower share of the supply voltage.
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Worksheet 5 - 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.
[ A

12V c L R
AC "\U |Vs 33pF—— 5000

The way the current divides between them depends on the frequency of the AC supply.
When the frequency increases, the reactance of the capacitor decreases, making it an easier route
for the current to flow though.

The currents through the capacitor and the resistor are not in phase:
e the current at B, through the resistor, is in phase with Vs;
 the current at A, through the capacitor, leads Vs by 90°.

At a frequency of 50Hz

e Resistance of resistor R= 50002,
and so the current through it, (at point B,) Ig=Vs/R = ............. /500 =.............. A

e Reactance Xc of capacitor C is given by:
Xc=1/2nfC
=27 (50)x (33x10°)
=96.50)
and so the current through it, (at point A,) Ia=Vs/ Xc = .......... /96.5= ... A

Check these results against your measured values.
Your results:

Measurement

Current I, at point Ain mA
Current Igat point B in mA

Supply voltage Vs
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Worksheet 6 - The fuse:

The voltage required to deliver a dangerous level of electric current depends on a number of factors
including the electrical resistance of the human body. This, in turn, depends on factors like:

o the presence of sweat on the skin;

¢ the hydration level of the body - 45 to 70% of the weight of the body is water;

o the body fat content;

o where on the body the electrical contact occurs.
The resistance of the human body is typically between 1k and 100kQ.

In a ‘short-circuit’, worn or damaged insulation allows wires to touch, large currents can flow, caus-
ing a lot of heat. One precaution is to use a fuse - a short length of wire with a low melting point,
which acts as the weak point in the circuit. A large current flowing through it heats it so much that it
melts, breaking the circuit and stopping the current before it causes damage.

The diagram shows the circuit symbol for a fuse.

Complete the following statements:
« Afuse contains a fine metal wire. When the —f———

flow of electricity gets too big, this wire gets so hot that the metal .........cc................ ,and
breaks.

e Thiscreates an air ....ccccoeeeveeeeeevennnnnn. in the circuit, which stops the flow of electricity.

e This stops the other .........ccccooeennnens in the circuit from getting too hot, and causing a fire.

In the UK, mains ‘13A’ plugs contain cartridge fuses, with ratings of 3A, 5A and 13A.

Calculating fuse values:

Use the formula P=1xV (or I =P / V) to work out the normal appliance current, I.
Then we choose a fuse value just greater than this.

Calculate the normal current and then choose the best fuse rating for the following devices, when
used on a 240V supply:

Power Normal

Appliance rating (W) current (A) Fuse
Reading lamp 60

Kettle 2000

Fire 3000

Vacuum cleaner 1200
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Worksheet 7 - The circuit breaker:

The circuit breaker (mcb) switches off the current when it senses a fault. !’lQ”'
9
Like the fuse, it protects the appliance and the wiring connected to it. L
However, a fuse must be re-wired or replaced before normal operation [
can resume. The mcb can be reset, usually by pressing a reset button I .
or operating a switch. i l
Challenge: ' n‘»
Trip current for the circuit breaker = .................... A

Worksheet 8 - The RCD:

The RCD (residual current device) compares the current it supplies to the L. w o
appliance with the current , which flows back from it. An imbalance might
indicate a fault, such as an electric current flowing to earth through the user.

K

The RCD ‘trips’, shutting off the electricity supply to the appliance and the user.

RCD

80A30MA
|out WRS80/2

l_ B L 9_®

N, |RcD Appliance

Challenge:
Trip current for the RCD T_ T;;’ck_, j
- {/ lfauit

S —— mA _ /4

Worksheet 9 - Solenoids:

One effect of an electric current is that it heats up the conductors that it flows through. Another is
that it produces a magnetic field around that conductor. This magnetic effect is made stronger by
winding the conductor into a coil. It is even stronger if the coil has a core of a material such as fer-
rite. What did you see when:

¢ the switch was closed initially:

e when the ferrite core was removed:
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Worksheet 10 - Relays:

The relay is another application of electromagnetism - a remotely controlled switch.
Operated from a low voltage, low current control circuit, it can be used to switch large currents and
high voltages, or can be used to operate devices in a hazardous environment from a safe distance.

Switch contacts

When a current flows through the
coil, a magnetic field is created which

magnetises the core.

This attracts a pivoted armature to it. As it moves towards the core, it rocks around the pivot and
closes a pair of contacts in the process.

control circuit

(Other forms of relay can open ‘normally-closed’ contacts or act as a changeover switch).

Your results:

Current in control circuit (at point A) = ........cco..... mA
Current in load (at point B) = .......ccu.... mA
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