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Introducing the Components
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The hardware:

Semiconductors used in the electronics industry come in two types, n-type or
p-type, depending on which impurities are diffused into the crystal, usually silicon.
A p-n junction is a single semiconductor crystal where one end is p-type and the
other n-type. Its distinctive properties are exploited in the components shown
above.

Semiconductors have a significant weakness - temperature rise. If they get too hot,
they can be irreparably damaged. They are often mounted on ‘heat-sinks’, large
metal plates which help them to lose heat and stay cool.
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| Introducing the Components

Diodes:
As the name suggests, these have only two terminals, the anode and cathode.

They are ‘one-way valves', allowing current to flow only one way through them, from
anode to cathode. More precisely, they offer a huge resistance to current flow in one
direction (cathode to anode,) and a very small resistance to current flow in the other,
from anode to cathode.

The following graphs show the ideal characteristics of a diode:

| R
% _ Vv
Ideal current / voltage Ideal resistance / voltage
characteristic characteristic

There are a number of different types of diode:
+ Small signal diodes - Lower power rating, up to 500mWw;
- Superior performance at high frequencies;
+ Power diodes - Handle much higher currents and power, up to several kilowatts;
+ LED -Light-emitting diodes convert electrical energy into light at very high efficiency;

Bipolar junction transistors (BJT):
Come in two types, npn or pnp, depending on the way in which the impurities are
added.

+ Each has two p-n junctions, (n-p /p-n) for the npn and (p-n/ n-p) for the pnp, made
by diffusing impurities through a photographically-reduced mask into the silicon.

+ Each has three regions, called collector, base and emitter.

+ Various ‘leaded’ and ‘surface-mount’ packages, such as TO92 and SOT-23, are used
to house the silicon crystal. The manufacturer’s data sheet identifies the terminals.

« The diagrams show the direction of current flow in npn
and pnp transistors. The pnp transistor can be thought
of as a mirror-image of the npn device.

* The transistor is a current amplifier. The collector
current, Ic, is typically around fifty times bigger than
the base current, Is. The emitter current, Ig, is equal to
the sum of base and collector currents. Since the base
current is much smaller than the collector current, the
emitter current and collector currents are roughly equal.
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Introducing the Components

Field-effect transistors (FETSs):
have a bigger family than BJTs as the following diagram illustrates:

FFT
JFET MOSFET
enhancement depfetion
—l r—l
n p n p n

channel channel Cha:lnel chalrjnel chagnel chaEnel

All share the same principle - the resistance of the conducting channel between
drain and source depends on the voltage applied to the gate. As a result, this gate
voltage controls the drain current.

The family has two branches - JFETs and MOSFETSs. In both, the gate terminal is
insulated from the conducting channel. The mechanism creating the insulating
layer is different:

In JFETs (Junction FETs ) - it is a reverse-biased p-n junction;

In MOSFETs (Metal-Oxide-Silicon FETs), it is a thin layer of insulating material.

In general, n-channel FETs switch faster than p-channel devices because electrons
move faster through the silicon lattice than do holes.

MOSFETSs:

Are further subdivided into depletion mode and enhancement mode types:
Depletion mode devices are similar to JFETs - the drain current is at its maximum
when the gate voltage, Ves, is zero. As Vas increases, drain current decreases.
Enhancement mode MOSFETs have the opposite behaviour - no current flows
when Vesis zero but it increases as Ves increases.

Switch faster than BJTs because the drain current is a flow of majority carriers,
(electrons in a n-channel device, holes in a p-channel device,) not minority carriers.
(Minority carriers can experience delays in passing through the silicon lattice.)
Have an extra terminal, the ‘body’, usually connected internally to the source.

All FET devices are viable but production issues mean that p-channel depletion
MOSFETs are rare. The most common format is the n-channel enhancement MOSFET.

y
Il,ﬂlﬂlx Copyright © 2023 - 2026 Matrix Technology Solutions Limited



||ntroducing the Components

BJT vs FET:

* FET:
« The gate is insulated from the remainder of the device, as described earlier;
« So the input current is minute.

It is a voltage-controlled device - the drain current is controlled by the gate voltage.

« BJT:

+ Isacurrentamplifier - a small base current controls a much larger collector current;

« The input current flows through a forward-biased p-n junction, a small resistance,
and so the resulting input current is relatively large;

« Hence, the BJT has comparatively high input power requirements.

Itis a current-controlled device - the collector currentis controlled by the base current.

Thyristors:

The thyristor can be viewed as a combination of two BJTs connected so that it ‘self-
latches'. When one transistor switches on, it switches on the second, which in turn
then keeps the first one switched on.

It is sometimes called a SCR (silicon-controlled rectifier). That is a good description of
what it does - acts as a rectifier when it receives a control signal. However, the name
SCRis a brand name given to one particular kind of thyristor and so it is best to avoid
the name. It has three terminals called ‘anode’, ‘cathode’ (as in a diode) and ‘gate’ (the
control input).

Triacs:

The thyristor shares a property with the diode - it conducts only in one direction, from
anode to cathode. In DC circuits, this is not necessarily a problem but in an AC circuit
it means that conduction, and so power delivery, can take place for a maximum of
50% of the time.

Atriac behaves like two thyristors connected in inverse parallel (back-to-back), sharing
a common gate terminal. It has three terminals, called ‘anode 1’ (or ‘Main Terminal
1", cut to ‘MT1"), ‘anode 2’ (or MT2') and ‘gate’. Conduction can take place in both half-
cycles of the AC supply, improving the delivery of electrical power.

Diacs:

The diac behaves like two back-to-back diodes, modified to conduct only above a
particular voltage, typically around 30V. Used to trigger thyristors and triacs, it provides
sharper trigger pulses and hence more rapid switching.

An important issue! These components are mass-produced. As a result, their
properties vary. The circuits shown in this course function for the vast majority of
components. Occasionally, be prepared to vary the odd resistor or capacitor value
to optimise the performance of the circuit. Consult your instructor first!
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WORKSHEETS
Worksheet 1 - The p-n Junction Diode

The module begins by looking at the behaviour of a p-n junction, the
structure at the heart of the semiconductor components studied

elsewhere in this module.

s ower FD—
diode ™

anode cathode
K LED )I ;‘4/ The cathode is the shorter lead.

This worksheet reveals the remarkable behaviour of the p-n junction, behind the

operation of the power diode and for the LED.

Two very common devices, the power diode and the LED (light-emitting
diode) owe their behaviour to p-n- junctions.

The cathode is marked by a stripe on the body.

Over to you:

+ Build the circuit shown opposite.

The variable resistor allows us to change the voltage 4y,

applied to the diode.

Set up like this, with the anode connected to the
positive end of the power supply, the diode is
forward-biased.

The 10Q resistor protects the diode from damage
by excess current.

« Set the power supply to 3V!

+ Before you switch on, select:

+ The 20mA DC range on the ammeter;

+ The 20V DC range on the voltmeter.

* Turn the knob on the variable resistor fully
anticlockwise, to set the supply voltage to zero.

10k

10Q

I

N
o)
&/

Ammeter

+  Turn the knob slowly clockwise until the current through the diode reaches 2.0mA.

Then read the voltage across the diode.

* Turn the current up to 4.0mA, and take the voltage reading again. The current
will change rapidly for a tiny change in voltage! Be careful - turn the knob on the

variable resistor very gently!

+ Continue in this way, increasing the current in 2mA steps, up to 20mA, taking the

voltage reading each time.

+ Write your results in the table given in the Student Handbook.

y
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WORKSHEETS
Worksheet 1 - The p-n Junction Diode

So What?
<é 20 A
* Plot a graph to show your results. =18
. : c
« Draw a smooth curve, like the one shown, using & 16 i
your plotted points as a guide. o™ i

12
10
8 X
6
4
Lt

050 055 060 065 070 075
Voltage / V

Now, turn the voltage down to zero, and switch off the power supply.

Remove the diode and replace it the other way round, so that it is reverse-biased.
Switch on the power supply and turn the knob on the variable resistor slowly, to
increase the supply voltage to its maximum value.

Notice the current reading on the ammeter as you do so! (No need to plot this
on a graph!) Comment on your findings in the Student Handbook. Compare the
performance of this diode with the ideal characteristics shown in the Introduction.

The power diode is a ‘one-way valve’, allowing current to flow through it in only one
direction. When forward-biased, a power diode conducts, with a voltage drop of about
0.7V across it. When reverse-biased, it does not conduct at all (for low voltages.)

(For a resistor, it does not matter which way round it is connected. It does exactly the
same thing whichever. Try it !)

Next you are going to carry out the same investigation but using a light-emitting diode
(LED.) Look underneath the 5V LED component . It has a 470Q resistor connected in
series with it, to protect it from high currents.

Challenge:

Using the same circuit as before, plug in the LED so that it is forward biased.
Repeat the investigation, but this time increase the current in 0.2mA steps, to a
maximum of 2.0mA.

Measure the voltage across the LED itself (not the LED and 470 ohm resistor) at
each step and record your results in the table provided in the Student Handbook.
Plot them on a graph and draw a smooth curve, with the same shape as before,
using the points as a guide.

Finally, connect the LED the other way round, so that it is reverse-biased, and
comment on its behaviour.
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WORKSHEETS
Worksheet 2 - The Zener Diode

. The zener diode is remarkably unremarkable. It does exactly
N .. what all other semiconducting diodes do. It passes a current

\ .  when forward biased and blocks it when reverse-biased,

-&' ~ unless the reverse voltage is so great that the diode breaks
\ down.

o \
H’\\ . However, for ‘normal’ diodes, reverse breakdown usually

\)_* 9 " occurs ata high voltage, e.g. 400V, and can damage the diode.
N

\ The zener diode is designed to break down in a controlled
manner at a precise and much lower reverse voltage.

Over to you:

Setupinthisway,thezenerdiodeisforward-biased.
Thevariable resistor allows us to change the voltage -

V Vv
applied to the zener diode, while monitoring the 3_'—_ 10kO 8'2VSZ C)
current flowing through it and voltage across it.

Build the circuit shown opposite.

1kQ

Make sure that the power supply is set to 3V!

Ammeter

Before you switch on, select:

The 20mA DC range on the ammeter;

The 20V DC range on the voltmeter.
Turnthevariableresistor knob fully anticlockwise
to set the supply voltage to zero.

Switch on the power supply and turn the knob
slowly clockwise to increase the voltage.

Watch the ammeter reading as you do so.

Stop increasing the voltage when you observe a current flowing through the diode.
Write down the voltage reading at which this happens in the Student Handbook.

Part B - Under reverse bias:

Switch off the power supply and adjust its output voltage to 12V.

Turn the zener diode carrier through 180° to connect it in reverse bias.

Turn the variable resistor knob fully anticlockwise again.

Switch on the power supply and increase the voltage applied to the zener by
turning the variable resistor knob slowly clockwise. Watch the ammeter reading
as you do so.

Stop increasing the voltage when you observe a current flowing through the diode.
Write down the voltage reading at which this happens in the Student Handbook.

y
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WORKSHEETS
Worksheet 2 - The Zener Diode

So What?

The behaviour of a typical zener diode is shown in the T o

graph. The voltage labelled X' is known as the zener §

voltage, Vz. Forward
bias

Compare the behaviour you observed in the investigation
with that shown in the graph.

X v / Current
. ¥ >
Devices are available with a range of zener voltages. The f e
table shows zener voltages for part of the BZX55 zener t—————-+—-—1 ~Diode will not regulate
diode series. (These are temperature dependent.) smallereurens
24V 27V 3.0V 3.3V 3.6V 3.9V
4.3V 4.7V 5.1V 5.6V 6.2V 6.8V 1 v | Maxmum curent
7.5V 8.2V 9.1V 10V 11V 12V damaged If exceeded

You may recognise the values as those used in the E24 resistor series.

Another important parameter is the power rating, PD, of the zener diode. The BZX55
series has a power rating of 500mW. This can be used to calculate the maximum
permissible current, using the formula: Imax= Ppo / Vz.

For example, a 1N5913B zener diode has a zener voltage of 3.3V and a steady-state
power rating of TW. This means that it can sustain a reverse current of 1/3.3=303mA.

Typical application - a reference voltage source:

As the graph shows, the voltage across a zener diode in reverse breakdown changes
very little as the current changes. This makes it very useful as a constant voltage
source in a number of applications, such as ADCs (analogue-to-digital converters) and
DACs (digital-to-analogue converters).

Here is the analysis for the simple reference voltage source in the circuit diagram
below:

Reference voltage = 12V (set by the zener voltage of the diode.) Supply voltage, Vs, is
shared between the zener diode and resistor, R. Ignoring any current drawn from the
voltage source output, the same current, I, flows through both.

Suppose that: Vs = 15V, R = 300Q

Voo
The voltage across resistor R=Vs-Vz=15-12=3V. S
Applying Ohm'’s law to the resistor, current | =V /R =3/300 = R

0.01A =10mA. —
Power dissipated in the zener diode=Vzx1=12x10=120mW. 12V 7N Ing?t;egge
Power dissipated in the resistor =V x1=3x 10 = 30mW. oV

y
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WORKSHEETS
Worksheet 3 - On/Off Control BJT Switch

“‘ The module begins by looking at on/off control of electrical
N devices, switched using a variety of electronic components.

@=
C/ E The first worksheet looks at the question: “What exactly is a

““ 0’, switch?” It compares the behaviour of an electronic switch
with that of a mechanical switch.

Over to you:

A switch is a two-state device. The states are called open (or off) and closed (or on).

+ Build the first circuit, where a push-switch controls
a lamp.

+ Set the DC power supply to output 12V.

*  Measure the voltage, Vs, across the switch:

+  When the switch is open;

* Whenitis closed.

Notice the behaviour of the lamp as you operate the
switch.

+ Move the voltmeter down to measure the voltage,
Vi, across the lamp, with the switch open and then
closed.

«  Write your results in the table given in the Student
Handbook.

* Build the second circuit, where a transistor controls
the lamp. A

With the switch closed, a small base current flows, causing
a much larger collector current through the lamp.

+ Using a 12V DC supply, measure voltages: [ s
* Vi, across the lamp;
* Vcg, across the transistor;

when the switch is open and when closed. -+

©
<
o

* Notice the effect of the switch on the lamp.
+ Write your results in the table given in the i
Student Handbook.

y
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Worksheet 3 - On/Off Control BJT Switch

So What?

« Look at the results for the second part of the investigation.

+ Add together Vce and V.. What do you notice?

«  What do you expect, bearing in mind that the transistor and lamp form a voltage
divider across the power supply?

« The behaviour is the same as for the mechanical switch. The transistor takes
virtually all the supply voltage, or takes none. It is saturated, meaning that the
collector-emitter voltage, Vcg, is either as high as it can be, (roughly the supply
voltage - the ‘off’ state) or as low as it can be, (very close to OV - the ‘on’ state).

A challenge or two:
« To see the effect of the transistor, remove it! Connect the

lamp directly to the switch and resistor, as shown opposite.
The current is too small to light the lamp!

(You could remove the 1kQ resistor. The lamp then lights
perfectly well. However, a transistor switch is often used
with a sensor. For example, a light sensor could be used
to switch on a lamp when it gets dark. Some sensors have _
a high resistance (represented by the 1kQ resistor in this = S — A
case,) and will not operate output devices without the help
of a transistor.)

« Modify the transistor circuit so that the lamp remains on when :

the switch is open and goes off when it is closed. (Hint - change
the position of the switch.)

*  Modify the circuit so that the switch controls a motor instead of
the lamp. (You will need to add a diode in reverse parallel with —
the motor to protect the transistor as the motor is turned off -
see the diagram opposite.)

* Modify the circuit so that the switch controls both the motor and
the lamp.

(The diode is needed because the motor is an electromagnetic device:-

« The motor rotates because current flowing in its coil creates a strong magnetic
field.

«  Whenthe currentstops, the magneticfield collapses through the coil and generates
a large voltage in the opposite direction, ( ‘back-emf’).

« This can damage the transistor.

« The power supply sees the diode in reverse bias.

* It essentially does nothing when the motor is rotating.

« The 'back-emf, however, sees the diode as forward biased, and conducts freely.

 This clamps the voltage drop across the diode to 0.7V.

« The transistor sees this as 12.7V, which poses no risk to the transistor.

y
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WORKSHEETS
Worksheet 4 - On/Off Control - MOSFET Switch

ON The BJT switch is a current-controlled device. The collector-emitter
v resistance depends on the base current.

A problem - some subsystems cannot deliver sufficient current to
switch on the BJT. The MOSFET switch, the focus of this worksheet,
_ may then be a more suitable control device.

Over to you:

+ Build the circuit shown below and set the DC power supply to output 12V.

* Measure voltages Vi, across the lamp and Vos, between drain and source of the
MOSFET when the switch is open and when closed.

+  Write your results in the table in the Student Handbook.

- W B
iz ‘ij_|_l:|

0V Je—
J Lo} = :

The next circuit illustrates the principle of the touch switch, a common MOSFET

application.

+ Build the second circuit . .
« The DC power supply is set to output 12V, as before. J, ?
o

« Switch on. At this stage, the lamp should be off. If it is
— 100kQ
glowing, swap the resistor for a bigger value. (Device 12\,:
characteristics vary slightly between MOSFETSs.) - &
+ Check the voltage on the gate terminal - it should be
between 2.2V and 2.4V.

+ Pressyourfingersin the gap between the posts on the Locktronics board. (It works

even better if you dampen your fingers first!) 1 o ———(0)——
This is safe - it is a low-voltage circuit. | :
: Finge!
Do not try this in high-voltage circuits!
12V [ J [ ] 10(
+ Observe the behaviour of the lamp and voltmeter as L 10C
you do so. i
* Answer the question posed in the Student Handbook. ‘
OV ° °
[

y
Copyright © 2023 - 2026 Matrix Technology Solutions Limited Il,ﬂlﬂlx



ildrilX |
WORKSHEETS

Worksheet 4 - On/Off Control - MOSFET Switch

So What?

The enhancement-mode MOSFET:

It is "Off" when the gate bias voltage is zero.

« Adrain current flows only when the gate voltage (Ves) is greater then zero.

« This voltage pulls ‘free’ charge carriers (electrons or holes, depending on the type)
into the channel between drain and source, reducing the drain-source resistance,
I'Ds.

« Asaresult, a current, I, flows between the drain and the source.

+ Increasing the gate voltage increases the number of 'free’ carriers and the drain
current.

« Eventually, the MOSFET ‘saturates’ and drain-source resistance reaches its lowest
value, known as roson.

The MOSFET transfer characteristic (showing how the output depends on the input,)
is similar to that of the BJT transistor, with one major difference - the linear region
is very small, making it very unlikely that the MOSFET will operate in this region, as

shown below. v, Voura
12 12 __C_)_f_[_____‘
N 07 iBJT  IMOSFET
Ideal switch 81 \
61 ter 3
A characteristic 6+ :‘_‘\I\‘*/Linear region
21 1 “
i 24 :
: Time = gl e » .
Switch 0 - >
closed now 0 1 2 3 4 5 Vi

The exact voltages at which ‘Off' ends and 'On’ begins depend on the device itself. The
above characteristics are generalised and illustrate the difference between the BJT
and MOSFET, used as switches.

Switching:
Electrical power P is given by the formula: P=1xV

Thedangerforsemiconducting switchingdevicesisthattheyoverheatduring switching.

«  When switched off, the current 1 is zero and so the power dissipated in them is zero.
«  Whenswitched on, the voltage Vis (ideally) zero and so the power dissipated is zero.

However, while the device is turning on or off, (passing through the linear region,)
there is a current and the voltage across it is not zero. The power dissipated can then
be appreciable. The solution is very fast switching from one state to the other.

The BJT is not good at this. For high currents and voltages (i.e. high power,) transistors
do not make good switching devices. The smaller linear region, and faster switching
time of the MOSFET make it more suitable as a switch, though a heat-sink may be
needed in high power applications.

y
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WORKSHEETS
Worksheet 5 - On/Off Control - Thyristor Switch

Thyristors are designed to switch high currents and voltages
and to do so very rapidly.

They are self-latching - once turned on, by a sufficiently large
pulse of current flowing into the gate, they stay on, as long as:
« Itis forward-biased - anode more positive than cathode;
« A sufficiently large current flows from anode to cathode.
They make superb high-power switching devices because they move extremely
quickly from the forward-blocking state, (forward-biased, but not conducting,) into
the conducting state. As a result, they dissipate very little power in the process.

In some applications, they operate with AC currents. Here, the focus is on on/off
control in a DC circuit.

Over to you:

* Build the circuit shown opposite, which 1
includes: 10kQ %@P 10kQ

+ A ‘flywheel diode’ to prevent damage to
the thyristor when the motor switches off; 127T_ X°| p._l * o
* A 100uF capacitor to reduce noise which T 47uF
can prevent the thyristor latching on (not | SZ Y0|
shown in the circuit diagram, - ‘officially’ it T

is not needed.)

* A 10kQ resistor to protect the gate from
excessive current.

+ Set the power supply to output 12VDC.

* Press and release switch X. Notice what
happens.

* Press and release switch Y. Again, notice
what happens. Record all observations in
the Student Handbook.

+ Set up a Picoscope to monitor:

+ The voltage across the thyristor, (from
points A to G); \

+ The voltage across switch Y, (from point B
to G).

* Press and release switch X to turn on the thyristor and then switch Y to turn it off.
* Repeat this until you have a good trace showing the effect of switch Y.

+ Save the resulting file for your records, or print out the trace.

+ Answer the questions raised in the Student Handbook.

y
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Worksheet 5 - On/Off Control - Thyristor Switch

So What?

When switch X is closed, a current flows into the gate. The thyristor then switches on

if:

« The current is bigger than the minimum gate current, lcr, (typically ~ 1 mA,);

* Andthevoltage between gate and cathode, Vg, exceeds the minimum gate voltage,
Ver, (typically ~ 0.8V,)

The thyristor then turns on and latches. The anode current continues to flow through
the load even when switch X is opened again, provided this current does not drop
below a value, called the holding current, I+, typically ~ 10mA.

When conducting, a residual voltage drop of ~ 1V between anode and cathode means
that there is still some power dissipation. The thyristor may have to be cooled by a
heat sink.

It behaves like a self-latching relay. Like the electromagnetic relay, it is capable of
handling high currents. Unlike the relay, there are no moving parts to wear out
through friction, and switching takes place a thousand times faster.

The method of switching off the thyristor used here is known as ‘capacitor
commutation’.

Capacitor commutation:
Once in conduction, the thyristor cannot be turned off by signals applied to the gate.
(In other devices, such as the GTO, gate-turn-off, thyristor, this is not true.)

The thyristor turns off only when:
« The anode-cathode current falls below the holding current threshold;
« Orthe device is reverse-biased - the anode being less positive than the cathode.

The usual way to switch it off in a DC circuit is to use capacitor commutation.

When switched off:

« The full supply voltage, 12V, sits across the thyristor and so point P sits at +12V.
(The voltage drop across the load is zero and no current flows.)

« The voltage at point Q = +12V as switch Y is open.

Closing switch X:

Sends a currentinto the gate, switching on the thyristor;
« Thevoltage at P drops to ~ 0V leaving the supply voltage, 10kQ 10k
12V, across the load, and a current flowing through it.
(Switch X can be released - the thyristor is latched on.) — +
» The voltage at Q = +12V still. 12V, X°| P'_4|7HF Q
The left-hand side, (P), of the capacitor sits at 0V, and the T_/Sg Y°|
right-hand side, (Q), at +12V. | T

Put another way, Q is 12V higher than P.

y
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Worksheet 5 - On/Off Control - Thyristor Switch

So What?

Capacitor commutation

To switch off the thyristor, press switch Y: :

« The voltage at Q falls suddenly to OV. 10kO 2@\@ 10kQ

The voltage drop across a capacitor cannot change until = X°| P,'_l * 19

charge flows, i.e. until there is a current. - ATuF
LY v

As a result, a sudden voltage change on one terminal T
causes an equal voltage change on the other, as there is

not

ime for charge to flow.

* Q must still be 12V higher than P. When the voltage at Q dropped from 12V to 0V,

t

he capacitor forced the voltage at P down by the same amount, from 0V to -12V.

The anode, connected to P, is at ~ -12V, but the cathode is connected to OV. The

t

hyristor is reverse-biased and so switches off.

« Alarge current now flows through the load onto the left-hand plate of the capacitor,
causing the voltage at P to rise quickly to +12V. Similarly, when Y is released, current

t

The

hrough the 10kQ pull-up resistor returns the voltage at Q to +12V.

following trace shows the changes in the voltage at P when switch B is pressed:

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

O SRS LTRSS, LSS SIS By U PO U RS- SRS | SN ) IR RIS RSP RPN SN RSYSO_ |

1 Anode sits at ~1V. SN M R 1 back to +12V.
N | | — | |

Thyristor is switched on. Voltage at P rising

_m‘; ____________ atPdownto~-12v. —(:{ ¢ & 4 b
60}
il e renmcresenenensdoecencemsmsessenssonmmssssnncmesmesechmeseessmmseseerenstbessessenmsensesns leessmmsmescrmmennsdomseseesessmecneodraseesemmmmecssencdiesncessmnencesnm esssraescosmenereed)
-400 -300 -200 -100 00 100 200 300 400 500 600
IE Pico Teanoloa wwgimmmm

----------------------------------------------------------------------------------------------------------------------------

Capacitor forces voltage

y
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WORKSHEETS

Worksheet 6 - On/Off/Direction Control -

ildrfX

H-Bridge

The H-bridge is a system of switches which control
the direction of rotation of a motor by controlling the
direction of current flow through it.

+12V +12V

Current flow { \ Current flow

in ‘H’" bridge!

The diagram shows how four mechanical switches could
dothis, though the worksheet uses four MOSFET switches.

The shape of the central part of the diagram puts the ‘H’

One problem - the power supply will be short-circuited
if the wrong pair of switches is closed! The following
investigation uses a changeover switch to avoid this.

Over to you:

* Build the circuit shown opposite.

Notice the yellow wire linking the gates of
MOSFETsa and (¢ and the green wire linking
the gates of MOSFETs @) and@).

These ensure that:

+ Al MOSFET gates are held at a low voltage
by TMQ resistors;

+ Either:

MOSFETs (A and ¢ are on,

or

MOSFETs @ and @are on,

depending onthe changeover switch position.

« Setthe DC power supply to 12V and switch
it on.
Notice the effect of moving the changeover
switch to:

« The upper position;

« The lower position;

+  Mid-way between them.
For each position, measure the voltage on
the left end of the motor, (drain of <¢ ) and
on the right end (drain of @).

« Record these in the Student Handbook
and answer the questions.

Al N NG5
()
12z | ST [ | I
T ®F e ||
1MQu 1MQ

i =i

NB: don't forget to wire the blue lead
between the drain of B and the motor.

.t
Al e

ildrfX
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WORKSHEETS

Worksheet 6 - On/Off/Direction Control - H-Bridge

So What?

The diagrams show that the current direction through the motor reverses when the
changeover switch moves to switch on the other pair of MOSFETS.

12;T_ _o)—r—

A

R

NO

\ 4
--—}—o——@

1TMQ

I3T

Al

NVANR |

|

13T

IFT

Q

Y

&

g

MOSFETs (A and c¢ are ‘on’ and current flows from left to right through the motor.

-
SRVAN
-

R

A N O
»—4—-——@ 1= 1
J !
= 1N
Y \ /\ [[ma

MOSFETs @and @ are ‘on’ and current flows from right to left through the motor.

y
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Worksheet 7 - Motor Control - BJT Emitter Follower

The circuits studied so far offer‘'on/off control. Sometimes,
that is not enough. We might want to speed up or slow
down a motor, increase or decrease the brightness of a
lamp etc. Then we need graduated control.

One way to achieve this is with the BJT emitter follower
circuit, which uses a configuration, called ‘common-
collector'. Here, the collector is connected directly to the
positive power supply rail, The base terminal is the input,
as before, but the output is taken from the emitter.

The emitter follower delivers both high voltage and current to the load. For

electromagnetic loads, such as a motor, it is best to incorporate a flywheel diode to
protect the transistor from back e.m.f. when the current switches off suddenly.

Over to you:

 Build the circuit shown opposite.

« Use the ‘pot’' to vary the input voltage and watch
the behaviour of the motor as you do so. This
circuit allows fine control of motor speed. 1

+ Use a multimeter to measure the input voltage, 4our  10KQ
Vin. e—

« Adjust the ‘pot’ to give an input voltage of OV.

« Measure the corresponding output voltage,

Vour.
« Do the same for inputs of: = ——————— -
ol e ° . ol
1.0V; =
U Multimeter
2 .OV} input,voltag
3.0V, 12V s . e a
. , = g Multitme:e|
o i 7o ouput
. . OV 1O G o . & =~ ol
10kQ -
. . " Multimeter -
 Each time, measure the corresponding output e [
o] e ® . [ ol
voltage, Vour. T |

* Record the measurements in the table given
in the Student Handbook. Carry out the tasks
described in it.

y
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WORKSHEETS
Worksheet 7 - Motor Control - BJT Emitter Follower

So What?

This circuit is useful as an interface between an input device that can supply only a
small current and a subsystem that draws a much larger current.

Even though the voltage gain is around unity, the circuit has a high power gain (=
current gain x voltage gain) because of its high current gain.

Interpreting the results:

«  When the input voltage Vin is greater than ~0.7V, the transistor starts to conduct.
« As aresult, a voltage drop of ~0.7V is created between base and emitter.

« The remainder of Vin is dropped across the motor, as output voltage Vour.

* Hence, the emitter follower relationship: j
Vour =Vin-0.7
Voltage gain: ™~
Voltage gain = Vour / Vin V| 07V
=~ T
Current gain: Vour
Output current through load = emitter current Ie
Input current = Is lo
Current gain = output current / input current
=le/ls ls
From Kirchhoff's current law: le
le=lc+1s
and lc>> I8
Hence current gain = ~Ic / Is = ~ hee ( the current gain of the transistor.)

Sample measurements:
The following measurements were taken from the circuit:

Input voltage, Vin = 3.0V
Output voltage, Vour 2.5V
Input current, Is 0.8mA
Output currentlc ~ 108mA

Using them gives:
Voltage gain = 0.8
Current gain =135
Hence Power gain =108

Challenge:
Repeat the measurements for an input voltage of 5.0V.
Is there any effect on the power gain?

y
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Worksheet 8 - Motor Control - Darlington Driver

Sometimes, one transistor just isn't enough!

# The emitter follower demands a sizeable input current
_ which some subsystems, some logic gates, for example,
™ just can't deliver.

& One solution is to couple two transistors together in an
=8 arrangement known as a darlington pair - rather like on
~ a railway where they couple together two engines when
there is a heavy load to pull!

Over to you:

 Build the circuit shown opposite. The procedure is identical to
that used in worksheet 7. _| 10ke

« Use the ‘pot’ to vary the input voltage, watching the effect of 12&::___
the motor.

« Connect a multimeter to measure the input voltage, as before.

« Adjust the ‘pot’ to give an input voltage
of OV and measure the corresponding & **
output voltage.

10kQ

If you are unsure about how to take these LI s
measurements, look back at the previous o7

worksheet. They are taken from the same 9V.*==
points.

ol
K

|

ol
ol
joi
o

« Make the same measurements for ‘ -
inputs of 1.0V, 2.0V, 3.0V, 4.0V, 5.0V and '

6.0V ol of e s ~or ta! §loo

« Record them in the Student Handbook.

I
i

To see the advantage of this arrangement over that used in worksheet 7:

« Set the input voltage to 5.0V.

* Measure the input current (base current in the first transistor, Ti).

* Measure the output current from transistor Tz, (current through the motor and
back to the power supply).

* Record them in the Student Handbook.

« Use them to calculate the power gain of the circuit.

y
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WORKSHEETS
Worksheet 8 - Motor Control - Darlington Driver

So What?

The input voltage fixes the input (base) current of the first transistor, which then
controls a much larger collector (and emitter) current in that transistor. This becomes
the base current of the second transistor, controlling an even larger output (collector)
current.

The transistors usually have different properties. The first (T1) has a high current gain
but low power rating. The second (Tz2) has a higher power rating and a lower current
gain.

The following sample measurements were obtained:

Using them gives: Input voltage, Vin = 3.0V
Voltage gain = 0.6 Output voltage, Vour 1.9V
Current gain = 1150 Input current, Is 0.08mA

Hence Power gain =690 Output currentlc ~ 92mA

Advantages of the Darlington pair follower:
« Very high current gain (= gain of T1 x gain of T2);
« Very high input impedance.

(Foragiven output, theinput currentistiny, asifthe subsystem had a huge impedance.)

Disadvantages of the Darlington pair follower:

« Higher overall voltage drop between input and output (~1.4V compared to ~0.7V
for the emitter follower);

« Higher saturation voltage, when switched on fully, resulting in higher power
dissipation.

Challenge:

To demonstrate the ability of the darlington driver to work off

extremely low inputs, set up the circuit shown opposite, which 100k

uses a phototransistor as a light sensor. -

Notice what happens when you cover the phototransistor
window (You may need to adjust the size of the resistor to
match current light conditions and component tolerances!)

XX

As the light level drops:

+ The resistance of the sensor increases;

« The base voltage of the first transistor increases;
« The base current to the first transistor increases;
« The current through the motor increases;

«  The motor spins faster.

The 100kQ resistor in the sensing subsystem means that the
current available to the darlington driver is tiny.

Determine the power gain of the darlington driver in bright and

in dim light.
y
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Worksheet 9 - Motor Control - MOSFET Source Follower

- Depending on the application, MOSFETs can offer significant

advantages over BJTs, including:

« Higher input impedance - less current required to operate it;

« Smaller power loss - the effect of the residual resistance, Roson),
of the MOSFET is usually smaller than that of the BJT forward
voltage drop Vce(~ 0.3V ) when the devices are switched on;

+ Faster switching - conduction by majority, not minority carriers;

* No tendency for thermal runaway.

This worksheet examines the behaviour of the MOSFET common-
drain amplifier, also called the ‘source follower".

Over to you:

The procedure mirrors that used to investigate the emitter follower in worksheet 6.

Source follower:
 Build the circuit shown opposite.
« Set the DC power supply to 12V.

+ Use the ‘pot’ to vary the input voltage and watch the _1 10kQ
behaviour of the motor as you do so. 12v1 [

+ Connect a multimeter to measure the input voltage, T v
VIN. IN VOUTT
« Adjust the ‘pot’ to give an input voltage of OV.
+ Measure the corresponding output voltage, Vour.
1o s——e——— .
« Do the same for inputs of: _
3 Multimeter
1.0V; 3 input,voltag
2.0V; 12V s . e o
3.0V; L g Multimeter
5.0v; oV Js———s . T, .
6.0V. 10kQ =
loi ° by by { °
Multimeter -

« Each time, measure the corresponding output voltage, Vour.
« Record the measurements in the table given in the Student Handbook.
« Compare the behaviour of the emitter follower and source follower.

y
Il,ﬂlﬂlx Copyright © 2023 - 2026 Matrix Technology Solutions Limited



26

WORKSHEETS
Worksheet 9 - Motor Control - MOSFET Source Follower

So What?

As with the emitter follower, this circuit is a useful interface between an input
subsystem that can supply only limited current and a subsystem that draws a high
current.

« The output voltage follows the input voltage, but is about 2V lower.

« It has the advantage that the input impedance is huge, almost infinite.

* Its output impedance is low but not as low as that of the emitter follower.

« The current gain (output current/input current) is enormous, because the input
current is so small. Although the voltage gain is less than unity, overall there is a
big power gain.

« It provides a reasonably low output impedance to the following subsystem. A low
output impedance means that the output voltage will not drop when a current is
drawn by a load attached to it..

« The MOSFET is in saturation, so the current through the motor, and hence motor
speed, is determined by the input (gate-source) voltage.

However, it has a higher input turn-on voltage than the BJT emitter follower, ~3V as
opposed to ~0.7V.

Sample measurements:
The following measurements were taken from the circuit:

Input voltage, Vin 5.0V
\Output voltage, Vour 2.7V
\Input current, Is 0.TmA
\Output currentlc ~ 108mA

Using the same argument as for the emitter follower, these results give:
Voltage gain = 0.5
Current gain = 1080

Hence Power gain = 540

Challenge:
Repeat these measurements for an input voltage of 6.0V.
Once again, does this have any effect on the power gain?

y
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Worksheet 10 - Motor Control - PWM

ildrfX

LR

Its advantages include:
Superior energy efficiency, compared to analogue methods;
Compatible with digital devices, such as microcontrollers.

Pulse-width modulation (PWM) offers not only motor speed
- __control but also position control for servo motors, (used in a
el ) :, . . : : ; i ; i

‘EK /A Ly variety of applications, including industrial robots.)

PWM is a digital technique - the signal is either on or off.

One way to generate and control PWM uses a 555 timer IC.

Over to you:

Build the circuit shown opposite. (The Locktronics
555 carrier incorporates some of the connections.)

Set up a Picoscope to monitor the 555 output signal, 12V_T

(points A and G). Connect:

The ‘ground’ terminal to the ‘0V' rail (at G);

Channel A to the 555 output (pin 3).

Suitable Picoscope settings:

Input range: A +/-20V DC
Collection time 10ms/div
Trigger mode Auto

All other settings

Default values

Adjust the ‘pot’. Notice the effect on the

signal.

Turnthe knob on the‘pot’ fully clockwise

(almost!) Save or print out the trace for

your records.

Then do the same with the knob turned (almost)

fully anticlockwise.

Answer the questions in the Student Handbook.

Challenge:
Use this system to control the speed of a motor, using the circuit shown below, which
includes a BJT emitter follower to reduce the current drawn from the 555 timer IC.

On a second baseboard, build the emitter follower
and motor subsystems, using worksheet 7 as a guide.
Check that you can control the speed of the motor

using the ‘pot’.

8
8 o[oyput
w0
5
100nF—— $10nF
54 o
Multimeter
input,voltag
Ve o
Multimeter
T output
."‘ Q voltage
OV je—— .
10kQ2
- e
Multimeter -

NB:power/gnd connections
of 555 timer not shown in
layout.

ildrfX
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WORKSHEETS
Worksheet 10 - Motor Control - PWM

So What?

In pulse-width modulation, the output signal switches on and off rapidly and
repeatedly.

The ‘mark’ is the time for which it is ‘on’". Voltage
The ‘space’ is the time for which it is ‘off".

The signal shown has a mark-to-space ratio of 3:1.
The term ‘duty cycle’ is another measure of the same
thing. It is defined as the percentage of time for which
the output is ‘'on’. The signal shown has a duty cycle of R
of 75%. Time™
The motion of the electric motor is not affected providing the frequency at which
switching occurs is sufficiently high. The inductance of the motor coil smoothes out
the current flowing in it. In addition, the inertia of the motor means that the motion
is smooth.

‘on:

‘Space’

The following traces were obtained from the PWM circuit, for different settings of the
‘pot’. The signal on the left has a small mark:space (~1:7) - a duty cycle of ~15%. For
the one on the right, the mark:space is ~7:1 - a duty cycle of ~83%.

LU YT

Why is PWM energy-efficient?
The power P dissipated in a device is given by the formula:
P=I1xV
where | = current flowing through the device and V = voltage dropped across it.

In an ideal switch:

*  Whenon, thereis no voltage acrossit, i.e.V=0and so P=0-no energy wasted in it;

«  When off, there is no current through it,i.e. | = 0 andso P = 0 - again no energy
wasted.

Providing the switching device moves rapidly from the ‘off’ state to the ‘on’ state, very
little energy is wasted.

Challenge:

+ Using the 100nF capacitor in the circuit, measure the time period for the signal.
« Hence calculate the frequency of the signal.

« Investigate the effect of changing the 100nF capacitor for other similar values.

* Record your conclusions in the Student Handbook.

y
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WORKSHEETS
Worksheet 11 - Phase Control

The graduated control systems looked at so far use DC power.
Where an AC power supply is used, another option becomes
| available - phase control, the focus of this worksheet.

This technique offers reliable and energy-efficient operation
| of power control devices such as thyristors and triacs.

Over to you:
* Build the circuit shown opposite.
A
It uses the 12V AC power supply! 1 ElmOkQ

The 100kQ ‘pot’ is set up as a variable resistor. B
The non-electrolytic capacitor can be connected either way G ——470nF

round.

« Set up a Picoscope to monitor the voltage across the
AC supply, (points A and G) and the voltage across the
capacitor, (points B and G):

« Connect one of the oscilloscope’s ‘ground’ terminals to
the ‘OV' rail (at G);

« Connect channel A to monitor the AC supply;

« Connect channel B to monitor the capacitor.

+ Adjust the ‘pot’ and notice the effect on the signal on
channel B, the voltage across the capacitor.

« With the ‘pot’ turned fully clockwise, save the resulting
traces for your records, or print them out .

+ Thendothesamewith the’pot'turned fully anticlockwise.

Suitable Picoscope settings:

. Key to labels:
Input range. A +/-20V [_)C G - ‘ground’ connection for all readings.
Collection time 10ms/div .
: A - connection for AC supply measurement.
Trigger mode Al B - connection for capacitor measurement
All other settings Default values P '

Challenge:
 Investigate the effect of using different resistor and capacitor values.
« Complete the passage in the Student Handbook.

y
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WORKSHEETS
Worksheet 11 - Phase Control

So What?

Interpreting the traces:

The following traces were obtained from the phase-control circuit. For clarity, the
‘x10' setting was used on the probes. For the ‘anticlockwise’ trace, the ‘pot’ was moved
slightly from the fully anticlockwise position. Otherwise, the capacitor and AC traces
would overlap.

Blue - AC supply
Anticlockwise Red - Capacitor

2 Q<w
5 A~ 8

40

50 50
-500 400 -300 -200 -100 00 100 200 300 400 500
ms Pico Technology www.picotechcom

2 Q<w
5 RK°8

Clockwise
Blue - AC supply

Red - Capacitor

Phase lag is now much greater.

40

50 -50
-500 400 -300 -200 -100 00 100 200 300 400 500
ms Pico Technology www.picotechcom

y
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Worksheet 12 - Lamp Control - Thyristor

The thyristor and its relative, the triac, are used in a wide variety
of lamp dimmer circuits, in the home, in theatres and in public
buildings such as sports stadia.

This worksheet demonstrates how to control the thyristor using
‘phase control'.

Over to you:

* Build the circuit shown opposite. 12\%

As before: 100k, 214

« It uses the 12V AC power supply; 122

+ The 100kQ ‘pot’ is set up as a variable resistor; AC’}( SZ

+ The capacitor can be connected either way round. '

« Adjust the ‘pot’ and notice the effect on the p—
brightness of the lamp. 470nF]

« Set up a Picoscope to monitor:

+ The voltage across the AC supply, (A and G) and
across the capacitor, (B and G);

« The AC supply voltage (A and G) and the voltage
across the thyristor (C and G).

One of the oscilloscope’s ‘ground’ terminals is
connected to the ‘OV' rail (at G).

« With the ‘pot’ turned fully clockwise, save the
traces for your records, or print them out .

« Then do the same with the ‘pot’ turned fully
anticlockwise.

Suitable Picoscope settings: Key to labels:
Input range: A +/-20V DC G - ‘ground’ connection for all readings.
Collection time 10ms/div

A - connection for AC supply measurement.
B - connection for capacitor measurement.
C - connection for thyristor measurement.

Trigger mode Auto
All other settings Default values

Challenge:

The simplest way to dim the lamp is to connect a variable resistor in

series with it, as shown in the circuit diagram opposite.

3 2500

» Build this circuit and measure the current flowing through the 12¥,
variable resistor for a dim glow, and then for full brightness. ?

+ Calculate the power dissipated in the variable resistor for each.

+ Record your results and answer the question in the Student
Handbook .

O
><

y
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WORKSHEETS
Worksheet 12 - Lamp Control - Thyristor

So What?

Interpreting the traces:
The following traces were obtained from the phase-control circuit. For clarity, the ’x10’
setting was used on the probes.

50
v

oc Blue - AC supply ne
" Lamp - bright Red - capacitor -

The ‘spike’ is caused by the sudden current demand when the thyristor switches on.

30 / 120

Capacitor signal lags a little behind the AC supply.
Flattened portion - circuit cannot sustain voltage while delivering current to the lamp.

00 100 200 300 400 500 600 700 800 900 1000
ms Pico Technology waw.picotechcom

o Blue - AC supply
Red - thyristor

-30

/.

The two traces really sit ‘on top’ of each other.

The Picoscope ‘auto-arrange’ function is used to separate them.
\

\

.~ |

Horizontal pc;rtion - thyristor is switched on.
Elsewhere - full AC supply across the thyristor; &0 20 500 00n
- thyristor is switched off. r

50

y
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Worksheet 12 - Lamp Control - Thyristor

5.0

£ Blue - AC supply 2
a Lamp - dim Red - capacitor 160

10

Capacitor sigﬁal lags behind the AC supply by a greater amount.

0 The flattened portion is shorter as less current is drawn by the lamp.
o Blue - AC supply
50 Red - thyristor

ANIVAVAVAY.

Horizontal porti6n - thyristor is switched on as before, but for a
much shorter time each AC cycle and so the lamp is dimmer.

00 100 200 300 400 500 60.0 700 300 300 1000
Pico Technology www.picotechcom

y
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WORKSHEETS
Worksheet 13 - Lamp Control - Triac

Incandescent)

=== The thyristoris also known as a silicon controlled rectifier
' (SCR). This highlights one aspect of its performance - it is

a rectifier. Current can flow through it in one direction
only. As a result, it is switched off for half of the time
when powered by AC.

The triac allows current flow in both directions and so

W delivers more power to the load.

Over to you:

Build the circuit shown opposite.

12V
. : L 0.1A

Look at the equivalent thyristor circuit (worksheet 3 100kQ
10). There, the load, (the lamp,) is connected 1A2(\3/’\/ _/ﬁ
after the phase control network (the resistor and 1

: 470nF
capacitor). T
Here, it is before them. For most loads, it makes
no difference which configuration is chosen. 1

As before;

The circuit uses a 12V AC supply;
The ‘pot’is set up as a variable resistor;
The capacitor can be connected either way

round.

Set up a Picoscope to monitor the voltage
across the AC supply, (A and G) and across the

capacitor, (B and G).

Suitable Picoscope settings:

0
—3+(
gol

+/-20V DC

Input range: A
Collection time

10ms/div

Trigger mode

Auto

All other settings

Default values

Adjust the ‘pot’ and notice the effect on the brightness of the lamp.
With the ‘pot’ turned fully clockwise, save the traces for your records, or print them

out.

Then do the same with the ‘pot’ turned fully anticlockwise.

Challenge:
Swap the lamp with the connecting link just above the triac so that the load is after
the phase control network. Does this make any difference?

Investigate the effect of using different resistor and capacitor values.

Answer the questions posed in the Student Handbook.

y
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WORKSHEETS
Worksheet 13 - Lamp Control - Triac

So What?

You probably noticed a sudden change in the brightness of the lamp as you adjusted
the ‘pot’. The cause can be seen in the sample Picoscope traces shown below.

Interpreting the traces:

Once again, for clarity, the 'x10’ setting was used on the probes and the Picoscope
‘auto-arrange’ function is used to separate the traces.

Lamp - off

AN N\/ 7\

Blue - AC supply
Red - Triac

The full AC supply voltage appears
across the triac. The voltage across
the lamp is zero - the lamp does not
light.

- , g
o ﬁ\/[\ al \/(\ /
The triac switches on for part of the ; i =

positive half-cycle (shown by the T |
horizontal part of the trace) U .- L. SURQLY
but is off throughout the negative ——{— Red - Trlac
half-cycle. —_— | \

Once again, the
‘spikes’ show sudden
current demand when \
the triac switches on.

Lamp - bright

AVAVAYA
| / N
The triac switches on for part of i . - X =

both the positive and negative half- : Blue - AC supply
cycles but not symmetrically. ? y Red - Triac

y _/
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Worksheet 14 - The UJT Relexation Oscillator

The UJT (unijunction transistor) has only one p-n junction, as its name suggests.
However, it has three terminals, two called bases - base 1 and base 2, and one emitter.

It has one aim in life - to oscillate.

It does so in a particular way, generating sharp
‘spikes’, ideal for triggering thyristors and triacs.

? Base 2
The diagram has details of the device. Its appearance
Emitter | |RB2 is very similar to other, bipolar, transistors.
It consists of a bar of lightly doped n-typessilicon, giving
RB4 it a high resistance, typically a few kilohms. A small
I p-type area is created towards one end, effectively
Base 1 dividing up the device into two unequal resistors.

The equivalent circuit shows this arrangement.

Over to you:

+ Build the circuit shown opposite, using a 12V DC power supply.

The 100kQ ‘pot’ is set up as a variable resistor. The capacitor is non-electrolytic and so
can be connected either way round.

+ SetupaPicoscope to monitor the signal across the 180Q
resistor, (A and G), with the ‘ground’ terminal connected

to the 'OV’ rail (at G). 1@
Suitable Picoscope settings:
Input range: A +/-10V DC
Collection time 10ms/div
Trigger mode Auto
All other settings Default values

+ Adjust the ‘pot’ and notice the effect on
the oscilloscope trace.

+ Select two widely different settings for the
variable resistor, and save the resulting
Picoscope traces for your records.

« For each signal, measure the (average)
amplitude and period of the oscillation.

+ Record your results in the Student Handbook and answer the questions raised
there.

(The next worksheet uses a modified version of this circuit. You may wish to keep it to
speed up assembly of the next system.)

y
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Worksheet 14 - The UJT Relexation Oscillator

So What?

The mechanism:

« Initially, the UJT has a relatively high resistance.

« The capacitor starts charging.

+ When the voltage across the capacitor is sufficient, it forward biases the p-n
junction and a large current flows into the UJT, to base 1.

« This floods it with free charge carriers, reducing its resistance drastically.

« The capacitor is almost short-circuited and discharges quickly.

« The p-n junction switches off and the process repeats.

The following traces were obtained from this circuit. They show the signal across
the 180Q resistor for two settings of the variable resistor, giving a fast and a slow

oscillation.
Challenge:

« Use Picoscope, with the same settings, to examine (separately) the following :

+ The signal across the 470nF capacitor;

« The signal at base 2 of the UJT.

« Using Picoscope with faster collection time (timebase) settings, capture one ‘spike’.

Can you identify the capacitor discharge curve?

y
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Worksheet 15 - Lamp Control - UJT and Thyristor

The thyristor is designed to switch huge currents and
voltages, hundreds of amps, thousands of volts, in
devices like the motors that roll steel in steel mills. To
§ do so, they must switch on and off extremely rapidly.
8 To linger in between these states would dissipate
ll so much energy in the thyristor that it would be
destroyed. ‘Instant’ switching requires trigger pulses
that rise extremely rapidly. The ‘spikes’ generated by
the UJT relaxation oscillator are ideally suited.

Over to you:

+ Build the circuit shown opposite, which uses a
12V AC power supply. It is a modification of the
previous circuit, extended by adding:

+ Azenervoltage regulator to provide a DC supply
for the UJT;

« Athyristor, triggered by the UJT pulses, to control
the brightness of a lamp.

+ Set up a Picoscope to monitor:
+ The output of the UJT, (across A and G));
« The thyristor output (across B and G).

Suitable Picoscope settings:

Input range: A +/-20V DC
Collection time 10ms/div
Trigger mode Auto

All other settings Default values

+ Adjust the ‘pot.

+ Notice the effect on the brightness of the lamp.

+ Select two settings for the variable resistor, one giving a bright light and the other
dim, and save or print the resulting Picoscope traces for your records.

* Answer the questions raised in the Student Handbook.

y
38 Copyright © 2023 - 2026 Matrix Technology Solutions Limited Il,ﬂlﬂlx



ildrilX |
WORKSHEETS

Worksheet 15 - Lamp Control - UJT and Thyristor

So What?

The following diagram is a composite of traces taken from the circuit.

The AC supply voltage

The UJT oscillations:

These occur only during the
‘positive’ half-cycle of the AC
supply, as that is when the
zener diode provides a i
positive DC voltage. \\
The frequency of the ‘spikes’
depends on the setting of the
variable resistor . il il

AL, AL L

The thyristor signal:

During the ‘negative’ half-
cycle of the AC supply, the
thyristor is switched off and ~4._|
the full AC voltage appears [\
across it.

The thyristor signal:

During the ‘positive’ half-cycle, the thyristor is switched off until the gate receives first ‘spike’
from the UJT. It then switches on - the horizontal section of the trace - and the AC supply
voltage appears across the lamp. Within the ‘positive’ half-cycle, the earlier the ‘spike’ arrives,
the sooner the thyristor switches on and the brighter the lamp.

Circuit design considerations:

The 180Q resistor:

* Even before the UJT fires, a small current of a few milliamps flows through this
resistor, via the 1kQ resistor and the UJT itself. (Assuming ~6kQ for the inter-base
resistance of the UJT, this current will be ~8.2 / 7k i.e. ~2mA.) The resistor value is
chosen so that the voltage generated by this current is not big enough to trigger
the thyristor into conduction.

« Alow value of resistance means that there is less chance of spurious noise spikes
triggering the thyristor inadvertently.

y
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WORKSHEETS
Worksheet 16 - Voltage Conversion - Half-Wave Rectification

For a number of reasons, electricity is usually generated

& ﬂ a W as AC. However, most electronic circuits require DC.

Z Z are several ways in which it can be used to do this.
O
© This worksheet looks at the simplest - the half-wave

Rectification is the process of turning AC into DC. The
diode is the device used to make this conversion. There

rectifier.

Over to you:

Build the circuit shown opposite. The 1kQresistor represents the

electronic circuit. Notice that we are using the 12V AC power

supply!

Set up a Picoscope to monitor: 12V, 1kO
The voltage across the AC supply, (connections A and G)

The voltage across the 1kQ resistor, (connections B and G);

Suitable Picoscope settings: H -, f/A . -
Input range: A +/-20V DC ) -
Collection time 10ms/div 1%Y AC Vv 1kQ|[] B
Trigger mode Auto oV s © e Lot o
All other settings Default values | e

Save the traces for your records, or print them out .

The performance is improved by adding a capacitor, known as a 'smoothing’ or
‘reservoir’ capacitor. Its effectiveness depends on its size and on the current drawn

from the rectifier. l_[>’_
+ Modify the circuit by adding capacitor ‘C’ as v, o2 [
shown in the second diagram. To begin with, T
use a 100pF capacitor. T_
A B
Take care to connect the capacitor the right way

round, as shown in the diagram!

e o L)
= > Ls250

With the same Picoscope settings as before,
record the signal across the AC supply and 1kQ
load and save it for your records.

Now swap the capacitor for a bigger value,
2200pF, as shown in the bottom diagram.
Record the new signals across the AC supply
and 1kQ load and save it for your records.
Answer the questionsin the Student Handbook.

y
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Worksheet 16 - Voltage Conversion - Half-Wave Rectification

So What?

The following are typical traces from this investigation.The signal amplitude appears
to be around 2.0V because the 'X10’ switches on the probes were used, for clarity.

The actual amplitude was slightly greater than 20V.

- Blue - AC supply
QO capaCItoD Red - 1kQ resistor

A'AVATATATATAVATATAY
\

The voltage across the 1kQ resistor is DC - it does not cross
the OV axis, which would mean a change in current direction.
However, it is not smooth DC! It’s ‘lumpiness’ may cause
problems in some electronic systems.

@uF capaj:iD Blue - AC supply
Red - 1kQ resistor

Still DC, the ‘lumpiness’ zripple voltage) is reduced.
However, the signal is still not smooth DC.

500 700 00 %00 1000
pico Technology wmipicotechcom

2200pF capac@ Blue - AC sup'ply
Red - 1kQ resistor

e - - -
& 00
m

Now smooth DC!

y
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Worksheet 17 - Controlled Half-Wave Rectification

& Controlled rectification combines AC to DC conversion with the

ability to vary the output voltage and so the speed of a motor,
® brightness of a lamp, etc.

This worksheet looks at controlled half-wave rectification.

Over to you:

+ Build the circuit shown opposite.

The 1kQ resistor represents the electronic circuit.
The diode and 10Q) resistor protect the thyristor.

Set up a Picoscope to monitor:

The voltage across the AC supply, (connections A and G)
The voltage across the 1kQ resistor, (connections B and

G).

Suitable Picoscope settings:

Input range: A +/-20V DC
Collection time 10ms/div
Trigger mode Auto

All other settings Default values

Notice the effect of pressing the switch. 4oy

Under forward bias, current flows into
the gate terminal. The resulting current
through the load is DC, (but not smooth).
Save or print the results for your records.

Next, modify the trigger circuit by adding
two 100Q) resistors and 250Q ‘pot, as
shown opposite. (The resistors reduce
power dissipation in the ‘pot’ and other
components. The 250Q ‘pot’ allows the
gate voltage to be varied.)

Notice the effect of adjusting the ‘pot..
Use Picoscope, with the same settings,
to record the signals across the modified
supply (at A,) and across the1kQ load (at
B,) for two different settings of the ‘pot'.
Save or print them for your records.
Answer the questions in the Student
Handbook.

i od
12V
ACI,\,’ 100
1kQ
TR
m e
g 5[ 10Q2 :
K] }ﬂ [ ] ol I.i
’@ 7
e
OV Ja———e——— e Tt it
%//* - f-1kQ|-\ﬁ |
100Q 1000
12V
AC'V
2500 10Q ¥ 4k0
1 | ° 1000 0( %:{ X:{ ]
1000 A
A e 11000
@ _ _ ‘
e ° ° ° [ ol ol
2500 100
~ )
I = ovs : 0 o .
G’ |;
11kQ . @B
s O [ o ST o Jel

y
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Worksheet 17 - Controlled Half-Wave Rectification

So What?

In the following traces, the X10’ switches on the probes were used, for clarity.

Trigger switch
pressed

As before, the voltage across the 1kQ resistor is DC

It does not cross the 0V axis. As soon as the thyristor
[~ is forward biased, it begins to conduct and continues
to do so until the supply voltage reverses.

- Blue - AC supbly
Red - 1kQ resistor

The next four traces relate to the second circuit. The ‘pot’ outputs a proportion of the
modified supply voltage. When this reaches ~0.7V, the thyristor starts to conduct. The
value of supply voltage at which this occurs depends on the slider position.

Variable resistor Variable resistor
- zero resistance - - about half-way 7

Blue - AC supply
Red - 1kQ resistor

Conduction is delayed each half-cycle. The

The thyristor conducts almost immediately
average output voltage is reduced.

each half-cycle. The effect is the same as
in simple half-wave rectification.

Challenge:
«  Adda2200pFsmoothingcapacitor acrossthe output connected the right way round!

« Connect a motor (and flywheel diode) across the output.
« Use the Picoscope to verify that the output is smooth DC and that the motor speed

can be varied.
« Answer the questions in the Student Handbook.

Variable resistor Variable resistor
w\ - about half-way

Blue - AC supply
Red - 1kQ resistor

This shows the result of smoothing The result of smoothing is again DC,

this waveform - a 6V output.

but lower in voltage, around 0.5V.

ildrfX
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Worksheet 18 - Voltage Conversion - Full-Wave Rectification

A half-wave rectifier circuit uses only one diode, but it does not
~ make efficient use of the electrical energy on offer. For half of
%) the time, no current at all flows through the load.

Afull-wave rectifier overcomes this limitation, but uses a number
of diodes to do so, and so drops more of the AC voltage across
them.

Over to you:

+ Build the circuit shown opposite. Again. the 1kQ resistor
represents the electronic circuit. We are still using the
12V AC power supply!

+ Set up a Picoscope to monitor the voltage across the AC

supply, (connections A and X).

Suitable Picoscope settings:

Input range: A +/-20V DC
Collection time 10ms/div
Trigger mode Auto

All other settings

Default values

+ Save the resulting files, or print them out.
+  Now movethe probesto monitorthevoltage
across the 1kQ resistor, (connections B and

Y).

+ Again, save the results file, or print it out .

12V
AC

o0

1kQ

A B
D < o
N ‘. o

12|VAC V(v V1kQ

| T .

OV e ‘ e\ \\ o“ [
|

1KO

Important! A
If the oscilloscope has two inpuf channels,
DO NOT attempt to monitor both signals at
the same time! ‘o

AR

Y

This will short-circuit a diode. (This\one!)

The DC output is steadier than that for half-wave rectification, but still varies. The
remedy is the same as in the last investigation - a large capacitor connected across

the rectifier output.

+  Modify the circuit by adding the capacitor as

shown in the second diagram.

Once again, take care to connect the capacitor the
right way round, as shown in the diagram!

+ Tobegin with, use a 100uF capacitor. Then swap
it for a 2200pF capacitor, (shown in the layout).
« For both, record the signals across the AC
voltage and 1kQ load and save or print them

out.

o
}AZ(\Z/’}’/ C=

1
—

]1KQ

y
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Worksheet 18 - Voltage Conversion - Full-Wave Rectification

So What?

The following traces were obtained from the investigation.

AC suppll_f,

Once again, the X 10" switches on the probes were used because
the actual amplitude of the AC supply was slightly greater than 20V.

@ of bridge re@

The voltage is DC throughout - it does not cross the 0V axis.
However, it is not smooth DCI

100uF smoothing capacitor >

Still not smooth DC, but better than the ripple voltage for the half
-wave rectifier. The ripple voltage amplitude is smaller and the
frequency Is twice as big.

. T
2200uF smoothing capa_m_ta_:u_[_____r_,,,

MNow smooth DC!

y
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WORKSHEETS
Worksheet 19 - Zener Diode Voltage Regulator

AANEEEERETS An essential part of any electronic system, the power supply
— has the task of converting the AC mains electricity supply into
DC and then delivering a steady voltage no matter what.

Part of its construction includes a voltage regulator, which aims
to maintain a steady output voltage over a range of output
currents.

The zener diode is at the heart of most voltage regulators
because of its ability to deliver a range of currents with little
change in the voltage across it.

Over to you:

In the circuit that follows, the full-wave rectifier converts the AC supply to DC. It is
followed by a zener diode voltage regulator, the focus of the investigation, which
supplies current to a variable resistor, representing the load connected to the
power supply. Adjusting it changes the output current delivered. The large capacitor
smoothes the output.

* Build the circuit shown, which uses the

12V AC power supply.
P pply 2209
12V o
Once again, take care to connectthe capacitor AC’},’ 2200p|§:+ (»)
the right way round! 12v (V) Load

« Connect a voltmeter, set to read DC
voltages up to 20V, to points A and Y, to
monitor the output voltage.

+  Switchonand measure the outputvoltage,
Vour, with no output current (I.oap, = OmA).

+ Connect an ammeter, set to read DC 1
currents up to 200mA to pointsBand X, ¥ W\‘ TERICNEAL.
to monitor the output current, lioao, . : |

« Adjust the ‘pot’ to give an output current, l.oao, of 5mA and read the output voltage,
Vour.

+ Record itin the table in the Student Handbook.

+ Adjust the ‘pot’ to give output currents of 1T0mA, 15mA, 20mA, 25mA, 30mA and
35mA in turn. For each, measure and record the output voltage.

+ Use your results to plot a graph of Vour against l.oao and use it to answer the
question in the Student Handbook.

y
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Worksheet 19 - Zener Diode Voltage Regulator

So What?

The analysis goes like this:

* The supply has a peak voltage of 12 x V2 =17.0V. S y

+ Assuming avoltage drop of 2x 0.7 = 1.4V across the bridge  (Vg-12V)
rectifier, gives a DC voltage to the voltage regulator of Vs
=15.6V.

+ Voltage across zener diode = 12V, leaving 15.6 - 12 = 3.6V
across resistor R.

A

12V

(o O =

Power rating of zener diode = 500mW maximum, (from Locktronics Technical Guide).

Using ‘I = P/V', maximum current through zener diode = 500/12 = 41.7mA.
This is the maximum permissible current through resistor R.

Hence, using ‘R = V/I'' minimum value of resistor R = 3.6/41.7mA = 86.3Q. The
investigation used a value of 220Q.

When 3.6V is dropped across it, current through it = 3.6/220 = 16mA. This dissipates
16 x 12 = 196mW when it flows through the zener diode - less than the maximum

power rating!

To keep the zener diode in reverse breakdown, it needs to pass a current of at least
SmA.

Hence, the maximum permissible output current, lour, =16 -5 = 1TmA.
If a greater current is drawn from the output, then the zener diode comes out of
reverse breakdown and behaves like a ‘normal’ reverse-biased diode and stops

conducting.

The circuit then behaves like the one shown opposite - a straightforward voltage
divider:

The voltage Vi across the load is given by:

Vi=VsXx R
R+ RL

y
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Worksheet 20 - The 7805 Voltage Regulator

Many electronic devices are now solar-powered. There are
obvious advantages to this and an obvious disadvantage -
the sun does not shine all the time - at night, inside buildings,
during bad weather... .

To overcome this, they contain batteries which are charged
from the photovoltaic panel. To protect the battery, they
often contain voltage regulators like the 7805, studied here.

Over to you:

In the following circuits, the 1kQ resistor represents the circuit supplied by the
regulator. The 470nF capacitor filters out high frequency noise in the power supply,
to make tt more stable. This is especially important when a switched-mode power
supply is used.

1. Power issues:
+ Build the circuit shown opposite.
+ Connect a voltmeter, reading DC voltages up to X1, VOUTCY
20V, to points A and B, to measure the regulator 1
input voltage, Vin. Vi =z | 7805 |1k
+ Then connectitto points Cand D to measure the B b

output voltage, Vour.

+ Remove connecting link X and replace it with an
ammeter, reading DC currents up to 20mA, to
measure the input current, Iin.

+ Replace X. Next, remove Y and in the same way
measure the output current, lour.

* Record all readings in the Student Handbook
and use them to calculate the efficiency of the
voltage regulator.

AlVn Vel
2. Line regulation: 1 470nF
+  Modify the circuit by adding a ‘pot’ to allow the 124 |[& ., T| 7805 |
input (line) voltage to change. ' B D
+ Use the ‘pot’ to adjust the input voltage to each
of the values given in the table in the Student 12V s : s -
Handbook. -
« Each time, measure the resulting output voltage oV s 0_
and complete the table with your measurements.
+ Answer the question given in the Student 4 e
Handbook.

y
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Worksheet 20 - The 7805 Voltage Regulator

So What?

Voltage regulators are a form of DC-to-DC converter - the output DC voltage and
current are different from the input DC voltage and current.

The language of voltage regulation:

Ideally, regulation comes in two forms:

Line regulation - the output voltage is immune to changes in the input (line) voltage.
Load regulation - the output voltage is immune to changes in the output current.

There are two categories of voltage regulator - linear and switching.

Linear regulators sense changes in output voltage. A feedback loop adjusts the output
current to try to return the output voltage to its preset value.

Switching regulators use the ability of capacitors and inductors to store electrical
energy.

By switching the electricity supply to these devices on and off rapidly , the voltage
across them is controlled over a range of output currents.

The following table compares their properties:

Linear Switching

: Step-down (buck) only Input
Action voltage > output voltage May be step-up (boost) or step- down (buck)
Efficiency Low - depends on (VIN - VOUT)  High
Component Low High -
count Regulator plus two capacitors Regulator plus capacitors, inductors and diodes
Size Small (unless heat-sink needed) Large

: High
Noise Low High frequency noise due to rapid switching
Cost Low High

The circuit diagram on the previous page includes a
capacitor to reduce noise on the power supply lines. In My 7805 VouTt
practice, it is also advisable to use a second capacitor | |
to filter noise on the output of the regulator, as the 330

N . nF 100nF
circuit diagram opposite shows. The values shown are T T
the minimum to ensure stability. OV—
Challenge:
Monitor the load regulation by setting up the first circuit shown on the previous page
and using different values of load resistor to change the output current. For each,
measure the output voltage and current. Use your results to plot a graph, showing
the variation of output voltage with output current.

y
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WORKSHEETS
Worksheet 21 - The Level Shifter

The following worksheets study aspects of voltage regulators and power supplies.
All are driven by 555 astable subsystems. To speed progress through them, build
the astable on one baseboard and keep it. (Occasionally, a component value
may change to optimise the frequency for a particular application.) Then add the
subsystem under investigation on the second baseboard and attach it as shown.

In 1932, physicists Cockroft and Walton used a ‘voltage
multiplier, based on a series of level shifter circuits to
generate enormous DC voltages from a low voltage AC
supply to power their subatomic particle accelerator.

Using only capacitors and diodes, voltage multipliers can
step up low voltages to extremely high values and yet be far
lighter and cheaper than transformers.

Applications include lasers, LCDs, x-ray machines, air
ionisers and photocopiers.

Over to you:

The level shifter circuit consists of two sections:
* An astable - turns DC into a pulsing square wave output;
+ The level shifter - changes the voltage levels of the output.

« Build the circuit shown opposite. For O
clarity, the power leads to the 555 carrier 74 8 Jou
have been omitted in the layout. o ke = 31|T B
+ Set up a Picoscope to monitor : — FB o I
« The output of the astable, (A and G); | ° . /\
+ Output B of the level shifter, (B and G). —Ta7onF | ==tonF 1?TF——)§
|
< > < >
Suitable Picoscope settings: Astable Level shifter
Input range: A and B+/-20V DC
Collection time 10ms/div
Trigger mode Auto a e = o of = n o
All other settings Default ] 1kQ =
A . 12V 10uF
* Then use it to monitor: is . oo A o g a
+ The astable output, (A and G); L - | § g
+ Output X of the level shifter, (X o7 | 10uF
and G). 0 ——ia e ° ° % o —I==—a|
oV &~ £
£ fJj470n|= E
* Save the resulting files, or print [/ i — — | — — a

them out for your records.

y
Copyright © 2023 - 2026 Matrix Technology Solutions Limited Il,ﬂlﬂlx



ildrfX

WORKSHEETS
Worksheet 21 - The Level Shifter

So What?

The following traces were obtained from the investigation. The Picoscope ‘auto-
arrange’ function was used to separate them. The voltage measurements shown are
approximate.

S hnnn

The output signal is a copy of the The signal from point ‘X’ is a steady
input, but at different voltage levels. voltage at approximately -10V.

Blue - Input Blue - Input
Red - Output Red - Voltage at 'S’

3

]

The analysis - (assuming ideal component characteristics):

Capacitors -

+ Keep the same voltage drop across them until a current has had time to deposit or
remove charge from the plates.

« A voltage step affects each plate equally. as there has been no time for a flow of
charge to take place i.e. if one plate rises by 10V, then so does the other.

Tl o ey T
! R
Y £

I
ov -8.6V
1% =-»>

Point P -
+ Follows the square wave signal i.e. OV then 10V etc.

Point Q -

As square wave voltage rises from 0 to 10V:

The voltage step passes straight through the capacitor;

The voltage at Q tries to rise to 10V, but diode 1, forward-biased, clamps it at +0.7V.
As square wave voltage falls from 10 to OV:

The voltage step passes through the capacitor. The voltage at Q falls by 10V, to
-9.3V.

The output signal is the signal at Q - a square wave oscillating between -9.3V and
+0.7V.

Point X -

« When Q =-9.3V, diode 2 is forward-biased. X sits at 0.7V above Q, i.e. at -8.6V.

« When Q rises to +0.7V, diode 2 is reverse-biased. If no output current flows, the
voltage at X is held at -8.6V.

y
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Worksheet 22 - The Buck Converter

A form of SMPS (switched-mode power supply,) a ‘buck’
converter is a DC-to-DC converter which steps down the
voltage, so that its output is smaller than its input.

While this may sound simple - “Wouldn't a resistor do the
same job?” - the clever part is to do it efficiently. A good
design achieves an efficiency of more than 90%!

Atypical application - to lower a laptop battery voltage from
~12V to ~1V for the processor chip.

Over to you:

The circuit diagram shows a simple buck converter driven by a 555 astable. The
transistor buffers the astable, reducing the current taken from the 555 IC. The 120Q
resistor on the output represents the circuit load.

+ Build the circuit shown opposite.
Once again, for clarity, the power
leads to the 555 carrier have been

omitted from the layout.

Take care to connect the capacitor the

right way round!

* Set up a Picoscope to monitor :
* The astable output, (A and G);
* The output of the buck converter,

(B and G).

Suitable Picoscope settings:

*Q ——
7

2 [l & Ouput
T | ) 5mH | 1200}

4 +

5 p—

. 10uF
“T00pF [ ==tonF I

< Astable > < Buck converter

Input range: A and BAuto
Collection time 1ps/div
Trigger mode Auto
All other settings Default

12V
s

ananan

o

+ Save the resulting files, or print them out.
+ Answer the question posed in the Student Handbook

o Ly Syl e ek e o
N P19 P ol
g |1kQ ‘
2.2kQ)
[) — ° ) 2k20 o |® E_l
]33k @
L] L] [ ] i) L) 3 °
100pF B & 5mH
pile i F:{ . S —{F—e
10uF
|| 1200f 2
s s s st | e . o
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WORKSHEETS
Worksheet 22 - The Buck Converter

So What?

These traces come from the simple buck converter
circuit. They show a steady 4V output from the
system.

The output is not well-regulated, as you can see by
changing the load resistor, but it
shows the principle of the buck converter.

The nexttrace was obtained by lowering the astable
frequency by swapping the 100pF capacitor for a
100nF capacitor.

The output is clearly that of a charging and
discharging capacitor, changing from around 2.5V
to 5.5V.

The traces also show the output ‘ringing’ in
response to the sudden steps in voltage caused
by the square wave, the result of stray capacitance
and inductance in the circuit.

The analysis: (well - one way to look at it!)

Blue - Input
Red - Output

I The output is a steady voltage at ~ +4V.

i .

Blue - Input
Red - Output

Its all down to the behaviour of inductors and capacitors.

Inductors hinder rapidly changing voltages (like AC).
The higher the frequency, greater the hindrance. They generate a magnetic field inside

the coil. A quandary - no current, no magnetic field - no magnetic field, no current!

In reality, current and magnetic field build slowly, storing energy in the magnetic field.
When the external current stops, the magnetic field collapses, generating a currentin

the same direction.

Capacitors block DC currents, but offer little hindrance to high frequency AC.

The quandary - they generate an electric field across the plates as the voltage rises -

generate a voltage across the plates as the electric field rises.

In reality, both build together, storing energy in the electric field. When the external
voltage stops, the capacitor acts as a ‘battery’ to replace it, using energy stored in the

electric field.

y
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WORKSHEETS
Worksheet 23 - The Boost Converter

A ‘boost’ converter steps up the voltage, so that the DC
output voltage is bigger than the DC input voltage. (It is
another form of switched-mode power supply.)

The conservation of energy law insists that current steps
down - the output current is smaller than the input current.

One use is to step up the battery voltage in an electric car,
to avoid the need for a large number of batteries. In a
similar way they are used to power backup lightingsystems
from a single battery.

Over to you:

The circuit diagram shows a simple boost converter, again driven from a 555 astable.
The two sections, the astable and the boost converter, have been labelled.

Once again, the transistor acts as a current buffer for the 555 IC. The 100kQ resistor
on the output represents the circuit load.

+ Build the circuit shown opposite. The DC
power supply is set to 4.5V.

Take care to connect the capacitor the right Q=
way round! 1 !
e 6
Again, for clarity, the power leads to the 555 | —F 2
carrier have been omitted. —TT00pF
« Astable > Boost converter

+ Set up a Picoscope to monitor :
* The astable output, (A and G);
+ The output of the boost converter, (B

and G).

o o oo ——r by 5 O n
Suitable Picoscope settings: ko T o
Input range: A +/-5V DC_| [ 2 2 e
Input range: B +/-20V DC T 1 33k) o] I — 100“Fllmomg
Collection time 2ps/div LT I i==u 4 L] T
Trigger mode Auto WB 1 ooe |
All other settings  Default R e O I ()

L T G S - S S Q .

 Save the resulting files, or print them out, for your records.
* Answer the question posed in the Student Handbook.

y
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WORKSHEETS
Worksheet 23 - The Boost Converter

So What?

These traces were obtained from the boost converter circuit. The output is a steady
18.3V signal (apart from the unwanted ringing noise).

Once again, the output is not well-regulated, but the circuit illustrates the boost
converter principle.

Blue - Input
Red - Output

000

The analysis: (well - one way to look at it!)

Its still down to the behaviour of inductors and capacitors.

When the astable signal is high:
The transistor is on and very low resistance path to OV opens.

Current flows through the inductor, storing energy in the JUL j
magnetic field. The diode is reverse biased. The electric field in
the capacitor collapses as it ‘funds’ a current through the load.

| [+
I
e i

When the astable signal is low:
The transistor turns off.

The diode is forward biased and energy stored in the inductor’s
magnetic field drives a current that both supplies the load
and tops up the charge on the capacitor (storing energy in its
electric field).

y
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WORKSHEETS
Worksheet 24 - The 555 Inverter

Previous worksheets focused on rectification - AC to DC
conversion.

Now the opposite - DCto AC conversion, importantin a number
of areas:

.+ Feedingthe DCoutput of solar panels into the National Grid;

« Powering emergency lighting from batteries in public
buildings;

« Creating variable frequency power supplies to control the
speed of AC motors.

Over to you:

Inverter circuits can be simple or complex, depending on the output required. A basic
low power AC power supply, for lighting, for example, can use an inverter as simple as
an astable. Its output can be stepped up or down by a transformer to give the voltage
needed. At the other extreme, when powering audio equipment, for example, a more
sophisticated circuit, involving filters is used to obtain a sinusoidal supply, avoiding
audible hum on the equipment.

This inverter circuit consists of two sections:

* An astable - turns DC into a pulsing square wave output;

« A simple filter - removes most of the high frequency square wave components,
leaving an approximately sinusoidal output.

* Build the circuit shown opposite. Again, for 1kQ -
clarity, the power leads to the 555 carrier 7
. R © 1kQ  1kQ 1kQ Output
have been omitted. 12V} 2kQ B 3

:

H T q’l l—o
470nF|470nH470nH
5

« Set up a Picoscope to monitor: == 100nF T 500
1
« The astable output, (A and G); > < >

A

Astable Filter
« The inverter output, (B and G). o e ———
jol o ol joi jol a lo| Iei
Suitable Picoscope settings: ko 1O B
Input range: A and B+/-20V DC A U Amormrrm et
Collection time 10ms/div T 100k 8 ST | :

; o7 = UN AL
Trigger mode Auto g e L e
All other settings  Default Ve B L 100nF 3 470nF

. Save the resulting files, or print them out, = e
Challenge:

* Investigate the effect of using different resistor and capacitor values for the astable.
(The current values are chosen to match the response of the filter.)

y
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WORKSHEETS
Worksheet 24 - The 555 Inverter

So What?

According to Fourier's theorem, a signal like a square wave can be created by
combining a series of sine waves of different frequencies and amplitudes. (A sine
wave is considered to be the simplest signal, as it contains only one frequency of
oscillation.)

A spectrum analyser decomposes a signal to reveal these components. Its output is
a graph showing frequency on the horizontal axis and amplitude on the vertical axis.
Each ‘spike’ on the graph represents a single sine wave.

The following trace was obtained from the investigation. It shows the result of feeding
the square wave from the astable into a spectrum analyser, identifying the series of
sinusoidal componentsthat goto make up the square wave signal. Theiramplitude gets
smaller and smaller as their frequency increases. The lowest frequency component,
called the fundamental, represents the sine wave with the same frequency as the
square wave.

If the low-pass filter removed all components with frequencies higher than the
fundamental, the output would be a sine-wave signal with the frequency of the square
wave.

The fundamental

\.;IA‘JK.L!AAA

The next diagram shows a voltage / time graph of the output of the filter subsystem
when the square wave is inputted. The output is approximately a sine wave.

y
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WORKSHEETS
Worksheet 1 - The p-n Junction Diod

10Q

Vi 10kQ A\VAO,

The circuit shown above was used to investigate the forward-biased diode.

Results are given in the table:

Current through diodeinmA2 4 6 8 1012 14 16 18 20
\Voltage across diode

When the diode is reverse-biased,

Compared to ideal diode characteristics,

Challenge - the LED:

Results for forward bias:

Current through diode in mA0.20.40.60.81.01.21.41.61.82.0
\Voltage across diode

When the LED is reverse-biased,

Summary:
A forward biased silicon diode has a voltage drop of ~0.7V across it.
A forward biased LED lights and has a voltage drop of ~2V across it.

anode

Power n
diode cathode
stripe on body

LED K

cathode cathode
shorter lead

y
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WORKSHEETS
Worksheet 2 - The Zener Diode

All semiconducting diodes eventually break of
down when the reverse voltage is sufficiently =
high. In doing so, they are usually damaged, 7
: Forward
possibly destroyed. bias
The zener diode is designed to break down at a l
precise and much lower reverse voltage and in  x Current
a controlled manner. [ Y >
The behaviour of a typical zener diode is shown  f————— i E”i'gg“;m’ﬂ,%“g{iggu,ate
in the graph. The voltage labelled X' is known smaller currents
as the zener voltage, Vz. At the zener voltage,
a minimum current is required (usually a few
mA,) to keep the diode in reverse breakdown. '\D/'.aéim.um current .
Your results: T —iode |s(§)_ermanen Y
) damaged if exceeded
Forward bias - current starts to flow at ............... V. o
Reverse bias - current starts to flow at ............... V.

Devices are available with a range of zener voltages, usually matching the values in
the E24 resistor series. Another important parameter is the power rating, Po, of the
zener diode. This can be used to calculate the maximum permissible current, using
the formula: Imax = Po / Vz.

For example, a TN5913B zener diode has a zener voltage of 3.3V and a steady-state
power rating of TW. This means that it can sustain a reverse current of 1 /3.3 =303mA.

Typical application - a reference voltage source:

As the graph shows, the voltage across a zener diode in reverse breakdown changes
very little as the current changes. This makes it very useful as a constant voltage
source in a number of applications, such as ADCs (analogue-to-digital converters) and
DACs (digital-to-analogue converters).

Analysis:
Reference voltage = 12V (set by the zener voltage of the diode.)
Supply voltage, Vs, is shared between the zener diode and resistor, R.

Ilgnoring any current drawn from the voltage source output, the same current, |, flows
through both. V.

|
S
Suppose that: Vs = 15V, R = 300Q ‘ \R
—o
The voltage across resistor R=Vs-Vz=15-12 =3V, Reference
Applying Ohm's law to the resistor, 12v voltage
current=V/R=3/300=0.01A=10mA. oV

Power dissipated in the zener diode =Vzx =12 x 10 =120mW.
Power dissipated in the resistor =V x1=3x 10 =30mW.

y
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Worksheet 3 - On/Off Control - BJT Switch

Behaviour of a switch:

Switch Vs Vi Lamp (On/Off)

\Open
‘Closed

Behaviour of a transistor switch:
S

12V
T VCE
RO

Switch Vs Vi Lamp (On/Off)
\Open
Closed

Explain why the transistor can be described as a switch in this arrangement.

Write an explanation that a fellow student would understand as to why a diode,
connected in reverse parallel, is needed when the motor is switched on and off by a

transistor.

y
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WORKSHEETS
Worksheet 4 - On/Off Control - MOSFET Switch

Behaviour of a MOSFET switch

il f %TVL
Ll

Switch VL
Off

On
Explain why the MOSFET can be described as a switch in this arrangement.

Use the datasheet for the RFP30NO6LE MOSFET to find the following information:

« Maximum continuous drain current;

«  Maximum power dissipation (assuming the use of a heat-sink);

«  Maximum value of RDS(ON), (drain to source ‘on’ resistance).

Use this information to work out the power dissipation in the MOSFET when it is
passing maximum (continuous) drain current.

What happens to the voltmeter reading when your finger closes the gap between the
posts of the Universal Component carrier?

y
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Worksheet 5 - On/Off Control - Thyristor Switch

Thyristors:

« Conduct only when forward biased - anode more positive than cathode;

+ Are triggered into conduction by a sufficiently large pulse of current into the gate;

+ Are self-latching - once turned on, they stay on, as long as a sufficiently large
current flows from anode to cathode.

The circuit shows a typical DC thyristor switching circuit, using mm[; 1ok
capacitor commutation. e o7 .
- 47uF

Q
The motor is initially switched off. Y(,|
f

What happens when you press and release switch X?

Explain why this happens.

What happens when you press and release switch Y?

The diagram represents the oscilloscope trace, showing the voltage across the
thyristor before and after switch Y is pressed and released.

Add labels to identify:

« The portion of the trace where the thyristor is switched on; v

« The portion of the trace where the thyristor is switched off;

« The point at which switch Y is pressed. ov

==
—
—

Hence, explain why the thyristor switches off when switch Y is _,,

pressed. S g
Hence, explain why the thyristor switches off when switch Y is pressed.

How does the thyristor switch behaviour differ from that of the BJT and MOSFET
switches?

Give two advantages of the thyristor switch compared to the electromagnetic relay.

Explain the purpose of the flywheel diode in this circuit.

y
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WORKSHEETS
Worksheet 6 - On/Off/Direction Control - H-Bridge

The principle is illustrated in the diagram below. The name ‘H-bridge’ comes from the
‘H" con-figuration, highlighted in orange on the left-hand part of the diagram.
+12V

Current flow

The direction of rotation of the motor can be controlled by operating the switches
in the right order. The danger is that the power supply can be short-circuited if the
switches are operated incorrectly. This can be avoided by using electronic switches,
rather than mechanical ones.

The circuit diagram shows one way to do this, using MOSFETs as the switching devices.
The changeover switch turns on either MOSFETs @a» and ¢, or MOSFETs@ and @).

It cannot short-circuit the power supply!

§§ z#@&

12v"
T -
o o[
(-
1MQ N /\ | [me

Effect of the changeover switch:

IFT

Change switch Motor voltage

position Left-hand side Right-hand side
Off

On

How do these results show that the changeover switch controls both the on/off state
of the motor and its direction of rotation?

y
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Worksheet 7 - Motor Control - BJT Emitter Follower

The next step is graduated control where the load device

is not simply on or off, but is supplied with a variable =~ —

voltage, allowing different motor speeds, variable lamp gjgng

brightness etc. from
rest of
circuit

One way to do this uses a BJT connected as an emitter v

follower. The circuit diagram shows an emitter follower N

V.
used to control the speed of a motor. TOUT

The relationship between input and output voltages is:

Input voltage Vin 0 1.02.03.04.05.0-1.0-2.0 -3.0‘
‘Output voltage Vour ‘

Use your results to plot a graph of Vour against Vin (i.e. the voltage [
transfer characteristics) for the emitter follower. /

It should resemble the one shown opposite. 5

Interpreting the results:

*  When the Vin is greater than ~0.7V, the transistor starts to conduct.

« As aresult, a voltage drop of ~0.7V is created between base and emitter.
« The remainder of Vin is dropped across the motor, as output voltage Vour.
* Hence, the emitter follower relationship:

Vour =Vin-0.7
Voltage gain: Voltage gain = Vour / Vin
=~1
Current gain: Output current through load = emitter current Ie
Input current =l
Current gain = output current / input
current
=le/Is
From Kirchhoff's current law: le=lc+ls
and lc >> I
Hence current gain = ~Ic / lIs = ~ hre ( the current gain of the

transistor.)

Write an explanation for a fellow students to show that emitter follower has an overall
power gain (= voltage gain x current gain).

y
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WORKSHEETS
Worksheet 8 - Motor Control - Darlington Driver:

Sometimes, one transistor just isn't enough! —_——

Signal
One solution is to couple two transistors together in an Lo

es
arrangement known as a darlington pair, shown opposite circuit

driving a motor, once more.

Vn
The relationship between input and output is different. From
the perspective of voltage, it is a double emitter follower. As ouT
far as current is concerned, it is a double current amplifier. -

>

Your results:

Input voltage Vin 0 1.02.03.04.05.06.0
Output voltage Vour
With an input voltage of 5.0V:
input current Iin = e mA
output current lout = e mA

Power gain calculation:

Use your results to complete the following calculations:
Power gain = output power / input power,
where:

input power = Vin X lin
=5X ceieiee

= e X e
= e mW.
Hence, power gain = .......... :

Advantages of the Darlington pair follower:

« Very high current gain (= gain of T1 x gain of T2);

« Very high input impedance. (For a given output, the input current is tiny, as if the
subsystem had a huge impedance.)

Disadvantages of the Darlington pair follower:

« Higher overall voltage drop between input and output (~1.4V compared to ~0.7V
for the emitter follower);

« Higher saturation voltage, when switched on fully, resulting in higher power
dissipation.

y
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Worksheet 9 - MOSFET Source Follower:

MOSFETs offer significant advantages over BJTs, including:

« Higher input impedance - less current required to operate it;

« Smaller power loss - the residual resistance, Rosion), of the MOSFET has less effect
than the BJT forward voltage drop Vce (~ 0.3V ) when the devices are switched on;

+ Faster switching - conduction by majority, not minority carriers;

+ No tendency for thermal runaway.

The circuit diagram shows a source follower used to control the speed of a motor.

-

Sfignal | <
rom
rest of H

circuit
y .
IN

Input voltage Vin 0 1.02.03.04.05.06.0 ‘
Output voltage Vour ‘

Your results:

Compare the behaviour of the source follower and emitter follower subsystems.
(You may need to do some research in textbooks and on the internet.)

With the input voltage at 6.0V, complete the table with your other measurements.

Use them to recalculate the voltage, current and power gain.
Voltage gain = ..........

_ Input voltage Vin 6.0V
Current gain = ..........
— Output voltage Vour
Hence Power gain = ..........
Input current, s
Does the power gain depend on the input voltage? ~ Output current, o

y
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Worksheet 10 - Motor Control - PWM:

In pulse-width modulation, the output signal switches on and off rapidly and

repeatedly.
The ‘'mark’ is the time for which it is ‘on’. Voltage
The ‘'space’ is the time for which it is ‘off. .
The signal shown has a mark-to-space ratio of 3:1. " X1
The term ‘duty cycle’ is another measure of the Mark
same thing. It is defined as the percentage of time Space’
for which the output is ‘on’. The signal shown has of | R
a duty cycle of 75%. Voltage Time
A
The second diagram shows a different PWM signal. o
Calculate the mark-to-space ratio of this signal.
off Time=

The speed of a motor is controlled by a PWM signal.

What happens to the speed when the mark-to-space ratio increases?

The circuit diagram shows a 555 timer used to generate a PWM signal.

Challenge:

With the 100nF capacitor:
« Time period of signal = ....................
« Frequency of signal = ........c..........

What is the effect on these readings of changing the capacitor value?

Write an explanation of why using PWM is more energy efficient than using a serial

resistor to control the speed of a motor.

y
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Worksheet 11 - Phase Control

The voltage across the capacitor rises, as it charges up through the resistor.
The bigger the capacitor, the longer it takes to charge up.

The bigger the resistor, the smaller the current and the longer it takes to charge the
capacitor.

For these reasons, the voltage across the capacitor lags behind the supply voltage.
To add to the complexity, the supply voltage itself is changing - it is AC.

The result of all this is shown in the following graph:

Vdfge AC .

SUPQA //:)\
| | Time,
/ L
\ Phass lag
Capacitor

voltage

Your results:

As the knob on the ‘pot’ is rotated clockwise, the resistance of the 'pot’ ....................
and so the phase lag .................... .

Increasing the capacitor value .................... the phase lag.

y
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Worksheet 12 - Lamp Control - Thyristor

The circuit diagram for thyristor phase control and typical oscilloscope traces for the
voltages across the thyristor and AC supply are shown below.

! - Blue - AC supply
12V . Red - thyristor
100k} 0.1A o /T M\ N
12Vr, E \ /\\ _//\\ / \/F\ \ J
AC .

Two tr\gces really sit ‘on top’ of each other. I

4700 7 A /]/ /] /]

/b - /b -

™ ¢ b / / " T /
\ i \ / \\‘ / '\ / /
i \ /,f % ;’ \\ Vi ) rd
R N R NS 4 N—

Horizontal poﬁon - thyristor is switched on.
Elsewhere - full AC supply across the thyristor;
- thyristor is switched off.

Interpretation:

AC ‘positive’ half-cycle:
« Thyristor triggered into conduction when gate (=capacitor) voltage rises sufficiently;

« Latches on for remainder of ‘positive’ half-cycle;

« Triggering does not happen immediately because of phase lag so conduction
happens for less than the full ‘positive’ half-cycle. The lamp is dimmed.

AC ‘negative’ half-cycle - thyristor switches off.
The maximum phase difference between the capacitor signal and the AC supply is 90°

with this arrangement . What effect will this phase difference have on the brightness
of the lamp?

y
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Worksheet 13 - Lamp Control - Triac

The thyristor is a rectifier. Current can flow through it in one direction only and so it
is switched off for half of the time when powered by AC. The triac allows current flow
in both directions and so delivers more power to the load.

The circuit diagram shows a triac under phase control.

Here, the load (the lamp) is positioned before the phase control 8_21\,& M oko
system. 12V

vy LM
The oscilloscope traces show the voltages across the thyristor ——470nE
and AC supply when the lamp is at nearly full brightness: 1T

‘Spikes’ show sudden current demand
when the triac switches on.

N AR

Blue - AC supply
Red - triac

Triac switches on for part of both =
‘positive’ and ‘negative’ half-cycles
but not symmetrically.

Challenge: d2v
What is the effect of moving the lamp as shown in the second 3 100kQ T
circuit diagram? 1;\2(\3/%/
——470nF
1
Complete the following:
Phase lag increases if the capacitor value .................. or if the resistor value ...................
The graphs show two signals across a lamp controlled by a triac.
In which is the lamp brighter? ..................
Voltage Voltage
'}/ \ 1[ \ Time \ \ Time
i ] ! ] / P /
\ / . /
A B

y
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Worksheet 14 - The UJT Relexation Oscillator

The UJT (unijunction transistor) has only one p-n junction, as its Base 2
name suggests. However, it has three terminals, two called bases, g . .. []rs,
base 1 and base 2, and one emitter. It consists of a bar of lightly m

doped n-typesilicon, giving it a resistance of a few kilohms, typically. RB,
A small p-type area is created towards one end, dividing up the Base 1
device into two unequal resistors. The equivalent circuit, above,
shows this arrangement.

Thecircuitdiagram, opposite, gives the UJT circuit symboland shows ——
it triggered using phase control. The frequency of the oscillations
that result is controlled by the setting of the variable resistor.

The oscillation process:

Initially, the UJT has a relatively high resistance.

« The capacitor starts charging.

« When the voltage across the capacitor is sufficient, it forward biases the p-n
junction and a large current flows into the UJT, to base 1.

« This floods it with free charge carriers, reducing its resistance drastically.

« The capacitor is almost short-circuited and discharges qU|ckIy

« The p-n junction switches off and the process repeats.

The trace opposite shows the appearance of the output signal - a L ‘ L . L L L
series of sharp spikes, ideal for triggering thyristors and triacs.

The trace opposite shows the appearance of the output signal - a series of sharp
spikes, ideal for triggering thyristors and triacs.

Your results:

1st variable resistor setting:

«  Amplitude of signal = ....................

« Time period of signal = ....................

Calculate the frequency of this signal = ....................

2nd variable resistor setting:

«  Amplitude of signal = ....................

« Time period of signal = ...................

Calculate the frequency of this signal = ....................

Write a step-by-step explanation of why the UJT oscillates.

y
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Worksheet 15 - Lamp Control - UJT and Thyristor

The thyristor is designed to switch currents of hundreds of amps and voltages of
thousands of volts. To do so, they must switch on and off extremely rapidly, otherwise
so much energy would be dissipated in the thyristor that it would be destroyed.

‘Instant’ switching requires trigger pulses that rise extremely rapidly. The ‘spikes’
generated by the UJT relaxation oscillator are ideally suited for this.

Which section of the circuit diagram opposite, f]
A, B or C, represents: A,
« The UJT oscillator; .......c............
The zener voltage regulator; .................... ZS T
The thyristor switch? .........c........ . A B c

The three traces below were obtained from the circuit investigated here. They show
a thyristor triggered by the pulses from a UJT oscillator.

Identify: :

*  With a label ‘P’ the region of a trace that shows ,\//V\/\/\/ﬁ\
the thyristor switched on;

«  With a label ‘Q’ the region of a trace that shows
the thyristor switched off; Il 1011 1111 1111
With a label ‘R" the UJT ‘spike’ that turns on the , : : ,
thyristor; WA A ==

+  With a label ‘S’ the AC supply waveform. e

Describe what to do to make the lamp brighter and explain why it happens.

y
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WORKSHEETS
Worksheet 16 - Voltage Conversion - Half-Wave Rectification

Rectification is the process of turning AC into DC, often using a diode. There are several
ways to do this. The simplest is the half-wave rectifier.

The circuit diagram shows a diode delivering a DC supply to a | [: l
load, represented by the 1kQ resistor. The capacitor, known as 12vA\, c=

a reservoir or smoothing capacitor, has the job of ‘smoothing’ T
(removing voltage variations,) from the DC supply.

1

1kQ

The first diagram shows oscilloscope traces for the AC supply voltage and for the
output of the half-wave rectifier with no smoothing capacitor.

Add labels to identify:

« The AC supply; A /\ /\ /\

0 At - /
« The DC output. Y i - -/ J

Why do we say that this output is DC?

The next diagram shows the effect of the
smoothing capacitor.

Add an arrow to show the size of the ripple
voltage.

What factors (up to three,) determine the size of the ripple voltage?

y
74 Copyright © 2023 - 2026 Matrix Technology Solutions Limited Il,ﬂlﬂlx



ildrilX |
WORKSHEETS

Worksheet 17 - Controlled Half-Wave Rectification

Controlled rectification combines AC to DC conversion with the ability to vary output
voltage in order to control the speed of a motor, brightness of a lamp, strength of an
electromagnet etc.

The circuit diagram shows one way to do this, using
a thyristor - a rectifier with ‘one-way’ conduction 1A2é/,‘\’l . -

. R
properties. OU?put I:]Load
O-——-

The next diagram shows the effect of this circuit on the AC supply.

The variable resistor is set to a mid-range value.

Blue - AC supply
Red - Output

VaVaVaVaVa
/ \

| still DC, (but not smooth DC).
—| The amplitude of the output is reduced and adjustable.

Describe what to do to make the lamp brighter and explain why it happens.

Modify the circuit diagram to show how the output can be smoothed by adding a
single component.

What is the purpose of resistor R?

Challenge:

Which position of the variable resistor gave the motor maximum speed?

y
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Worksheet 18 - Voltage Conversion Full-Wave Rectification

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

A full-wave rectifier overcomes this limitation, but uses a number of diodes to do so,
and so drops more of the AC voltage across them.

The diagram shows a full-wave rectifier using four diodes.

Remembering how to draw the circuit:
Notice that current flowing from the AC supply is given v
a choice. The diodes it reaches first are connected AC"\,I []1kQ
different ways round. Diodes on opposite sides of the
square face in the same direction.

As with half-wave rectification, the DC output can be
smoothed by adding a capacitor in parallel with the load.

||

CI 1kQ

&
\‘ oo

The next diagram is a composite made from three oscilloscope traces:
« The AC supply;

« The full-wave output;

+ The full-wave output with smoothing.

On each, a red dotted horizontal line has been added to show the position of OV.

The full-wave output:
* Is DG
« Has twice the frequency of the half-wave waveform.

y
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Worksheet 19 - The Zener Diode Voltage Regulator

A power supply converts AC electricity into DC and delivers a steady voltage no matter
what. In it, a voltage regulator maintains a steady output voltage over a range of
output currents. At its core is a zener diode, which can deliver a range of currents with
little change in the voltage across it.

In the circuit used in the investigation:

+ The full-wave rectifier converts the AC supply to DC;

+ A capacitor then smoothes the ripple voltage; !

+ A zener diode voltage regulator supplies current to A,
avariable resistor, representing the load connected
to the power supply. Adjusting it changes the output
current delivered.

Your results: losoinmA 0 5 10 15 20 25 30 35
VoutinV ‘

The aim is to keep Vour constant to within 100mV (0.1V). Use your graph of Vour against
lLoap to estimate the maximum output current possible with this constraint.

—

Maximum output current = ........ccc.eeee. mA

The analysis goes like this:

« The supply has a peak voltage of 12 x V2 = 17.0V.

+ Voltage drop across the bridge rectifier =~2x 0.7 =~1.4V, giving a DC supply voltage
to the voltage regulator of Vs = ~15.6V.

+ Voltage across zener diode = 12V, leaving 15.6 - 12 = ~3.6V across resistor R.

Power rating of zener diode = 500mW maximum, (from Locktronics Technical Guide).
Using’l =P/V', maximum currentthroughzenerdiode(andresistorR)=500/12=41.7mA.
Using’'R=V/I', minimumvalue of R = 3.6/41.7mA = 86.3Q. The investigation used 220Q.

When 3.6V is dropped across it, current through it = 3.6/220 = 16mA. This dissipates
16 x 12 =196mW in the zener diode - less than the maximum power rating!

To keep the zener diode in reverse breakdown, it needs to pass a current of at least
5mA (from Locktronics Technical Guide). Hence, the maximum permissible output
current, lour, =16 -5=TTmA.

If the output current is greater, then the zener diode comes out of reverse breakdown.
It behaves like a ‘normal’ reverse-biased diode and stops conducting. The circuit then
behaves like the one shown opposite - a straightforward voltage divider:

The voltage V. across the load is then given by: Vs
il
VL=VsxRL .
R+ RL VLI lout I:IRL
o—_A— oI

y
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WORKSHEETS
Worksheet 20 - The 7805 Voltage Regulator

The language of voltage regulation:

Ideally, regulation comes in two forms:
Line regulation - the output voltage is immune to changes in the input (line) voltage.
Load regulation - the output voltage is immune to changes in the output current.

There are two categories of voltage regulator - linear and switching.

* Linear regulators sense changes in output voltage. A feedback loop adjusts the
output current to try to return the output voltage to its preset value.

« Switching regulators use the ability of capacitors and inductors to store electrical
energy. By switching the electricity supply to these devices on and off rapidly, the
voltage across them is controlled over a range of output currents.

Linear Switching
Action Step-down (buck) only Step-up (boost) OR step-down (buck)
Efficiency Low-depends on (Vin - Vour)  High
Component count Low High
Size Small (without heat-sink) Large
Noise Low High - due to rapid switching
Cost Low High

The 7805 is a linear voltage regulator, part of the "78XX' regulator series, (in which the
last two digits indicate the output voltage.) The circuit used to investigate its behaviour

is shown below:
Your results:

Part 1:

* Input voltage, Vin =
* Inputcurrent, IN= ...ccccevenenne
« Output voltage, Vour =

12V

V —

VIN

470nF

« Output current, lout =

Power efficiency = (Output power / Input power ) x 100%
= (Vout X lout / Vin X IIn) X 100%
= %

Part 2:

VininV 3 45 6 7 8 9

7805

VOUT

10

‘VOUT inV

Whatisthelowestinputvoltage that producesthe expected outputvoltage

The circuit diagram on the previous page includes a
capacitor to reduce noise on the power supply lines. In
practice, it is also advisable to use a second capacitor to
filter noise on the output of the regulator, as the circuit
diagram opposite shows. The values shown are the
minimum to ensure stability.

Vi

oV

7805

1kQ

w

30nF

100nF|

y
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Worksheet 21 - The Level Shifter:

ildrfX

The circuit consists of two sections:

+ An astable - turns DC into a square wave output;
+ The voltage multiplier - changes the voltage levels —
of the output. 7
——— 0 3_+||_ Output
6
Using only capacitors and diodes, voltage multipliers T 2 K |
can step up low voltages to high values while being — | SF
lighter and cheaper than transformers. L o [ ]
. Astable > Voltallle >
The traces show the action of the astable and voltage multiofier

multiplier.

B @

Blue - Input Blue - Input ‘
Red - Output Red - Voltage at ‘S’ Sl

|

\The output signal is a copy of the
input, but at different voltage levels.

The signal from point ‘S’ is a steady
voltage at approximately -10V.

The analysis - (assuming ideal component characteristics):

Capacitors -

+ Keep the same voltage drop across them until a current has had time to deposit
or remove charge from the plates.

« A voltage step affects each plate equally. as there has been no time for a flow of
charge to take place i.e. if one plate rises by 10V, then so does the other.

Point P -

+ Follows the square wave signal i.e. OV then 10V etc.

Point Q -

As square wave voltage rises from 0 to 10V: The
voltage step passes straight through the capacitor.
The voltage at Q tries to rise to 10V, but diode 1 is o
forward-biased and clamps it at +0.7V.

10V

=5

o

Output _ -

2

)

X

mp> 8.6V

« As square wave voltage falls from 10 to OV: The voltage step passes through the

capacitor. The voltage at Q falls by 10V, to -9.3V.

The output signal is the signal at Q - a square wave oscillating between -9.3V and

+0.7V.

Point R -

« When Q =-9.3V, diode 2 is forward-biased. R sits at 0.7V above Q, i.e. -8.6V.
* When Q rises to +0.7V, diode 2 is reverse-biased. If no output current flows, the
voltage at R is held at -8.6V.

ildrfX
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WORKSHEETS
Worksheet 22 - The Buck Converter

A form of SMPS (switched-mode power supply,) a ‘buck’ converter is a DC-to-DC
converter which steps down the voltage, so that its output voltage is smaller than its
input voltage and does so with little energy loss. ’

The circuit diagram shows a simple buck converter ;s
driven with pulses froma 555 astable. The transistor
buffers the astable from the output, reducing the

]
1
N o
555

current taken from the 555 IC. T =
1 ]
Astable “ Buck converter
The traces, obtained from the circuit, show a steady
4V output. They also show ‘ringing’ in response to | 3l A
thesuddenstepsinvoltage produced by thesquare | g 0w =~
wave, caused by stray capacitance and inductance Red - Output
in the circuit. N e
I The output is a steady voltage at ~ +4V. I
The analysis: e
Its all down to the behaviour of inductors and capaators
e U NG

Inductors hinder rapidly changing voltages (like AC).

| [+

1
-—

—

o

Q

o

The higher the frequency, greater the hindrance.
They generate a magnetic field inside the coil.

A quandary:
No current, no magnetic field - no magnetic field, no current!

In reality, current and magnetic field build slowly, storing energy in the magnetic field.
When the external current stops, the magnetic field collapses, generating a currentin
the same direction.

Capacitors block DC currents, but offer little hindrance to high frequency AC.

The quandary - they generate an electric field across the plates as the voltage rises -
generate a voltage across the plates as the electric field rises.

In reality, both build together, storing energy in the electric field. When the external
voltage stops, the capacitor acts as a ‘battery’ to replace it, using energy stored in the
electric field.

Challenge:

How can you test whether the output is load regulated?

y
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WORKSHEETS
Worksheet 23 - The Boost Converter

A ‘boost’ converter, another form of switched-mode
power supply, steps up the voltage, but steps down 4
the current, to satisfy the conservation of energy law. ———

Oitgut

N o

v_”_01“)555 .

putt

The DC output voltage is bigger than the DC input
voltage, but the output current is smaller than the | | 0
) < B
Input current. Astable Boost converter

Astable Boost converter

These traces, obtained from the boost

converter circuit, show a steady 18.3V T. e S s

output signal.

Blue - Input
Red - Output

&Dp

The analysis:
Its still down to the behaviour of inductors and capacitors.

When the astable signal is high: " 0
The transistoris on and very low resistance path to OV opens. T ’—°-P-
Current flows through the inductor, storing energy in the

magnetic field. The diode is reverse biased. The electric field —

in the capacitor collapses as it ‘funds’ a current through the

load. ¢

||

When the astable signal is low:
The transistor turns off.

Output
The diode is forward biased and energy stored in the JLL Y
inductor’'s magnetic field drives a current that both supplies *
the load and tops up the charge on the capacitor (storing
energy in its electric field). — o—d
Challenge:

“The transistor buffers the astable from the output...”, Explain what this means

y
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WORKSHEETS
Worksheet 24 - 555 Inverter

Inversion, DC to AC conversion, is an important technique in a number of areas:

* Feeding the DC output of solar panels into the National Grid;

« Powering emergency lighting from batteries in public buildings;

« Creating variable frequency power supplies to control the speed of AC motors.

Inverter circuits can be simple or complex, depending on the output required.

A basic low power AC supply, for lighting, for example, can use an inverter as simple
as an astable. Its output can be stepped up or down by a transformer to give the
voltage needed.

At the other extreme, for audio equipment, for example, a more sophisticated circuit
involving filtering stages is used to obtain a sinusoidal supply to avoid an audible hum
on the equipment.

According to Fourier's theorem, a signal like a square wave can be created by
combining a series of sine waves of different frequencies and amplitudes. (A sine
wave is considered to be the simplest signal, as it contains only one frequency of
oscillation.)

A spectrum analyser decomposes a signal to reveal these components. Its output
is a graph showing frequency on the horizontal axis and amplitude on the vertical
axis. Each ‘spike’ on the graph represents a sinusoidal signal. The lowest frequency
component, called the fundamental, represents a sinusoidal signal with the same
frequency as the square wave.

In this investigation, the inverter circuit consists of R -

two sections: L " | ke 1o ke ouput

+ Anastable - turns DC into a pulsing square wave "#%— |P*¢ ¢ & S'ﬁj’
Output, 2 ; 470nF]470nH470n

« A filter - removes high frequency square wave T *“mFT T T
components, leaving a sine wave. hstble T Fier

Both can be identified in the circuit diagram for one form of inverter, based on a 555
timer.

If the low-pass filter removed all components with frequencies higher than the
fundamental, the output would be a sinusoidal signal with the frequency of the square
wave.

The following trace shows the output of the astable and the almost sinusoidal signal
emerging from the filter!

R GAT
VAWAAMAMANA
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