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Introducing the components 

 

 

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 óheat-sinksô, large metal plates 

which help them to lose heat and stay cool. 
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Diodes: 
 

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

They are óone-way valvesô, 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: 

 

 

 

 

 

 
 
 

There are a number of dif- ferent types of diode: 
 

¶ small signal diodes - lower power rating, up to 500mW; 

 - superior performance at high frequencies; 

¶ power diodes  -  handle much higher currents and power, up to several kilowatts; 

¶ LEDs  - 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 óleadedô and ósurface-mountô packages, such as TO92 and SOT-23, are used to 

house the silicon crystal. The manufacturerôs data sheet identifies the trminals. 
 

¶ 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, IB. The emitter current, IE, 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. 

 

Introducing the components 
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Field-effect transistors (FETs): 
 

have a bigger family than BJTs as the following diagram illustrates: 

 

 

 

 

 

 

 

 
 
 

¶ 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 MOSFETs. 

 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. 

 

MOSFETs: 
 

¶ 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, VGS, is zero. As VGS  increases, drain current decreases.  

¶ enhancement mode MOSFETs have the opposite behaviour - no current flows when 

VGS is zero but it increases as VGS 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 óbodyô,  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. 

 

 

Introducing the components 
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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: 
 

¶ is a current amplifier - 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. 

It is a current-controlled device - the collector current is controlled by the base current. 
 

Thyristors: 
 

The thyristor can be viewed as a combination of two BJTs connected so that it óself-latchesô. 

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 SCR is a brand 

name given to one particular kind of thyristor and so it is best to avoid the name. It has three 

terminals called óanodeô, ócathodeô (as in a diode) and ógateô (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. 
 

A triac behaves like two thyristors connected in inverse parallel (back-to-back), sharing a 

common gate terminal. It has three terminals, called óanode 1ô (or óMain Terminal 1ô, cut to 

óMT1ô), óanode 2ô (or MT2ô) and ógateô. 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. 

Introducing the components 

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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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. 
 

Two very common devices, the power diode and the LED (light-emitting diode) 

owe their behaviour to p-n- junctions.  
 

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

the power diode and for the LED. 

 

Over to you: 
  

¶ Build the circuit shown opposite. 

 The variable resistor allows us to change the 

 voltage 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 10W 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. 
 

¶ 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. 

 

The cathode is marked by a stripe on the body. 

 
The cathode is the shorter lead. 
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So what? 
 

¶ Plot a graph to show your results. 
 

¶ Draw a smooth curve, like the one shown, using 

 your plotted points as a guide. 
  

 

 

 

 

 

 

 

 

 

¶ 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 óone-way valveô, 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 470W 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. 

Worksheet 1 
The p-n junction diode 
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Worksheet 2 
The zener diode  

 

Over to you: 
 

Part A - Under forward bias: 
 

¶ Build the circuit shown opposite. 

 Set up in this way, the zener diode is forward-biased. 

 The variable resistor allows us to change the voltage 

 applied to the zener diode, while monitoring the current 

 flowing through it and voltage across it.  
  

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

¶ Before you switch on, select : 

¶ the 20mA DC range on the ammeter; 

¶ the 20V DC range on the voltmeter.  
 

¶ Turn the variable resistor knob fully anti- 

 clockwise 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
0
 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 var-

iable 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. 

 

The zener diode is remarkably unremarkable. It does exactly 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. 
 

However, for ónormalô diodes, reverse breakdown usually occurs at a high 

voltage, e.g. 400V, and can damage the diode. The zener diode is 

designed to break down in a controlled manner at a precise and much lower reverse voltage. 
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So what: 
 

The behaviour of a typical zener diode is shown in the graph. 

The voltage labelled óXô is known as the zener voltage, VZ. 
 

Compare the behaviour you observed in the investigation 

with that shown in the graph. 
 

Devices are available with a range of zener voltages. 

The table shows zener voltages for part of the BZX55 

zener diode series. (These are temperature dependent.) 

 

 

 

 
 

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 per-

missible current, using the formula: Imax = PD / VZ. 
 

For example, a 1N5913B zener diode has a zener voltage of 3.3V and a steady-state power 

rating of 1W. 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 = 300W 
 

The voltage across resistor R = VS - VZ = 15 - 12 = 3V. 

Applying Ohmôs law to the resistor, 

 current I = V / R = 3 / 300 = 0.01A = 10mA. 
 

Power dissipated in the zener diode = VZ x I = 12 x 10 = 120mW. 
 

Power dissipated in the resistor = V x I = 3 x 10 = 30mW. 

2.4V 2.7V 3.0V 3.3V 3.6V 3.9V 

4.3V 4.7V 5.1V 5.6V 6.2V 6.8V 

7.5V 8.2V 9.1V 10V 11V 12V 

Worksheet 2 
The zener diode  



Page 11 Copyright 2023 Matrix TSL Limited 

Worksheet 3 
On/Off control - BJT switch 

 The module begins by looking at on/off control of electrical 

devices, switched using a variety of electronic components. 
 

The first worksheet looks at the question: ñWhat exactly is a 

switch?ò 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; 

¶ when it is closed. 

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

¶ Move the voltmeter down to measure the voltage, VL, 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. 

 

 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: 

¶  VL, across the lamp; 

¶  VCE, across the transistor; 

when the switch is open and when closed. 
 

¶ Notice the effect of the switch on  the lamp. 
 

¶ Write your results in the table given in the 

Student Handbook. 
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So what? 
 

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

¶ Add together VCE and VL. 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, VCE, is either as high as it can be, (roughly the supply voltage - the óoffô state) or as 

low as it can be, (very close to 0V - the óonô 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! 
 

 

 

 

 

 

 

 

 
 

¶ 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. 

¶ When the current stops, the magnetic field collapses through the coil and generates a 

large voltage in the opposite direction, ( óback-emfô). 

¶ This can damage the transistor. 

¶ The power supply sees the diode in reverse bias. 

¶ It essentially does nothing when the motor is rotating. 

¶ The óback-emfô, 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. 

(You could remove the 1kW 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 1kW resistor in this case,) and will not operate output devices 

without the help of a transistor.) 

Worksheet 3 
On/Off control - BJT switch 
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Over to you: 
 

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

¶ Measure voltages VL, across the lamp and VDS, 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. 

 

 

 

 

 

 

 

 
 

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.  
 

¶ Switch on. At this stage, the lamp should be off. 

 If it is glowing, swap the resistor for a bigger value.  

 (Device characteristics vary slightly between MOSFETs.) 
 

¶ Check the voltage on the gate terminal - it should be be-

tween 2.2V and 2.4V. 
 

¶ Press your fingers in the gap between the posts on the Locktronics board. (It works even 

better if you dampen your fingers first!)  

 This is safe - it is a low-voltage circuit. 
 

 Do not try this in high-voltage circuits! 
 

¶ Observe the behaviour of the lamp and voltmeter as 

 you do so.  
 

¶ Answer the question posed in the Student Handbook. 

The BJT switch is a current-controlled device. The collector-emitter 

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. 

Worksheet 4 
On/Off control - MOSFET switch 
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So what? 
 

The enhancement-mode MOSFET: 
 

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

¶ A drain current flows only when the gate voltage (VGS) is greater then zero.  

¶ This voltage pulls ófreeô charge carriers (electrons or holes, depending on the type) into 

the channel between drain and source, reducing the drain-source resistance, rDS.  

¶ As a result, a current, ID, flows between the drain and the source. 

¶ Increasing the gate voltage increases the number of ôfreeô carriers and the drain current. 

¶ Eventually, the MOSFET ósaturatesô and drain-source resistance reaches its lowest val-

ue, known as rDSON .  
 

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. 

 

 

 

 

 

 

 

 

The exact voltages at which 

óOffô ends and ôOnô begins depend on the device itself. The above characteristics are gener-

alised and illustrate the difference between the BJT and MOSFET, used as switches. 

 

Switching: 
 

Electrical power P is given by the formula:  P = I x V 
 

The danger for semiconducting switching devices is that they overheat during switching.  
 

¶ When switched off, the current I is zero and so the power dissipated in them is zero. 
 

¶ When switched on, the voltage V is (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 pow-

er applications. 

Worksheet 4 
On/Off control - MOSFET switch 
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Over to you: 
 

¶ Build the circuit shown opposite, which includes: 

¶ a óflywheel diodeô to prevent damage to the 

 thyristor when the motor switches off; 

¶ a 100mF capacitor to reduce noise which can pre-

vent the thyristor latching on (not shown in the circuit 

diagram, - óofficiallyô it is not needed.) 

¶ a 10kW resistor to protect the gate from excessive cur-

rent.  
 

¶ 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. 

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:  

¶ it is forward-biased ï 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. 

Worksheet 5 
On/Off control - thyristor switch 
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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, IGT, (typically ~ 1 mA,); 

¶ and the voltage between gate and cathode, VG, exceeds the minimum gate voltage, 

VGT, (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, IH, 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 ócapacitor commutationô. 
 

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; 

¶ or the device is reverse-biased ï 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 current into the gate, switching on the thyristor; 

¶ the voltage at P drops to ~ 0V leaving the supply 

 voltage, 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. 
 

The left-hand side, (P), of the capacitor sits at 0V, and the right-

hand side, (Q), at +12V. 
 

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

 

Worksheet 5 
On/Off control - thyristor switch 
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So what? 
 

Capacitor commutation...: 
 

To switch off the thyristor, press switch Y: 

¶ the voltage at Q falls suddenly to 0V. 
 

The voltage drop across a capacitor cannot change 

until charge flows,  i.e. until there is a current.  
 

As a result, a sudden voltage change on one terminal 

causes an equal voltage change on the other, as there 

is no time for charge to flow. 
 

¶ Q must still be 12V higher than P. 
 

When the voltage at Q dropped from 12V to 0V, the 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 0V. The thyristor is reverse-biased and so switches off.  
 

¶ A large 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 

through the 10kW pull-up resistor returns the voltage at Q to +12V. 

 

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

 

 

Thyristor is switched on. 
Anode sits at ~1V. 

Switch Y pressed here. 

Capacitor forces voltage 
at P down to ~-12V. 

Voltage at P rising 
back to +12V. 

Worksheet 5 
On/Off control - thyristor switch 
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Over to you: 
 

¶ Build the circuit shown opposite. 

 Notice the yellow wire linking the gates of  

MOSFETs       and         and the green wire 

linking the gates of MOSFETs        and       .  
 

 These ensure that: 
 

¶ all MOSFET gates are held at a 

 low voltage by 1MW resistors; 

¶ either: 

MOSFETs       and       are on, 

or      

 MOSFETs       and       are on, 

depending on the changeover switch position. 
 

¶ Set the 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 ques-

tions. 

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. 
 

The diagram shows how four mechanical switches could do 

this, though the worksheet uses four MOSFET switches. 
 

The shape of the central part of the diagram puts the óHô in 

óHô bridge!  
 

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. 

Worksheet 6 
On/off/direction control - H-bridge 

A C 

B D 

A C 

B D 

B 

C 

NB: donôt forget to wire the blue lead between the 
drain of B and the motor. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MOSFETs          and          are óonô and current flows from left to right through the motor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MOSFETs          and          are óonô and current flows from right to left through the motor. 

A C 

B D 

Worksheet 6 
On/off/direction control - H-bridge 
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Over to you: 
 

¶ Build the circuit shown opposite.  

 

¶ Use the ópotô to vary the input voltage and watch 

 the behaviour of the motor as you do so.  

 This circuit allows fine control of motor speed. 
 

¶ Use a multimeter to measure the input voltage, VIN. 
 

¶ Adjust the ópotô to give an input voltage of 0V. 
 

¶ Measure the corresponding output voltage, VOUT. 
 

¶ Do the same for inputs of: 

 1.0V; 

2.0V; 

3.0V; 

4.0V; 

5.0V. 
 

¶ Each time, measure the corresponding output 

voltage, VOUT. 
 

¶ Record the measurements in the table given in 

the Student Handbook. 

 Carry out the tasks described in it. 

 

 

 
 

The circuits studied so far offer ôon/offô control. Sometimes, that 

is not enough. We might want to speed up or slow down a mo-

tor, 

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 ócommon-collectorô. 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. 

Worksheet 7 
Motor control - BJT emitter follower 
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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 a result, a voltage drop of ~0.7V is created between base and emitter. 

¶ The remainder of VIN is dropped across the motor, as output voltage VOUT. 

¶ Hence, the emitter follower relationship: 

  VOUT = VIN - 0.7 

Voltage gain: 

 Voltage gain = VOUT / VIN 

  = ~1 

Current gain: 

 Output current through load  = emitter current IE 

 Input current  = IB 

 Current gain = output current / input current 

   = IE / IB 

 From Kirchhoffôs current law: 

   IE  = IC + IB 

 and   IC  >> IB 

 Hence            current gain  =  ~IC / IB = ~ hFE ( the current gain of the 

transistor.) 
 

Sample measurements: 
 

The following measurements were taken from the circuit: 

 

 

 

 

 
 

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? 

Input voltage, VIN 3.0V 

Output voltage, VOUT 2.5V 

Input current, IB 0.8mA 

Output current IC 108mA 

Worksheet 7 
Motor control - BJT emitter follower 



Page 22 Copyright 2023 Matrix TSL Limited 

 

Over to you: 
 

¶ Build the circuit shown opposite.  

 

 The procedure is identical to that used in worksheet 7. 
 

¶ Use the ópotô to vary the input voltage, watching the effect 

 of the motor.  
  

¶ Connect a multimeter to measure the input 

voltage, as before. 
 

¶ Adjust the ópotô to give an input 

voltage of 0V and measure the 

 corresponding output voltage. 
 

 If you are unsure about how to 

take these measurements, look 

back at the previous worksheet. 

They are taken from the same 

points. 
 

¶ Make the same measurements 

for inputs of 1.0V, 2.0V, 3.0V, 

4.0V, 5.0V and 6.0V. 
 

¶ Record them in the Student 

Handbook. 

 

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, T1). 
 

¶ Measure the output current from transistor T2, (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. 

 

 

Sometimes, one transistor just isnôt enough! 
 

The emitter follower demands a sizeable input current which 

some subsystems, some logic gates, for example, just canôt 

deliver.  
 

One solution is to couple two transistors together in an 

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! 

Worksheet 8 
Motor control - darlington driver 
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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 (T2) has a higher power rating and a lower current gain. 
 

The following sample measurements were obtained: 

Using them gives: 

  Voltage gain  = 0.6 

  Current gain  = 1150 

Hence  Power gain  = 690 
 

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. 
 

Challenge: 
 

To demonstrate the ability of the darlington driver to work off 

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

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!) 
 

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 100kW 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. 

Input voltage, VIN 3.0V 

Output voltage, VOUT 1.9V 

Input current, IB 0.08mA 

Output current IC 92mA 

Worksheet 8 
Motor control - darlington driver 
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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 ópotô to vary the input voltage and watch the 

 behaviour of the motor as you do so.  
 

¶ Connect a multimeter to measure the input voltage, VIN. 
 

¶ Adjust the ópotô to give an input voltage of 0V. 
 

¶ Measure the corresponding output voltage, VOUT. 
 

¶ Do the same for inputs of: 

 1.0V; 

2.0V; 

3.0V; 

4.0V; 

5.0V; 

6.0V. 
 

¶ Each time, measure the corresponding output 

voltage, VOUT. 
 

¶ Record the measurements in the table given in 

the Student Handbook. 

 

¶ Compare the behaviour of the emitter follower and 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, RDS(ON), 

 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 ósource followerô. 

Worksheet 9 
Motor control - MOSFET source follower 
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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: 

 

 

 

 

 

 
 

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? 

Input voltage, VIN 5.0V 

Output voltage, VOUT 2.7V 

Input current, IG 0.1mA 

Output current ID 108mA 

Worksheet 9 
Motor control - MOSFET source follower 
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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, (points A and G).  Connect: 

¶  the ógroundô terminal to the ó0Vô rail (at G); 

¶ channel A to the 555 output (pin 3). 

 

 

 

 

¶ Ad-

just the ópotô. 

 Notice the effect on the signal. 
 

¶ Turn the knob on the ópotô fully clockwise 

(almost!)  Save or print out the trace for 

your records. 
 

¶ Then do the same with the knob turned (almost) fully anti-

clockwise. 
 

¶ 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 ópotô. 

 

Pulse-width modulation (PWM) offers not only motor speed control 

but also position control for servo motors, (used in a variety of 

applications, including industrial robots.) 
 

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

Its advantages include: 

¶ superior energy efficiency, compared to analogue methods;  

¶ compatible with digital devices, such as microcontrollers. 
 

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

Worksheet 10 
Motor control - PWM 

Suitable Picoscope settings: 

Input range:  A +/-20V DC 

Collection time 10ms / div 

Trigger mode Auto 

All other settings Default values 

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

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

The ómarkô is the time for which it is óonô. 

The óspaceô is the time for which it is óoffô. 

The signal shown has a mark-to-space ratio of 3:1. 

The term óduty cycleô is another measure of the same thing. It 

is defined as the percentage of time for which the output is 

ôonô. The signal shown has a duty cycle of 75%.  
 

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. 
 

The following traces were obtained from the PWM circuit, for different settings of the ópotô. 

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%. 
 

Why is PWM energy-efficient? 
 

The power P dissipated in a device is given by the formula: 

 P = I x V  

where I = current flowing through the device and V = voltage dropped across it. 
 

In an ideal switch: 

¶  when on, there is no voltage across it, i.e. V = 0 and so P = 0 - no energy wasted in it; 

¶ when off, there is no current through it, i.e. I = 0 and so P = 0 - again no energy wasted. 
 

Providing the switching device moves rapidly from the óoffô state to the óonô 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. 

Worksheet 10 
Motor control - PWM 
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Over to you: 
 

¶ Build the circuit shown opposite. 
 

 It uses the 12V AC power supply! 

 The 100kW ópotô is set up as a variable resistor. 

 The non-electrolytic capacitor can be connected either way 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 oscilloscopeôs ógroundô terminals to the ó0Vô rail (at G); 

¶ connect channel A to monitor the AC supply; 

¶ connect channel B to monitor the capacitor. 
 

¶ Adjust the ópotô and notice the effect on the signal on channel 

B, the voltage across the capacitor. 
 

¶ With the ópotô turned fully clockwise, save the resulting traces 

for your records, or print them out . 
 

¶ Then do the same with the ópotô turned fully anti-clockwise. 

 

 

 

 

 

 

 

Challenge: 
 

¶ Investigate the effect of using different resistor and capacitor values. 

¶ Complete the passage in the Student Handbook. 

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. 

 

Key to labels: 
 

G - ógroundô connection for all readings. 
A - connection for AC supply measurement. 
B - connection for capacitor measurement. 

Suitable Picoscope settings: 

Input range:  A and B +/-20V DC 

Collection time 10ms / div 

Trigger mode Auto 

All other settings Default values 
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So what? 
 

Interpreting the traces: 
 

The following traces were obtained from the phase-control circuit. For clarity, the óx10ô setting 

was used on the probes. For the óanticlockwiseô trace, the ópotô was moved slightly from the 

fully anticlockwise position. Otherwise, the capacitor and AC traces would overlap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Blue - AC supply 
Red - Capacitor 

Blue - AC supply 
Red - Capacitor 

Capacitor signal lags a little behind the AC supply. 

 

Anticlockwise 

 

Clockwise 

Phase lag is now much greater. 

Worksheet 11 
Phase control  
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Over to you: 
 

¶ Build the circuit shown opposite. 

 As before: 

¶ it uses the 12V AC power supply; 

¶ the 100kW ópotô is set up as a variable resistor; 

¶ the capacitor can be connected either way round. 
 

¶ Adjust the ópotô and notice the effect on the brightness of the lamp. 
 

¶ 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 oscilloscopeôs ógroundô terminals is 

connected to the ó0Vô rail (at G). 
   

¶ With the ópotô turned fully clockwise, save the 

 traces for your records, or print them out . 
 

¶ Then do the same with the ópotô turned fully anti-

clockwise. 
 

 

 

 

 

 

 

Chal-

lenge: 
 

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

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

¶ Build this circuit and measure the current flowing through 

 the 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 Hand-

book . 

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 óphase 

controlô. 

Key to labels: 
 

G - ógroundô connection for all readings. 
A - connection for AC supply measurement. 
B - connection for capacitor measurement. 
C - connection for thyristor measurement. 

Suitable Picoscope settings: 

Input range:  A, B and C +/-20V DC 

Collection time 10ms / div 

Trigger mode Auto 

All other settings Default values 
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So what? 
 

Interpreting the traces: 
 

The following traces were obtained from the phase-control circuit. For clarity, the óx10ô setting 

was used on the probes. 

 

Blue - AC supply 
Red - capacitor 

Blue - AC supply 
Red - thyristor 

The óspikeô is caused by the sudden current demand when the thyristor switches on. 

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

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

The two traces really sit óon topô of each other.  
The Picoscope óauto-arrangeô function is used to separate them. 

 

Lamp - bright 

Worksheet 12 
Lamp control - thyristor 
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So what? 
 

Interpreting the traces - continued...: 
 

 

 

 

 

 

Blue - AC supply 
Red - capacitor 

Blue - AC supply 
Red - thyristor 

Capacitor signal lags behind the AC supply by a greater amount. 
The flattened portion is shorter as less current is drawn by the lamp. 

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

 

Lamp - dim 

Worksheet 12 
Lamp control - thyristor 
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Over to you: 
 

¶ Build the circuit shown opposite. 
 

 Look at the equivalent thyristor circuit (worksheet 10). 

 There, the load, (the lamp,) is connected after the phase 

 control network (the resistor and capacitor). 

 Here, it is before them. For most loads, it makes no 

difference 

 which configuration is chosen. 
 

 As before: 

¶ the circuit uses a 12V AC supply; 

¶ the ópotô 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).  

 

 

 

 

 

¶ Adjust the ópotô and notice the effect on the brightness of the lamp. 
 

¶ With the ópotô turned fully clockwise, save the traces for your records, or print them out . 
 

¶ Then do the same with the ópotô turned fully anti-clockwise. 
 

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. 

Worksheet 13 
Lamp control - triac 

 

The thyristor is 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 delivers 

more power to the load. 

Suitable Picoscope settings: 

Input range:  A and B +/-20V DC 

Collection time 10ms / div 

Trigger mode Auto 

All other settings Default  
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So what? 
 

You probably noticed a sudden change in the brightness of the lamp as you adjusted the 

ópotô. The cause can be seen in the sample Picoscope traces shown below. 
 

Interpreting the traces: 
 

Once again, for clarity, the óx10ô setting was used on the probes and the Picoscope óauto-

arrangeô function is used to separate the traces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

Blue - AC supply 
Red - Triac 

Lamp - off 

Lamp - dim 

Blue - AC supply 
Red - Triac 

The triac switches on for part of the 
positive half-cycle (shown by the 
horizontal part of the trace) 
but is off throughout the negative 
half-cycle. 

Lamp - bright 

Blue - AC supply 
Red - Triac 

The triac switches on for part of 
both the positive and negative half-
cycles but not symmetrically. 

Once again, the 
óspikesô show sudden 
current demand when 
the triac switches on. 

Worksheet 13 
Lamp control - triac 


