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Over to you: 
 

¶ Set up this circuit with a multimeter on the voltmeter setting to measure DC voltage across 

the 5k6 resistor. 

¶ Set the power supply voltage to 12V and switch on. 

¶ Warm the thermistor between your thumb and finger. 

¶ What happens to the output voltage? Write your answer in the Student Handout. 
 

So what? 
 

This is a temperature-sensing unit made from a thermistor (temperature-dependent resistor,) 

in series with a 5.6kW resistor. It generates an analogue signal, indicated on the voltmeter.  

 

We hear more and more about the ódô and the ôeô 

words: digital television, dab, dvd, digital camer-

as ... e-cards, e-commerce, e-books, e-skills, e-

learning ...  Why is that? Whatever happened to 

the óaô word - analogue?  

This worksheet looks at the differences between 

analogue and digital signals. 
 

The photograph shows a modern car dashboard. 

Worksheet 1 

Analogue vs digital 
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The previous circuit used a fixed 1kW resistor. 

A potentiometer (usually shortened to ópotô) is widely used as a variable resistor in sensors, 

such as light-sensing and temperature-sensing units. 

Pots can also be used to create a variable voltage supply. 
 

Over to you: 
 

¶ Build the circuit shown in the layout above. 

¶ Switch on the power supply, set to 12V. 

¶ Close the switch and slowly turn the knob on the pot. 

¶ Notice the effect on the brightness of the lamp and on the voltmeter reading. 

¶ Record your observations in the Student Handout. 
 

So what? 
 

Used like this, the pot also generates an analogue signal.  

Worksheet 1 

Analogue vs digital 
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The next circuit generates a digital signal, using a switch, connected as a switch unit. 
 

Over to you: 
 

¶ Build the circuit shown in the layout above. 

¶ Switch on the power supply, set to 12V. 

¶ Measure the output voltage when the switch is open (off) and again when it is closed (on.) 

¶ Next, invert the switch unit i.e. swap over the switch and the resistor. 

¶ Measure the output voltages again, when the switch is closed and open. 

¶ Record your observations in the Student Handout. 
 

So what? 
 

¶ An analogue sensing unit gives an analogy - a copy of the behaviour it is sensing.  With the 

temperature-sensing unit, as temperature rises, the output voltage rises. 

¶ The output mimics the temperature. We can change temperature by very small amounts 

and then the output voltage changes by very small amounts. 

¶ A digital sensor, on the other hand, is a two-state affair. A switch is either on or off - just 

two possible states. Hence, the output voltage has one of only two possible values. 

Worksheet 1 

Analogue vs digital 
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The left-hand graph, below, shows an analogue signal. It changes continuously as the  

temperature changes. 
 

The right-hand graph shows the digital signal produced by the switch unit. The state of the 

switch does not change smoothly from off to on. It canôt be slightly on, then a bit more on, 

and so forth. It is on or it is off. The ôtimeô axis shows when the change occurs. The output 

voltage has only two values. 

 

 

 

 

 

 

 

 

 

In the vocabulary of digital electronics, these two voltages are called ólogic 0ô and ólogic 1ô. 

Somewhere in the design, these are defined, usually as voltage ranges.  For example, logic 

0 may be specified as any voltage between 0V and 1.0V and logic 1 between 10.0V and 

12.0V. Using a range recognises that signals can change a little as they move through the 

electronic system. 
 

A major advantage of digital signals is that we, and electronic systems themselves, can 

make a pretty good guess at what the signal should be if, for some reason, it arrives with 

a voltage between the defined ranges, say 8.7V. Weôd guess that it was really logic 1. 
 

This ability to recreate the original signal is called regeneration, and is one of the major ben-

efits of digital signals. Analogue signals do not allow us to do this. 

 

 

Worksheet 1 

Analogue vs digital 
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The vehicleôs electronic control system should operate 

its output devices appropriately. This includes lights, 

visual displays, audio systems, engine management 

components, security and safety systems and climate 

control devices. 
 

Actuators are devices that move electronically -   

opening or closing a valve, locking or unlocking  a door, 

wiping a wet windscreen, driving a fan, etc. The    

photograph shows some automotive actuators. 

Worksheet 2 

Driving output devices 

 

The control system must deliver and control enough current to allow the output device to 

operate correctly. Usually this means transforming low current signals, from a switch or a 

sensor, into high current signals to operate the device. 
 

This worksheet looks at two types of subsystem that can do this, relays and transistors. 
 

1. The relay: 
 

A relay is an electromechanical switch. 
 

A small current in the control circuit, manages a larger current in 

the controlled circuit. 

The diagram on the right shows a relay used to control a motor. 

 

 

The next diagram illustrates how the relay works. 
 

When the switch is closed, the current flowing in the coil creates a magnetic field which pulls 

the armature towards the core inside the coil. 
 

As it does so, it pivots and pushes the switch contacts together, closing the switch and turn-

ing on the device connected in the controlled circuit. 
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Worksheet 2 

Driving output devices 

 

Over to you: 
 

The aim of this investigation is to measure and compare the currents flowing in the control 

circuit and the controlled circuit. 
 

¶ Build the circuit shown in the layout. 

¶ Make sure that the power supply is set to 12V and then switch it on. 

¶ Energise the relay by closing the switch in the control circuit. The motor should start to 

spin. 

¶ Measure the current in the control circuit, i.e. through the connector coloured yellow,     

either by removing the connector and replacing it with an ammeter or by using a current 

clamp meter. 

¶ Then measure the current in the controlled circuit, through the connector coloured blue, 

again using either an ammeter or a current clamp meter. 

¶ Record the values in the Student Handout and answer the question. 
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Over to you: 
 

¶ Build the circuit shown in the layout. 

¶ Make sure that the power supply is set to 12V and then switch on. 

¶ Check that when you close the switch the lamp lights. 

¶ Measure the current in the transistor input circuit, (i.e. through the yellow connector) either 

by removing it and replacing it with an ammeter or by using a current clamp. 

¶ Then measure the current in the output circuit, (i.e. through the blue connector,) in the 

same way. 

¶ Record the values in the Student Handout and answer the question. 

Worksheet 2 

Driving output devices 

2. The transistor: 

 

The transistor is the building block of modern electronics. 

The picture shows that they come in a variety of forms.  

The basic property of a transistor is that it amplifies current - exactly 

what we want for driving output devices. 

The next circuit demonstrates this property. 



Page 10 Copyright 2023 Matrix Technology Solutions Limited 

 

So what? 
 

First of all, why bother with either a relay or a transistor? 
 

¶ A computer chip alone may not deliver enough current to operate the device in question. 

¶ High currents require thick copper cables. Using relays or transistors can save on heavy, 

expensive copper wire. 

 

Relative advantages of the relay over the transistor: 
 

¶ Relays can deliver higher currents, many tens of amps whereas the transistor is limited to 

only a few amps. 

¶ Relays can switch either AC or DC currents. The transistor can switch only DC. 

¶ Relays can have more than one set of contacts and so can switch several devices at the 

same time. 

¶ Relays can isolate the switched device from the switching circuit. 

 

Relative advantages of the transistor over the relay: 
 

¶ Transistors operate at a much higher speed. A relay takes several milliseconds to switch 

from off to on. A transistor operates a million times faster. 

¶ Transistors can last longer. They have no moving parts. The relay contacts experience 

friction and so wear out after a number of switching cycles. 

¶ The control coil in the relay takes a relatively high current and so wastes more energy. 

¶ Transistors are physically smaller and cheaper. 

Worksheet 2 

Driving output devices 
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Worksheet 3 

ECU structure 

 

Within a modern vehicle, much of the electronics and 

control logic are hidden away inside an ECU (Electronic 

Control Unit). 
 

These are usually housed in a cast aluminium case, with 

rugged connectors, providing water-proof, environment-

proof and vibration-proof protection for the electronics. 
 

ECUs may vary in their structure, but they contain much 

the same types of circuit subsystems. 
 

The photograph shows a Golf ECU. 

 

Over to you: 
 

¶ Build the circuit shown in the diagram above. This is an Electronic Control Unit which you 

will use in the remaining worksheets. It is coloured blue so that it stands out from the rest 

of the circuit. First letôs investigate it. 

¶ Disconnect the ECU from the power supply. 

¶ Use an ohmmeter to measure the resistance between:  

¶ point I1 and 0V; 

¶ point I2 and 0V;  

¶ the relay terminals O2a and O2b; 

¶ O1 and 0V. 

¶ Record the values in the Student Handout. 
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So what? 
 

¶ The heart of the ECU is a small low-power computer chip. Its inputs are at very high input 

resistance and so the input resistance is dictated by the circuitry around them. In this case 

it is around 10kW, made up of the two 5.6kW resistors connected in series.  

¶ The resistance of a relay in the off state is always infinite. 

¶ The resistance across a transistor that is óoffô should be very high. 

¶ To fault-find an ECU when the power is off, you must know the details of the circuit. 

Worksheet 3 

ECU structure 

 

Over to you: 
 

¶ Add a second base board to provide power through a circuit breaker, as shown above. 

¶ Power up the ECU with a 12V supply. 

¶ In this configuration, the inputs I1 and I2 are ópulled-downô to 0V through 5.6kW resistors. 

¶ Use a voltmeter to measure the voltage between I1 and 0V and I2 and 0V. 

¶ Record the values in the Student Handout. 

 



Page 13 Copyright 2023 Matrix Technology Solutions Limited 

Worksheet 3 

ECU structure 

 

So what? 
 

The voltage at an ECU input when disconnected depends on its internal circuit. That circuit 

is determined by the vehicle and ECU designer. It is not the same for all ECUs and not the 

same, even,  for all the inputs of any one ECU. 

 

Over to you: 
 

¶ Alter the layout slightly as shown in the diagram above. This reconfigures the I1 input to 

ópull upô the input, using a second 5.6kW resistor, rather than to ópull downô the input. 

¶ Power the ECU up with 12V supply. 

¶ Use a voltmeter to measure the voltage between I1 and 0V and I2 and 0V again. 

¶ Record the values in the Student Handout. 
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So what? 
 

¶ The two circuits below illustrate the difference between the use of pull-up and pull-down 

resistors on the inputs. 

¶ To debug ECU-based circuits, you need to know something about their default voltage or 

about the circuit on the inside of the ECU. 

Worksheet 3 

ECU structure 
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Over to you: 

¶ Set up the circuit shown in the layout.  

¶ Locate program 1, óLogic NOTô. Press the óOKô button to run this program. 

¶ With the switch open, measure the voltages at input I1 and output O1. 

¶ Close the switch and measure the voltages again. 

¶ Complete the table in the Student Handout with your observations. 
 

So what? 

¶ The program looks at the signal at ECU terminal óCô and outputs óNOT Cô to  terminal ôBô. 

¶ In this system ólogic 1ô is represented by a 12V signal and ólogic 0ô by a 0V signal. 

¶ We often refer to ólogic 1ô as óHIGHô, and óLogic 0ô as óLOWô. Here, óswitch openô results in 

a HIGH output. óSwitch closedô results in a LOW output. 

 

The ECU is a small computer. It looks at inputs, makes 

decisions based on them and the logic programmed 

inside it and adjusts the outputs accordingly. 
 

If you understand logic then you understand a little of 

how computers óthinkô. 
 

There are several logic functions. This worksheet looks 

at the simplest, the NOT function. 
 

The photograph shows an ECU microcontroller chip. 

Worksheet 4 

The NOT function 

Program Name 
Input 

terminal(s) 

Output 

terminal(s) 

1 Logic NOT C B 
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Over to you: 
 

¶ Build the layout shown above. It uses the same input and output circuits as before but the 

ECU is modified to pull up the input at terminal C. 

¶ Repeat the previous exercise: 

¶ locate program 1, óLogic NOTô. 

¶ press the OK button to run the program. 

¶ with the switch open, measure the voltages at input I1 and output O1. 

¶ close the switch and measure the voltages again. 

¶ Complete the table in the Student Handout with your observations. 

 

So what? 

¶ The program is the same as before. 

¶ This time, however, óswitch openô results in a LOW output. óSwitch closedô results in a 

HIGH output. The logic is reversed. 

¶ For a computer, whether a HIGH or LOW is produced on a given action is not important as 

the program can be adjusted accordingly. 

¶ To debug ECU circuits you need to understand something about the design of the ECU 

itself and whether inputs are pulled up or pulled down. 

Worksheet 4 

The NOT function 
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Over to you: 
 

¶ Set up the circuit shown in the layout. 

¶ Make sure that the power supply is set to 12V and then switch it on. 

¶ Find program 2, óLogic ANDô and press the óOKô button. 

¶ Two switch units, S1 and S2, provide input signals to C and D. 

 There are only four combinations possible - both switches open, S1 open and S2 closed, 

the reverse - S1 closed and S2 open and both closed. 

¶ For each of these, measure the voltages at terminals A, B, C and D on the MicroECU.  

¶ Record your observations in the Student Handout. 

 

Often, devices in a vehicle, e.g. the headlights, operate 

only when the headlight switch AND the ignition switch 

are both turned on. Hence, the need for the AND function.  

 
 

In this worksheet, the ECU generates the AND function 

on output A and the NAND function on output B. 

 

Worksheet 5 

The AND function 

Program Name 
Input 
terminal(s) 

Output 
terminal(s) 

2 Logic AND C D 
A(NAND) 
B (AND) 

S1 S2 
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So what? 
 

¶ The program uses terminals C and D as inputs and terminals A and B as outputs. 

¶ Two switch units provide four possible combinations of input signals to C and D. 

¶ When a switch is open, the switch unit produces a LOW signal (logic 0). When the switch 

is closed, the switch unit produces a HIGH signal (logic 1). 

¶ The incandescent lamp shows the state of the signal at output B . The lamp is on only 

when both C AND D are HIGH. 

¶ The LED lamp shows the state of the signal at output A . This is on when the signals at 

either C or D or both are LOW. This is referred to as a óNANDô function i.e. Not AND. 

¶ An ECU is constantly making logical decisions. For example, an automatic car will start 

only when the start button is pressed AND the driverôs foot is on the brake pedal.        Note 

that the signals produced in the ECU by óstart button pressedô and óbrake pedal pressedô 

could be high or low depending on the system design. 

 

Worksheet 5 

The AND function 
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Over to you: 

¶ Set up the circuit shown in the layout.  

¶ Find program 4, óLogic OR on the MicroECU and then press the OK button. The two 

switches offer only four combinations: both switches open; S1 open and S2 closed; the 

reverse - S1 closed, S2 open; both closed. 

¶ For each of these, measure the voltages at A. B. C and D.  

¶ Record your observations in the Student Handout. 

 

In the same way as circuits need to make a decision 

when voltage A AND voltage B are present, some-

times logic circuits need to make a decision when 

voltage A OR voltage B are present.  
 

 

This worksheet shows how the OR function is realised 

with the Matrix ECU. 

Worksheet 6 

The OR function 

Program Name 
Input 
terminal(s) 

Output 
terminal(s) 

4 Logic OR C D 
A(NOR) 
B (OR) 

S1 S2 
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So what? 
 

¶ The program defines terminals, C and D as inputs and terminals A and B, as outputs. 

¶ You can see the state of inputs and outputs on the LCD. 

¶ The incandescent lamp shows the state of the signal at output B . This is on when either C 

OR D (or both) are HIGH. 

¶ The LED lamp shows the state of the signal at output A . This is on when either C OR D 

are LOW (or both). This is referred to as a óNORô function, i.e. Not OR. 

¶ An ECU is constantly making logical decisions. For example: the interior light in a car will 

come on when front left door OR front right door OR back left door OR back right door is 

open.  

Worksheet 6 

The OR function 
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Pulse-width modulation (PWM) is used to control the speed of electric motors and the 

brightness of lights. It is a digital technique - the signal is 

rapidly pulsed on and off to control the power delivered. 
 

Its advantages include: 

¶ superior energy efficiency, compared to analogue      

control techniques; 

¶ compatibility with digital devices, e.g. microcontrollers. 
 

The photograph shows an automotive electric motor. 

Worksheet 7 

PWM 

Program Name 
Input 
terminal(s) 

Output 
terminal(s) 

5 Slow PWM C D B 

S1 S2 

 

Over to you: 
 

¶ Build the circuit shown in the layout. 

¶ Make sure that the power supply is set to 12V and then switch on. 

¶ Locate program 5, óSlow PWMô. Press the óOKô button to run it.  

¶ Notice what happens to the incandescent bulb when you: 

¶ close switch S1, but leave switch S2 open; 

¶ close switch S2, but leave switch S1 open; 

¶ close both switches? 
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So what? 
 

¶ This form of control is called pulse-width modulation (PWM). The ratio of on time to off 

time is controlled by Modulating (modifying) the Width of the Pulse, i.e. changing the 

ómark:space  ratioô (m:s) of the pulse, - the on:off 

ratio.  

¶ Referring to the diagram, the ómarkô (on time) 

lasts for three units of time, whereas the 

óspaceô (off time) lasts for only one.  

¶ This is known as a ómark-to-space ratio (m:s) of 

3:1. It can also be described using the term óduty 

cycleô - the fraction of the signal  for which the 

bulb is óonô. A m:s of 3:1 is the same as duty cycle of 75%. 

Worksheet 7 

PWM 

Program Name 
Input 
terminal(s) 

Output 
terminal(s) 

6 Fast PWM C D B 

 

Over to you: 

¶ Build the layout shown in the diagram above.  

¶ Locate and load program 6, óFast PWMô.  

¶ Measure the voltage at terminal O1 with a multimeter. 

¶ Using an oscilloscope, measure and sketch the waveform 

 at the output of the transistor with both switches on.  

¶ Report on your findings in the Student Handout 

S1 S2 

Oscilloscope settings: 
 

¢ƛƳŜōŀǎŜ  - мллǳǎκŘƛǾ  

±ƻƭǘŀƎŜ ǊŀƴƎŜ - ҕмн± 5/  

¢ǊƛƎƎŜǊ aƻŘŜ - wŜǇŜŀǘ  

¢ǊƛƎƎŜǊ /ƘŀƴƴŜƭ  - ŎƘ ! 

¢ǊƛƎƎŜǊ 5ƛǊŜŎǘƛƻƴ - wƛǎƛƴƎ 

¢ǊƛƎƎŜǊ ¢ƘǊŜǎƘƻƭŘ - м± 
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Worksheet 7 

PWM  

 

So what? 
 

When controlling the speed of a motor or the brightness of a lamp, the frequency of pulses 

used in PWM is much higher than that used in the óSlow PWMô illustration. 
 

The pulses happen so quickly that the inertia of the motor keeps it rotating in between puls-

es, or the slow response of the human eye does not notice the light flashing. 

 

A note on ECU construction 

¶ When an ECU needs to deliver more power it needs a relay or a transistor to deliver that 

power. In this case we used a power Field Effect Transistor to amplify the signal from the 

MicroECU. 

¶ The FET is used to óground the circuit rather than supplying current to the circuit to oper-

ate the motor. 
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Worksheet 8 

Fibre optics 

 

Fibre optics are used increasingly in cars because: 

¶ they allow large amounts of data to be transmitted; 

¶ they are immune to electrical interference and offer 

greater signal security than copper wires. 
 

Fibre optics are used to transmit digital data between 

a transmitter and a receiver.  
 

The photograph shows a couple of fibre optic cables. 

 

Over to you 
 

¶ Set up the circuit shown in the layout above. Just push the fibre into the transmitter and 

receiver - you do not need to tighten the screw housings. 

¶ Select program 5 on the MicroECU. The PWM output signal is transmitted over a short 

length of optical fibre to the receiver, where it drives the red LED. 

¶ Look closely at the optical fibre. You should be able to see some red light escaping from 

the fibre. 

¶ Report on your findings in the Student Handout 

S1 S2 

Program Name 
Input 
terminal(s) 

Output 
terminal(s) 

5 Slow PWM C D B 


