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Task One – Pressure Sensors 

Both analogue and digital instruments are used in industrial measurement systems. 

Whilst analogue instruments produce ‘an output that varies continuously as the 

quantity being measured changes’ (Morris, 2003), digital instruments have outputs that 

‘vary in discrete steps and so can only have a finite number of values’ (Morris, 2003). 

Analogue outputs can have an infinite number of values within the range of the 

instrument. The bourdon tube is an example of an analogue instrument used to 

measure pressure. This consists of an almost rectangular or elliptical cross section 

tube, often constructed of steel or phosphor bronze. Figure 1 illustrates the C-shaped 

construction and operation of the device. As the pressure inside the tube increases 

‘the closed end of the C opens out, thus the displacement of the closed end becomes 

a measure of the pressure’ (Bolton, 2015). A connected shaft can rotate via gearing, 

thereby enabling a pointer to move across a scale. A data sheet for such a gauge can 

be found in Appendix 1. 

 

 

 

Figure 1 – A Bourdon tube (Laughton and Warne, 2003) 

jason
Sticky Note
A good intro for analogue and digital.



4 Word Count - 2189 Lee Williams 
 

Whereas as Bourdon tube can be considered a passive instrument, digital pressure 

gauges are examples of active instruments. A passive instrument is one where the 

output is wholly created by the quantity being measured. However, in an active 

instrument, this quantity modulates or adapts to the magnitude of an external power 

source.  

Digital pressure gauges are devices that convert applied pressure into signals. These 

signals are displayed numerically on a display. Such instruments are usually powered 

by battery, loop or solar. Typically, these devices will contain a strain gauge – a sensor 

whose resistance varies with applied force. It then converts this force into a change in 

electrical resistance which can then be measured. Figure 2 illustrates such a set up 

along with a bridge circuit which detects the associated voltage change. A data sheet 

for such a gauge can be found in Appendix 2. 

 

Figure 2 – A strain gauge working principle (Instrumentationtools.com, 2020) 
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We should also consider the static and dynamic characteristics of both gauge types. 

Morris (2003) states that ‘the static characteristics of measuring instruments are 

concerned only with the steady state reading that the instrument settles down to, such 

as the accuracy of the reading etc.’ These characteristics also include precision, 

tolerance and linearity amongst others. Dynamic characteristics ‘describe its 

behaviour between the time a measured quantity changes value and the time when 

the instrument output attains a steady value in response’ (Morris, 2003). These include 

response time, rise time and settling time. 

 

Both the analogue and digital gauges have advantages and disadvantages. Analogue 

gauges are easy and relatively inexpensive to use, whilst not requiring a power supply. 

However, parallax errors are possible when viewing the needle which also has a 

limited resolution. They are also prone to damage due to their mechanical nature and 

are susceptible to damage in harsh environments. Analogue gauges also require 

calibration which is prone to human error. Meanwhile, digital gauges are more 

accurate and provide less ambiguity when reading a value. They are also durable, 

much less susceptible to damage due to vibration than its analogue counterpart. It is 

also possible to collect data from these devices as they include outputs for sending 

results to computers or other data logging methods. However, digital gauges are 

costlier in the short term, although that initial cost may be compensated for as their 

reliability is greater. They also will always require a power source which may limit their 

use in some environments. 
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Task 2 - Position Sensors 

a) 

An example of a sensor that could be used to measure the angular velocity of an 

electric motor is the tachometer. Bird (2017) defines a tachometer as ‘an instrument 

that indicates the speed, usually in revolutions per minute, at which an engine shaft is 

rotating’. Appendix 3 contains a datasheet for a mechanical tachometer produced by 

Electromatic Equipment Co., Inc. This is a hand-held device which is attached via a 

rubber cone to the rotating shaft of the motor. Figure 3 illustrates its operation - the 

rotating shaft drives the indicator shaft through a slipping clutch. A pointer is attached 

to the indicator shaft against the torque of a spring. This gives the pointer a larger 

deflection as the angular velocity increases. An additional feature is that the pointer 

only moves as the motor is active and connected. Therefore, on this model of 

tachometer there is a button to freeze the pointer at the desired reading for recording 

purposes. These are relatively cheap devices that are easy to operate. However, they 

do have to be manually operated and are less accurate than more modern angular 

velocity measuring methods. They are also prone to mechanical loading which can 

produce significant errors depending on the size of motor used. 

 

 

Figure 3 – Operation of a slipping clutch tachometer (Wells, 2020) 
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b) 

In order to measure the rotation of a 3-way ball valve through 180 degrees of 

operation, an optical encoder could be used.  This device ‘provides a digital output as 

a result of an angular or linear displacement’ (Bolton, 2015). There are two categories 

- incremental and absolute. An incremental encoder detects displacement relative to 

a datum position whereas an absolute encoder will give the actual position. Figure 4 

illustrates the basic principle of an incremental encoder 

 

 

Figure 4 – An incremental encoder (Bolton, 2015) 

In the case of our 3-way ball valve, the shaft of the actuator is connected to the rotating 

disc shown in figure 4. The disc has several windows through which a beam of light 

can pass through. A light sensor on the opposite side to the beam detects this light as 

it passes through the windows. As the shaft and disc rotate, a pulsed output is 

produced by the sensor, the number or which is proportional to the angle that the disc 

rotates. Therefore, for an incremental encoder, the angular displacement of the 

disc\shaft is found using the number of pulses produced from the displacement from 

a datum position. A data sheet for such an encoder can be found in Appendix 4. 
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Task 3: Temperature Sensor Characteristics 

a) 

Please see Appendix 5 for an PT100 RTD example data sheet.  

Use the formula Rm = RRef (1 + α (Tm – TRef) to calculate the resistance when 

temperature = 20 oC 

Coefficient of resistance (α) = 3.85 x 10-3 oC 

TRef = 0 oC 

RRef = 100 Ω 

Tm = 20 oC 

Rm = 100 (1 + 3.85 x 10-3 (20-0)) 

Rm = 100 (1.077) 

Rm = 1.077 Ω 

The complete table of values from 0 oC – 100 oC can be found in the table in Figure 8. 

The graph of these values is found below in Figure 5. 

 

Figure 5 – Resistance plotted against temperature 
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b) 

Figure 6 (Below) - Voltage Divider 

 

Use figure 8 for Rt 

Use the formula Vout = Vin x Rt     to calculate the voltage when the temperature= 20oC 

        R + Rt 
 

R = 100Ω 

Vin = 10v 

 

Vout = 10 x 107.7                  

          100 + 107.7 

 

Vout =   1077   

            207.7 

 

Vout = 5.185v 
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The complete table of values from 0 oC – 100 oC can be found in the table in Figure 8. 

The graph of these values is found below in Figure 7. 

 

 

Figure 7 – Voltage plotted against resistance 
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c) 

Sensitivity of the linear circuit = Change in output 
                     Change in input 
 
From the values displayed in Figure 7, we can deduce that when Tm = 20oC –  
 
Change in Output V = 5.185 – 5 = 0.185v 
 
Change in Input T = 20 – 0 = 20oC 
 
Therefore -  Sensitivity = 0.185 = 0.00925 V/oC 
                20 
 

  
 
Figure 8 – Table of all calculated values used so far for task 3 
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d) 

Time Constant (Ꞇ) = 5ms 

For a first order response –  

Tm = Tss (1 - e
−𝑡

Ꞇ
) 

Tss is the steady state value at 50oC 

At t = 2ms 

Tm = 50 (1- e
−2

5
) 

Tm = 16.484oC 

Although a steady state is achieved at approximately 25ms, Figure 9 below contains 

all the values up until 30ms. Figure 10 plots these values for illustration. 

 

 

Figure 9 – Table of time against temperature 
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Figure 10 – First order response with time plotted against temperature 
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Task 4: Indicators 

a) 

Light emitting diodes (LED’s) and Liquid crystal displays (LCD’s) are two types of 

indicator widely used to present data. LED’s are ‘basically pn junction diodes which 

emit light when a suitable voltage is applied. The voltage enables electrons recombine 

with holes within the device and release the energy in the form of photons’ (Bolton, 

2015). They are used as alphanumeric displays, meaning they can display both 

numbers and letters. Figure 11 below illustrates a seven-segment type of LED array. 

The segments are illuminated in various patterns to form letters or numbers.  

 

Figure 11 – A seven segment LED display (Bolton, 2015). 

Unlike LED’s, LCD’s do not use light of their own. Instead, they reflect light but can 

also be arranged in segments similar to LED’s. These displays consist of crystal 

segments on a reflecting sheet. If an electric field is applied to a segment, light is 

unable to penetrate through to the reflecting sheet. Therefore, no light is reflected, and 

the crystal appears dark.  

LED’s are cheap and require only a low current and voltage to operate. They also are 

simple devices which are reliable and efficient. However, they are limited to only 

displaying the 16 hexadecimal characters which restricts their use. The ease and low 

cost of manufacture has also led to the production of sub-standard LED’s. Conversely, 

LCD’s can display more complex information but has slower response times, typically 

about 100 to 150ms. They are even lower powered than LED’s and have a wider 
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viewing angle. However, most LCD’s contain mercury, a potentially dangerous and 

polluting substance. 

b) 

In many applications, there is a requirement to convert the analogue signal (e.g. 4-

20mA) from a sensor into a digital signal suitable for a microprocessor. This is carried 

out using a device called an Analogue to Digital converter (ADC). Figure 12 below 

displays four graphs. The first (A) demonstrates a constantly variable analogue signal. 

The second (B) shows a digital signal, increasing in jumps rather than the smooth 

movement in (A).  The first stage of an ADC process is shown in (C). The analogue 

signal is sampled at regular intervals via an onboard clock, with a ‘series of narrow 

pulses with heights which vary in accord with the variation of the analogue signal’ 

(Bolton, 2015). These pulses are then held as illustrated in (D). This allows the 

conversion from an analogue value into a binary, digital sequence of pulses within the 

ADC converter.  

 

Figure 12 – Signals within the ADC process (Bolton, 2015). 

 



16 Word Count - 2189 Lee Williams 
 

 

Figure 13 below illustrates the full process with reference to figure 12. The analogue 

input below refers to (A) whilst the sample and hold box refers to (D) 

 

Figure 13 – ADC conversion (Bolton, 2015). 

This process of converting a continuous range of values into a finite range of discreet 

values is known as quantization. The rounding error that is introduced during this 

process is known as the quantization error. This can be reduced by increasing the 

sampling rate. At a minimum, the sample rate must be above the Nyquist rate to 

capture all signal cycles. 

The resolution of the ADC depends on the number of bits it can process. In the case 

of a commonly used 10-bit ADC, its resolution is 1 part in 1024. Therefore, this is the 

smallest change in the analogue voltage that would result in a change in the digital 

output. Whereas, resolution is a relative quantity, sensitivity is an absolute quantity. 

Sensitivity describes the smallest absolute amount of change that can be detected by 

a measurement, often expressed in terms of millivolts, microohms, or tenths of a 

degree. 
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Task 5: Signal Transmission 

a) 

Both voltage and current methods can be used to transmit measurement signals from 

sensors to measuring and control units. Using voltage transmission (Figure 14) has 

the advantage of being easily measured and transmitted, along with the ability to be 

simply amplified. However, voltage signals are prone to attenuation by long 

transmission runs and high resistance joints. They are also susceptible to noise 

interference and could ignite combustible gases.  

 

Figure 14 – Voltage transmission (Bolton, 2015). 

Attenuation can be reduced if a current signal is used instead. A voltage to current 

converter is used to achieve a 4-20mA signal as shown in Figure 15. 

 

Figure 15- Current loop transmission (Bolton, 2015) 
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Although this conversion adds further complexity, using 4-20mA allows the distinction 

between a zero-signal level and a break in the transmission. A further advantage is 

that current loop instruments tend to have lower impedances and as a consequence, 

they are less susceptible to electrical noise. However, as with voltage transmission, 

there is a risk of igniting hazardous gases. 

b) 

Morris (2003) states that ‘Signal processing is concerned with improving the quality of 

the reading or signal at the output of a measurement system, and one particular aim 

is to attenuate any noise in the measurement signal that has not been eliminated by 

careful design of the measurement system’. In the market today, there are several 

smart systems which carry out measurement, transmission and signal processing as 

an integrated unit. However, there are several separate processes that can be applied 

to a signal and these are described below –  

i) Conversion – As discussed in Task 4b, there is often a requirement to convert a 

signal before it can be used in another process. As well as ADC, Digital to analogue 

(D/A) conversion is required for certain applications. For example, where a digital 

signal has to be presented to an analogue control actuator or display device. A 

common form of D/A converter is shown in figure 16 and consists of a resistor ladder 

network on the input to an operational amplifier. 

 

Figure 16 – A digital to analogue converter (Morris, 2003) 
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Other forms of conversion include resistance to voltage such as in a thermistor or 

wheatstone bridge. In a thermistor, the resistance change can be converted into 

voltage using a potential divider circuit as illustrated in figure 17. 

 

Figure 17 – Resistance to voltage conversion for a thermistor (Bolton, 2015) 

 

ii) Amplification – ‘Signal amplification is carried out when the typical signal output 

level of a measurement transducer is considered to be too low.’ (Morris, 2003). For 

analogue signals, an operational amplifier or Op-Amp is commonly used (See figure 

18). So that its loading effect on the transducer output signal is minimised, an Op-Amp 

is normally required to have a high input impedance. 

 

Figure 18 – Operational amplifier connected for signal amplification (Morris, 2003) 
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The processed signal Vo can be expressed thus –  

 
An Instrumentation amplifier can also be used where the signals are particularly low 

level (Figure 19). This device consists of 3 Op-amps, thereby significantly increasing 

its differential impedance. 

 

 

Figure 19 - Instrumentation amplifier (Morris, 2003) 

 

iii) Elimination – This refers to the requirement to remove or reduce unwanted 

elements from a signal such as noise and/ or a certain band of frequencies. In the later 

case, signal filtering can be used to process the signal to remove these unwanted 

frequencies. Depending on the band requiring elimination, either low pass filters, high 

pass filters, band pass filters and band stop filters may be used (See figure 20). Morris 

(2003) states that ‘Signal filtering consists of selectively passing or rejecting low-, 

medium- and high frequency signals from the frequency spectrum of a general signal. 

The range of frequencies passed by a filter is known as the pass-band, the range not 

passed is known as the stop-band, and the boundary between the two ranges is known 

as the cut-off frequency.’ 
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Figure 20 – Outputs from the filters defined above (Morris, 2003) 

iv) Manipulation – Otherwise known as signal conditioning, this is the process where 

a signal is changed to meet the requirements of the next stage for further processing. 

This include the concepts discussed above but also attenuation, linearization and 

signal addition\multiplication. Attenuation, essentially the opposite of amplification, is 

needed where the voltages to be digitised are above the ADC range. When discussing 

linearization, Morris (2003) states that ‘Several types of transducer used in measuring 

instruments have an output that is a non-linear function of the measured quantity input. 

In many cases, this non-linear signal can be converted to a linear one by special 

operational amplifier configurations that have an equal and opposite non-linear 

relationship between the amplifier input and output terminals.’ Such a configuration is 

illustrated in figure 21. 
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Figure 21 – Operational amplifier connected for signal linearization 

 

v) Protection – A measurement system will ordinarily require features that protect it 

from high voltages and current. For example, a microprocessor may be damaged from 

high current or voltage signals from a sensor. This risk can be mitigated by the 

incorporation of a series resistor and/or fuse within the circuit. A Zener diode circuit 

(Figure 22) can be used to protect against high voltages and wrong polarity voltages. 

 

Figure 22 – Zener diode: (A) current voltage relationship, (B) protection circuit, 

(Bolton, 2015) 

 

If a reverse polarity or excessively high voltage is applied across the diode, it will break 

down and become conducting. Consequently, most of the voltage is dropped across 

the resistor causing a similar drop across the diode. Therefore, the output voltage 

drops, and the circuit is protected.  
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Task 6: Basic Control systems 

a)  

Hughes (2008) defines a control system as ‘one which undertakes some function, 

checks its success and takes further action until the objective is attained. And if in the 

meantime the objective varies then the system will respond to the change’. Two types 

of control system exist – Open and closed loop. An open loop system is one where 

the output has no influence on the control action of the input signal. There is no 

feedback from the output and the system will continue to perform its input command 

regardless of said output. An example of an open loop system is an electric fire which 

is shown in Figure 23. 

 

 

Figure 23 – Open loop control - Electric fire, (Bolton, 2015). 

 

The output of the room temperature has no bearing on the input, in this case a switch 

selection. The advantages of open loop systems are that they are simple, relatively 

cheap and reliable. However, due to the lack of comparison and feedback, they are 

also inaccurate and require manual intervention to change the input value or correct 

errors. 
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b) 

A closed loop system depends on two key functions. Firstly, feedback from the output 

to the input and secondly, a difference (error) ‘between the feedback and the desired 

outcome specified by the input control signal’ (Hughes, 2008). Figure 24 illustrates an 

example of a closed loop system in the form of shaft rotation speed control. 

 

Figure 24 - Shaft rotation speed control, (Bolton, 2015). 

The first function of this system is the comparison element. The element, in this case 

the differential amplifier, compares the required value of the shaft speed with the actual 

measured value. An error signal is then produced which is the difference between the 

required and actual values. The second element is control law implementation. This 

determines the action taken when an error signal is received. In the case of the 

example above, the differential amplifier is also the controller. It will ‘produce an 

amplified output which is proportional to the difference between it two inputs’ (Bolton, 

2015). This output is fed into the motor (correction element) which adjusts the shaft 

speed (Process) accordingly. The final element is the measurement, in this case a 

Tachogenerator. This will feedback the actual speed of the shaft to the differential 

amplifier or comparison element and the loop will perform another iteration.  
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Appendices 

Appendix 1 – Data sheet for a RS Pro analogue pressure gauge (RS Components, 

2020) 
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Appendix 2 – Data sheet for a Fluke Pneumatic Digital Pressure Gauge (RS 

Components, 2020) 
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Appendix 3 – Data sheet for the HTM Hand-Held Mechanical Tachometer 

(Electromatic Equipment Co., Inc, 2020) 
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Appendix 4 – Data sheet for the AEDB-9140 Series Optical Encoder (RS 

Components, 2020) 
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Appendix 5 – Data sheet for the Carel HTC temperature probe (RS Components, 

2020) 
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