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[bookmark: _Toc463951751]Introduction
What is Instrumentation and Control?
Instrumentation is the science of measurement and control of process variables within a production or manufacturing area.  The process variables used are usually properties of some physical aspect of the plant being controlled, such as level, pressure, flow rate, temperature, pH, position, speed etc.  Control engineering is the engineering discipline that applies control theory to design systems with specific behaviours that allow safe, accurate and efficient operation of the plant. 
Why do we need control?
Control systems automate process control and allow safe, accurate and efficient plant operation, without human intervention.  Control systems have the ability to reliably control processes that would otherwise be too quick for a human to control, such as antilock brakes in cars; or too tedious and boring to control reliably, as in the control of a slowly changing, or unchanging process variable like flow rate; or too dangerous for a human to measure and such as temperature control of a blast furnace.
What does a control system consist of?
Generally, there are two types of control system: open loop and closed loop control. 
Open loop control systems consist of a set point or reference input, a controller and a plant or controlled process. While they have the advantage of being simple, their use is not always appropriate as they do not have any feedback to determine how well the process is operating.
While more complex, closed loop control systems are preferred due to the presence of feedback allowing the controller to make adjustments based on current performance of the process or plant.
Closed loop control systems contain several things:
· Something to control, usually called the Plant or Controlled Process
· Something to measure the plant with – to provide feedback of how the process is operating
· Set point or reference input – a target value for the process to operate at
· Error calculator – to find out how far from the target value the process is
· Controller – processes the error signal to determine the best way to control the process
These are then connected as shown in Figure 1. A measure of the current performance of the plant is fed back to the error calculator, where it is compared to the set point of the process.  The error value is then passed to the controller where an algorithm is applied to generate a driving signal to act on the plant in some way.  This action on the plant is then measured and fed back to the error calculator where the whole cycle begins again.
[image: Image result for control system block diagram]
[bookmark: _Ref463351679]Figure 1 Simple closed loop control system
Where can I find control systems?
Control systems can be found in many places, most of which you will be familiar with.  They can be found around the home in items such as: central heating systems, ovens, kettles, irons, electric heaters, DVD players, electric garage doors, etc.; or in cars for controlling: the fuel to air mixture in the engine, the engine temperature, electric windows, cruise control, antilock brakes, traction control, parking assist, etc.  Control systems are also used in various other places such as navigation and guidance systems for boats, submarines, planes, missiles, space craft; electricity generation in power stations – to regulate the voltage and frequency generated, to safely operate the driving mechanism for the generators (usually steam turbines); Industrial manufacturing processes etc.
[bookmark: _Toc463951752]Instrumentation
As mentioned previously, instrumentation is the science of measurement and control of process variables within a production or manufacturing area, and the variables used are things like pressure, flow rate, temperature, pH, position, speed etc.  So how are these quantities measured?  In order to measure the physical quantity of something, some form of transducer is required.  
Transducers are devices that convert a signal in one form of energy to a signal in another form of energy.  They convert a physical quantity to an electrical signal, these are usually called sensors, but equally they could convert an electrical signal into a physical quantity, and these are usually called actuators.  Most transducers will only do one of these, but there are a few which can do both to some extent.  
So to measure, a transducer will be required which will convert the pressure, temperature, or other physical quantity into an electrical signal that can be interpreted by the control system.  The type of transducer used will depend up on the variable that is to be measured.  Transducers must be chosen with typical process values in mind.
Example
A temperature sensor used to control an industrial oven must be able to withstand the expected range of temperatures that the oven can achieve (operating range); the temperature sensor must also be able to produce a reasonable change in its output as the temperature varies over the whole range (sensitivity).  

[bookmark: _Toc463951753]Transducer Parameters
From this we can see that there are a number of parameters that will need to be considered during the selection process.  These parameters can help us determine the usefulness of a sensor for a particular task. The main parameters are shown below:
	Parameter
	Definition

	Operating Range
	The maximum change in input parameter which will yield an accurate output

	Sensitivity
	The change in output divided by the change in input. For a resistive temperature sensor such as a thermistor, this parameter would be measured in 

	Resolution
	The smallest observable change in input

	Accuracy
	How close the measured outputs represents the actual input of the transducer

	Linearity
	The linearity of the transducer is an expression of the extent to which the actual measured curve of a sensor departs from the ideal curve. 

	Response time
	The time taken for a change in input to be propagated to a change in output

	Hysteresis
	A transducer should be capable of following the changes of the input parameter regardless of which direction the change is made; hysteresis is the measure of this property.


We will now look at these parameters in more detail.
[bookmark: _Toc463951754]Sensitivity
The sensitivity of a transducer is the ratio of its output to its input.  This may not be a very helpful description, let me expand.  An active temperature sensor which produces a voltage proportional to the heat applied to it will have a sensitivity measured in . For example, if our temperature sensor has a sensitivity of 80 then this means that the voltage present on the output of the transducer will increase by 80µV for every 1°C increase in temperature.  This example can be seen in the graph shown in Figure 2, where the gradient of the straight line is   .

[bookmark: _Ref463948550]Figure 2 Graph of output voltage against temperature for a hypothetical active temperature with a sensitivity of 80µV/°C
[bookmark: _Toc463951755]Threshold 
Threshold is the smallest input signal the sensor will respond to.
Operating Range
All types of transducer will have some physical limit to what it can do; this operating range may be specified for one of several reasons: a linear actuator provides a linear movement when a voltage is applied to its terminals, but once the actuator has extended as much as it can, it reaches the extent of its operating range.  The same thing is true for sensors, but the physical limits of the transducer are usually a result of the limits of the materials used to make the sensors, or the limits of physics.
[bookmark: _Toc463951756]Dynamic Range
Dynamic range is the ratio between the maximum and minimum signals the transducer may handle. The maximum is usually limited by compression or distortion, while the minimum is defined by the threshold.
The dynamic range is often measured in units of the RMS noise voltage, and expressed in a number of effective bits, or in decibels. So we will say that the dynamic range of a device is D decibels if: 

Sometimes we talk about the dynamic range by quoting the number of bits arising from the device dynamic range measured in units of the resolution, i.e. the RMS noise amplitude. 

Like resolution, the dynamic range can be increased by increasing the signal power and consequently power dissipation.
Resolution
The smallest change of input detectable at the output is called the resolution. In analogue systems, the resolution is usually limited by noise.  In digital systems, resolution is the value of the least significant bit.  
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[bookmark: _Toc463951760]Response time
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[bookmark: _Toc463951762]Sensors are divided into two distinct classes; passive transducers and active transducers.  Active transducers 
Passive Transducers
A passive transducer is a class of transducer that requires an external power source to operate.  They produce an output signal proportional to some change in resistance, capacitance or other electrical parameter.  This change is then converted to an equivalent current or voltage signal.
[bookmark: _Toc463951763]Active Transducers
Active transducers are those which do not require any external power source for their operation.  This type of transducer works on the energy conversion principle whereby energy from the physical quantity being sensed is converted directly to a voltage or current 
Improving Transducer Usefulness
Signal Conditioning 

Calibration
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Transfer Functions
In order to model a system, or an element of a system, we need to be able to describe how that object behaves.  This is the job of a transfer function: it describes the behaviour of a system or system element using mathematical terms.  In many cases, these descriptions can become extremely large and cumbersome and even if a single numerical answer can be obtained, the operation of the system is not obvious.  To alleviate some of the ambiguity, the Laplace transform is applied to the transfer function which can simplify things somewhat.
[bookmark: _Toc463951766]Laplace Transforms
The Laplace Transform is an integral transform, named after its discoverer Pierre-Simon Laplace.  The Laplace transform takes a function of a time t and transforms it to a function of complex frequency s.  A unilateral Laplace transform is defined as Equation 1:

[bookmark: _Ref463612763]Equation 1 The unilateral Laplace transform
Where s is a complex number frequency parameter. 
Notation around transforms is important. In this context, variables in lower case are time domain variables, while upper case variables are the complex frequency domain version of their lower case counterparts.  The Laplace transform itself is notated as a large, curly upper case L with the function to be transformed in brackets after it:

[bookmark: _Ref463612872]Equation 2 Example of notation of a Laplace transform
Equation 2, although somewhat daunting is fairly simple; it states that the Laplace transform of the time domain function f(t) is equal to the complex frequency domain function F(s).  
Having to perform this transform may seem like a chore, but thankfully we are able to use a table of common transforms and simply interchange sections of our functions to perform the Laplace transform.  A condensed table of Laplace transforms can be seen in Table 2.
While the reasoning for adding this extra layer of complexity may seem somewhat obscure, there is a very good reason for it.  While a Laplace transform transforms a function to the complex frequency domain, it also simplifies the analysis of the system.  To determine the time domain response of a system to a given input without using Laplace transforms would need one to calculate a time domain transfer function for the system and then convolve this with the time domain input signal.  This approach is computationally heavy and the same result can be obtained using Laplace transforms.  In the complex frequency domain, what would be calculated using a convolution in the time domain can be calculated using a simple multiplication. 


Table 1 Table of common Laplace transforms
	Transform
	
	

	

	Time differentiation
	
	

	

	Time 2nd differentiation
	
	

	

	Delta function
	
	

	

	Shifted delta function
	
	

	

	Unit step
	
	

	

	Sine
	
	

	

	Time Multiplication
	
	

	

	Time Convolution
	
	

	






	Example
 Develop a transfer function for the circuit shown below.
[image: ]


	Solution
The current through the resistor is given by:

Where V is the potential difference across the resistor

Capacitors store charge proportional to the voltage across it


But current is the rate of charge


As the capacitance does not change with time, we can write:


Assuming no current flows from the output terminal, all the current flowing through the resistor will also flow through the capacitor:





	Assuming zero initial conditions, and taking Laplace transforms:







Dividing by 







As transfer functions are the output of an element divided by the input to that element, we need to invert our equation:
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[bookmark: _Toc463951767]Closed loop transfer function

	Example
Develop the closed loop transfer function for the diagram shown below.




Solution


	The transfer function of the diagram above will be equal to the final output divided by the input, or 

The output signal Y can be written in terms of the forward transfer function G(s) and the error E


The error E can be expressed as the difference between the reference input R and the product of the process output and the transfer function of the feedback loop H(s)



Substituting the second equation into the first gives:




	Then divide through by Y







[bookmark: _GoBack]Divide through by G(s)















Poles and Zeros
As transfer functions are usually described by the division of two polynomials, there are going to be several values of s that will create instability in the transfer function, and within the system that the transfer function belongs to.  There will be values of s that will make the transfer function either equal zero, or tend toward infinity; these are referred to as zeros and poles respectively.  The values of s at the poles can help us determine how the system will behave.
Consider the transfer function

Where s is a complex number.  When the magnitude of G(s) is plotted, it is immediately obvious that a singularity will occur at the point s=1.  If a 3D plot is used to show the magnitude a post or pole can be seen to shoot up towards infinity at the point of the singularity.  This is shown in Figure 3.
[image: ]
[bookmark: _Ref465160018]Figure 3 Graphical representation of a pole

Conversely, considering the transfer function: 

In this situation, the magnitude of H(s) shown in Figure 4 goes to zero at the point s=1. It is also worth noting that as you move away from the location of the zero, in any direction, the magnitude of the transfer function continues to increase linearly with distance from the zero point, s=1.
[image: ]
[bookmark: _Ref465159996]Figure 4 Graphical representation of a zero
The flatness of the surface of the magnitude of a transfer function is dependent on the order of the numerator polynomial and the denominator polynomial.  There are only three cases to consider:
1. The order of the numerator polynomial is greater than the order of the denominator polynomial – The surface of the magnitude plot will not flatten as the value of s goes away from either the poles or the zeros.  This is a physically unrealizable transfer function.
2. The orders of both the numerator and denominator polynomials are the same. – The surface of the magnitude plot will flatten out to be a horizontal plane away from the poles and zeros.  The height of the horizontal plane may or may not be zero.  This is referred to as a proper transfer function.
3. The order of the numerator polynomial is smaller than the order of the denominator polynomial. This is a special case of the proper transfer function. The height of the horizontal plane will be zero as the function moves away from the locations of the poles and zeros.
The locations of the poles of a system can be found by calculating the roots of the polynomial in the denominator of the transfer function.
	Example
Find the poles of the transfer function below and sketch them on a pole-zero diagram.


Solution
The position of the poles will be the values of s which make the bottom of the transfer function equal 0.



We can find the roots using the quadratic formula
 

where a=63, b=2, c=7







Given 
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Ideal Temperature Sensor Response
Voltage µV	1	80	1000	7320	Temp (°𝐶)
Output Voltage (µV)
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