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[image: ]In this report, MATLAB and Simulink are going to be used to create a control system capable of controlling a process with the transfer function given in figure 1. The purpose of the control system is to be able to bring this process under control within 2 seconds. A transfer function is a control system component that theoretically models the output for each possible input [1]. It will describe how the complete system behaves in mathematical terms in its simplest form, in this report, this performance will be shown in graphical form to explain and compare how the control system is performing. [2][bookmark: _Toc46008059]Figure 1 Process transfer function

A PID controller will be used in the circuit to control and tune the process variables. PID stands for Proportional – Integral – Derivative, each of these have a different definition that contribute to the overall performance of the controller. The proportional control takes into account the current error within the system, integral takes into account the accumulation of the previous errors and finally the derivative control considers all future errors due to overshoot [3]. The three different types of controller within PID work together to control the process value. The PID controller will accept the input value from the circuit and compare the actual value to the desired value and then provides the output to the control element.
Nyquist diagrams will be shown later on in this report. A Nyquist diagram is a graphical tool that can determine the stability of a system, it does this by showing the frequency response and the phase response on a single plot. The graph itself is a plot of the transfer function against all of the real values for frequency. Due to the Nyquist plot showing both phase and frequency, this is what allows us to determine the stability of the system as a whole, further work with the Nyquist diagram will allow determination of the gain margin and phase margin. The gain margin is essentially a safety margin, it allows us to determine how much the gain can be increased before the system becomes unstable. The phase margin is similar to the gain margin in the respect that it is the margin of how much phase shift is possible before the system becomes unstable [4].
Pole-zero diagrams will also be shown later on in this report.  Pole-zero diagram is similar to a Nyquist diagram in respect to the fact it can also provide us with an idea of the stability of a system, it allows us to visualise the response of the system as long as we know its transfer function. When the pole-zero diagram is created, if the poles that are represented by an ‘x’ are on the left hand side of the imaginary axis then the system is stable, if the poles are on the right hand side, then the system is unstable. [5]
[bookmark: _Toc46008070]Equipment
[bookmark: _Toc46008071]MATLAB & SIMULINK
MATLAB is a professional programming piece of software, it is used frequently by engineers and scientists to analyse data, develop algorithms, and it can also be used to create models and applications. SIMULINK is a package that is run within MATLAB, it uses block diagrams to help understand and analyse complex systems prior to a real-world installation. SIMULINK can be used in a number of different ways, digital, analogue and mixed signals can be analysed. The software is able to visualise the model physically, as well as the block diagram, this is advantageous as the block diagram can be used to change parameters and analyse and discover requirements, then the visualisation can show what the system will look like in real life. [6]
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SIMULINK contains a large library of pre-built blocks for modelling algorithms and physical systems that can easily be dragged and dropped into the system to be designed. The software also allows easy modification of the properties of the blocks to change features to suit the application. The library of modelling blocks allows the user to create reusable system components throughout their system. [6]
[bookmark: _Toc46008073]System
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The step is a unit step input to be placed at the start of the control system, this changes the set point for the system and will create the demand for the rest of the circuit.
[bookmark: _Toc46008075]Sum
The sum function will add the signal it receives from the unit step and will consider the feedback from the transfer function to determine the error in the system. 
[bookmark: _Toc46008076]PID controller
The PID controller will be used to tune the circuit, as stated previously it will all of the errors in the system and allows us to control the system to set parameters.
[bookmark: _Toc46008077]Transfer function
The transfer function describes the behaviour of the system in mathematical terms, in this report, the transfer function will be given set values initially, and then a mathematical method will be followed to incorporate the block diagram into a single transfer function block, this will then be compared against the whole block diagram.
[bookmark: _Toc46008078]Scope 
The scope in the block diagram is how the performance of each block is going to be shown, it will allow side by side comparisons in graphical form of each input.
[bookmark: _Toc46008079]Physical
The physical equipment required for this report was a computer and simple stationery such as pen and pencil, calculator and a notepad, this was to be used when doing the mathematical portion of the report as computer-based programs were found to confuse certain values when used. The entire mathematical procedure for the control system modification was done by hand and transferred to Word for inclusion into this report.
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[bookmark: _Toc46008081]Building the control system
When building this system, each component must be dragged onto the Simulink build area, this starts with the step block. The step block provides a step between two definable levels at a specified time, as shown in Appendix A, the step time has been kept at 1.
Next is to find the Sum block, once this block has been dragged into the build area, the properties must be changed so that the ports are shown as a - + instead of the + + that it comes with as standard.
The PID controller is to be brought into the circuit next, this is where you can fine tune the circuit to achieve certain parameters, in this case, the parameters to be aimed for are a settling time of less than 2 seconds and an overshoot of less than 5%.
Next up is the transfer function, as stated in the assignment brief, the values to be used for this circuit are as follows: a = 4, b = 2, c = 1. To input this, the properties window must be brought up, and the numerator left as 1, while the denominators are inputted as descending powers of S. it has been input as [4 2 1] and this will translate to 4s2 + 2s + 1 in the block.
The final block in the system is the scope, this will show what is happening through the circuit in graphical form, then it is time to connect the scope to the required inputs. First of all, the scope properties need to be changed to accept 4 inputs from the control system. The first will be connected from the input of the step, the second is the error input from the sum block. Next is an input from the PID controller and last is the transfer function, once this is all connected, the control system is fully built as shown in figure 1.
	

[image: ]
[bookmark: _Toc46008060]Figure 2 Control system built in Simulink
[bookmark: _Toc46008082][image: ]Testing the control system
Once the full control system is built, a brief test was done to ensure that the scope is picking up signals from each input, as shown in figure 3, the scope successfully displayed the signals achieved by the system. The graphs show that the step signal goes from 0 to 1 and the transfer function graph shows a large overshoot going above 1.5, for this reason, the PID controller must be tuned to gain the required performance.

[bookmark: _Toc46008061]Figure 3 Non tuned control system

[bookmark: _Toc46008083]Tuning the control system
[image: ]To achieve the required performance as stated in the brief, less than 2 seconds for settling time and less than 5% for overshoot, the PID controller must be manually tuned. In this instance there are two way to tune the controller, the first method is through increasing and decreasing the response time. Increasing the response time will decrease the settling time to within the desired parameters, however the faster the response time is, the higher the overshoot will be. The next method of tuning the PID controller is by changing the transient behaviour from aggressive to robust. When changing the behaviour to more aggressive, the curve of the graph becomes much wavier and it greatly increases the overshoot, when the transient behaviour was moved to be more robust, it significantly affected the line to become a much steadier curve and with less of an overshoot, too robust and it increased the settling time too much. To tune the controller correctly, a balance must be found between transient behaviour and response time, this balance was found when response time was set to 0.4568 seconds, and transient behaviour was set at 84 towards robust. This created a settling time of 1.64 seconds and an overshoot of 3.85%. Figure 4 shows the current response of the PID controller block as the dotted line, this is prior to the tuning, the solid line shows how the PID controller is performing after tuning, this will be discussed in the results section.[bookmark: _Toc46008062]Figure 4 Tuning the system

[image: ]Figure 5 is a representation of what the scope is seeing after the tuning procedure has been completed, it can be seen that the step function remains the same as it should, however the PID controller tuning has affected the other three graphs significantly. The add function reaches 1 in the same amount of time, however as it decreases, the signal goes back to 0 and does not go into as much negative area as it did previously. The transfer function is now performing within the parameters that are needed, the curve of the graph briefly goes above 1 but it is still within the overshoot parameters of less than 2%.
[bookmark: _Toc46008063]Figure 5 Tuned 2 system 4 graphs
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Taking values from the brief of this task, a = 4, b = 2, c = 1, our transfer function now becomes:



When drawn as a block diagram, it now looks like this:
[image: ]
[bookmark: _Toc46008064]Figure 6 Transfer function block diagram
Using the PID tuner in MATLAB shown in figure 4, the following values were obtained:
Kp: 15.9612
Ki: 3.6676
Kd: 17.1736
N: 500.3625
Considering these values, the transfer function of the PID controller will be:




To calculate the forward path transfer function of the system, the controller’s transfer function must be multiplied by the transfer function of the process.


























The block diagram should now be redrawn as:

[image: ]



Now we remove the feedback loop and calculate the transfer function of the system as a whole. 
Using:

Where TF is the transfer function of the whole system, G is the forward path transfer function, and H is the transfer function of the feedback loop, in this case 
















Collecting like terms,



The block diagram can now be redrawn again as a single block and inputted into the system.
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[bookmark: _Toc46008065]Figure 7 Transfer function of the system as a whole
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[bookmark: _Toc46008066]Figure 8 Left: Tuned system, Right: Maths System
The key point to be taken into the discussion from figure 8 is the transfer function graph, the figure on the left shows the original control system featuring the sum function and the PID controller. The figure on the right shows the same control system, however the transfer function has been mathematically calculated to consider the role of the sum and PID controller, therefore theses blocks have been taken out.
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[bookmark: _Toc46008067]Figure 9 Left: Tuned system Nyquist diagram, Right: Maths system Nyquist diagram
The Nyquist plot on the left is the original tuned control system and contains noticeable differences against the Nyquist diagram on the right, this will be briefly taken into the discussion section.


	[image: ]
	[image: ]

	[image: ]
	[image: ]


[bookmark: _Toc46008068]Figure 10 Top Left: Tuned system PZ plot, Top Right: Tuned system PZ plot zoomed, Bottom Left: Maths system PZ plot, Bottom Right: Maths system PZ plot zoomed
The points to be considered in the discussion will be the positioning of the pole’s in these diagrams represented by an ‘x’. 
[bookmark: _Toc46008086]Discussion
The tuned system shows the actual response of the control system, the transfer function is describing the relationship between the input and output of the system, as shown in the tuned circuit it reaches its peak point within the specified two seconds, and has a noticeable overshoot, still within the <5% that was required. The gradient of the curve on the transfer function graph is noticeably shallower in the tuned circuit. As the tuned circuit is showing the real response and performance of the circuit, this is to be expected. The real response of the system is likely to react a bit slower the mathematically calculated transfer function graph is showing the ideal performance having considered the PID controller. The overshoot of the tuned system graph also isn’t noticeable in the mathematically calculated system, this is because this system is assumed to be running perfectly and hits its steady state variable given by the unit step demand without the overshoot. It should be noted that both graphs of the transfer function are very similar, this gives reassurance that the mathematical calculation is correct and has successfully included the function of the PID controller within the transfer function.
The Nyquist diagrams are both reasonably similar which helps to confirm the calculations are correct, however noticing that the mathematically calculated transfer function has less of the Nyquist path in the negative section of the graph. It also doesn’t have the distinctive change in path direction at the 0.8 value on the real axis, it has more of a smooth and continuous path all the way round. Further investigation into the theory of Nyquist diagrams is required to effectively determine the stability of the system using this method.
Firstly, from both pole zero diagrams it can be seen that the control system is stable, this is due to all of the poles being on the left hand side of the axis, if they were on the right then it would be an unstable system. As the original system including the PID was tuned, it was expected that the circuit was brought into a stable state. The mathematical system is also seen as stable which helps reinforce the fact that the maths should be correct.  First for discussion is the pole that is sat at (-0.3, 0) and (-4.5, 0), this is to be assumed as the same pole in each graph, on the mathematical systems diagram, the pole has shifted 4.2 points to the left, firstly both of the positions mean that the systems time domain response is undergoing an exponential decay in a homogenous response [8]. Secondly the movement has happened because the mathematical system is undergoing a rate of decay much faster than the original system, the further away from the origin point, the faster the rate of decay. This is expected as the maths system is performing much more effectively. The pole at the origin has stayed in the same place on both graphs, this means that it is constant in amplitude and defined by the initial conditions [8]. The final pole for discussion is the complex conjugate pair that features on both diagrams. These two poles combine to generate a response component that is a decaying sinusoid of the form Ae−σt sin (ωt + φ) where A and φ are determined by the initial conditions [5]. This pair of poles has reduced its magnitude on the y-axis so it will have a smaller range of oscillation.
[bookmark: _Toc46008087]Conclusion
In conclusion, MATLAB and Simulink have proven to be a very useful tool for designing and creating system capable of controlling a defined process before it is put into a real-world situation. The ability to tune the system to control the parameters has been helpful and further modification to the system could result in and even more effective control system, the response time could be brought down further, and the overshoot could potentially be reduced. Using the mathematical formula to find out the ideal performance of the control system would be effective to use as a target for tuning the original system.
Nyquist and pole-zero diagrams are a noticeably useful and understandable tool to determine the stability of the system, they show a good visual representation and can instantly see a general idea of stability, further analysis of the pole-zero diagram would provide us with an opportunity to calculate the systems time domain response, this is something to be considered during further research into control systems. Further research into the Nyquist diagrams would give the opportunity to look into the gain and phase margins of the system, both of these diagrams should be used when designing a control system for real-world application to give the most accurate representation possible.
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