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Abstract
Using MatLab and Simulink, a basic PID control system was designed and modelled. Set parameters were supplied which the PID system needed to meet, these were that the system must settle within two seconds and not overshoot its set-point by more than five percent. Initial figures for the process transfer function were also supplied.  The simulation was run and tuning carried out the meet the outlined parameters, results were documented and discussed. The control system was then further defined using the tuned information and additional transfer functions, the forward loop and closed loop functions were described and then modelled in order to provide comparison to the original simulation. Further nyquist diagrams were plotted in an attempt to resolve the phase shift and gain margins of the system. Regrettably the nyquist plots appear inaccurate as a possible result of a mathematical error somewhere within the closed loop transfer function equation, or more likely the author’s abilities with the MatLab software utilised. All post-tuning scope information from the original simulation shows close resemblance to the graphical and scope information displayed by the forward loop transfer function. 
[bookmark: _Toc46139280]Introduction
System controllers are typically made up of four main elements. These are an input, a controller, a process and an output. A system controller must be able to adjust of the flow of energy from one point to another in order to achieve the desired result. Control designs such as open loop controllers allow a process to be performed but do not provide any feedback into the system. For this reason open loop control systems are unable to adjust their process and so are effectively unaware of the status of the overall system. The only adjustment that can be made to an open loop system is via manual changes to the process itself [1].  A closed loop system allows for the controller to receive information from the output of the process via a feedback loop and is able to make adjustments automatically. This is done through the use of a summing point which connects the feedback loop back into the input. It is also the point where the error between the desired output and actual output is measured and positive or negative signals produced, depending of if the output signal is higher or lower than the desired output, which the controller then responds to. [2]
A simple example of a closed loop control system is a central heating system, where the output is the desired temperature, the thermostat is the controller, and boiler is the process. The thermostat senses the room is not at the desired temperature by comparing its current temperature to the desired temperature set, via a feedback loop. It then actions the boiler to turn on and begin heating. The thermostat continues to receive information on room temperature via its feedback loop until the correct level is achieved. The boiler is then actioned to turn off until the feedback loop informs the thermostat that the temperature has dropped below the desired output and the system cycles again. 
The system output can be plotted and would show oscillations once the desired output is achieved. This is the output overshooting and undershooting the desired set point with the slope of the oscillations being the system hysteresis, namely the delay in time before the system cycles. A perfect control system would show no oscillations and whilst this is unrealistic, closed loop controllers such as PID controllers allow for tuning, in order to achieve a minimal amount of oscillation, the amount of initial overshoot and the time taken to settle, called the settling time. PID controllers do this through using the proportional, integral and derivate values of the error signal given by the feedback loop in order to control the output value. A PID controller does not necessarily use all three methods of error handling at the same time or in equal quantities. The proportional control multiplies the error by the proportional gain in order to effect change in the process. The integral method takes measurements of the signal at a specified sample rate in order to approximate the area under the signal and therefore its status. The sample rate of these measurements can be adjusted through tuning. Typically the faster the sample rate, or repeats per minute, the faster the controller will make adjustments. The final error method used within a PID controller is the derivative, this projects the current rate of change the signal is currently undergoing in order to predict its path, this allows for more proportional and integral inputs to be applied before the system becomes unstable, giving faster performance [3]. It is important to note that a PID controller sums the P, I and D responses to the error signal before outputting its adjustment.  
The process by which the ideal percentages the P, I and D functions are used within a PID controller is called tuning. [4]For the purposes of this assignment, tuning was carried out within Simulink by adjustments being made to the transient behaviour and response time parameters. There are however several different methods of tuning that can be employed.    
It is possible to mathematically express control systems in order to allow for predictions on operating parameters, this requires the system to be described as a transfer function, which is a function of complex variables. The transfer function can be found through manipulation of algebraic equations that describe the systems [5]. Close loop transfer functions also have to account for the feedback loop which can be negative, therefore subtracted from the input, or additive. 
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Equipment and software used to perform the experiments and simulations were.
· HP Laptop
· MATLAB2018b 
· Simulink
· “Step” operator found in the source section within Simulink library. Used to simulate input signal
· “Add” operator found in the math operations section of the Simulink library. Used to integrate feedback loop into PID controller
· PID(s) controller from continues folder within the Simulink library.
· Transfer Function operator (Transfer Fcn) located in the same file as the PID(s) controller.
· Scope tool.
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Using MatLab and Simulink a basic control system was modelled utilising a PID controller, Transfer function and feedback loop as seen in Figure 3 - Control System. The transfer function was updated from default to incorporate supplied values for a, b and c parameters in the denominator section. Namely a=3 b=3 and c=3 as the “s” terms. See below. 
Transfer function default

Added supplied values

[image: C:\Users\lwgroom\AppData\Local\Temp\Temp1_Assingment screenshots.zip\ControlSystem.PNG]
[bookmark: _Ref45647989][bookmark: _Toc46139287]Figure 3 - Control System

Once this system was modelled successfully, scope read outs were taken, see Figure 7 - Not Tuned Scope. This shows the system input, feedback loop input, controller and processor inputs as well as the process output before it goes into the feedback loop. 
The PID controller was then selected and tuned to enable to set parameters to be met. The filter coefficient was also set to 1 in order to indicate no filter was used at the beginning of tuning, see Figure 1 - Original Block Parameters. The set parameters were for the output signal to not overshoot any more than 5% and for the signal to settle within 2 seconds of switching on. These parameters were met through the adjustment of the transient behaviour and response time scales within the PID controller. This was achieved and the resulting for P, I and D values documented see Figure 4 -PID Controller Parameters. The author was able to achieve a settling time of 0.233 seconds and an overshoot of 0.268% resulting in the output seen in Figure 5 - Tuned PID graph. 
[image: C:\Users\lwgroom\AppData\Local\Temp\Temp1_Assingment screenshots.zip\BlockParameters.PNG]
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The Kp, Ki and Kd values above represent the amount of response each error method had to input into the controller in order to attain the outlined parameters. The N value is that of the filter coefficient and is used in the compensator formula within the PID controller itself
With the P, I and D values for a tuned systems response, it was then possible to further express the PID controller as mathematical formula. 


This then allows for the PID control and process transfer function to be combined into one function. In order to do this both equations need to be multiplied together. This gives the forward path transfer function.  
X 




This equation brings together both the control and the process, namely the PID controller and the transfer function as seen in from Figure 3 - Control System, into the same module. This creates a system as seen below
Controller and Process 
y(t)
e(t)

r(t)







Further mathematics can remove the feedback loop and calculate the closed loop transfer function as a whole using 

TF is the transfer function of the entire system, G is the forward path transfer function, this is the transfer function of the controller and process combined, and H in the feedback loop, in this case 1. 

Brackets

Transpose

Transpose

Transpose
 X
Transpose

Brackets

Collect terms 


This now allows for the re-drawing of the systems as a single block that includes both the PID controller, the process and the feedback loop. 
r(t)												y(t)





Once completed, the mathematical equations were substituted into the original Simulink models and their scope traces documented, see Figure 9 - Closed Loop Transfer Function Simulink Model and Figure 8 - Closed Loop Transfer Function Scope.
MatLab was then used to produce a nyquist diagram of the closed loop transfer function as seen in Figure 10 - Nyquist Diagram, Closed Loop Transfer Function as well as a nyquist diagram of the original system see Figure 11 - Nyquist Diagram, Tuned PID System.
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[bookmark: _Ref46062697][bookmark: _Toc46139290]Figure 9 - Closed Loop Transfer Function Simulink Model
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Figure 7 - Not Tuned Scope displays the scope outputs from the original control system modelled before any tuning was carried out. This system had the PID controllers inputs set P= 1, I= 1 and D= 0 see Figure 1 - Original Block Parameters, while the process transfer function was updated to reflect the supplied values. As evident in the 4th (bottom) trace displayed in Figure 7, the output of the system is far from desirable. An ideal output trace would feature a sharp initial rise which reduces as the set point is approached, the trace would then maintain said output for the duration of the measurement. Note the second trace in Figure 7, this is the error response produced by the feedback loop and further reflects the relatively slow response time of the system as a whole. 

When tuned, Figure 6 - Tuned Scope was documented. This displays scope traces from identical points within the system seen in Figure 3 - Control System after the PID controller had been tuned to meet the requested parameters. As shown, the response time of all traces has greatly improved when compared to the pre tuned system displayed in Figure 7. This is caused by the P, I and D error inputs influencing the system output.
 Figure 8 - Closed Loop Transfer Function Scope, depicts scope traces from the simulated mathematical model. Figure 8 shows close similarity to Figure 6 with respect to system output, this indicates that firstly, the maths carried out is precise enough to replicate the real simulation. Secondly, the simulation traces in Figure 6 closely match that of the math, therefore indicating that the simulation itself is accurate.
Nyquist diagrams were plotted of the mathematical simulation and the original control system, post tuning. This was carried out in order to compare the two diagrams, theoretically both plots are identical as no variables have changed within the system. In reality significant differences are observable. This could largely be a result of the lack of accuracy present in the mathematics, as several terms only display to one significant figure it can be considered that this would contribute to a reduction in accuracy when plotting. Accountability for the offset of scale between Figures 10 and 11 may also be found in that Figure 11 is the nyquist diagram of the forward transfer function and not the system as a whole, as this does not include the feedback loop present in the nyquist depicted in Figure 10 it can be stated that these are not a direct comparison. Nyquist diagrams can be further analysed to produce information of gain and phase margin and so assist in the description of the systems stability. However, the nyquist diagram plotted of the mathematical equation close loop transfer function (figure 10), does not appear to cross the negative real number axis and so no measurement was possible. It is understood that system instability becomes present when the phase shift passes 180 degrees and when the plotted points of the nyquist  encircle the -1 point on the “real axis” [6]. However, more work is required on nyquist plots in relation to this assignment in order to prove, or disprove, system stability of the forward loop transfer function. 
 It is likely this was from the lack of accuracy afforded by the terms within the forward transfer function as several of the terms were described to one significant figure.  


[bookmark: _Toc46139285]Conclusions
Once tuned, a PID controller can produce excellent response and settle timings when utilised within a wider system. The design of PID controller to take multiple parameters of a given error signal including a future projection of a, allows for very rapid settle time and easy relatively easy tuning.  It is possible to describe mathematically each main function within a control system and simulations of this math can replicate the actual control system to some degree of precision. While mathematical representation is possible, errors contributed by the lack of accuracy within the equations, usually as a result of limited significant figures, can produce contrasting analytical results. Therefore the comparisons between mathematical models and corresponding simulations require in depth investigation and fault finding in order to ensure linearity. It is also noted that a lack of user knowledge and familiarity with software is a viable explanation for misaligned results, such as those evidenced by nyquist diagrams.   
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