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Abstract
The task was to simulate an industrial process on MATLAB and Simulink, and use a controlling action in an attempt to achieve a desired system response of a settling time within two seconds, which had an overshoot of less than 5%.  A PID controller was introduced to the process and tuned to achieve the desired response.  The data was input into Root Locus and Nyquist diagrams to show the process’ stability and verified by finding the transfer function for the whole system using mathematical formula. 
Introduction
Control systems can have a range of complexity and in how they are used.  Industrial controllers, for example, can be very complicated, which require being supervised by a computer, but can also be very simple, such as the systems required for water temperature control or heating.  Some of the functions need to be very tightly controlled, with strict tolerances on the variables with a fast-acting response, whereas in other cases this has little effect and therefore is not as important. Systems which need to be controlled are known as closed loop systems. The output level is compared against a set reference level and any difference between these two levels is used to control the input, which then helps to maintain the output at the desired reference level [1].

In a continuous control action system, the feedback controller determines the error between a set point and a measured variable.  The error signal is then used to produce a control signal to reduce the error signal.  This type of control continuously looks at the measured variable and has three methods of operating which are; proportional, integral, and derivative.  Controllers can use one of these modes of operation or a combination of them [1].  A closed loop system must be set correctly for it to be successful.  If there is too much gain, i.e. the amplitude of the correction signal is too big, it can cause the controlled variable to over correct for the error, which then produces an error signal in the opposite direction.  It will then try to correct for the false error signal.  When this occurs, it can send a greater signal correction, which will cause the system to oscillate or increase the lag time of the system.  If the gain in the system is not big enough then the correction signal will be too small and the correction will never be achieved, or too much time is taken for the output to reach the desired reference level [1].
Proportional action (Figure 1) is the most common of the different process control actions.  It works out the difference between the process variable signal and the set point signal, which is referred to as an error.  It shows how far a process variable is veering from a set point.  The bigger the error, the bigger the controller output, and while the error remains, it continues to produce an effort to correct the error.  As the error is zero, it produces zero output (if no bias is added at output).  However, where there is too much control gain it can result in an unstable control system. Because of this, a steady state error lies between the set point and the process variable [2].
[image: ]Figure 1
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Integral action (Figure 2) is the process of accumulating the process variable value as the time progresses.  It determines how quickly the output needs to move.  This is mainly used in order to get rid of steady state error of the system.  In this, the controller output depends on the integral of error signal over time.  Integral action is not used alone, it is mostly used alongside proportional control.  If an error signal occurs, the controller reacts by causing the proportional control signal to return the process to the desired control point and it is rapid acting.
Where deviation occurs between the set point and the process variable, an addition corrective signal is applied by the integral control mode function until the steady state error becomes zero [2].  
[image: PI control action]Figure 2
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Derivative action detects the changing rate of the process variable and then applies the corrective action at a proportional rate of change.  It looks at how fast the process variable changes over time and takes action which is proportional to its rate of change.  In most cases, it is used with either proportional control only or with both proportional and integral control.  The combination of all three actions, proportional, integral and derivative, create a PID action. This type of controller is the most commonly used process for industrial applications [2].  
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Figure 3

Root Locus Diagrams
The root locus is a graphical display of the poles within a closed loop system.  The root locus describes graphically the path that the poles of a system take as they move due to changes in the gain within the closed loop system.  This allows us to determine the stability of the systems as the system gain is changed [3].

Nyquist Diagrams
A Nyquist plot is a graphical tool for determining the stability of a system.  It displays the frequency response and phase response on a single diagram.  Because a Nyquist plot shows both phase and frequency, it can give us a picture of the stability of a control system [4].
Nyquist plots can be used to assess the stability of a system that contains feedback.  In Cartesian coordinates, the imaginary part is plotted on the Y-axis and the real part of the transfer function is plotted on the X-axis.  In order to analyse the stability of a control system the location of the roots of the characteristic equation on the s-plane have to be found.  If the roots lie on the left-hand side of the s-plane then it is determined as stable. [5].
Equipment
This investigation required the use of MATLAB and Simulink software.  Within the software the following components were required [6];

· Step - The Step block provides a step between two definable levels at a given time.
· Add - The Sum block performs addition or subtraction on its inputs.
· PID Controller - provides a method of tuning the PID Controller blocks. Controller parameters can be tuned to modify the robustness and response time of a system.
· Transfer Function - The Transfer Function block models a linear system by a transfer function of the Laplace-domain variable s.
· Scope - Display signals generated during simulation. 
Method
[image: ]Using MATLAB and Simulink software the following control system was created (Figure 4);Figure 4

 

The transfer function of the industrial process is shown by the equation in figure 4 above.  The scope included shows the signals at given points within the system.  The simulation was run to show the initial block response.
The PID controller was then tuned to achieve the desired control with a settling time of < 2 seconds and with an overshoot of < 5%.  The scope then displayed the tuned response of the system.  The P, I, D, N values were also recorded.

The forward path transfer function of the system was then calculated by multiplying the PID controller’s transfer function by the industrial process transfer function.  The equation for the PID transfer function is;



The industrial process transfer function is;


The closed loop transfer function of the whole system was then calculated by removing the feedback loop using the equation;

(G is the forward path transfer function and H is the feedback loop transfer function, which in this case = 1)

The transfer function for the whole system was then used to create a Nyquist diagram and Root Locus diagrams.   This was achieved by using the command prompt in MATLAB.








 
Results
[image: ]The graphs below show the scope responses for the industrial process prior to tuning the PID controller (i.e. the block response).  Figure 5 shows the signal response after the Step block, Add block, PID Controller and Transfer Function block.  Figure 6 shows the Transfer Function response only.
Figure 5
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The graph below (Figure 7) shows the comparison between the block response of the process and the tuned response, after the robustness and time responsiveness of the system were adjusted.
[image: ]Figure 7


[image: ]After tuning the PID controller to achieve the desired control parameters the figures for P, I, D & N are shown in the table below (Figure 8).  It also compares the initial block settling time and overshoot for both the block response and the tuned response.Figure 8







Figure 9 below shows the transfer function following the tuning of the PID controller.
[image: ]Figure 9


[image: ][image: ]The graphs below (figure 10) show a comparison between the transfer function of the block response (left) and the transfer function of the tuned response (right).Figure 10





The following calculations were done to establish the forward transfer function and the closed loop transfer function of the system as a whole:


Transfer function of the PID controller is as follows;






Therefore, the forward path transfer function of the system is as follows;

























The block diagram can now be shown as:
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The transfer function of the whole system is as follows; 
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The graph below (Figure 11) shows the transfer function of the whole system after this is created in Simulink as a single box diagram.
[image: ]Figure 11


[image: ]The graph below (Figure 12) shows a Nyquist diagram for the system as a whole.Figure 12

Figure 13 below shows the MATLAB command window where the Root Locus diagram is produced.  
[image: ]Figure 13


Figure 14 below shows the Root Locus Diagrams for the system as a whole.  The graph on the left is the initial graph shown in MATLAB and the graph on the right is zoomed in on the poles and zeros near to the origin.
[image: ][image: ]Figure 14







Discussion
[image: ]Figure 15

Figure 15 above shows the P, I, D & N values worked out by the PID controller in order to achieve the desired control of the system.  When calculating the forward path transfer function and closed loop transfer function of the system using the mathematical formula, the figures that were used were those seen in figure 4, which are rounded to 4 decimal places.  This means that the final calculations are not as accurate as possible but the impact of the differences is negligible.

Figure 10 shows the transfer function response of the industrial process both prior to, and post tuning of the PID controller.  The graph clearly shows that the tuned response has brought the process under control much quicker than the block response and achieves the task of bring the process under control within 2 seconds.  The tuned transfer function has an overshoot, which is due to the integral tuning attempting to remedy the effect of the proportional tuning by increasing the correction factor.  The derivative tuning then attempts to reduce the overshoot by slowing the correction factor [7].

The calculated transfer function for the whole closed loop system was recreated in Simulink as a single box diagram.  The graph in figure 11 shows the transfer function.  The shape of the response is very similar to the response curve of the tuned PID controller, which validates the results.

The Nyquist diagram (figure 12) shows that the -1+j0 point (shown as red cross) is not encircled so N=0.  There are no poles in the right half plane so P=0.  Since N=Z-P, Z=0.  This means that the characteristic equation of the closed loop transfer function has no zeros in the right half plane (the closed loop transfer function has no poles there).  Therefore, this proves that the system is stable. [8]

The Root locus diagram was created using the command window in MATLAB.  When using MATLAB to calculate the Root Locus diagram for a closed loop control system, the characteristic equation is the combination of the controller, the plant and the feedback – the denominator of the transfer function.  As you can see from figure 13, which shows the command window in MATLAB, the resulting transfer function for the system is the same as I have mathematically calculated in the results section, which shows that I have the correct result.  Figure 14 Shows the Root locus diagrams created.  The zoomed in diagram on the right show the movement of all the poles within the system response.  The position of the poles on the left-hand side of the y axis suggest that this system is stable but at this given gain it is not critically damped and therefore is not a perfect response.  It is under damped which also explains why there is some overshoot within the response.

Conclusions
The results of the simulated control process match the calculated responses which validates the investigation.
The transfer function of the whole system achieves the desired task of a lower settling time and also within the overshoot parameters that were set.  The system has achieved this whilst remaining stable, as is proven by the Nyquist diagram and the negative result of the poles.  The closed-loop system poles are in the left-hand side of the s plane and have a negative real part, which means the system is stable. 
[bookmark: _GoBack]A closed loop control system has many advantages over an open loop system.  They are much more accurate due to the presence of a feedback signal and a controller, which can also be modified to adjust the response output depending on the purpose of the system.
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