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[bookmark: _Toc92139657]1. Abstract
The aim of this assignment is to design a control system capable of controlling the angular positioning system of a simulated automatic CIWS turret. Following a unit step input, the control system must be able to control the process within 2 seconds and have an overshoot of less than 5%. The closed loop transfer function of the whole system, including feedback, is to be found, and in order to validate the results, the outcomes of simulations of the forward transfer function of the controller and plant given in the brief and the closed-loop transfer function are to be compared.
The transfer function given in the brief is: 

Where , and . This simulates the angular positioning system of the CIWS turret. [1]
For this assignment, the Simulink and MATLAB software packages were used to simulate the process and design a closed loop control system. It was found that the control system controlled the process well, achieving a control time of less than 2 seconds and an overshoot of less than 5%, although it took some time to tune the system to this specification using the Simulink tuning tool. The results of simulating the whole system were very comparable to the simulation of just the control system. A stability analysis was then completed to evaluate the performance of the control system.
[bookmark: _Toc92139658]2. Introduction
A control system can be simply defined as several interconnected devices designed to perform a prescribed task [2]. Control systems are implemented as part of a larger system to control a process to achieve a desired result. A basic example would be a domestic heating system, where the thermostat dictates when the heating is turned on based on how hot the household is.
There are two basic types of control system: open-loop and closed-loop. Open-loop control means that there is no feedback element present in the control-loop, meaning that the system is governed by fixed parameters. Closed-loop control, however, incorporates feedback into the control process. What this means is that the system has an ‘understanding’ of its current state. To achieve this, the output value is compared to the input value to provide an error signal which indicates how much control action is still required to meet the target value. [3] 
This assignment is concerned primarily with a certain type of closed-loop control system: the proportional plus integral plus derivative (PID) controller.
[bookmark: _Toc92139659]2.1. PID Control Systems
A PID controller consists of three terms: the proportional (P) term, the integral (I) term, and the derivative (D) term. In an ideal form, the output  of a PID controller is the sum of the three terms,  
where  is the feedback error signal between the reference signal  and the output signal , and  is the derivative control gain. [4]
Even though the PID controller is simple, it is quite sophisticated in that it captures the history of the system (through integration) and anticipates the future behaviour of the system (through differentiation), as well as considering the current output of the system with the proportional component. This makes PID controllers effective at reducing overshoot and oscillation in the control of the process, which is good for stability. PID controllers are widely used because they are very understandable yet rather effective, have a range of operational characteristics, they settle quickly, and they have reduced steady state error. 
Other types of controllers like proportional controllers are simpler and easier to use but cannot so effectively control a system as the steady-state error is not so drastically reduced. Typically, simpler controllers are used where there is less information about the system available and the demand required control performance is not as great. So, while simpler controllers may be easier to use and tune, their control performance is not as great as the PID controller.
It also helps that they rely on the concepts of integration and differentiation so the control system can be used without vast knowledge of control theory. However, they are more complex and difficult to tune. [5]
[bookmark: _Toc92139660]2.2. Uses of PID Controllers
Just a few examples of scenarios where a PID controller may be used are:
· Modern vehicles with stability control and variable ride control
· Robotic arms used in industrial manufacturing processes
· Reading and writing data to/from hard disks
· Maintaining a satellite’s position above the Earth
· As is the case in this assignment, the positioning system of a CIWS turret
Essentially, if it moves, a robust controller is required to keep the system stable, and a PID control system may be chosen for this purpose. Movement in a system leads to oscillation, and if the oscillation is not controlled it can increase in amplitude until the system cannot cope and fails as a result, hence the need for control systems. 
[bookmark: _Toc92139661]2.3. Transfer Functions
Control systems can be modelled and analysed mathematically. One method of doing so, and the method used in this assignment, is transfer function analysis. Having constructed a control system in Simulink (see Figures 1 and 2 in Section 3), the outputs of the system for any given input can be modelled using its transfer function. The transfer function is a ratio comparing the output to the input where the denominator is made of the characterising parameters, as in the properties of the system that dictate its performance. As such, a transfer function is a mathematical model of the system that allows its operational behaviour to be predicted, and operational parameters to be determined. [6] [7]
Transfer function analysis does not require complex matric formulation and convolution but does depend on the Laplace transform. This is a way of simplifying the process of determining the time domain response of a system which simplifies the transfer function somewhat. Transfer function analysis is used later in this assignment in order to show that the control system that was designed worked as intended. [6] [7] 
[bookmark: _Toc92139662]3. Simulation Setup
It was decided that a PID controller would be used due to its capability for better system control. In this application, which is the control of the angular positioning system of a CIWS turret, it was deemed necessary to have a high degree of control and system robustness. Given that the system was being simulated in Simulink, it meant that the PID controller would be easier to tune given the availability of the tuner tool integrated in the software package, alleviating some of the limitations of typical PID controller use.
[image: Diagram

Description automatically generated]The system was constructed in Simulink as per the specification laid out in the assignment brief. First, a unit step input was created to provide the input signal that the control system must be able to control. This was then connected to an add block so that the unit step input is compared to the feedback error signal from the output of the control system. The output of the add block is fed to the PID controller block which was tuned using the built-in PID tuner. The PID controller then outputs into the transfer function block which models the system. The transfer function block outputs to a scope so that the output of the system can be viewed in the time domain. The transfer function block also outputs to the subtract input of the add block so the error signal can be computed in the control loop. See Figure 1 for this model.[bookmark: _Toc92139372]Figure 1: System created in Simulink to control CIWS turret

As part of the assignment, it was required to model the whole system using a transfer function and compare its output to that of the forward transfer function modelling the control system as can be seen above in Figure 1. The closed-loop transfer function can be seen below in Figure 2.
[image: Diagram

Description automatically generated]Both transfer functions are connected to the scope so that the user may easily compare the two models and verify that the control system is working as intended.[bookmark: _Toc92139373]Figure 2: System as seen in Figure 1, this time including transfer function for whole system

The code for the MATLAB script that defines all the variables can be seen in Appendix A, and the derivation of the transfer function for the whole system can be seen in Appendix B.
[image: Graphical user interface

Description automatically generated]The PID controller block was tuned to achieve the desired specification of a settling time of less than 2 seconds and an overshoot of less than 5%. This was done in the PID tuning interface shown below:[bookmark: _Toc92139374]Figure 3: PID tuning interface showing values used to achieve desired specification

The block parameters window shows that the controller achieved a settling time of 1.89s and an overshoot of 4.95% in its tuned state, which is within the specification outlined in the brief.
[image: Graphical user interface, text, application, email

Description automatically generated]Figure 4 shows the PID block parameters after the block has been tuned. These values were then taken and used in the MATLAB script to conduct a stability analysis to show the effectiveness of the control system.
[bookmark: _Toc92139375]Figure 4: PID block parameters

[bookmark: _Toc92139663]4. Results
[image: Graphical user interface

Description automatically generated]In Figure 5, the scope outputs of the system can be seen. The bottom two scope outputs are the output of the control system and then the output of the closed-loop system, respectively.[bookmark: _Toc92139376]Figure 5: Scope display of system outputs

[image: ]Figure 6 shows a Nyquist plot of the forward transfer function, a Bode diagram of the system, and two Pole-Zero plots – one for the transfer function of the controller, and one for the plant.[bookmark: _Toc92139377]Figure 6: Plots of different characteristics of the control system


[image: Chart

Description automatically generated]Figure 7 displays a closer view of the Pole-Zero plot of the controller’s transfer function so that the poles and zeroes can be seen more clearly without the pole at -755s-1 distorting the axis.[bookmark: _Toc92139378]Figure 7: Closer view of poles and zeroes from Pole-Zero plot seen in Figure 6

[bookmark: _Toc92139664]5. Discussion
Figure 5 shows that the outputs of the forward transfer function and the closed-loop transfer function are identical in the time domain. This means that the control system is effective can bring the unit step input given to the angular positioning system of the CIWS turret under control within the specified constraints. This is shown because the closed-loop transfer function, which incorporates feedback into its modelling, has the same trace as the forward transfer function, which does not include feedback. Therefore, the control system must be able to suitably control the turret even with feedback.
Figure 6 shows a Nyquist plot, Bode diagram, and two Pole-Zero plots. The Nyquist plot and Bode diagram can both be used to determine the gain margin and the phase margin. The Nyquist plot does not ever cross the real axis (x-axis) in the left half plane because the path goes to the origin instead. This means that the gain margin of the system is infinite as there is no distance that can be measured from where the path crosses the real axis to the unit circle at the 180° point. The phase margin is determined from the Nyquist plot by measuring the angle between the point at which the curve crosses the unit circle and the negative half of the real axis at the 180° point. Figure 8 has been annotated to show how the phase margin is measured, as well as a phase margin value of 84.6°. [8]
[image: Graphical user interface, application

Description automatically generated]The Bode diagram shows the same things as the Nyquist plot only in a different manner. The gain margin is measured on the Bode diagram at the frequency where the phase shift equals -180°. It can be seen in Figure 6 that the graph has an asymptote at  and therefore the phase shift never equals -180°. Hence, the system has an infinite gain margin. The phase margin on the Bode diagram is measured at the frequency where the gain is 0dB, which as can be seen in Figure 6, is 84.6°. [9][bookmark: _Toc92139379]Figure 8: Zoomed in view of Nyquist plot from Figure 6 showing phase margin value and how it is measured

An infinite gain margin is ideal as this means that the system will remain stable regardless of any increase in the gain of the system. A phase margin of 84.6° means that the phase must be decreased to reach a phase shift of -180° which is the point at which instability would occur. A phase margin of 84.6° is good as this is a reasonable distance from the point of instability, so it would be reasonable to assume the system should remain stable. [8] [9]
Pole-Zero plots measure the stability of a system differently to Nyquist plots and Bode diagrams. Where Nyquist plots and Bode diagrams focus on the response of the system in the frequency domain, the poles on a Pole-Zero plot are indicative of what happens to the system in the time domain; 
· a negative real pole means that the system response exponentially decays in amplitude
· a pole at the origin means the system response remains constant in amplitude, defined by the initial conditions
· a positive real pole means that the system response exponentially increases in amplitude
· a negative conjugate complex pole pair means that the system response exponentially decays in an oscillatory fashion
· an imaginary pole pair means the system response is oscillatory and constant in amplitude, as defined by the initial conditions
· a positive conjugate pole pair means that the system response exponentially increases in an oscillatory fashion
An exponentially increasing component is indicative of an unstable system as the response tends towards an infinite amplitude, while an exponentially decreasing component indicates a stable system as the response tends towards an amplitude of zero. Figures 6 and 7 show that this system is stable, as poles are only present on the negative portion of the real axis, meaning that the system’s response decays exponentially towards a stable state. 
[bookmark: _Toc92139665]6. Conclusions
In this assignment, it has been determined that the PID control system that was implemented to control the simulated operation of an angular positioning system of a CIWS turret is both valid, and stable. The validity of the control system’s performance was proven by comparing simulation results of the forward transfer function and the closed-loop transfer function of the system. The system was also shown to be stable in the frequency domain due to its infinite gain margin and strong phase margin of 84.6°. The system was then shown to be stable in the time domain through the analysis of a Pole-Zero plot, which showed that the system is stable because the system’s poles are on the negative portion of the real axis of the plot.
The choice of a PID control system was not limiting in its tunability as it may be in some other applications, and worked well, providing robust and timely control of the system. 
Overall, it can be said that this PID control system is a valid choice as it meets the specified requirements and succeeds in keeping the system stable.
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[bookmark: _Toc92139667]Appendixes
[bookmark: _Toc92139668]Appendix A: MATLAB Script
% Plant transfer function values from assignment spec
a=2;
b=4;
c=1;

% Controller parameters from PID tuning block in Simulink
Kp=34.0518693911941;
Kd=13.1582388823259;
N=761.885317361069;
Ki=18.170644457556;

% Numerator coefficients of transfer functions
N1=Kp+(N*Kd);
N2=(Ki+(N*Kp));
N3=N*Ki;

% Denominator coefficients of closed loop transfer function
D1=a;
D2=(a*N)+b;
D3=Kp+(N*Kd)+(b*N)+c;
D4=(N*Kp)+Ki+(c*N);
D5=N*Ki;

% Denominator coefficients of forward transfer function
d1=a;
d2=(a*N)+b;
d3=(b*N)+c;
d4=c*N;
d5=0;

% create forward transfer function
fwd_tf=tf([N1 N2 N3],[d1 d2 d3 d4 d5]);

% Create Nyquist plot of forward transfer function
% This HAS to exclude the feedback as it will be a measure of 
% System stability - how much gain / phase shift needed to make instable
figure;
subplot(2,2,1);
nyquist(fwd_tf);
title('Nyquist Plot of forward TF');

% Create Bode plot of foward transfer function 
% - provides similar info to Nyquist plot
subplot(2,2,2);
margin(fwd_tf);
%title('Bode plot of forward TF')

% Create closed loop transfer function of whole system (inc. feedback)
system_tf=tf([N1 N2 N3],[D1 D2 D3 D4 D5]);

% Plot Pole-Zero diagram of closed loop system
subplot(2,2,3);
pzplot(system_tf);
title('Pole-Zero plot of closed loop TF');

% Create transfer function to represent only the plant
plant_tf = tf(1,[a b c]);

% Plot pole-zero diagram of plant transfer function 
subplot(2,2,4);
pzplot(plant_tf);
title('Pole-Zero plot of plant');


[bookmark: _Toc92139669]Appendix B: Whole System Transfer Function Derivation
The transfer function of the PID controller is:

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 feedback loop is removed and the transfer function of the system as a whole is calculated 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 y(t)
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