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1. [bookmark: _Toc92115735]Abstract 
This assignment will discuss the control system that is used for the angular positioning system of an automatic CIWS (Close-In Weapon System) turret. The control system that was made for this assignment is a closed loop control system, this is due to this type of system providing feedback. This type of control system lets the system know what is happening after it has sent a command so that adjustments for further accuracy can be carried out. The control system comprises of many different parts so that a desired output can be met. [1] In this case the objective is to use the angular positioning system to adjust the weapon system at a specific target. 

This assignment will give background information, display and discuss the results of an exercise that was conducted to design the control system for the CIWS system. The system and results were made and gained using MATLAB and SIMULINK. The designed system met the required boundaries set out by the assignment brief. The created system after a unit step was input was able to come under control in 0.901 Seconds with an overshoot of 3.98% while also being stable. 
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2. [bookmark: _Toc58519255][bookmark: _Toc92115736]Introduction
The assignment required that a closed loop control system be designed for use in an automatic CIWS turret angular positioning systems, this was done by using the software package MATLAB R2020b. The control systems circuit was created and run using SIMULINK and MATLAB was used to input the data, gain results, carry out calculations and to incorporate algorithms through into SIMULINK.  As part of the assignment brief a system transfer function of G(s) was given this can be seen below in Equation 1. For this equation the values for a, b, and c are values assigned individually as part of the brief, these values were a= 3, b= 2 and c= 2. 

[bookmark: _Toc92115693]Equation 1- Transfer function equation [2]
The assignment brief gave the required boundaries for the control system to be created to and must meet. These were that after a unit step is input the system should be able to bring the process under control within two seconds, ensuring the overshoot stays less than 5%[2].
To best achieve this the assignment has been split into sections firstly discussing the background information on control systems. It will then go on to discuss the simulation model that was created explaining how the circuits will work. The results gained from the simulation will be displayed in the results section in the form of different graphs and images for a visually representation of them. These results will be discussed alongside additional research before concluding. The assignment will also include an appendix at the end with additional relevant information. 

3. [bookmark: _Toc92115737]Background information 
The CIWS system is used aboard ships as a defence mechanism for various attacking threats. The weapon system that is often used in conjunction with this system is 20mm Phalanx due to its high rate of fire. This system works by utilising the control system as well as radar to search for and detect a target by acquiring it then evaluating it. The angular positioning system is then used in conjunction with the radar and control system to track targets before firing at them. This system is used as a defence mechanism for example aboard a ship where a missile is in coming so it is required to be destroyed before impact. The system does this by putting a vast number of rounds in the air at one time due to its high rate of fire, the aim is that the missiles hit the rounds before hitting the ship and detonating. [3] [4]

The CIWS system contains many different parts for its correct function but for this assignment it will concentrate mainly on creating and investigating the control system element. This system also has different control systems for different functions of the system however for this assignment the angular positioning system is what will be investigated. The controller will be used to oversee the operation of the system by sending and regulating commands for angular directional movements. The system that was created for the assignment is a closed loop control system using a PID (Proportional, Integral, Derivative) controller. This type of system is an instrument that is utilised for controlling various variables in industrial applications. An example of somewhere this control system is used is in speed control in the automotive industry for vehicle cruise control.  [5] [6]

3. [bookmark: _Toc92115738]Simulation model 
The information for carrying out this exercise was gained during lectures and using MATLAB’s MathWorks help centre to design, adjust the circuit, tuning, inputting the information and to gain the graphs [7] [8]. The image shown below in Figure 1 is the closed loop control system circuit that was created and used for the exercise. The main component parts of the circuits are a step output to begin with followed by an add function and then a PID controller. This is connected to a transfer function which is then connected back to the add function, which is used as a comparator. The circuit also has another transfer function but this one is for the whole circuit as a comparison to the designed and tuned circuit. The system has a scope connected at different points of the circuit so that measurements can be taken and results gained. 
[image: Diagram

Description automatically generated]
[bookmark: _Toc92104866]Figure 1- Circuit design for the closed loop control system
The image shown below in Figure 2 shows the transfer function that was used in the circuit and the figures that were input into it for the exercise, the numbers 3,2,2 are the numbers that were assigned in the assignment brief. 
[image: Graphical user interface, application
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[bookmark: _Toc92104867]Figure 2- Parameters for the transfer function
Once the tune window was opened in SIMULINK the circuit was adjusted so that it fell in the boundaries of the assignment, meaning that the overshot was less than 5% and the process got under control within two seconds. As can be seen in Figure 4 below the overshoot is 3.98% and the settling time is 0.901 seconds meaning that the block meets the requirements. 
[image: Graphical user interface
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[bookmark: _Toc92104868]Figure 3- Tuned system parameters
The Graph below in Figure 4 shows the tuned results of the block for Amplitude vs Time. This graph was used during the tuning process in conjunction with the table above in Figure 3 to ensure the requirements for the assignment were met.
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[bookmark: _Toc92104869]Figure 4- Graph of tuned results Amplitude vs Time
The image below in Figure 5 shows the PID controller block with the P (Proportional), I (Integral), D (Derivative) and N (Filter Coefficient) numbers for the calculation. These numbers are gained after the circuit is tuned and set to run, these numbers are utilized for calculation purposes later in the assignment. 
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[bookmark: _Toc92104870]Figure 5- Block parameters for the PID controller
As discussed in the introduction and shown in Equation 1 the systems transfer function of G(s) was given as part of the assignment, this transfer function with the given numbers input is shown below in Equation 2. 

[bookmark: _Toc92115694]Equation 2- Transfer function with given numbers put in
This calculation is used later in the assignment and is used to calculate root polynomial transfer function. Another equation that was used for the assignment can be seen below in Equation 3.

[bookmark: _Toc92115695]Equation 3- Equation for forward transfer function
This equation however could not be used to gain the forward transfer function so it required simplification and substitution as can be seen in the appendix to give the equation below in in Equation 4. 

[bookmark: _Toc92115696]Equation 4- Simplified and Substituted forward transfer function
The given and gained values from the exercise were then input as can be seen later in the results section in Equation 7, giving the forward transfer function for the system. The transfer function for the system now required to be calculated, this was done by taking the forward transfer function and inputting it into the formula shown below in Equation 5 where the value of H is given as 1. 

[bookmark: _Toc92115697]Equation 5- Equation for gaining transfer function
The forward transfer function and the value of H was input into this equation with simplification carried out as can be seen in the appendix to give the equation shown below in Equation 6.

[bookmark: _Toc92115698]Equation 6- Simplified transfer function
The given numbers for this circuit were then input and calculated to give the transfer function as can be seen later in the assignment in the results section in Equation 8. 
4. [bookmark: _Toc92115739]Results
As previously stated in the background information the simulated model was set to run as well as data input into MATLAB to give the graphs shown below. All the results shown below will be discussed further in the discussion section of the assignment with additional relevant information shown in the appendix. 
4.1. [bookmark: _Toc92115740]Scope Results 
The circuits scope graphical results can be seen below in Figure 6. [9]
Graph of scope results for Amplitude Vs Time
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[bookmark: _Toc92104871]Figure 6- Graphs of MATLAB simulation results from scope
4.2. [bookmark: _Toc92115741]Pole- Zero Plots 
The images shown below in Figures 7 shows the pole zero plot for the closed loop circuits transfer function. Following this image below is the pole zero plot for the controller and system individually, these can be seen below in Figures 8 and 9. [10]
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[bookmark: _Toc92104872]Figure 7- Pole zero plot of closed loop transfer function
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[bookmark: _Toc92104873]Figure 8- pole zero plot for controller			Figure 9- pole zero plot for system
4.3. [bookmark: _Toc92115742]Nyquist plots 
The images below in Figures 10 and 11 show the Nyquist plot for the forward transfer function showing Stability, frequency, delay, phase margin and whether if the system is stable. [11]
[image: Graphical user interface, application
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[bookmark: _Toc92104874]Figure 10- Nyquist plot of forward transfer function
[image: Graphical user interface, application
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[bookmark: _Toc92104875]Figure 11- Nyquist plot showing Stability, frequency, delay, and phase margin


4.4. [bookmark: _Toc92115743]Bode diagram 
The image shown below in Figure 12 is the bode diagram gained from MATLAB. [12]
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[bookmark: _Toc92104876]Figure 12- Graphs of Frequency vs Phase and Frequency vs Magnitude
4.5. [bookmark: _Toc92115744]Transfer function 
The values in the MATLAB pole zero plot of the plant can be seen below in Figure 13 and 14 showing the pole points and values. [10]
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[bookmark: _Toc92104877]Figure 13- Pole zero plot MATLAB results 	
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[bookmark: _Toc90206522][bookmark: _Toc92104878]		Figure 14- Pole zero plot MATLAB results
The Root function in MATLAB was used to gain further confirmation of these results this can be seen below in Figure 15. [13]
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[bookmark: _Toc90206523][bookmark: _Toc92104879]Figure 15- MATLAB confirmation of root polynomial transfer function results
Calculations were also carried out to find the forward transfer function of the controller and plant as can be seen below in Equation 7.

[bookmark: _Toc90206532][bookmark: _Toc92115699]Equation 7- Forward transfer function for the controller and plant
Further calculations were also carried out using the forward transfer function to find the transfer function for the system this can be seen below in Equation 8.

[bookmark: _Toc90206533][bookmark: _Toc92115700]Equation 8- Transfer function for the system
The calculations and the process for gaining the transfer functions shown above in Equation 7 and 8 can be seen later in the assignment in the Appendix. 

4.6. [bookmark: _Toc92115745]Pole zero plot points
By using the command shown in the appendix to find the points on the pole zero plot from MATLAB the results for the Forward transfer function pole zero plot points are:
p =   0.0000 + 0.0000i, -33.8459 + 0.0000i, -0.3333 + 0.7454i, -0.3333 - 0.7454i
z =   -1.5199, -0.7764
By using the command shown in the appendix to find the points on the pole zero plot from MATLAB the results for the pole zero plot points for the whole system including the feedback are:
p = -30.2830 + 0.0000i,   -1.7951 + 1.9320i, -1.7951 - 1.9320i,   -0.6393 + 0.0000i
z =   -1.5199, -0.7764
5. [bookmark: _Toc92115746]Discussion 
Once the circuit was built, tuned, and running without any errors the results could then be gathered. The results that were gained have been taken straight from SIMULINK and MATLAB in graphical form giving a visual representation of the results. The data and process that was used to gain the results from MATLAB can be seen later in the assignment in the Appendix. The designed closed loop control system met the requirements set out in the assignment brief. The reason that the settling time was set to 0.901 seconds is so that it met the requirement of the brief. It was also important that the time was not set so low that it would spin too quickly that it would destroy itself due to its weight and the power required to turn it at high speed. The time and the overshoot needed to be balanced within the tolerance of the brief which was met at 3.98% as can be seen and discussed in the simulated model section in Figure 3. 
The graph of the scope results shows a sample of the signal at different points in the circuit as can be seen above in the image of the circuit in Figure 1. The bottom graph in the scope display in Figure 6 shows a comparison of the simulated transfer function control and the results obtained using the equivalent formula. The blue line in the graph shows the results of the simulation and the yellow line the equivalent formula. 
In the pole zero plot of the system the dominant pole is the one furthest on the left on the graph in this case -30.2830 + 0.0000i as shown in figure 8. This means that this is working the hardest and it also has the fastest decay [14] [15]. The results section above also shows the points of the pole zero plots for the forward transfer function and the closed loop transfer function gained from MATLAB.
The Nyquist graphs shown above in Figure 10 and 11 shows that the system is stable and has a phase margin at the point shown of 60.7 degrees with a delay margin of 0.279 seconds at a frequency of 3.8 radians per second [16]. The red cross shown in the image is the critical point which must not be crossed to ensure the system remains stable, as can be seen in Figure 10 above the system does not. The bode diagram shows similar information to the Nyquist plot above but in a different graphical format, showing the systems phase margin and its gain. 
The root polynomial transfer function was calculated for the equation given in the assignment brief and previously shown in Equation 1 showing it to be -0.333-0.745j and -0.333+ 0.745j. The calculations and process for gaining these results can be seen later in the Appendix under pole calculations. These values were confirmed in MATLAB on the points of a pole zero plot of the plant as can be seen in the results section in Figure 13 and 14. These results were also confirmed in MATLAB using the Root function of the given figures for the assignment for a, b, and c, as can be seen in Figure 15. This result coincides with both the results that were calculated and that gained from the pole zero plot points. 
The forward transfer function for the system was calculated as well as the closed loop transfer function was calculated as can be seen in the results section above. This type of defensive system is rarely used anymore due to its complexity, it has also now been superseded by other improved ship defensive systems [4]. 

6. [bookmark: _Toc92115747]Conclusion 
The assignment discussed a closed loop control system for a CIWS turrets angular positioning system. The control system was built and simulated with the results that were gained being shown and described above. As well as the simulated exercise and information gained during lectures, additional research was done into the subject area. The circuit that was designed was stable and met the requirements set out in the brief. The correct type of control system was selected as well as it being tuned correctly as explained above. The assignment proved that the use of MATLAB over the conventional method of calculations is far superior and simpler. This is due to it being easy to do an arithmetic error in the calculated method. MATLAB has useful features for easy graphical representation of results and its ease to modify as well as other features making it far superior. 
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8.1. [bookmark: _Toc92115755]Pole calculations
Find root of polynomial transfer function 

[bookmark: _Toc92115701]Equation 9- Transfer function 
Substitute a= 3 b= 2 c= 2

[bookmark: _Toc92115702]Equation 10- Transfer function with given numbers put in
Top of the fraction is 1 so no value of S to change, therefore only the bottom needs calculating to find S:
 
[bookmark: _Toc92115703]Equation 11- Transfer function calculation

[bookmark: _Toc92115704]Equation 12- Quadratic Equation

[bookmark: _Toc92115705]Equation 13- Figures input into quadratic equation

[bookmark: _Toc92115706]Equation 14- Quadratic equation simplified 

[bookmark: _Toc92115707]Equation 15- Quadratic equation simplified further
  						
[bookmark: _Toc92115708]Equation 16- Addition quadratic equation step 1			Equation 17- Subtraction quadratic equation step 1
					
[bookmark: _Toc92115709]Equation 18- Addition quadratic equation step 2			Equation 19- Subtraction quadratic equation step 2
						
[bookmark: _Toc92115710]Equation 20- Addition quadratic equation step 3			Equation 21- Subtraction quadratic equation step 3
						
[bookmark: _Toc92115711]Equation 22- Addition quadratic equation step 4			Equation 23- Subtraction quadratic equation step 4


8.2. [bookmark: _Toc89779265][bookmark: _Toc92115756]Forward transfer function Calculations
Equation for forward transfer function given as Gc(s)
[bookmark: _Hlk89244157]
[bookmark: _Toc92115712]Equation 24- Equation for forward transfer function
Simplify the equation 

[bookmark: _Toc92115713]Equation 25- Substitution and simplification for forward transfer function step 1
Given this simplification substituted back into the equation giving

[bookmark: _Toc92115714]Equation 26- Substitution and simplification for forward transfer function step 2
Multiply Gc(s) by

[bookmark: _Toc92115715]Equation 27- Substitution and simplification for forward transfer function step 3
Simplify

[bookmark: _Toc92115716]Equation 28- Substitution and simplification for forward transfer function step 4
Expand the brackets 

[bookmark: _Toc92115717]Equation 29- Substitution and simplification for forward transfer function step 5
Gather all like terms

[bookmark: _Toc92115718]Equation 30- Substitution and simplification for forward transfer function step 6
Multiply Gc(s) by G(s) using the given equation for G(s)

[bookmark: _Toc92115719]Equation 31- Given transfer function
Multiplication of Gc(s) by G(s) 

[bookmark: _Toc92115720]Equation 32- Substitution and simplification for forward transfer function step 7
Simplify 

[bookmark: _Toc92115721]Equation 33- Substitution and simplification for forward transfer function step 8
Expand brackets 

[bookmark: _Toc92115722]Equation 34- Substitution and simplification for forward transfer function step 9
Gather like terms giving the Forward Transfer Function:

[bookmark: _Toc92115723]Equation 35- Substitution and simplification for forward transfer function step 10
Taking a = 3, b = 2, c = 2 and Kp= 22.8715, Ki= 11.9346, Kd= 9.438, N= 33.8459 the forward transfer function now becomes. 

[bookmark: _Toc92115724]Equation 36- Forward transfer function calculation
This is the forward transfer function for the controller and plant as a single block simplified 

[bookmark: _Toc92115725]Equation 37- Forward transfer function calculation simplified
8.3. [bookmark: _Toc92115757]Transfer function calculations
The feedback loop can be removed giving the transfer function in this case TF in the equation below. 

[bookmark: _Toc92115726]Equation 38- Transfer Function equation
The Forward Transfer Function is G and the transfer function of the feedback loop is H meaning its 1

[bookmark: _Toc92115727]Equation 39- Simplification for transfer function step 1
1 can be written as can be seen below in Equation 40

[bookmark: _Toc92115728]Equation 40- Substitution for 1 in transfer function calculation
Multiplying by 1 will change nothing giving

[bookmark: _Toc92115729]Equation 41- Simplification for transfer function step 2
Adding together denominator terms giving

[bookmark: _Toc92115730]Equation 42- Simplification for transfer function step 3
Simplify to give a final Transfer Function of

[bookmark: _Toc92115731]Equation 43- Simplification for transfer function step 4
[bookmark: _Hlk90025098]Taking a = 3, b = 2, c = 2 and Kp= 22.8715, Ki= 11.9346, Kd= 9.438, N= 33.8459 the transfer function now becomes

[bookmark: _Toc92115732]Equation 44- Calculation for transfer function step 1
Simplify to become 

[bookmark: _Toc92115733]Equation 45- Calculation for transfer function step 2
Combine like terms to give a transfer function of

[bookmark: _Toc92115734]Equation 46- Calculation for transfer function step 3
8.4. [bookmark: _Toc92115758]The Process for setting up MATLAB 
The information shown below is what was entered into MATLAB describing what each step means and why it was input. The reason there is a % in front of each statement is so that it can be put directly into MATLAB and it will not affect the input data. 
%The given plant transfer function values from the assignment specification are: 
a= 3	
b= 2	
c= 2
%Once the circuit was built and tuned the following values were obtained:
Kp= 22.8715	
Ki= 11.9346	
Kd= 9.438	
N= 33.8459
%The transfer functions for the numerator coefficients are
N1=Kp+(N*Kd);
N2=(Ki+(N*Kp));
N3=N*Ki;
%The closed loop transfer function of the denominator coefficients is
D1=a;
D2=(a*N)+b;
D3=Kp+(N*Kd)+(b*N)+c;
D4=(N*Kp)+Ki+(c*N);
D5=N*Ki;
%The forward transfer functions for the denominator coefficients are
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 a closed loop transfer function of whole system including feedback
system_tf=tf([N1 N2 N3],[D1 D2 D3 D4 D5]);
%Create a transfer function to only show the plant
plant_tf = tf(1,[a b c]);
%Create a transfer function to only show the controller
Controller_tf = tf([(Kp+(N*Kd)) (N*Kp)+Ki N*Ki], [1 N]);
%Plot the pole-zero diagram of the plant on its own:
figure;
subplot(1,3,1);
pzplot(plant_tf);
title('Pole-Zero plot of Plant');
%Plot the pole-zero diagram of the controller on its own:
subplot(1,3,2);
pzplot(Controller_tf);
title(' Pole-Zero plot of Controller');
%Plot the pole-zero diagram of entire system with feedback:
subplot(1,3,3);
pzplot(system_tf);
title(' Pole-Zero plot of system');
%Creating a Nyquist plot for the forward transfer function
figure;
subplot(2,2,1);
nyquist(fwd_tf);
title('Nyquist Plot of forward TF');
%Create Bode plot of forward transfer function
subplot(2,2,2)
margin(fwd_tf)
title('Bode plot of forward TF')
%Create the plot of Pole-Zero diagram for the closed loop system 
subplot(2,2,3);
pzplot(system_tf);
title('Pole-Zero plot of closed loop TF');
%Pole and zero plot points for the forward transfer function:
[p,z]=pzmap(fwd_tf)
%Pole and zero plot points for the whole system transfer system: 
[p,z]=pzmap(system_tf)

8.5. [bookmark: _Toc92115759]Additional graphical results 
The image below in Figure 16 shows a Graph of pole-zero plot of the plant without the pop-up boxes for the pole zero plot points present. 
[image: Graphical user interface, application

Description automatically generated]
[bookmark: _Toc92104880]Figure 16- Pole zero plot of plant

The image shown below in Figure 10 shows the full Nyquist plot of the forward transfer function 
[image: Graphical user interface, application

Description automatically generated]
[bookmark: _Toc92104881]Figure 17- Nyquist plot of forward transfer function
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