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[bookmark: _Toc219046172]Abstract
In this report, the design, simulation and validation of a proportional-integral-derivative (PID) controller for the angular positioning system for a Close-In Weapon System (CIWS) turret using MATLAB and Simulink. The plant transfer function was defined as , derived from the last three numbers in the student’s identification number as specified in the assignment brief. The objective of the assignment was to achieve a unit step response with a settling time of less than two seconds and an overshoot of less than 5%.

Using MATLAB’s PID Tuner function, the final controller parameters were obtained as Proportional gain, P = 54.95, Integral gain, I = 9.19, Derivative gain, D = 60.94 and Filter coefficient, N = 807.06. Simulation results showed excellent performance, with a rise time of approximately 0.25s, a settling time of 0.55s and a negligible overshoot of around 0.00026%. Frequency-domain and stability analyses, including Bode, Nyquist, Root Locus and Pole-Zero plots confirmed robust stability. 

[bookmark: _Toc219046173]Introduction 
Control systems play a crucial role in modern engineering applications where accurate and rapid responses are required. Examples include robotics, aerospace, industrial automation and defence platforms. In a Close-In Weapon System (CWIS), the turret must reposition extremely quickly and accurately to track and intercept incoming threats. The CIWS is the last line of defence for its carrier, so if all else fails, it must be able to react and destroy at close range with not much warning. When an unwanted projectile approaches into range of the CIWS, its tracking radars, control system and extremely fast firing gun allow it to predict the hitting points of the object in motion and continuously fire hundreds of bullets to destroy it before it reaches the target [1].  Consequently, slow or poorly controlled dynamic behaviour is unacceptable.

Figure 1 & 2, CIWS System and CIWS Component Breakdown [2]
While a rapid response is ideal, there are some dangers that need to be considered. The systems components can only move at a limited rate and moving it too quickly may cause it more harm than the gain is worth. The system as a whole is an extremely large weight, this means that getting it moving and stopping it takes a lot of power and inertia once moving cannot be dissipated instantly, so achieving absolutely no overshoot is not possible. Once the weight is moving, if it were to overshoot the target, it needs to be able to correct itself without getting stuck in a loop of constant oscillation. This is where it initially overshoots, then the correction overshoots again, so it gets stuck constantly adjusting for overshoot and missing the target completely. Stability is key for achieving the desired angle and then settling without oscillation.

The angular positioning system investigated in this assignment is represented by a second order transfer function. While the open-loop system is stable, the response is slow and unsuitable for its real-life application. To correct this, feedback control is introduced using a proportional-integral-derivative (PID) controller [3]. PID control is widely used in practice due to its simplicity, robustness and effectiveness in improving performance.

The objective of this investigation is to design a closed-loop PID-controlled system that achieves the specified performance requirements. MATLAB and Simulink are used to develop mathematical models, tune the controller and simulate the system response. 

[bookmark: _Toc219046174]Open and Closed Loop Systems
An open loop system is one that the output has no effect on any of the previous control functions. This means that the system cannot adjust its actions based on the current output. Benefits of this type of system include simplicity, stability, cost-efficiency and speed. As open loop systems do not loop back into themselves, they usually are simpler with fewer components which makes them easier to run and cheaper. Furthermore, having no feedback loop allows for more stability as there is no adjustment or disturbance that is introduced in the system, this also makes the whole system run faster to get the output. These benefits are great for a simple system; however, lack of feedback is a major limitation in a more complicated control system [4]. An example of a closed loop system is a toaster, a button is pressed and a timer begins for a set amount of time, then the process ends when the timer runs out.

Closed loop systems allow for the dynamics of a system to be modified during use, which open loop systems cannot. This means the system monitors its output and adjustments can be made to optimise it, this allows for much higher accuracy, adaptability, stability and automation. These systems are more complicated, so a higher level of knowledge is needed to create and use them, while also a bigger budget [4] [5]. An example of this is adaptive cruise control in a car, it is activated, then the car accelerates to the speed and monitors if a car is located in-front, if there is a car, the cruise control lowers its speed to match the car in-front, if the car moves out of the way, it speeds back up.

[bookmark: _Toc219046175]System Requirements
For this assignment, the CIWS system is required to be able to move to the desired position and be under control within two seconds and achieve this with overshoot being less than 5%. These are extremely important as the gun needs to be effective against extremely high-speed projectiles so it must react as quickly as possible, while keeping minimal overshoot to be accurate enough to hit the target.

[bookmark: _Toc219046176]Simulation Setup and Running
The plant function is shown below:


[image: ]A closed-loop feedback system was created in Simulink using a negative feedback configuration. The simulation model consisted of a step input, a sum junction, a PID controller, the plant transfer function block and a feedback path from the output to the sum junction. Along with this, a scope was placed and linked in at 5 places to gather data.





Figure 3, Simulink Setup

There are four types of PID controllers, the proportional controller (P), the proportional plus integral controller (PI), the proportional plus derivative controller (PD) and lastly, the proportional plus integral controller (PID) [6].  

Using the software’s PID Tuner, the response time and transient behaviour sliders could be adjusted and a tuned response could be viewed instantly on the step plot graph; the dotted line was the original control, the solid line shows the tuned response, it is clear the tuned response is much more optimised. The resulting performance data from the PID tuner was a rise time of approximately 0.25s, a settling time of 0.25s and a negligible overshoot of around 0.00026%.[image: ] This comfortable exceeded the requirements.
Figure 4, Tuned PID Controller Parameters and Step Plot Reference Tracking

[bookmark: _Toc219046177]Mathematical Modelling
Control systems can be used to model on software like MATLAB / Simulink, or it can be done numerically through the transfer functions. In this case, the system transfer function was given, but the complete system transfer function was not. This can be found by obtaining values from MATLAB / Simulink and implementing them into some equations.

[image: ]The CIWS plant transfer function G(s) is given by: 




The transfer function of the PID controller C(s) is given by:
[image: ]



[image: ]These two functions can be connected in series to create an open loop system, C(s)G(s) = G. This combination is then implemented into the formula below which represents the entire system transfer function. 


[image: ]Alongside the student number ending in 770, which meant the assigned values of a=8, b=8 and c=1, tuned values were obtained through MATLAB/Simulink to go with these values to allow for the expansion of the functions.

The final tuned parameters were: 
Proportional gain, P = 54.95
Integral gain, I = 9.19
Derivative gain, D = 60.94Figure 5, Tuned PID Controller Parameters 



Each term contributes differently to meeting the system goals: [12]
Proportional gain Kp / P – Increases responsiveness and reduces steady state error but risks overshoot.
Integral gain Ki / I – Ensures zero steady state error in tracking a step input, a key requirement for positioning systems. - Steady-state error is the difference between the input command and what is created as the output of the system
Derivative Gain Kd / D – Provides anticipatory action and improved damping, which is essential for limiting overshoot to less than 5%.

Complete calculations can be found in Appendix B. Each value was put into the transfer functions and expanded, initially the open loop transfer function, G, was found, then this turned into a closed loop transfer function below, TF. One of the downsides of completing the calculations outside of MATLAB / Simulink was it took a very long period to expand the equations.

[image: ]


[image: ]Figure 6, Open Loop Transfer Function
Figure 7, Complete System Transfer Function

[bookmark: _Toc219046178]Results
[image: ]
Figure 8, Tuned scope readings

The tuned scope reading shows a robust system that achieves its desired position with a rise time of approximately 0.25s, a settling time of 0.25s and overshoot of around 0.00026%. Overshoot cannot be completely erased due to the system being a large rotating mass that would be impossible to stop instantly. 

Below, the stability and robustness of the system can be reinforced with some diagrams. The analysis of a Bode diagram, Pole-Zero diagram, Root Locus and Nyquist diagram should back up the extremely well-tuned and stable response.
[bookmark: _Toc219046179][image: ]Bode Diagram
Figure 9, Bode Diagram

Bode diagrams show how the closed-loop system responds at different frequencies. The top graph is magnitude in dB, which starts high at low frequencies and then drops off steadily as frequency goes up, the bottom graph is phase in degrees, starting near 0 at low frequencies, dipping down to around -150 degrees in the middle, but then comes back up to around the starting phase and even higher.

At the frequency that the gain equals 0dB, the phase margin can be measured, also known as the crossover frequency. Phase margin measures the distance from the measured phase to phase shift. Where phase shift is equal to -180 degrees, gain margin can be measured. Gain margin shows the distance between gain to gain of 0 dB; these values are important because instability occurs in the system if these two margin values meet. [7]

These Bode diagrams are very useful for checking the stability of the system without having to look at the maths, the phase margin is about -90 degrees around where the magnitude reaches 0 dB, which is a good sign. The gain margin can be referred to as infinite, because it never reaches -180. This all indicates that the PID controller has made the system very fast but also robust.


[bookmark: _Toc219046180]Pole-Zero Plots
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Figure 10, Pole-Zero Plot Diagrams

The four pole-zero plots show where the poles and zeros sit in the s-plane for different parts of the system. A system is characterised by its poles and zeros; they are the part that allow the reconstruction of the differential equation inputs and outputs, they also give insights into the response characteristics of the system. [8]

The plant function has two real poles at roughly -0.15 and -0.85 with no zeros. The controller has a zero and a pole at around -12500. The forward transfer function is shown as the same as the controller and so is the system transfer function. The change from the first plot to the other three shows how the controller shifted the poles by a large amount to make the system faster and more stable. For a system to be stable, all the poles must be in the negatives, any unstable poles would show up on the positive side. This further proves the systems stability that there are no poles in the positives. [8]

[bookmark: _Toc219046181][image: ]Root Locus
Figure 11, Root Locus

A root locus diagram is another tool for determining a systems stability, it shows another form of where the poles are located from the closed-loop system.

The root locus diagram backs up that all closed-loop poles are located on the negative axis, no poles cross over into the right half of the 0 plane which confirms closed-loop stability. The gain can be changed and the plots stay firmly in the negative, which means the system will stay stable no matter how high the gain becomes. This explains why the response of the system is so heavily damped and rapid, the tuned output has pushed the dominant poles far to the left, giving the fast settling with basically no overshoot or oscillation. Another pointer to show a well-designed controller. [9]






[bookmark: _Toc219046182]Nyquist Diagram
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Figure 12, Nyquist Diagram

Lastly, the Nyquist diagram, each point on the curve shows how the open-loop transfer function would behave at that frequency. The key to understanding this plot is to look at where the path of the line relates to the point (-1,0), this is the critical point.  The curve is separated from the critical point, indicating stability once more. [10] [11]

[bookmark: _Toc219046183]Discussion
The closed-loop performance achieved by the designed PID controller shows a significant improvement over the uncontrolled plant and achieved all the set requirements. The original system showed slow dynamics because of lightly damped poles that were close to the origin, resulting in long settling times and a very unsuited response for a system that needed a rapid response. Introducing a PID controller which was then tuned completely changed the behaviour of the system by developing the transient and steady-state responses.

The most notable improvement of the system was shown in the transient response, the tuned system reaches its steady-state value rapidly while maintaining a smooth and non-oscillating reaction. This indicated that the dominant closed-loop poles have been moved further to the left into the negative plane. This is desirable for a CIWS system as overshoot could cause a high amount of mechanical stress and tracking errors, so keeping it low is necessary. The near non-existent overshoot achieved shows the controller handled this amazingly.
To use such a response in real-life, there would be major mechanical limitations to how quickly the system can keep up with the input commands. Being able to move an extremely heavy system back and forward with very quick directional changes would bring a lot of wear to its components. To get a more realistic response time, further research would be needed into the limitations of the components in the CIWS and testing is needed to see how they would hold during strenuous activity. Similarly, environmental factors would play a part in accuracy, weather conditions, amount of ammunition available, condition of the barrels all play a part in the effectiveness of the weapon to hit its target. Not everything can be simulated, and a much more detailed model would need to be used.

Overall, the results demonstrate that MATLAB and Simulink provide an effective area for designing, analysing and validating control systems. 

[bookmark: _Toc219046184]Conclusion 
In this investigation, it has been proven that a PID controller can be successfully designed to control the angular positioning system of a CIWS turret. The closed-loop system achieved all specified performance requirements exceptionally. It managed to achieve a settling time of approximately 0.55s and negligible overshoot. Time-domain and frequency-domain analysis confirm the stable and robust nature of the tuned PID controller. This work demonstrated the suitability of a PID controller in controlling a fast response instrument. 
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[bookmark: _Toc219046187]Appendix A - Complete Simulink Code 
>> C
C =
             1            s    
  Kp + Ki * --- + Kd * --------
             s          Tf*s+1
  with Kp = 1.75, Ki = 0.375, Kd = 1.05, Tf = 0.367
Continuous-time PIDF controller in parallel form.
Model Properties
>> C * Proc
ans =
        4.61 s^2 + 5.131 s + 1.021
  ---------------------------------------
  8 s^4 + 29.78 s^3 + 22.78 s^2 + 2.722 s
Continuous-time transfer function.
Model Properties
>> G=C*Pro
G =
        4.61 s^2 + 5.131 s + 1.021
  ---------------------------------------
  8 s^4 + 29.78 s^3 + 22.78 s^2 + 2.722 s
Continuous-time transfer function.
Model Properties
>> SystemTF = G/(1+G)
SystemTF =
            36.88 s^6 + 178.3 s^5 + 266 s^4 + 159.8 s^3 + 37.22 s^2 + 2.779 s
  --------------------------------------------------------------------------------------
  64 s^8 + 476.4 s^7 + 1288 s^6 + 1578 s^5 + 946.9 s^4 + 283.8 s^3 + 44.63 s^2 + 2.779 s
Continuous-time transfer function.
Model Properties
>> N1 = SystemTF.Numerator
N1 =
  1×1 cell arra
    {[0 0 36.8826 178.3277 265.9536 159.8124 37.2208 2.7792 0]}
>> N1 = cell2mat (N1
N1 =
         0         0   36.8826  178.3277  265.9536  159.8124   37.2208    2.7792         0
>> D = cell2mat(SystemTF.denominator)
D =
   1.0e+03 *
    0.0640    0.4764    1.2880    1.5784    0.9469    0.2838    0.0446    0.0028         0
>> C.Kp=2376.41648538659
C =
             1            s    
  Kp + Ki * --- + Kd * --------
             s          Tf*s+1
  with Kp = 2.38e+03, Ki = 0.375, Kd = 1.05, Tf = 0.367
Continuous-time PIDF controller in parallel form.
Model Properties
>> C.Tf=1/12157.7444259745
C =
             1            s    
  Kp + Ki * --- + Kd * --------
             s          Tf*s+1
  with Kp = 2.38e+03, Ki = 0.375, Kd = 1.05, Tf = 8.23e-05
Continuous-time PIDF controller in parallel form.
Model Properties
>> C.Ki=1474.8771057951
C =
             1            s    
  Kp + Ki * --- + Kd * --------
             s          Tf*s+1
  with Kp = 2.38e+03, Ki = 1.47e+03, Kd = 1.05, Tf = 8.23e-05
Continuous-time PIDF controller in parallel form.
Model Properties
>> C.Kd=850.766243986503
C =
             1            s    
  Kp + Ki * --- + Kd * --------
             s          Tf*s+1
  with Kp = 2.38e+03, Ki = 1.47e+03, Kd = 851, Tf = 8.23e-05
Continuous-time PIDF controller in parallel form.
Model Properties
>> G=C*Proc
G =
        1.035e07 s^2 + 2.889e07 s + 1.793e07
  ------------------------------------------------
  8 s^4 + 9.727e04 s^3 + 9.726e04 s^2 + 1.216e04 s
Continuous-time transfer function.
Model Properties
>> SystemTF=G/(1+G)
SystemTF =                                                                              
         8.277e07 s^6 + 1.007e12 s^5 + 3.817e12 s^4 + 4.68e12 s^3 + 2.095e12 s^2 + 2.18e11                                                                  
  ------------------------------------------------------------------------------------------------                                                                                      
  64 s^8 + 1.556e06 s^7 + 9.546e09 s^6 + 1.025e12 s^5 + 3.829e12 s^4 + 4.683e12 s^3 + 2.095e12 s^2                     
                                                                                      + 2.18e11 s  
Continuous-time transfer function.
Model Properties
>>  N=cell2mat(SystemTF.Numerator)
N =
   1.0e+12 *
         0         0    0.0001    1.0066    3.8169    4.6802    2.0953    0.2180         0
>>  N=cell2mat(SystemTF.Numerator)
N =
   1.0e+12 *
         0         0    0.0001    1.0066    3.8169    4.6802    2.0953    0.2180         0
>> D=cell2mat(SystemTF.Denominator)
D =
   1.0e+12 *
    0.0000    0.0000    0.0095    1.0255    3.8287    4.6826    2.0955    0.2180         0
>> figure
>> subplot(2,2,1)
>> pzplot(Plant)
Unrecognized function or variable 'Plant'.
Did you mean:
>> pzplot(Plant)
Unrecognized function or variable 'Plant'.
Did you mean:
>> pzplot(proc)
Unrecognized function or variable 'proc'.
Did you mean:
>> pzplot(Proc)
>> title('Proc')
>> title('Pole - Zero Plot of Proc')
>> subplot(2,2,2)
>> pzplot(C)
>> title('Pole - Zero Plot of Controller')
>> subplot(2,2,3)
>> pzplot(G)
>> title('Pole - Zero Plot of Forward TF')
>> subplot(2,2,4)
>> pzplot(SystemTF)
>> title('Pole - Zero Plot of System TF')
>> roots(cell2mat(SystemTF.numerator))
ans =
   1.0e+04 *
         0
   -1.2158
   -0.0002
   -0.0001
   -0.0001
   -0.0000
>> roots(cell2mat(SystemTF.denominator))
ans =
   1.0e+04 *
         0
   -1.2158
   -1.2050
   -0.0105
   -0.0002
   -0.0001
   -0.0001
   -0.0000

>> 
[bookmark: _Toc219046188]Appendix B - Complete Mathematical Workings
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Figure 13, Transfer Function Calculations
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