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Abstract
This report will consider a set of design requirements for a hypothetical Close In Weapons System (CIWS) turret; the turret must be able to respond to an input, bringing a system under control within 2 seconds, and with an overshoot of less than 5%. The report will also detail the author’s response to these requirements, as well as providing a detailed method as to how the results were produced. This is intended to be a guide for any future designer, with explanations of why choices were made and how they effected the outcomes. The Report contains both results and a validation, to increase the confidence of the report’s findings, which will be addressed within the conclusion. The report is fully refenced, and the references section can be found at the end of the report. 
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[bookmark: _Toc140424323]Introduction
Control systems are used in a wide number of industries, ranging from power generation to waste water treatment. [1] Control systems make millions of decisions around the world, judging both discrete and continuous data streams, ensuring machinery and processes remain within safe operating parameters, and correcting them when they are not. [2] Within industry, the most common type of control system used is a Proportional Integral Derivative (PID) controller. This allow many different control techniques to be applied, with many different outcomes. [3] They can utilise both negative and positive feedback to achieve this goal. 

An example of where PIDs can be used is in the movement of fluids; flow meters and valves can be co-ordinated through a PID’s programming to ensure precision measurement, this one application can be used to manage a number of systems  including but not limited to: water treatment; product measurement; fuel flow to furnaces [4]. By responding to the outputs of the flow meter the PID can regulate the flow of liquids through the electronic valve. This in turn creates a measurable mechanical feedback loop; when the valve is shut the flow stops; when it opens the flow restarts.

Many control systems utilise feedback to aid the control of outputs; specifically closed loop feedback, which connects the output of a control system back to its inputs. An example of this is a thermostat, a building is heated by the boiler and its radiators until the temperature which was set on the thermostat is reached. At this point, the feedback loop [5] kicks in and turns off the boiler. The boiler subsequently will remain off, and the building begins to cool. This is until the point which the thermostat again detects that the building has dropped below its set temperature and will resume heating once again. This cycle is repeated in homes across the country, 365 days a year. 

An example of the other type of feedback; open loop is a time-controlled boiler. This heating system in contrast does not respond to changes in temperature; in other words, the output of the control system does not influence its inputs. In this example, the boiler remains on until the point the timer ends, at which point the boiler turns off; an example of when this can be used is for filling hot water tanks; where a thermostat system is unnecessary. 

Throughout this report, the author will describe his attempt to design a control system for a Close In Weapons System (CIWS), an area defence turret, which has been in frontline service since 1980 [6] with navy’s around the world. This system’s main role is to engage both airborne and surface targets at short range. These can include, aircraft, missiles, and many other fast-moving craft. As such a precision control system is required; the design brief states that the ‘control system should be able to bring the process under control within two seconds, with overshoot of less than 5%.’ [7] In the following pages how this was accomplished will be described in detail. 
[bookmark: _Toc140424324]Equipment 
The following hardware was used:
Dell Computer Desktop (16GB RAM)
Chillblast Computer Desktop (16GB RAM)

The Following Software was used:
MATLAB (by MathWorks)
Simulink (MATLAB integrated environment)
[bookmark: _Toc140424325]Method
The following section will detail step by step how the control system was developed and highlight the learning points identified by the author:
To begin, MATLAB software package was opened, this is a software package based around the MathWorks’ propriety programming language. MATLAB is normally controlled by writing individual lines of code; however, it was decided to use the SIMULINK graphical modelling environment to complete this task. This is due to the easy of use of this environment and the relative skill level of the author.
[image: A screenshot of a computer program

Description automatically generated]When the software was opened, the first step was to create a representative circuit for the system. This was achieved by importing a ‘Step’ input; this is represented by a square box, with an ‘s’ shape line. The input, and its settings can be seen in Figure 1. 






[bookmark: _Ref139998689][bookmark: _Toc140423571]Figure 1 Step input

Next, a transfer function was imported, this represents a devices’ functionality through an equation in this case was generated as according to the module specification [7]:

Where a, b and c were the final digits of the authors student number.
This is 2113637 so the following equation was generated:

This equation was then important into Simulink using the values shown in Figure 2.
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[bookmark: _Ref139998930][bookmark: _Toc140423572]Figure 2 Initial transfer function
[image: A diagram of a mathematical equation

Description automatically generated]The next step was to import and oscilloscope, this is a device capable of measuring a waveform generated by the transfer function and displaying it graphically. At this point all devices were connected through arrows; creating a ‘flow chart’; this can be seen in Figure 3




[bookmark: _Ref139999189][bookmark: _Toc140423573]Figure 3 initial setup
By double clicking on the oscilloscope and selecting the ‘run’ tool the following waveform was generated (Figure 4). This shows the natural response of the CIWS and showcases the need for a controller. 
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[bookmark: _Ref139999369][bookmark: _Toc140423574]Figure 4 CIWS initial Response
In order to get an accurate response, it was decided to utilise a PID and a negative feedback loop. This was achiever by importing an ‘Add’ function and using the following settings (Figure 5)
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[bookmark: _Ref139999668][bookmark: _Toc140423575]Figure 5 Add settings
Once this was done, the PID was imported, and given the following initial settings:
P – 1 I – 1 D – 0 N – 110
The new devices were connected into the flowchart as seen in Figure 6 
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[bookmark: _Ref140000006][bookmark: _Toc140423576]Figure 6 PID Circuit
When this was done the circuit was run again, this time providing the following waveforms (Figure 7)
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[bookmark: _Ref140000084][bookmark: _Toc140423577]Figure 7 Waveforms with PID (uncontrolled)
At this stage, the PID was tuned, this was done using the ‘tuner’ window which can be accessed from the PID settings. There are two sliders which can be used to vary the response time, and the transient behaviour (the ‘aggressiveness’ of the response). By adjusting these until the performance settings fell within the specifications a new set of PID values could be calculated. Figure 8 shows the PID response graphically and Figure 9 shows [image: A screenshot of a computer

Description automatically generated]the PID values and performance characteristics.[bookmark: _Ref140000533][bookmark: _Toc140423578]Figure 8 PID tuned reponse vs uncontrolled
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After the tuning was complete, the function was run once more, this time generating the following output waveforms (Figure 10). This showcases a much more rapid response, with the output of the transfer function (as seen in the purple) with the signal moving ‘high’ quickly with minimal overshoot. This is a graphical representation of the data shown in figure 9, (rise time 0.0796, settling time 0.137 and a 0% overshot.), at present this meets the criteria described within the brief. However, to further develop and validate this, it was decided to approximate the PID and its control, as a transfer function in its own right. 
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Equations:

Initial equation from PID: [8] 				 
KP = 117.8962
KI = 18.8207
KD = 160.5585



Introducing the transfer function of the CIWS:

 x  = 

To take into account of the feedback loop the following equation is used:


G= 
H=1

1+GH= 1+( *1)
= 1+ 
=  +
= 
1+GH = 

 = G x 1/(1+GH)
=  x 

 When multiplying the two 6s3+3s2+7s cancels out providing the following final equation:


This Equation was then substituted for the PID and initial transfer function and inputted using the method described earlier. This can be seen in Figure 11.
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[bookmark: _Ref140407883][bookmark: _Toc140423581]Figure 11 Final Transfer function
This was then simulated and gave the following results (Figure 12):
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[bookmark: _Ref140408259][bookmark: _Toc140423582]Figure 12 final transfer function results 
To further test this in a measured way, the PID was reintroduced, along with the feedback loop and adder. The PID was setup to not affect the results – with the following PID values:
P=1 I=1 D=0 N=1
This setup can be seen in Figure 13. 
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[bookmark: _Ref140408486][bookmark: _Toc140423583]Figure 13 Test Setup
This setup was then simulated, and the output waveforms can be seen in Figure 14[image: A screenshot of a computer
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[bookmark: _Ref140408645][bookmark: _Toc140423584]Figure 14 Test waveform
The resulting performance values which the PID calculated can be seen under the ‘block’ heading in Figure 15.
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[bookmark: _Ref140408710][bookmark: _Toc140423585]Figure 15 Performance values

This concludes the method, for reproducing this setup, all results will be discussed in the following sections. 





[bookmark: _Toc140424326]Results
This section will detail the results obtained during the previous section.

The initial response of the transfer function (Figure 4) initially shows how uncontrolled the CIWS system is before the introductions of the PID. It shows an extremely slow rise time, (over 4 seconds) and significant backlash (overshoot), far greater than the maximum 5%. [7] This showcases the importance of the PID in controlling the system; without this device the system is entirely outside of its design requirements. 

Figure 7 showcases the initial control of a PID before tuning. This in effect demonstrates the default control nature of a PID. This has an even slower rise time, this time appearing to continue to rise even at the end of the simulation. However, a key difference is show with this, as there is little to none backlash, already showing an improvement.

Tuning is an essential part of PID control. By varying the response time and transient behaviour, the characteristics of the waveform change. By increasing the response time, the more ‘jittery’ the curve becomes; a PID’s minimum response time is ‘nearly zero’ [9], however at this stage, there is likely to be excessive noise, and certainly significant overshoot. This is an issue, as whilst the brief describes an maximum response time of 2 seconds [7], a CIWS in use must be able to track fast moving targets, whilst the exact capabilities remain a state secret, the targets systems is designed to handle both supersonic aircraft and missiles. In this case the lower the response time, the more effective the system and likely it is to deal with the threat. In accordance with this, significant overshoot would render a major hazard to both the platform itself and any surrounding capabilities; if the system were to overcorrect and accidently fire a burst of 20mm rounds into a nearby bulkhead, it would cause considerable damage. As such overshoot of even limited quantities is unacceptable. Due to this, they must be carefully balanced; aiming to achieve an excellent response time and little overshoot. The tuning values obtained (Figure 9) shows an initial rise time of 0.0798 seconds, a settling time of 0.137 seconds and an overshoot of 0%. This both satisfies the brief and makes logical sense within the context of the CIWS system. When completing the simulation, the response waveform was as expected from the PID tuning, the full waveform can be seen in Figure 10.

As described in the method, the PID control output was approximated using a series of equations; this mapped the response graph of the PID controller to a definite value. It also acts as a sanity check for the PID values and response. This can be seen in Figure 12; this result is visually, slightly worse than the programmed PID value; suggesting a slightly slower response and a significantly slower settling time. As such this visual analysis was assessed through the use of a ‘dumb’ PID; aiming to only capture the initial response of the transfer function equation.  This response can be seen in Figure 14 and Figure 15, this demonstrates that despite the visual differences, the responses are only marginable different,  0.0806 vs 0.0798, 0.141 vs 0.0137 and still an overshoot of 0%. 
[bookmark: _Toc140424327]Conclusions
In Conclusion, the design criteria of the PID system with a response of ‘within two seconds, with overshoot of less than 5%’ was met and exceeded. The response time of the PID was significantly under two seconds as described in the results section, with an overshoot of 0%. The PID system appears to function extremely well, and this is validated through the single transfer function validation testing; demonstrating that this result is reliable, and repeatable.  
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