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[bookmark: _Toc140575902]Abstract
This report will discuss the basics of control system theory and simulate a simple closed-loop system in MATLAB and Simulink, with consideration of a CIWS turret. PID tuning will be demonstrated, ultimately finding the closed-loop transfer function of the whole system and substituting it in place of the PID block.
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[bookmark: _Toc140575904]Control System Theory
Control Systems are present in nearly all modern engineering systems. They can be found in medical, automotive, and military systems as well as in modern daily life. A control system can be any set of interconnected components which provide a function. There are three main types of control systems:
· Open-loop control – this is the most basic form of control system. An operator provides a command to start, and an output is generated, but the system is unable to provide feedback. It’s switched off when the operator provides a stop command, or after a preset time has passed. Time based clothes driers use this system. The wet clothes are dried for a preset amount of time – with no consideration to the moisture content of the clothes. Once the preset time has passed, the drier switches off. Open-loop systems are simple and low cost with little maintenance required, and ideal if measurements are not required. However, they are inaccurate [1].
· Bang-bang control (on/off control) - these systems are either completely on or completely off when a predefined setpoint is reached. This is a basic form of a closed-loop system. They are common, often found around the home e.g., in simple thermostats. If the temperature drops below the low setpoint, the heating will turn on until the temperature rises above the high setpoint. The controller then turns the heating off. 
Bang-bang control systems are relatively imprecise, allowing large fluctuations beyond the setpoints, and they can be slow to return to their setpoints, however they are simple to design and use. [2] [3] [4].
· Proportional control (continuous control) – these systems offer varying and continuous levels of feedback in response to the output of a system [3]; so named as the feedback is proportional to how far the system is from the defined setpoint [5]. This type of system performs better than a bang-bang system, but it can be challenging to design an optimal system [1]. A proportional control system is normally used when a rapid and accurate response is required. To achieve this, a PID (proportional, integral, derivative) controller is used, paired with a sensor.
Any of the control systems listed above will have a “plant”. This is the part of the system which is to be controlled – for example, a heater element or stepper motor. The plant is affected by signals, known as inputs, and in response to these it will produce its own signals known as outputs. A basic representation of this is shown in Figure 1. This is known as an open-loop control system. If a feedback loop is added, this is known as a closed-loop system, depicted in Figure 2. 
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[bookmark: _Ref140402080][bookmark: _Toc140574581]Figure 1 Open-loop control system [6]
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[bookmark: _Ref140402098][bookmark: _Toc140574582]Figure 2 Closed-loop control system [7]

The closed-loop control systems mentioned above all rely on the principle of positive and negative feedback. Feedback is where the signal to be controlled is compared with a reference signal and any difference between the two is used to calculate the required input from the system. 
· Positive feedback - reference input signal is added to the feedback signal.
· Negative feedback - reference input signal is subtracted from the feedback signal. [8] 
Feedback improves control system performance making it more accurate, precise and stable. It is used widely in systems such as oscillators, amplifiers, and defence systems such as the Close-In Weapons System (CIWS) turret.

[bookmark: _Toc140575905]Accuracy, Precision and Stability
· Accuracy - the difference between the measured and true values.
· Precision – the degree to which repeated measurements will produce the same value in unchanged conditions [9]. In other words, a measure of reproducibility [10].
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[bookmark: _Toc140574583]Figure 3 Diagrammatic representation of accuracy and precision [11].

· Stability - A system is considered stable if the system responds with a bounded output when subject to a bounded input. A bounded input/output is a measurement with defined limits [12]. Another term for stability is ‘steady state’. Steady state is shown in Figure 7 as the two turquoise lines on the graph. Measurements from a stable system should remain constant over time and resist drifting [13]. In the example in Figure 4, the ball resting in the bottom of the bowl will return to its original point within a short space of time when subject to a small input. The ball resting on the top of the bowl will never return to its original point if the same input is applied. This is the difference between stable and unstable systems.
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[bookmark: _Ref140439268][bookmark: _Toc140574584]Figure 4 Example of a stable and unstable system [12]

[bookmark: _Toc140575906]PID controller
PID controllers are invaluable in engineering and industrial settings, controlling the behaviour of systems. For example, they have been used in everything from automotive cruise control, pH control in water treatment plants, to missile seekers.
The output from a system with a PID controller is continuously monitored and the input is automatically adjusted based upon the difference between the predefined setpoint and the measured system value. The difference between the two figures is the “error”. This information is used by the system to calculate how much input is required [14] [15]. Each component of the PID controller adjusts the response in a different way, these are explained below and Figure 6 provides a visual explanation.
· Proportional, P – this response is directly proportional to the present error of the system. A large error will produce a large response, as the error decreases the P part of the system has less of an influence.
· Integral, I – this is a cumulative response. It adds up the past errors of the response over time. This means it does not have as much of an immediate response as the proportional.
· Derivative, D – the derivative tries to predict the future and calculates where the process value is going to prevent it from overshooting the set point. To do this it works against the proportional and integral. [16] [17]
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[bookmark: _Ref140508288][bookmark: _Toc140509580][bookmark: _Toc140574585]Figure 6 Actions of a PID controller [18]

[bookmark: _Toc140575907]Tuning
To achieve control over a system and keep the output within required performance values, the PID controller requires tuning. Tuning can be done in the PID block in Simulink by adjusting the response time and transient behaviour sliders to produce the required performance. In this study the settling time and percentage overshoot were of interest. 
· Settling time – time taken for the output to reach and remain within a given percentage of the final value [19].
· Percentage overshoot – amount the response will go beyond the required response value [16].
Figure 6 provides a graphical representation of these definitions.
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[bookmark: _Ref140504944][bookmark: _Toc140574586]Figure 6 Closed-loop system responses [20]

[bookmark: _Toc140575908]CIWS
The CIWS is designed to detect, track, aim and engage threats. Figure 7 shows the Goal-keeper version of the CIWS. A PID controller plays a crucial role in the CIWS’s ability to effectively engage and destroy threats with a high level of accuracy. They typically use a tracking radar and cannon system firing explosive ammunition. 
The location of the threat is the CIWS’s setpoint, however as the threat is moving the CIWS must also move – therefore tracking the threat. Properly tuned PID values ensure the CIWS is able to properly track and engage the threat, especially if it’s making evasive manoeuvres. A high-performing control system significantly increases the likelihood of a shoot-down, while conserving ammunition for future engagements. [21] [22] [23]
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[bookmark: _Ref140571007][bookmark: _Toc140574587]Figure 7 Goal-keeper CIWS [21].


[bookmark: _Toc140575910]Methodology
The purpose of this task is to design a control system that will bring a process under control in less than two seconds, with an overshoot no greater than 5%. MATLAB and Simulink were used to design and run the simulations. A basic block diagram was used throughout, this can be seen in Figure 8 and the modified system with only the transfer function present in Figure 9.
The PID Controller block can be used in different modes - PID, PI, PD, P only, or I only [24]. PID control was used throughout these simulations.
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[bookmark: _Ref140423155][bookmark: _Toc140574588]Figure 8 Block diagram of a closed-loop control system.
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[bookmark: _Ref140423158][bookmark: _Toc140574589]Figure 9 Block diagram of a closed-loop control system with only a transfer function present.

The system was simulated five times with each new simulation being a progression from the last, except the final simulation which is a variation of the fourth. The settings used are shown below.
1. PID(N) values set to 1, 1, 0, 1 with the transfer function shown in Equation 1, where three, five and one are the assigned values.

                                                                       
[bookmark: _Ref140575643][bookmark: _Toc140575924]                                                          Equation 1 Original transfer function
2. PID(N) values tuned to achieve a settling time of two seconds, overshoot of less than 5%, with the transfer function as above in Equation 1. 

3. [bookmark: _Toc140575925]The transfer function formula set to the closed-loop transfer function of the system as a whole and PID(N) values reset to 1, 1, 0, 1.


2 Closed-loop transfer function of the system as a whole.
4. PID values re-tuned to achieve the same settling time and overshoot as in the second simulation. The transfer function was not altered.

5. Adder and PID controller removed. Simulation run with only the closed-loop transfer function of the system as a whole.
























[bookmark: _Toc140575911]Results
Waveforms from the simulations are shown below in figures 10, 12, 13, 15 and 16. Figure 11 shows the tuned settling time and overshoot values. Figure 14 shows the near identical overshoot and settling time, and the two different sets of PID values. The original PID values are shown on the right of the screenshot with the new values from the simulation after finding the closed-loop transfer function for the whole system on the left. Figure 17 is a side-by-side comparison of all five waveforms.
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[bookmark: _Ref140573931][bookmark: _Toc140574590]Figure 10 Waveforms for simulation one.
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[bookmark: _Ref140421590][bookmark: _Toc140574591]Figure 11 Tuned settling time and overshoot.
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[bookmark: _Toc140574592]Figure 12 Waveforms for simulation two after tuning the settling time and overshoot.
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[bookmark: _Ref140574223][bookmark: _Toc140574593]Figure 13 Waveforms for simulation three after tuning, new transfer function equation and PID reset to 1101.
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[bookmark: _Ref140417679][bookmark: _Toc140574594]Figure 14 Matched settling time and overshoot valued after tuning and running the simulation with the new transfer function.
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[bookmark: _Toc140574595]Figure 15 Waveforms for simulation four after matched settling time and overshoot values.
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[bookmark: _Toc140574596]Figure 16 Waveforms for simulation five with only the transfer function in the simulation.
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[bookmark: _Ref140421686][bookmark: _Toc140574597]Figure 17 Direct comparison of all five output waveforms.







[bookmark: _Toc140575913]Discussion
The first simulation in Figure 10 shows a long settling time on the output waveform with this improving for the other simulations. The waveform in Figure 13 is not as expected, but it is unclear why this result was generated. However, the other simulations in this paper demonstrate accurate PID tuning within the required constraints and that these values can be used to find the whole system closed-loop transfer function. The transfer function was used to replace the PID controller in the system with identical results generated, as shown in Figure 17. This process can be used to mathematically validate the designed system. 
While the constraints in this task would not be sufficient for a high-performance system such as the CIWS, the task demonstrates the basics of the process which would be used to create the control system for the CIWS.
Despite control systems being an invaluable tool in the engineering world, there are limitations worthy of consideration:

· Human error – the system is only as accurate as the information input by the user. If a mistake is made defining any parameter, this will be carried forward to the final design leading to the possibility of instability.
· User competence – it takes several years of experience to be able to effectively use MATLAB and Simulink. While the software is to some extent user friendly, this won’t make up for lack of knowledge, making the modelling of complex systems a challenge. An understanding of the system being modelled, and the software, is critical to creating a valid model.
· Uncertainty. If there is a potential deficiency in the model due to lack of knowledge and understanding, how can it be accounted for in the results?

Although identical waveforms were obtained for three of the simulations, indicating they were performed correctly, the user was following step by step instructions rather than understanding the software. This lack of knowledge explains why the fourth output graph is not identical, and why the error wasn’t corrected.

[bookmark: _Toc140575914]Conclusion and Future work
The simulations showed a PID controller can be used to provide constraints on a system (tuning) and the constraints will be adhered to these if modelled correctly. The simulation was also validated by replacing the PID controller with a whole system closed-loop transfer function.
It would be interesting to compare the manually tuned values to automated tuned values in Simulink. This process requires the use of Simulink Control Design software and would therefore require a greater understanding of the software.

Confidence in the validity of the results would be improved if the user had a greater working knowledge of the MATLAB and Simulink. Future work would require this deficiency to be addressed.
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