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Abstract
Closed loop control systems are used to carry out processes and produce outputs within specified parameters. Such control systems operate in areas of engineering such as weapon systems, spacecraft, plant machinery, and chemical processing facilities. This report details the modelling and simulation of a closed loop control system designed to adjust the angular position of a CIWS (close in weapon system) turret. The specifications for the system, the detail of the mathematical equations, and the modelling of the system in MATLAB and Simulink are included. The simulations were completed and Pole-Zero Plots, a Nyquist Plot and a Bode Diagram were produced. The results show that there is some evidence that the system might be stable, but that further study and more thorough analysis is required in order to draw more reliable conclusions.  
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1. Introduction

A control system is a set of interconnected components that achieve a desired outcome. A more detailed definition is given by Norman S. Nise in his highly regarded book, Control Systems Engineering.

“A control system consists of subsystems and processes (or plants) assembled for the purpose of obtaining a desired output with desired performance, given a specified input” [1] 

Control systems are an integral part of our everyday lives and are often used without us being aware. These range from the simple systems which heat our homes to the complex systems used in power stations to produce electricity. Control systems can also be found in nature, an example of which is the pancreas which controls blood sugar levels within the human body [1].
[bookmark: _GoBack]Human designed control systems date back thousands of years to when the Greeks engineered feedback systems as early as 300 BC [1]. Early systems used the flow of water as a source of energy, which later developed to include steam power which was harnessed towards the end of the 17th century. In the 20th century, rapid advances in the use of electricity, hydraulics, computers, robotics, and most recently digital technology, have led to the highly complex control systems of today which can be found in spacecraft, missile systems, automated production facilities, and lifesaving medical equipment found in operating theatres. These are a just a few examples and thousands more can be found in use in every single country around the world.
An open loop control system uses an actuator (a component that adjusts the environment) to achieve the desired outcome without receiving any feedback [2]. An example diagram of an open loop control system is shown below in Figure 1.  

[image: ]
Fig.1 Diagram of an open loop control system (Taken from ‘Modern Control Systems’ by Robert H. Bishop / Richard C. Dorf [2] )  

A closed loop control system is similar to the open loop system, with the additional feature of a feedback signal which provides information about the actual output. This feedback can be compared to the desired output [2]. An example diagram of a closed loop control system is shown below in Figure 2.  

[image: ]
Fig.2 Diagram of a closed loop control system with feedback (Taken from ‘Modern Control Systems’ by Robert H. Bishop / Richard C. Dorf [2])

This report describes the modelling and analysis of a closed loop control system capable of positioning a CIWS (close-in weapon system) turret within certain parameters. The control system model was built using MATLAB and Simulink software. The model was run in order to simulate its performance, and pole-zero plots, a Nyquist Plot, and a Bode Diagram were created in order to evaluate the system’s time response and compare the transient and steady-state responses in relation to the given specifications. 
A full description of the control system specifications, a breakdown of the mathematical equations used, and the details of the models produced are included in Section 2 of this report. The results are included in Section 3, and some discussion and conclusions are included in Sections 4 and 5.

2. Method

2.1   Specifications for the closed loop control system
The specifications for the closed loop control system contained the following parameters. 

· The system should be capable of controlling the angular positioning system attached to a CIWS (close-in weapon system) turret. [3]

· The system will contain a unit step input. [3]

· The control system should be able to bring the process under control in less than two seconds. [3]

·  The control system should have an overshoot of less than 5%. [3]





2.2   Details of the mathematical equations used  

The equation for the transfer function (G(s)) of the control system was provided. The equation is shown below in Figure 3.  
[image: ]
Fig.3 The transfer function (G(s)) equation (taken from ‘Level 5 Assessment Specification – Instrumentation and Control’ by Dr Steve Mosey) [3]

The values for a, b, and c, were also provided [3]. These values are a = 2   b = 3   c = 1, and were substituted into the transfer function equation. This equation is shown below in Figure 4.
[image: ]
Fig. 4 The transfer function (G(s)) equation with the values substituted (taken from image of the control system modelled in Simulink by the author)

The equation for the PID controller was taken from Simulink and is shown below in Figure 5.

[image: ]
Fig. 5 The PID controller equation (taken from an image of the PID Controller settings box while building the control system Simulink model) 

The values for P, I, D and N, were worked out using the PID controller in Simulink. The values were taken using the PID tuner to adjust the controller so that the process was under control within two seconds. This was one of the control system specifications detailed in Section 2.1. The values for P, I, D and N are: 
P = 31.5819   I = 15.9057    D = 14.6096    N = 846.1861
These values can be seen in Figure 6 below, which is an image of the PID controller settings box taken by the author while building the model in Simulink.      

[image: ]
Fig. 6 Image of the PID controller settings box (taken by the author while building the control system model in Simulink)

The closed loop control system requires the PID controller equation to be multiplied by the transfer function (G(s)) equation in order to calculate the complete transfer function for the whole system. A basic image of the two equations is shown below in Figure 7.

[image: ]    X      [image: ]
Fig. 7. The PID controller equation and transfer function equation that are multiplied together (images used are Figures 4 and 5)

After working through numerous algebraic steps, including factorising, collecting like terms, and simplifying, the final transfer function equation was worked out. This equation is shown below in Figure 8.



Fig. 8 Final transfer function (G(s)) equation which was calculated during the practical sessions while building the control system model

The numerical values for P, I, D, and N were then substituted into this equation which is shown below in Figure 9.


Fig. 9 Final transfer function (G(s)) equation which numerical values substituted

These equations, the values that are substituted into them, and the final answers that they provide are the figures that will represent how the control system will perform. Using these answers, judgements can be made about the stability of the control system and the transient / steady state responses. 

2.3   Computer simulation of the designed system                                                 
A model of the closed loop control system was built using MATLAB and Simulink. The system was built with a unit step input and a feedback loop as specified. A scope was added so that some initial readings could be taken after the model had been run.
An image of the complete system that was built is shown below in Figure 10.

[image: ]
Fig. 10 Image of the closed loop control system that was built using MATLAB and Simulink (taken from computer screen image by the author whilst building the system)
3. Results

After the models and simulations had been completed, Pole-Zero Plots, a Nyquist Plot, and a Bode Diagram were created using MATLAB.  All of the plots and diagrams created are included in this section.

3.1	Pole-Zero Plots

A Pole-Zero plot for the Transfer Function of the closed loop control system modelled in Simulink
[image: ]
Fig. 11 A Pole Zero Plot of the closed loop Transfer Function of the control system model run in Simulink. Created by the author using MATLAB.










A Pole-Zero plot for the plant (CIWS Turret) component of the closed loop control system modelled in Simulink
[image: ]
Fig. 12 A Pole Zero plot for the plant (CIWS Turret) component of the closed loop control system modelled in Simulink. Created by the author using MATLAB.

3.2   Nyquist Plot

A Nyquist Plot for the Transfer Function of the closed loop control system modelled in Simulink
[image: ]
Fig. 13 A Nyquist Plot of the closed loop Transfer Function of the control system model run in Simulink. Created by the author using MATLAB. 

3.3 Bode Diagram

A Bode Diagram of the closed loop control system modelled in Simulink

[image: ]
Fig. 14 A Bode Diagram of the closed loop control system modelled in Simulink. Created by the author using MATLAB.

The plots and diagrams show that the models and simulations have produced results that can be analysed.  

4. Discussion
Pole-Zero Plots are obtained using Laplace transforms and are used to analyse a circuit’s behaviour. The location of the poles and zeros on the axis can provide valuable information relating to the stability of the system [4]. If all the closed loop poles are negative on the real axis then the closed loop system is stable [5]. On the Plant Pole-Zero plot created for the CIWS turret control system, both the closed loop poles are negative indicating that it is likely to be stable. On the Transfer Function Pole-Zero Plot both of the closed loop poles are negative. This indicates that the whole system is likely to be stable. It is important to note that both of the plots created do not present the pole and zero locations particularly accurately. Further analysis and careful study of the axis and the exact locations is needed.
Nyquist plots are frequently used to provide reliable information about the stability of closed loop systems. The geometric shapes and their positons on the imaginary and real axis require careful analysis to avoid misinterpreting the results [6]. The image of the plot created using MATLAB for this system isn’t accurate enough to analyse, but it does show that a Nyquist plot for this system was able to be produced. 
A Bode diagram plots the phase or gain shift against frequency that occurs within a feedback control system, and is based upon Bode’s theorem, which explores the relationship between phase, gain and frequency [4]. The diagram created in MATLAB and included in this report provides information about phase, gain and frequency of the simulated system. A deeper understanding of this area and careful study of the actual diagrams is needed to draw useful conclusions from them.
While reliable analysis of the results presented in this report is difficult, all of the plots and diagrams show that the control system has carried out a process, and that there is some evidence that it might be stable. Further analysis would determine whether the closed loop control system meets the specifications that were provided and are included in Section 2.1.   

5. Conclusions
The modelling and simulation of the closed loop control system show that it is possible to use mathematical processes and computer simulation to analyse a system’s performance before it is considered for use. When systems are controlling heavy plant or potentially dangerous machinery, it is crucial that the performance and stability is understood. In the case of a CIWS Turret, which is the focus of this report, small inaccuracies in the positioning of the turret could pose significant problems when the weapon is used.  
As with all mathematical models and simulations, the results should be interpreted carefully and not relied upon as being a completely accurate representation of the physical components. However, simulations and modelling can provide valuable information which can have a positive influence on the design process and can highlight potential problems in a safe, cost effective, and timely manner.     
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