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Abstract
MATLAB R2021a Simulink was used to simulate a closed-loop control system for angular positioning of a Close-In Weapon System (CIWS) turret with a given transfer function (see Fig.1), within the target parameters of <5% overshoot and <2 seconds settling time. The system was based around a PID controller which, when tuned, brought the system into stability within 0.199 seconds and with an overshoot of 1.34%. Gain values derived from tuning the PID and the transfer functions of the plant and feedback loop were used to create a ‘forward-path transfer function’ and a single ‘closed-loop transfer function’ for controlling the system as a whole. Further closed loop control systems were simulated in MATLAB for these transfer functions, so results could be compared, and graphical representations produced in order to critically analyse stability of the control system.
1. Introduction
Close-in weapons systems (CIWS) turrets are a common feature of modern naval ships, with guns and cannons of varying calibres playing a crucial role in detection and destruction of short-range projectiles, enemy aircraft and small boats, among other targets. Generally they consist of an array of measurement systems, such as radars, IR cameras and gyroscopes, computers and multi-barrel cannons set on a rotating turret. Data feedback from the measurement apparatus built in to these systems allows acquisition and tracking of moving targets including while moving through varied terrain. Maintaining precision accuracy under these conditions requires fine adjustment directed by a highly stable control system [1] [2].
PID (proportional-integral-derivative) controllers have been used extensively to provide the control system for directing torque motors on CIWS turrets to achieve correct angular positioning. This is achieved by processing data for the desired setting and the sensor-measured difference through suitable mathematical equations, determined by tuning of the PID controller [3] [4]. 
Multiple PID tuning methods have been applied to this field; one such example being the commonly used rule-based Ziegler Nichols method. The Ziegler Nichols method works by using a pair of measurements of system response to provide suitable PID gains. Controller path gain, controller integral time constant, and controller derivative time constant values are determined based on measured feedback loop parameters. PID tuning rules based on this method have been used to create ‘slide-rule’ controls which can be used to tune PID controllers in software such as MATLAB Simulink [5] [6] [7], as used in this investigation.
As a heuristic method, Zeigler Nichols has been described as achieving an adequate result for linear systems, but struggles to deliver sufficient results to meet requirements in non-linear systems. More recently, however, tuning methods of greater complexity have been used to provide optimised parameters which overcome this challenge [8] [7] [2].


2. Equipment
This investigation used MATLAB R2021a’s Simulink feature to design and simulate the control loop. In particular the slide control based PID tuner was utilised to derive gain values for the PID.
3. Method
The Simulink feature within MATLAB R2021a was used to design and simulate a closed-loop control system for a CIWS turret (the plant) with the transfer function shown in Fig.1 below (where G = the plant)

Fig.1: Given transfer function for the CIWS turret (plant)
The control system was represented in block diagram form. Firstly, a step input was placed in order to provide a bounded input. Values for the step input are shown in Fig.2.
	FIELD 
	VALUE

	Step Time
	1

	Initial Value
	0

	Final Value
	1

	Sample Time 
	0


Fig.2: Table showing values used for the step input

A closed loop system was then drawn (see Fig.3: Loop A). This featured the CIWS turret plant, with its given transfer function, connected to a PID controller, with a feedback loop. In this case a subtraction block was placed to create the feedback loop as the system is a negative feedback system. Connecting an oscilloscope to each of the four steps in the system allowed provision of graphical data for system output, error, the fix/solution, and the actual reading respectively.
[bookmark: _GoBack][image: ]
Fig.3: Image of the block diagram representation of the 3 control loops created in MATLAB’s Simulink

Using the slide controls for ‘response time’ and ‘transient behaviour’ on Simulink’s block tuner feature, the PID controller block was tuned to give a system output within the specified ‘settling time’ and ‘overshoot’ parameters of <2 seconds and <5%. The parameters achieved from the tuning are shown in Fig.4 and a graphical representation of the step response in Fig.5. Proportional (Kp), integral (Ki) and derivate (Kd) gain values and filter coefficient (N) were derived from tuning of the PID block - with these values listed in Fig.6.
	Rise Time
	0.127 seconds

	Settling Time
	0.199 seconds

	Overshoot
	1.34%

	Peak
	1.01

	Gain Margin
	Inf dB @ Inf rad/s

	Phase Margin
	87.3 deg @ 15.8 rad/s

	Closed-loop stability
	Stable


Fig.4: Table showing the tuning parameters obtained using the block tuner
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Fig.5: Graph showing the step plot generated from tuning the PID block (block response line)
	Kp
	97.7509

	Ki
	76.1822

	Kd
	31.2901

	N
	1803.8927


Fig.6: Gain values for the PID controller derived from tuning

Fig.7: Transfer function of the PID controller block

The gain values (Kp, Ki, Kd, N) were inputted into the transfer function of the PID controller (see Fig.7). The PID transfer function was then multiplied by the transfer function of the plant (see Fig.8) and factorised in order to provide the forward-path transfer function of the system (see Fig.9).


Fig.8: Multiplication of the PID transfer function and plant transfer function


Fig.9: The calculated ‘forward path transfer function’
A block diagram of the closed loop system using the derived ‘forward transfer function’ and the feedback loop was then drawn (see Fig.3: Loop B), with each stage connected to a further oscilloscope, so the results could be compared to the original representation of the system.
Since the system represented is a negative feedback system, where the transfer function of the feedback loop (H) is equal to 1, the ‘closed-loop transfer function’ for the whole system was calculated using the formula shown in Fig.10 - where H = transfer function of the feedback loop & G (in this case) = ‘forward path transfer function’. Fig.11 shows the previously derived values substituted into the equation; and Fig.12, the calculated ‘closed-loop transfer function’ after factorising and collection of like-terms.

Fig.10: Equation for the ‘closed-loop transfer function’


Fig.11: Equation for the ‘closed-loop transfer function’ with derived values substituted in


Fig.12: The calculated ‘closed-loop transfer function’

This ‘closed-loop transfer function’ was checked against the numerator and denominator values auto-calculated by MATLAB and represented in Simulink also (see Figure x Loop C), such that the system output results could be compared with the two aforementioned control loops (see Fig x Loops A & B) using a further oscilloscope block.
MATLAB was then used to analyse the stability of the control system created through generating a Nyquist plot and Nichols plot of the forward transfer function and pole-zero plots of the plant, PID controller and whole system (closed-loop transfer function). Bode diagrams for analysis of the gain of the phase and magnitude were also generated, as well as a root-locus plot. These graphical data are displayed in the following results section (see Figs.13-18).


4. Results
The system parameters achieved through tuning the PID (see Fig.4) demonstrate the closed-loop system created is stable, and that the settling time (0.199 seconds) and overshoot (1.34%) are well within the target parameters of <2 seconds and <5%, with phase margin at 87.3 deg @ 15.8 rad/s.
[image: ]
Fig.13: Data from the oscilloscope connected to Loop A – showing in top down order: 1. System Output for angle; 2. Error for angle; 3. Work done for the solution; 4. Actual reading of the angle

[image: ]
Fig.14: Data from the oscilloscope connected to Loop B – showing in top down order: 1. System Output for angle; 2. Error for angle; 3. Actual reading of the angle
[image: ]
Fig.15: Data from the oscilloscope connected to Loop C – showing in top down order: 1. System Output for angle; 2. Actual reading of the angle

[image: ]
Fig.16: Nyquist Plot generated by MATLAB for the ‘forward transfer function’
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Fig.17: Pole-Zero Plots generated by MATLAB for the plant, controller and system (close-loop transfer function)

[image: ]
Fig.18: Bode Diagram generated by MATLAB showing phase and magnitude against frequency for the ‘forward-path transfer function’
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Fig.19: Nichols Plot generated by MATLAB showing phase and magnitude against frequency for the ‘forward-path transfer function’
[image: ]
Fig.20: Root-Locus plot generated by MATLAB 
[image: ]
Fig.21: Zoomed-in section of the above Root-Locus plot generated by MATLAB showing majority of the pole locations at greater resolution.

5. Discussion
The system parameters achieved through tuning the PID (see Fig.4) demonstrate the closed-loop system created is stable, and that the settling time (0.199 seconds) and overshoot (1.34%) are well within the target parameters of <2 seconds and <5%. 
Figs.13-15, showing the oscilloscope data for the 3 closed-loop control systems simulated demonstrates that they all provide the same control and stability, with the graphs showing actual readings being identical. This proves that the calculations through mathematical expressions for the ‘forward-path transfer function’ and ‘closed-loop transfer function’ are sound, and that these can be used in MATLAB to generate simpler representations for the closed-loop control system.
The 3 Pole-Zero plots demonstrate the individual stability of the plant, controller and closed-loop system (see Fig.17). Plots for both the controller and closed-loop system show a singular pole at approximately -1800s-1 at 0 on the imaginary axis, showing that they are real data points. Both poles, being located on left of the imaginary axis, or damping axis, demonstrate stability and a rapid exponential decay in the time domain response. The Pole-Zero plot for the plant, shows a conjugate pair of poles, both located at -1.2s-1 on the real axis, demonstrating stability through a decaying sinusoidal wave.
Analysis of the Bode Plots support the forward-path transfer function being stable, in that magnitude is not above 0Db where phase is trending towards -180O and phase is lower than 180O where magnitude is 0Db by significant margins.
The Nyquist Plot (see Fig.16) further confirms system stability by depicting the gain and phase margins across the frequency range, with the plotted line maintaining significant distance from the critical point. The plotted line crosses real axis at a value far closer to 0 than to -1, consequently representing a larger gain margin [9]. The Nichols Plot (see Fig 19) allows easier observation of how the gain and phase margin vary with frequency, without having to measure these values using a unit circle in the Nyquist plot, or observe the data over two separate plots as with the Bode Plot [10].
The root-locus plot (see Figs.20 & 21) shows no poles on the positive side of the real axis, suggesting that the system will not become unstable even with changes in system parameters. The distribution of poles on the plot, alongside the response of the system (see Figs.13-15) suggests that it is marginally over-damped/critically damped.
6. Conclusion
A closed-loop control system has been successfully created and tuned which brings the CIWS turret into stability well within the target values for overshoot and settling time – achieving 1.34% and 0.199 seconds respectively. A variety of graphical analysis techniques, generated in MATLAB, have been used to demonstrate the high stability of the closed-loop control system and therefore of the derived ‘forward-path transfer function’ and ‘closed-loop transfer function’ – including with variation in control parameters - whilst allowing the variation in phase and gain margin with frequency to be observed.
This demonstrates that use of PID controllers in combination with rule-based tuning methods such as the Ziegler-Nichols method, and the PID tuner in Simulink can be effective at providing an adequate response for control of plant with linear characteristics, such as angular position of the given CIWS turret.
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