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Abstract:

This report details the modelling and control of a turret angular positioning system using a proportional-integral-derivative (PID) controller. The primary objective was to tune the controller such that the system achieved a settling time of less than two seconds and an overshoot below five percent. The closed-loop system was first constructed and tuned in Simulink, where iterative adjustments to the proportional, integral and derivative gains produced a stable response that satisfied the required transient performance criteria. An analytical model of the closed-loop system was then developed in MATLAB using transfer function representations of both the controller and the plant.

The analytical closed-loop response matched the Simulink simulation closely, confirming that the mathematical model accurately represented the implemented control system. Following this validation, MATLAB was used to investigate the behaviour of the open-loop system. A pole-zero map was generated to identify the location of the system poles and zeros, while a root locus plot illustrated how the closed-loop poles shift as gain varies. A Nyquist diagram of the loop transfer function was produced to assess the stability characteristics of the system, demonstrating that the applied controller gains maintained stable operation.

Although the controller met the specified transient performance requirements, the analysis was limited by the assumption of a linear plant model. Actuator saturation, friction, noise, time delays and real-world disturbances were not represented, meaning practical performance may differ from simulation outcomes.
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Section 1 - Introduction:

1.1- Background on control systems:

Control systems are used to regulate the behaviour of dynamic processes and ensure they follow a desired output or set point. At the most fundamental level, control systems can be categorised into open-loop and closed-loop configurations. Open-loop systems operate without feedback, meaning the controller’s action is independent of the actual output; while simple, these systems cannot automatically correct for disturbances or modelling errors. In contrast, closed-loop or feedback systems continuously measure the output and adjust the input to minimise error, enabling greater accuracy, stability and disturbance rejection. The basic structure of such systems is illustrated in Figure 1, where (a) represents an open-loop configuration and (b) represents a closed-loop configuration [1, pp. 2-8].

[image: A diagram of a flowchart
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Figure 1 - Open-loop (a) and closed-loop (b) block diagrams [1]

Feedback control is essential in applications requiring precise and reliable behaviour, including aerospace, manufacturing processes, vehicle dynamics and weapon-orientation systems. Modern automated control typically uses mathematical models such as transfer functions to describe system behaviour and design controllers that meet specific performance requirements [2, pp. 15-19]. These foundations form the basis for the PID-controlled turret positioning system investigated in this report.
1.2- Closed-loop control and PID theory:

Closed-loop control systems use feedback to continually compare the actual output with the desired set point and adjust the input to minimise the error. The proportional-integral-derivative (PID) controller is one of the most widely used structures in such systems due to its balance of simplicity and performance. The proportional term provides an immediate reaction to error, improving responsiveness; the integral term eliminates steady-state error by accumulating the error over time and the derivative term predicts future behaviour by reacting to the rate of change, helping to reduce overshoot and improve damping [3, pp. 58-60]. Together, these actions directly influence the transient response, including rise time, settling time and overshoot. An example of a transient response, showing rise time, overshoot and settling time can be seen in Figure 2, as cited in [4].

[image: A diagram of a graph
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Figure 2 - Transient response characteristics [4]

Stability analysis of PID controlled systems commonly uses pole-zero maps, root locus plots and Nyquist diagrams to assess how controller gains shift pole locations, modify stability margins and shape the system’s overall dynamic behaviour. In a pole-zero map, the relative placement of poles and zeros provides insight into natural frequency, damping and potential instability, allowing engineers to visualise how the closed-loop response evolves [1, pp. 158-159]. Root locus plots extend this by illustrating the trajectories of closed-loop poles as the controller gain varies, highlighting regions where the system becomes under-damped, oscillatory or unstable [1, pp. 386-388]. The Nyquist diagram complements these tools by representing the open-loop frequency response and identifying whether the feedback loop encircles the critical point (), a key indicator of closed-loop stability margins [1, pp. 550-555]. Collectively, these graphical methods enable evaluation of how PID parameters influence robustness, damping and the achievable dynamic performance.
1.3- Relevance of PID control in defence applications:

PID control plays a central role in many defence systems where rapid, accurate and stable motion control is essential. Applications include missile guidance, UAV attitude stabilisation and precision turret tracking. A key example is the Close-In Weapon System (CIWS), an automated naval defence platform designed to detect, track and intercept incoming threats at very short ranges. CIWS units rely on fast-acting servo mechanisms to rotate and elevate the gun mount, requiring highly responsive angular positioning to maintain target lock. This report focuses specifically on the turret’s angular control system, where maintaining stability and minimising tracking error is critical for effective operation. The Phalanx, shown in Figure 3, is a CIWS manufactured by Raytheon [5].

[image: A large machine object on a ship
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Figure 3 - Phalanx CIWS turret [5]

1.4- Design requirements:

The control objective is to tune the PID controller, so the turret achieves less than five percent overshoot and a settling time under two seconds. The plant is defined by the provided second-order transfer function with student-specific parameters. This report aims to evaluate performance, ensure stability and validate the analytical and Simulink models.

Section 2 - Equipment:

2.1- MATLAB software tools:

This investigation made use of MATLAB and the Control System Toolbox to construct transfer functions, analyse system behaviour and generate stability plots. Key functions were used to model the plant, assess pole locations and evaluate loop stability [6]. MATLAB was also required for developing the analytical closed-loop transfer function that was later compared against the Simulink model. Simulink operates as an extension of MATLAB, meaning MATLAB provides the computational engine on which Simulink runs. This integration enables seamless transition between analytical modelling and block-diagram simulation.

2.2- Simulink modelling environment:

The Simulink environment was used to construct and simulate the closed-loop control system using a block-diagram representation [7]. Key blocks included the PID controller block, which implemented the proportional, integral and derivative actions and the transfer function block, which represented the plant model using its defined numerator and denominator coefficients. A step block was used to generate the reference input command, allowing the system’s transient behaviour to be assessed. A subtract block was used to calculate the error signal by deducting the feedback from the reference input, forming the basis for the control action. The scope block provided real-time visualisation of the closed-loop response and the controller effort. Together, these blocks enabled iterative tuning, performance validation and direct comparison between simulated and analytical behaviour.

2.3- Computational setup and modelling assumptions:

The simulations assumed a linear, continuous-time system with no actuator saturation, friction, noise or external disturbances. A fixed-step solver was used to ensure consistent time-domain behaviour across runs. These assumptions simplify analysis but do not fully represent real hardware limitations, as noted in standard control-system modelling practice [8].







Section 3 - Method:

3.1- Construction of the closed-loop Simulink model:

The closed-loop Simulink model, shown in Figure 4, was constructed using the step, subtract, PID controller, transfer function and scope blocks. The step block generated the reference input, representing the desired turret angle. This signal was compared with the plant output in the subtract block to produce the error signal. The PID controller processed this error and generated the control effort applied to the plant, modelled as , based on the student-specific parameters. The plant output was returned to the feedback summation and simultaneously sent to the scope which displayed five signals: reference input, tracking error, PID effort, plant response and the MATLAB validation output.

[image: A diagram of a mathematical process
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Figure 4 - Closed-loop Simulink model

3.2- Iterative PID tuning method:

The PID gains were tuned iteratively using Simulink’s built-in PID tuner tool, shown in Figure 5. The initial controller was generated automatically from the plant model, after which the response time and transient behaviour were adjusted using the tuner’s sliders to meet the performance requirements for settling time and overshoot. Each adjustment produced an updated closed-loop response, allowing successive refinement of the proportional, integral and derivative gains. This iterative process continued until the system achieved a settling time below two seconds and an overshoot of less than five percent for the block response. This approach follows standard PID design practice described in control-engineering literature [9].
[image: A screen shot of a graph
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Figure 5 - Simulink PID tuner tool

3.3- Development of the analytical transfer function in MATLAB:

The analytical model was constructed in MATLAB by first defining transfer functions for both the PID controller and the plant using the tf function. These were multiplied to form the forward-path transfer function G, which was then converted into systemtf through the closed-loop expression , using standard feedback formulas [10]. MATLAB was used to extract the numerator and denominator coefficients of the resulting transfer function using systemtf.Numerator and systemtf.Denominator, converted to arrays via cell2mat. These coefficients were then imported directly into Simulink’s second transfer function block, allowing the analytical model to be evaluated alongside the Simulink simulation.

3.4- MATLAB-based stability and behavioural analysis:

MATLAB was used to investigate the stability and dynamic characteristics of the system through several classical analysis tools. Pole-zero maps were generated using pzplot for the plant transfer function, the PID controller, the forward-path transfer function G and the closed-loop expression systemtf. The rlocus function was used to produce the root locus, illustrating how closed-loop poles move as gain varies. A Nyquist diagram was obtained using the nyquist command to assess open-loop stability and potential encirclements of the critical point. These analyses provided insight into pole movement, stability margins and the general behaviour of the controlled system.

3.5- Validation of analytical model against Simulink output:

Validation was performed by directly comparing the Simulink closed-loop response with the analytical MATLAB model using systemtf derived from the closed-loop transfer function . Step responses were assessed for consistency in rise time, delay, overshoot and steady-state behaviour. In addition to MATLAB’s symbolic and numerical tools, the closed-loop transfer function was also derived manually by hand calculations, using standard feedback control formulas, to independently verify the MATLAB model [11].

Section 4 - Results:

4.1- Step response and time-domain characteristics:

Following the tuning process, the final PID parameters are displayed in Figure 6 within the block section. Figure 6 additionally provides the corresponding performance measures, including rise time, settling time, overshoot, peak value, gain margin, phase margin and confirmation of closed-loop stability.

[image: A screenshot of a computer
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Figure 6 - PID controller tuning results and performance metrics
Figure 7 presents the Simulink oscilloscope output. From top to bottom, the traces correspond to the reference input, the tracking error, the PID effort signal, the plant output and the MATLAB validation output used for model comparison.

[image: A screenshot of a computer
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Figure 7 - Simulink scope signals for PID-controlled system

In addition, a manual derivation was performed using the controller equations [11], provided as an array of expressions in Appendix A - System transfer function manual derivation. The final manual block diagram system transfer function emerged as:



Comparably the MATLAB system transfer function developed into:



4.2- Pole-zero maps:

Figure 8 presents pole-zero diagrams generated in MATLAB for the plant, PID controller, forward-path transfer function and the closed-loop system transfer function, illustrating how poles and zeros shift as the control structure is built. Poles are shown as X’s and zeros are shown as O’s.

[image: A group of graphs showing different types of axis
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Figure 8 - Pole-zero diagrams

Further closed-loop system pole-zero information is provided in Appendix B – Raw pole-zero data. Overall, all poles and zeros lie either on the negative real axis or at the origin on the imaginary axis. The MATLAB output reports zero overshoot and a critical damping ratio for all modes.

4.3- Root locus analysis:

Figure 9 presents the root locus of the system, illustrating the trajectories of the closed-loop poles as gain varies, shown by the green and red lines. The plot illustrates how root locations evolve along defined paths in the complex plane from their open-loop positions towards their respective endpoints. Throughout the plotted gain range, the poles remain on the negative real axis.

[image: A graph of a root locus
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Figure 9 - Root locus plot

4.4- Nyquist diagram:

Figure 10 presents the Nyquist diagram of the open-loop transfer function. The dashed circle represents the unit circle, with the critical point (−1+𝑗0) marked for reference. The blue curve shows the frequency response of the open-loop system. No encirclement or intersection at the critical point is seen. The plot shows an infinite gain margin and a phase margin of 90°.

[image: A screen shot of a diagram
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Figure 10 - Nyquist diagram

Section 5 - Discussion:

5.1- Validation of the analytical and Simulink models:

The oscilloscope output obtained from the Simulink model exhibited the same rise time, settling behaviour and overall transient characteristics as the analytical MATLAB step response. This close agreement confirms that the Simulink implementation and the MATLAB analytical model represent the same closed-loop system. The consistency is expected, as the PID gains used in the MATLAB model were taken directly from the tuned Simulink controller. Further validation was achieved through a manual derivation of the closed-loop system transfer function, which produced identical results to the MATLAB model, confirming the correctness of both analytical and simulation-based approaches.

5.2- Interpretation of stability and performance results:

The tuned PID parameters (Kp = 75.28, Ki = 106.89, Kd = 10.07, N=1087.37) produced a fast and stable closed-loop response. The proportional gain reduced rise time to 0.212s, while the integral term eliminated steady-state error. The derivative term increased damping, limiting overshoot to 4.32%, which is below the specified 5% tolerance. The derivative filter coefficient N defines the bandwidth of the derivative action, reducing noise amplification while preserving responsiveness. The settling time of 1.28s satisfies the 2s requirement, as confirmed by the oscilloscope response. Overall, the controller meets all performance and stability criteria.

5.3- Stability assessment from MATLAB plots:

The MATLAB pole-zero maps show that all system poles and zeros lie on the negative real axis or at the origin, indicating a stable and non-oscillatory response. The absence of complex conjugate roots explains the lack of sustained oscillations and is consistent with the small, well-damped overshoot observed in the step response. The root locus plot demonstrates that, as loop gain varies, the closed-loop poles remain confined to the left-hand side of the complex plane, confirming stability across the examined gain range. The Nyquist diagram further supports this assessment, as the open-loop frequency response does not encircle the critical point (), has infinite gain margin and a 90° phase margin, indicating adequate stability margins and robust closed-loop operation under the applied PID gains. Therefore, the model can be considered stable under all operating conditions.




5.4- Evaluation of system limitations and assumptions:

The reported rise time, settling time and overshoot were obtained under idealised conditions that neglect several real-world effects. The linear plant model assumes constant dynamics, whereas friction, backlash and actuator limits would slow the response and increase steady-state error in practice. Ideal sensing and noise-free feedback likely reduce oscillations compared to a real turret system. Consequently, the simulated performance represents an optimistic estimate and measured hardware responses would be expected to show increased delay, reduced bandwidth and potential higher overshoot under operational disturbances.

5.5- Recommendations for further improvement:

Further improvement of the model could be achieved by incorporating more realistic actuator dynamics, including saturation limits, rate constraints and friction effects, which would provide a closer representation of physical turret behaviour. The inclusion of external disturbances and sensor noise would allow assessment of disturbance rejection and robustness under operational conditions. Alternative control strategies, such as gain-scheduled PID or state-space control, could also be investigated to improve performance across varying operating regimes. Such enhancements would enable a more comprehensive evaluation of system resilience and real-world applicability [12].

Section 6 - Conclusions:

6.1- Summary of findings:

This report developed and analysed a closed-loop PID-controlled turret model using both MATLAB and Simulink, providing a consistent and coherent representation of the system dynamics. Analytical transfer functions derived in MATLAB were shown to match the Simulink implementation and manual derivations, validating the modelling approach. Stability analysis using pole-zero maps, root locus and Nyquist plots demonstrated stable behaviour across the examined operating range and offered insight into robustness margins. While the results indicate effective control for the representative linear model, the analysis also highlights that real-system behaviour may deviate due to unmodelled nonlinearities and physical limitations.

6.2- Confirmation of design objectives:

The closed-loop step response satisfies the specified performance criteria. The measured settling time of approximately 1.28s is well within the 2s requirement and the maximum overshoot of 4.32% remains below the 5% limit. These results confirm that the tuned PID controller meets the defined time-domain design objectives.
6.3- Scope for future work:

Future work could extend this study by investigating alternative control strategies such as gain scheduling, state-space or robust control to improve performance under varying conditions. Implementing the PID controller on a real CWIS platform would allow tuning against actuator limits, disturbances and noise, providing a more representative assessment of real-world behaviour.
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Section 8 - Appendices:    

Appendix A - System transfer function manual derivation:



Taking a = 1, b = 8, c = 6 our transfer function now becomes:



When drawn as a block diagram, the system now looks like this:

[image: A question marks and a number
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Using the PID tuner in MATLAB, the following values were obtained:

Kp: 75.2800186987077
Ki: 106.893086187012
Kd: 10.0656605906058
N: 1087.37200384548
So the transfer function of the PID controller will be:





To calculate the forward path transfer function of the system, the controller’s transfer function must be multiplied by the transfer function of the process.

























The block diagram can now be redrawn as:

[image: A screenshot of a computer

AI-generated content may be incorrect.]



Now we remove the feedback loop and calculate the transfer function of the system as a whole.
Using:



Where TF is the transfer function of the whole system, G is the forward path transfer function, and H is the transfer function of the feedback loop, in this case 
















Collecting like terms…



The block diagram can now be redrawn again as a single block.

y(t)


r(t)
y(t)




Appendix B - Raw pole-zero data:

[image: A screenshot of a computer
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Figure B.1 - Closed-loop system zeros
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Figure B.2 - Closed-loop system poles
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