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Abstract
It has been asked that a laboratory assignment be produced using MATLAB© and Simulink©, to design a Closed—loop Control System capable of controlling a pre-defined process. The designed system must be able to bring the process under control within two seconds, with a maximum overshoot of 5%.
This report details the performance and stability results of an Angular Positioning System (APS) fitted to an automatic Close-In Weapon System (CIWS), in the form of Amplitude Response Plots, which includes a Bode Diagram, a Nyquist Plot and Pole-Zero Plots of the systems Transfer Function (TF), all plots showed the system to be stable, and met the systems performance requirements.
The TF for the system and pole locations was derived mathematically to confirm the results of the simulation. After tuning the PID Block the system complied with the requirement of the specification and mathematical calculations correlated with the simulation results. All other findings have been detailed in this report.



















1 Introduction
1.1 It has been asked that a laboratory assignment be produced using MATLAB© and Simulink©, to design a Closed—loop Control System capable of controlling a pre-defined process. The process selected for simulation modelling was an Angular Positioning System (APS) fitted to an automatic Close-In Weapon System (CIWS). The designed system must be able to bring the process under control within two seconds, with a maximum overshoot of 5%. [1]
1.2 Put simply, a Control System is an interconnection of components, electrical, mechanical, or optical which together provide a desired output. Since the function of a system is typically pre-defined, a system can be classified as Open-loop or Closed-loop. [2]
1.2.1 Open-loop Control System
1.2.1.1 An Open-loop system is simpler when compared to the Closed-loop system, the key difference is that the open-loop system has no feedback involved, they system is unaware of the variations that are taking place within. A simple block diagram of an Open-loop Control System [2] is shown in Figure 1 below.
‘An open-loop control system utilizes an actuating device to control the process directly without using feedback.’ [2]
[image: Diagram

Description automatically generated]
[bookmark: _Ref91711690][bookmark: _Toc92051084]Figure 1 - Open-Loop Control System – Basic Block Diagram [2]
1.2.2 Closed-loop Control System
1.2.2.1 A Closed-loop Control System is more complex due to the addition of feedback to the system, although this allows for the system to effectively, react and adjust, to ensure the desired output is maintained regardless of external disturbances. A simple block diagram of a Closed-loop Control System is shown in Figure 2 below.
‘A feedback control system is a control system that tends to maintain a prescribed relationship of one system variable to another by comparing functions of these variables and using the difference as a means of control.’ [2]
[image: Diagram

Description automatically generated]
[bookmark: _Ref91712717][bookmark: _Toc92051085]Figure 2 - Closed-Loop Control System - Basic Block Diagram [2]
1.3 The Simulink© simulation model consisted of a signal input, Partial Integral Derivative Controller (PID) the APS CIWS Transfer Function (TF) and a scope. The Transfer Function (TF) of the APS CIWS is shown below in Equation 1:

[bookmark: _Ref91714394][bookmark: _Toc92051101]Equation 1 - Transfer Function of APS CIWS
‘PID control systems consist of controllers and controlled subjects. By adjusting parameters such as proportional coefficient KP, integral coefficient KI, and differential coefficient KD, the control strategy can achieve satisfactory results.’ [3]
1.4 Below, Equation 2 shows the PID compensator formula which the block follows in Simulink©.

[bookmark: _Ref91969779][bookmark: _Toc92051102]Equation 2 - PID Compensator Formula
1.5 Each component in a control system would have its on specific TF, which depending on how the components are arranged in the system, would ultimately determine the overall TF of the system, this will be shown for the system modelled in Section 3.
1.6 There are generally three key assumptions made when using TFs:
· TFs are only used to analyse linear time-invariant systems.
· TFs are only applicable to systems with zero-initial conditions (zero at rest).
· TFs are only applicable to single input – single output systems.		[4]
‘The transfer function of a control system is defined as the ratio of the Laplace transform of the output variable to Laplace transform of the input variable assuming all initial conditions to be zero.’ [5]
1.7 Without the use of Laplace transforms the TF for a system cannot be defined, it allows for convoluted operators to be transformed into multiplication operators, properties of the TF can then be related to properties of the system. Simply a Laplace Transform allows the change from the time domain (t) to the Laplace Domain (s), where (s) is a complex variable. [6] The functional equation for the Laplace transfer is shown in Equation 2 below.
[image: Text

Description automatically generated]
[bookmark: _Ref91801494][bookmark: _Toc92051103]Equation 3 - Laplace transform of a function [6]


2 Simulation Models
2.1 Below, Figure 3 shows the simulation model of the APS CIWS Closed-loop Control Systems initial response with outputs to the scope after each component. (No tuning)
[image: Diagram
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[bookmark: _Ref91801716][bookmark: _Ref91801709][bookmark: _Toc92051086]Figure 3 - APS CIWS Closed-loop Control System (No tuning)
2.2 Below, Figure 4 shows the simulation model of the tuned APS CIWS Closed-loop Control Systems response with outputs to the scope after each component, after tuning the PID Block.
[image: Diagram
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[bookmark: _Ref91802319][bookmark: _Toc92051087]Figure 4 - APS CIWS Closed-loop Control System after tuning PDI Block



3 Results
3.1 Graphical Representation of Control System TF Performance
3.1.1 [bookmark: _Hlk91970639]Below, Figure 5 shows the Amplitude against Time Step plot for the PID Blocks output, the blue dotted line shows the blocks initial response. The solid blue line shows the tuned response of the block.
[image: Chart
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[bookmark: _Ref91802942][bookmark: _Toc92051088]Figure 5 – PID Initial Block Response Prior to Tuning
3.1.2 Below, Figure 6 shows the Amplitude against Time Step plot for the for the PID Blocks output after tuning.
[image: Chart

Description automatically generated with medium confidence]
[bookmark: _Ref91970446][bookmark: _Toc92051089]Figure 6 - Tuned PID Block Response

3.1.3 Below, Figure 7 shows the Bode Diagram of the Control Systems TF.
[image: Chart, line chart
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[bookmark: _Ref91964193][bookmark: _Ref91803115][bookmark: _Toc92051090]Figure 7 - Bode Diagram of Control System Forward TF
3.1.4 Below, Figure 8 shows the Nyquist Plot of the Control Systems Forward TF.
[image: Chart
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[bookmark: _Ref91964206][bookmark: _Toc92051091]Figure 8 - Nyquist Plot of Control Systems Forward TF


3.1.5 Below, Figure 9 shows the Pole-Zero Plot of Plant (APS).
[image: Diagram

Description automatically generated with medium confidence]
[bookmark: _Ref91968098][bookmark: _Toc92051092]Figure 9 - Pole-Zero Plot of Plant (APS)
3.1.6 Below, Figure 10 to Figure 15 shows the Pole-Zero Plot of the Closed-loop systems TF.
[image: A picture containing text
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[bookmark: _Ref91969818][bookmark: _Toc92051093]Figure 10 - Pole-Zero Plot of the Closed-loop TF – Pole at -1.25e+03s-1
[image: Diagram
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[bookmark: _Toc92051094]Figure 11 - Pole-Zero Plot of the Closed-loop TF – Continued Pole at -9.9s-1
[image: Timeline
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[bookmark: _Toc92051095]Figure 12 - Pole-Zero Plot of the Closed-loop TF – Continued Pole at -1.4s-1
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[bookmark: _Toc92051096]Figure 13 - Pole-Zero Plot of the Closed-loop TF – Continued Zero at -1.05s-1
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[bookmark: _Toc92051097]Figure 14 - Pole-Zero Plot of the Closed-loop TF – Continued Zero at -0.825s-1
[image: Chart
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[bookmark: _Ref91969836][bookmark: _Toc92051098]Figure 15 - Pole-Zero Plot of the Closed-loop TF – Continued Pole at -0.688s-1
3.2 Mathematical Calculations
3.2.1 Using Equation 1 the poles and zeroes can be deduced mathematically by applying the quadratic formula as shown below in Equation 4 to Equation 14.

[bookmark: _Ref91972155][bookmark: _Toc92051104][bookmark: _Ref92057116]Equation 4 - TF of Plant

[bookmark: _Toc92051105]Equation 5 - Quadratic Formula

[bookmark: _Toc92051106]Equation 6 - Values input to Quadratic Formula

[bookmark: _Toc92051107]Equation 7 - Formula prior to the introduction of j

[bookmark: _Toc92051108]Equation 8 - Removal of the negative root




[bookmark: _Toc92051109]                Equation 9 - Addition of imaginary number               Equation 10 - Subtraction of imaginary number

[bookmark: _Toc92051110]            Equation 11 - Addition of imaginary number Cont      . Equation 12 - Subtraction of imaginary number Cont.

[bookmark: _Ref91973516][bookmark: _Toc92051111]                Equation 13 - Calculated Pole Values – Positive             Equation 14 - Calculated Pole Values – Negative
3.2.2 Using the values obtained from the PID response plot in Figure 5, Kp, Ki, Kd, and N, can be used to mathematically deduce the TF for the PID Controller then ultimately the TF of the control system as a whole. The values used for the calculation are show in Figure 16 below.
Kp=61.303, Ki=28.34, Kd=32.646, N=1259.7
[bookmark: _Ref91974273][bookmark: _Toc92051099]Figure 16 – PID Tuner Values Obtained from MATLAB©©
3.2.3 By inputting the values shown in Figure 16 to Equation 2, the TF for the PID controller can be calculated as shown in Equation 15 below.

[bookmark: _Ref91974693][bookmark: _Toc92051112]Equation 15 - TF of PID Controller
3.2.4 As shown below in Equation 16 - Equation 27, using Equation 15 the forward transfer function of the system can be found by multiplying with Equation 4, the TF of the APS.

[bookmark: _Ref91976071][bookmark: _Toc92051113]Equation 16 - TF of PID Controller Multiplied by APS (Plant)

[bookmark: _Toc92051114]Equation 17 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051115]Equation 18  - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051116]Equation 19 - TF of PID Controller Multiplied by APS (Plant) Cont.


[bookmark: _Toc92051117]Equation 20 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051118]Equation 21 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051119]Equation 22 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051120]Equation 23 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051121]Equation 24 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051122]Equation 25 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Toc92051123]Equation 26 - TF of PID Controller Multiplied by APS (Plant) Cont.

[bookmark: _Ref91976085][bookmark: _Toc92051124]Equation 27 - TF of PID Controller and APS (Plant)
3.2.5 Using Equation 28 below and Equation 27 above the TF for the whole system can be calculated as shown below, where G is the forward path TF and H is the TF of the feedback loop.

[bookmark: _Ref91976242][bookmark: _Toc92051125]Equation 28 – TF for whole system

[bookmark: _Toc92051126]Equation 29 - TF For Whole System With Values Substituted


[bookmark: _Toc92051127]Equation 30 - TF For Whole System With Values Substituted Cont.

[bookmark: _Toc92051128]Equation 31 - TF For Whole System With Values Substituted Cont.

[bookmark: _Toc92051129]Equation 32 - TF For Whole System With Values Substituted Cont.

[bookmark: _Toc92051130]Equation 33 - TF For Whole System Cross-multiplication

[bookmark: _Toc92051131]Equation 34 - TF For Whole System Cross-multiplication Cont.



[bookmark: _Toc92051132]Equation 35 - TF For Whole System Expanding the brackets

[bookmark: _Ref92046882][bookmark: _Toc92051133]Equation 36 – TF For Whole Control System
3.2.6 Through mathematical calculation the TF for the whole control system has been shown above in Equation 36, the TF derived in MATLAB© has been shown below in Figure 17, although the format is slightly different the result remains the same, the numerator and denominator values used for the formula parameters have been shown and re-written in Equation 37 - Equation 45 to replicate the format given in Equation 27.
[image: Text

Description automatically generated]
[bookmark: _Ref92047266][bookmark: _Toc92051100]Figure 17 - MATLAB© TF for Whole Control System
N1=Kp+(N*Kd),  
N1 = 61.303+(1259.7*32.646)
N1=41185.973
[bookmark: _Toc92051134][bookmark: _Ref92106172]Equation 37 - Value for N1
N2=(Ki+(N*Kp))
N2 = (28.34+(1259.7*61.303))

[bookmark: _Toc92051135]Equation 38 - Value for N2
  N3 = N*Ki
N3 = 1259.7*28.34
N3 = 35699.898
[bookmark: _Toc92051136]Equation 39 - Value for N3
D1 = a
D1 = 3
[bookmark: _Toc92051137]Equation 40 - Value for D1
D2 = (a*N)+b 
D2 = (3*1259.7)+3
D2 = 3782.1
[bookmark: _Toc92051138]Equation 41 - Value for D2
D3 = Kp+(N*Kd)+(b*N)+c
D3 = 61.303+(1259.7*32.646)+(3*1259.7)+3
D3 = 64.303+41124.166+3779.1
D3 = 44967.569
[bookmark: _Toc92051139]Equation 42 - Value for D3
D4 = (N*Kp)+Ki+(c*N)
D4 = (1259.7*61.303)+28.34+(3*1259.7)
D4 = 77223.389+28.34+3779.1
D4 = 81030.829 
[bookmark: _Toc92051140]Equation 43 - Value for D4
D5 = N*Ki
D5 = 1259.7*28.34
D5 = 35699.898
[bookmark: _Toc92051141]Equation 44 - Value for D5


[bookmark: _Ref92058381][bookmark: _Toc92051142]Equation 45 – Equation shown in Figure 17 with calculated values added



4 Discussion
4.1 The initial response of the PID block shown as the blue dotted line in Figure 5 fails to meet the specification of less than 5% overshoot with a settling time below 2 seconds. The untuned block takes 11.7 seconds to meet the required output although there is 0% overshoot.
4.2 After tuning the PID using the blocks tuning function, the controller meets the required specification represented as the solid blue line in Figure 6. Now the systems settling time is only 0.725 seconds, although the overshoot has increased to 3.65% it is still compliant, being less than 5%.
4.3 When assessing the stability of the system, the Gain margin (Gm) and Phase margin (Pm) can be obtained from the Bode diagram Figure 7, Nyquist plot Figure 8, and Pole-Zero plot Figure 10 - Figure 15 of the control systems TF which are all measures of the systems stability. 
4.4 Figure 7 shows the Gm = ∞, this is a beneficial as it implies no matter how much gain is added to the system it will still be stable, the Pm = 85° @ 11rad/s this a acceptable value, values of greater than 25% are desirable [7] indicating that the system is stable and only 85° @ 11rad/s from instability.
4.5 Figure 8 also confirms the Pm of the system is 85° @ 11rad/s as mentioned above which is stable, the Nyquist plot is a plot of the frequency response and phase response, which are the real values of the transfer function. [8]
‘With a Nyquist plot, you can simply observe the distance between (–1, 0) and the point at which the curve crosses the negative real axis. More distance between these two points corresponds to a larger gain margin and, consequently, to a circuit that is more reliably stable.’ [9]
4.6 Figure 9 shows the Pole -Zero plot for the plant prior to any tuning, which states the poles at s=-0.5+0.866j and s=-0.5-0.866j. Poles at these locations indicate a frequency response with a decaying sinusoidal output which is deemed stable, although failed to meet specification.  Equation 4 was also used to determine mathematically the locations of the poles, resulting in Equation 13 and Equation 14, which correspond with the values obtained through the MATLAB© simulation. 
4.7 Figure 10 to Figure 15 shows the Pole-Zero plots for the closed-loop transfer function, all poles and zeros are found on the real axis no imaginary values were found, indicating that the system is now stable and meets the specification requirements. Poles were found at -1.25e+03s-1,      -9.9s-1, -1.4s-1, and -0.688s-1. Zeros were found at -1.05s-1, -0.825s-1.
4.8 The mathematical derivation of the systems transfer function, forward transfer function and pole zero calculation as shown in Section 3.2 generally correlate with, and confirm the results obtained through the MATLAB© simulation model. Although there is a minor discrepancy when comparing the whole systems TF Block Formula with the values calculated which are shown in Equation 45, the values shown are present in the simplification of Equation 16. 
5 Conclusion
5.1 Control systems and their components are instrumental to the function of various operations more specifically safety critical operations, from accurate temperature control of fuel cells within a nuclear reactor, to efficiently control air pressure within a gas turbine engine, and finally reliably control the Oxygen levels withing a submerged vessel.
5.2 Control of these systems require direct communication between all components within the system, sometimes there may be electrical sensors with mechanical actuators. The way in which these components communicate is a function of the systems transfer function, which can be deduced mathematically as shown in Section 3.2 with a high degree of accuracy the stability of the system was indicated with relative ease. 
5.3 The simulation models created in MATLAB© for analysis were fast and relatively easy to create with multiple visual representations of the systems stability available with very little input from the user when compared to the time required to produce the same plots manually. 
5.4 Through tuning the PID block the APS CIWS Closed-loop System was able to meet the required specification of less than 5% overshoot in a settling time of less than 2 seconds. Due to the speed and ease of use, MATLAB© is the preferred method to conduct any further analysis of Control Systems and their TFs, in place of the manual calculation method because the possibility of calculation error within the MATLAB© operation is almost no existent when compared to manual simplification.
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