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[bookmark: _Toc219111952]Abstract
This report investigations the design, simulation and subsequent validation of an angular positioning control system attached to an automatic CIWS turret, represented by the 2nd order transfer function:
	
	[bookmark: _Toc219111987](Eq 1)



With the a, b, and c values being the last three values of the student number, 2308380, +1, seen within (Eq 2). 
This was achieved by the research into control systems and the types of controllers used within a closed-loop control system before designing and simulating a representative control system within MATLAB Simulink software. The results gained were then subjected to common methods of stability analysis such as; Nyquist, Root Locus & Pole Zero Plots showing insights such as a high phase margin, the poles within the system transfer function lie within the left hand plane and the shape of the Nyquist diagram all providing adequate reassurance that the complete system is stable and would be suitable for applications requiring intense precision and a high safety margin.
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[bookmark: _Toc219111957][bookmark: _Toc51833404][bookmark: _Toc51833419]Types of Control Systems
Control systems are a method of providing a user desired output for a system, without this output being affected by external factors such as weather or electromechanical interference. 
There are two types of controls systems - open and closed loop systems. An Open loop system is a simple control system where the control ‘process’ or ‘controller’ operates independently to the output. 
An example of an open loop system:
[image: Figure 1.20]
	[bookmark: _Ref218975735][bookmark: _Toc219111974]Figure 1 - Open Loop Control System Example
	[1]


Within an open loop system there are 3 main components:
· An input: This is where you inform the system what you would like to receive as an output.
· Process: This is where the input is read by a controller, which adjusts the value to meet the desired output.
· Output: This is the final value provided by the complete system.
An example of a basic open-loop system would be a household washing machine. The control system would be as follows:
· Input: The user would signal the system to start; this would be a predetermined duration.
· Process: The controller would be the timer, which instructs the machine to start before instructing it to finish when the duration completes.
· Output: This would be the completion of the process, where you are left with clean clothes.
This is a simple and effective type of system which makes them cost effective and efficient due to the simplicity of the design leading to a low amount of parts and things that could ‘go wrong’. [2]

A closed-loop control system is a complex control system in which the control ‘process’ or ‘controller’ operates dependant on the output response. Within this system, the same methodology evident within an open-loop system applies with the addition of a feedback component which allows the control system to adjust the output in real time to ensure the desired output and the actual output remain the same disregarding external factors.
An example of a closed loop system: 
[image: closed loop system]
	[bookmark: _Ref218975811][bookmark: _Toc219111975]Figure 2 - Closed Loop Control System Example
	[3]


Within an open loop system there are 4 main components:
· Input: This remains the same as that within an open-loop system
· Process: This remains the same as that within an open-loop system
· Output: This remains the same as that within an open-loop system
· Feedback: This is the additional component within a closed-loop system. This is where the outputted value which is fed back into the process to adjust the output value based on any discrepancies found within this actual value and the desired value due to external factors such as weather or interference.
An example of a closed-loop system would be a cruise control system within a car [4]. The control system would be as follows:
· Input: The user would signal the system to start; this would be a predetermined duration, for example 70mph.
· Process: The controller would increase the car acceleration to reach 70mph based on perfect external conditions. 
· Feedback: This would sense the discrepancy between the intended 70mph and the actual output, due to the external conditions faced by the vehicle such as the wind and terrain and subsequently feed this value back into the process to account for this differential.
This is a more advanced control system which operate more efficiently with precision due to its self-correcting nature allowing for stability and automation. [2].
This report details the process, result, discussion and conclusion based on the requirement to design a closed-loop control system controlling the angular positioning system attached to an automatic CIWS turret which has an overshoot of under 5% as well as a time requirement to bring the process under control within 2 seconds following a unit step input using the transfer function seen in (Eq 2).
	 
	[bookmark: _Ref218975697][bookmark: _Toc219111988](Eq 2)


Using the control system designed within MATLAB, there was a requirement to find the closed-loop transfer function of the complete system which was subsequently verified by a comparison of single transfer function simulations to the simulation results obtained.
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Within control systems there are a variety of controllers such as:
· Discrete Control (On/Off): This type of controller is simple, low cost and low precision, it works by having setpoint with an upper and lower limit and turning on/ off depending on which side of the setpoint it is at. E.g. within a thermostat set at 22 degrees, it could have an upper limit of 24 degrees and a lower limit of 20 degrees. This controller would turn on until 24 degrees is hit before turning off until 20 degrees is hit and would constantly repeat this, changing between 20 and 24 degrees. [5]
· Three state controllers: This controller works similarly to Discrete control with the addition of a third state; ‘half on’, where the controller functions on the same principle of an upper and lower tolerance. E.g. within the same thermostat as before, the system would turn ‘fully on’ until the lower limit, process value (PV) of 20 degrees is hit, before being ‘half on’ leading to a slower build up to 24 degrees following which it would turn ‘fully off’ until 20 degrees is hit and the process would continue. 
· Proportional (P): The controller adjusts as the set point is changed which leads the controller output to rise accordingly, causing the PV to increase rapidly. As the PV increase, the controller output decreases proportionally. The controller output within a proportional controller slowly increases until it plateaus without ever reaching the set point, which has the positives of a simple, steady controller output but the negatives of never reaching the set point. [6]
· Proportional – Integral (PI): The controller output initially starts from an off state and increases rapidly when the setpoint is changed, causing the PV to rise. As the PV approaches the setpoint, the error signal decreases, which reduces the proportional contribution to the controller output. Unlike a proportional controller, the integral term continuously responds to the remaining error, allowing the output to increase until the steady-state error is eliminated. As a result, a PI controller reaches the setpoint with little to no steady state offset, whereas a proportional controller settles below the setpoint. [7]
· Proportional – Derivative (PD): The controller output initially starts from an off state and increases rapidly when the setpoint is changed, causing the PV to rise. As the PV approaches the setpoint, the error signal decreases, which reduces the proportional contribution to the controller output, slowing the error rate causing the derivative component of the controller output to reduce towards zero. The derivative component reacts to the rate of change of the error, thus ‘without the integral term, the error in steady state operation is not minimized’ [7]. Because of this, the PD controller settles below the set point.
· Proportional – Integral – Derivative (PID): This is a combination of all three controller variants and is commonly used due to reaping the benefits of all three types of control, which in combination, generally cancels out the drawbacks for each. They are the costliest due to being the most complex but are generally used for applications where accuracy, response time and stability are required.
Within this specific CIWS Control system, the controller used was a PID controller due to the complexity of a CIWS weapon system and the accuracy, response time and dampening requirements mandated within the assignment specification.
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[bookmark: _Toc219111960]Root Locus
This is a graphical technique used within control system engineering to study the movement of poles and their respective locations within the s-plane when subjecting the system to gain variation. This is used to understand the absolute stability of the system, as well as determining the gain of a system where it is unknown, e.g. for a PID tuned system. [8]
[bookmark: _Toc219111961]Pole Zero Diagrams
Pole-Zero plots show the locations of a systems poles and zeros within the s-plane using both axis:
· Horizonal axis: ‘Real axis’
· Vertical axis: ‘Imaginary Axis’
[image: Interpretation of poles in the time domain]
[bookmark: _Ref219111393][bookmark: _Toc219111976]Figure 3 - Pole Zero Example [9]
Figure 3 shows what the location of poles within a Pole-Zero graph shows, with poles on the left-hand side indicating a stability, right hand side demonstrating instability and, on the middle, demonstrating marginal stability.
[bookmark: _Toc219111962]Nyquist Plots
Nyquist plots are a graphical method used to assess the stability of a system by assessing the number of encirclements of the point (-1, 0) in the plot of the transfer function along the real (X) axis and the imaginary (Y) axis by varying the frequency. [10]

[bookmark: _Toc219111963]Simulation Setup
A representative CIWS Closed-loop control system was designed within MATLAB using Simulink software as seen within Figure 4, in order to manually tune the PID controller to conform with the requirements mandated within the assignment specification; An overshoot of under 5% and time requirement of a sub 2 seconds settling time. 
[image: ]
[bookmark: _Ref219031080][bookmark: _Toc219111977]Figure 4 - Closed Loop CIWS System
The system created within Figure 4 is a basic closed-loop system with the following components:
· Step Block: The is the ‘input’ for the system, providing a signal when the simulation is turned on.
· Sum Block: This is the component that manages the input signals within the system; The initial step block signal as well as the feedback signal that leaves the transfer function. The purpose of this component is to calculate the error signal, the difference between the output and the step block signal, within the system to adjust the input into the PID controller to subsequently remove it.
· PID Controller: This adjusts the output of the system based on the signal provided by the sum block.
· Transfer Function Block: This represents the physical CIWS turret being controlled.
· Scope Block: This doesn’t affect the system at all, it is the block that all components feed into, to shows the signal that passes through each component to the user. 



[bookmark: _Toc219111964]PID Controller Tuning
The PID Controller was tuned to conform to the assignment specifications of a sub 5% overshoot and sub 2 seconds settling time. This was done manually, using the response time and transient behaviour sliders visible within Figure 6. The results of which can be seen within both the ‘Tuned’ and ‘Block’ PIDN values:
[image: ]
[bookmark: _Ref219042189][bookmark: _Toc219111978]Figure 5 - PID Controller Tuned Parameters
Figure 5 details the rise time, settling time, overshoot, peak, gain margin, phase margin and closed-loop stability results for the tuned PID controller. The specific values of interest are the combined rise and settling time to conform with the requirement of the system being under control within 2 seconds as well as the overshoot value, a comparison of the values obtained, and the requirements can be seen below:
· Combined Rise & Settling time: 
· Requirement – 2 seconds
· Actual – 0.1574 seconds

· Overshoot Value:
· Requirement – ≤2%
· Actual –1.78%
This tuned PID controller system output can be visually seen within Figure 6, with a rapid initial spike before settling on the value required. This system exhibits fast, stable, and well-damped behaviour, showcasing the effectiveness of the PID tuning process.
The final tuned parameters are:
1. Kp - proportional gain – 416.0965
2. Ki - integral gain – 110.0474
3. Kd - derivative gain – 133.0173 
4. N - filter coefficient – 3809.4266



[image: ]
[bookmark: _Ref219042132][bookmark: _Toc219111979]Figure 6 - PID Controller System Tuned Response
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[bookmark: _Ref219041974][bookmark: _Toc219111980]Figure 7 - Scope Block Results - Tuned System
Figure 7 shows the signals 1-5 in order of connection to the scope block within Figure 4:
1. Step Block Input – This is the step change from 0 to 1, turning the system on.
2. Error Signal – This is the output signal from Sum block showing the difference between the reference input and system output.
3. PID Controller – This shows the control effort from the PID controller, amending the output to allow for the error signal it receives.
4. System Output – This is the actual output of the system itself, enhanced within Figure 6.
5. Validation – This is a System Transfer Function using the n and d values shown inside Figure 8 to validate the system.
The signals show rapid reactions to the step change, acknowledging and adjusting for the errors within the system almost immediately.

[bookmark: _Toc219111965]Results
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[bookmark: _Ref219062692][bookmark: _Toc219111981]Figure 8 - MATLAB System Transfer Function Calculations

[bookmark: _Toc219111966]Nyquist Plots
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[bookmark: _Toc219111982]Figure 9 - Nyquist Diagram 1
Key values shown:
· Phase Margin = 42 degrees
· Delay Margin = 0.0285s
· Crossover Frequency = 25.8 rad/s
· Closed Loop Stable = YES

[image: ]
[bookmark: _Toc219111983]Figure 10 - Nyquist Diagram 2

[bookmark: _Toc219111967]Root Locus Plot
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[bookmark: _Toc219111984]Figure 11 - System Transfer Function - Root Locus
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[bookmark: _Ref219105506][bookmark: _Toc219111986]Figure 13 - System TF Pole Zero Values


[bookmark: _Toc219111969]Discussion
The results show that the CIWS control system satisfies the performance requirements within the design criteria, as previously stated. 
The Pole-Zero Plots, Figure 12 & Figure 13, show that the plant, controller and Forward Transfer Function (TF) have poles in the left hand plane but also at s= 0, indicating marginal stability whilst the closed loop system is completely stable as all the poles within the System TF lie in the left-hand plane, on the horizontal plane (real axis), whilst the absence of complex conjugate poles provides insight that the system is potentially overdamped with minimal overshoot. [11]
The root locus shows how the closed-loop poles move as the controller gain changes and indicates that the poles solely lie in the left-hand plane, meaning the system is stable with the selected parameters. This is supported by the Nyquist plot, which shows that the response does not sound the −1 point meaning the closed-loop is stable. The shape of the Nyquist plot also suggests reasonable stability margins, with a phase margin of 42.1 degrees, which is consistent with the small overshoot and smooth settling seen in the step response as well as within the pole-zero plots. [12] [13] [14]
Mathematical analysis shown in Appendix 1 shows how to analytically verify the System Transfer Function recorded by MATLAB, shown in Appendix A. Although the result is not exact due to the incorrect Kd value being used (113 instead of 133) - highlighting the value of computational capability when using complex calculations.
A CIWS turret angular positioning system requires a high level of stability due to the level of precision required when firing ammunition with the results found within this simulation supporting this. The stability of the system combined with the performance shown with Figure 6, shows that this tuned PID control system would prove suitable for application within an intense environment. The only aspect of the design that would challenge this would potentially be the fact that the controller performs too well for the system at hand, with 0.1574s vs the 2 second requirement. High performance is not the issue itself, rather the amount of energy required to power a ‘5625kg’ CWIS [15] being able to move to an exact position within 0.1574s and further study into a slightly more suitable system may be required before real life implementation.

[bookmark: _Toc219111970]Conclusion
The following technical findings have been established within this experiment:
1. A PID controller, tuned correctly, provides good performance and stability with minimal steady state error required for complex systems requiring high levels of accuracy.
2. MATLAB Simulink software provides a simple and efficient method of design, simulating and testing control circuits whilst being able to compute and display complex calculations and diagrams assessing the stability of a system.
3. Different graphical representations such as Pole-Zero, Root Locus and Nyquist diagrams provide visual outputs, allowing the effective analysis of stabilisation within the system by illustrating pole locations, gain-dependent behaviour, and stability margins.
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struot with fields:

RiseTime: 0.0611
TransientTime: 0.0963
SettlingTime: 0.0963
SettlingMin: 0.5018
SettlingMax: 1.0178
Overshoot: 1.7784
Undershoot: 0
Peak: 1.0178
PeakTime: 0.201%
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Using the PID tuner in MATLAB, the following values were obiained:

Kp: 4160965
Ki 1100474
Kd: 1130173
N: 38094266

o the transfer function of the PID controller will be:

[RTEIS

o

1100474 s
4160965 +———+ 1130173 —

00z !

To calenlate the forward path transfer finction of the system, the controller’s fransfer function must be nultplied by the transfer finction of
the process.

1100474 s 1
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((s(s + 3809.4266))  416,0965) + (s +3809.4266)110.047 + 5(430531.10888018) 1
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160065+ sasoenorsasess + ooires + aiu7anzei0n + spssLiosEE
EEE *(waed)

e snssones st tascee s onsmenen) (1
Tt a0sazee el

430947.205380185° + 1565199.12266695 + 1921749282084
Fassazea e 5 1)

430947.205380185° + 1565199.12266695 + 1921749282084
TS I T 52577068 $ ST04594T T 36053568

430947.205380185° + 1565199.12266695 + 1921749282084
ST 152967064 + 54205839457 7 360342567

The block dizgram can now beredsavn 5

Controller & Process

) L/ elt) | soss7oosssossst + isssisszzesess + 19217 amma0ss |y
)y 45+ 1524670645 + 34285539457 + 350542685

‘Now we emove the feedback loop and caleulteth ranfer amction of e sysem 20 2 whole.
Usng:

3
fead

Where TF i thetansfr unction o the whol system, G i the forward path ransfr fanction, and H s thewassfor unction of he feedback.
loop, i i e = 1

$30947,205380185° + 1565199.12066655 + 1921749282083
- 357+ 15736 7064s" + 34785 3942" £ 38054266s
e s e
3% 7 15296706457 + 34785839427 + 390542668

430947,205380185° + 1565199.1226665% + 19217.4928208
35 15367068 £ 38265639457 % R9ATRE

T = ST 57705 T S e+ 3509 4265 | 130047205380 (55 + 1565195.1236585 T A8
ST ISTH6 706 £ SATBS BT £ T009A%66: P 420 ¥ ISTH6706%s T 42953947 F T009AT66e

430947,205380185° + 1565199.1226665% + 19217.4928208
- 3ot Isey0es < seeseTensT T eoATee
T T TSHGT06E T SIS EI04e" + 3805 42660 T 430547205380 18" + 1565193 12766655 ¥ TR AT
527 £ 930547 2053801857 + 1585195, 1726669 ¥ 19217 4526208

430947,205380185° + 1565199.1226665% + 19217.4928208
- 3ot {5 70es < SepseTensT RS ATee
T T ISTHET06AS § 465233 04476015¢ + 1595155.122666% + TSTTATIIE
57+ 430997 20530015 e" 7 1565T59.1226685 + 15217 4978208





image18.png
430947.20538018s2 + 1585199.1226669s + 19217.4928208 4s* +15246.7064s> + 34285.8394s2 + 3809.42665
- 4s% + 15246.7064s3 + 34285.8394s2 + 3809.42665 x 4s*+15246.7064s3 + 465233.04478018s2 + 1585199.1226669s + 19217.4928208

(430947.20538018s% + 1585199.1226669s + 19217.4928208) (4s* + 15246.7064s° + 34285.8394s2 + 3809.42665)
"~ (4s* + 15246.7064s® + 34285.8394s2 + 3809.42665) (4s* + 15246.7064s° + 465233.04478018s2 + 1585199.1226669s + 19217.4928208)

TF

1723788.821520725° + 6570525514,3321055° + 14775386673.543675* + 1641661747.3709215° + 6340796.49066765° + 24169065608.8398Ls" +

TF = 16" + 6098625657 = 1660332 179120725° + GUSBRB25E" + 76,865.07 125325" + 6098625657 = 232462056,0476015% 7093271641 3414575 + 24169065606 63961 + 293003 47076264545° =

+54349882536.778235” + 6038699,704.1839525" + 76869.97128325" + 293003470.76284545” + 658887872.52460185” + 73207628.336864555
TI37143.35765" + 522746127.00935225" + 1175518783.3625925" + 54349882, 536.178235" + 638887872.52460185° + 15237.70645" + 58081208.922550245" + 1772271135.9846095 + 6038699704, 1839525" + 73207628.336864555

Collecting like terms...

_ 1723788.821520725° + 6576866310.822773s° + 38944529152.354765* + 56284,547754.9325° + 6697587576.708554s7 + 73207628.336864555
" 165° + 121973.651257 + 234460131.58452175° + 7616093992.8828095° + 25402742471.096245" + 56415157143.545685° + 6697587576.70855457 + 73207628.336864555

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

1725788.6215207255 + 6S76866310.8227735° + SOI4ASIOISL I5AT6! + SGIBASATISA IS + G6STSETSTE TOBSSAS" + TS20T628.33686455¢ y(t)
1(t) 1657 121973651257 + 238460131 5B45217+" + 7616093992.8528005" + 25402747471 096245" + SGA15157143.545685" + 6697587576.7085545" + 73207678 336864555





