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[bookmark: _Toc90986427]Introduction
Control systems are used every day in regular life, from maintaining the temperature within the home oven to simply turning the lights on in a dark room. These systems can be either open-loop or closed-loop with the different between them being the requirement of a feedback loop for closed-loop systems.  Frank describes the difference as open-loop control directly changes the output based on the inputs, whereas closed-loop systems use the feedback loop to create an error within the system for the inputs to then self-correct [1].
A transfer function is a mathematically calculated equation that represents a control system by theoretically providing output values determined by the given input values. As Bishop and Dorf state, a transfer function will describe the relationship of the dynamics (inputs and outputs) of the system it represents [2]. Within this report, a transfer function will be applied to a given control system and its accurate evaluated. 
An important feature of closed-loop systems is the overall stability of the system. As Chau defines, the closed-loop system is designed to be dynamic, which cannot happen without first being stable [3]. One of the most widely used tools for understanding the stability is the Nyquist stability criterion [4], which is represented with the used of the Nyquist plot that can be created within MatLab. This plot will be created for the system used in this report and analysed for stability. 
A second method of analysing stability is through the use of a Bode diagram. This diagram will provide the gain and phase margins and is plotted against frequency in order to determine these values [5]. The margins will related back to the Nyquist plot and will provide discrete values to measure the stability of the system. 
The final method used in the analysis of stability is the Pole-Zero map. This map will plot the pole and zero values for the transfer function onto a real-imaginary plot. This provides a qualitative analysis of the transfer function that will prove useful when determining stability [6]. As Baraniuk states, the way to determine stability using this plot is simply to demonstrate that all poles are on the negative side of the real axis [6].
This report details the steps of modelling a closed-loop control system within Simulink and MatLab, using unique assigned values. The control system is intended to function a Phalanx close-in weapon system (CIWS) turret, which is known as the most common weapon system of its type in the naval world [7]. A whole system transfer function will be determined for the control system and will be evaluated for stability, control and suitability for the defined function using the tools and techniques available in the MatLab suite. The system must have a response time under 2 seconds in order for the turret to lock on target quickly, at the response of the operator. In addition, the overshoot must be less than 5%. This is to ensure the turret remains as accurate as possible during movement and to ensure that there is as little correction time as possible, meaning the turret has more time on-target. 
[bookmark: _Toc90986428]Simulation Setups
Simulations were setup within the Simulink package of MatLab. In Simulink, the first step was to create a basic control system. This used a step generators, an add function, PID and the ‘plant’ represented by a transfer function. This system is then attached to a scope in order to monitor the system. This setup is show in Figure 1.
[image: ]
[bookmark: _Ref90878823]Figure 1 - First setup of the control system
The values in the transfer function were given individually as part of the task brief and were given as seen in Equation (1) [8]:


Where A = 3, B = 4, and A = 1.
Once this system was constructed in Simulink the PID controller required setup and optimisation. This is done relatively simply within Simulink using the ‘Tune’ function available when opening the PID interface, shown in Figure 2.

[bookmark: _Ref90879698]Figure 2 - PID controller parameter interface
Using this tuning feature allows the user to modify the response time and transient behaviour of the controller to return proportional, integral and derivative values that will produce a response that meets the task brief. The performance criteria is a maximum overshoot of 5% and a response time of under 2 seconds. 
After optimising the settings within the tuner, the tuner reported a rise time of 0.441 seconds with an overshoot of 0.261%. This was achieved with P = 19.341, I = 5.8007, D = 15.0321 and N = 571.3724. This tuning software also predicts the stability and robustness of the system and can be compared the results found using the Niquist plots found later. A full rundown of the parameters and performance can be found in Figure 3.
[image: ]
[bookmark: _Ref90882693]Figure 3 - Tuner settings, parameters and performance
Now we have P, I, D and N values, we can use this to create a whole system transfer function. This was calculated manually with the results shown in Equation (2), and the whole calculation process seen in Annex 1. This transfer function was then inserted into the Simulink model along with a MatLab equation version for both a manually calculated function and MatLab calculated for comparison, the new system model is shown in Figure 4.

[image: ]
[bookmark: _Ref90883175]Figure 4 - Full Simulink model with transfer functions (manual and MatLab calculated)
The values used within the MatLab calculated transfer function are found in Figure 5 taken from the MatLab console. The values seen in Figure 4 can also be represented as shown in Equation (3).




[bookmark: _Ref90884110]Figure 5 - Values used within MatLab console


[bookmark: _Toc90986429]Results
Figure 6 shows the results found on the scope pictured in the full MatLab models. The Y-axis is amplitude while the X-axis is a representation of time. Starting from the top each graph shows the following; step input, output following addition gate, output from PID controller, final output from original model, output from manually calculated transfer function and output from MatLab calculated transfer function. 
[image: ]
[bookmark: _Ref90884359]Figure 6 - Scope results
Figure 7 shows the Nyquist plot for the forward transfer function with the stability margin shown as a dotted line. 
[image: ]
[bookmark: _Ref90884588]Figure 7 - Nyquist Plot

Figure 8 shows the Pole-Zero map of the transfer function, where an ‘X’, or Pole is a value of ‘s’ that is likely to take the function to infinity and a ‘O’, or Zero is a value of ‘s’ that will take the function zero.
[image: ]
[bookmark: _Ref90884709]Figure 8 - Pole-Zero Map
Figure 9 shows the roots for the values within the transfer function, this shows the pole and zero locations plotted on the map in Figure 8. The roots of D1 to D5 show locations of the poles while the roots of N1 to N3 show locations of the zero’s. 

[bookmark: _Ref90885030]Figure 9 - Pole and Zero locations
Figure 10 shows a bode diagram that also details the gain and phase margin of the transfer function. This diagram also highlights, with a dotted line, where the magnitude crosses the 0 line which gives the phase margin at the same frequency.
[image: ]
[bookmark: _Ref90885167]Figure 10 - Bode Diagram 
Figure 11 show the pole zero plot of the plant, the results from this are then transferred into an excel calculator show the plant response to the control system. This demonstrates whether the plant has a steady decay or oscillatory response to movement. The graphs produced in excel are shown in Figure 12 and Figure 13.
[image: ]
[bookmark: _Ref90885354]Figure 11 - Pole-Zero plot of plant

[bookmark: _Ref90885819]Figure 12 - Pole location waveform graph for -0.333 pole found in Figure 11

[bookmark: _Ref90885820]Figure 13 - Pole location waveform graph for -1 pole found in Figure 11
[bookmark: _Toc90986430]Discussion
The results obtained from the scope interface shown in Figure 6 show that the three different methods of implementing the transfer function have extremely similar results. Based on these scope results there are no disernable differences between the methods. The main down side for the manual calculation is the additional potentional for human error as there are multiple stages where errors can be made in the calculation. If a single value is out of place during the stages then the final function will be incorrect. The MatLab calculated equation has the advantage of versatility, if the closed-loop system were to undergo changes or values were replaced the recalculation of the transfer function would be quick and easy to complete. 
Regardless of this, the scope shows that both transfer functions used are an accurate representation of the system and can be expected to accurately predict the system outputs based on the provided inputs. 
Now that the accuracy has been determined, the stability of the system is to be understood. This is especially important within closed-loop systems. Åström and Murray note that the feedback loop in closed-loop systems has the potential to create dynamic instabilities in a system that lead to oscillations or ‘runaway behaviour’ [9]. 
The first method used to analyse stability is the Nyquist plot shown in Figure 7. This plot was produced in MatLab with the stability margin plotted as a dotted line. The point in which the Nyquist plot crosses zero on the imaginary axis determines the gain margin of the system. As can be seen in Figure 7 the plot crosses zero at the intersection of the axis. This can be interpreted as the system having an infinite gain margin, meaning that the amplitude of the system could be increased indefinitely and would remain stable. 
The second point of focus is that where the Nyquist plot crosses the stability margin in the lower-left quadrant. The angle from the real axis that this intersection occurs represents the phase margin. As can be seen in the diagram, this phase margin 90°. This means that the signal that the system processes can be up to 90° out of phase, and the stability will be maintained. 
The values determined by the Nyquist plot can be reinforced by plotting the transfer function in the frequency domain on a Bode diagram. This diagram was produced in MatLab and can be seen in Figure 10. The gain margin on this diagram is determined by the frequency in which the phase crosses 180°. As this does not occur in this system, this results in an infinite gain margin, as discussed during the analysis of the Nyquist plot. The phase margin is then derived from the point in which the magnitude crosses zero, as seen in Figure 10 this occurs at 90°. Both of these values are identical to those determined by the Nyquist plot and add further confidence to the stability of the system. 
The final method of confirming the stability of the system is through the pole-zero map. As discussed in the results section, the pole-zero map plots the values of the poles and zeroes of a transfer function on the complex s-plane. These locations provide the insight into the determination of the stability of a system. In simple terms, if the poles are found to be on the left side of the imaginary axis (or negative real values) then this is within the stable region, as shown in Figure 14 [10]. In addition to this, the poles being plotted onto the real axis (or having an imaginary value of zero) means that the diminishing instability is not oscillating. 
The values seen in Figure 8 and Figure 9 show that the pole locations are found on the left side of the imaginary axis and are plotted on the intersection of the real axis, which therefore means that the system is stable and had no oscillation during the settling period.
[image: ]
[bookmark: _Ref90983377]Figure 14 - Pole-Zero plot specification

To fully confirm the overall stability of the system, a pole-zero plot is also done on the isolated plant sub-system to determine the stability of the plant transfer function. The same stability criteria applies as discussed previously, and as shown in Figure 14. This plot for the plant can be found in Figure 11, which confirms that the plant transfer function is stable and has no oscillation. This was then analysed further in Figure 12 and Figure 13 where these poles were plotted in a pole waveform generator within excel. These figures show the diminishing instability over the course 4 to 12 seconds. 
While all these results point to an ideal, almost perfect, control system, when implemented onto the physical turret there is likely going to be various trade-offs required. Most expectantly would be cost, the system required to rotate a 6 tonne turret is thought to extremely expensive. In addition to this, the close-loop system adds a degree of complexity to the design over that of an open-loop system which both increased cost, maintenance and the potential for system errors. As discussed, the manual calculation of the transfer function is prone to human error and if done incorrectly in the design phase, can later be detrimental to the operation of the turret. Overall, the theory behind the control system in this report show a robust stability, fast response time with minimal overshoot, but in order to truly test the system, a physical trial would be required. 
[bookmark: _Toc90986431]Conclusion
The results from the various methods of analysis show that the whole system, isolated plant sub-system and the forward path transfer function are stable throughout. All of the methods used correlate with this conclusion. 
The pole-zero maps show that the poles are all present on the left side of the imaginary axis, and are plotted on the intersection with the real axis resulting in no oscillation. The bode diagram shows the gain margin as infinite, with a phase margin of up to 90° and the nyquist plot concurs with these values. These facts lead to the conclusion that the system has a robust stability.
The overall result from this experiment shows that the transfer function calculated manually, and via MatLab both result in a stable system that would control a CIWS turret with less than 5% and with a response time of under 2 seconds. 
However, this system would likely have some trade-offs when utilised on the physical design. This would include mostly cost due to the size of the control system, as well as maintenance and complexity disadvantages. These trade-offs are difficult to quantify due to the theoretical nature of the analysis conducted and would require a full-scale trial to understand the impact on the product. 
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ANNEX 1 

The following equations are calculations done to achieve a whole system transfer function using given values from the task brief. 

A = 3
B = 4
C = 1
Ki = 5.8007
Kp = 19.3741
Kd = 15.0321
N = 571.3724

Add given values into transfer function equation. 


Transfer function of the PID controller is



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:








	
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 







This is the whole system transfer function:





POLE LOCATIONS 
ZERO LOCATIONS







Nyquist plot with stability margin plotted. Showing high stability system due to large gain and phase margins. 
[image: ] This shows that the gain margin is “infinity” which is good as it mean we can increase the gain as much as we like and the system will still remain stable. 
Phase margin is also 90 degrees, which also shows high stability in the system as it allows the system to be shift within 90 degrees phase and remain stable. Phase margin is determined by the point at which the gain magnitude crosses zero, which is shown in the figure as crossing at 90 degrees.
[image: ]
[image: ]
The pole zero of the plant with given values is on the imaginary axis at 0 as the root of the values does not have an imaginary component. This will mean the plant will have no oscillation and will decay at a steady stable rate. 
Enter these into the pole location wave form excel sheet. SIGMA = REAL, OMEGA = IMAGINARY (0 if none). Taking roots([a b c]) gives these values.

Plot full closed loop function in excel to determine how the system as a whole will respond. Using roots from screenshot above ‘pole locations’.




[image: ]Anything on negative real axis can be considered stable as the amplitude will reduce over time. If the pole was located on positive real axis, there would be increasing instability over time. 
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RESULT for -0.333 pole

RESULT	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.0999999999999996	4.2	4.3	4.4000000000000004	4.5	4.5999999999999996	4.7	4.8	4.9000000000000004	5	5.0999999999999996	5.2	5.3	5.4	5.5	5.6	5.7	5.8	5.9	6	6.1	6.2	6.3	6.4	6.5	6.6	6.7	6.8	6.9	7	7.1	7.2	7.3	7.4	7.5	7.6	7.7	7.8	7.9	8	8.1	8.1999999999999993	8.3000000000000007	8.4	8.5	8.6	8.6999999999999993	8.8000000000000007	8.9	9	9.1	9.1999999999999993	9.3000000000000007	9.4	9.5	9.6	9.6999999999999993	9.8000000000000007	9.9	10	10.1	10.199999999999999	10.3	10.4	10.5	10.6	10.7	10.8	10.9	11	11.1	11.2	11.3	11.4	11.5	11.6	11.7	11.8	11.9	12	12.1	12.2	12.3	12.4	12.5	12.6	12.7	12.8	12.9	13	13.1	13.2	13.3	13.4	13.5	13.6	13.7	13.8	13.9	14	14.1	14.2	14.3	14.4	14.5	14.6	14.7	14.8	14.9	15	1	0.96724834155603689	0.93556935424290377	0.90492790630210107	0.87529001659848393	0.84662281693543961	0.81889451560430426	0.79207436212759741	0.76613261315697434	0.74104049948807627	0.71677019415569898	0.69329478157389834	0.67058822768680804	0.64862535109706709	0.62738179513984038	0.60683400087145978	0.58695918094273414	0.56773529432794934	0.54914102188153746	0.53115574269530452	0.5137595112299983	0.49693303519585602	0.48065765415759937	0.46491531884015319	0.44968857111213428	0.43496052462491586	0.42071484608579357	0.40693573714448711	0.3936079168728886	0.3807166048186279	0.3682475046136629	0.35618678811971449	0.34452108009296534	0.33323744335101529	0.3223233644256433	0.31176673968546559	0.30155586191309924	0.29167940732194647	0.28212642299820051	0.27288631475414643	0.26394883537928682	0.25530407327626259	0.24694244146896588	0.23885466697065597	0.23103178050028642	0.22346510653564039	0.2161462536922413	0.20906710541737078	0.20221981098887307	0.1955967768087627	0.18919065798198204	0.18299435017096752	0.17700098171699297	0.17120390601955185	0.16559669416532713	0.16017312779857493	0.15492719222501478	0.14985306974157883	0.14494513318462329	0.14019793968944572	0.13560622465418967	0.13116489590144037	0.12686902803103839	0.12271385695784823	0.11869477462842343	0.11480732391071011	0.11104719365112113	0.10741021389349897	0.10389235125466606	0.10048970445143299	9.7198499974104874E-2	9.401508790168743E-2	9.0935937854152188E-2	8.7957635077271529E-2	8.5076876655681977E-2	8.2290467849975929E-2	7.9595318553759578E-2	7.6988439866748387E-2	7.4466940780099078E-2	7.2028024970302404E-2	6.9668987698081844E-2	6.7387212808857622E-2	6.5180169831451251E-2	6.3045411171812019E-2	6.0980569398653636E-2	5.8983354617990535E-2	5.7051551933662972E-2	5.5183018991033617E-2	5.3375683601132519E-2	5.16275414426152E-2	4.9936653838985115E-2	4.8301145608616272E-2	4.6719202985190736E-2	4.5189071606245579E-2	4.3709054567598028E-2	4.2277510541491529E-2	4.0892851956375542E-2	3.9553543236300795E-2	3.8258099097976922E-2	3.7005082903604686E-2	3.5793105067655297E-2	3.4620821515830562E-2	3.3486932194494681E-2	3.2390179628924425E-2	3.1329347528779278E-2	3.0303259439244487E-2	2.9310777436351545E-2	2.8350800865029148E-2	2.7422265118484886E-2	2.6524140457564474E-2	2.5655430868778615E-2	2.4815172959731679E-2	2.4002434890726676E-2	2.321631534136212E-2	2.2455942510974495E-2	2.1720473151817785E-2	2.1009091633908183E-2	2.0321009040496496E-2	1.9655462293165459E-2	1.9011713305581514E-2	1.8389048164962556E-2	1.7786776340354124E-2	1.7204229916835685E-2	1.6640762854808061E-2	1.6095750273540405E-2	1.5568587758182076E-2	1.5058690689471237E-2	1.4565493595396391E-2	1.4088449524092229E-2	1.362702943727415E-2	1.318072162353871E-2	1.2749031130879614E-2	1.2331479217789596E-2	1.1927602822339716E-2	1.1536954048647199E-2	1.1159099670162213E-2	1.0793620649222912E-2	1.044011167234586E-2	1.0098180700736349E-2	9.767448535520416E-3	9.4475483972160657E-3	9.1381255189776304E-3	8.8388367531620146E-3	8.5493501907804997E-3	8.2693447934142281E-3	7.9985100371849638E-3	7.7365455683864664E-3	7.4831608703945186E-3	7.238074941486124E-3	7.0010159832107647E-3	6.7717210989679212E-3	Time (s)


Amplitude



RESULT for -1 pole

RESULT	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.0999999999999996	4.2	4.3	4.4000000000000004	4.5	4.5999999999999996	4.7	4.8	4.9000000000000004	5	5.0999999999999996	5.2	5.3	5.4	5.5	5.6	5.7	5.8	5.9	6	6.1	6.2	6.3	6.4	6.5	6.6	6.7	6.8	6.9	7	7.1	7.2	7.3	7.4	7.5	7.6	7.7	7.8	7.9	8	8.1	8.1999999999999993	8.3000000000000007	8.4	8.5	8.6	8.6999999999999993	8.8000000000000007	8.9	9	9.1	9.1999999999999993	9.3000000000000007	9.4	9.5	9.6	9.6999999999999993	9.8000000000000007	9.9	10	10.1	10.199999999999999	10.3	10.4	10.5	10.6	10.7	10.8	10.9	11	11.1	11.2	11.3	11.4	11.5	11.6	11.7	11.8	11.9	12	12.1	12.2	12.3	12.4	12.5	12.6	12.7	12.8	12.9	13	13.1	13.2	13.3	13.4	13.5	13.6	13.7	13.8	13.9	14	14.1	14.2	14.3	14.4	14.5	14.6	14.7	14.8	14.9	15	1	0.90483741803595952	0.81873075307798182	0.74081822068171788	0.67032004603563933	0.60653065971263342	0.54881163609402639	0.49658530379140953	0.44932896411722156	0.40656965974059911	0.36787944117144233	0.33287108369807955	0.30119421191220214	0.27253179303401259	0.24659696394160649	0.22313016014842982	0.20189651799465538	0.18268352405273466	0.16529888822158653	0.14956861922263506	0.1353352832366127	0.12245642825298191	0.11080315836233387	0.10025884372280375	9.0717953289412512E-2	8.20849986238988E-2	7.4273578214333877E-2	6.7205512739749756E-2	6.0810062625217973E-2	5.5023220056407231E-2	4.9787068367863944E-2	4.5049202393557801E-2	4.0762203978366211E-2	3.6883167401240015E-2	3.337326996032608E-2	3.0197383422318501E-2	2.7323722447292559E-2	2.4723526470339388E-2	2.2370771856165601E-2	2.0241911445804391E-2	1.8315638888734179E-2	1.6572675401761255E-2	1.4995576820477703E-2	1.3568559012200934E-2	1.2277339903068436E-2	1.1108996538242306E-2	1.0051835744633586E-2	9.0952771016958155E-3	8.2297470490200302E-3	7.4465830709243381E-3	6.737946999085467E-3	6.0967465655156379E-3	5.5165644207607716E-3	4.991593906910217E-3	4.5165809426126659E-3	4.0867714384640666E-3	3.697863716482932E-3	3.345965457471272E-3	3.0275547453758153E-3	2.7394448187683684E-3	2.4787521766663585E-3	2.2428677194858034E-3	2.029430636295734E-3	1.8363047770289071E-3	1.6615572731739339E-3	1.5034391929775724E-3	1.3603680375478939E-3	1.230911902673481E-3	1.1137751478448032E-3	1.0077854290485105E-3	9.1188196555451624E-4	8.251049232659046E-4	7.465858083766792E-4	6.7553877519384439E-4	6.112527611295723E-4	5.5308437014783363E-4	5.0045143344061083E-4	4.5282718288679695E-4	4.0973497897978681E-4	3.7074354045908822E-4	3.3546262790251185E-4	3.0353913807886678E-4	2.7465356997214254E-4	2.4851682710795185E-4	2.2486732417884819E-4	2.0346836901064417E-4	1.8410579366757919E-4	1.6658581098763354E-4	1.507330750954765E-4	1.363889264820114E-4	1.2340980408667956E-4	1.1166580849011478E-4	1.0103940183709342E-4	9.142423147817327E-5	8.2724065556632228E-5	7.4851829887700598E-5	6.7728736490853898E-5	6.1283495053222133E-5	5.5451599432176945E-5	5.0174682056175283E-5	4.5399929762484854E-5	4.1079555225300724E-5	3.7170318684126734E-5	3.3633095185718968E-5	3.0432483008403625E-5	2.7536449349747158E-5	2.4916009731503204E-5	2.254493791321221E-5	2.0399503411171922E-5	1.8458233995780558E-5	1.6701700790245659E-5	1.5112323819855033E-5	1.3674196065680964E-5	1.2372924261788221E-5	1.119548484259094E-5	1.0130093598630711E-5	9.1660877362476171E-6	8.2938191607573704E-6	7.5045579150768581E-6	6.7904048073794703E-6	6.1442123533282098E-6	5.559513241650146E-6	5.0304556071114483E-6	4.5517444630832312E-6	4.1185887075357082E-6	3.7266531720786709E-6	3.3720152341391845E-6	3.0511255580364225E-6	2.7607725720371986E-6	2.498050325866635E-6	2.2603294069810542E-6	2.0452306245234897E-6	1.8506011975819082E-6	1.674493209434266E-6	1.515144112143249E-6	1.3709590863840845E-6	1.2404950799567134E-6	1.1224463652343442E-6	1.0156314710024903E-6	9.1898135789795714E-7	8.3152871910356788E-7	7.5239829921642132E-7	6.8079813439763423E-7	6.1601162613205269E-7	5.5739036926945956E-7	5.0434766256788803E-7	4.5635263679039938E-7	4.1292494158732719E-7	3.7362993798852602E-7	3.3807434839047367E-7	3.0590232050182579E-7	Time (s)
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