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1. Abstract
Various types of control systems are used on many defence platforms to act as a control measure on various actions. There are a range of controllers available depending on the desired level of control on the output.
The task at hand is to design a closed loop system for controlling the angular positioning turret on an automatic CTWS turret. This is done by creating a circuit in which a PID controller is put in place to control the system and ensure its stability. This system can be proved to be stable by a series of validation methods, including comparing the closed loop system to a single transfer function, and proving stability through Nyquist plot, Bode diagram and pole-zero diagrams. 

2. Introduction
Various types of control systems are used on many defence platforms to act as a control measure on various actions. These systems work by controlling the flow of energy from the source to the destination to give a desired result on the output [1]. Some examples of these systems could be object tracking, positioning of sub-platforms, and even military robots [2]. 
These systems are generally categorised as either open-loop systems or closed-loop systems. Open loop systems are systems that have no ‘feedback’ element, so do not monitor the progress of the output and are not aware of the status of the system [3]. Conversely, closed loop systems incorporate a feedback element into the system so that it is aware of the status of the output state. This means that the system is able to use the current state of the system and compare it to the input state to give an error signal. [4] This error signal essentially provides the system with information on what effort is required to complete the target function. An example of this could be a household thermostat, in which the error needs to be read for the controller to know which temperature is being produced by the system and get it to the temperature set by the user. Many control systems are categorised as close loop systems because by definition they monitor and control the system, rather than being a straight transfer function which does not observe its output [5]. 
We can mathematically model these systems in order to attempt to predict the operational behaviour of the systems and to set parameters for the control. To do this, the transfer function of the controller needs to be determined. This is given by the formula of output value divided by input value. However, for closed look systems there is slightly more that needs to be factored in. This includes the error value and how to classify feedback- as this could appear as a negative, this needs to be included when considering how to rectify the error. This leads to the derivation for transfer functions using the Laplace transform as follows [6]:
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Once the transfer function is derived, this can be inputted into software such as MATLAB to model the operational behaviour of the control system. This is what was done in research for this report, and the results of which will be discussed below.
3. Controller types

There are several types of closed loop controllers, including discrete control, three state controllers, proportional control (P), proportional-integral (PI), proportional-discrete (PD), and proportional-integral-discrete (PID). A diagram illustrating the different outputs received by these different controllers can be shown in figure 1:

[image: What is PID Controller ? - Instrumentation Tools]
Figure 1: Graph showing different fine tunings of various control systems [7].

Discrete controllers are controls which switch the system on and off depending on the error signal, but do not perform any other actions. These systems cannot adjust amount of input other than to switch on or off the system completely [8]. Three-state controllers are similar to discrete controllers, but they have 3 states, which are fully off, half on, and fully on. This allows for more control over the system. An example of this type of system would be a heating system, which heats on maximum to the desired temperature before falling to its half state, and switches between fully on and half on until the thermostat is changed [9]. A proportional controller is a control which takes a proportion of its error signal and uses this to control the output.  These work by monitoring the process value, and as this value increases rapidly the controller output is reduced, causing the increase of the process value to slow down. In this control, the process value never actually reaches the set point, which means that it is not a good control to use when accuracy is required as the output [10]. When adding an integral element to the P controller to form a PI controller, the system then uses both the proportional and integral control elements to contribute to the control output. This output then rises rapidly with the process value, which causes the error signal to reduce and therefore reduces the controller input. As the error reduces to zero, the integral element will reduce to a value to compensate for the steady state error from the proportional control. The benefit of this system is that doesn’t have a large steady state error, so the actual output will be reasonably close to the desired output. However, for some systems such as target locating this degree of accuracy is not enough, so the derivative is introduced to give a PID control. PID controllers use the absolute error value, as well as the derivative and integrals of the error to control the process value. With this combination of controls this means that the control system then considers past, current and future error values to control the output of the system. This type of control system is beneficial for systems that require a quick settling time and a high degree of accuracy and reliability, as well as offering stability to the system [10]. This is the type of control system that is used in this report. 




4. Simulation Setup
The task at hand is to design a closed loop system for controlling the angular positioning turret on an automatic CTWS turret. The transfer function of this is given by the equation:

Where a, b and c are given as the last 3 digits of my student number- 5, 9 and 7 respectively. The parameters of this are given that the settling time for the turret to find the target should be under 2 seconds, and the overshoot should be less than 5%. Figure 2 shows the circuit drawn in MATLAB to achieve this function.
[image: ]Figure 2: circuit drawn in MATLAB including step input, subtraction box, PID controller, transfer function and scope.


This circuit setup will allow for the transfer function to be completed and monitored by the scope, which can be used to view the results of the turret’s positioning. After inputting the transfer function, the PID controller was set up with the parameters given in Figure 3. 


[image: ]Figure 3- PID controller parameters from MATLAB.

This gave the Proportional, Integral and Derivative values which were then used when creating the forward transfer function. To validate the results in which were given by the transfer function loop circuit, a single forward transfer function was also created to demonstrate that the setup of this controller could be in a liner fashion and produce the same results. This is further discussed in Figure 7 and the discussion section.

5. 
Results
[image: ]Below are the results of the initial control system, which were then tuned to fit into the parameters set in the task. This is then followed by the comparison of the single forward transfer function showing the error margin.  
Figure 4- showing input, error, PID output and system output.
Figure 4 is generated when the PID controller runs. Plot 1 is showing the input into the system- this step-like shape shows that the system has gone from 0 to step 1 of the process, i.e., the turret has turned to the target. Plot 2 demonstrates the error signal within the system- this is essentially the amount of error and the time it takes for the system to correct itself back to 0. Plot 3 is the PID output, which demonstrates the corrective action taken by the controller once the error is received via the feedback loop. This figure is large as the controller is programmed to react within 0.1 seconds, and the PID controller output will reduce to 0 as the error also drops. Finally, plot 4 is the overall system output, which is made by subtracting the error (plot 2) from the input (plot 1). 
[image: ]	The controller was then tuned to produce results which came within 5% overshoot and within 2 seconds settling time, which is demonstrated in figure 5.
Figure 5- Tuning panel showing overshoot and settling time.
[image: A screenshot of a computer

Description automatically generated]As figure 5 shows, the PID controller was able to be tuned so that the overshoot was at 3.56% and with a settling time of 1.41 seconds. Figure 5 also shows that the closed loop is stable. However, to achieve this the controller has had to be tuned, during which means that the system takes longer to become stable than the block response.
Figure 6- MATLAB screenshot showing process reaching forward transfer function.
After completing this initial circuit, the forward transfer function was created in order to attempt to compare the closed loop system to a single transfer function controller. This was done as demonstrated in Figure 6, which shows the coding inputted into MATLAB to create the numerators and denominators needed for the forward transfer function. 
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Figure 7- Single forward transfer function with error output graph.

[image: ]Finally in figure 8, 4 graphs can be seen- a Nyquist plot, bode diagram, pole-zero diagram of the closed loop and a pole-zero diagram of the plant. 










Figure 8- Nyquist plot, bode diagram, and two pole-zero diagrams.

The Nyquist diagram is used to depict the stability of the system. It shows the frequency response and phase response in one plot and plots all of the real values of frequency for the transfer function. From this, phase margin and gain margin can be determined. The gain margin is the figure at which the gain is so much that the system is unstable and is represented by the plot crossing the x axis into the negative. The phase margin is similar in that it is a measure of how much more phase the system can take before becoming unstable.

Another way to look at the stability of the system is to look at the pole-zero diagrams in figure 8. These diagrams can show that the system is stable and demonstrates exponential decay, and can also give insight into how the controller controls the input.








6. Discussion
Firstly, figure 4 shows that the system has correctly completed the controlled action of turning the turret to the target point, as this is demonstrated in plot 1 of the graphs. The error margin given in plot 2 is relatively small, and so should not practically affect the system too much when used in a real-life system. When the error appears, this is fed back to the controller and produces the PID controller output, which is shown in plot 3. Plot 3 is behaving as expected, as with this plot it would be expected that the PID output would decrease with the error, which this plot clearly shows. When looking at the overall output given by plot 4, ideally this output would be the same as the input. However, it is clear to see on these graphs that the system output is very close to the original input and therefore is a fairly accurate system. 
It is clear to see from figure 5 that the system meets the requirements of the brief of having an overshoot of less than 5% and a settling time of under 2 seconds. However, figure 5 also shows that the system had to be tuned to achieve this, which may affect the stability of the system. While the tuned response does overshoot by 3.56% compared to 0% of the block response, it also settles onto the target (1 on the y axis) within 1.41 seconds, whereas the block response never actually reaches exactly 1 and so therefore the tuned response is more accurate.
When reading the Nyquist diagram in figure 8, we can see that because the plot never crosses into the negative x axis, the gain margin is infinite and therefore the system will be stable with any input given to it. This is also supported by the Bode diagram, which states that the gain margin is infinite. From these two graphs we can also see that the phase margin is 90, which is considered high and therefore supports the theory that the system is stable- it is considered that the phase margin should be above 30 to be stable [11]. When reading the pole-zero diagram for the closed loop, it can be concluded that due to the poles being on 0 and no poles being on the imaginary axis that the system will decay exponentially. It can also be concluded that the system is stable because there are no plots in the positive real axis. When reading the pole-zero diagram for the plant, there are plots in the imaginary axis which show that the plant will have a sinusoidal response. This shows that the controller controls the input into one which has an exponential decay.
When considering the single forward transfer function, figure 7 demonstrates that the single function has a very similar output to the closed loop function. The graph in figure 7 shows the closed loop function minus the single function, which produces the amount of error between the two. To prove these are the same function this error would need to be zero, which it clearly is not in figure 7. However, due to the numerators and denominators being used being to 15 significant figures, it is likely that the error reading in figure 7 is due to rounding errors caused by not using the exact coefficients needed. This therefore shows that it is highly likely that the closed loop transfer function and the single forward functions are the same and therefore proves that the entire system could rely on the single function for the PID controller rather than using the closed loop system.

7. Conclusion
It is clear to see from figures 4-8 that the controller system designed is an accurate and stable control system that fulfils the brief provided. While the single transfer function may include rounding errors to give a small error margin, this is small enough to be insignificant and therefore should still be concluded that the single transfer function produces the same output as the closed loop transfer function. This theory is supported by the diagrams in figure 8, and the fact that the closed loop function and the single transfer function are the same also validates the results produced by this system.
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