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A control system determines the behaviour of a device or set of devices. A control system can be either open loop or closed loop. Open loop systems give instructions to the devices they control but suffer the drawback that the controller has no way of knowing whether the plant to which it is attached has behaved as instructed. When this feedback element is incorporated in order to regulate system output, the system becomes a closed loop system. This means that it can correct for unanticipated deviations which makes it able to fulfil complex functions satisfactorily. 
An example of an open loop system is a toaster [1]. A controller takes an input from the user to turn on heating elements for a set period of time and then to turn them off and eject the toast. While the function of a toaster could be improved upon by making it a closed loop system, it would also make it more costly and harder to maintain. Furthermore, an open loop system is able to perform the function satisfactorily and therefore is sufficient for this purpose.
Closed loop systems can vary in their complexity and function. The simplest type of control system is the discrete control system which only allows a device to be turned on or off with no gradient in between. This type of system is favoured when a cheap and simple system with limited capability is needed. An example of the application of discrete systems is thermostats controlling radiators.
Another type of control system is the proportional, integral, derivative (PID) control system. The proportional section of the controller deals with the difference between the set point and the process variable. The integral section of the controller sums the error over time in order to reduce the steady state error to zero. The derivative section of the controller is proportional to the rate of change of the process variable and thus deals with any rapid increases such as when the system overshoots the set value [2]. The values produced by each of the three equations are then summed to provide a controller output which drives the plant/devices. A visualisation of this control system can be seen in Figure 1.
[image: undefined]
[bookmark: _Toc134136106]Figure 1: PID Controller Diagram [3]
The advantages of a PID control system are that it can be tuned to settle quickly, can give a range of operational characteristics, and doesn’t have any steady state error. The disadvantages of this type of control system are that it can be more difficult to tune and is more complex. As a result, PID controllers are typically more expensive to design.
PID controllers can be used in a wide range of applications. The limiting factor for most is cost. One example of where PID controllers are used is in heat treatment of metals due to precise control being needed to get the exact material properties desired [4].
This report will cover the design of a control system to control a close in weapons system (CIWS) which must be able to get on-target within two seconds and have an overshoot of less than five percent. The control system most able to achieve this function is a PID controller due to the advantages already described. Specifically, this report will present the simulation setup used to achieve this, the results produced by the simulation, and a discussion of these results.
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Simulation Setups
A software addon to MathWorks MATLAB called Simulink was used to build and simulate the closed loop controller circuit. The PID controller circuit can be seen in Figure 2. 
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[bookmark: _Toc134136107]Figure 2: PID controller circuit.
The first circuit element is the step input, the parameters of which can be seen in Figure 3. 
[image: ]
[bookmark: _Toc134136108]Figure 3: Step input parameters.
This signal is fed into a subtractor which compares it to a feedback signal. The subtractor outputs the now modified signal into a PID controller and the transfer function of the plant sequentially in order to produce a controller output. The signal output by the circuit becomes the feedback signal that is input into the initial subtractor/comparator. This allows the system to change its behaviour based upon the output of the controller. 
The PID controller itself must be tuned in order to provide the desired controller response. The two metrics that are most important to the CIWS are the response time and the overshoot percentage and thus these are the characteristics on which the system is tuned. The PID tuner module within the MathWorks Simulink software is shown in Figure 4.
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[bookmark: _Toc134136109]Figure 4: PID tuner with controller parameters shown.
The overshoot and the settling time can be modified by altering the response time and transient behaviour sliders in the PID tuner. The nature of the controller parameters is dependent upon the plant transfer function, see Equation 1. The plant variables (a, b, c) are listed in Appendix A.

Equation 1: Plant transfer function
Based upon the plant transfer function, the best tuned response that was achieved was a settling time of 0.255 seconds and an overshoot of 3.74%. The controller parameters produced by the tuner (Kp, Ki, Kd, N) can be seen in Appendix A. These values were next used to calculate forward transfer function, G, which is comprised of the plant transfer function and the PID transfer function being multiplied together. The equation for the PID transfer function can be seen in Equation 2.

Equation 2: PID controller transfer function
The forward transfer function, G, is calculated by multiplying the plant transfer function by the PID controller function. Equation 3 shows how to calculate the closed loop transfer function from the forward transfer function.

Equation 3: Closed loop transfer function
The variable ‘H’ in this equation is the transfer function of the feedback loop. As this controller does not have a transfer function in the feedback loop, the value of ‘H’ is one. Appendix B details the process and results of the above listed calculations.
[image: A picture containing diagram, plan, technical drawing, rectangle

Description automatically generated]
[bookmark: _Toc134136110]Figure 5: All three circuits are the same PID controller circuit. The top circuit is with all the elements separate, the middle circuit is with the forward transfer function being shown, and the bottom circuit is with the closed loop transfer function being incorporated. Each has been scoped separately. Subtractors are used to compare circuit 1 to 2 and circuit 1 to 3 in order to ensure that the correct forward and closed loop transfer functions have been calculated. 
Figure 5 shows the same controller circuit three times but with different levels of incorporation into the transfer functions. This is to ensure that the calculations have been done correctly as it allows each circuit output to be compared.  
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Results
The controller circuit signal was measured at four points: After the signal source (step), after the subtractor (subtract), after the PID controller (PID controller), and after plant transfer function (Transfer FCN). The graphed results can be seen in Figure 6.
[image: ]
[bookmark: _Toc134136111]Figure 6: Graphed results on Scope 1. 
The calculations in Appendix B have been validated by integrating each transfer function into the circuit and scoping the results. The circuits can be seen in Figure 5 and the results can be seen in Figure 7.
[image: A screenshot of a computer screen

Description automatically generated with low confidence]
[bookmark: _Toc134136112]Figure 7: Graphed results from Scope 1, Scope 2, and Scope 3. Scope 1 shows results using the plant transfer function. Scope 2 shows results using the forward transfer function. Scope 3 shows results using the closed loop transfer function.
It can be seen in Figure 7 that the results from each scope are identical to their corresponding graphs on other scopes meaning that the calculations are correct in determining the forward and closed loop transfer functions. 
To further validate the transfer functions calculated in Appendix B, controller circuits 2 and 3 were both subtracted from controller circuit 1 to determine if there are any differences.
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[bookmark: _Toc134136113]Figure 8: Scope 4 showing the subtraction of controller circuits 2 and 3 from controller circuit 1.
Figure 8 shows the scoped results of these subtractions. As they are identical, it can be assessed that all three circuits are identical.
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[bookmark: _Toc134136114]Figure 9: A comparison between the pole-zero plots of the plant transfer function, the controller transfer function, and the closed loop transfer function.
Using MATLAB, the plant, controller, forward, and closed loop transfer functions can be graphed. Figure 9 shows a comparison between the pole-zero plots of the plant, controller, and closed loop transfer functions. 
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[bookmark: _Toc134136115]Figure 10: Left: Nyquist Plot of Forward Transfer Function. Right: Bode Plot of Forward Transfer Function.
Figure 10 shows the Nyquist plot of the forward transfer function and the bode plot of the forward transfer function. The pole-zero plots in Figure 9, and the Nyquist plot in Figure 10 show that the full closed loop transfer function is stable as well as each individual component in that system.
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Discussion
In Figure 9, the first plot (left) is the pole-zero plot for the plant. This plot contains no zeros and two poles, both of which have a real value of 0. This means that the plant transfer function is semi-stable, and the amplitude of the plant will neither tend toward a value of zero nor a value of infinity. The second plot (middle) is the pole-zero plot for the PID controller transfer function. This contains one pole and two zeros, all of which have a real value of less than 0. As a result, the system will tend towards 0 and will therefore be stable. As the plant transfer function is semi-stable and the controller transfer function is stable, the forward transfer function, which is the product of these transfer functions, will also be stable. The last plot (right) is the pole-zero plot for the closed loop transfer function. This contains two zeros and four poles, all of which have a real value of less than 0. From this it can be determined that the amplitude of the closed loop system tends towards 0 and is stable as a result. As several of the poles are close to zero on the real axis, it can be assessed that this transfer function is not critically damped, but rather overdamped. 
Figure 10 shows the Nyquist plot (left) of the forward transfer function. Not much can be seen at the full magnification. Figure 11 is a magnified view around the origin point. 
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[bookmark: _Toc134136116]Figure 11: Magnified view of the forward transfer function Nyquist plot.
What it appears to show is that there is only one revolution around the origin which indicates system stability. This view is reinforced when the Nyquist plot of the closed loop transfer function is considered, see Figure 12.
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[bookmark: _Toc134136117]Figure 12: Nyquist plot of the closed loop transfer function.
In Figure 12, the Nyquist plot shows only one revolution about the origin which indicates that the system is stable. 
Figure 10 also shows the bode plot (right) of the forward transfer function. From this, an infinite gain (at infinite radians per second) and a phase margin of 86.4 degrees (at 49.1 radians per second) can be learned. 
[image: ]
[bookmark: _Toc134136118]Figure 13: The Bode plot of the closed loop transfer function.
Figure 13 shows the bode plot of the closed loop transfer function. The system is shown to be stable by the gain being negative when the phase is also negative. From this, an infinite gain (at infinite radians per second) and a phase margin of 161 degrees (at 16.4 radians per second) can be found.
As the gain margin is infinite for both the forward transfer function and the closed loop transfer function, there is no amount of gain that could make this system unstable. A phase margin of 86.4 degrees on the forward transfer function and a phase margin of 161 degrees on the closed loop transfer function are both good results meaning that a large phase shift would be necessary to make the system unstable.
[bookmark: _Toc134137007]

Conclusion
Overall, the full closed loop system is stable meaning that it is able to control a CIWS to turn and face its target successfully. The infinite gain margin and the large phase margin indicate the likelihood of this system becoming unstable is low. The system task is achieved in 0.255 seconds with an overshoot of 3.74%, both of which are acceptable given the specified parameters. 
In reality, a settling time of 0.255 seconds would put a lot of strain on the electrical and mechanical components of the CIWS and would thus not be ideal. The overshoot and the settling time are the product of the specific values of a, b, and c that defined the plant transfer function. A better response could be given if different plant was used.
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All values given to four decimal places.
	Variable
	Value
	Variable
	Value

	A
	1.0000
	d1
	1.0000.

	B
	0.0000
	d2
	5615.8623

	C
	4.0000
	d3
	4.0000

	Kp
	130.3106
	d4
	22463.4492

	Ki
	46.9743
	d5
	0.0000

	Kd
	48.9850
	D1
	1.0000

	N
	5615.8623
	D2
	5615.8623

	N1
	275223.3254
	D3
	275227.3254

	N2
	731853.3601
	D4
	754316.8093

	N3
	263801.2004
	D5
	263801.2004


[bookmark: _Toc134137012]Appendix B – Deriving Forward and Closed Loop Transfer Functions
Refer to Appendix A for variable values.
	Variable Name
	Explanation

	PlantTF
	Transfer function of the plant.

	ControllerTF
	Transfer function of the PID controller.

	FwdTF
	Transfer function of the forward portion of the circuit.

	CLTF
	Transfer function of the entire closed loop circuit including feedback.



Using Equation 1:

Using Equation 2:




Using Equation 3:
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