[image: Text

Description automatically generated]







Control System Design 
















By Adam Mayo (2112088)
Instrumentation and Control (ACDB5011)
Contents
Table of Figures	3
List of Tables	3
List of Equations	3
Abstract	4
1.0	Introduction	5
1.1 Aims	5
1.2 Objectives	5
1.3 What is a control system	6
1.4 Control system design	6
1.5 Open-loop systems	6
1.6 Closed-loop systems	7
1.6.1 Proportional (P)	7
1.6.2 Proportional-Integral (PI)	7
1.6.3 Proportional-Derivative (PD)	8
1.6.4 Proportional-Integral-Derivative (PID)	8
2.0	Equipment	10
3.0	Method	10
3.1 Simulation 1	10
3.2 Simulation 2	10
3.3 Simulation 3	12
4.0	Results	13
4.1 simulation 1	13
4.2 Simulation 2	14
4.3 Simulation 3	14
5.0	Discussion	15
6.0	Conclusion	16
7.0	References	17






[bookmark: _Toc141117459]Table of Figures
Figure 1, Phalanx CIWS weapon system [3].	5
Figure 2, Block diagram of an open-loop system [8].	7
Figure 3, Block diagram of a closed-loop system [8].	7
Figure 4, PID Tunning graph within Simulink.	9
Figure 5, PID Tunning parameters within Simulink.	9
Figure 6, Simulation 1 block diagram.	10
Figure 7, Simulation 2 block diagram.	12
Figure 8, Simulation 3 block diagram.	12
Figure 9, Oscilloscope output from simulation 1.	13
Figure 10, Oscilloscope output from simulation 2.	14
Figure 11, Oscilloscope output from simulation 3.	14

[bookmark: _Toc141117460]List of Tables
Table 1, PID values Simulation 1.	10
Table 2, PID values Simulation 2.	12

[bookmark: _Toc141117461]List of Equations
Equation 1, CIWS Standard transfer function.	6
Equation 2, Proportional output signal [10].	7
Equation 3, Proportional-Integral output signal [13].	8
Equation 4, Proportional-Derivative output signal [14].	8
Equation 5, P Proportional-Integral-Derivative output signal [15].	9













[bookmark: _Toc141117462]Abstract
This report uses control system techniques and design thinking to improve a closed-loop control system capable of controlling an angular position system attached to an automatic CIWS turret. A desired list of requirements was set out to deem if the control system was stable. These were to bring the process under control within two seconds and with an overshoot of less than 5%. This was achieved during the report using a PID controller to tune the system for the desired response, which allowed the transfer function to be updated. For the duration of this report, books, journal articles and websites were used as sources of credited information to support statements made. The control system was improved by this report which used various simulations to meet the requirements set by the report.




















[bookmark: _Toc141117463]1.0	Introduction
[bookmark: _Toc141117464]1.1 Aims
The problem set out within this report concerns the angular positioning system attached to an automatic turret for the close-in weapon system (CIWS) [1] that is typically used on board naval ships as a defence mechanism. As a result of its role, the CIWS will have to deal with large amounts of data and respond quickly to threats by processing this data [2]. 
This report will aim to improve the response time and reduce the overshoot of the output signal, to better match the step input signal. This will be shown by the improvements in the control system’s transient and steady-state response. 
This improvement will cause the step input signal to be processed faster and more accurately, which provides better data. This will allow the CIWS to position itself quicker with the right phase angle to the target.
[image: Phalanx CIWS]
[bookmark: _Toc141194519]Figure 1, Phalanx CIWS weapon system [3].


[bookmark: _Ref138231021][bookmark: _Toc141117465]1.2 Objectives
· Design a closed-loop control system capable of controlling a process.
· The control system should be able to control the process within two seconds, with an overshoot of less than 5%.
· The control system results should be validated by comparing the results of the updated transfer function to a simulation that has already met the requirements of the report.
[bookmark: _Toc141117466]1.3 What is a control system
A control system’s purpose is to make the system behave desirably over time [4]. A dynamic example of this could be a car maintaining a user-defined speed despite changes in elevation or wind conditions. In the case of a car, the error between the true speed and the set speed will be input to an algorithm to give a proportional fuel flow response to change the car's speed to match the set point [4]. However, to accurately control a system, the behaviour needs to be predicted by mathematical models. By having an understanding of control systems:
· Stability of closed-loop systems can be improved, by having a better transient response. This describes how the system reacts to a new operating condition.
· Response time can be sped up, so the output matches the set point.
[bookmark: _Toc141117467]1.4 Control system design
To design a closed loop control system, the report will use the following components to update the transfer function of the angular positioning system:
· Summer – works by combining multiple inputs, which is important for closed-loop systems where a feedback loop can be created [5]. Allowing the output to be compared to the setpoint. This is achieved by adding the inputs to its ports, but if the summer is negative, it will produce a negative output of the sum of the inputs.
· Proportional-Integral-Derivative (PID) - As discussed in 1.6.4 Proportional-Integral-Derivative (PID).
· Transfer function (shown in Equation 1) - A mathematical representation of the input and output of a system in the Laplace domain [6]. Therefore, the systems performance to dynamic inputs, stability and frequency response can be analysed. 
Generally, control systems are in the time domain. But transfer functions operate in the frequency domain from time descriptions via Laplace transforms [4].


[bookmark: _Ref140851123][bookmark: _Toc141194512]Equation 1, CIWS Standard transfer function.	Comment by Adam Mayo: How do I ref the assignment brief 	Comment by Adam Mayo: Also thi will be moved else where in the intro


[bookmark: _Toc141117468]1.5 Open-loop systems
An open-loop systems output will not be influenced by current state error or feedback. Hence, Figure 2 shows how the input signal remains unaltered for a constant input as it is processed. In general, manual control systems are open-loop. For example, a light switch goes on regardless of whether it is needed or not [7]. This system can be easily constructed and designed, whilst generally being stable and easy to maintain. However, it can be less accurate and not very adaptable to dynamic changes in more advanced systems.
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[bookmark: _Ref141084758][bookmark: _Toc141194520]Figure 2, Block diagram of an open-loop system [8].
[bookmark: _Toc141117469]1.6 Closed-loop systems
Closed-loop systems control an input to maintain a chosen set point. It utilises feedback to alter the control inputs applied to the plant under control as shown in Figure 3 [8]. A thermostat is an example of this system as it senses the temperature and from that controls the state of the heater. By comparing the actual output to the setpoint, the closed-loop system offers high levels of accuracy, stability and responses to dynamic changes. The price of this system is typically high as the design and construction are complex [9]. 
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[bookmark: _Ref139013582][bookmark: _Toc141194521]Figure 3, Block diagram of a closed-loop system [8].
[bookmark: _Toc141117470]1.6.1 Proportional (P)
This is a fundamental controller which is expressed in Equation 2. This controller utilises the relationship between the error signal and the control output. The error signal is the difference between the setpoint and the actual output. A benefit is that it can be used to speed up the response of a system, but the system cannot track a step input within a finite steady-state error, for example [10]. Therefore, a proportional controller by itself is not sufficient to control the process for the angular positioning system.

[bookmark: _Ref139029627][bookmark: _Toc141194513]Equation 2, Proportional output signal [10].
[bookmark: _Toc141117471]1.6.2 Proportional-Integral (PI)
In order to decrease the steady state error an integrator needs to be implemented, as the integrator will sum up past errors over time, this allows the error in the signal to be reduced to the original setpoint [11]. This controller offers improved stability and accuracy to the system without the need for a derivative control, which would add complexity to the process. This controller can be used to control the speed of DC servo motors [12] and is often used to control various dynamic processes. The controller is shown in Equation 3. PI controllers can track step inputs but only to certain requirements which may not be in line with this report’s 1.2 Objectives.


[bookmark: _Ref140843038][bookmark: _Toc141194514]Equation 3, Proportional-Integral output signal [13].
[bookmark: _Toc141117472]1.6.3 Proportional-Derivative (PD) 
To achieve a faster response time combined with a greater robustness, a PD controller is used. This combines the process of the proportional controller and derivative controller. A derivative controller considers upcoming trends in the error by evaluating its rate of change. This prediction assists with dampening the systems response, which improves the transient response and stability of the output. PD controllers are desired when fast responses are needed, whilst staying stable. The PD equation is shown in Equation 4. However, the settling time of this controller may not be quick enough for the angular positioning system in this report.


[bookmark: _Ref139627498][bookmark: _Ref140909908][bookmark: _Toc141194515]Equation 4, Proportional-Derivative output signal [14].
[bookmark: _Ref140849833][bookmark: _Toc141117473]1.6.4 Proportional-Integral-Derivative (PID)
A PID controller is far superior to individual controllers as it combines three components; proportional, integral, and derivative as shown in Equation 5. This type of controller has rapid responses accredited to the proportional component, reduced steady state errors from the integral component and the derivative component expects future error trends to benefit the stability and overshoot of the system. Thus, PID controllers are used in a variety of sectors where achieving precise and robust control is needed [15]. For example, the angular positioning of a robotic arm is controlled by a PID controller [16].
Tunning of a PID controller aims at reducing the steady state error of the signal whilst avoiding large oscillations. Tunning can be achieved by manual calculations, although it requires a lot of testing for systems with specific requirements [17]. This is where software built into MATLAB-Simulink do the calculations for the user by using methods such as Ziegler-Nichols [17] and Cohen-Coon [17] to name a few. This process is shown in Figure 4 and Figure 5.
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[bookmark: _Ref141083700][bookmark: _Toc141194522]Figure 4, PID Tunning graph within Simulink.
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[bookmark: _Ref141083706][bookmark: _Toc141194523]Figure 5, PID Tunning parameters within Simulink.


[bookmark: _Ref140912097][bookmark: _Toc141194516]Equation 5, P Proportional-Integral-Derivative output signal [15].






[bookmark: _Toc141117474]2.0	Equipment
All simulations took place in SIMULINK, which is part of the MATLAB software package for system design and analysis. The following equipment was used in the simulations for this report:
· Step input
· Summer (Add)
· PID Controller
· Transfer function (Equation 1)
· Oscilloscope (Scope)

[bookmark: _Toc141117475]3.0	Method
[bookmark: _Ref138161002][bookmark: _Toc141117476]3.1 Simulation 1
For this simulation (Figure 6) a step input of 1V at a sample time of 10e-6 seconds was used as the input signal. This output will then be summed together with the negative feedback of the PID controller and transfer function (Equation 1). The output signal was measured using an oscilloscope to compare different stages of the signal.
Tunning the PID controller was important to get the system to produce a desired response. A balance between response time and the transient behaviour was achieved to get the updated gain values as shown in Table 1.
[bookmark: _Ref138924966][bookmark: _Toc141194517]Table 1, PID values Simulation 1.
	Variable
	Block
	Tunned

	P
	1
	23.8869

	I
	1
	6.7403

	D
	0
	18.3672

	N
	1
	1061.1931
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[bookmark: _Ref138231759][bookmark: _Toc141194524]Figure 6, Simulation 1 block diagram.
[bookmark: _Toc141117477]3.2 Simulation 2
The control system was adjusted so that the system met the requirements set out in 1.2 Objectives.
Figure 7 shows that this simulation’s circuit was similar to 3.1 Simulation 1. However, the transfer function for the angular positioning system was updated using values generated by tunning 3.1 Simulation 1 to meet the requirements set out in 1.2 Objectives. During this the PID controller in this simulation was tunned further as shown in Table 2. To get an even faster response time for the same overshoot value.
The derivation for the updated transfer function can be seen below:






Combing the PID controller and transfer function






Combing the negative feedback loop (H=1)











[bookmark: _Ref141084490][bookmark: _Toc141194518]Table 2, PID values Simulation 2.
	Variable
	Block
	Tunned

	P
	1
	2.4083

	I
	1
	34.0850

	D
	0
	0.0174

	N
	1
	42.0338
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[bookmark: _Ref138231694][bookmark: _Toc141194525]Figure 7, Simulation 2 block diagram.

[bookmark: _Toc141117478]3.3 Simulation 3
Figure 8 shows the removal of the PID controller and negative feedback loop, to highlight the effect of the new transfer function on the output signal.
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[bookmark: _Ref138231781][bookmark: _Toc141194526]Figure 8, Simulation 3 block diagram.



[bookmark: _Toc141117479]4.0	Results
[bookmark: _Ref139633763][bookmark: _Ref140070307][bookmark: _Ref140070356][bookmark: _Ref140919438][bookmark: _Ref140919991][bookmark: _Ref140920384][bookmark: _Toc141117480]4.1 simulation 1
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[bookmark: _Ref141084940][bookmark: _Toc141194527]Figure 9, Oscilloscope output from simulation 1.
[bookmark: _Ref139637506][bookmark: _Ref140069700][bookmark: _Ref140070326][bookmark: _Toc141117481]4.2 Simulation 2
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[bookmark: _Toc141194528]Figure 10, Oscilloscope output from simulation 2.
[bookmark: _Ref140920302][bookmark: _Toc141117482]4.3 Simulation 3
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[bookmark: _Toc141194529]Figure 11, Oscilloscope output from simulation 3.


[bookmark: _Toc141117483]5.0	Discussion
Results shown in 4.1 simulation 1, show the summer (Blue) is at a value of 1 instantaneously, which implies that it is adding the inputs to its ports. However, the summer does gently decline into the negative which inverts the output. The PID controller (Green) immediately rises to a value of 2 x104 which implies a high gain has been applied to the controller’s elements to be highly responsive to the error signal. The output signal (Yellow) shows a slight overshoot (4.51%) which can be accredited to the aggressiveness of the system. This aggressive behaviour allows the system to be under control in 0.991 seconds. Overall, by using Equation 1 as the transfer function, the 1.2 Objectives could be achieved by tunning the PID controller.
The results from 4.2 Simulation 2, suggest this circuit is far more aggressive than 4.1 simulation 1. This is proven as the summer (Blue) has a rapid decline into the negative. However, as the transfer function is updated the PID is not having to be as responsive or sensitive to the error signal as it was not large due to the updated transfer function correcting for this error. For comparison, by roughly the same overshoot value as 4.1 simulation 1 of 4.52% the output signal (Yellow) in this simulation is under control in 0.283 second. This means that the new transfer function is more efficient for the angular positioning control system.
Shown by 4.3 Simulation 3 results, we can see that the output signal is still behaving in the same way as 4.1 simulation 1 without the need for a summer and PID to achieve the setting time of 0.991 and 4.51% overshoot. This confirms that the updated transfer function is correct and meets the objectives for the angular positioning control system.














[bookmark: _Toc141117484]6.0	Conclusion
This report set out to improve the process of an angular positioning system attached to a CIWS by making it faster to respond with an improved overshoot. The research within the report has shown this was possible by utilising tunning methods within a closed-loop system. As a result, an updated transfer function was generated and simulated as a single transfer function and compared to previous results that met the requirements set out. This meant the new transfer function is capable of controlling a process without the aid of additional processors like a PID controller. Therefore, this allows an unstable and slow-to-respond system into a quicker, desired, stabilised control system.
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