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[bookmark: _Toc46135282]Abstract
A task was set to build a PID control circuit in Simulink using Matlab with a specific transfer function. The circuit had to be tuned to set criteria. Once this was completed. The circuit had to be confirmed by working out the control system mathematics and building it into a single transfer function. The building and tuning of the circuit was done successfully. Calculating the single transfer function was difficult, however ultimately, once run through Simulink this was also done successfully. 
Techniques were used to ensure the stability of the system, including pole-zero and Nyquist diagrams. These techniques showed the system to be stable. However more understanding on these techniques is required before they can be fully implemented in the understanding of the parameter of the PID control circuit.
[bookmark: _Toc46135283]Introduction
The first closed loop feedback system was invented by James Watt in 1788. The Governor, a pair of balls attached to a spinning spindle move in and out from centrifugal force depending on the speed of the spindle. This action is used to open or close a valve, thus controlling the speed of his steam driven engines [1]
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[bookmark: _Toc46135291]Figure 1 - James Watts Governor, 1788 [1]
Most feedback systems are built with the purpose of controlling an output by comparing the required output to the actual output. Types of Closed loop feedback system include [2]:
· Discrete Control (On/Off)
· Three state controller
· Proportional (P)
· Proportional – Integral (PI)
· Proportional – Derivative (PD)
· Proportional – Integral – Derivative (PID)
A Proportional Integral Derivative Controller, commonly known as a PID, is a control system used in industrial processes. PIDs are a robust performing system which has been a source for their popularity. Another reason for them being so popular is that they are simple to operate; allowing engineers to manipulate them easily.
Initially developed by Elmer Sperry in 1911, not until 1933 did Taylor Instrument Company develop a proportional controller that was able to be tuned and used with a pneumatic control system. Following this, the users tried to remove the ‘steady state’ error by setting the point to a simulated value, providing the error was not zero. The process of setting the error point integrated it, thus the term proportional integral controller was coined. TIC produced a controller for a pneumatic system in 1940. This controller had a derivative component that assisted in lessoning overshoot. PIDs became common place in industry by the 1950s [3] and in todays technology PID are utilised in over 90% of industrial control loops [4].
A PID controller is a closed loop system. The principle behind the operation of a PID controller is to take readings from a sensor at the load output and define a response from information fed back into the input so to reach the desired system output. The proportional, derivative and integral responses are calculated. The three coefficients are summed together to control the system adjusting and remeasuring the output until the optimum requirement is met [5].
PID controllers are used in a vast amount of processes; flight control systems, road transport systems, instrumentation, motors, even memory systems such as magnetic or optical systems. Controller can be produced in many different formats, a basic single loop systems, they can be in PLC as a software function, or as a built in system controller in a CD player [4].
An example of a PID controller in OME is a heat controller for an incubator (oven). A weapon system or explosive shall not deteriorate from performance or safety with age. To ensure that a system will not degrade. Therefore, scientists and engineers create an accelerated aging programme [6]. This can significantly reduce the time for a long term trial, an explosive held at 84oC for one month can represent a material that has been at 66oC for one year, thus a one year trial represents a 12 year aging mechanism [7]. The same system can also be used for a cyclic control where temperature can be varied over time to cycle between two set temperatures, for example 40oC and 60oC every 12 hours.
In a temperature control system, temperature is the process variable which requires the control. There will be a sensor (thermistor, thermocouple, RTD) in the area to be controlled. This sensor will feedback into the control system. The user inputs the set point into the controller. The controller will detect the difference between the required temperature and the current temperature and see it is an error. This error signal in the algorithm will instruct the heater to continue to give an output of heat. As the temperature becomes closer to the set point, the output of heat will become less. The controller may then turn off the heat output when the required temperature has been reached. To begin with there may be overshoot, the temperature rises above the required temperature set point. The plant will naturally (or forcefully) cool. Once the temperature falls under the set point, the controller will set to output heat once more. In ideal system will then sit at the required set point heating and cooling as required to keep the temperature consistent.
The proportional component is a comparison between the required set point and the temperature being measured (a faulty component will be problematic for this process). This difference is known as the error. The proportional gain calculates the response required to the error as a ratio. If the proportional gain is increased, the system will be driven harder and the speed of the response in the system will increase. If proportional gain is set too high, oscillations in the system occur. If the system is then driven harder, oscillations may grow and eventually the system becomes uncontrollable. 
The integral component is a summation of the error over time. If error is calculated the integral will slowly increase, even if it is small. This increase will continue until the calculated error is zero. This is to drive the system so that the steady state error becomes zero. When the system becomes stable, the difference between the anticipated output and the measured output is known as the steady state error.
The derivative reduces the output when the measured value is increasing too fast and the response is proportional when compared to the speed of the increase. If the derivative time is increased, the system will respond more readily to any change in the error. This will mean the response of the system to the change will be faster. For realistic systems a lower derivative is more practical due to the response being susceptible noise which with a high derivative could create instability in the system [8]. 
[bookmark: _Toc46135284]Task
1. A task was set to design and build an industrial control system meeting required constraints. Those constraints being, the system should bring the process under control within 2 seconds and the overshoot should be less than 5%.
2. Once the system has been built and tuned, the closed loop transfer function for the whole circuit is calculted. The results of the new transfer function shall be validated by comparing the calculated results with those from the built circuit as found in task 1.
[bookmark: _Toc46135285]Method - Task 1
The process control simulation was built using MATLAB and Simulink.
The transfer function to be used 

The values of A, B, C;
	Student ID
	a
	b
	c

	1810370
	5
	5
	4



The system was built in Simulink as instructed using a stepped input, a feedback controller, PID controller and the transfer function with the output displayed on an oscilloscope
[image: C:\Users\steve.james\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\BB7A0FD8.tmp]
Once built and tested, the system had to be tuned to meet the requirements. By selecting the PID controller, the functionality of the controller can be tuned. Tuning was done by adjusting the ‘Response Time’ and ‘Transient behaviour’ bars as seen in Figure 2 until the controller showed the specified parameters had been met Figure 3.
[image: C:\Users\steve.james\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\809F7BA6.tmp]
[bookmark: _Ref45626985][bookmark: _Toc46135292]Figure 2 - Tuning functionality

[image: C:\Users\steve.james\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\3021AEA4.tmp]
[bookmark: _Ref45627065][bookmark: _Toc46135293]Figure 3 - controller parameters
Task 1 was complete.
[bookmark: _Toc46135286]Method - Task 2
Task 2 required taking the P, I, D and N functions found in tuned circuit of task 1 and running through a mathematical simulation to amalgamate the transfer function, the PID function and the feedback function into one transfer function. The steps followed are detailed here.



Taking a = 5, b = 5, c = 4 our transfer function now becomes:



When drawn as a block diagram, the system now looks like this:

[image: ]

Using the PID tuner in MATLAB, the subsequent values were attained:
· Kp: 67.2025
· Ki: 28.3039
· Kd: 39.4574
· N: 917.9341
Therefor the transfer function of the PID controller will be:





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.

























The block diagram can now be redrawn as:

[image: ]



Now the feedback loop can be removed so that the transfer function can be calculated 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 

























Collecting like terms…




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





r(t)
y(t)




With the newly calculated transfer function being completed. It was then put back into Simulink, using just a step function as the input and an oscilloscope on the output.

With the calculated transfer function complete, the circuit was built into Simulink to and the programme run to produce an output. Figure 4 shows the step input the calculated transfer function and the oscilloscope to record the output
[image: ]
[bookmark: _Ref45889865][bookmark: _Toc46135294]Figure 4 - simulink transfer function with only mathematical function
Running the simulation using Figure 4, recorded the output onto the scope, however in order to ensure the 2 circuits were comparable, the were simulated together using one step input and one oscilloscope, Figure 5
[image: ]
[bookmark: _Ref46133896][bookmark: _Toc46135295]Figure 5 - both transfer functions running together in simulink


[bookmark: _Toc46135287]Results
The first run of the simulation was measured using the oscilloscope and gave the following output Figure 6:
[image: C:\Users\steve.james\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\6D03E388.tmp]
[bookmark: _Ref45632797][bookmark: _Toc46135296]Figure 6 - first simulated run response
The output from the oscilloscope demonstrates how the PID controller with the required transfer function will work without it being tuned Figure 6. Upon entering the tuning function in Simulink, the programme automatically tunes the system to a more favourable response.
[image: C:\Users\steve.james\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\8B4080DF.tmp]
[bookmark: _Ref45632884][bookmark: _Toc46135297]Figure 7 - automatically tuned circuit
Figure 7 shows the original untuned circuit, with the automatically tuned circuit over the top. As can be seen, the settling time is ~5 seconds and does not meet the criteria for the task.
The tuning was completed to meet the criteria set, the following response, Figure 8, curve was recorded:
[image: C:\Users\steve.james\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\55C69D45.tmp]
[bookmark: _Ref45633648][bookmark: _Toc46135298]Figure 8 - response curve of tuned circuit
Following the output from the tuned circuit, the circuit based on the mathematical was built and the output from just the transfer function is found below Figure 7.

[image: ]
[bookmark: _Ref45889271][bookmark: _Toc46135299]Figure 9 - response curve of mathematical transfer function

It can be seen that the output from the math transfer function appears to be identical on separate output graphs. 

[image: ]
[bookmark: _Ref45889498][bookmark: _Toc46135300]Figure 10 - outputs from simulated and mathematical transfer in the same scope
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[bookmark: _Ref45889502][bookmark: _Toc46135301]Figure 11 - overlay of simulated and calculated transfer functions

Figure 10 shows the outputs from the calculated function and the simulated function being recorded by the same oscilloscope. Showing that the outputs are very similar. Figure 11 show the two outputs one overlaying on the other. From this graph it shows that the calculated transfer function is correct as it lies solely on top of the simulated transfer function.
[bookmark: _Toc46135288]Discussion
The applied mathematics for the transfer function is difficult, moreover the chance of a mistake is amplified due to the sums and figures involved. With the graph of the output from both the simulated function and the calculated function, the evidence shows that the maths has been calculated correctly as it matches up with the results produced form the simulated circuit that has been tuned.
Other tools are available to assist with PID controllers. 
Pole zero diagrams assist with picturing how the system will respond should we know its transfer function and can also how stable the system will be. Figure 12 shows examples of pole locations and the system response.
[image: ]
[bookmark: _Ref45891244][bookmark: _Toc46135302]Figure 12 - example of PZ diagram and how the system responds based on the poles [9]
From Figure 12 it can be seen that poles to the left of the origin produce a stable system, poles to the right produce an unstable system [9].
[image: ]
[bookmark: _Ref45893744][bookmark: _Toc46135303]Figure 13 - PZ diagram for transfer function
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[bookmark: _Ref45891597][bookmark: _Toc46135304]Figure 14 - PZ diagram for transfer function zoomed in to show inner poles
Figure 13 shows the whole PZ diagram, respectively Figure 14 is a zoomed in image. Both images show that all of the poles are in the left half of the plot. This means that the system will be stable. The time domain will exponentially decay. There is a pole at the origin which means that there will be a constant amplitude, defined by initial conditions [9].
The poles can also be calculated by using the transfer function and putting the denominator into a quadratic equation. For this function, the maths is as follows:











Given 


This shows that the location of the 2 poles will be at -0.5 on the real line, and a conjugate pair at 0.7641 and -0.7641 on the imaginary line. Figure 15 shows the poles from Matlab, and, excluding rounding errors shows the calculated poles match the simulated poles.
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[bookmark: _Ref46084719][bookmark: _Toc46135305]Figure 15- pole zero showing poles
As the conjugate pole pair is  and in the left of the PZ plot, it will have decaying sine wave in the equation:


With the poles located as describe above, the time response will be

And this can be expanded to a time domain response of:

This equation can be used to form a graph showing decay over time response, with the correct knowledge of the spreadsheet package. More understanding is required on how to use Microsoft Excel, however an example of a graph of the decay is found in Figure 16.


[bookmark: _Ref46080954][bookmark: _Toc46135306]Figure 16 - example of the time delay response [9]
A Nyquist diagram gives a representation of the stability of the system, showing the response of phase and frequency in one diagram. The Nyquist diagram for the circuit used is found in Figure 17.
[image: ]
[bookmark: _Ref46083819][bookmark: _Toc46135307]Figure 17 - Nyquist diagram for tuned circuit
If a unit circle is placed on the Nyquist diagram, the gain margin can be calculated by measuring the distance between the edge of the unit circle and the rear of the of the Nyquist diagram in the negative portion of the real axes.

[image: ]
[bookmark: _Ref46083777][bookmark: _Toc46135308]Figure 18 - unit circle on Nyquist diagram
Looking at the unit circle on the Nyquist diagram and comparing it to the diagram itself, it shows that the gain margin of the circuit is between 0.9 and 1, Figure 18. Phase margin is how much phase shift can the circuit take before it becomes unstable. This is the point on the diagram where the diagram crosses the unit circle in the negative real axis. On the plot here, the diagram does not cross the unit circle, this shows that the system will not become unstable with any degree of phase shift. 
[bookmark: _Toc46135289]Conclusion
The task set was to build a PID control circuit, then tune it to the required specification. This was done with relative ease. Following this the transfer function had to be calculated using a mathematical formula. The maths was difficult and took a long time to complete. Once done this was put into Matlab as a single transfer function and the output plotted. Comparing the plot of the PID controller with that of the single transfer function showed that both functions matched up. Therefore, the circuit had been done correctly.
There are techniques that can be used to look at the stability of the transfer function. The techniques such as pole-zero and Nyquist diagrams. These techniques show that the circuit is stable, however more understanding of these techniques must be required before they can be fully implemented in the process.
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Introduction

It can be suggested that the first closed loop feedback system was invented by James Watt
in 1788. Known as a Governor, a pair of balls attached to a spinning spindle move in and out
from centrifugal force depending on the speed of the spindle. This action s used to open or
close a valve, thus controlling the speed of his steam driven engines

A Proportional Integral Derivative Controller, commonly known as a PID, is a control system
used for a wide range of industrial processes. PIDs are a robust performing system which
has been a source for their popularity. Another reason for them being so popular is how
they function. They are simple to operate; this allows engineers to mar
relative ease.

ulate them with

The PID system is based on an algorithm with 3 separate coefficients, the proportional, the
integral and the derivative. These coefficients and adapted and tuned to acquire the desired
response from the operator.

APID controller is a closed loop system. The principle behind the operation of a PID
controller is to take readings from a sensor at the load output and define a response from
information fed back into the input so to reach the desired system output. The proportional,
derivative and integral responses are calculated. The three coeffi
together to control the system adjust and remeasuring the output until the optimum
requirement is met.

nts are summed

a heat controller for as

An example of use of a PID controller in OMI cubator (oven).
Part of theory for OME is that a weapon system or explosive shall not deteriorate from
performance or safety with age. To ensure that a system will not degrade with age, it is not
possible to simply build one and leave it for the lfe of the system, which could be 20 years.
Therefore, scientists and engineers create an accelerated aging programme [1]. Accelerated
aging can significantly reduce the time for a long term trial, an explosive held at 84°C for one
month can represent a material that has been at 66°C for one year, thus a one year trial
represents a 12 year aging mechanism [2]. The same system can also be used for a cyclic
control where temperature can be varied over time to cycle between two set temperatures,
for example 40°C and 60°C every 12 hours.

In the example of a temperature control system, temperature is the process variable which
requires the control. Therefore, there will be some form of sensor (thermistor,
thermocouple, RTD) in the area to be controlled. This sensor will be fitted to the feedback
loop into the control system. The user will have decided and inputted the set point into the
controller. The controller will detect the difference between the required temperature and
the current temperature and see it is an error. This error signal in the algorithm willinstruct

the heater to continue to give an output of heat. As the temperature becomes closer to the
& B
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shown in Figure 1.1. James Watt designed his first governor in 1788 to control the output
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