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	Module Learning Outcomes 
(from module syllabus)

	
3. Describe and select a control strategy to meet an industrial application. 
In addition, ensure the control action is programmed/tuned to meet the requirements of the process.








	
TASK DESCRIPTION




Introduction
You are a Controls Engineer for Pembroke Renewable Solutions. You need to research and select a control strategy to satisfy an industrial application (taken from your workplace). A control system is a system of devices that manages, commands, directs or regulates the behaviour of other devices to achieve a desired result. The definition of a control system can be simplified as a system which controls other systems to achieve a desired state.

Task 1 – Control Types

a) Select a typical industrial controls application (from your place of work either provided or agreed by your tutor) and describe:
1)   How you would choose a suitable control strategy to fully satisfy requirements. 
2)	  Explain how regulators would be used in such systems

In an oil refinery it is vital to know the quantities and qualities of the process fluids flowing through the pipes.  Instrumentation equipment tracks and controls the quantities in terms of flow rates, pressures, temperatures and levels.  To monitor the quality of the process fluids within the pipes analyser equipment analyses the individual components comprising the process fluid.

There is an expectation of the components in the pipe.  The purpose of the analyser is to verify these expectations.  Should the analyser not detect what it is set-up to detect, within tolerances of slight variations, then there may be a fault with the analyser or a refinery process upset.

One such type of analyser is a distillation analyser.  This analyser takes a liquid sample from the process pipe.  A fixed quantity is placed in a heating cup.  The temperature at which the fluid first vapourises to the time and temperature at which the last drop has distilled is recorded.

If the properties of a particular fluid matches the analyser results then it confirms the process fluid is as expected.

Only a very small sample of less than 20ml is required for the analysis.  From the time for that small quantity to travel from the process pipe to the analyser the live composition at the process take-off may be slightly different.  Therefore, it is necessary to have a large volume taken off from the process take-off to arrive at the analyser and from there only take a tiny quantity to feed into the analyser.

This is known as a fast loop and ensures continually fresh process fluid is flushed through the sample pipework.  Otherwise, if only the necessary quantity was taken from the process take-off there would be sample sat in the pipework waiting to cycle through the analyser.  By the time a particular has arrived at the analyser the composition within the process pipe might have changed.

From process
To analyser
Dual coalescers
Pressure regulator
Flow regulator
2 micron filter
Fast loop return path

Sample panel (Bevan, 2023)

In continuous controller “modes, the output of the controller changes smoothly in response to the error or rate of change of error”, comments Johnson (2000). (Johnson, 2000)

The sampling panel is a form of open-loop continuous control.  The pressure regulator and the flow regulator are set to provide a desired flow rate to the analyser.  When there are slight fluctuations in process pressure the regulators will continually maintain the correct flow to the analyser.

Within the analyser there is sequential control.  Hanson (2015) explains, “When a process is to be controlled and the events (actions) will take place in a particular order, we have a sequential process.” (Hanssen, 2015)

The distillation analyser, manufactured by Icon Scientific Ltd, extracts a smaller sample from the sampling panel.  The sample size used by the analyser is only 20ml.  The process fluid being analysed is kerosene.  It is placed in a flask and heated sharply.  When an RTD located at the top of the flask first detects kerosene vapour, the power to the heating element is reduced to maintain a steady temperature.

The Initial Boiling Point (IBP) temperature is recorded when the first drop of condensed kerosene is detected.  The time taken to recover a set percentage of the sample is noted.  These properties of IBP and time taken to distil confirm the contents of the sample is indeed kerosene.

Crude oil is fractionated in a distillation column.  Lighter components in the crude distillation column rise up the column as column temperature is less hot than lower down the column.  At a particular level in the column it is sufficiently cool enough for the hydrocarbon vapour to condense into a tray from where it is drained from the column.

There are various take-off points for hydrocarbons of different densities, including light gases, naphtha, kerosene, diesel and fuel oil.  The kerosene distillation analyser mimics the conditions of the kerosene tray level of the crude distillation column.
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Analyser Distillation Engine (Icon Scientific Ltd, 2017)

The linear actuator, in the image above, in combination with opening and closing valves, controls the level in the flask at the beginning of the distillation cycle and monitors the percentage recovered in the receiver.  The body of fluids in each of the flask and alternatively to the receiver is the same as that which is in contact with the syringe and actuator.

When filling the flask the piston pushes down on the sample until the flask is filled until just below the diagonal side-arm condensation drain line.  When the sample is being distlilled the actuator rises as the level in the receiver rises.  A laser accurately monitors the height of the actuator.  From this the percentage of the sample recovered from distillation can be known.

The cycle of distillation follows a sequence.  To summarise from Icon’s manual the sequence, with the opening and closing of different valves within the engine, is:
1. Flush-cool mode.  Sample flows through the syringe into the bottom of the distillation flask, which overflows into the top of the receiver block and then out to the sample return line.  There is a minimum cool time and limits for the vapour temperature within the engine must be reached before stepping to the next part of the cycle.
2. Empty receiver.  Level in flask is just below the side-arm.
3. Contents of syringe pushed back into sample return line.
4. Piston is driven up to determine a fixed and repeatable level in the flask.
5. Piston is then driven up and down slowly to achieve a level in the receiver detected by the meniscus detector.
6. Heat is applied to quickly raise the temperature in the flask.  There will be no distillation yet.
7. Distillation – Wait Gradient.  The heat is lowered to reach a constant time to IBP.  Change of vapour temperature over time is monitored.  When vapour temperature is reached, the analyser will change to the next mode.
8. Distillation – Wait IBP.  Heat remains at same fixed temperature until IBP detector registers the first drop of liquid falling into the receiver.
9. Distillation – Ramp.  The power to the heating element is ramped up to achieve a fixed distillation rate.

Distillation will continue until either:
a) The vapour temperature drops by a defined amount which will signal the Final Boiling Point (FBP) has been passed, or
b) The flask reaches the upper temperature of the configuration, or
c) Distilled volume reaches a point defined by the user, e.g. 50%.

The heater is then switched off and any residual drops allowed to fall into receiver.  Finally, the inside of the distillation engine is de-coked.  The flask is heated to 550°C and the air is held at the temperature to remove any coke from the internal walls of the flask, receiver and pipework.  The carbon deposits are collected in filters that are periodically replaced.


Application of heat to FBP can take 10-15 minutes.  To cool the analyser and prepare it for the next sample can take 3-5 minutes.  Therefore, the total cycle time can take up to 20 minutes.  Cycles are done continually.

If the distillation stops due to point b) above would imply there has been a process upset as the process fluid drawn from the kerosene tray of the crude distillation column is not kerosene as expected.

The analyser can be configured for a number of different process fluids.  This adaptability is an example of batch control as parameters can be altered to accommodate the distillation of a different process fluid.  Examples of the parameters that can be adjusted are the sample size can be 20ml or 25ml, and the rate of heating can be varied with the heating stages Distillation - Wait Gradient, Distillation - Wait IBP, Distillation – Ramp.

The operation of the analyser is sequential control.  The flask and receiver must first be flushed, new sample put in and then heated.  Temperature sensors, meniscus detectors, drip detectors and laser proximity sensors continually monitor progress of each stage.  Conditions must be met before the next stage is moved to as part of a closed-loop sequence control.

There is an open-loop continuous control in the sampling panel and a closed-loop continuous control to the heat, pressure and reflux parameters of the crude distillation column.












[bookmark: _Hlk126925248]Task 2 – Tuning

a) Explain 2 tuning techniques that can be used for control systems.

Ziegler-Nichols have developed two tuning methods for Proportional, Integral, Derivative (PID) control systems.  Both aim for a ¼ decay ratio once tuned, causing less amplitude each subsequent peak.

The Proportional gain reduces the rise time, the Integral time eliminates the steady-state error and the Derivative time reduces the overshoot or settling-time.

One method is for an open-loop control system.  This is the Reaction Curve Method.  The other is for a closed-loop control system.  This is the Ultimate Cycle Method.

Reaction Curve Method
[image: A diagram of a mathematical equation

Description automatically generated with medium confidence] (Control Notes, Reflections of a Process Control Practitioner, 2011)

As shown in the diagram above, the control system has no feedback error control.  Reaction occurs if there is a set-point change or a disturbance causes the process to be altered.  After a step change has been made the following values need to be found to tune the PID controller:
· The process reaction rate,
· The unit reaction rate, and
· The effective delay.

To tune the PID controller using the Reaction Curve Method:
1. Place the controller into Manual mode
2. Ensure the Process Variable (PV) is in a steady-state.  View the computer as a step change is introduced when adjusting the controller so that the PV changes by at least 10%
3. Draw a tangent line along the slope reaction curve and calculate its gradient in terms of percentage
4. Divide the gradient by the controller’s output (CO) percentage change to give the unit reaction rate, R1
5. Determine the effective delay, td.  This is the time from when the step change is made to the point where the reaction curve tangent line crosses the line of the initial variable status.
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(Control Notes, Reflections of a Process Control Practitioner, 2011)

6. Calculate the tuning inputs whether it is P, PI or PID controller
	
	P controller
	PI controller
	PID controller

	Kp, proportional gain
	Tau/(R1*td)
	0.9*Tau/(R1*td)
	1.2*Tau/(R1*td)

	Ti, Integral time
	
	3.33*td
	2*td

	Td, Derivative Time
	
	
	0.5*td


7. Enter these values into the controller whilst still in Manual mode
8. Put controller into Auto mode
9. Verify calculated controller settings by making a 10% change

[image: A picture containing line, diagram, font, plot

Description automatically generated] (Bartlett, 2023)

Following tuning and the controller put into Auto mode a step change should demonstrate a decaying oscillatory behaviour, as shown in the graph above.

Ultimate Cycle Method
As the image below shows, a closed-loop control system with a error correction feedback.  The Ultimate Cycle Method can be used to PID controllers for a closed-loop control system.
[image: A diagram of a relay
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This method does not work for inherently unstable processes like temperature control of exothermic reactions.  It is not suitable if what it controls, such as valve or damper, has deadtime in response to a control change as the calculations will be inaccurate and results in poor tuning.

To tune a PID controller using the Ultimate Cycle Method:
1. Stabilise process such that the PV is in a steady-state when put into Manual mode
2. Remove Integral and Derivative controls
3. Make a set point change and monitor the results
4. If PV does not oscillate, double the Controller Gain
5. If PV oscillates but the peaks progressively decrease in amplitude, increase the Controller Gain by 50% (or less if getting close to a constant amplitude)
6. If PV oscillates but the peaks are progressively increasing, decrease the Controller Gain by 50% (or less if getting close to a constant amplitude)
7. If PV or Controller Output hits its upper or lower limits, decrease the controller gain by 50%.
8. The PV must oscillate freely and consistently, as shown in the gtraph below.  Otherwise, repeat the previous steps.
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(Bennet, 2023)
9. Take note of the Controller Gain, Ku, and the period of oscillation, Pu.
10. Calculate Proportional Gain (Kc), Integral time (TI) and Derivative time (TD) using the Ku and Pu as shown in the table below
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11.  Input the parameters into the controller
12.  Put controller into Auto mode and make a step point change to test the parameters.  Again, ¼ ratio decay should be observed as with the Reaction Curve Method.

b) Briefly explain the difference between First and Second Order systems. 

First-Order System
In a first-order system the input-output relationship is a first-order differential equation.

[image: A picture containing diagram, line, text, font
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The above diagram shows the relationship between the Input, R(s) and the output, C(s).  G(s) is the forward path gain.  H(s) is the feedback path.

The transfer function is [image: A picture containing font, white, diagram, text
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K is the gain of the proportional gain of the ratio of the input signal and the steady-state value of output.  T is the time constant.  It is the time for the Process Variable (PV) to attain 63% of its final value.

A first-order equation has only one pole.  Its general output form is C(s) = 1 – exp(-at)

The settling time is the time for a response to reach and stay within 2% of its final value
Ts = 4/a

The time constant is t = 1/a

The rise time is the time for the waveform to go from 0.1 to 0.9 of its final value
Tr = 2.2/a

On a pole-zero plot, the further ‘a’ is from the imaginary axis the sooner the system stabilises.

Second-order system
A second-order system is a second-order differential equation.  It has two poles on a pole-zero plot that represents stability of the system.

[image: A diagram of a block diagram
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(CircuitBread, 2021)

ζ is the damping ratio.
ωn is the system natural frequency – the frequency at which the system tends to oscillate in the absence of damping force.

ωd = ωn√(1-ζ2) is the system damped frequency – the angular frequency at which system tends to oscillate in the presence of a damping force.

The system behaves according to the value of the damping ratio:
ζ>1 is an overdamped system
ζ=1 is a critically damped system
0<ζ<1 is an underdamped system
ζ=0 is an undamped system

In response to a step change an undamped system demonstrates oscillatory behaviour; an underdamped system oscillates but die out and system reaches a steady-state; a critically damped system has no oscillations; an overdamped system has no oscillations but takes more time to settle than a critically damped system.
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c) Figure 1 show a heating system with a PID controller.  With user-defined simulator settings the system has induced a steady-state error. Using the process reacting tuning method determine (and show the resultant response curve) of the new values for the PID controller and evaluate its performance.

[image: ]


Figure 1: Heating System with PID Controller

[image: A computer screen shot of a machine
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Using the above simulator a small change of a fall of 2% in the output of the Level Controller (LC) and resulting process variable response curve observed.

[image: A screen shot of a computer
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The time to settle to a steady-state took 39 minutes.

Calculating the PID parameters:
Δu = 95.31 – 50.00 = 45.31
Controller gain = 1.2(Δu / ND) = 1.2 * (45.31 / 2) = 27.186
Integral = D / 0.5 = 1 / 0.5 = 2
Derivative = D / 2 = 0.5
These are entered into the PID controller and put back into Auto mode and the output set at its initial value.  The same step change was made and the response of the process variable observed.

[image: A computer screen shot of a black screen
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After tuning, the response took 32 minutes, 7 less than the initial response.  PID tuning made the response of the controller more efficient.
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