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Task 1 – Control Types
a) Hughes (2008) defines a control system as ‘one which undertakes some function, checks its success and takes further action until the objective is attained. And if in the meantime the objective varies then the system will respond to the change’. Two types of control system exist – Open and closed loop. An open loop system is one where the output has no influence on the control action of the input signal. There is no feedback from the output and the system will continue to perform its input command regardless of said output. An example of an open loop system is an electric fire which is shown in Figure 1.
#
[image: ]
Figure 1 – Open loop control - Electric fire, (Bolton, 2015).

The output of the room temperature has no bearing on the input, in this case a switch selection. The advantages of open loop systems are that they are simple, relatively cheap and reliable. However, due to the lack of comparison and feedback, they are also inaccurate and require manual intervention to change the input value or correct errors.








b) A closed loop system depends on two key functions. Firstly, feedback from the output to the input and secondly, a difference (error) ‘between the feedback and the desired outcome specified by the input control signal’ (Hughes, 2008). Figure 2 illustrates an example of a closed loop system in the form of shaft rotation speed control.
[image: ]

Figure 2 - Shaft rotation speed control, (Bolton, 2015).	Comment by Tony Howles: Good referencing 
The first function of this system is the comparison element. The element, in this case the differential amplifier, compares the required value of the shaft speed with the actual measured value. An error signal is then produced which is the difference between the required and actual values. The second element is control law implementation. This determines the action taken when an error signal is received. In the case of the example above, the differential amplifier is also the controller. It will ‘produce an amplified output which is proportional to the difference between it two inputs’ (Bolton, 2015). This output is fed into the motor (correction element) which adjusts the shaft speed (Process) accordingly. The final element is the measurement, in this case a Tachogenerator. This will feedback the actual speed of the shaft to the differential amplifier or comparison element and the loop will perform another iteration. 





c) ‘Regulators are small intelligent installations which consist of a sensor input, a digital indicator and a regulation output’ (PCE Instruments, 2018). They facilitate process control and enable a wide range of parameters to be maintained at a fixed value. Bolton (2015) expands on this concept by stating that ‘the term regulator is sometimes used for a control system for maintaining a plant output constant in the presence of external disturbances. Hence the term regulator is sometimes applied to the correction unit’. For example, a pH regulator can check the pH of various elements and introduce acid or alkaline solutions to keep these values within a designated limit. These limits can be entered into the regulator in various ways, with a display and recorder being common features for monitoring purposes. These regulators are used in industries such as fish farming, sewerage and agriculture and are vital to conforming to regulations and standards.	Comment by Tony Howles: Example of use in your own work area.  Well done

There are two types of regulator – discontinuous and continuous. Discontinuous regulators contain a relay which is activated or deactivated as the limit value is attained. It is this irregular method of working which gives this regulator its name. Due to their relative simplicity, discontinuous regulators are relatively cheap and therefore a popular choice in many industries. They also have two varieties – two point and three point.

The two-point version can be defined by its ON/OFF states. Using the previous pH example, if the regulator detects that the water is too acidic it would turn on a pump to introduce an alkaline solution in order to neutralise it. Once the regulator detects that the water is within pH limits, it will turn the pump off. Hence, there regulator has two states or points. As the name suggests, the three-point version has three states – ON, OFF, ON. These regulators are often used in air conditioning systems. For example, the regulator will measure the temperature of a room. If the temperature falls below a specified value, the regulator will turn on the heating for that room via a relay. However, if the temperature goes above a different specified value, it will switch on the air conditioning using a separate relay. Thus, the temperature is regulated using three states or points.







Unlike their discontinuous counterpart, continuous regulators are able to receive several values continually. The regulator output is analogue and controls the activator or trigger. ‘The trigger is an element of the regulation field that influences the regulated magnitude (i.e. the temperature in heating)’ (PCE Instruments, 2018).  Continuous regulators control the uniformity with which they effect the regulated magnitude via the output. If this output is the maximum value then the heating will also be a maximum. However, if the output is at minimum, the heating system will not be instigated.  ‘The possibility “of dosing” the heating capacity allows the continuous regulators a fast and precise adjustment of the magnitude regulated in relation to the set-point.’ (PCE Instruments, 2018).  However, the ‘dose’ must be calculated accurately to avoid significant inaccuracies. Figure 3 illustrates the principle of a continuous regulator within an air conditioning system.
[image: ]

Figure 3 – Continuous regulation within an air conditioning system (PCE Instruments, 2018).  












Many regulators are also capable of timer and ramp functionality. This allows the regulator to attain set point values in a specified order. Moreover, the speed with which the regulator alters the regulated magnitude can be fixed. Therefore, a greater degree of automation can be achieved without the regular requirement to reconfigure the regulator. A representation of a Timer and Function ramp can be found in Figure 4 below.

[image: ]
Figure 4 – A Timer and Function Ramp graph (PCE Instruments, 2018).  












Task 2 –  Position Control Servo
Figure 5 displays the circuit diagram for the Position Control Servo to be studied.
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Figure 5 – The Position Control Servo


The system above has the following transfer function: 
It can also be illustrated using the block diagram in Figure 6 below.
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Figure 6 – Block diagram


The following transfer function was obtained from the block diagram in Figure 6:




If this is compared to the standard equation for a second order system:



Then 



















a) Using the theory above and following parameters, B can be found for 4 different conditions.

· KA = 1	
· KP = 5Vr-1
· Kf = 8mAV-1	
· I = 2×10-4Kgm2





Therefore - Steady state value = kss = 1

n =  rad/sec


For No damping ( = 0)

	

0 = 5000B

B = 0

For Under Damped ( = 0.7)



19.8 = 5000B

B = 19.8  = 3.96 x10-3
       5000


For Critically Damped ( = 1)



28.28 = 5000B

B = 28.28  =  5.66 x10-3
       5000


For Over Damped ( = 1.3)



36.76 = 5000B

B = 36.76  =  7.35 x10-3
       5000


















Time Response

For each of the condition above, the XCOS program was used to check the time response. The following calculations were required to ascertain the transfer function to be entered into XCOS.

For No damping ( = 0) and B = 0

Transfer Function  =        Kr/I 
                                                             s(s + B/I) 
   
                                                          = (8 x 10-3) / (2 x 10-4)   
                                                              s (s + 0 / (2 x 10-4) 
                                     
                                                          =      40 
                                                                s2 + 0 
 
                                                           =    40 
                                                                  s2 

For Under Damped ( = 0.7 and B =  3.96 x10-3)

Transfer Function  =        Kr/I 
                                                             s(s + B/I) 
 
                                                        =         (8 x 10-3) / (2 x 10-4)   
                                                                s (s + (3.96 x 10-3) / (2 x 10-4)) 
 
        =            40 
                                                              s (s + 19.8)
				
				        =		40
					       S2 + 19.8s
  					      




For Critically Damped ( = 1 and B = 5.66 x10-3)

Transfer Function       =        Kr/I 
                                                                 s(s + B/I) 
 
                                                           =        (8 x 10-3) / (2 x 10-4)   
                                                                s (s + (5.66 x 10-3) / (2 x 10-4)) 
  
=        40 
                                                                s (s + 28.3)
					
=        40
      S2 + 28.3s

 
For Over Damped ( = 1.3 and B = 7.35 x10-3)

Transfer Function       =        Kr/I 
                                                                 s(s + B/I) 
 
                                                           =        (8 x 10-3) / (2 x 10-4)   
                                                                s (s + (7.35 x 10-3) / (2 x 10-4)) 
  
=          40 
                                                                 s (s + 36.75) 

					=	40
					       S2 + 36.75s







The transfer functions for each condition were then entered into XCOS to check the time response.

For No damping

[image: ]
Figure 7 – XCOS block diagram for the no damping condition.

[image: ]
Figure 8 – XCOS graph of the no damping response
[image: ]
Figure 9 – Identification of the time response for no damping

The approximate time response for the no damping condition is 0.11 seconds.

















For Under Damped

[image: ]
Figure 10 – XCOS block diagram for the under damped condition.


[image: ]

Figure 11 – XCOS graph of the under damped response

[image: ]
Figure 12 – Identification of the time response for the under damped condition


The approximate time response for the under damped condition is 0.24 seconds.
















For Critically Damped

[image: ]

Figure 13 – XCOS block diagram for the critically damped condition.


[image: ]


Figure 14 – XCOS graph of the critically damped response

[image: ]
Figure 15 – Identification of the time response for the critically damped condition

The approximate time response for the critically damped condition is 0.42 seconds.
















For Over Damped

[image: ]

Figure 16 – XCOS block diagram for the over damped condition.

[image: ]

Figure 17 – XCOS graph of the over damped response


[image: ]
Figure 18 – Identification of the time response for the over damped condition

The approximate time response for the critically damped condition is 0.64 seconds.

















b) The following values were found using XCOS for the under damped condition.

Rise Time

Rise time (tr) can be expressed as the ‘time taken for the response to rise from 10% to 90% of the steady state value’ (Bolton, 2015). This can be estimated from the XCOS graph illustrated below.
[image: ]
Figure 19 – Identification of the Rise Time

Time taken to reach 10% = 0.02 seconds
Time taken to reach 90% = 0.19 seconds

Therefore, tr = 0.19 – 0.02 = 0.17 seconds






Peak Time

Bolton (2015) defines peak time as ‘the time taken for the response to rise from 0 to the first peak value’. 
[image: ]
Figure 20 – Identification of Peak Time

From Figure 20 above, the peak time (tp) can be estimated to be 0.30 seconds.















Percentage Maximum Overshoot

The peak value can also be ascertained from Figure 20. It is approximately 103. Therefore, the percentage maximum overshoot can be derived from – 

			Overshoot = (103 -100)    X 100 	= 	3%
					100


Settling time

The settling time is the ‘time taken for the response to fall within and remain within some specified percentage of the of the steady state value’ (Bolton, 2015), in this case 2%.

[image: ]
Figure 21 – Identification of the settling time

The blue lines in Figure 21 above illustrate the 2% error band for the response. The red line represents the steady state value whilst the green signifies the point where the settling time is attained. At 0.43 seconds into the response, the value drops within 2% of the steady state and does not return beyond 2% in any direction. Therefore, this is the settling time.



The effect of changing the B value

If B =  2 x10-3

Transfer Function  =        Kr/I 
                                                             s(s + B/I) 
 
                                                        =         (8 x 10-3) / (2 x 10-4)   
                                                                s (s + (2 x 10-3) / (2 x 10-4)) 
 
        =            40 
                                                              s (s + 10)

				        =	          40
					       S2 + 10s


[image: ]	Comment by Tony Howles: Use of college software

Figure 22 – XCOS block diagram for the under damped condition when B is changed

[image: ]
Figure 23 – XCOS graph of the under damped response when B is changed

It is evident from Figure 23, that by lowering the B value a greater degree of oscillation is attained. Therefore, we can conclude that lowering the B value produces a more prominent under damped response. This can be confirmed by increasing the B value to nearer the critically damped value.

If B =  5 x10-3

Transfer Function  =        Kr/I 
                                                             s(s + B/I) 
 
                                                        =         (8 x 10-3) / (2 x 10-4)   
                                                                s (s + (5 x 10-3) / (2 x 10-4)) 
 
        =            40 
                                                                 s (s + 25)

				        = 	          40
					      S2 + 25s



[image: ]

Figure 24 – XCOS block diagram when B is increased


[image: ]
Figure 25 – XCOS graph of the response when B is increased

It is evident from Figure 25, that increasing the B value to near the critically damped value has removed the oscillation seen in Figure 23. 




Task Three – Tuning

a) Process controllers are required to compensate for the various errors that occur within closed loop systems. They have an input of the error signal (the difference between the required value signal and the feedback signal). Their output is the signal needed to modify the system output. The method with which a controller reacts to an error change is known as it’s control mode. The various modes are outlined below – 

1. Two step mode – the controller is just a switch which is activated by the error signal and supplies an on/off correcting signal.
2. Proportional mode (P) – A control action is generated that is proportional to the error. Therefore, the larger the error, the larger the larger the correcting signal. 
3. Derivative mode (D) – A control action is generated that is proportional to the rate at which the error is changing. If there is a sudden change in the error signal then the controller will give a large correcting signal. This mode is not used alone but in conjunction with proportional control and often integral control.
4. Integral mode (I) – This produces a control action that is proportional to the integral of the error with time. Therefore, a constant error signal will produce an increasing correcting signal. 
5. Combination of modes – Proportional plus derivative (PD) modes, proportional plus integral (PI) modes and proportional plus integral plus derivative (PID). A PID controller combines the last 3 modes of control allowing steady state error and oscillations to be reduced or removed completely. This type of controller will be examined more closely in Task 3b.

Bolton (2015) defines tuning as the ‘methods used to select the best controller setting to obtain a particular form of performance, e.g. the component being where an error signal results in the controlled variable oscillating about the required value with an oscillation which decays quite rapidly so that each successive amplitude is a quarter of the preceding one’. Two of the most common tuning methods are Process Reaction Tuning and the Ultimate Cycle tuning method. Both methods were developed by Ziegler and Nichols. 




The Process Reaction method involves making a break in the closed loop system thereby preventing the control action. Commonly, this break is made between the controller and correction unit as illustrated in Figure 26. 

[image: ]
Figure 26 – Test arrangement (Bolton, 2015)

A test signal is then introduced directly to the correction unit. A process reaction curve can then be created from the output response of the controlled variable (see Figure 27).  

[image: ]

Figure 27 – The process reaction curve (Bolton, 2015)




As illustrated above, a tangent line is drawn in order to determine the maximum gradient of the curve. The Lag (L) can then be established by the taking the time difference between the start of the test signal and the point where the tangent intersects the time axis. The value of the tangent is known as M and is expressed as the percentage change of the set value of the variable per minute. This value is then used alongside the settings in Figure 29 to determine the settings required by the controller.
[image: ]
Figure 28 – A quarter amplitude delay (Bolton, 2015)

The values in Figure 29 enable a closed loop response for the system which displays a quarter amplitude decay (Figure 28 above). These values are used further in Task 3b.

	Type of controller
	KP
	Ti
	Td

	P
	P/ML
	
	

	PI
	0.9P/ML
	3.3L
	

	PID
	1.2P/ML
	2L
	0.5L



Figure 29 – Settings from the process reaction curve method (Bolton, 2015)









For the Ultimate cycle method, the integral and derivative functions are lowered to their minimally effective quantities. The constant KP (see Figures 30 and 31) is subsequently set low but slowly increased until oscillations begin to occur. At this point, the critical value of the constant KPc is recorded as well as the periodic time of the oscillations Tc. Bolton (2015) describes the procedure thus – 

1. Set the controller to manual operation and the plant near to its normal operating conditions. 
1. Turn off all control modes but proportional. 
1. Set KP to a low value, i.e. the proportional band to a wide value. 
1. Switch the controller to automatic mode and then introduce a small 
1. set-point change, e.g. 5 to 10%. 
1. Observe the response. 
1. Set KP to a slightly higher value, i.e. make the proportional band narrower. 
1. Introduce a small set-point change, e.g. 5 to 10%. 
1. Observe the response. 
1. Keep on repeating 6, 7 and 8, until the response shows sustained oscillations which neither grow nor decay. Note the value of KP giving this condition (Kpu) and the period (Tu) of the oscillation. 

	Type of controller 
	KP
	Ti
	Td

	P
	0.5Kpu
	
	

	PI
	0.45Kpu
	Tu/1.2
	

	PID
	0.6Kpu
	Tu/2
	Tu/8



Figure 30 - Settings for the ultimate cycle method for quarter amplitude decay (Bolton, 2015)


	Type of controller 
	KP
	Ti
	Td

	
PID, decay
	0.6Kpu
	Tu/2
	Tu/8

	PID, some overshoot
	0.33Kpu
	Tu/2
	Tu/3

	PID, no overshoot
	0.2Kpu
	Tu/3
	Tu/2



Figure 31 - Settings for the ultimate cycle method for PI control (Bolton, 2015)


b) Figure 32 illustrates an XCOS simulation model of a level tank system with a PID controller. 

[image: ]

Figure 32 – Model of level tank system with PID controller

The response of this system is shown in Figure 33 below. Clearly, there is significant oscillation and steady state error.

[image: ]
Figure 33 – Response of the model system


The process tuning method, as outlined in Task 3a, was used to determine the controller values needed to improve performance. Firstly, the PID controller is removed from the system (See Figure 34) and a step input of 0.1 applied (See Figure 35)

[image: ]

Figure 34 – The model with PID removed

[image: ]

Figure 35 – The response with the step input applied.





A tangent line is then added in order to ascertain L and the gradient M.
[image: ]
Figure 36 – The response graph with tangent added.

From the x axis form figure 36 above, we can determine that – 

L = 0.2s

M= 

P = 10%







By using these figures in conjunction with the process reaction curve method settings (See Figure 37), the desired PID values can be calculated and entered into the model.
	Type of controller
	KP
	Ti
	Td

	PID
	1.2P/ML
	2L
	0.5L



Figure 37 - Settings from the process reaction curve method

Kp = (1.2 x 10) / (4 x 0.2) = 15.4
Ti = 2 x 0.2 = 0.4sec
Td = 0.5 x 0.2 = 0.1 sec

Since KI = KP/TI, then KI = 15.4/0.4 = 38.5 sec. 

Since KD = KPTD, then KD = 15.4 x 0.1 = 1.5 sec. 

The Kp, Ti and Td can then be applied in the model as per Figure 38.

[image: ]

Figure 38 – The model system PID values 




[image: ]
Figure 39 – The new response with updated PID settings

As Figure 39 shows, the oscillation has been completely removed. A steady state error remains (Figure 40), nevertheless, the performance has improved significantly. This steady state error could be reduced by adjusting the integral value as per Figure 41.

[image: ]
Figure 40 – Zoomed in steady state error

[image: ]

Figure 41 – PID values with integral adjusted
[image: ]
Figure 42 – The resulting response after the integral value is adjusted

It is evident from Figure 42 that by increasing the integral value to 1, the output has moved closer to the ‘true’ value i.e. the steady state error has been reduced. The current PID settings have improved the system performance significantly. It may be possible to alter the derivative (Td) on a trial and error basis in order to reduce the steady state error further.







Task 4 – Computerised Control Systems

The majority of modern control systems have an element of computerised control or supervision. Indeed, in modern systems the controller or compensator is often a computer. ‘The advantage of using a computer is that many loops can be controlled or compensated by the same computer through time sharing’ (Nise, 2015). This increases the flexibility and efficiency of a system as any changes required can be made to software rather than hardware. A computer can also act in a supervisory capacity thereby being capable of scheduling the required applications. Essentially, ‘the basic objective of computer-based measurement and control is to acquire the information from field devices (input) and compute a logical decision to manipulate the material and energy flow of given process in a desired way to get optimal output’ (IDC Technologies, 2012). 

There are three common forms of computerised control systems – Programmable Logic Controllers (PLC), Direct Digital Control (DDC) and Distributed Control Systems (DCS).  Kamel (2013) defines a programmable logic controller (PLC) as ‘an industrial computer that receives inputs from input devices and then evaluates those inputs in relation to stored program logic and generates outputs to control peripheral output devices’.  They use programmable memory to store instructions and execute functions such as logic, timing, sequencing, arithmetic and counting. Consequently, they can be utilised to control machines or processes by engineers who do not necessarily have computing language skills. Input devices such as sensors and switches, can be connected along with output devices such as motors and actuators. The operator can then enter the instructions into the device memory. The device monitors the inputs and outputs according to these instructions and executes the control rules as specified. PLC’s are reasonably cheap, flexible systems often requiring only software changes to alter functionality. Figure 43 illustrates the working principle of a PLC.

[image: ]
Figure 43 – A programmable logic controller (Bolton, 2015)


Bolton (2015) states that ‘the term direct digital control (DDC) is used to describe the use of digital computers/microcontrollers in the control signal that is applied to the actuators to control the plant’. Figure 44 gives an example of such a system. The feedback signal from the plant is sampled at regular intervals via the analogue-to-digital (ADC) converter. This signal, alongside the digital required value signal, is processed by the computer according to the necessitated control law. The correcting action or signal is then sent to the plant via the digital-to-analogue (DAC) converter. Thus, the required control is achieved. The afore mentioned control laws are computer programs that take the feedback signal and set value and produce an output signal to the actuator. DDC systems are most commonly used in HVAC control.

[image: ]

Figure 44 – Direct digital control (Bolton, 2015)

A Distributed Control System (DCS) is a system of sensors, controllers, and associated computers that are distributed throughout a plant. Each of these elements serves a unique purpose such as data acquisition, process control, as well as data storage and graphical display. These individual elements communicate with a centralised computer through the plant’s local area network – often referred to as a control network. As the ‘central brain’ of the plant, the DCS makes automated decisions based on production trends as it sees them in real-time throughout a plant. For example, the DCS at a power plant might automatically boost steam generation capacity of multiple turbines in order to keep up with changing demand for electricity during hot summer days and then decrease it as outdoor temperatures cool overnight and demand subsides. Whereas a PLC could adjust a single unit operation, the DCS can adjust each of a plant’s many interacting unit operations. DCS can be used in a wide variety of industries where several control loops are required such as utilities, manufacturing and environmental. An overview of such a system can be seen in Figure 45.
[image: ]

Figure 45 - Functional levels of a Distributed Control System (Pugliesi, 2014)

Traditionally, DCS has been the only solution for efficient plant wide control. PLC’s tended to be used for machine control rather than process control due to their limited processing power. However, due to improving PLC technology the lines have recently become blurred. Modern PLC’s are able to take on greater responsibility and variety of functions. Moreover, they are generally cheaper that a DCS. Conversely, DCS have become nimbler and more adaptable thereby allowing a greater range of applications. Finally, although able to be used for different functions, PLC, DDS and DCS can all be incorporated into a SCADA system for central, supervisory control.
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