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Executive Summary
The report identifies various factors which contribute to the effective control response to the disturbance of a process variable, some associated with physical attributes of the components used within the system and others that are intangible. There are various methods to tune a PID controller that establish an adequate response however, this report concludes that using  Ziegler-Nichol rule is considerably more efficient than an “adjust and monitor” method.
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Introduction
Automatic level control of a vessel which contains a fluid, requires a control system that has intelligence and can perform adjustment to the system to maintain the desired set-point.
The Literature Review section of this report will use a real-world system as an example to briefly detail the components required to form such a system and the control strategy used to provide an automatic response for a deviation from a desired set-point.
The remainder of the report will use a MATLAB simulation to model a control response of a car’s ‘Cruise Control System’, then evaluates the effects of adjusting its configuration.
Literature Review
A PID Controller integrated into a closed-loop control system (Figure 1), provides an effective method of controlling the level of treated process effluent in a Weir Box before released into the river Tawe from Vale’s Nickel Refinery in Clydach.

Figure 1 A PID closed-loop system 
The system can be reviewed by separating into two segments: the Forward Path and the Feedback Path. The Feedback Path enables effective measurement of a Process Variable (PV) to a controller, providing intelligence to a system which can then autonomously adjust actuating devices in its Forward Path. 
The Feedback Path originates at a Vegason-61 sensor (Appendix A), which monitors the water level of the Weir Box with ultrasonic pulses directed to the water’s surface. The pulses are emitted from a transducer within the sensor, the level of water is determined by the elapsed time the pulse is reflected from the water’s surface and returns to the transducer which produces a 4-20mA current signal, forming the basis for the Feedback Path.
The magnitude of the 4-20mA signal is proportional to the level of water in the Weir Tank, therefore it is considered to be an analogue signal . The signal terminates at an Allen-Bradley 1756 Flex Analogue Input Module (AIM), the specifications of which are shown in Appendix B. 
A Supervisory Control And Data Acquisition (SCADA) system is used as an interface between the operator and the PLC, data is represented in relevant units to the operator and adjustments to the desired set-point (SP) can be made and communicated to the PLC .
The AIM is a component of a Programmable Logic controller (PLC) which forms part of the Forward Path of the closed-loop closed system. A PLC is a computer processor used to interpret digital code to perform logical control functions. 
The analogue 4-20mA current signal from the Vegason-61 is transformed into a digital signal using Pulse Code Modification (PCM) , by an Analogue to Digital Converter (ACD) which is embedded  into the AIM . The code is stored until the PLC process requests the data from the module, this is determined by the PLC’s scan time which can vary depending on the length of ladder-logic it has to process , however, InfoPLC.net (2023) suggests that this would be no more than 20Hz.  
PCM performs three processes to output a digital signal; sample the continuous analogue signal, quantification of the sample and, encoding said quantification .
The sample rate determines the accuracy of the reconstructed digital signal as a function of time. A low frequency of sampling will cause Aliasing which is an error that misrepresents a sudden change in the analogue signal between samples. The AIM installed in the closed-loop control system under review has a sample rate of 13.7ms (73Hz) .
Quantification is the process of assigning a numerical value to the magnitude of the analogue signal. The bit specification of an AIM will determine the quantity of individual steps of a signal’s magnitude. A larger bit depth allows for an increase in steps and resolution therefore, enhancing the digital representation of the signal’s magnitude . The AIM used for this review was a 16-bit module which can allow 65536 levels of ‘bit depth’. 
After quantification, each sample was encoded into a binary format using the Two’s Compliment method this allows for the code to contain both negative and positive values . The encoded data is stored until the PLC requests the data package.
The PLC’s programme compares the encoded input signal with the SP value and  produces an error signal if they are not equal. An integrated PID algorithm , magnifies the error signal which makes the required adjustments to the actuating element in the Forward Path that controls the process variable (PV).
PID is an acronym of three control philosophies; Proportional; Integral; Derivative, and are used in combination to form a control strategy that uses their attributes  to enhance performance which Ten (2004), believes should be evaluated by disturbance attenuation and set-point tracking. 
Proportion control uses a gain () to adjust the output to an actuator which is proportional to an error signal which exists between a measurement of the PV and the SP. It is a strategy that delivers a fast response to a process change but produces an overshoot because the controller does not consider the rate at which the PV approaches the SP. A Proportional controller will invertedly adjust to control the overshoot which leads to oscillation for a period. A permanent steady state error (Ess) is typical for this type of control system .
An Integral control strategy commonly used in conjunction with a proportional strategy to form a PI algorithm, uses a gain () which adjusts the control signal based on the accumulation of previous errors. This allows the system to reduce an error to zero and when used with proportional control mitigates a permanent offset error .
The Derivative control strategy cannot be used on its own and is typically used in conjunction with a combined proportional and integral strategy to form a PID algorithm. It’s gain () is used to adjust the control signal according to the rate of change of the error signal. This has a dampening effect and is used to mitigate overshoot by slowing down the response of the control action as the PV approaches the SP.
Performance criteria of PID controllers, according to Sahib & Ahmed (2016), are associated with how they respond to a disturbance or SP change. Parameters which should be monitored to determine adequate performance are, the Maximum overshoot (Mp), rise time (tr), settling time (ts)  and Ess.
There are many techniques used to establish accurate gains associated with each of the PID terms, these include the Ziegler-Nichols oscillation based tunning rule  and  the Skogestad Internal Model Control .
The Ziegler-Nichols oscillation based tuning rule has been suggested by Wang (2020), to be a practical method of finding the gains setting of each PID parameter, it initial requires the integral and derivative gain to be set to 0 while small incriments are made to the proportional gain (Ko), until sustained oscillation is apparent in the control signal. Ko and the period of time taken for the control signal to complete one oscillation (Po), are used in conjunction with formulas presented in Table 1, to calculate the final value of each gain.  
Table 1 Ziegler-Nichols tuning rule using oscillation test data.

The PID controller for the Weir Tank Level was set with gains that are illustrated in Figure 2 (loop1) and are used to calculate the Proportional, Integral and Derivative term. The terms are summed to produce a factor of which is used to adjust the magnitude of the control signal, to the control valve (V65).  
V65 was a 12-inch actuated butterfly valve (Appendix C), which is linearly controlled by the 4-20mA signal from the PID controller via an Electronic to Pneumatic positioner.  A change to the magnitude of the control signal effects the rotational angle of the butterfly, allowing the flow of water to the Weir Tank to be increased or reduced. 
The SCADA’s operators’ interface (Appendix D), indicates that the Weir Box water level was tracking the Set-Point which had been set at 75% full suggesting that the control system was adequately designed.

Figure 2 Screenshot of PID variables for Weir Tank level control
Main Findings
The MATLAB PID Simulation performs a task which mimics the transformation of data completed by the AIM in the close loop control system of the Weir Box. 
The code uses the “bin2dec” function to translate from a digital into an analogue signal where its amplitude is then used to calculate velocity. The “dec2bin” function is used to encode the amplitude of the control signal to a digital signal which can be interpreted by the ‘Cruise Control’ Computer Processor Unit (CPU). This logic is revered during communication from the CPU to an actuator.
The feedback controller implements an “if loop” which simulates the scan time of a PLC and is defined by the division of the vector “SIM_TIME” by “SIM_STEP”. The If loop runs for 7000 iterations collecting information from the actual velocity and the driver’s velocity demand sensor.
The data received is decoded and the error established using the “[contout,error] = calcController (velocity,control,demand,P,I,D)” function of the script. The Proportional, Integral and Derivative gains are applied to the control signal using the following equation . 

The signal is then encoded to a digital signal and sent to the “throttle/brake actuator”. 
Experiment 1 focused on adjustment of the proportional gain for two tests while integral gain = 0; derivative gain=0; sample time = 0.05 seconds; bit value = 16. Test 1 used a proportional gain of 10 while test 2 used a gain of 20. 
Figure 3 shows the control response associated with the adjusted variable. As the process variable response to the control action, a proportional control characteristic that causes the PV to overshoot the SP with the initial peak being 77.9 Mph. An approximate duration of 5.66 seconds was required for the response to settle to a steady state (+/- 1Mph). 
Figure 4 shows the associated control response for test 2. A notable comparison made with an increase of activity to the control action and oscillation of the process variable. There was negligible difference in magnitude of the overshoot however, settling time and steady state error increased to 9.8 seconds and 0.4 Mph respectively.  

Figure 3 Velocity Response of a PID control set with Gains Kp:10; Ki:0; Kd:0.
 
Figure 4 Velocity Response of a PID control set with Gains Kp:20; Ki:0; Kd:0.
Experiment 2 considered the effects imposed on the control response from a change made to the integral gain for two tests while Proportional gain = 10; derivative gain=0; sample time = 0.05 seconds; bit value = 16. Test 1 used an integral gain of 2 while test 2 used a gain of 1.
Figure 5 shows the control response associated with test 1. A comparison between Figure 3 and Figure 5 shows that overshoot and PV oscillation had significantly reduced. A reduction to settling time and steady state error was also observed at 16.7 seconds; 3.37 seconds; 0.01Mph respectively. However, a high volume of oscillation in control effort was present during the period that an error was present.
Figure 6 shows the response from said adjustment made for test 2. Maximum overshoot and steady state error increase marginally while prominent reduction to settling time is seen from 3.37 to 2.72 seconds.
A comparison of control action from test 1 and test 2 shows a reduction of the Integral Gain vastly reduces the effort of the control system.    

Figure 5 Velocity Response of a PID control set with Gains Kp:10; Ki:2; Kd:0.

Figure 6 Velocity Response of a PID control set with Gains Kp:10; Ki:1; Kd:0.
Experiment 3 considers the effects imposed on the control response caused with an adjustment to the Derivative Gain. The following variables remained constant throughout all tests of this experiment; while Proportional gain = 10; integral gain= 1; sample time = 0.05 seconds; bit value = 16. Test 1 reports the effect of an adjustment to 0.5 for the Derivative Gain and test 2 will report the effects of an adjustment to 0.75.
Test 1 shows limited change of magnitude to the overshoot of the first peak however, control effort, settling time, and steady state error increases, as shown in Figure 7. 
Test 2, shows further increase to control effort with marginal increases made to the maximum overshoot, rise time and steady state error. However, more significantly, the velocity response did not react to a change in SP if it was less than 10Mph (shown in Figure 8). Further Increasing the Integral Gain to 1, maximised control effort but, the throttle position was not affected hence the PV remained at the original SP.

Figure 7 Velocity Response of a PID control set with Gains Kp:10; Ki:1; Kd:0.5

Figure 8 Velocity Response of a PID control set with Gains Kp:10; Ki:1; Kd:0.75
Experiment 4 simulates a change to the value of bits used for signal encoding and decoding. The following variables remained constant throughout all tests while Proportional gain = 10; integral gain= 1; derivative gain = 0; sample time = 0.05 seconds. Test 1 reports the response to a change of bit value to 32 bits while test 2 reports on a change to 4 bits. Both shall draw comparisons to test 2 of experiment 1 (Figure 6).
Test 1 showed no effect to any of the characteristics considered however, contrasts can be seen during test 2 with a ripple to the throttle position and hence the process variable present (Figure 9).

Figure 9 Velocity Response of a PID control set with Gains Kp:10; Ki:1; Kd:0 with a bit value of 4
Experiment 5 evaluates the effects of an adjustment to the sample time. The following variables remained constant throughout all tests; Proportional gain = 10; integral gain= 1; derivative gain = 0; bit value = 16. Test 1 will simulate a change to the sample time to 1 second while, test 2 will simulate a time of 2 seconds both shall be compared to test 2 of experiment 1 (Figure 6) which has a sample time of 0.05 seconds.
Figure 10 illustrates the results of test 1 and shows oscillation of the PV which does not achieve a steady state through-out the test. The oscillation intensifies as the sample time is adjusted to 2 seconds (Figure 11). 

Figure 10 Velocity Response of a PID control set with Gains Kp:10; Ki:1; Kd:0 at a sample time of 1 second

Figure 11 Velocity Response of a PID control set with Gains Kp:10; Ki:1; Kd:0 at a sample time of 2 second.
Experiment 6 explores the use of the Zeigler-Nichols tuning rule to find accurate gains required to provide an efficient response when sample time and bit value remains constant at 0.05 seconds and 16 respectively. the proportional gain of the system was increased to 19 which produced sustained oscillation of the control signal Figure 12. Using Table 1 the following gains were determined which resulted in a control response illustrated in Figure 13.
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Figure 12 sustained oscillation of control signal with labels indicating period between one oscillation.
 
Figure 13 Velocity Response of a PID control set with Gains Kp:11.4; Ki:0.865; Kd:0.21625 at a sample time of 2 second.
Table 2 records the results of the performance indicators of each experiment conducted for this report. The data shows that for each test the process variable consistently overshoots the setpoint when a change to the demand for the driver is required. 
Table 2 Performance indicators recorded from each experiment conducted for each adjustment to PID variables.

Conclusion
The results collated for experiment 1 is conclusive with theory and, with Figure 14 demonstrating the proportional response of the process variable relative to the error present – as the error diminishes the control effort tends to zero. The overshoot and then oscillation endemic of this strategy which responds to the current process error. As the proportional gain was increased the control response was further magnified, intensifying the initial overshoot and prolonging the transition to steady state. A noticeable missing characteristic was a permanent offset error.
The addition of integral gain for experiment 2, produces incremental changes to the control effort caused by the integration function which introduced the response to the time domain. 
A closer investigation of experiment 2, test 2 (Figure 15), identifies marginal time elapse between the manifestation of an error and the responding control effort. It shows an initial reaction to the step change and then, incremental changes until the error tends to zero.  

Figure 14 A closer examination of the control response to an error signal when Kop=10 Ki=0 Kd=0

Figure 15 Investigation of relationship between control output and process error for experiment 2 test 1.
A closer investigation into the results of an introduction of a derivative gain concludes that, the duration of the control response was shortened (Figure 16), demonstrating a second order response which has calculated the rate of which the error has changed as a function of time and adjusted its control output accordingly. 

Figure 16 Figure 14 Investigation of relationship between control output and process error for an introduction of derivative gain.
Experiment 4 shows that when a reduction to the quantity of bits used to encode or decode the sample is made, a courser measurement is produced. As seen in Figure 9 the process variable has changed from a smooth to a rippled measurement, caused by a decrease of levels the scale of measurement could be quantified into. The rippled measurement exaggerates the error signal and causes the throttle/brake to oscillate resulting in a jerky ride and a decreased life span of the throttle/brake actuator.
An evaluation of the results for experiment 5, concludes that a sharper response to the throttle position can be observed. The response is an effect of a courser measurement as the addition of 1 second to the sample time, nullifies the quantification of 100 (1s/0.01), levels of measurement.  
The same is true if an increase is made to sample step time, an increase would effectively combine sample time periods. This being the case, resolution of the measurement would diminish, having the consequence of an increase to the rate of response which, potentially cause oscillation of the process variable.  
Experiment 6, demonstrated minimum adjustment to the proportional gains which produced a satisfactory response. Adjustment of each gain without calculation, to effect the same response was not timely and, if performed in a real-world situation, cause considerable disruption to a process if already commissioned.
In conclusion, Table 2 suggests the system configuration used for experiment 2, test 1 produced the best process variable response. However, the configuration does not include a Derivative Gain therefore, Cannot be considered as a PID control system. The author would endorse the use of the Ziegler-Nichol rule to identify the PID gains (of a system listed below), as performed in experiment 6, using an 8-bit signal encoder/decoder. 



Discussion
According to GOV.UK (2023), drivers must drive within speed limits appropriate for the type of road vehicles that they drive, and states “ The speed limit is the absolute maximum….”. In  practicality, the overshoots observed for the drivers initial demand would be illegal and dangerous.
An attempt by the author was made to adjust variables to ensure that the control loop’s response remained legal. The Below adjustments were made in an attempt to reduce overshoot to an acceptable level.
32bits
Ts = 0.01
Sim step 0.0005
P= 0.1
I= 0.865
D= 0.21625
The simulation shows that this system is impractical as the acceleration from the car to reach the desired set-point before the first step change is unachievable.
Further work would include research of various software models used to assist tunning of control systems such as MATLAB’s Simulink and “Tunner4stablesys.slx” ;“test4FR2PID.m” as mentioned by Wang (2020).
Additional analysis of various tuning such as those created by; Abbas, O’Dwyer and Astrom-Hagglund .
An understanding of why the proportional only control simulated a response which, did not produce a obvious steady-state error would be sought with further research into Internal Model Control completed.
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9500 Valve

Type 9500 Butterfly Control Valve

The Type 9500 butiry valve (gure 1 0r2)is a uy
e vave foruse wih comosive s and whare
tight shuf s required. Tha il or PTFE iner
totallyislates he vave body and shaft rom he
process flid and mainains oxcallent shutofal
prassure drops o 15.2 bar (220 si), and.
Tamperatures 1o 121°C (250°).

The 9500 valve i avaiabe n 2 through 12inch
sizes and is compatble wih ASME B16.1 Class
1258, wih ASMEE B16.34 Class 150 and 300.

or with DIN langes. Theso valves are fumished wih
Splined shafs for use wihpower actators (igure 1
012) wiha Type 1077 manual actator, o wih
Typs 1078 dechichable manual actualo (550
igure3).

i 1. Ty 5500 Vit i Tpe 1052 Actstor ant
O co020 Dl Vawe Convoter

Neither Emerson®, Emerson Process
Managoment- Fishor", nor any of
their afiated antiies assumes
responsibilty for the selection, use.
nd mainenance of any proguct.
Rosponsibilty for the selection, use,
and maintenance of any product
romains with the purchaser and
onduser.

Figu 2 Type 5500 Ve it Ty 10865 Actstr

&
EMERSON

Process
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Specifications.

Vaive Sizes
wemsmam

Valve style

Flangeless (vafer-ype) vaive to be instaled
betueen two pipe flanges

End Connection Styles.
Flangless (uaferstyle) valve mates with Class
125 flat faco flanges per ASME B16 1, Cass 150
and 300 raisectface flanges per ASHE B16.34,or
DIN flanges as shown n able 2

Maximum Allowable Inet Pressurst’

Maximum material omperaturo capabilis are
limited 28 shown n abi 3. The matral
masimum slowable hutof of g pressure
drop it aro shown ntabes 1 and 4 Vabe
boches are consistent wih appicable
pressuretomperature raings for B Class 1258
ber ASHE B5 1 o B Class 150 and 300 por
ASMEB164,

10,0 m 12inch

Vacuum Service
Vaies sutable arefor vacuum servcs o
approximately 107 Ho absolte (3.4 x 1012
mbar, absolte)

Maximum Allowable Pressure Dropl")
Maximum Allowable Shutof: See abl 1
Maximum Flowing Pressure Drops: Sce able ¢

Construction Materisis
Valve body: W Cast ron, W carbon ssel, o
W 531600316 stanioss stoe (55T
Disc and Liner: Ses tabie 3
Shatt and Tapor Pins: S17400 (17-4PH SST)
Standard or S20910
Thrust Boaring: All cast o or st valves use
PTFEbronze i a carbon steel shel 2 ivaugh
Bnch SST valves use a PTFE-iner i a S31600
sholl: . through 12.nch SST valves o @
PTFE fnorn ferglass shol
‘Thrust Bearing Sieeves: Stanies stee!
‘Shatt-Seal Thrust Plate: B Plated carbon steel
(tandard) or W 531600 ST
Thrust Plate Cap Scrows: Stee!

Material Tomperaturo Capabllties(?)
Sea tabled

Fiow Characteristc

‘Conventional Disc: Approsimately squal
perceniage hiough 60 degraes ofds rolaion
Fishtail> Disc: Approdmataly oqual perceriage
hrough 50 dogroes of dis roaton

Flow Direction
Conventionsl Disc: Bdrectona!

Fishtail Disc: Forward fow - The il of the disc
opens inlo the downsiream ond ofthe valve.

Flow Coefficients.

‘Ses the sacton ited Costicints inthis bullein
or Cataog 12
Flow Coefficient Ratio®

‘Conventional Disc: approximately 3310 1 fora 0
1060 degreo discrotaton
FishtailDisc: 1001 1 o greater for 010 90
dogroe disc oation

Disc Rotation
Conventionsi Disc:

OO Service: W01 60 or W 010 90 dogrees
Thvotting Sence:0 1o 60 degrees.

Fishtail Disc: 010 60 o 010 90 degress for ool
ortatting

Noise Levels
Foter o Catalog 12 fo sound prossure lovel
predicion

‘Shutof Classification per ANSUFCI 702 and IEC
0S4

Nitrle or PTFE Liner: Ciass VI

)
B push-dun.1o-coss (exending actuator slam
Gloses disc)
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Specifications (continued)

‘Actustor Mounting
Mounting configuratons are s fllows: Actuator
can bo B perpendicuarto (sandard) or
W parall withpipoline it actuator 1o fight
(standard) or 1o o vave body (when viewed
from vale net). Wih perpendicular mounting in
Porizonal pipline, acualorcan extond M above
(standard)of W below peiine. Wik paralel
g, actuatorcan axiend W Upéiream or
W ounsieam of vave

Mating Flange Capabilties
Al sizes compatile with weld-nock flanges: lso
Ses tha Instalaton saction or 55-on fanges

Face-to-Face Dimensions
[Dimensions mast MSS SP-67 specifcations or
faca o face Gmensions o fangaess vaes

Vaive ShaftDismeters
‘Sos figure 6 and able 5

‘Arprosimate Weights
‘oo figure 6 and able 5

Options
“Three-Way Vaive: For converging or diverging
senvice. Consiss of o Type 9500 vahes and a
Sinie achtor mounied on a pipe e, Actuator
operatos both valves vough andem nkage.
Contact your Emrson Procoss Management
salesoffico sizing nformation

having nsida diameters lese han o grealr han
standard wokinock flanges, o for I Gead-.end
Servico (valve intaled a o f pipe run)

Figu 3. Ty 1077 st 078 Mansa oty Acksos
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