


[bookmark: _Toc508957527]Abstract
The pH of water must be between 6.5 and 8.5 to be suitable for human consumption. Using carbonic acid, basic water can be treated to consumable levels. To design a control system for the process suitable pH sensor and gas valve must be chosen. Most gas valves have the option to fitted with a control module, so they were excluded for the design process. The system was then designed within Simulink, after the transfer functions had been derived for the sensor and the relationship of dissolving carbonic acid in water (this was approximated due to the logarithmic relationship of the equation). The system was able to successfully maintain a pH of 7 even after an alkaline disturbance was added to the simulation. The stability of the system was then tested using bode, Nyquist and pole zero plots, the large gain and phase margins proved the system to be incredibly stable.
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[bookmark: _Toc508957530]Introduction
The pH of water must be between 6.5 and 8.5 to be suitable for human consumption. This report will cover the design of a control system that will control the pH of water by using carbonic acid. It will cover the different forms of control systems (P, PI and PID). The sensors for the system will be selected with justification of the choice. The specification of the chosen parts will allow the derivation of the required transfer functions to design the control system within Simulink.  The system will then be analysed using bode, Nyquist and pole-zero plots, this will ensure that the system is stable.


[bookmark: _Toc508957531]Literature Review
This chapter will cover the different forms of control and what effect each of the terms have on the system.
[bookmark: _Toc508957532]Proportional Control
Using the example of a heating element with a fixed set point. On and off controllers cycle around the set point, a proportional controller removes this, as well as decreasing the average power consumption. This is achieved by reducing the temperature as it approaches the set point, this also means it reduces/eliminates overshoot. Proportional control is achieved by cycling the heating element on and off for determined periods of time.
The ratio of time on and time off can be adjusted to control temperature. The proportioning occurs within a band either side of the set point. Outside of this band a proportional controller functions identically to an on/off controller, where the output is fully on when the temperature is below the band and fully off when it is above. While it is within the band the output the ratio between the output being on and the output being off is in accordance to the distance from the set point.[1]
The following algorithm is for the proportional control process:








[2]
One of the fundamental issues with proportional control is that the output will never reach the set point. This is known as the offset and it will remain until the controller is switched to manual mode and adjusted until the offset is zero.[3] This is because if PV is equal to SP then e(t) is equal to 0, if e(t) is equal to 0 then CO is equal to CObias and the only way these two values can differ is if a value is added or subtracted from CObias.
[bookmark: _Toc508957533]Proportional-Integral Control
Integral control is used in addition to proportional control, integrating the controller error continuously for the duration of the system.
As previously mentioned the proportional term calculates the error within the system for a specific time, whereas the integral term considers the history of the error which is calculated from the moment the controller was activated. The third term of the below equation is the integral term.

Figure 1 – PI Term


When the integral term is added, the integral term can still have a value after the response has completed. This means that even if e(t) is equal to zero, the integral term will still have a value to combine with CObias to form the final output.
As long as there is an error present then the integral term will continue to change, CO will only cease to change when e(t)=0 for a sustained period.[4]

[bookmark: _Toc508957534]Proportional-Integral-Derivative Control
Derivative control is the final term in a PID controller and it considers the rate of change of the error as it varies over time. 
[image: http://controlguru.com/wp-content/uploads/2015/08/pideqindideal.jpg]
[bookmark: _Toc508907569]Figure 2 - PID term
Where:
CO = controller output signal
CObias = controller bias; 
e(t) = current controller error, defined as SP – PV
SP = set point
PV = measured process variable 
Kc = controller gain 
 Ti = reset time 
    Td = derivative time[5]
The derivative term of the error is identical to the negative derivative of the process variable, except for where the set point changes. This is shown in the figure below.[5]
[image: http://controlguru.com/wp-content/uploads/2015/08/pidinfinitybig.jpg]
[bookmark: _Toc508742911][bookmark: _Toc508907570]Figure 3 - Process Variable and Error Comparison[5]

When the set point changes on the lower graph there is a spike in the error, theoretically this tends to infinity which causes a large sudden manipulation of the output. This is referred to as the derivative kick.
Due to the derivative of the error providing the sudden response that is not desired the derivate of the error is swapped for the derivative of the process variable.
[image: http://controlguru.com/wp-content/uploads/2015/08/pideqindidealpv.jpg]
[bookmark: _Toc508907571]Figure 4 - PID Term with Derivative Changed[5]
[image: http://controlguru.com/wp-content/uploads/2015/08/pidkickbig.jpg]
[bookmark: _Toc508907572]Figure 5 - Derivative on Error and Process Variable[5]
The above figure shows that when the derivative of the process variable is used instead of the derivative of the error, the momentous changes in the output are removed. The negative sign now in front of the derivative term means that when the term is negative it aims to increase the output and when it is positive it aims to decrease the output. At this point the derivative term does not consider if the process variable is moving towards or away from the set point, it only inhibits rapid movements on the process variable in the direction it was already headed towards.
pH
PH is measure of the concentration of hydrogen ions within a solution. pH of a solution ranges from 1-14 with 7 being neutral, >7 being basic (low concentration of ions) and <7 being acidic (high concentration of ions).[6]
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[bookmark: _Toc508743037]Table 1 - pH Sensor
	Specification
	Vernier pH Sensor[7][image: Product image for pH Sensor]
	Atlus PH Probe[8]
[image: pH Probe]
	Oakton General-Purpose pH Probe[9]
[image: ]
	CSIM11-L[10]
[image: CSIM11-L pH Probe]

	Sensitivity (V/pH)
	0.25
	0.25
	0.25
	0.059

	Electrode Type
	Ag/AgCl
	Ag/AgCl
	Ag/AgCl
	KCl/AgCl

	Response Time
	90% in 1 second
	95% in 1 Second
	Not Stated
	95% in 10 seconds

	Range (pH)
	0-14
	0-14
	0-12
	0-13

	Accuracy (pH)
	+/- 0.2
	Not Stated
	Not Stated
	+/-0.1%


 The pH sensor that will be used for this system is the Vernier pH sensor, due to it providing the specification details required (sensitivity & response time), providing its good accuracy and for the response time being the fastest out of all the sensors that were compiled in the previous statements.
[bookmark: _Toc508957538]C02 Valve
[bookmark: _Toc508743038]Table 2 - CO2 Valve
	Specification
	Cole-Parmer Proportioning Solenoid Valve[11]
[image: Cole-Parmer Proportioning Solenoid Valve; 1/4]
	Buschjost Solenoid Valve[12][image: https://media.rs-online.com/t_large/F5295269-01.jpg]
	Electrical Ball Valve BW2[13]
[image: https://tameson.co.uk/5633-thickbox_default/bw2-012-aw1-r024dc-electric-ball-valve-1-2inch-2-way-24vdc-relay.jpg]
	Asco Solenoid Valve[14]
[image: https://media.rs-online.com/t_large/R3061367-01.jpg]

	Power (VDC)
	30
	24
	24
	24

	Maximum Pressure
	35 Bar
	16 Bar
	10 Bar
	4 Bar

	Flow Rate
	1.5m3/h
	1.9 m3/h
	8.6m3/h
	0.3m3/h



Based on the above table, the most suitable gas valve for this system is the Cole-Parmer Proportioning Valve. This is because it has the highest maximum pressure and doesn’t require a transfer function to be developed when paired with the following control module.
[image: Cole-Parmer Control module for 98650-series proportioning solenoid valves]
[bookmark: _Toc508742912][bookmark: _Toc508907573]Figure 6 - Cole-Parmer Control module for 98650-series proportioning solenoid valves[15]
Before the plant can be developed within MATLAB using Simulink, the transfer functions for the plant and the pH sensor must first be derived.
[bookmark: _Toc508957539]Transfer Function Derivation
[bookmark: _Toc508957540]Carbonic Acid in Water
When carbon dioxide is added to water the following reaction occurs.





CO2 is 44.01g/mol and the solubility of CO2 in water is 1.45g/L









The above equation needs to be arranged so that the result is pH/P.







Due to the logarithmic relationship between PH and pressure, the equation cannot be arranged to equal pH/p. We can there approximate the output using the following equation.


[bookmark: _Toc508957541]PH Sensor 
The transfer function for the pH sensor is as follows:

Due to the chosen sensors response time being 90% in 1 second, the time constant must be calculated.







The sensitivity is 0.25V/pH so the transfer function is as follows:

Disturbances
The following disturbances are ranked in order of importance and should be considered.
· Change in plant pH
· Operational flow
· Change in CO2 temperature
· Change in Plant operating temperature
Operational flow, CO2 and plant temperatures are assumed to be constant.  Operational flow at 10M3/s and temperatures at 25°C. Change in plant pH will be tested by adding a disturbance in the system design.


[bookmark: _Toc508957542]System Design
With the transfer functions derived the system was designed within Simulink.
[image: ]
[bookmark: _Toc508742913][bookmark: _Toc508907574]Figure 7 - System Design in Simulink
· Constant1 and Add1 – Set the system back to its neutral point 7
· PID Controller
· Transfer Fcn, Gain, Add, Constant – Make up the plant with the transfer function as the transfer function of the plant, gain is the minimum pH achievable using carbonic acid and the constant is to set the scale back to its neutral point of 7
· Add2 and Step – Are to add a disturbance to the system e.g. a strong alkaline solution being added to the system
· Transfer Fcn1 – Transfer Function for the pH sensor
· Gain1 – To amplify the output of the transfer function so that the system is reading 1V/pH
[bookmark: _Toc508957543]Controller Output
Once the system had been designed the PID controller required tuning, this was achieved using the auto tuner and then adjusting the response time and transient behaviour. With the goal of achieving suitable overshoot and settling time values of less than 5% overshoot and less than 10 seconds settling time.
[image: E:\Uni\Year 4\Instrumentation and control\Screenshots\Controller output.PNG]
[bookmark: _Toc508742914][bookmark: _Toc508907575]Figure 8 - Controller Output
Figure 3 shows the output for the controller, the dotted trace is the result of the auto tuner and the solid trace is the result of using the auto tuner, and then tweaking the response time and transient behaviour. This reduced both the overshoot and the settling time, their values are shown below in figure 4.
[image: E:\Uni\Year 4\Instrumentation and control\Screenshots\Controller output parameters.PNG]
[bookmark: _Toc508742915][bookmark: _Toc508907576]Figure 9 - Controller Output Parameters
Figure 4 shows the controllers output parameters. The block column is the results from the auto tuner and the tuned column is the results of the auto tuner followed by manual tweaking. The auto tuner produced suitable overshoot and settling time of 6.9% and 2.09 seconds. After tweaking with the manual tuner, the overshoot was reduced to 0.48% a 6.42% reduction and the settling time was reduced to 0.578 seconds, a reduction of 1.512 seconds which is a 72.34% reduction.

[image: ]
[bookmark: _Toc508742916][bookmark: _Toc508907577]Figure 10 - Transfer Function of Controller
[image: ]
[bookmark: _Toc508742917][bookmark: _Toc508907578]Figure 11 - Transfer Function for Plant
Figure 6 shows the transfer function for the plant which is the combination of the transfer function of carbonic acid in water, an amplifier and an adder.
[bookmark: _Toc508957544]System Transfer Function
Now that the transfer functions for the plant, controller and sensor have been derived, below is the transfer function for the entire system, which can be calculated using the following equation.

Where:
G = Plant multiplied by the controller
H = Transfer function for the sensor
[image: ]
[bookmark: _Toc508742918][bookmark: _Toc508907579]Figure 12 - Transfer Function for the Entire System
[bookmark: _Toc508957545]Results[image: ]
[bookmark: _Toc508742919][bookmark: _Toc508907580]Figure 13 - Signals from System
[bookmark: _GoBack]The previous figure shows all the different signals from the system. The bottom signal is before the PID Controller, the third is after the PID Controller, the second is after the plant and the first one is after the disturbance.
As shown in the first signal reading, after 1 second the pH increases due to the disturbance being added, then over time the pH decreases until plateauing at 7. This means that the system is working as intended and the water is being treated to a consumable level.
[bookmark: _Toc508957546]Analysis
The stability of the system will be analysed within this chapter. Using bode, Nyquist and pole zero plots.
[bookmark: _Toc508957547]Bode Plot
[image: ]
[bookmark: _Toc508742920][bookmark: _Toc508907581]Figure 14 - Bode Plot Phase Margin
After locating the 0dB point and locating the same frequency point on the phase plot, the phase at this point is -90.4. Therefore, the phase margin is 89.6, meaning that the system has 89.6 degrees of phase before it reaches the limit of stability.
[image: ]
[bookmark: _Toc508742921][bookmark: _Toc508907582]Figure 15 - Bode Plot Gain Margin
After locating the -180-degree point and locating the same frequency point on the gain plot, the gain at this point is -138dB. Therefore, the gain margin is 138dB, meaning that the system has 138dB of gain before it reaches the limit of stability. This means that the system is incredibly stable.

[bookmark: _Toc508957548]Nyquist Plot
[image: E:\Uni\Year 4\Instrumentation and control\Screenshots\Nyquist.PNG]
[bookmark: _Toc508907583]Figure 16 - Nyquist Plot
[image: E:\Uni\Year 4\Instrumentation and control\Screenshots\Nyquist plot origin.PNG]
[bookmark: _Toc508907584]Figure 17 - Nyquist Plot Origin
Looking at the Nyquist plot above the origin comes from zero and the plot doesn’t cross the real axis on the left-hand side, meaning that the gain margin for the system is very large, which was proved by the bode plot as it showed the gain margin to be 138dB. This also shows that the phase margin for the system is near 90 degrees which was also proved by the bode plot.
[bookmark: _Toc508957549]Pole-Zero Plot
[image: E:\Uni\Year 4\Instrumentation and control\Screenshots\PZplot.PNG]
[bookmark: _Toc508907585]Figure 18 – Pole-Zero Plot
The pole and zero on the far left of the plot would cancel each other out since poles tend to infinity and zeros tend to zero.



[image: E:\Uni\Year 4\Instrumentation and control\Screenshots\PZplot Around Origin.PNG]
[bookmark: _Toc508907586]Figure 19 – Pole-Zero Plot around Origin
The complex conjugate pair at the points -1±j1.5 would produce a decaying sinusoid. Where -1 signifies the rate of decay and ±j1.5 would signify the frequency of the wave.
The pole and zero at the origin (0, 0), (-2, 0) and (-2.30, 0) would also cancel each other out. 
The pole at (-2.19, 0) would decay exponentially, the rate of decay is determined by the position of the pole. The further away from the origin, the quicker it decays. 
Due to all points being on the left-hand side of the graph, the system is considered stable since all responses decay over time.

[bookmark: _Toc508957550]Conclusion
To conclude, the system was successfully maintaining a pH of 7 using carbonic acid and responds quickly to disturbances. The system was able to achieve a settling time of 0.578 seconds with 0.48% overshoot. The system was also stable with a gain margin of 138 and a phase margin of 89.4 degrees, requiring the system to have a significant increase in gain and/or phase to reach the limit of stability. 


[bookmark: _Toc508957551]References
[1]	Coulton, “What is Proportional Control?” [Online]. Available: http://www.coulton.com/article57.html. [Accessed: 22-Jan-2018].
[2]	Control Guru, “P Only Control Alogorithm,” 2015. [Online]. Available: http://controlguru.com/the-p-only-control-algorithm/. [Accessed: 13-Feb-2018].
[3]	C. Notes, “PID Controllers Explained,” 2011. [Online]. Available: http://blog.opticontrols.com/archives/344. [Accessed: 30-Jan-2018].
[4]	Control Guru, “Integral Action and PI Control – Control Guru,” 2015. [Online]. Available: http://controlguru.com/integral-action-and-pi-control/. [Accessed: 13-Feb-2018].
[5]	Control Guru, “Derivative Action on PID Control.” [Online]. Available: http://controlguru.com/pid-control-and-derivative-on-measurement/. [Accessed: 13-Mar-2018].
[6]	“What is pH.” [Online]. Available: http://academic.brooklyn.cuny.edu/biology/bio4fv/page/ph_def.htm. [Accessed: 16-Mar-2018].
[7]	Vernier, “pH Sensor.” [Online]. Available: https://www.vernier.com/products/sensors/ph-sensors/ph-bta/#section4. [Accessed: 07-Mar-2018].
[8]	A. Scientific, “Atlus pH Probe.” [Online]. Available: https://www.atlas-scientific.com/product_pages/probes/ph_probe.html. [Accessed: 07-Mar-2018].
[9]	C. Parmer, “Oakton General-Purpose pH Probe.” [Online]. Available: https://www.coleparmer.co.uk/i/oakton-general-purpose-ph-probe-sealed-dj-epoxy-3-ft-cable-bnc/3580501?PubID=UY&persist=true&ip=no&keyword=&gclid=Cj0KCQiAuP7UBRDiARIsAFpxiRIZfL_zNO53NW7gCmyPMHwK8HXC3u6iSgcAtnQ4s1TdA5Igp6LbkokaAhZ6EALw_wcB. [Accessed: 07-Mar-2018].
[10]	Campbell, “CSIM11-L.” [Online]. Available: https://www.campbellsci.eu/csim11. [Accessed: 07-Mar-2018].
[11]	C. Parmer, “Cole-Parmer Proportioning Solenoid Valve.” [Online]. Available: https://www.coleparmer.co.uk/i/cole-parmer-proportioning-solenoid-valve-1-4-od-0-30vdc-0-063/9865032?PubID=UY&persist=true&ip=no&keyword=&gclid=Cj0KCQiA2Y_UBRCGARIsALglqQ2i4IZeWX_TtPOj0WNafwA8U2-_1uT5Hh0Wvgkx62ErbNp1vjl7240aAk4oEALw_wcB. [Accessed: 15-Feb-2018].
[12]	RS, “Buschjost Solenoid Valve.” [Online]. Available: https://uk.rs-online.com/web/p/products/5295269/?grossPrice=Y&cm_mmc=UK-PLA-DS3A-_-google-_-PLA_UK_EN_Plumbing_And_Pipeline-_-Valves_And_Taps%7CSolenoid_Valves-_-PRODUCT+GROUP&matchtype=&gclid=Cj0KCQiA2Y_UBRCGARIsALglqQ2phgfO9tVSjPcbSP4O81ewYvzEi0C-vVWbC-. [Accessed: 15-Feb-2018].
[13]	Tameson, “Electrical Ball Valve BW2.” [Online]. Available: https://tameson.co.uk/electric-ball-valve/2-way/eb-2w-brass/bw2-012-aw1-r024dc-electric-ball-valve-1-2inch-2-way-24vdc-relay.html?gclid=Cj0KCQiA2Y_UBRCGARIsALglqQ1mac01lgISeFLFRTui7t-4VNnrvFipQ7aFmq6yVg-0Q9gb5AgjaVMaAv8jEALw_wcB. [Accessed: 15-Feb-2018].
[14]	RS, “Asco Solenoid Valve.” [Online]. Available: https://uk.rs-online.com/web/p/products/3061367/?grossPrice=Y&cm_mmc=UK-PLA-DS3A-_-google-_-PLA_UK_EN_Plumbing_And_Pipeline-_-Valves_And_Taps%7CSolenoid_Valves-_-PRODUCT+GROUP&matchtype=&gclid=Cj0KCQiA_JTUBRD4ARIsAL7_VeV7mrdMFdZACeov_1jA9wCOJpum13sGSi8NL4. [Accessed: 15-Feb-2018].
[15]	C. Parmer, “Cole-Parmer Control module for 98650-series proportioning solenoid valves.” [Online]. Available: https://www.coleparmer.co.uk/i/cole-parmer-control-module-for-98650-series-proportioning-solenoid-valves/9865060?pubid=SI. [Accessed: 15-Feb-2018].

image1.jpeg
o
= e(t)+ — [e(t)dt
co =coy, +Kee()+ [




image2.jpeg
Co=Co,, +Kea(+ LE

bia:




image3.jpeg
PV &SP

=sP-PV

error, e(t)

Data plotted as SP & PV

!
&0 S\
N
ol
:
%
|
-
L]
:
i
:
0

‘Copyright © 2006 by Dougias J. Cooper.

AlRights Reserved

0 e 7 80 w0

Same data plotted as
controller error, eft)

d;“) @ when SP changes

Cortois sy v o, e e

0 o W o %
Time





image4.jpeg
Ker dey
Co=co,, +Kea(t)+ —— [ e(tydt - Ko T
ias — =




image5.jpeg
Heat Exchanger Under PID Control
Ideal dependent form: Kc =-047; Ti=1.7; Td=031

Process: Heat Exchanger Cont.: PID (P=DA, I= ARW, jeal (meas), F = off)
- 140 PV
2139 | o
&
& 138
& 137 PID (deriv on error) -~ PID (deriv on PV)
60 H i —
CO “kick
+«
50
g
< a0
o
o
30 5 il T
¥— CO “klck Copyright ® 2007 by Douglas J. Cooper. All Rights Reserved.
20 40 60 80 100 120

Time (mins)
Sample Time, T=1 set





image6.jpeg




image7.png




image8.png




image9.png




image10.jpeg




image11.jpeg




image12.jpeg




image13.jpeg




image14.jpeg
Cole J® | ‘,
f[arme, ;{

1-800-323.434¢ {
c 8





image15.png
- 7
Comiant Comant =
L . o [ -
) . »z0750 N 1
- aE = ==
AR | epComaler | TmiarFen e
0
d
=
Gaint Tamiz e
)
3

=




image16.png
4\ PID Tuner (CO2/PID Controller) - Step Plot: Reference tracking. = 8 % |

-
E Step Plot: Reference tracking
- 12 T T T T T T
Tuned response
[P -~ Block response
| LR
08 7
g
3
:a 06 7
5
<
04 4
02 7
5 . . . .
15 2 25 3
Time (seconds)





image17.png
Controller Parameters
Tuned Block
3 18306 072429
i 206 11021
0] 0.40486 [oan12
N 6723936 12803003
Performance and Robustness
Tuned Block
Rise time 10352 seconds 10639 seconds
[Setting time. 10,578 seconds 1209 seconds
(Overshoot 048 % 69 %
Peak i o7
(Gain margin finf dB @ Infrad/s___inf dB @ Inf radl/s
Phase margin 83 deg @ 588 rad/s |69 deg @ 245 rad/s
[Closed-loop stability _|stable [stable.





image18.png
1 s
Kp + Ki % -+ Kd % -
s TErss1

with Kp = -1.83, Ki = -2.06, Kd = -0.405, Tf = 0.00143




image19.png
From input "PID Controller” to output
“1a.3

22 + 4.326 5 + 4.651




image20.png
System =

1685 57 + 1.152¢06 3°6 + 1.272207 3°5 + 5.65207 s°4 + 1.256208 3°3 + 1.395208 "2 + 6.136207 =

0.43 59 + 583 3°% + 2.008205 =°7 + 2.163206 3°6 + 1.009e07 =°5 + 2.64e07 374 + 4.169207 3°3 + 3.8¢07 3°2 + 1.543207 s




image21.png




image22.png
Phase (deg)

Magnitude (dB)

40

20

40

50

45

135

Bode Diagram

Systern: System
Frequency (rad/s): 6.4
Magnitude (dB): -0.0677

Systern: System
Frequency (rad/s): 6.34
Phase (deg): 904

Frequency (rad/s)





image23.png
Magnitude (dB)

Phase (deg)

40

50

100

120

140

45

135

-180

Bode Diagram

Systern: System
Frequency (rad/s): 1.79e+05
Magnitude (dB): -138

Systern: System
Frequency (rad/s): 1.79e+05
Phase (deg): -180

10°
Frequency (rad/s)

10°





image24.png
Imaginary Axis

Nyquist Diagram

Real Axis





image25.png




image26.png




image27.png




