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Abstract: The paper presents the development of an experimental system for the control of wastewater pH (SENFpHCTRL) in Petrobrazi Refinery, namely an expert system based on an artificial intelligence technique, the so called adaptive neuro-fuzzy inference systems. In order to test the software component of the system, i.e. the developed neuro-fuzzy controller, in MatLab/Simulink there was built an automatic system for pH control named ANFISpHControl using the flows and volumes from Petrobrazi and a mathematical model from literature for the process of wastewater pH neutralization. The chosen model was also validated for Petrobrazi Refinery through a set of simulations and experiments presented in this paper. 
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1. INTRODUCTION

In processes control, there can be used, besides conventional methods, advanced control techniques, some of these belonging to the artificial intelligence (AI) domain (namely adaptive neuro-fuzzy systems, expert systems, fuzzy logic, artificial neural networks, genetic algorithms, etc.). The usage of a control method (conventional or AI) depends on the behaviour of the analysed process, in this case the wastewater pH neutralization process from the chemical and biological wastewater treatment plant (WWTP) from Petrobrazi Refinery.
In a neuro-fuzzy system, the rules and the membership functions (MFs) are generated using an artificial neural network. A neural network adds to fuzzy systems new intelligent features, such as: learning, adaptation, fault-tolerance and generalization (Shaw, 1998). The combination of these two intelligent tools (fuzzy logic and neural networks) provides solutions to the problems that may occur in the development process of an intelligent controller. According to (Shaw, 1998), the designation neuro-fuzzy means “the incorporation of a neural network into an existing fuzzy system”. 
According to (Rutkowski, 2008), an expert system (ES) is “an intelligent computer program that applies knowledge and reasoning (inference) procedures in order to solve problems which require human experience (expert) acquired by many years of activity in a given domain”. In order to achieve the control using this type of systems, an ES can be implemented to work as a controller. The ES implemented as controllers are, from a conceptual point of view, similar with fuzzy controllers. 
In literature, there are presented systems that use AI techniques in processes control, monitoring, diagnosis and analysis such as: GESCONDA (Gibert, 2006), ISCWAP (Serra et al., 1997), BIOEXPERT (Lapointe et al., 1989), EXPERT-AT (Oprea, 2002), TELEMAC (Dixon et al., 2007), EnvMAS (Oprea et al., 2011), a system with fuzzy logic for the analysis of a WWTP emissary level of pollution, system developed in (Carbureanu, 2011) etc. 
For the pH control problem, in literature it is presented a set of systems based on AI techniques, for instance systems that use fuzzy logic (Benz et al., 1996; Fuente et al., 2006), artificial neuronal networks (Doherty, 1999; Valarmathi et al., 2009), etc. 

According to (Marinoiu and Paraschiv, 1992), the pH neutralisation process has a high nonlinear and dynamic behaviour. For the control of a process with this behaviour, AI techniques are recommended (fuzzy logic, neuro-fuzzy, neural networks, expert systems, etc.) (Robescu et al., 2008).
In this paper, it is presented an experimental system named SENFpHCTRL for wastewater pH control. In order to build this system it was necessary, first of all, to develop the system software component, namely the neuro-fuzzy controller. The testing of the neuro-fuzzy controller was made within an automatic control system named ANFISpHControl implemented in MatLab/Simulink. This system uses the volumes and flows from Petrobrazi Refinery and a mathematical model from literature for wastewater pH neutralization process (Ibrahim, 2008). 
The paper is organized as follows:

1. A short description of the wastewater pH neutralization process from Petrobrazi Refinery;

2. The validation of the pH neutralization process mathematical model from literature (Ibrahim, 2008) for the flows and volumes used in Petrobrazi, through a set of simulations and experiments presented in this paper;

3. The neuro-fuzzy controller (R-ANFIS.fis) development, controller tested in an automatic system for pH control, named ANFISpHControl, developed in Matlab/Simulink; There are also presented the results of the simulations;

4. The development of the experimental system called SENFpHCTRL and the presentation of the experimental results.

2. THE WASTEWATER pH NEUTRALIZATION PROCESS FROM PETROBRAZI
The wastewater chemical and biological treatment plant (WCBTP) from Petrobrazi Refinery has three subunits: WCBTP1, WCBTP2 and WCBTP3. The wastewater pH neutralization process takes place in the physico-chemical step of WCBTP1 and WCBTP2. The WCBTP1 physico-chemical step components are: the admixture-reaction tank, a flotator decanter and a station for air dissolution. The WCBTP2 physico-chemical step has a homogenization basin, an admixture-reaction tank, a flotator decanter and a station for air dissolution. The physico-chemical processes that take place in this step are similar to those from WCBTP1 physico-chemical step.

In the admixture-reaction tank there takes place the wastewater treatment with chemical agents (hydrated lime – Ca(OH)2 , sulphuric acid – H2SO4, polyeletrolytes, etc.). The admixture-reaction tank has two compartments that the wastewater passes through consecutively. In the former compartment there are injected the chemical agent’s solutions which are combined with the help of a mixer. In Petrobrazi in the case when the pH value is bigger that 10 units it is started the H2SO4 pump. The wastewater with a pH between 6 and 10 units is injected in the first compartment of the admixture-reaction tank, where it takes place the mixing with the chemical agent’s solutions. At the output of the first compartment the wastewater has a pH between 6.5 and 9.5 units. In the latter compartment (the reaction one), there takes place the pH neutralization, namely the pH control (the pH value it is brought to a neutral one (pH=7 units)). After wastewater passes through the admixture-reaction tank, it is directed towards two decanters. At the physico-chemical step output, the wastewater is directed to the biological step (Operating Manual, 2010).

According to Petrobrazi operating manual, for the neutralization of an acid pH it is used as a chemical agent the calcium hidroxide under the form of hydrated lime (Ca(OH)2) with a concentration of 10%, whereas for the neutralization of an alkaline pH it is used the sulphuric acid (H2SO4) with a concentration of 95%. The hidrated lime under powder form, diluted with water, is injected in the first compartment of the admixture-reaction tank with the help of a lime pump. The sulphuric acid under solution form, it is also injected into the tank first compartment with the help of a sulphuric acid pump. In Petrobrazi, the flows corresponding to acid solution H2SO4 (F1), to alkaline solution Ca(OH)2 (F2), the concentration (C1) of the acid agent, the concentration (C2) of the alkaline agent and the volume (V) of the admixture-reaction tank compartment where the pH neutralization  takes place (the second compartment of the admixture-reaction tank), used in WCBTP Petrobrazi are presented in Table 1 (Operating Manual, 2010).

Table 1. The values of the parameters used in Petrobrazi
	F1

[l/h]
	C1
	F2

[l/h]
	C2
	V

[l/h]

	
	[%]
	[mol/l]
	
	[%]
	[mol/l]
	

	[25 300]
	95
	17.74
	[5000 7000]
	10
	1.5
	4000


3. THE VALIDATION OF THE WASTEWATER pH PROCESS MATHEMATICAL MODEL FOR PETROBRAZI
After having studied the literature, it has been chosen a mathematical model of the wastewater pH neutralization process, model developed by R. Ibrahim in his Ph. D. Thesis (Ibrahim, 2008). The model’s main equations are two differential equations that emphasise the process dinamic behaviour:
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In equations (1) and (2), F1 is the acid stream flow rate, F2 is the alkaline stream flow rate, C1 is the acid concentration in basin, C2 is the alkalinity concentration in basin, V is the volume of the compartment where the pH neutralization takes place (the second compartment of the admixture-reaction tank) and α and β are the non-reactant components for acid and alkaline solutions. 

The implementation of the model in MatLab/Simulink, implementation achieved by the author of this paper, is presented in Fig. 1.
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Fig. 1. The process mathematical model implementation in MatLab/Simulink.

In order to validate this model for the flows (F1 and F2) and volumes (V) used in WCBTP within Petrobrazi Refinery, there were made a set of simulations and experiments presented hereinafter. Were identified the following process parameters: the amplification factor (Kp), the transient regime (Ttr) and the dead time (τ) for a set of simulations presented in Table 2. The simulations from Table 2 also emphasize the process strong non-linear behaviour (a strong variation for Kp) and the importance of the accuracy of dosage for the acid or alkaline neutralizer. Also, there were determined the process static characteristics (CS) or the so called titration curves. 
So, the process was studied on pH domain segments, on y-F1 and y-F2 channels (Fig. 2).
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Fig. 2. Process studied channels.

In Table 2 there are presented the results for the simulations made on the y-F1 channel, for various pH starting points and with the same stopping point (pH=7, neutral pH), using different variations for F1 . 

Table 2.  Process parameters on y-F1 channel
	No.
	F1 variation

[l/h]
	Kp
	Ttr
[h]
	τ

[h]
	pH value

[units]

	1
	195.9
	-0.7132
	9.95
	0
	14      7.00

	2
	20.9
	-5.7585
	8.38
	0
	13.13    7.00

	3
	10.9
	-10.5307
	7.93
	0
	12.85    7.00

	4
	0.9
	-103.8714
	6.23
	0
	11.76    7.00

	5
	0.1
	-746.7035
	4.77
	0
	10.81    7.00

	6
	0.01
	-5429.875
	3.29
	0
	9.77     7.00

	7
	0.001
	-20762.5
	2.28
	0
	8.06     7.00


The neutralization process model response for each of those seven simulations is presented in Fig. 3.
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Fig. 3. Process response.

As it can be observed in Table 2 and Fig. 3, the amplification factor (Kp) has a strong variation within the domain, fact that emphasizes the non-linear character of the process. Also, in order to bring an alkaline pH to a neutral one, a very precise dosage of the acid neutralizer (F1) is necessary. The experiments number 6 and 7 certify the process within WCBTP from Petrobrazi Refinery where, in order to bring an alkaline pH with a value between 8 and 10 units to a neutral one, it was necessary a highly precise dosage of the F1 neutralizer; the time in which the pH with such values was neutralized is between 2 and 3 hours. We mentioned only simulations number 6 and 7 because in WCBTP-s from Petrobrazi Refinery, the highest value for an alkaline pH value is around 10 units.  
In Table 3 there are presented the results for a set of simulations on y-F2 channel, for different starting points for an alkaline pH and with the same stopping point (pH=7, neutral pH), using diferent variations for F2.
Table 3.Process parameters on y-F2 channel
	No.
	F2 variation

[l/h]
	Kp
	Ttr
[h]
	τ

[h]
	pH value

[units]

	1
	445.8415
	1.3787
	7.07
	0
	2.70   7.00

	2
	149.8415
	3.6072
	6.45
	0
	3.22   7.00

	3
	19.8415
	20.8257
	5.35
	0
	4.11    7.00

	4
	1.8415
	144.5250
	4.16
	0
	5.14    7.00

	5
	0.1415
	821.5043
	3.09
	0
	6.19   7.00


The neutralization process model response for each of those five simulations is presented in Fig. 4.
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Fig. 4. Process response.

As it can be observed in Table 3 and Fig. 4, the amplification factor (Kp) has a strong variation of an acid type pH within the domain, fact that proves once again the process’ strong non-linearity. Also, in order to bring an acid pH to a neutral one it was necessary a precise dosage of the alkaline neutralizer (F2). Experiments number 4 and 5 certify what happens in WCBTP from Petrobrazi Refinery, where, in order to bring an acid pH with a value between 5 and 6 units to the neutral level, it was necessary the dosage with precision for the F2 neutralizer; the time in which the pH with such values was neutralized varies between 3 and 4 hours. We mentioned only simulations number 4 and 5 because in WCBTP-s within Petrobrazi Refinery the acid pH value was never lower than 5 units.  

In Table 4 it is presented another set of simulations, necessary to verify, once again, if the model response for the flows and volumes presented in Table 1, is similar to that presented in literature (Skoog et al., 1988, Pietrzyk et al., 1989, Liteanu et al., 1972, Luca et al., 1983) and to that from WCBTP Petrobrazi (Operating Manual, 2010).
Table 4. Neutralization process model response
	No.
	F1

[l/h]
	C1 [mol/l]
	F2

[l/h]
	C2
[mol
/l]
	pH

[units]

	1
	25     260
	17.74
	6000
	1.5
	14.12   3.21

	2
	260
	17.74
	6000     7000
	1.5
	3.21   13.24

	3
	220.89

220.902
	17.74
	5225
	1.5
	9.77     6.50

	4
	259.996
	17.74
	6149.7          6150
	1.5
	6.55     9.72


The process response for each of these four experiments is presented in Fig. 5, Fig. 6, Fig. 7 and Fig. 8 and the obtained process parameters are presented in Table 5. 
[image: image7.png]pH

16,

14]

12|

10

10




Fig. 5. Process response (experiment no. 1).
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Fig. 6. Process response (experiment no. 2).
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Fig. 7. Process response (experiment no. 3).
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Fig. 8. Process response (experiment no. 4).

Table 5. Process parameters
	No.
	Kp
	Ttr [h]
	τ [h]

	1
	-0.9119
	2.93
	0

	2
	1.4322
	0.65
	0

	3
	-5344.6577
	2.48
	0

	4
	1509.4761
	1.41
	0


The process response at step variation for F1 and F2 is similar to the process response presented in the literature (Skoog et al., 1988, Pietrzyk et al., 1989, Liteanu et al., 1972, Luca et al., 1983), where it is mentioned that the response, namely the titration curve, is symmetrical in relation with the equivalence point (pH=7) and that the pH value has an abrupt variation around this equivalence point. Also, it is mentioned that there is a pH dependence only on the acid concentration in the first part of the curve (till the equivalence) and a pH dependence only on the alkaline concentration, in the second part of the curve (after the equivalence). One can also observe that a decrease of the acid neutralizer concentration leads to a decrease of the pH variation around the equivalence point. The process answer from Fig. 7 and Fig. 8 is similar to the pH neutralization process answer from Petrobrazi (according to Operating Manual, 2010). In Table 5 it can be observed that Kp has a strong variation within the pH domain, fact that emphasizes once again the strong non-linear behaviour of the process. Also, the transient time Ttr is similar to that from Petrobrazi (Operating Manual, 2010). 
It can be also observed that a very small dosage of an acid or alkaline neutralizer determines a strong variation of the pH. This happens due to the fact that there are used a strong acid (H2SO4) and a strong alkaline (Ca(OH)2) and to the strong non-linearity of the process behaviour (Skoog et al.,1988, Pietrzyk et al.,1989, Liteanu et al., 1972, Luca et al., 1983).
In order to verity the results from a chemical point of view, we have made a set of experiments for pH neutralization. It was used an alkaline neutralizer (Ca(OH)2) with a concentration of 10% and an acid neutralizer (H2SO4) with a concentration of 95%. As instruments, there were used two burettes (one for acid dosage and one for alkaline dosage), a pH transducer, one sample of wastewater from a WWTP and one shaking apparatus, as it can be observed in Fig. 9.
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Fig. 9. The experimental set-up.
It was noticed that when a very small quantity of acid or alkaline neutralizer is injected (drop by drop) in the wastewater sample, the pH value has a strong variation. This happens when there is used a strong acid neutralizer with a strong alkaline neutralizer and due to the process strong non-linear behaviour (Skoog et al.,1988, Pietrzyk et al.,1989, Liteanu et al., 1972, Luca et al., 1983). Also, through these experiments there were obtained the titration curves for the pH neutralization process, curves that are similar to those obtained in Simulink. 

In Fig.10 and Fig. 11 there are presented the static characterstics (titration curves) obtained through a set of simulations in Simulink, titration curves that are similar to those from literature (Skoog et al.,1988, Pietrzyk et al.,1989, Liteanu et al., 1972, Luca et al., 1983).
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Fig. 10. CS for alkaline pH neutralization.
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Fig. 11. CS for acid pH neutralization.

4. THE NEURO-FUZZY CONTROLLER AND ANFISpHCONTROL DEVELOPMENT
In Fig. 12 it is presented the developed automatic system (AS) ANFISpHControl arhitecture, system that has the following components:
1. The pH set point (ipH=7);

2.  A neuro-fuzzy controller (R-ANFIS.fis), Sugeno-type, with one input, namely error (e=ipH-mpH) and one output, respectively the pump opening degree (EE_open_degree) for hydrated lime Ca(OH)2 dosage; 
3. An actuator (EE), namely the dosage pump for Ca(OH)2, necessary for the control of an acid or alkaline pH; it must be mentioned that the control of an acid or alkaline pH was made by using Ca(OH)2;

4. The process represented by the mathematical model of the wastewater pH neutralization model, presented in Fig. 1.

Next, it is presented the development of the neuro-fuzzy controller (R-ANFIS.fis) used in this AS.
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Fig. 12. AS ANFISpHControl arhitecture.

In order to develop the neuro-fuzzy controller R-ANFIS.fis with the arhitecture presented in Fig. 13, there were used the MatLab 7.9 facilities, through the usage of an anfisedit command that calls the Anfis (Adaptive Neuro-Fuzzy Inference System) editor. The R-ANFIS controller was considered to be a zero order Sugeno-type system, this being a particular case of the Mamdami fuzzy system where each rule effect is formulated through a fuzzy singleton.
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Fig. 13. R-ANFIS arhitecture.

The rule base contains a number of nine rules, as it can be observed in Table 6. These rules were automatically generated through Generate Fis option. This option using a set of training data (data obtained through process analysis), generates the entire system presented in Fig. 13.
Table 6.  R-ANFIS rule base
	No.
	
	Input 

(error)
Triangular type (trimf)
	
	Output

(EE_opening_degree)
(constant)

	1
	if
	in1mf1
[-5.375 -4.476 -3.782]
	then
	out1mf1
-0.0213

	2
	
	in1mf2
[-4.3 -3.485 -2.037]
	
	out1mf2
-0.0142

	3
	
	in1mf3
[-2.877 -2.505 -1.063]
	
	out1mf3
-0.007158

	4
	
	in1mf4
[-2.181 -1.48 -0.0003946]
	
	out1mf4
-0.006934

	5
	
	in1mf5
[-1.051 -0.05361 1.057]
	
	out1mf5
0.00704

	6
	
	in1mf6
[0.008819 1.522 2.188]
	
	out1mf6
0.01406

	7
	
	in1mf7
[1.057 2.502 2.879]
	
	out1mf7
0.01431

	8
	
	in1mf8
[2.047 3.496 4.3]
	
	out1mf8
0.0213

	9
	
	in1mf9
[3.782 4.47 5.375]
	
	out1mf9
0.0284


In Fig. 14, the generated model arhitecture for R-ANFIS.fis is presented.
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Fig. 14. R-ANFIS model arhitecture.

In Fig. 14 we have a model with one input (error), one output (EE_opening_degree) for Ca(OH)2 dosage pump and a number of nine fuzzy rules. 
After R-ANFIS training (using a hibrid training algorithm) and validation (using a validation data set), the generated Rule Viewer and Surface Viewer are those presented in Fig. 15 and Fig. 16.
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Fig. 15. R-ANFIS Rule Viewer.
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Fig. 16. R-ANFIS Surface Viewer.

We must make the observation that in order to develop this neuro-fuzzy controller R-ANFIS.fis there were used the flows and volumes from WCBTP Petrobrazi and it was also taken into consideration the fact that in the surveyed WWTP a constant flow of F2 (Ca(OH)2) equal with 6000 l/h is mentained when recycling.
In Table 7 there are presented the simulations results supplied by ANFISpHControl (Fig.12), an AS that uses a neuro-fuzzy controller named R-ANFIS.fis (Fig.13), the controller whose development was presented hereinbefore.
Table 7. AS ANFISpHControl simulations results for acid type pH
	No.
	pH domain
	pH set point

(r)
	Controlled pH 

value

(m)
	Error 

value

(e=r-m)
	Transient time

Ttr
[h]

	1
	6.19   7
	7
	7
	0
	1

	2
	5.14   7
	7
	7
	0
	2

	3
	4.11   7
	7
	7
	0
	3.5

	4
	3.22   7
	7
	7
	0
	4.5

	5
	2.70   7
	7
	7
	0
	5.5


In Fig. 17- Fig. 21 we present the AS ANFISpHControl response for each of the simulations presented in Table 7.
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Fig. 17. ANFISpHControl response (simulation 1).
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Fig. 18. ANFISpHControl response (simulation 2).
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Fig. 19. ANFISpHControl response (simulation 3).
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Fig. 20. ANFISpHControl response (simulation 4).
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Fig. 21. ANFISpHControl response (simulation 5).

In Table 8 there are presented the simulations results supplied by ANFISpHControl (Fig. 12) for the control of an alkaline pH.

Table 8. AS ANFISpHControl simulations results for alkaline type pH
	No.
	pH domain
	pH set point

(r)
	Controlled pH 

value

(m)
	Error 

value

(e=r-m)
	Transient time

Ttr
[h]

	1
	8.06    7
	7
	7
	0
	0.5

	2
	9.77    7
	7
	7
	0
	0.6

	3
	10.81   7
	7
	7
	0
	1.5

	4
	11.76    7
	7
	7
	0
	3

	5
	12.85    7
	7
	7
	0
	4.5

	6
	13.13    7
	7
	7
	0
	5

	7
	14    7
	7
	7
	0
	6


In Fig. 22 - Fig. 28 we present the AS ANFISpHControl response for each of the simulations presented in Table 8.
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Fig. 22. ANFISpHControl response (simulation 1).
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Fig. 23. ANFISpHControl response (simulation 2).
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Fig. 24. ANFISpHControl response (simulation 3).
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Fig. 25. ANFISpHControl response (simulation 4).
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Fig. 26. ANFISpHControl response (simulation 5).
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Fig. 27. ANFISpHControl response (simulation 6).
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Fig. 28. ANFISpHControl response (simulation 7).

As it can be observed in Table 7 and Table 8, respectively in Fig. 17- 28, the AS ANFISpHControl having implemented the neuro-fuzzy controller R-ANFIS.fis, achieves the control of an acid and alkaline pH from each point of the pH domain. Also, the transient times correspond to those from WCBTP Petrobrazi. 
5. THE EXPERIMENTAL SYSTEM SENFpHCTRL DEVELOPMENT
In Fig. 29 it is presented the flow chart of the developed SENFpHCTRL experimental system for wastewater pH control.
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Fig. 29. SENFpHCTRL flow chart.

The experimental system SENFpHCTRL developed for wastewater pH control has the following components:
1. Central processing unit, that can be based on a microcontroller (such unit being developed using the Marvell Kirkwood 88F6281 microcontroller in (Buruiană, 2012) or based on a computer (PC); the operating system is from Unix BSD category, installed and compiled using the Intel Pentium III microprocessor specifications, according to (Buruiană, 2012); the programs that were used are fis.c and fismain.c, obtained by using the crash-dump method (the downloading of random access memory (RAM) content into a file on hard disk drive (HDD)); also, the disassembling of the ANFIS function (opened using the anfisedit command from MatLab) was made according to (Buruiană, 2012); these two files fis.c and fismain.c are similar to the files fis.c and fismain.c available in toolbox-fuzzy from MatLab available under extended license; the software component loads the R-ANFIS.fis (the neuro-fuzzy controller previously developed) and also the training data file (training.dat) that contains a set of training data, it executes the ANFIS (R-ANFIS.fis) training and it takes the pH measured value through a monitoring-warning interface; according to the command (./fis training.dat R-ANFIS.fis) executed in the command line, the controller R-ANFIS.fis is executed as follows:   
a. the compiled program (the controller) is loaded in memory (./fis);

b. the controller (R-ANFIS.fis) loads the exported file from MatLab;

c. the controller loads the training data file (training.dat);

d. the hybrid neuro-fuzzy system (R-ANFIS.fis) is configured according to MatLab settings and trained using the training data (training.dat); it asks for the analogical data from the monitoring interface;

e. the analogical data are processed using a calculus formula, obtained by means of a pH transducer gradient (according to the pH analyzer operating instruction manual); they are compared with a default set point (pHref), the difference (the error) being sent to the anfis system (R-ANFIS.fis);

f. the R-ANFIS.fis generates the command; all the details are presented in the logical scheme from Fig. 30.
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Fig. 30. SENFpHCTRL logical scheme.

2. The operating functions with the monitoring-warning interface were taken from (Buruiana, 2012) and are used to collect the numerical values supplied by the pH sensor, to command the pump, to establish the opening degree for the actuator and also for optical warning (pH_set point);

3. The monitoring-warning interface, that has analogical and digital inputs and outputs, takes the pH value supplied by the pH sensor through an analogical channel of unified signal (4..20mA); the output signals (developed at the central processing unit) are: the pump command (optical displayed through a red led), the command for actuator opening (in 0..10V domain) and optical warning, in the case when the pH measured value reaches the established pH set point (blue led);
4. The pH sensor, having the catalog data presented in (pH/ORP Analyzer Operating Instruction Manual); for the rapidity of the system implementation, we have chosen to temporarily use a potentiometer instead of a pH sensor;
5. A pump (whose command is displayed through a red led) and an actuator (RR) whose opening degree is displayed on an analogical indicator.
When discussing the software level, the system SENFpHCTRL uses the following programs:
1. fis.c – the ANFIS functions (membership functions, defuzzification methods, fuzzy rules, logical operators, etc.) from MatLab; this file is the property of MathWorks Inc. company;

2. fismain.c - the main function (also the property of MathWorks Inc. company ) that was added by the author of this article with a set of procedures used to directly take the data from the pH sensor and also to generate warnings and commands, procedures presented in Fig. 31;

3. functions.c – functions for monitoring-warning interface operating, functions taken from (Buruiana, 2012).
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Fig. 31. Procedures developed by the author.

In Fig. 32 the experimental system SENFpHCTRL is presented, i.e. the pump command represented by a red led and the actuator (RR) opening degree represented by a screen of an analogical indicator.
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Fig. 32. SENFpHCTRL – red led activated (the command of the pump).

In Fig. 33 it is presented the same system, but for the case when pH value reaches the established pH set point (pH_SP=7), situation when the blue led is activated.
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Fig. 33. SENFpHCTRL –blue led activated (pH SP).

The experimental results supplied by the SENFpHCTRL system are those presented in Table 9 (for the control of an acid pH) and Table 10 (for the control of an alkaline pH).

Table 9. SENFpHCTRL experimental results for acid pH control
	No.
	1
	2
	3
	4
	5

	pH domain
	6.19
7
	5.14
7
	4.11 7
	3.22     7
	2.7
7

	pH set point (r)
	7
	7
	7
	7
	7

	pH initial value (mi)
	6.19
	5.14
	4.11
	3.22
	2.7

	pH final value (mf)
	7
	7
	7
	7
	7

	Initial error (e=r-mi)
	0.81
	1.86
	2.89
	3.78
	4.3

	Final error

(e=r-mf)
	0
	0
	0
	0
	0

	Ttr  [h]
	1
	2
	3.5
	4.5
	5.5

	Optical warning (red led)
	yes
	yes
	yes
	yes
	yes

	Optical warning (blue led)
	yes
	yes
	yes
	yes
	yes


Table 10. SENFpHCTRL experimental results for alkaline pH control
	No.
	1
	2
	3
	4
	5

	pH domain
	8.06     7
	9.77     7
	10.81      7
	11.76     7
	12.16     7

	pH set point (r)
	7
	7
	7
	7
	7

	pH initial value (mi)
	8.06
	9.77
	10.81
	11.76
	12.16

	pH final value (mf)
	7
	7
	7
	7
	7

	Initial error (e=r-mi)
	-1.06
	-2.77
	-3.81
	-4.76
	-5.16

	Final error

(e=r-mf)
	0
	0
	0
	0
	0

	Ttr  [h]
	0.5
	0.6
	1.5
	3
	4

	Optical warning (red led)
	yes
	yes
	yes
	yes
	yes

	Optical warning (blue led)
	yes
	yes
	yes
	yes
	yes


In Fig. 34 and Fig. 35 it is presented a screen shot for experiment no. 1 from Table 9 and a screen shot for experiment no. 1 from Table 10. 
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Fig. 34. Screen shot for experiment no. 1 (Table 9).
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Fig. 35. Screen shot experiment no. 1 (Table 10).

In Fig. 36 and Fig. 37 it is presented a screen shot for experiment no. 5 from Table 9 and a screen shot for experiment no. 5 from Table 10. 
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Fig. 36. Screen shot for experiment no. 5 (Table 9).
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Fig. 37. Screen shot experiment no. 5 (Table 10).

6. CONCLUSIONS

The pH neutralization process is a very complex one, because of its dynamic behaviour and mostly due to its non-linearity. The wastewater pH control can be made by means of conventional control (Proportional-Integral-Derivative - PID) or by using artificial intelligence (AI) techniques, such as adaptive neuro-fuzzy inference systems (ANFIS) and expert systems (ES).

In this paper the author main contributions are:
1. The validation of the wastewater pH neutralization process mathematical model for the flows and volumes used in WCBTP Petrobrazi through a set of simulations and experiments; this validation implies a good knowledge of the pH neutralization process from Petrobrazi Refinery and the achievement of a considerable number of simulations and experiments; it was highlighted the fact that the model has a strong non-linear and instable behavior within the entire F1 and F2 domain, due to the fact that the process amplification factor (Kp) has a strong variation (the process amplification is gets higher as one is closer to pH≈7 (neutral pH)); also, the reactants (Ca(OH)2 and H2SO4) dosage precision is very high, fact that triggers problems regarding the actuators (F1 and F2 dosage pumps); also, through a set of simulations and chemical experiments, there were determined the static characteristics (the titration curves) for the neutralization process of an acid and alkaline pH, characteristics with a strong nonlinear behavior; the obtained titration curves correspond to those from literature (Skoog et al.,1988, Pietrzyk et al.,1989, Liteanu et al., 1972, Luca et al., 1983);
2. It was developed a neuro-fuzzy controller (R-ANFIS.fis) that was tested on an automatic system (AS) for pH control, named ANFISpHControl, developed in Matlab/Simulink; it was established that this controller works on the entire pH domain and that, as a component  of the developed AS, it supplies quality control (the pH reaches the default reference, the supplied error is small and the transient times Ttr are corresponding to those registered in Petrobrazi );
3. The author has developed an experimental system named SENFpHCTRL (an expert system based on neuro-fuzzy AI technique for wastewater pH control) whose software component is represented by R-ANFIS.fis (a neuro-fuzzy controller), a controller that works properly on the entire pH domain; from the architecture point of view, the developed system is a portable one, as it has small dimensions and it can be attached to any industrial process that implies pH control, being necessary only the technical data for the transducer and actuators (the dosage pumps); thus it was eliminated the necessity to develop a software application singularized on the process (the set of programs – fis.c+fismain.c+functions.c – adapted by author represents a neuro-fuzzy set up controller with the help of the exported files from MatLab); the SENFpHCTRL system is an expert system based on neuro-fuzzy AI techniques due to the following elements:
a. The knowledge base (KB) is represented by the fuzzy rules developed within the neuro-fuzzy controller (R-ANFIS.fis);

b. The inference engine (IE) is represented by the fuzzy inference mechanism within R-ANFIS.fis;

c. Fuzzy logic is combined with artificial neuronal networks, so there were used the so called adaptive neuro-fuzzy inference systems (ANFIS) in the controller (R-ANFIS.fis) development; the fuzzy system disadvantage is the fact that the building of a consistent rule base is a time-consuming process and which requires permanent adaptation; this disadvantage was eliminated through the integration of these two approaches (fuzzy logic and artificial neural networks); furthermore, the IA techniques are recommended to be used for strong nonlinear processes;  
d. From the conceptual point of view, an expert system implemented as a controller is similar with a fuzzy or neuro-fuzzy controller.

In the first stage, the experimental system SENFpHCTRL has the input and the output simulated with the help of a precision potentiometer (the pH measured level), respectively an analogical indicator (the actuator opening degree), because of the high costs of a pH transducer and of an industrial actuator.

As future work, the controller R-ANFIS.fis will be developed around a professional microcontroller, supported by the operating systems from Unix family. Also, the system will be improved with an industrial pH transducer and a dosage pump for hydrated lime neutralizer Ca(OH)2.
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