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Abstract 

Introduction. Essential nonlinearity of the chemical reactions of acids and bases determines the control algorithms in 

the mode of acidification or alkalization, that is, periodic dosing of a minimum volume of acid or alkali. Such regulation 

may be ineffective, specifically, it allows insufficient or excessive concentration of the controlled substance. The article 

discusses the problem of precise regulation of the hydrogen index in mini-bioreactors. It is proposed to use a digital 

model of the acidity control system to select the concentrations of topped-up solutions, determine the regulation 

methodology, and improve accuracy. The objective of the work is the assurance of required accuracy of pH regulation 

in an in vitro mini-model of the gastrointestinal tract of a static type. 

Materials and Methods. The initial block diagram of the model included accumulators and flows. It was the base for 

the main differential equations characterizing the change in volume and acidity. To correct the acidity readings of the 

resulting solution by temperature, a static model based on the polynomial approximation of experimental data using the 

least squares method was created. The structural elements of the mathematical model were investigated in the Matlab 

Simulink application package. To validate the adequacy of the mathematical model, transient characteristics were 

determined on a real system of in vitro modeling of the artificial gastrointestinal tract of poultry.  

Results. Within the framework of this work, the authors created and analyzed a nonlinear mathematical model of pH 

changes in a bioreactor taking into account external control actions. The flows of hydrochloric acid solution, alkali 

solution and drain from the reactor were presented as elements of a differential equation describing the accumulation of 

liquid in the reactor. To improve the accuracy, the solution was modified taking into account the temperature 

dependence of the hydrogen index. A dosing mathematical model based on a regulator with alkali and acid channels 

was proposed. The data obtained made it possible to generate a combined model of the pH regulation process in the 

bioreactor. The adequacy of the solution was confirmed empirically. The models of pH regulator, regulation of the 

volume of contents in the reactor and chemical reactions were shown in the form of structural diagrams. The transients 

of a mathematical model and a real control system were compared. It was established that the transient characteristics of 

the mathematical model and the real system were identical in terms of regulation time. The relative error of regulation 

of the real system was 0.35 %, and the mathematical model — 0.1 %, which corresponded to the required accuracy of 

regulation ± 0.1 pH. The influence of the studied flows on the neutralization reaction was shown in the form of graphs. 

Discussion and Conclusions. The proposed mathematical model will provide selecting optimal methods and algorithms 

for regulating acidity, which will accelerate the creation of a regulator for the nonlinear process of regulating the 

hydrogen index. In the future, these developments can be integrated into a comprehensive digital model of the entire 

artificial gastrointestinal tract of poultry to optimize control algorithms (dosing, mixing, periodicity, etc.), as well as 

approximation to objects in vivo. 

Keywords: mathematical modeling, acidity, pH, in vitro modeling, in vivo modeling, control system, acidity regulation 

algorithm, digital model. 
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Аннотация 

Введение. Существенная нелинейность химических реакций кислот и оснований определяет алгоритмы 

управления в режиме подкисления или подщелачивания, то есть периодической дозации минимального объема 

кислоты или щелочи. Такое регулирование может быть малоэффективным, т. е. допускает недостаточную или 

избыточную концентрацию контролируемого вещества. Статья посвящена проблеме точного регулирования 

водородного показателя в мини-биореакторах. Предлагается использовать цифровую модель системы 

управления кислотностью для подбора концентраций доливаемых растворов, определения методики 

регулирования и повышения точности. Цель работы — обеспечение требуемой точности регулирования рН 

в in vitro мини-модели желудочно-кишечного тракта статического типа. 

Материалы и методы. Исходная структурная схема модели включает накопители и потоки. Она представляет 

собой базу для основных дифференциальных уравнений, характеризующих изменение объема и кислотности. 

Для корректировки показаний кислотности результирующего раствора по температуре создана статическая 

модель, основанная на полиномиальной аппроксимации экспериментальных данных методом наименьших 

квадратов. В прикладном пакете MATLAB Simulink исследованы структурные элементы математической 

модели. На реальной системе in vitro моделирования искусственного желудочно-кишечного тракта домашней 

птицы определены переходные характеристики для подтверждения адекватности математической модели. 

Результаты исследования. В рамках данной работы авторы создали и проанализировали нелинейную 

математическую модель изменения pH в биореакторе с учетом внешних управляющих воздействий. Потоки 

раствора соляной кислоты, раствора щелочи и слива раствора из реактора представлены как элементы 

дифференциального уравнения, описывающего накопление жидкости в реакторе. Для повышения точности 

решение доработали с учетом температурной зависимости водородного показателя. Предложена 

математическая модель дозирования на основе регулятора с каналами щелочи и кислоты. Полученные данные 

позволили генерировать объединенную модель процесса регулирования pH в биореакторе. Адекватность 

решения подтвердили опытным путем. В виде структурных схем показаны модели: регулятора pH, 

регулирования объема содержимого в реакторе и химических реакций. Сравниваются переходные процессы 

математической модели и реальной системы управления. Установлено, что переходные характеристики 

математической модели и реальной системы идентичны по времени регулирования. Относительная 

погрешность регулирования реальной системы составила 0,35 %, а математической модели — 0,1 %, что 

соответствует требуемой точности регулирования ±0,1 pH. В виде графиков показано влияние исследованных 

потоков на реакцию нейтрализации. 

Обсуждение и заключения. Предлагаемая математическая модель позволит подобрать оптимальные методы и 

алгоритмы регулирования кислотности, что ускорит создание регулятора нелинейного процесса регулирования 

водородного показателя. В будущем эти наработки можно интегрировать в комплексную цифровую модель 

всего искусственного желудочно-кишечного тракта домашней птицы для оптимизации алгоритмов управления 

(дозации, перемешивания, периодичности и т. п.), а также аппроксимации к объектам in vivo. 

Ключевые слова: математическое моделирование, кислотность, pH, моделирование in vitro, моделирование in 

vivo, система управления, алгоритм регулирования кислотности, цифровая модель. 
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Introduction. Since the early 1980s, the scientific community studying the physiology and functional features of 

human internal organs has come to understand that in the near future, the focus of experimental techniques will shift 

from “in vivo” practices to “in vitro” systems [1]. The development of systems for hardware simulation of physiological 

processes will be of primary relevance, including for the following reasons: reduction of costs and time for conducting 

research; possibility of simultaneous conducting of the same type of experiments; and, what is not unimportant – 

increasing the ethics of research, reducing the need for experiments on living beings. By the beginning of the XXI 

century, a whole scientific direction was formed, engaged in the development of techniques and equipment for “in 

vitro” modeling and research [1]. 

Currently, in vitro models of the gastrointestinal tract are divided into two classes: static and dynamic. Static 

installations allow you to simulate the processes of digestion when using liquid nutrient media [2]. Dynamic models, 

unlike static ones, allow modeling peristaltic movements in the gastrointestinal tract, and are used when working with 

content nutrient media.  

From the point of view of the simulated volume, the gastrointestinal tract models (regardless of the previous 

classification) are divided into micro- (up to 50 ml), mini- (from 50 to 400 ml) and macro-systems (over 400 ml) [3]. 

Microfluidic systems should be mentioned separately [4], but they go far beyond the scope of this work. 

Patent analysis makes it possible to determine that the first is a patent for an invention “In vitro model of an in vivo 

digestive tract”1. This system is dynamic and precedes the market entry of the first TIM-2-type systems [5]. The 

development of this approach occurred in the models DGM [6], TIM-2 [5], HGS [7], etc. Static models, such as: DIDGI 

[8], SIMGI [9], SHIME [10], ARCOL [11], etc., moved away from complex modeling of peristalsis, and focused on 

more accurate modeling of the actual digestive processes. One of the reasons for this is the technical complexity and 

high cost of implementing systems with dynamic content compression. Another reason was the development of 

mathematical modeling methods and microcontroller control systems, which made it possible to control the medium in 

a test tube (reactor) with high accuracy and stability [4]. 

In this paper, we consider the solution to a particular problem of mathematical modeling of the pH regulation 

process for an in vitro mini-model of the gastrointestinal tract (gastrointestinal tract) of a static type [12]. The 

importance of precise control of the acidity of the chyme is determined by rather strict requirements for the conditions 

of in vitro experiments. Ensuring plausible conditions for the course of digestive processes, as well as the requirements 

for repeatability of experiments, require automatic pH control in the bioreactor with an accuracy not worse than ±0.1 

units.2 At the same time, the pH range can be from slightly alkaline (7.9 pH, oral cavity) up to strongly acidic (1.3 pH, 

stomach). 

The objective of this work is to ensure the required accuracy of pH adjustment in an in vitro mini-model of the 

gastrointestinal tract (gastrointestinal tract) of a static type.  

To achieve this goal, the following tasks will be solved in the work: 

– development of mathematical model of nonlinear pH change in a bioreactor taking into account external control 

actions; 

– study of a mathematical model by simulation methods; 

                                                 
1 Minekus M., Havenaar R. In Vitro Model of an in Vivo Digestive Tract. Patent US5525305A: B01F31/55. Date of application 01.11.94, date of 
publ. 11.06.96) 

 URL: https://patents.google.com/patent/US5525305A/en   
2 Chikindas M.L. Veterinary Probiotic Drugs for Targeted Animal Health Modeling. No. 075-15-2019-1880 URL: 

https://megagrant.ru/labs/lab_rus_74331/ (accessed 28.02.2023) (In Russ.) 

https://doi.org/10.23947/2687-1653-2023-23-1-95-106
https://patents.google.com/patent/US5525305A/en
https://megagrant.ru/labs/lab_rus_74331/


Advanced Engineering Research (Rostov-on-Don). 2023;23(1):95−106. eISSN 2687−1653 

 

 

  
h
tt

p
:/

/v
es

tn
ik

-d
o
n
st

u
.r

u
 

 

98 

– refinement of the mathematical model in order to increase its accuracy by taking into account the temperature 

dependence of the hydrogen index; 

– development of a mathematical model of the dosing process based on a two-channel competitive regulator (via 

alkali and acid channels); 

– development of a unified mathematical model of the pH regulation process in a bioreactor; 

– conducting experimental studies to confirm the adequacy of the combined mathematical model and determine the 

achieved accuracy of regulation. 

 

Materials and Methods. To simulate the neutralization reaction, we will use the method of accumulators and 

flows [13]. The method is based on the use of fundamental or local conservation laws (accumulators) and mathematical 

description of patterns that change the amount of accumulated feature (flows). 

The block diagram of the model is described in the figure, and contains two drives:  

 

Fig. 1. Block diagram of the model 

The reactor as a physical object simultaneously acts as a storage of the amount of liquid (Q1) and a storage of the 

amount of hydrogen ions (Q2). This is a container in which a controlled digestion process takes place, accompanied by 

a change in pH and a change in fluid volume. 

There are three threads acting on the first drive: 

– the first stream is the volume of acid topped up; 

– the second stream is the volume of added alkali; 

– the third stream is the volume poured out of the reactor. 

The second drive is also affected by three threads:  

– the fourth flow is the supply of sodium hydroxide by a pump [2];  

– the fifth stream is the intake of hydrochloric acid. [2];  

– the sixth stream is a potential change in pH during digestion. However, from a methodological point of view, it is 

a disturbing effect, and is not discussed in this paper. 

Now, let us consider the mathematical implementation of the model for describing physico-chemical processes. 

The volume of liquid in the reactor is described by the following equation: 

 .V S h    (1) 

Therefore, the change in the volume of liquid in the reactor: 

 .dV S dh    (2) 

For convenience, let us call the streams: 

– the hydrochloric acid solution flow: q1=G1; 

– the flow of the alkali solution (sodium hydroxide): q2= G2; 

– the discharge flow of the solution from the reactor: q2 = G3. 

(3) Drain 
Q1 

Container 

(1) Volume 
acid 

 

(3) Volume 

alkali 

(6) Digestive 

Substance 

 

(4) Flow 

NaOH 

(5) Flow 

HC1 

Q2 

Substance processes 
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Thus, the differential equation describing the accumulation of liquid in the reactor: 

  1 2 3

1dh
G G G

dt S
   .  (3) 

To determine the dynamics of changes in the concentration of the solution in the reactor, it is required to find the 

differential of the amount of substance according to the following formula: 

 v V C  ,  (4) 

where V is the volume of the substance, l; C is the molar concentration, mol/l. 

From (4) and (1), we obtain: 

  
dv d dh dC

S h C S C h
dt dt dt dt

 
        

 
.  (5) 

The change in the concentration of the solution is influenced by the flows of alkali and acid with a certain 

concentration, then: 

  1 2NaOH HCl

dh dC
S C h G C G C

dt dt

 
        
 

. (6) 

From equality (6), we express the change in concentration and simplify the expression: 

  1 2

1
( ) ( )NaOH HCl

dC
G C C G C C

dt S h
   


.  (7) 

Thus, the system of differential equations describing the dynamics of changes in the volume and concentration of 

the solution in the bioreactor is presented in formula 8: 

 

 

1 2 3

1 2

1
( ),

1
( ) ( ) .NaOH HCl

dh
G G G

dt S

dC
G C C G C C

dt S h


  


    
 

  (8) 

To obtain the concentration of H ([H+]) cations from the solution of the system of equations (8), let us recall the 

basics of chemistry. The concentrations of hydrogen ions ([H+]) and hydroxide ions ([OH-]) in distilled water at 25 °C 

are equal and amount to 10-7 mol/l, this directly follows from the definition of the ionic product of water, which is 

presented below [11]: 

  14 2 2     10 / at 25 molK H OH l C           . (9) 

It is also worth considering that: 

    [ ] [ ] [ ] [ ]T OH CH Na l    . (10) 

Now we find [H+] (denoted as CH) through the square root of the previous expressions, taking into account the 

concentration of the solution according to equation (4) of our mathematical model [14]: 

 

2

2

1 1 , 0,
2

, 0,

1 1 , 0.
2

H

H

H

T i K
C T

T

C K T

T i K
C T

T

  
      

  


 


        
 

 (11) 

Where ions i = 4. 

To create a control system with feedback on acidity in the form of a hydrogen index (pH), it is necessary to calculate 

a negative decimal logarithm from the concentration calculated according to equations (7). Thus, we get the acidity of 

the solution under normal conditions, that is, at 25 ℃.  



Advanced Engineering Research (Rostov-on-Don). 2023;23(1):95−106. eISSN 2687−1653 

 

 

  
h
tt

p
:/

/v
es

tn
ik

-d
o
n
st

u
.r

u
 

 

100 

But the contents of the bioreactor are not always in normal conditions. For example, to create an artificial 

environment characteristic of the in vivo environment of the gastrointestinal tract of poultry, a temperature of 42℃ is 

maintained in the reactor3. Therefore, experimentally and on the basis of available research4 a matrix of changes in the 

pH of buffer solutions depending on temperature was obtained on high-precision pH meters, and the readings were 

obtained using a measuring system with thermal compensation for the electrode used5 [13].  

Based on these data, a static model was constructed, it was obtained by polynomial approximation by the least 

squares method. A visual representation of the pH dependence on temperature is shown in Figure 2: [14–16]. 

 

Fig. 2. A surface describing the dependence of pH on temperature (12) 

 

2 2

3 2 2

( ) 00 10 01 20 11 02

30 21 12 .

F x p p x p y p x p x y p y

p x p x y p x y

            

       
 (12) 

The coefficients of the equation are presented in Table 1. 

Table 1 

Coefficients of the equation (11) 

Coefficient Value 

p00 0.154 

p10 -0.00511 

p01 0.899 

p20 -2.998  10-6 

p11 0.00333 

p02 0.0130 

p30 -3.226  10-7 

p21 1.588  10-5 

p12 -4.98 10-4 

 

To determine the transients in the system, we will build a mathematical model in the MATLAB Simulink 

application package (Fig. 3):  

                                                 
3 Automatic Temperature Compensation in pH Measurement. https://www.horiba.com/esp/water-quality/support/technical-tips/bench-
meters/automatic-temperature-compensation-in-ph-measurement/?utm_source=uhw&utm_medium=301&utm_campaign=uhw-redirect  
4 Ibid.  
5 Gnaiger E. pH measurement and temperature dependence of pH. URL: 
https://www.bioblast.at/images/archive/b/be/20190329092613!MiPNet08.16_pH-Calibration.pdf  
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https://www.bioblast.at/images/archive/b/be/20190329092613!MiPNet08.16_pH-Calibration.pdf
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Fig. 3. General structure of the mathematical model in MATLAB Simulink  

 

Let us consider the created system by blocks. The first block is a block of a two-channel acidity regulator with 

feedback. Noise has been introduced into the feedback circuit to simulate random events of a real system for measuring 

acidity and measuring instrument errors. 

 

Fig. 4. Structure of the pH regulator, block “Model of the dosing control system”  

The second unit is a system for monitoring the volume of solution in the reactor. The “Drain volume controller” 

function simulates the activation of pumping. If the volume of the solution approaches the maximum volume of the 

reactor, the function gradually resets the solution to the required volume. 

 

Fig. 5. Structure of the reactor content volume control model, block “Volume change model” 
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The third block is the main one. It implements the calculation of the chemical reaction of acid and alkali when added 

to the reactor and calculates the pH of the final solution under normal conditions. The function called “Neutralization” 

calculates the concentration of hydrogen ions in a solution [12]. And the “Concentration in pH” block implements the 

conversion of concentration into a hydrogen pH indicator. 

 

Fig. 6. Structure of the model describing the neutralization reaction  

The fourth block enables to take into account the temperature changes of the solution with the function of the 

statistical model in the “Temperature correction” block.  

 
Fig. 7. Structure of the model describing the change in acidity from temperature, block “Static model of pH adjustment from solution 

temperature” 

To determine the adequacy of the transient characteristics of the resulting mathematical model, experiments were 

conducted on a simulation model. The real model is represented by an automated control system for the artificial 

gastrointestinal tract of poultry with one control unit and a bioreactor. Figure 8 shows the experimental equipment and 

its description. 
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a) b) 

Fig. 8. Research equipment and its description: 

a — bioreactor environment control units; b — elements of bioreactor. 1 — controlled agitators; 2 — heaters;  

3 — ports with sensors and a system for topping/draining solutions 

The methodology of the experiment is as follows. The mathematical model takes into account the characteristics of a 

real system, such as: 

– set acidity; 

– reactor parameters (base area and height of the bioreactor); 

– concentrations of added substances (acids and alkalis); 

– initial concentration of the solution; 

– initial volume of the solution; 

– the temperature of the solution throughout the experiment; 

– discreteness of the control process [14]. 

The mathematical model is an ideal system in which mixing of solutions in the reactor occurs instantly and 

uniformly. In real conditions, this is impossible, therefore, forced mixing is needed for the uniform dissolution of the 

added acid or alkali. In the simulation model, this problem is solved by a magnetic stirrer controlled via a SCADA 

system.  

Unfortunately, this type of mixing device induces electromagnetic interference on the pH electrode. To eliminate 

interference, the mixing device was switched off for a short time, and the discreteness of measurements and the 

operation of the regulator was 20 seconds, which is due to the experimentally established time of normalization of the 

pH readings of the electrode in the reactor (according to the documentation of the electrode, sampling can reach 1-2 

minutes).6,7 The regulator of the real system is limited in the maximum volume of the dosed acid or alkali in order to 

ensure safety, which was taken into account in the model regulator. 

Experimental Results. Figure 10 shows a comparison of the transition process of a mathematical model and a real 

control system. The pH electrode is a sensitive element that is susceptible to receiving external electromagnetic 

interference.  

One of the experiments was carried out at a given acidity of the solution in the range of 2.15 ± 0.05 pH. The acidity 

of the initial solution was 6.2 pH. The temperature of the solution in the reactor: 22.25 ℃. Solutions of 0.1 mol/liter 

NaOH and 0.1 mol/liter HCl were used to change the acidity. The dosing algorithm consisted in discrete proportional 

regulation. 

                                                 
6 ph-4502c pH meter calibration notes. URL: https://tlfong01.blog/2019/04/26/ph-4502c-ph-meter-calibration-notes/ (accessed: 30.11.2022).  
7 EZO™ pH Circuit Datasheet. URL:https://files.atlas-scientific.com/pH_EZO_Datasheet.pdf  (accessed: 30.11.2022). 

https://tlfong01.blog/2019/04/26/ph-4502c-ph-meter-calibration-notes/
https://files.atlas-scientific.com/pH_EZO_Datasheet.pdf
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Fig. 8. Transient characteristics of a mathematical model and a real system when regulating from 6.2 to 2.15 pH  

 

 

Figure 11 shows the flow integrals from differential equation (7).  

 

Fig. 9. The effect of each flow on the neutralization reaction during experiments 

Discussion and Conclusions. Analysis of the simulation results have shown that flows with a solution 

concentration in the reactor do not make a significant contribution to the regulation of the entire system, therefore, they 

can be neglected for simplification. Then the system of differential equations of the digital model (8) will take the 

following form: 

 

 

 

1 2 3

1 2

1
,

1
.NaOH HCl

dh
G G G

dt S

dC
G C G C

dt S h


  


    
 

 (13) 

According to the results of the experiments, taking into account the concentration of the solution in the reactor, the 

relative error of the steady-state acidity of the solution for the mathematical model was 0.1 %, and for a real system 

with the same algorithm 0.35 %.   

Thus, taking into account the error of the electrode readings and the neglect of the mixing process of solutions in the 

mathematical model, the absolute error of the control results is within acceptable limits and does not exceed ± 0.1 pH of 

the set value. This means that the developed mathematical model adequately describes the neutralization reaction curve, 

and in the future, it will allow choosing optimal control algorithms, which would be a laborious process on a real 

system.  
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The developed model solves the problem and is a mathematical tool for the development of methods and algorithms 

for pH regulation, taking into account the temperature of the contents of the mini-reactor, the initial concentration of the 

main solution and the concentrations of top-up solutions, which will improve existing control algorithms.  
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