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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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AHHOTaLUA

Beeoenue. CymuiecTBeHHas HEIMHEHHOCTh XWMHYECKHUX PEAKIMi KHCIOT W OCHOBAHUH OIPENENSIeT alTOPUTMBI
YIpaBICHUS B PEXKAME TTOIKUCICHUS WIH TOIIENAYNBaHNSA, TO €CTh IEPHOIUUECKOH 103 MUHUMAIBHOTO 00BbeMa
KHCJIOTHI MU MIeI0Y. Takoe peryanpoBaHHEe MOKET ObITh Maaod((EKTHUBHBIM, T. €. JOMYCKAeT HEAOCTATOYHYIO HIIH
N30BITOYHYIO KOHIIEHTpALMIO KOHTpOJHpyeMoro BeilecTBa. CTaThs MOCBSIIEHA MPOOJIEME TOYHOTO PErYJINPOBAaHUS
BOJIOPOJIHOTO TIOKa3arellsi B MHUHHU-OMoOpeakTopax. Ilpemmaraercs wuCHoONb30BaTh LUPPOBYIO MOJENb CUCTEMBI
yIpaBieHUsT KUCIOTHOCTBIO JUIsi M0A0Opa KOHIEHTpPAlMi JOJNMBAaGMBIX pPAacTBOPOB, OIPEICICHUS METOIUKH
peryJIMpoBaHus U TOBBILICHUsT TOYHOCTU. Llenb paboTel — obecrieueHne TpedyemMoil TOUHOCTH peryiupoBanus pH
B iN Vitro MUHH-MOJIEJHN JKETYAOYHO-KHIIEYHOTO TPAKTA CTATHYESCKOTO THIIA.

Mamepuanst u memoosl. VicxonHast CTpyKTypHasl CXeMa MOJIENH BKJIIOYACT HAKOIUTENN U MOTOKH. OHa MpeACTaBIsIeT
co0oit 6a3y At OCHOBHBIX TU(QepeHINaNbHBIX yPaBHEHUH, XapaKTepPH3YIONNX H3MEHEHHE 00beMa M KHUCIOTHOCTH.
JIJI1 KOPPEeKTHPOBKM TOKa3aHWH KUCIOTHOCTH PE3yJbTHUPYIOLIETO PAacTBOpa MO TEMIIEpaType CO3[aHa CTAaTHIECKast
MOJIeTIb, OCHOBaHHAs HAa IOJMHOMHAIBHON AaNMpOKCHMAalUH SKCIIEPHMEHTAIBHBIX JAHHBIX METOJOM HaWMEHBIINX
kBagpatoB. B mpuknamnom makere MATLAB Simulink wcciiezioBaHbl CTPYKTYPHBIC 3JIEMEHTBI MaTEeMaTH4YECKOM
Mojenu. Ha peanbHO# cucteme in vitro MOJeTUpOBaHHsl UCKYCCTBEHHOTO JKEJIYI0YHO-KHIIEYHOTO TPaKTa JOMAIIHeH
NTULBI OTIPEACIICHBI IEPEXOHBIC XapaKTCPUCTUKHN AT IOATBCPKACHUA aJ€KBATHOCTHU MaTeMaTHYeCKOM MOACIIN.
Pe3ynomamul uccnedosanusn. B pamkax maHHON pabOTBHl aBTOPHI CO3JAld W MPOAHAIM3UPOBAIN HETMHEHHYIO
MaTeMaTHYeCcKyl0 MoJiesb n3MeHeHus pH B OMOpeakTope ¢ yueTOM BHEUIHHMX YHPaBIISIOIIMX BO3aedcTBuil. [loToku
pacTBOpa COJITHOH KHCIIOTBI, pacTBOpa INEJNOYM M CIMBAa PacTBOpa W3 PEAaKTOpa MPEACTABICHBI KakK 3JIEMEHTHI
muddepeHIanIbHOr0 ypaBHEHNS, ONMCBHIBAIOIIETO HAKOIUICHHE >KUIKOCTH B peakrope. i MOBBIIEHHS TOYHOCTH
pemieHne  A0paboTanmM ¢ y4eTOM TEMIIEpPaTypHOW 3aBHCHMOCTH  BOJOPOIHOTO ToOKaszarens. Ilpemioskena
MareMaTudecKasi MOJIENb JIO3MPOBAHUS Ha OCHOBE PEryJIITOpa ¢ KaHAIAMHM IIEJI0YH M KUCIOTHI. [loydeHHble gaHHbIe
MIO3BOJIMIIM T€HEPHPOBaTh OOBEIMHEHHYIO MOJENb Tpolecca perynuposanus pH B Ouopeaxrope. AINEKBaTHOCTb
pelleHHs NOATBEPAMIM OIBITHBIM IyTeM. B BuAEe CIPYKTYpHBIX CXEM IIOKa3aHbl MoJenu: peryistopa pH,
perynupoBaHus 00beMa CONEPKUMOTO B PEAKTOpe M XMMHUYECKHX peakuuil. CpaBHUBAIOTCS TEPEXOTHBIE MPOIECCHI
MaTeMaTHYECKOMU MOACIIN U peanLHoﬁ CUCTEMbBI YIIPABJICHUA. YCTaHOBHeHO, YTO NEPEXOAHBIC XapaKTCPUCTHUKHU
MaTeMaTHYECKOMN MOACIM H peanLHoﬁ CUCTEMblI HJCHTHUYHBI 110 BPEMCHU PETYJIUPOBAHUA. OTHOCHUTEIbHAS
MOTPENIHOCTh PEeryJMpOBaHus peayibHOi cucrtembl cocraBuia 0,35 %, a marematmdeckoit mogenn — 0,1 %, uro
COOTBETCTBYET TpebyeMoil TouHocTH perynuposanus +0,1 pH. B Buae rpa¢nkoB nokazaHo BIMSHHE HCCIIEIOBAHHBIX
MIOTOKOB Ha PEAKIUIO HEHTpann3auy.

Oécyacoenue u 3axkniovenusn. [lpeanaraemas MaTeMaTHyeckas MOJIENb MO3BOJIUT 110JI00PaTh ONTUMAJIBHBIE METO/BI U
aNTrOPUTMBI PEryJINPOBaHUS KUCIOTHOCTH, YTO YCKOPHUT CO3JAHUE PETYISITOPa HEIMHEHHOTO Npolecca PeryIupoBaHus
BOJIOPOHOTO TOKa3zarens. B Oymaymiem 3TH HapaOOTKM MOXXHO MHTETPUPOBATH B KOMIUIEKCHYIO LIU(POBYIO MOJEIb
BCEro MCKYCCTBECHHOI'O XKEITYJOYHO-KUIICYHOI'O TPaKTa JIOMaHIHeﬁ NTULBI )T ONTUMHU3AIUN AJITOPUTMOB YIIPABJICHUA
(mo3anmu, mepeMeIrBaHus, MEPUOIUIHOCTH U T. I1.), @ TAK)KE alllIPOKCUMANIMN K 00BEKTaM in vivo.

KiroueBble c10Ba: MaTeMaTHIECKOE MOJICINPOBaHNUE, KHCIOTHOCTh, pH, MofenupoBanue in vitro, MOJeTUpOBaHKE in
Vivo, CHCTeMa YIPaBICHUS, AITOPUTM PETYITHPOBAHUS KHUCIOTHOCTH, ITU(PPOBAst MOJIEIb.


https://doi.org/10.23947/2687-1653-2023-23-1-95-106
mailto:dand22@bk.ru
https://orcid.org/0000-0002-3556-7758
https://orcid.org/0000-0002-3827-6569
https://orcid.org/0000-0002-2276-7371
https://orcid.org/0000-0002-1986-9633

DYu Donskoy, et al. Mathematical Model of the pH Control System in an In Vitro Model of the Gastrointestinal Tract of Poultry

BaaronapHocTn. ABTOpBI BBIpXAIOT 0JarofapHOCTh 32 (PMHAHCOBYIO MOAJEPIKKY MCCIEIOBaHMN B paMKax I'paHTa
MunucrepcTBa Haykd | Bbicuiero oOpasoBanusi Poccuiickoit ®enpeparun  Ne 075-15-2022-285 or 9 wrons

2022 r. «BeTtepuHapHbIE TPOOHOTHIECCKIE PENapaThl HAIPABICHHOTO MOAYINPOBAHMS 3{OPOBHS KUBOTHBIXY.

s uutupoBanus. Jorckoit [1.10., JIykesaoB A.Jl., ®unmmnosmy B. MaremaTtndeckass MOIETh CHCTEMBI YIIPaBICHUS
pH B in vitro MozenH xenyI0YHO-KUIIIEYHOro TpakTa AoMaunneit nrumsl. Advanced Engineering Research (Rostov-on-
Don). 2023;23(1):95-106. https://doi.org/10.23947/2687-1653-2023-23-1-95-106

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”l. 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.? 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: BO1F31/55. 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.)
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— 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:

/)
(1) Volume
acid o
> o :
Container (3) Drain
alkali

Y

(3) Volume >
Substance
(4) Flow N
NaOH ” Q: (6) Digestive
) Flow .| Substance s processes

HC1 \ )

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): 2= G2;
— the discharge flow of the solution from the reactor: g2 = G3.
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Thus, the differential equation describing the accumulation of liquid in the reactor:
dh 1
EZE(Gl'FGZ—G?’)- (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, I; C is the molar concentration, mol/I.

From (4) and (1), we obtain:
dv d dh dc
—=—(S5-h-C)=S:|C-—+h-—2|. 5
dt dt( ) ( dt dtj ©)

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

dh dC
S'(C'aJrh'Ej:(Gl'CNaOH—Gz'Cch)- (6)
From equality (6), we express the change in concentration and simplify the expression:
dc 1
Ezﬁ(el(CNaOH _C)+G2(C_CHCI))' (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:

@21(614'62_63)'

dt S ®)
dC 1

dt = S.h(Gl(CNaOH _C)+G2(C_CHCI))'

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]:

K = [H"] x [OH"] =10"mol*/I? (at 25 °C). 9)

It is also worth considering that:

T =[OH ]-[H*"]=[Na‘']-[CI]. (10)

Now we find [H+] (denoted as Cu) 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]:

Co =L /1+¥—1 T >0,
2T

C, =K, T =0, (11)

C=—1 /1+#+1 T <0,
2 T
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 °C.
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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°C is
maintained in the reactor®. Therefore, experimentally and on the basis of available research* 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 used® [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].

Real pH
14

12

N \
Y \\ =
\\\\\\%\\““\?\‘\“ \‘
S

\\\ \\\\\\ «\v«:\
? .\

10

2
pH 25 °C

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

F(x) = p00+ p10-x+ p0l-y+ p20-x*+ pll-x-y+ p02-y* +

+p30-x3 + p21-x2 -y + p12-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
pl0 -0.00511
p01 0.899
p20 -2.998 - 10°®
pll 0.00333
p02 0.0130
p30 -3.226 - 107
p21 1.588 - 10°
pl2 -4.98- 104

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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Real pH

OH
OH » OH
L Real pH V |V pH(25C) —plpH
H » H
Model of the dosing Volume H
control system change model

Neutralization
reaction model

Static model pf pH
adjustment from
solution temperature

pH

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

P PID(z)

R s D

OH

Discrete Control

ler OH

SUM p
pH_z —DE_\ ==
JH ——o
Set pH 2 Switch OH
> -1
4 | pli=0
Gain4
) Switch H
Gain3

»| PID(z)

B D

H

Discrete Controller H

Regulation error

Real pH

Real pH

b

il

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.

CO

OH
{ 2. ) P+ g
H
H
> -
Set. V. 0 P Xo

VO

| =

Drain volume controller

4

fcn

v_out 4

Vo

g

x 1/S (reactor)

)

Volumeto h

Trends

(1)

\Y

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.

Cl1 —
— a0 B
o~ bl i fcn
- Neutralization
C_HcClI > - S
L 0
C2
sqrt(Kw)
-K
T v ol ol /(D)
fen pH (25 C)
Concentration in pH
- v 4oy —
fen

-( Neutralization)

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.

o
pH 25C F -

Temp_ 0 ——Pp temp Real pH

Temperature correction

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.

http://vestnik-donstu.ru
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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).5” 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 °C. Solutions of 0.1 mol/liter
NaOH and 0.1 mol/liter HCI 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).
" BEZO™ pH Circuit Datasheet. URL:https:/files.atlas-scientific.com/pH_EZO_Datasheet.pdf (accessed: 30.11.2022).
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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).
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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:

Ih_1G+6,-6,),
dt s\t 2 3
(13)
dC 1
E:S_h(Gl'CNaOH _GZ'CHCI)'

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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