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Jucepraris Ha 3100yTTs CTyIeHs JokTopa (inocodii 3a cnemianbHicTio 121 «IH)KeHepis
MporpamMHOTo 3a0e3nevyeHHs» — 3axiTHOYKpaiHChKUM HAIIOHAJbHUNA YHIBEpCUTET, TEepHOITiIIb,
2024.

[TinroroBka 3milicHIOBaJlach Ha Kadenpi KOMIT IOTEPHHX HayK 3axiTHOYKpaiHCHKOTO
HaIllOHAJIBLHOTO YHIBEpCUTETY MiHICTEpCTBA OCBITH 1 HAYKH Y KpaiHH.

Jucepraniiina po6oTa TpHCBsYEHA PO3B’SA3YBAHHIO AKTYyallbHOTO HAayKOBO-TEXHIYHOTO
3aBIaHHs 3a0€3MeUeHHs JOMyCTUMHUX 3HAu€Hb KHCIOTHOCTI 0araTOKOMIOHEHTHOTO CcyOcTpaTy
3a paxyHOK pPO3pPOOKM MaTreMaTHYHOrO Ta IMPOrpaMHOr0 3a0e3MeueHHs Ui MOJETIOBaHHS
JMHAMIKH KHCIIOTHOCTI CyOCTpaTy y 0iora3oBHX yCTaHOBKAaxX Ha OCHOBI aHaJi3y iHTEpBAJIbHUX
TaHUX.

BupoOnunro 0iorasy y cmocid mnepepoOKHM OpraHiuHHUX BIAXOMAIB >KUTTEAISIBHOCTI
JIIOJIMHY Ta BiIXOJIB TBAPUHHUIITBA 1 arpOMPOMHCIOBOI0 KOMIUIEKCY € OJJHUM 13 MPIOPUTETHUX
HANpsSIMKiB PO3BUTKY albTEPHATUBHOI (3€sieHO1) eHepreTuku. PazoM 3 TuM, mMiABHUILIEHHS
e(eKTUBHOCTI (YHKI[IOHYBaHHS IIbOTO BHPOOHUIITBA BHUMAara€ pO3pOOKH HOBHUX IIIXOIIB
yIpaBIiHHSA TpouecamMu B 0i0ra3oBMX YCTAaHOBKAaX Ha OCHOBI 3aCTOCYBaHHS iH(OpMamiiHUX
TEXHOJIOTiH Ta METOJiB MaTeMaTUYHOTO MojeoBanHs. [Ipobnemarnka qociiKeHb, HaBEACHUX
y Tpami, CTOCYETbCS 3aCTOCYBaHHS METO/AIB MAaTEeMAaTUYHOTO MOJICTIOBAHHSI 3 METOI0
BiIOOpa’keHHS B3a€MO3BS3KY MiK OCHOBHOIO XapaKTEPUCTUKOIO MPOIIECY Ta YUHHUKAMHU, K1 HA
Hel BIUIMBAIOTh, TaK 1 JMHAMIKM OCHOBHOI XapaKTepUCTHKH NPOIECYy, sKa BHU3HAYAETHCS
KHCJIOTHICTIO CyOCTpaTy y 610peakTopi.

Jns moOynoBM MaTeMaTHUHUX Mojeied 000X BHJIIB 3alpoOlOHOBAHO BHKOPHCTATH
METOAM MapaMEeTPUYHOI Ta CTPYKTYpHOI ileHTH(ikamii Monened CTaTUYHHUX OO €KTIB Ta
JUCKPETHUX MOJIeNIe AUHAMIKU 00’ €KTIB Ha OCHOBI aHaII3y 1HTepBalIbHUX AaHuX. [lepmmii Tun
Mojelied HEOOXIMHMM 1T OMHCY B3a€EMO3B’SI3KIB MDK XapaKTEPUCTHKOIO TMPOIECY Ta
YMHHUKAMHU, SIKI Ha HEl BIUIMBAIOTh, a IPYTHil — AJis BiTOOpakeHHS JUHAMIKH XapaKTEpUCTUKU
3a JOTIOMOTOI0 PI3HUIEBUX Ta AU(epeHIialbHUX PIBHSIHb. Taki MaTeMaTH4HI MOJENI, Xoua 1
XapaKTepU3yIOThCSl «TapaHTOBAHMMU» MPOTHOCTUYHMMHU BIIACTHUBOCTSMH, IMpPOTE BHMAararoTh
3aCTOCYBaHHS  Juid  1X  iAeHTH]iKamii  CKIaJHUX  ONTUMI3alifiHUX  Tpoueayp 3
OaraToekcTpeMallbHUMH (YHKIISIMM METH Ta 4acTo IIi (PyHKIII MpeacTaBlIeHI B JAUCKPETHOMY
Burnsai. ToMmy ans po3B’si3yBaHHA LMX 3a/ad  3alpollOHOBAHO BHUKOPUCTATH LITICHUH
yHIBepCaIbHUHU MIIX11 (OAHAKOBUM JJIs1 000X THUITIB MAaTEMAaTUIHUX MOJIEJEH ), SIKUH TPYHTYEThCS
HAa  METaeBpPUCTUYHMX aJIrOpUTMax OINTUMI3allii, $Ki, CBOEI0 Yeprorw, BUKOPHUCTOBYIOTh
MEXaHI3MH caMooprasizaiii Ta camoajanTtanii B MpoIeci TMONIyKy ONTHUMAaJbHOTO YU
KBa310MTUMAJIbLHOTO PO3B’A3Ky. Cepell METaeBpUCTHYHUX aJITOPUTMIB OOpPAHO aJTOPUTM, SIKUUI
CHUMYJIIOE€ POHOBUI QJITOPUTM IUTYYHOI OJKOIMHOI KOJIOHII.

Tomy y nauceprauiiiHii poOOTI 3ampolOHOBAaHO MaTeMaTWYHE Ta IpOrpaMHe
3a0e3meueHHs Ui MOJICIOBAaHHS JUHAMIKKA KHCIOTHOCTI CyOCTpary y 6i0ra3oBHX yCTaHOBKax
Ha OCHOBI aHaji3y IHTEPBAJBHUX JAHMX 3 METOI0 3a0e3MEeUYeHHs JOIMyCTHMMHUX 3HA4YeHb
KHCJIOTHOCT1 0araTOKOMIIOHEHTHOTO CyOCTpary.

VY nepiomy po3iii po3TIAIAIOTHCS MITXOIU O MOJIEITIOBAHHS MPOIECIB y 610ra30BHX
YCTaHOBKaX 3 TOUKH 30py (DYHKIIOHYBaHHSI €HEPreTHMYHOI CUCTEMH, a TaKOX 3 TOUKH 30pYy iX
onTuMizamii. Bimomi Mopem, sKi ONUCYIOTH TPOIEC BHUPOOHHUIITBA Oiorasy, JIEMOHCTPYIOTh



pi3HMI piBeHBb neTamizaiiii. MojemoBaHHs MPOIECiB y 010ra30BUX YCTaHOBKaX MOJKE HaJaTH
IUHAMIYHy iH(QoOpMmamiro Tpo Tmpolec aHaepoOHOro 30pOKYyBaHHS, HANPUKIAN, IS
MPOTHO3YBaHHS BUXOy Oiorazy abo onTuMizailii mpoiecy anaepoOHOTo 30pOoIKyBaHHS.

OOrpyHTOBaHO BHUKOPHUCTaHHS Cy4YacHHUX IH(OpPMAIIHUX TEXHOJIOTIH sK e()EeKTHBHUX
IHCTPYMEHTIB yHpaBIiHHA HpolecaMu y Oi0ra3oBHX YCTaHOBKax. Po3risjaioTecsi CUIIBHI Ta
cabKi CTOPOHHM iHTErpalii AeTATBHKUX 1 TIIMOOKO JOCIIKEHUX MOJIeNIeld aHaepOOHOTO MPOIIECy.
3anpornoHOBaHO BUKOPUCTAHHS MAaT€MaTUYHOI'O MOJEIIOBAHHS U1 BIOOpa)KeHHS 3B'I3KY MIXK
TOJIOBHOIO XapaKTEPUCTUKOIO Ipolecy Ta (akTopamMu, L0 Ha Hei BIUIMBAIOTh, a TaKOX
JTUHAMIKOIO 111€1 XapaKTePUCTUKH, SKa 3aJICKUTh BiJI KHCIOTHOCTI cyocTpary y 6iopeakropi. Jis
CTBOPEHHSI TaKMX MaTeMaTHMYHHX MOJEJEeH 3alpONOHOBAHO Ta OOTPYHTOBAHO BUKOPUCTAHHS
METO/IB MapaMeTpuyHoi ineHTrudikamii Moieneld cTaTHYHUX 00’ €KTIB Ta JUCKPETHUX MOJENei
JUHAMIKU 00’ €KTIB HAa OCHOBI aHAJI3Y IHTEPBATBLHUX JaHUX.

VY 3aBepmayibHIM YacTUHI PO3AUTY 3MIMCHEHO TOCTAHOBKY 3a/adi JOCIHIIPKCHHS Ta
JIIETAI130BaHO OCHOBHI 3aBlIaHHS.

Y gpyromy po3auii  AMCEpTAIiiHOrO  JOCHIKEHHS PO3po0JeHO MaTeMaThuyHe
3a0e3neyeHHs] i MOJETIOBaHHA TMpoleciB y 0l0ra3oBUX YCTAHOBKAax, PO3MVIIHYTO
iIeHTH(IKalll0 MaTeMaTUYHUX MoJene s BigoOpakeHHS (YHKIIOHYBaHHS O010Ta30BHX
YCTaHOBOK IIPY BUPOOHHUITBI Oiora3y.

Jis  BimoOpakeHHsSI B3a€EMO3B’SI3KY MIDK OCHOBHOKO XapaKTEPUCTUKOI IPOIECY
(TTOKa3HUKOM KHCIIOTHOCTI CyOCTpaTy) Ta YMHHHKAMH, SIKi Ha HEl BIUIMBAIOTH, 3alIPOIIOHOBAHO
BUKOPUCTATH HENiHIHHE anreOpuyHe pIiBHSHHS, a Juid BiMOOpaKeHHS IWHAMIKH OCHOBHOI
XapaKTePUCTHKU TMPOLIeCy, sIKa BHU3HAYAETHCS KHCIOTHICTIO cyOcTpaty y Oiopeaktopi,
3aMpONOHOBAaHO BUKOPUCTATHU PI3HUIIEBE PIBHAHHA. TakoX 1€ pi3HUIIEBE PIBHAHHS EPETBOPEHE
10 mudepeHIiaTbHOTO PIBHIHHS.

Jns po3poOku 000X MaTeMaTHYHMX MOJeNieil 3ampolnoHOBaHO Ta OOIPYHTOBaHO
BUKOPHUCTATH METOJI aHaNi3y IHTEPBATBHUX JAHUX Ta METOJ] MapaMeTpUyHOi 11eHTuIKaIii X
monene. Taki MaremMaTH4HI MOJENI Xo4a 1 XapaKTepU3YIOThCS «TapaHTOBAHUMM»
IPOrHOCTUYHUMHU BJIACTUBOCTSIMHM, IPOTE€ BUMAararoTh 3aCTOCYBaHHS s iX 1AeHTu(iIKaril
CKJIQJIHUX ONTHUMI3aliHUX MHpolenyp 3 OararoekcTpeMaabHUMHU (QYHKIIIMU METH Ta 4acTo Il
GyHKIIT NpeAcTaBleHl B TUCKPETHOMY BHMIVIsAl. ToMy, s po3B’A3yBaHHS LUX 3a]ad
3aMpONOHOBAHO BUKOPHUCTATH LITICHUIM YHIBepCalbHUN MiAXia (0JHAKOBUHM Ansi 000X THUTIB
MaTeMaTHYHUX MOjEeJel), IKUH IPYHTYETbCS HAa METAEBPUCTUYHMX AJITOPUTMAxX ONTHMi3allii,
K1, CBO€IO YEpror0, BUKOPUCTOBYIOTh MEXaHI3MM CaMOOpTaHi3allii Ta camoajanTaii B mporeci
NOLIYKY ONTHMMAaJIbHOTO UM KBa3lONTHUMalbHOTO po3B’s3ky. Cepen  MeTaeBpUCTHUYHHUX
ITOPUTMIB 3alPONOHOBAHO Ta OOTPYHTOBAHO AITOPUTM, KM CHMYIIIOE POMOBUN aIrOpUTM
HITYYHOI O/1)KOJIMHOT KOJIOHI].

JUis mouryKy CTPYKTYpH MOJENl JUHAMIKKM KHCIOTHOCTI cyOcTpary y OlopeakrTopi
3alpoNOHOBAHO JABoeTanHuil anroputM. Crodartky, 3a JIOMOMOIOK OUIBLI MPOCTIMIOI 3aaayl
imeHTudikanii Mojeni B3aEMO3B’A3KYy MIDK OCHOBHOIO XapaKTEpUCTHKOIO Tpolecy Ta
YUHHUKAaMH, SKI Ha HEi BIUIMBAaIOTh, OTPUMAHO HENiHilMHEe anreOpuuHe piBHsAHHA. [loTiM, Ha
OCHOBI HOro anaimizy, OOpaHO HEOOXiJHI CTPYKTYpHI €JEeMEHTH s MOJeNl JAUHAMIKU
KHCIIOTHOCTI cyOcTpaTy y 0iopeakTopi.

Taxox muig iHTepnperanii (Gi3MYHUX BIACTUBOCTEM TUHAMIKM KHCIOTHOCTI CyOCTpaTy y
OiopeakTopi, 3aMPONOHOBAHO Ta OOTPYHTOBAHO, Ha IMiJICTaBl OTPUMAHOTO PI3HUIIEBOTO PIBHSHHSA,
3MIUCHUTH Tepexig 10 audepeHmiaibHOro, B SKOMY KOEQIMIEHTH MaTh  (QI3UYHY
IHTEepIpeTallito, Ha BIIMIHY BiJ] PI3HUIICBOTO PIBHSIHHA. B OCHOBI 3alpoOIIOHOBAHOTO METOIY



BUKOPUCTAHO (pOpMYJIM pO3KIIaay 3HAYEHb ITyKaHO! (DYHKINT y By3JaxX pi3HUIIEBOI CITKH B PsI
Teitnopa B okoii 6a30BOTO By3Jia, a TAKOXK PI3HUIIEBOTO MPEJCTABICHHS MOXITHUX B IOMY XK
okoJi. Takox npu HbOMY IIepexo/ii BpaXOBaHO MPECTABICHHS YIPABISIOUNX (DyHKITIH.

Y TperboMy po3mim AuWcepTariiiHoi poOOTH pO3pPOOJICHO BIAKPUTY, CEPBICHO-
OpIEHTOBAaHY apXIiTEKTypa NporpaMHOro 3abe3meueHHs s MOJCIIOBAaHHS TPOIECIB Y
0iora3oBMX YCTaHOBKaX, fKa, Ha BIAMIHY BiJI ICHYIOUHX, IHTErpy€ MHpPOrpaMHiI KOMITOHEHTH:
IHTepIpeTallii iHTepBaIbHUX JUCKPETHUX MOJIENCH; i1eHTH(IKAIlT IUX MOAEIeH; pO3B’a3yBaHHs
mudepeHLiaNbHUX PIBHSAHB, IO Y CYKYHHOCTI YMOXIIMBIIIOE pO3pOOKY MPOTpaMHUX CHUCTEM Ta
KOMIT'FOTEPHUX CEPEOBHUIIL JJIsl YIIPABIIHHS MpoliecaMu B 610ra30BUX yCTaHOBKAaX.

HaBeneHo OCHOBHI acmeKTH pealtizailii MPorpaMHOTo 3a0e3MedeHHs Il MOJICITIOBAHHS
nporeciB 'y 0iora3oBHX YCTaHOBKax, OCOOJMBICTIO SIKOTO € IpOrpamMHa iHTEpIpeTaris
IHTepBATbHUX IUCKPETHUX MOJENEH Ta BIJKPUTA CEPBICHO-OPIEHTOBaHA apXiTEKTypa, IO
3a0e3mnedye iX IHTETpamil0 B ICHYIOYl CHCTEMH YIpaBiiHHS OiOra3oBHMH YCTaHOBKAMH Ta
J03BOJIIE B peajbHOMY dYaci YNpaBisITH O10XIMIYHMMH MPOIECaMU 1 THM CaMHUM MiJABUIIUTU
edeKkTuBHICTh (YHKI[IOHYBaHHS 0OiorazoBux ycraHoBOK. IlpuBenmeHo psan miarpam, sKi
UTIOCTPYIOTh OCOOJIMBOCTI MPOTPaMHOI peaii3allii cepeoBHINa s MOJCITIOBAHHS MPOIIECIB Y
0iora3oBuxX YyCTaHOBKax. Y KIHII pO3AUTy OMHMCAHO OCOOJMBOCTI peaiizalii MiAcUCTEMU
30epiranHs Ta aHaiily iHpopmarii.

Y d4erBeproMy pO3AUII IUCEPTAliMHOT POOOTH HABENCHO BWIJIA TrpadiqHOTO
iHTepdeiicy. OnrcaHo 0coOIMBOCTI IPOTPaMHOI peatizallii CHCTeMH, 30KpeMa 3 BUKOPUCTAHHSAM
napagurMu 00’ €KTHO-OPIEHTOBAHOTO MPOTrpaMyBaHHA Ha 0a3i BIIKPHUTOI CEpBICHO-OPIEHTOBAHOI
apXxiTEeKTypu 3 BUKOPUCTaHHSAM TexHousorii Spring Framework Ha MoBi nporpamyBanus Java, a
Takox iHTeprperatopa Python. B sxocti Python intepmnperaropa Oymno obpano Jython, a B
axocti CYB]] BukopucroByetbes MySQL.

OnucaHo TMpoLecH IHTErpalifHOrO TECTYBaHHS Ta TECTyBaHHS IPOJYKTHBHOCTI
cepelloBUINA Ui MOJICNIOBAaHHSA IMpOLECiB y 010ra3oBUX YCTaHOBKax. 3/1MCHEHO OIMUC
TECTyBaHHS TMPOAYKTMBHOCTI CHUCTEMH Ta, BIAMOBIJHO, TMIATBEPKEHO €(QEKTHUBHICTD
BUKOPHCTAHHS CEpEeJOBUILA IIPU MOJIENIOBAaHHI IpoleciB y 0i0ra3oBUx ycTaHoBKax. ITokazano
MOJKJIMBICTh TOJANBIIOTO PO3BUTKY MPOEKTYy Ta Horo IMIieMeHTauii B Jito4l 0iora3osi
YCTaHOBKH.

V kiHLi po3aity 3aificHeHo onuc rpadiqHOro iHTepdeicy mporpaMHOro cepeloBHIIa JUIs
MO/JICJIFOBAHHS TpoLEeciB y 0i0ra3oBux ycraHoBkax. OmucaHo (QYHKIIOHYBAaHHS OCHOBHHMX
HiJICUCTEM 3 TOYKH 30py B3aeMOJIl MiXK c00O0, PI3HUMH THUIIAMH KOPHCTYBauiB, a TaKOX
MOYJIMBICTh 30BHIIIHBOI 1HTETpallii B 1it04i 010ra30B1 YyCTAHOBKHU.

[IpakTryHe 3HAYEHHS OTPUMAHUX pE3YJbTATiB TOJSITa€ y CTBOPEHHI MPOrPaMHOTO
CepeIOBHINA /TSI MOJISTIOBAHHS IIPOIIECIB Y O10Ta30BUX YCTAaHOBKAX.

KarouoBi ciioBa: mporpamHe cepeloBHUINE, apXiTeKTypa MPOTrpaMHOr0 3a0e3TeUYeHHs,
MaTeMaTUYHE MOJICIIIOBAHHSA, METOAM aHali3y IHTEPBAIBHUX JIaHUX, IHTEPBAJIBHI MOJEII,
napaMeTpuyHa ieHTH]IKaIlis, alropuT™M IITy4yHOI OJOKOJIMHOI KOJOHil, OloeHepreTuka,
6iora3oBa ycTaHOBKa, aHaepoOHE 30pO/IKyBaHHS.

ANNOTATION

Zabchuk V. V. Methods and software tools for modeling processes in biogas plants based
on interval data analysis. — Scientific work on the rights of the manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty 121 "Software
Engineering” - West Ukrainian National University, Ternopil, 2024.

The research was carried out at the Department of Computer Science of the West



Ukrainian National University of the Ministry of Education and Science of Ukraine.

The thesis is devoted to solving of the actual scientific and technical task of ensuring the
tolerance values of acidity in a multicomponent substrate by developing mathematical tools and
software for modeling the dynamics of substrate acidity in biogas plants based on the analysis
of interval data.

Biogas production by way of processing of organic waste of human life and animal
husbandry and agro-industrial complex is one of the priority areas of development of alternative
(green) energy. At the same time, increasing the efficiency of the operation of this production
requires the development of new approaches to process management in biogas plants based on
the application of information technologies and mathematical modeling methods. The problems
of the research presented in the thesis, relate to the application of mathematical modeling
methods in order to reflect the relationship between the main characteristic of the process and
the factors that affect it, as well as the dynamics of the main characteristic of the process, which
is determined by the acidity of the substrate in the bioreactor.

To build mathematical models of both types, it is proposed to use the methods of
parametric and structural identification of models of static objects and discrete models of
dynamic objects based on the interval data analysis. The first type of models is needed to
describe the relationships between the characteristics of the process and the factors affecting it,
and the second is to show the dynamics of the characteristics using difference and differential
equations. Although such mathematical models are characterized by "guaranteed” prognostic
properties, they require the use of complex optimization procedures with multi-extremal
objective functions for their identification, and often these functions are presented in a discrete
form. Therefore, to solve these problems, it is proposed to use an universal approach (the same
for both types of mathematical models), which is based on metaheuristic optimization
algorithms, which, in turn, use self-organization and self-adaptation mechanisms in the process
of searching for an optimal or quasi-optimal solution. Among the metaheuristic algorithms, an
algorithm that simulates the swarm algorithm of an artificial bee colony was chosen.

Therefore, the mathematical tools and software for modeling the dynamics of the acidity
of the substrate in biogas plants based on the analysis of interval data in order to ensure the
acceptable values of the acidity of the multicomponent substrate are proposed in this thesis.

In the first chapter, approaches to modeling are considered from the point of view of the
energy system functioning, as well as from the point of view the processes optimization in
biogas plants. Known models that describe the biogas production process show different levels
of detail. Modeling processes in biogas plants can provide dynamic information about the
anaerobic digestion process, for example, to predict biogas output or optimize the anaerobic
digestion process.

The use of modern information technologies as effective process management tools in
biogas plants is substantiated. The strengths and weaknesses of the integration of detailed and
deeply researched models of the anaerobic process are considered, the use of mathematical
modeling is proposed to describe the relationship between the main characteristic of the process
and the factors affecting it, as well as the dynamics of this characteristic, which depends on the
acidity of the substrate in the bioreactor. To create such mathematical models, the use of
methods of parametric identification of models of static objects and discrete models of dynamic
objects based on the analysis of interval data is proposed and substantiated.

In the final part of the chapter, the research problem is stated and the main tasks are
detailed.



In the second chapter of the thesis the mathematical tools for modeling processes in
biogas plants was developed, the identification of mathematical models for displaying the
functioning of biogas plants during biogas production was considered.

To display the relationship between the main characteristic of the process (substrate
acidity indicator) and the factors affecting it, it is proposed to use a nonlinear algebraic equation,
and to display the dynamics of the main characteristic of the process, which is determined by the
acidity of the substrate in the bioreactor, it is proposed to use a difference equation. Also, this
difference equation is transformed into a differential equation.

For the development of both mathematical models, it is proposed and substantiated to
use the methods of interval data analysis and the method of parametric identification of these
models. Although such mathematical models are characterized by "guaranteed" prognostic
properties, they require the use of complex optimization procedures with multi-extremal
objective functions for their identification, and often these functions are presented in a discrete
form. Therefore, to solve these problems, it is proposed to use an universal approach (the same
for both types of mathematical models), which is based on metaheuristic optimization
algorithms, which, in turn, use self-organization and self-adaptation mechanisms in the process
of finding an optimal or quasi-optimal solution. Among metaheuristic algorithms, an algorithm
that simulates the swarm algorithm of an artificial bee colony is proposed and substantiated.

A two-stage algorithm is proposed to find the structure of the substrate acidity dynamics
model in the bioreactor. First, with the help of a simpler problem of identifying the model of the
relationship between the main characteristic of the process and the factors affecting it, a
nonlinear algebraic equation was obtained. Then, based on its analysis, the necessary structural
elements were selected for the model of the dynamics of substrate acidity in the bioreactor.

Also, in order to interpret the physical properties of the dynamics of the substrate acidity
in the bioreactor, it is proposed and substantiated on the basis of the obtained difference
equation to make a transition to the differential equation, in which the coefficients have a
physical interpretation, unlike the difference equation. The proposed method is based on
formulas for the distribution of the values of the searching function at the nodes of the
difference grid into a Taylor series in the neighborhood of the base node, as well as the
difference representation of the derivatives in the same neighborhood. Also, during this
transition, the presentation of control functions is taken into account.

In the third chapter of the thesis an open service-oriented software architecture for
modeling processes in biogas plants is developed, which, unlike the existing ones, integrates
software components: interpretation of interval discrete models; identification of these models;
solving differential equations, which collectively enables the development of software systems
and computer environments for managing the processes in biogas plants.

The main aspects of implementation the software for modeling processes in biogas
plants are presented, the feature of which is the software interpretation of interval discrete
models and an open service-oriented architecture, which ensures their integration into existing
control systems of biogas plants and allows to control biochemical processes in real time and
thereby increase efficiency of functioning of biogas plants. A number of diagrams illustrating
the features of the software implementation of the environment for modeling processes in
biogas plants are presented. At the end of the chapter, the features of the implementation of the
information storage and analysis subsystem are described.

The fourth chapter of the dissertation gives an user interface. The features of the
software implementation of the system are described, in particular, using the paradigm of



object-oriented programming based on an open service-oriented architecture using the Spring
Framework technology in the Java programming language, as well as the Python interpreter.
Jython was chosen as the Python interpreter, and MySQL was used as the DBMS.

The processes of integration testing and environmental performance testing for
modeling processes in biogas plants are described. The system performance testing was
described and, accordingly, the efficiency of the environment using in the simulation of
processes in biogas plants was confirmed. The possibility of further development of the project
and its implementation in operating biogas plants is shown.

At the end of the chapter, the graphical interface of the software environment for
modeling processes in biogas plants was tested. The functioning of the main subsystems is
described from the point of view of interaction between themselves, different types of users, as
well as the possibility of external integration into operating biogas plants.

The practical significance of the obtained results lies in the creation of a software
environment for modeling processes in biogas plants.

Keywords: software environment, software architecture, mathematical modeling, interval
data analysis methods, interval models, parametric identification, artificial bee colony algorithm,
bioenergy, biogas plant, anaerobic digestion.
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