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1. Ilyuxo I.B. AreHTHE MOJ€/IIOBaHHS BUCOKOIHTEJIEKTYaJIbHUX €HEPIrETUYHNUX MEPEX i3 BUKOPUCTAHHSIM
HEKOHQJIIKTHUX PENIKOBAaHUX CTPYKTYP JaHUX [JIs1 OIMCY CTaHiB cucrteMu. — KBasnidikaniiiHa HaykoBa npals Ha
mpaBax pykonucy. JlucepTanis Ha 3m06yTTsI HAyKOBOTO CTyIIeHs JoKTopa ¢inocodii 3a cnenianbhicTio 122
«Komm'iorepHi Hayku». — [HCTUTYT 1pobsieM MmogesntoBaHHs B eHepreTui iM. I.€. [TyxoBa HAH Ykpainu, Kuis, 2025.
Juceprauis npucesyeHa po3pooui, popmanisalii Ta NpakTUYHOMY 3aCTOCYBAaHHIO areHTHOI MOJieJli

BHCOKOIHTEJIEKTyaJIbHUX €HEPreTUYHNUX Mepex (BIEM), o 6a3yeThcs Ha MOAAHHI CTaHiB CUCTEMHU 32 JOIIOMOTOI0



HeKOHQJIIKTHUX pernikoBaHux cTpykTyp ganux (CRDT). Takuii nigxiz 3a6e3neuye y3romkeHiCTb CTaHIiB y
PO3IIofiNeHOMY cepeoBullli 63 BUKOPUCTaHHS LIeHTPasi30BaHUX MeXaHi3MiB KOHCEHCYCY, 110 MiABUILYE CTIHKICTh
i MmacmtaboBaHicTh cucTeMu. IHpopmaliiiHa 6aza JOCIiIKeHHS I'PYHTYETbCSI HA MiIPKHAPOAHUX i Hal[iOHAIbHUX
CTaHJapTaX, HAyKOBUX NPALSIX YKPAIHChKUX Ta 3aPYODKHUX YUEHUX, a TaKOXK Marepianax KoHpepeHLiil. OTpumaHi
PE3yJbTaTU CTAHOBJISATh OCHOBY JJIS1 ITOJAJIBIINX AOCIIIKEHD Y Tajly3i areHTHOrO MOJEJIIOBAHHS Ta ONTUMI3aLii
IIPOLIECIB y NleLleHTPali30BaHUX eHepreTUYHUX Mepexkax. O0'€KT HOCiIpKeHHS — rpoliec 3abe3rnedyeHHs epeKTUBHOI
CHHXPOHi3allii CTaHiB y BUCOKOIHTEIEKTyaJIbHUX €JIEKTPUYHUX Mepekax. [IpeiMeT NOCiI>)KeHHs — arTeHTHE
MopemoBaHHs BIEM i3 Bukopuctanugam CRDT n1g onucy cTaHiB cucteMu. MeTa po60TH — CTBOPEHHS MOJEM, 10
3abe3revye y3roJKeHiCTb i neper6adyyBaHiCTb IOBEIiHKY PO3IOAiIEHOI eHepreTUYHOI CUCTEMHU 32 YMOB
ACUHXPOHHOI B3aemoJii. Y BCTyIi 00IpyHTOBaHO aKTyaJbHICTh TEMU, CPOPMYIbOBAHO METY, 3aBJIaHHS, METOIHU,
HOBU3HY Ta ITPAaKTUYHE 3HAYEHHS PE3YJIbTATiB, a TAKOXX HaBEJEHO BiJOMOCTI PO anpobaito Ta nyosikanii. ¥
[epLIOMY PO37isi 3[iiICHEHO aHajli3 HAyKOBUX NOCIiIXeHb Y cdepi BIEM, MeTOMIB MOLEIOBAHHS Ta YIIPABJIiHHSL.
Po3rssgHyTO areHTHUH Nifxiz 1o KoopAyHallii B KibepdisuyHUX CUCTeMax, MOJIeJlb aKTOPiB i PYHKIIOHAJIbHY
napagurmy porpaMyBaHHs sIK OCHOBY [1JI1 CTBOPEHHS BUCOKOHABaHTa)KEHUX cucTeM. OGIPYHTOBAHO
BukopuctanHsg CRDT nis1 cMHXPOHI3allii cTaHiB areHTiB 6e3 KOHQJIKTIB i 1eHTPali30BaHOTO Y3ro/pKeHHs. Y
IpyroMy po3zini BUKoHaHo ¢popmarizallito areHTHOI Mogiesi BIEM. Po3po6iieHo CTPYKTYpy areHTiB i3 BUBHAUYEHHSIM
iXHIX CTaTMYHUX i AMHAMIYHUX XapaKTEPUCTHK, 100YA0BAHO MHOXKMHY CTaHIB Ta IpaBuJja 1epPexofiB MK HUMMU.
3arpoIlOHOBAaHO MiJXil 4O y3arajabHEHOro NPELCTABIEHH CTaHiB cucTeMu 3a 1onomoroio CRDT. Y tpetbomy
PO31iii po3p06IeHO CUMYJIALIMHY MOJeJIb PO3IOIiIeHOl eHepreTuyHoi Mepesxi. OGrpyHTOBaHO AOLIIBHICTD
BUKOpHUcTaHHs Scala Ta ppelimBopky Akka nyist peasizatiii akTOpHOI MOfieli Ta MiIATPUMKY ACUHXPOHHUX O0YUCIIEHb.
[IpencraBieHO apXiTEKTYPYy CUMYJIATOPA, MEXaHi3MM IOLIMPEHHS CTaHIB i B3aeMOJii areHTiB. PeasizoBaHo npouecu
Y3rOIPKEHHSI CTaHiB, MOZEJIIOBAHHS [IOBEJIiHKM areHTiB i 3a0e3MeYeHHs] MaCIITaO0BAHOCTI CUCTEMU. Y YETBEPTOMY
PO3/iJi TPOBEIEHO eKCIIePUMEHTAJbHI JOCTimKeHHs e(DEeKTUBHOCTI Moei. Bu3HauyeHo cueHapii MOJemoBaHHs,
napaMeTpy CUMYJISILIN i METOAMKY 300py pe3yJbTaTiB. AHali3 T0Ka3as, 10 3aIIPOIIOHOBAaHA MOZEJb 3abe3Ieuye
BHICOKY Y3TOPKEHICTb CTaHiB, CTiMKiCTb JO MEPEKEBUX BiIMOB i €(peKTUBHICTb MACIITAOyBaHHS Y Pi3HUX CLIEHAPIsIX
¢dyskuionyBaHHs BIEM. IIpakTuyHa LiHHICTb MOJISIra€ y CTBOPEHHI IPOrPaMHOro 3a0€3Te4eHHsI 17151 MOLEeII0BaHHS
BIEM, mo niaTpumye 6asaHCyBaHHSI HaBaHTaXeHb, Beprudikallilo IeleHTPali30BaHuX aJlTOPUTMIB KepyBaHHs Ta
OLIiHIOBaHHSI CTiMIKOCTi CUCTEMHU 0 3aTPUMOK i BilMOB. OTPUMAaHi pe3yJIbTaT MOXXYTb OYTH BUKOPUCTaHI 1714
PO3pO6JIEHHS HOBUX 3aC00iB YITPaBIliHHS PO3NOJiIIEHUMY €HePreTUYHUMUI MEPEsKaMy, CUMYJISILIRHUX T1aTHOPM i
MeToziB ontumizarii. Kyto4oBi cj10Ba: BUCOKOIHTEIEKTYyalbHi €EHEPTETUYHI MEPEKi, areHTHE MOJEIIOBAHHS,
PO3INOiNIEH] CUCTEMHU, IELEHTPANTiI30BaHi CUCTEMHU, €JIEKTPOCHEPTETUYHA MEPEKA, IHTEJIEKTYyaJIbHI CUCTEMU,
Kibep(Qi3nuHi CUCTEMU, MAaTEMATUYHA MOJEJIb, BUCOKOHABAHTAXKEHI CUCTEMU, 6€3KOH(JIIKTHI PEITIKOBaHI TUIX

JaHVX, peIuIiKalisi, KOHCEHCYC, CTaH, [IPOCTIp CTaHiB.

2. Puchko 1.V. Agent-based modeling of smart grids using conflict-free replicated data types for system state
representation - Qualification scientific work with the manuscript copyright. The thesis on receipt of doctor of
philosophy (PhD) scientific degree of the specialty 122 “Computer science” . - G.E. Pukhov Institute for Modelling
in Energy Engineering of the NAS of Ukraine, Kyiv, 2025. The dissertation is devoted to the development,
formalization, and practical implementation of an agent-based model of smart grids based on the representation of
system states through Conflict-Free Replicated Data Types (CRDTs). This approach ensures state consistency in a
distributed environment without centralized consensus mechanisms, thereby enhancing the system’s resilience,
scalability, and fault tolerance. The research information base relies on international and national standards,
scientific works of Ukrainian and foreign scholars, as well as conference proceedings and expert materials. The
obtained results form a foundation for further studies in the field of agent-based modelling and optimization of
processes in decentralized energy networks. The object of the research is the process of ensuring efficient
synchronization of states in smart electrical grids. The subject of the research is agent-based modelling of smart
grids using CRDTs for system state representation. The aim of the study is to develop a model that guarantees
consistent and predictable behaviour of a distributed energy system under asynchronous interactions. The
introduction substantiates the relevance of the topic, formulates the aim, objectives, methods, scientific novelty,



and practical significance of the results, and provides information on approbation and publications. The first
chapter presents an analytical review of current research in the field of smart grids, modelling methods, and
control approaches. The agent paradigm for coordination in cyber-physical systems, the actor model, and the
functional programming paradigm are considered as a foundation for building high-load distributed systems. The
use of CRDTs is justified as a means to synchronize agent states without conflicts and centralized coordination.
The second chapter formalizes the agent model of smart grids. The structure of agents with defined static and
dynamic characteristics is developed, the state space and transition rules are constructed, and a generalized
representation of system states using CRDTs is proposed. The third chapter describes the development of a
simulation model of a distributed energy network. The rationale for using Scala and the Akka framework to
implement the actor model and support asynchronous computations is provided. The simulator architecture,
mechanisms of agent interaction, and state propagation are described. Processes of state synchronization, agent
behaviour modelling, and system scalability are implemented. The fourth chapter presents experimental validation
of the proposed model. Simulation scenarios, parameters, and data analysis methods are defined. The results
confirm the model’s effectiveness in maintaining state consistency, scalability, and robustness to network failures
under various operational scenarios of smart grids. The practical significance lies in the development of dedicated
software for smart grid simulation based on CRDTs, enabling load balancing support, verification of decentralized
control algorithms, and reproducible evaluation of network resilience to delays and failures. The research
outcomes can be applied in developing new tools for managing distributed energy systems, simulation platforms,
and optimization methods. Keywords: smart grids, agent-based modelling, distributed systems, decentralized
systems, electric power network, intelligent systems, cyber-physical systems, mathematical model, high-load
systems, conflict-free replicated data types, replication, consensus, state, state space.

Jep>kaBHHHM peecTpaniiiHuii Homep [iP:
IIpiopuTeTHHH HANIpSIM PO3BHTKY HayKH i TEXHIKHU: [HdopMauiiiHi Ta KoMyHiKawiiiHi TexHOIOTil

CrpareriyHu# NpiOpUTETHUI HAIIPSIM iHHOBALiMHOI JiSJIBHOCTI: PO3BUTOK Cy4acHUX

iHpopmaLiitHUX, KOMyHIKaLiTHUX TEXHOJIOTiA, pOGOTOTEXHIKN
ITizcyMKH BOCIiI>KEHHS: HoBe BUpIlIEHHS aKTyaIbHOTO HAYKOBOTO 3aBIAHHS

Iy6sikaii:

e [B. ITyuko, A.M. IIpumyuiko, I.O. KpaBnos, Po3po6ka MeToAMYHNX PEKOMEHALIINl BUKOPUCTAHHS
dyHKIiOHATIBHOI TapaAUTMU ITporpamyBaHHs B MOBi Scala. EsnekrpoHHe MmogestoBaHHs, Tom 43, N2 6 (2021) c.
95-106, doi: 10.15407 /emodel.43.06.095

e AM. [Ipumyixko, L.B. ITlyyko, M.C. fApommHcekuii, [.I1. Cinpko, [IporpamMHmnit gusaiH po3nonineHoi
BUCOKOHABAaHTAXEHOI CUCTEMU €JIEKTPOEHEPreTUYHOI MePEXXi Ha 6a3i MOJIeli aKTOPIB i3 3aCTOCYBaHHSIM
CMapT-KOHTPaKTiB; EnekTpoHHe MozesnoBaHHs, Tom 46, N2 3 (2024) c. 57-72 doi: 10.15407 /emodel.46.03.057

¢ A. Prymushko, I. Puchko, M. Yaroshynskyi, D. Sinko, H. Kravtsov, and V . Artemchuk, ‘Efficient State
Synchronization in Distributed Electrical Grid Systems Using Conflict-Free Replicated Data Types’, IoT, vol.
6, no. 1, p. 6, Jan. 2025, doi: 10.3390 /iot6010006

e O. Sirotkin, A. Prymushko, I. Puchko, H. Kravtsov, M. Yaroshynskyi, V. Artemchuk. Parallel Simulation Using
Reactive Streams: Graph-Based Approach for Dynamic Modeling and Optimization. Computation, vol. 13, no.
5, p- 103, Apr. 2025, doi: 10.3390 /computation13050103

¢ M. Yaroshynskyi, A. Prymushko , I. Puchko, O. Sirotkin, and D. Sinko, ‘Akka as a tool for modelling and
managing a smart grid system’, Journal of Edge Computing, vol. 4, no. 1, pp. 105-115, May 2025, doi:

10.55056 /jec.822

¢ M. Yaroshynskyi, I. Puchko, A. Prymushko , H. Kravtsov, and V . Artemchuk, ‘Investigating the Evolution of
Resilient Microservice Architectures: A Compatibility-Driven Version Orchestration Approach’, Digital, vol. 5,
no. 3, p. 27, July 2025, doi: 10.3390 /digital5030027



o LB. [Tyuxo, A.M. [Ipumymiko, M.C. fpoummHcekuit, IO. KpaBuos, ‘TligBuineHHsS pe3uabeHTHOCTI JUHAMIYHUX
CHCTeM IIpYU CUHXPOHI3alii cTaHiB 3a moriomoro CRDT’, MaTepianu HayKOBO-TIPaKTUYHOI KOHpepeHrii
‘Pe3nsIbeHTHICTb JUHAMIYHUX cucTeM, c. 50-52, Kui, Ykpaina, 2024 URL:
https:/ /ipme kiev.ua/konferencii/naukovo-praktichna-konferenciya-rds-2024 /

e A. Prymushko , M. Yaroshynskyi, and I. Puchko, ‘Representation and synchronization of states of distributed
electrical grid systems based on conflict free replicated data types’, in 2024 14th International Conference on
Dependable Systems, Services and Technologies (DESSERT), Athens, Greece: IEEE, Oct. 2024, pp. 1-5. doi:
10.1109 /DESSERT65323.2024.11122143

HaykoBa (HayKOBO-Te€XHiYHa) MPOAYKILISI: TEXHOJIOTI; METO/M, TEOPIi, FiMOTE3n; IPOrpaMHi MPOAYKTH,

HpOFpaMHO—TeXHO.TIOFi‘-IHa ,U,OKYMeHTaLliH

CouiaJIbHO-eKOHOMi‘IHa CIIpSlMOBaHiCTb: 3a6€31e4eHHs IPOMUCIIOBOCT] Y4 HACEJIEHHS HOBUM BUJIOM

iHopmaliiiHO-KOMYHIKaliiHUX [OCJIyT

OxopoHHi gJokymeHTH Ha OIIIB:

BrnpoBaz>KeHHS pe3yJIbTaTiB AHCEPTaLii: [liaHyeTbCs 10 BIPOBAIKEHHS

3B'A30K 3 HAYKOBHMH TeMaMH: [IP 0123U100913 JIP 0125U000237

VI. BizomocCTi Npo HayKOBOr0 KepiBHHKA /KEPiBHUKIB (KOHCYJIbTaHTA)

Baacwue IlpizBumie Im's I1o-6aTbKOBI:
1. Moxop Bonogumup Bosogumuposud

2. Volodymyr V. Mokhor

KBasigikanis: x. r. ., npodecop, 01.05.02
Imentudikarop ORCHID ID: 0000-0001-5419-9332
JoparkoBa indopmamist:

TloBHe HaliMEeHYBaHHSI IOPHUAHUYHOI OCOOH: [HCTUTYT IPOGIIEM MOZENIOBAHHS B eHepreTuyj im. I'. €.

[Tyxosa HaijionanbHoi akageMii HayK YKpainu

Kopg 3a €IPIIOY: 05516949

MicuesnaxomerHﬂ: ByJI. ['enepasnia HaymoBa, Kuis, 03164, Ykpaina
dopma ByracHoCTI:

Cdepa praBJIiHHﬂZ HanjjonanbHa akageMisd HayK YKpaiHu
InenTudikarop ROR: He zacrocosyerscs

CeKTOop HayKH: AkaneMivHuil

VII. BizomocTi npo odinifiHHX ONOHEHTIB Ta PELeH3€HTiB
OdiniiiHi oIOHEHTH
Baacue IlpizBumie Im's Ilo-6aThKOBI:

1. Kynepmeros Pasins Kaminosuy



2. Ravil K. Kudermetov

KBasidikanis: k.r.u., gou,, 05.13.08

ImenTudikarop ORCHID ID: 0000-0002-6766-8780

JoparkoBa iHdopmamist:

IloBHe HaﬁMeHyBaHHﬂ IOPUIHUYHOL 0C00H: HanjionanbHuii yHiBepcuTeT "3anopisbka nosiTexHika"
Kopg 3a €IPIIOY: 02070849

Micuesnaxo,szeHHﬂ: ByJ1. JKyKOBCBKOTO, 3aropixkxks, 3anopisbkui1 p-H., 69063, Ykpaina

dopma BiracHOCTI: /lepxasHa

Cdepa ynpaBiriHHS: MiHicTepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

CeKTop HayKH: YHIBepCUTETCHKUI

Baacue IlpizBumie Im's Ilo-6aTbKOBI:
1. 3anues €sren OJyieKCaHAPOBUY

2. levgen Zaitsev

KBasigikanis: g.1.1., c.a.c., 05.13.05

InenTudikarop ORCHID ID: 0000-0003-3303-471X

JoparkoBa indpopmamnist:

ITIoBHe HaﬁMeHYBaHHﬂ IOpI/IJ.II/I‘-IHOi 0CcooM: [HCTUTYT enekTpoauHaMiku HanioHanbHOI akagemii HayK
Ykpainu

Kopg 3a €IPIIOY: 05417236

Micue3HaxoO KeHHS: np. Bepecreiicbkuit, Kuis, 03057, Ykpaina

dopma BiracHOCTI: /lepxasHa

Cdepa ynpaBiriHHS: Haujonanbha akaziemis HayK YKpainu

InenTudikarop ROR:

CeKTop HayKH: AkafemivHui1

PeuenseHTu

Baacwue IlpizBume Im'a Ilo-6aTbKOBI:

1. Tonuap Cepriit ®eopociitoBny

2. Serhii Honchar

KBasidikanis: g. 1. 1., .., 05.13.21

InenTudikarop ORCHID ID: 0000-0002-9978-8998
JoparkoBa iHdpopmamnist:

IloBHe HaiMEeHYBaHHSI IOPHUAHUYHOI OCOOM: [HCTUTYT IPOGIIEM MOZEIOBAHHS B eHepreTuy im. I'. €.

ITyxosa HaijionanbHoi akageMii HayK YKpainu



Kopg 3a €IPIIOY: 05516949

Micueanaxo,zm(eﬂna: ByJ. 'enepana Haymosa, Kuis, 03164, Ykpaina
dopma BaacHOCTI:

Cdepa ynpaBiiHHS: HaujoHanbHa akazeMist Hayk YKpaiHu
Imentudikarop ROR: He zacrocoyerbcs

CeKTop HayKH: AkafemivyHui1

Baacue IlpizBuuie Im's I1o-6aThbKOBI:
1. €BnokiMoB Bosmogumup AHaTONOBIY

2. Volodymyr Yevdokimov
KBasigikanis: n. 1. 1., c.z1., 01.05.02
InenTudirkarop ORCHID ID: 0000-0001-9497-4030

JopaTrkoBa indpopmamnist:

IToBHe HafIMeHyBaHHH IOPUIHUYHOL 0COOH: [HCTUTYT TPOGIEM MOJIe/IIOBaHHs B eHepreTuli im. I, €.

[TyxoBa HanjionanbHoi akageMii HayK YKpaiHu

Kopg 3a €IPTIOY: 05516949

Micue3Haxoa KeHHS: By [enepana Haymosa, Kuis, 03164, Vkpaina
dopma ByracHOCTI:

Cdepa ynpaBiiHHS: Haujonanbna akaziemist Hayk Ykpainu
InenTudikarop ROR: He zacrocosyerscs

CeKTop HayKH: AkafemivyHui1

VIII. 3aKkJII04Hi BiZoMOCTi
BsiacHe IIpi3Buie Im'sa ITo-6aTbKOBI
TOJIOBH paju

ByiacHe IlpizBuie Im's ITo-6aThKOBI
rOJIOBYIOYOTO Ha 3acCiiaHHi
BignoBigasibHUI 3a HiATOTOBKY

00JIiKOBUX JOKYMEHTIB

PeectpaTtop

KepiBHuk Bigginy YKpIHTEI, mpo €
BiZIIOBiZaJIbHUM 32 peeCcTpallilo HayKOBOi

OisSIIBHOCTI

3y6ok Bitaniit FOpiitoBry

3y6ok Bitasniit FOpiitoBuy

[Tyuko IBaH BikTOpoBUY

[Opuenko TersiHa AHaToJiiBHA

Opuenko TersHa AHaTosIiBHA



