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AHoTanisg: Y poOoTi po3risiHyTO mpobiemy iHTerpauii texnonorii Digital Twin (DT) Ta
Hardware-in-the-Loop (HIL) y npomucnoBux kidepdiznunux cucremax. [Tokazano, mo HIL i Virtual
Commissioning TpaguIiifHO 3aCTOCOBYIOTHCS NMEPEBAXKHO HA eTarax po3poOJCHHS Ta BBEICHHS
CUCTeMH B eKcIulyartanito, Tofi sk Digital Twin opieHTOBaHHMN Ha CHHXpPOHI3aLiI 3 (iI3UYHUM
00’€KTOM, MOHITOPHHT, TIarHOCTUKY, MPOTHO3YBAaHHS Ta ONTHMI3allii0 IiJ Yac eKCIuTyartarii.
CyuacHi JOCHIPKEHHS JEMOHCTPYIOTh IEpeXia /10 MOBTOPHOI'O BUKOpPHUCTaHHsS Mozeneil Virtual
Commissioning y ckiaji onepaniiHux mudpoBuxX IBIHHUKIB, OJJHAK HEJOCTATHHO (popMati3oBaHUM
3aNUIIAE€THCA KEPYBaHHS CHIBBIHONIEHHSM (I3UYHUX 1 BIPTyallbHUX KOMIIOHEHTIB YIPOJOBK
KHUTTEBOTO IUKITY cucTeMu. 3anpononoBano lifecycle-adaptive apxitekrypy DT-HIL, y sikiii equne
MO/IeJIbHE PO TOBTOPHO BUKOPHCTOBYEThCS B pexknumax Model-in-the-Loop, Software-in-the-Loop,
Hardware-in-the-Loop, Equipment-in-the-Loop Ta Operational Digital Twin. ApxiTekTypa MICTUTb
¢iznyHnit 1 kepyBajdbHMH piBHI, netepmiHoBaHuil Real-Time HIL Plane, Unified Model Core,
Synchronization and Calibration Layer, Digital Twin Information Plane, cepBicuuii ta lifecycle-
piBHi. Ha ocHOBI nomnepejHb0 HalpallbOBaHUX TEXHIYHUX MaTepialiiB JeTali30BaHO MOJIENI CEHCOPIB
Ta aKTyaTopiB, MEXaHI3MH YacoBOI CHHXpOHI3auii, Oydepu3zarii, KOHTPOIO LUIICHOCTI JaHUX 1
anantauii mapamerpiB. ®opmamizoBaHo koH(irypauiinuit cran DT-HIL cucremun Ta
OaraTokpuTepialibHy 3agady BHOOpY pallioOHaNbHOI KOH(Irypauii 3a TOYHICTIO, 3aTPUMKOIO,
O0YHCITIOBAJIFHOIO BapTICTIO, PU3MKOM 1 4YacoM peKoHpiryparii. 3ampornoHOBAaHO METOAUKY
Verification, Validation and Uncertainty Quantification Ta nu3aiiH HOpiBHSJIBHOIO €KCIEPUMEHTY
JUI  TIEePeBIPKU  apxXiTeKTypu Oe3 MiAMIHM MaHOyTHIX eKCIEepUMEHTaJbHUX pPe3yJbTaTiB
MPUIYLIIEHUMH YUCIOBUMU 3HaueHHAMHU. [1ixia y3romkyeTthes 3 po3ButkoM ISO 23247, 30kpema 3
noJjoxeHHsMu oo digital thread Ta komno3uuii HUGPOBUX ABIMHUKIB.

KuarouoBi caoBa: nudposuit asiitnuk; Hardware-in-the-Loop; mpommucioBa kiGepdizuyuna
cucTeMa; BipTyalbHE BBEACHHS B EKCIUIyaTallilo; MOJEIIOBAaHHS pPEaJbHOr0 uacy; KepyBaHH:
KUTTEBUM IIUKIIOM; TIOBTOPHE BUKOPUCTAHHS MOJIETICH; YacOBa CHHXPOHI3aIlis; aJlallTHBHA TOYHICTh
MOJIEJI.

1. Beryn

[Tpomucinosi ki6epdizuuni cucremu (Cyber-Physical Production Systems, CPPS) popmyrotbes
SK I1HTErpoBaHI CepeloBHINA, Yy sSKuUX (i3uyHe oO0JaJHaHHS, MPOTPAMHO-JIOTIYHI KOHTPOJEpH,
CEHCOPHI Mepexi, MaTeMaTU4YH1 Mojieni, iHhopMalliiiHI CepBICH Ta aHAJIITUYHI 3aCO0U B3a€EMOMIIOThH
y 3aMKHEHUX KOHTYypaX. 3pOCTaHHS THYYKOCTI BHPOOHHIITBA OJHOYACHO IiJBHUIIYE CKIAIHICTH
Bepu(ikallii KepyBaIbHOTO MPOTPAMHOTO 3a0e3MeueHHs, peKoH(ITypallii, MoJIepHi3allii Ta BBEICHHS
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B EKCILTyaTarito. ¥ IUX YMOBaX 0COOJMBOrO 3HaUYCHHS HAOYBarOTh TEXHOJIOTI1, 3/1aTHI IEPEHOCUTH
JacTUHY BUIIPOOYBaHb 13 (PI3UYHOTO CepeIOBHINA JO KOHTPOIHOBAHOTO MU(PPOBOTO MPOCTOPY.

Konnermis Digital Twin po3BuBanacst BiJ mu¢poBOro MpeacTaBICHHS OKpeMoro o0’€kTa 10
CHCTEMHOT0 3aco0y KoHBepreHmii ¢isuuHoro # BipTyanbHOro BupoOHHITBAa. Tao 1 Zhang
sanporonyBayim Digital Twin Shop-Floor sk moemHanHs ¢i3M4HOTO IEeXy, HOTro BipTyaJIbHOTO
MIPEJICTAaBIICHHS, CEPBICHOI CUCTEMH Ta JaHuX nu¢poBoro asiiHuKa [1]. Kritzinger Ta cmiBaBTOpH
MOKa3aM MPUHIMIIOBY BinMiHHICTE MK Digital Model, Digital Shadow i Digital Twin 3a piBHeM
aBTOMAaTH30BaHOTO OOMiHY JaHUMH MiX (i3muHNM 1 MpoBuM npoctopami [2]. Y3aransHenHs Liu
Ta CIBaBTOPIB MmATBepKye, mo DT oxorumtoe pi3Hi cTajii )KUTTEBOTO IUKITY, OJHAK 1H)KEHEpPHE
MOJICTIIOBAaHHS 1 runtime-BUKOPUCTAHHS MOJEIIEH JI0CI 9acTO 3aIMIIAIOTHCS po3ipBaHUMU [3].

[Tapanensro HIL 1 Virtual Commissioning cranu 6a30BUMH 3ac00aMu paHHBOI IEPEBIPKH
CHCTEM KepyBaHHs. IXHs IepeBara mojsarae B ToMy, mo peamsHuii PLC, MCU, DSP a6o inmmit
controller moke B3aemogiaTu 3 executable model 06’ekra 10 MOsSBU MOBHOI (hi3MUHOI YCTAaHOBKH.
Taxum unnHOM, software defects, timing errors, HekopekTHi interlocks 1 HeGe3neuHi cueHapii MOXKyTh
OyTH BHUSBJICHI paHilie, HDK i 9ac GizuuyHOro commissioning.

OcranHi my0Jikarii JeMOHCTPYIOTh TOCTYTIOBE 30JIMKeHHS 1BOX HamnpsiMiB. Ferle Ta ciiBaBTOpH
dopmanizyBanu nepersopenns Virtual Commissioning models Ha operational Digital Twins i mpsimo
BKa3aJId Ha BIICYTHICTh CTPYKTYPOBAHOTO CIIOCOOY TTOBTOPHOT'O BUKOPUCTAHHS IIUX MOJIEINEH Micis
engineering phase [4]. Djeulezeck Tanegue Ta cmiBaBropu iHTerpytors SIL/HIL 1 DT 13
nBoHanpssMHUM oOmiHoM yepe3 OPC UA ta RTDE ra posrisinarots lifecycle-wide reuse simulation
models [5]. Omxe, HaykoBa mpoOjemMa BKe MOJAra€ HE Yy JOBEACHHI MOXIMBOCTI TEXHIYHOTO
3’ennanns HIL i DT, a y ¢popmyBanHi 1imicHOT apXiTEKTypH, sika KEPOBAHO 3MIHIO€ CITiBBiTHOIICHHS
G13MYHUX Ta BIpTyaJIbHUX CKIIQJOBUX 3aJIEKHO BiJl CTAJi1 )KUTTEBOTO HUKITY i moTouHoro Context of
Use.

CyKynHICTh IMX TEHACHL1H GopMye oTpedy y AOCIIPKEHH] apXiTekTypHu, B kit HIL 1 Digital
Twin po3risiIatoThCs HE K JBI HE3aJIeKHI TEXHOJIOTI], a SIK B3a€MOIIOB SI3aH1 PeXKHUMH BUKOHAHHS Ta
BUKOPHUCTAHHS CILUILHOTO MOJEIBHOTO Sipa Ha PI3HUX CTaisX >KUTTEBOTO IMKIY MPOMHUCIOBOI
Ki0epdi3uyHOi cucTeMu.

2. O0’eKT i mpeaMeT A0CTiIKEHHS

OO0’€eKTOM JOCHIDKEHHA € MpolecH LU(POBOTO MOENIOBAHHS, HAMIBHATYpPHOI IEPEBIPKH,
CHUHXpPOHI3aIlll Ta CYIIPOBOAY MPOMUCIIOBUX KIOEpPI3UYHUX CHCTEM YNPOJOBXK iXHHOTO )KUTTEBOTO
LUKy — BiJl pAHHBOTO MPOEKTYBAaHHS 1 BepHQiKallil KepyBaIbHOIO MPOrPaMHOT0 3a0e3NeueHHs 10
BBEJICHHS B €KCIUTyaTallito, peKoHpirypariii Ta onepariifHoro BUKOPUCTaHHS UG POBOTO JIBIITHUKA.

[Tpenqmerom JoOCHiIKEHHS € apXiTeKTypHi Mozeni Ta MeTtonu iHterpamii Digital Twin i
Hardware-in-the-Loop, 1m0 OXOmIOIOTH TOBTOPHE BHUKOPUCTAHHS BHUKOHYBAaHUX MOJEINEH,
KepyBaHHS (DI3MYHO-BIpTyaJIbHOIO KOH(Irypali€ro, CHHXPOHI3aIlll0 YacOBUX JIOMEHIB 1 CTaHiB,
aJanTanio mapaMerpiB 1 TOYHOCTI MOJENI, PO3AUIEHHS JeTEepMIHOBaHOro real-time KOHTypy Ta
iHpOopMaliHO-CEpBICHOTO KOHTYpY, a TAaKOXX MpoleaypH Bepudikamii, Bajmigamii Ta OLIHIOBAHHS
HEBH3HAYEHOCTI.

Hocnimpxenns oomexeno kiaacoM industrial CPPS, y sikux icHye nporpamoBanuit abo embedded-
KOHTpOJIep, TOCTYIHUI iHTepdeiic TeneMeTpii Ta MOXKIMBICTh BUKOHAHHS MPUHANMHI YacTUHH plant
model y mudpoBomy cepenosuiii. KonkperHi physics-based mozxeni TexHomoriuHoro o6’ekra He
BBAXKAIOTHCSA YHIBEPCAIbHUMHU: YHIBEpCAJIbHUM €JIEMEHTOM € CTPYKTypa IHTerpaiii, mpaBuia
KOH(irypalii Ta npoleaypa oliHIOBaHHs IPUIATHOCTI Mojieni st Bu3HaueHoro Context of Use.

3. Meta Ta 3aa4i Z0CTiIKeHHA

Meroro nmocnipkeHHs € po3poOneHHs Ta dopmanmizamis lifecycle-adaptive iHTerpoBanoi
apxitektypu Digital Twin—Hardware-in-the-Loop ans mpomucnoBux kibepdizsmuHUX cuCTeM, sKa
3a0e3medye MOBTOPHE BUKOPHUCTAHHS €IWHOTO MOJEIBHOTO sjpa MK pexumamu Model-in-the-
Loop, Software-in-the-Loop, Hardware-in-the-Loop, Equipment-in-the-Loop Ta Operational Digital
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Twin, a TakoXk amanTaiiro ¢(i3UIHO-BIPTyaIbHOI KOMITO3HIIi1, PIBHS TOYHOCTI MOJCII W MEXaHI3My
CHHXPOHI3allii 10 cTanii »kuTTeBOro MKy Ta motoynoro Context of Use.

JInst mocsATHEHHS METH MOCTaBJEHO TaKi 3a/ayi: 1) y3araapHUTH cydacHi miaxoau no DT-driven
Virtual Commissioning, HIL, cuuXpoHi3amii Ta MTOBTOPHOTO BUKOPUCTAHHS Mojenel; 2)
chopmyBati (YHKI[IOHAIbHI Ta He(YHKIIOHAJIbHI BUMOTH JO I1HTEIpPOBAaHOI apXiTeKTypu; 3)
BuzHaunTu cTpykTypy Unified Model Core i Texniuni mexaHi3mu sensor/actuator emulation, time
alignment, buffering, integrity control Ta parameter adaptation; 4) ¢popmainizyBaTu KOHITYpaliiHAMA
cTaH 1 Kpurepii BUOOpY pexumy; S5) oOrpyHTyBaTH po3zineHHs real-time ta information-service
planes; 6) chopmyBatu VVUQ-oriented mpoTOkoa 1 Iu3aiiH MOPIBHSUIBHOI €KCIIEPUMEHTAIBHOT
MEePEBIPKH 3aIIPONIOHOBAHOTO PIIICHHS.

4. AHaJi3 gitepaTrypu

Scheifele, Verl 1 Riedel po3pobmim real-time co-simulation platform pans Virtual
Commissioning, sika BUKOPHCTOBY€E partitioning, parallelization, synchronization ta data exchange
MDK cremiaini3oBanuMu MojaemsiMu [6]. s poGora € BaknuBor mis iHTerpoBanoro DT-HIL,
OCKUTBKHU CKJIQIHUN TIPOMUCIIOBHU JBIHUK MPAKTUYHO HEMOKJIMBO PO3TIISIATH K OJTHY MOHOJITHY
MOJIeJIb: MeXaHiKa, eJIeKTponpuBo/, Jorika PLC, poboToTexHika, TeXHOJIOT4HMIA mpotiec 1 discrete-
event production model yacTo MaroTh pi3Hi YacOBi MacmITabM Ta YUCEITHHI METOIH.

Leng Ta cniBaBTOpu 3ampononyBamu Digital Twin-based Remote Semi-Physical
Commissioning, y sikoMmy pi3Hi yactuHH production system MoxyTb Oyt QisuuHuMH abo
BipTyansHumu [7]. Barbieri Tta cmiBaBTOpu Bukopuctanu Virtual Commissioning He JHIIe A7
controller validation, a sk cepemoBuIe NMpoeKTyBaHHs, iHTerpamii Ta nepesipku DT architecture
nepen ¢izuyHuM BrOpoBamkeHHsAM [8]. Lli pobotu ¢dopMyroTh mnepeayMoBYy i TPaKTYBaHHS
(bi13U4YHOT/BIpTYaIbHOT KOMIIO3HIIIT SIK 3MiHHOT KOH(ITypaIlii CHCTEMH.

Iyer, Sangwan 1 Dhiraj 3anpononyBanu DT-based Virtual Commissioning pekoH}pirypoBaHoi
BUPOOHMYOI JIiHIT; HOBUI asset mepesipsieTbes 32 HIL-npuHIMIIOM y CHHXPOHI30BaHOMY JBIITHHUKY
icHyrouoi aiHii [9]. Ionescu Ta cmiBaBropu iHTerpyBaiu Digital Twin, HIL, SCADA, IoT i cloud
control y pobGortusoBaniii komipui [10]. Ni Tta cniBaBTropu nonoBHuian DT-driven Virtual
Commissioning MallIMHHUM HaBYaHHSM 1 consistency-retention mechanism, moka3asIiy, 1110 MOJIENb
Ma€ He JIMIIe OTPUMYBATHU JIaHi, a 1 KOpUT'yBaTu MapaMeTpH BIAIOBIIHO A0 3MIH (13UYHOI CUCTEMU
[11].

Ha piBHi industrial controllers Reuther Ta cniBaBropu 3anpononysanu DT framework s PLC
i3 IEC 61131-3, OPC UA Ta Asset Administration Shell, mo migTpumye bidirectional
synchronization, monitoring, control, programming 1 simulation [12]. Kronova Ta cniBaBTopu y 2026
p. nmokazanu laboratory-scale online DT i3 Siemens S7-1200, KEPServerEX ta OPC UA; otpumani
response times 50-200 ms miaATBEpAXKYIOTH H0IUIbHICTD standardized near-real-time integration, ase
BOJIHOYAC JEMOHCTPYIOTh, IO Takui 1HQOpPMALIHHUM KOHTYp HE MOXKHA aBTOMAaTHYHO
npupiBHioBaTH 110 hard-real-time HIL loop [13].

Oxpema rpyna mnpaib CTOCYe€ThCS CHHXPOHI3alii Ta JaHMX. Zipper 3almponoHyBaB real-time-
capable state synchronization Ha ocHoBi dynamic optimization aJisi 3MEHIIIEHHSI po301>KHOCTI online
simulation 3 ¢izuunum plant [14]. Hildebrandt ta cmiBaBTOpH B Ssystematic literature review
nokasanu, mo data integration, semantic interoperability Ta SKiCTb JKepen JaHUX € LEHTPaTbHUMHU
npobnemamu industrial Digital Twins [15]. Cho i Noh peanizyBanu MQTT-based synchronization
Digital Twin Factory, mo € kopucHum ais telemetry ta service traffic, ane He ckacoBye nmorpedu B
okpemomy deterministic communication domain [16]. Park Ta cniBaBTOpU AEMOHCTPYIOTH Service-
oriented DT-based CPPS i3 Asset Administration Shell [17], a Chen, Neubauer i Verl po3rasgarots
Virtual Commissioning models sik reusable DT services mis testing and optimization mig yac
production phase [18].

[naycTpianbHi 1HTEPB'I0O Ta OMVIAAM TAaKOX MiATBEP/UKYIOTh, 1o mnomupenHto VC i1 DT
3aBaKalOTh TPYAOMICTKICTh MOJENEH, HEOTHOPIAHICTH toolchain, mpoOnemu cranmapTu3aiiii Ta
HIATPUMKH MoJieielt micis commissioning [19]. OkpemuM HeBUpilIEHUM NUTaHHAM € oBipa 10 DT.
Systematic review Bitencourt, Wooley 1 Harris mokasas, mo mnoBHi mporeaypu verification i
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validation 3actocoByroThcsi B manufacturing DT wemocninoBHO, a yHidikoBaHOoi mpouenypu V&V
Hemae [20]. Shao, Hightower i Schindel naromomrytots, mo credibility DT mae ominroBatucs
npotsiroM ycporo lifecycle Ta Bximtouatu Verification, Validation and Uncertainty Quantification
(VVUQ) ans koukperHoro Context of Use [21].

VY CyKyITHOCTI JiiTeparypa I03BOJISE BUAUTUTH 11’ ITh B3a€EMOIIOB’si3aHKUX MporaiuH. [lo-mepie,
HIL/VC i Operational DT gacto matoTh pi3Hi Mozemi Ta pi3Hi xkuTTeBl nukiau. [lo-apyre, nepexoau
MiL—SiL—HIL—EiL—Operational DT HemoctaTHh0 (popmanizoBaHi K KEpPOBaHI CTaHH OJHI€l
apxitektypu. [lo-Tpere, hard-real-time HIL i asynchronous/near-real-time DT-services MatoTh pi3Hi
temporal constraints. Ilo-ueTBepte, reality gap BuMarae peryiaspHoro state/parameter
synchronization. [To-mr’site, mepeBaru model reuse, adaptive fidelity i lifecycle reconstruction maroTh
OyTH OBEICH] KUTbKICHO, & HE JIMIIIEC KOHIIENTYaJIbHO.

Taoauus 1. [opiBHsuTbHMM aHaIi3 KrouoBuX HanpsamiB Digital Twin—Hardware-in-the-Loop Ta
Virtual Commissioning

N HIL/V | Cunxponi | Lifecycle . .

Hxepeno OcHoBHuii gokyc C 3anis reuse HeBupimennii acnexkt
Scheifele et al. Real-tnpe co- Tax Tax i Doxyc Ha VC
[6] simulation
Leng et al. [7] Seml—phy51qal Taxk Taxk YacTkoBO Commissioning-oriented

commissioning
%Tblen ctal. BE integration through Tax Tax YacTkoBo Hewmae adaptive lifecycle state
Iyer et al. [9] Reconfigurable line Tax Tax YacTkoBo Oxpemuii production case
Djeulezeck et SIL/HIL + DT Tax Tax Tax He (bopMamsoBaHo global
al. [5] configuration
ﬁg]escu ctal Robotic cell DT+HIL Taxk Taxk YacTtkoBo Domain-specific
Ferle et al. [4] | VC—Operational DT vC Taxk Tax Hemae yrisepcanproro HIL
state model

Flezlﬁther ctal PLC Digital Twin :)IaCTKOB Taxk Tax ®okyc Ha controller asset
ﬁgo]nova ctal OPC UA online DT Hi Taxk Tax Near-real-time monitoring
Chen et al. Reusable VC services | VC Tax Tax He BISHAUCHO adaptive
[18] fidelity

AHati3 okasye, 1110 Cy4aCHUI CTaH JOCIIIKEHb YK€ BUXOJIUTh 32 MEX1 MPOCTOr0 MO€AHAHHS
DT 1 HIL. Hatimen ¢popManizoBaHUM 3aJIUIIAE€THCS KEPYBaHHS [I€PEX01aMU MK PI3HUMH (13UYHO-
BIPTYJIbHUMHM KOH(QIrypalisiMi, BCTaHOBJIEHHs temporal contract Juis pi3HMX MOTOKIB JaHUX 1
KUJIbKICHE OOIPYHTYBAaHHSI NOBTOPHOTO BUKOpHCTaHHs Mozeneil. Came Il aclekTd IMOKJIaJeHO B
OCHOBY 3aIIPOINIOHOBAHOTO MIAXOJY.

5. Metoau goctizKeHHs

HopmartusHoto pamkoro oopano ISO 23247. ISO 23247-2:2021 Busnavae reference architecture
manufacturing Digital Twin [22], a [SO 23247-4:2021 — Texniuni BuMoru 10 information exchange
Mk cyTHOCTAMH architecture [23]. Oco6aUBO BaXKIMBUMH JJISl 3aIPOIIOHOBAHOI KOHIIEMIIIi € HOBI
ISO 23247-5:2026, npucssiuennii digital thread mpotsirom design, planning, production i testing [24],
ta ISO 23247-6:2026, sxuit Bu3Havae integrated, unified i federated digital twin composition [25].
3anpononoBana DT-HIL architecture posrisgaerscs sik HIL-oriented execution extension 10
manufacturing DT framework, a He sik fioro 3amiHa.

MeTomonoriyHOI0 OCHOBOIO jgociipkeHHs: obpano Design Science Research, ockinbku
OYIKyBaHMM pe3yJbTaTOM € IHXXEHEepHHH apTedakrt: apxiTekTypa, (GopmaibHa KoHQirypamiiHa
MOJIeNIb, aNTOpPUTM pekoHdirypamii ta nporeaypa VVUQ. Hevner Ta cmiBaBTOpM BH3HAYaIOTh
Design Science sk mapagurmy, B sKiii 3HaHHA OTPUMYIOTh uepe3 MOOYyJIOBY # OIiHIOBaHHS
iHHOBariifHOTO apredakra [26]. DSRM Peffers Ta cmiBaBTOpiB 3amae MOCHiTOBHICTE problem
identification, objectives, design/development, demonstration, evaluation Ta communication [27]. ¥
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MeXax I1i€ei poOOTH BOHA KOHKPETH3YEThCA sK: research gap — requirements — architecture —
formal model — prototype — VVUQ — comparative experiment.

®opMyBaHHS TEXHIYHOI CTPYKTYPH TAaKOXK CIIMPAETHCS Ha TIONEpEIHHO HAMPalboBaHi1 MaTepianu
3 inrerpaunii DT 1 HIL. I3 HuX 10 cTarTi 1OUIIBHO MEPEHECTH HE 3asBJICHI YHCIOBI PE3y/IbTaTH, a
IH)KEHEpH1 eJIEMEHTH: MOJIeNIi sensor noise, drift i latency; actuator saturation, inertia i rate limitation;
protocol adaptation; timestamp alignment; delay compensation; FIFO/double/ring buffering;
sequence/CRC checks; anomaly detection; online parameter identification i1 adaptive filtering. Came
Il €JEMEHTH IIepeTBOPIOIOTh 3arajbHy apXiTEKTypHY CXeMy Ha BiJTBOPIOBaHY TEXHIYHY
KOHCTPYKITIIO.

Jis HacTymHOT eMITipHYHOiI TNEepeBIpKH IependavaeTbCsi KOHTPOIbOBAHUM MOPIBHSIIBHUN
excriepuMeHT. ba3osi koHpiryparlii MmaroTh OyTH peanizoBaHi Ha OAHOMY W ToMy camoMmy physical
testbed 3 ograkoBuMm controller software: B1 — conventional HIL; B2 — standalone Operational DT;
B3 — fixed integrated DT-HIL; P — proposed lifecycle-adaptive DT-HIL. Ile no3BonuTh
BIJJOKpEMHTH e(EKT apXiTeKTypH BiJ BIIMIHHOCTEH amapaTHOro 3a0e3redeHHs.

He3anexxuumu ¢akropamMu eKCIEpUMEHTY IOIUIbHO Bu3HaumTh architectural mode, model
fidelity, synchronization period, communication load, computational load, fault severity Ta KUTBKICTB
B3aemoitounx model components. 3anexunumu 3minauMu € model error, end-to-end latency, jitter,
deadline-miss ratio, CPU/RAM usage, reconfiguration time, model reuse coefficient Ta sKicTh
diagnostic/predictive services. J1yia BusBIeHHs B3aeMoiid pakTopiB gouiapHUM € fractional factorial
Design of Experiments i3 monanemmm response-surface abo Pareto analysis y HailOimbII 3HAUY X
00J1acTsAX mapaMeTpiB.

KirouoBa MeToz010TiuHA BHMOTA MOJIATAa€ B TOMY, IIO OYy/b-sIKi YMCIIOBI XapaKTEPUCTHKH
proposed architecture MarOThb IOXOJUTH 3 BHUMIPIOBaHb a00 4YITKO ITO3HAYeHOro simulation
experiment. IIpoekTHi 3HaueHHs, MO MICTAThCI B TONEPEIHIX TEXHIYHMX Marepiajax, He
BUKOPHUCTOBYIOTHCS SIK (PAKTHUHI pe3ybTaTu 0e3 JOCTYIHUX KypHaIiB BUMIPIOBaHb, dataset 1 onucy
experimental setup.

Ha erani cuHTe3y apXiTEeKTypu 3aCTOCOBAHO CTPYKTYPHO-(DYHKIIOHATBbHUN aHami3: (QyHKii
CUCTEMU PO3MOLIAIOTECS MK physical/control, real-time simulation, model core, synchronization,
information integration, service Ta lifecycle-management domains. [Iy11 4acoBUX XapaKTE€PUCTHK
BUKOpHUCTOBYEThCSI decomposition end-to-end latency Ta koHTponb worst-case execution time. s
OLIIHIOBAHHS BIJINOBITHOCTI LM poBoro ABiHUKa (iznuHOMYy 00’ekTy nepenbdbaueno RMSE, MAE,
event timing error i trajectory error 3anexxHo Bix Context of Use. [Iyist oriHIOBaHHS TMOBTOPHOTO
BUKOPHUCTaHHS BBOJUTHCA KOEQIIIEHT 4YacTKM IOBTOPHO BHMKOPUCTaHMX MOJICJIIBHUX Ta
1HTep(ENCHUX KOMITOHEHTIB.

Emnipuuny nepeBipky IOLIIbHO BHKOHYBaTH 3a Design of Experiments i3 mopiBHSHHIM
4oTUpbhOX KoHPirypauiii: conventional HIL, standalone Operational Digital Twin, fixed integrated
DT-HIL ra proposed lifecycle-adaptive DT-HIL. ®aktopamu € fidelity, synchronization period,
communication load, computational load, fault severity 1 number of active model components.
Binnosinsamu excnepumenty € model error, P95/P99 latencys, jitter, deadline-miss ratio, CPU/RAM
utilization, time-to-reconfiguration Ta model reuse coefficient.

Credibility moxmeni ouiHtoeTbess BinmosinHo 1o VVUQ-npunnumy. Verification oxormoe
KOPEKTHICTh equations, state transitions, /O mapping, software interfaces 1 timing implementation.
Validation Bu3Ha4yae JOCTaTHICTh BIAMOBIAHOCTI piznuHoMy o0’ ekty ains 3aganoro Context of Use.
Uncertainty Quantification BpaxoBye measurement, parameter, model-form, communication Ta
numerical uncertainties. Ko1He mpoeKkTHe YHMCIOBE 3HAYCHHS 3 MONEPEAHIX TEXHIYHUX MaTepiasiB
HE TPAKTYEThCS SIK €KCIEpUMEHTAIIbHUN pe3ysbTaT 0e3 >KypHajiB BUMIPIOBaHb 1 BIATBOPIOBAHOTO
OIUCY CTEHY.

6. Pe3yabTaTH 10CTiIKEHHS

3anpornoHoBaHa apxXiTeKTypa CKJIaJaeThCsi 3 ceMu JoriyHux migcuctem: Physical Asset and
Control Layer, Real-Time HIL Plane, Unified Model Core, Synchronization and Calibration Layer,
Digital Twin Information Plane, Digital Twin Service Layer Ta Lifecycle Management Layer. Ixue
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pO3aiIeHHS € (PYHKIIOHATHPHUM: Y KOHKPETHIN peasizarii oKpeMi MOyl MOXYTh PO3MIIIIYBaTHUCS
Ha ogHoMmy edge-computer, PLC/HIL platform abo po3noainarucs mix edge i cloud.

Physical Asset and Control Layer oxoruitoe TexHOJIOTiYHE OOJIaJHAHHS, CEHCOPH, aKTyaTOPH,
drives, PLC, MCU, CNC/robot controllers Ta safety controllers. KirodoBum mnpuHImmoMm e
30epexenHs controller application logic min yac mepemukanHs Mk peasbHuM plant 1 HIL model
HACTLIBKH, HACKUIBKH 1€ JO3BOJISIOTH interfaces. Lle 3a0e3nedye MoBTOPIOBAHICTh TECTIB 1 3MEHITYE
PH3HK TOTO, 10 Y simulation environment TecTyeTbes iHIIa Bepeist control logic, Hixk y production.

Real-Time HIL Plane BiamoBigae 3a mperepmiHoBaHe BUKOHaHHA plant model, sensor/actuator
emulation, I/O mapping, fault injection i temporal verification. [[ns xoxxHoro simulation step
MMOBUHHA BUKOHYBATHUCS YMOBA Texee < Ts, M€ Texec — Worst-case execution time axtuBHoi HIL-
mozeni, a Ts — monmyctumuii sampling period. Ha Biaminy Big DT services, 11eii KOHTYp HE IOBUHEH
3anexxatu BiJ cloud latency abo nenepenbauyBanoro asynchronous messaging.

Unified Model Core cknagaerbcs 3 B3aeMo3amMiHHUX MonayJiB: physics-based model Mphys,
behavioural/discrete-event model Myen, control-interface model Miogic, data-driven model Mgata Ta
fault/degradation model M. Konnenryansno iioro moxsa nmogatu sik M = {Mphys, Mbeh, Miogic,
Muata, Mtauit}. He Bci Momyni moBuHHI BUKOHYBaTHCs ogHodacHO: lifecycle stage 1 Context of Use
BHU3HAUAIOTh aKTUBHMUI subset 1 moTpiOuuit fidelity.

Mogpemni sensor i actuator channels BKIIIOYEHO 1O MOAETBHOTO sIpa SIK OKPeMi KOMIIOHEHTH,
OCKIIIBKU caMe iXHs HeiJeanbHICTh 3HauHOI0 Mipoto dopmye reality gap y HIL. Jlns cencopnoro
KaHaJTy BUKOPHCTOBYEThCS y3araibHEeHa MOJIEIb

() =hlx(t—1) |+b (1) +v (1)) M)

ne h(-) — measurement function; 1s — 3aTpumMka ceHcopa; bs(t) — systematic bias abo drift; vs(t) —
stochastic noise. @opmyna (1) BimoOpakae HasiBHI B TEXHIYHUX MaTepiaiax BUMOTH JI0 MOJICITFOBAaHHS
IIyMY, 3aTPUMKH, TOXUOKH KaniOpyBaHHs, HENIHIKHOCTI Ta OOMEXEHb Jiana3ony. Takuii miaxia gae
3MOT'y BUKOPHCTOBYBATH OJHAKOBY sensor abstraction y HIL ta Operational Digital Twin, 3MiHOIO4H
JIMIIE TTAPAMETPH 1 JDKEPENo IaHuX.

s actuator channel miHiManbHO AOCTaTHS MOJENH MOBHHHA BPaxOBYBATH saturation, inertia,
rate limitation 1 transport delay. /s first-order approximation 3acTOCOBY€EThCS

dua( 1)
T ——
a dt

Jie Ta — IHEpIliiHA CTalla; Uemd — KOMaH/a KOHTPOJEPA; Td — TPAHCIIOPTHA 3aTpUMKa; sat(-) —
¢yHkuis HacuueHHs. Popmyna (2) He MpeTeHAy€e Ha YHIBEPCATIbHICTD /Ui BCIX MPUBO/IB, aje 3a/1a€
yHipikoBaHuii  interface-level template, sAkuii y KOHKpETHIH CHCTEMI 3aMIHIOETHCA
eJIEKTPOMEXaHI4HOI0, I'IpaBiiyHOI0 abo iHmow domain model.

Synchronization and Calibration Layer Bukonye timestamp alignment, resampling, delay
compensation, state estimation, parameter identification i reality-gap monitoring. Hexail Xpnysj(t) Ta
xpr,j(t) — y3romxkeni physical 1 digital states. Toai iHTerpanbHy noxuoky st Bu3HadeHoro Context
of Use MO’kHa OLIIHUTH SIK

1 n
Epr(1) = ;,-Z_l WX paye (D = Xpr (D)2 ©)

3a mepeBuIIeHHS] TPaHUYHOTO 3HaueHHs Epr, Bu3HadeHoro s morouHoro Context of Use,
MOJIeJb TIEPEXOIUTH /10 state correction, parameter recalibration abo 10 peKUMy 3 HIKYUM PiBHEM
nosipu. OTxe, MEeXaHi3M CUHXPOHI3allli BUKOHY€ HE JIUIIe epecUIaHHs TelleMeTpii, a i KOHTPOJIb
MPUIATHOCTI U(PPOBOI MOJIENI AJIsi MPOTHO3HMX 1 JIaTHOCTUYHUX CEPBICIB.

YacoBa cuHXpOHI13allis HOBUHHA BpaxoByBatH pi3Hi temporal domains DT 1 HIL. V minimManbHii
peanizanii maker abo sample MicTUTh sequence number, timestamp 1 integrity field; Ha npuiimManbHii
CTOpPOHI BUKOHYIOThbCsl reorder/duplicate detection, timeout check Ta time alignment. [{ns
HEpIBHOMIpHUX MOTOKIB BUKOpucToByIoThCsl FIFO, double buffering a6o ring buffer; predictive
buffering momyctumuii nume Toai, Konu Horo moxmbOka BpaxoBaHa y VVUQ. Kontposs integrity

+ua( 1) =sat[ucmd(t—rd)] (2)
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JOIUThHO JomoBHIOBaTH range/physics checks, ockinbku npaBwibanii CRC He rapanTtye ¢hi3u4HOi
npasaonoaioHocTi signal value.

KomMyHikamiiHuii MexaHi3M PO3BMBA€ HaIpalllOBaHHS BHXIJIHUX MaTepiamiB o0 protocol
adaptation, scaling/normalization, time alignment, FIFO/double/ring buffering, sequence and CRC
checks, anomaly detection Ta fail-safe handling. B iHTerpoBaniii apXiTekTypi mi MeXaHI3MH
posnoxinstoTeest Mk real-time interface i1 information plane BiamoBigHO g0 temporal criticality
MOTOKY. bydepu3aliisi BAKOPUCTOBYEThCS HE SIK YHIBEpCAJTIbHHUM criociO nmpuxoByBaHHs latency, a sik
KepoBaHMH 3aci0 y3ro/pkeHHs pisHMX sample rates i timestamp domains; ii TmuOMHA TOBHHHA
BXOJMTH JI0 KOH(irypaiiiHoro crany ta V&V protocol.

Digital Twin Information Plane Binmosigae 3a OPC UA, MQTT, historian/time-series database,
event processing, semantic model, AAS integration, edge/cloud analytics 1 user interfaces.
[TpUHIMITIOBUM € CITiBBITHOIICHHS

[TpuntunoBum pesyibTaToM € (GyHKIioHanbHe po3aiutieHHs Real-Time HIL Plane ta Digital
Twin Information Plane. BoHo He 000B’s13k0BO 03Hauae (pi3uuHE pO3HECEHHS OOUYMCIIIOBATIBHHUX
BY3IIiB, ajJie BCTAHOBIIIOE pi3HI temporal contracts: HIL plane opientoBanmii Ha bounded execution,
jitter 1 deadlines, Tomi six information plane — Ha interoperability, semantics, telemetry, analytics i
scalable services.

Digital Twin Service Layer mictuts monitoring, fault reconstruction, what-if analysis, predictive
maintenance, process optimization, operator training Ta pre-deployment testing HoBoro controller
software. Oxpemo Buaiisersess DT-assisted HIL sandbox: morounuii synchronized state Operational
DT xomiroetbest o isolated HIL environment, ge nepeBipsieTbes MaitoyTHs Bepeis PLC/embedded
software 6e3 BBy Ha production asset. [Ticns ycminaoi validation 3MiHa Moke OyTH JOITYIIEHA 10
deployment.

Ta6auunsa 2. OyHKIIOHATBHI HIApU 3aIIPOIIOHOBAHOT apXITEKTYpH

Iap OcHoBHIi pyHKmii Kputnuni BUuMoru
. Plant, sensors, actuators, .

Physical/Control PLC/MCU/CNC Traceability, safety

Real-Time HIL Plane Plgnt e xecution, /O emulation, fault WCET, jitter, deadline
injection

Unified Model Core El}g;ls;lc:’ behavioural, data-driven, fault Modularity, reuse, fidelity

Synphromzahon & Time a}lgnment, state/parameter Bounded error, observability

Calibration correction

DT Information Plane OPC UA, MQTT, historian, semantics Interoperability, scalability

DT Services i\é[sc')[?;ztgormg, prediction, optimization, Context-of-Use validity

Lifecycle Management MIL/.S.I L/HIL/EiL/Operational DT Configuration/version control
transitions

Lifecycle Management Layer BH3Hadae aKTUBHY (I3UYHO-BIPTyaJdbHY KOMIIO3HUILIIIO.
[Tocninosuicts MiL — SilL — HIL — Equipment-in-the-Loop — Operational DT He TpakTyeTbcs
sk He3BopoTHa. [1i71 yac ekcrutyatanii cuctema Mosxe noseprarucs 10 HIL-mode s testing software
updates, fault reproduction a6o operator training. Otxe, HIL y 3anponoHoBaHiii KOHIEMIIIT € OHAM
31 craniB BukoHaHHs lifecycle Digital Twin environment.

Tab6muus 3. Lifecycle-pesxumu Digital Twin—Hardware-in-the-Loop

Pesxkum Controller Plant Hani OcHoBHa 3a1a4a
MiL Model Model Synthetic Algorithm design
SiL Production software Model Synthetic/recorded | Software verification
HIL Physical controller Real-time model Emulated/recorded | Controller validation
EiL Physical controller Partly physical Live + simulated Lrilltleggratlon/commlssm
Operation . Physical + digital . o -
al DT Physical system representation Live Monitoring/prediction
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Pesxkum Controller Plant Hani OcHoBHa 3a/1a4a
DT._ Isolated physical Synchronized Live snapshot + Safe pre-deployment
assisted .

HIL controller/HIL model snapshot simulated test

s mepexony Bin cratuyHOi architecture diagram g0 kepoBaHOTO METOAY KOHGIrypamiiHui
CTaH CUCTEMH BU3HAYCHO KOPTEKEM

ne Py — aktuBHi physical components; Hx — HIL hardware Ta I/O interfaces; Mk — aktuBHI model
modules; Dk — data sources; Sk — synchronization policy; Fix — fidelity configuration. ®opmymna (4)
no3Bossie onHakoBo orucyBatu MiL, Sil, HIL, EiL, Operational DT 1 DT-assisted HIL sandbox sik
cranu ogHoro lifecycle environment.

Bubip kondirypartii copmyiboBano sk constrained multi-objective problem. [[ns kommakTHOT
decision function Moke BUKOPUCTOBYBATHUCS

—_— com recon
J(C)=w. E+w,L+w.COm+w R +w, Treconf (5)

ne E; — model error; L; — latency; Ci*®™ — computational cost; Ri — operational a6o safety risk;
Tinf _ reconfiguration effort. ®opmyna (5) € KOPEKTHOIO 32 HAABHOCTI OOIPYHTOBAHMX Bar. 3a
KOH(MIIKTHUX KpUTepiiB AouinbHIMM € ¢dopmyBaHHs Pareto front, micias 4Yoro KOHKpeTHa
configuration obupaetncs 3rigHo 3 oomexxeHHsiMu Context of Use.

Adaptive fidelity peami3yerbes sk BUOIp HAWIIPOCTINIOI MO, IO OJHOYACHO 3aJ0BOJIBHSIE
BHMOTH TOYHOCTI i temporal execution:

E( MI) < Ereq/\ Texec( Ml) < TS ©)

YMoBa (6) IPHUHIMUIIOBO BiJIpi3HSE 3aNPONOHOBAHWIN MiAXiJ BiJl TOCTIHHOTO BHKOPUCTAHHS
MakcUMaibHO jaetanizoBaHoi moneni. s scheduling, supervisory analytics i fast control moTpiOHi
pi3HI Mozeni abo pi3Hi execution configurations ogaoro model core. Tomy fidelity po3risimaerbest sk
KEPOBAHUH MapaMeTp KUTTEBOTO LIUKITY.

Credibility proposed architecture cxin omintoBatu okpemo uis software implementation, digital
model fidelity Ta integrated system behavior. Verification BianoBizae Ha NMUTaHHS, YU MPABUIBHO
peanizoBaHo equations, state machines, I/O mapping, protocol conversion, units, buffer policy Ta
timing logic. Validation Bu3Ha4ae, un BiaTBOproe model ¢i3nuHuit 00’ €KT 13 TOUHICTIO, 1OCTaTHHOIO
st BusHadeHoro Context of Use. Uncertainty Quantification oxorumoe measurement uncertainty,
parameter uncertainty, model-form uncertainty, numerical uncertainty Ta
communication/synchronization uncertainty.

Jns continuous variables BukopucroBytotscst RMSE, MAE 1 normalized error; muis event-driven
CPPS — event mismatch rate, sequence correctness i transition timing error; st motion systems —
position, velocity Ta trajectory errors. KoedimieHT mOBTOPHOT0 BUKOPUCTAHHS MOJIETi BUBHAYAETHCSA
SIK

reused
= (7
reuse N
total
1€ Nreused — KUTBKICTh model/interface components, nepenecenux mix lifecycle stages 6e3 moBHoi
MOBTOPHOI pO3pOOKH; Niotal — 3arajbHa KUIBKICTh KOMIIOHEHTIB, HEOOXIIHMX Y HACTYITHINA

koHpiryparii. Tlopsin i3 Kreuse gomineHO BuMiptoBaTH adaptation time, number of modified
components, reused interfaces 1 time-to-validation.

ExcniepumeHTanbHU TU3aiiH MOBUHEH MEPEBIPATH He JMile nominal operation, a il parameter
drift, sensor noise/failure, actuator degradation, communication delay, packet loss, computational
overload, controller software update, reconfiguration Ta temporary loss of DT synchronization. Taxi
fault-injection scenarios € oco6nuBo miHHUME 111 DT-HIL, ockinbku HeGe3neyH1 peskuMHU MOXKHA
crovatky BiaTBOpuTH B isolated digital environment.
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Tadauus 4. PekoMeH1I0BaHUH TIJIaH TOPIBHSUTHHOI €KCIIEPUMEHTAIBHOT OITIHKH

I'pyna dakTopu/cueHapii OcCHOBHI MeTpUKH
. . HIL / Standalone DT / Fixed DT-HIL / .

Baseline comparison Adaptive DT_HIL RMSE, latency, jitter, reuse
Fidelity Low / medium / high Error, WCET, CPU/RAM
Synchronization Period, drift, temporary loss State error, recovery time
Network Normal load, delay, packet loss ;91;/1;99 latency, deadline
Fault injection Sensor/actuator/model faults Detection/recovery, false alarms
Lifecycle reuse VC—DT, DT—HIL sandbox Kreuse, adaptation time
Scalability Increasing number of assets/models KPI degradation, bandwidth

Y KOHIENTyaJbHOMY IUIaHI 3alpONOHOBAaHUM INiJXiJ] PO3BHMBAE KiJbKa JIHIA Cy4acHHX
nocnimkeHs ogHodacHo. Bin Ferle et al. [4] Bin ycmankoBye inero VC—DT reuse, ane g0moBHIOE ii
dbopMabHOIO KOH(DITYypaIriiHOI0 MOJE/UII0 Ta MOXIIHMBICTIO 3BOpOTHOro mepexoxay Operational
DT—HIL sandbox. Big Djeulezeck et al. [5] — lifecycle continuity SIL/HIL/DT, ane 3 sBHUM
separation temporal planes. Bixg Scheifele et al. [6] — real-time co-simulation mechanisms, ski
po3mintytotbes came B HIL plane. Bix Zipper [ 14] — necessity of online synchronization, 1o migasTa
no okpemoro architectural layer. Big Reuther et al. [12] — cranmapTu3oBaHe HpeCTaBICHHS
PLC/automation assets. Taka xom0inHamist popmye He HOBY «cxemy OokiB», a lifecycle execution
model.

HaykoBa HoBu3Ha momsrae y ¢dopmamizamii physical/virtual composition sk KepoBaHOTO
configuration state; y dual-plane separation deterministic HIL Ta DT service traffic; y moBTopHOMY
BukopuctanHi Unified Model Core mix engineering i operation; y Context-of-Use adaptive fidelity;
ta y BrioueHHi credibility/ VVUQ sk lifecycle function. IIpu mpomy TBepKEHHS «BIEpILE»
JOITBPHO BUKOPUCTOBYBATH JIMIIE Micis (iHAIBHOTO TMATEHTHOTO U 0ibmiorpadidHOro momyky
nepest MoIaHHIM PYKOIHCY.

[IpakTH4yHE 3HAYEHHS IMiIX0/1Y MOJIATAE B MOXKIIMBOCTI Oe3nevynoi nepesipku controller software
no deployment, moBTopHOoro BuKOpucTanHHs fault models 1 calibrated parameters, 3MeHIICHHS
duplicated modelling, mBuamoro fault reconstruction Ta OUIBII KOHTPOJILOBAHOI PEKOH(DIryparii
CPPS. Haii6inbm oueBuaHuMu application domains € po6otuzosani production cells, CNC/machine
tools, embedded control systems, TpaHCIIOPTHI Ta eHEpreTU4HI Kibep(i3uuH1 CUCTEMH.

OOMexeHHs pPOOOTH BHM3HA4YalOTbCS TUM, L0 YHIBepcaidbHa architecture He rapaHTye
yHiBepcalibHOCTI KOHKpeTHUX physics models; adaptive fidelity Bumarae modular model library;
communication results 3anexxarts BiJl KOHKpeTHOi network stack; cybersecurity 1 functional safety
noTpeOyoTh OKpeMoi popmanbHOI OmIHKK; a empirical superiority proposed architecture moBuHHa
OyTH MiATBep/UKEHa Ha peajdbHOMy abo laboratory-scale CPPS. Came Tomy B miif Bepcii He
MOAAIOTHCA IITYYHO CQOPMOBaHI «pe3yJdbTaThU», a 3a/la€ThCi BIATBOPIOBaHMM protocol ix
OJICpKaHHS.

7. IlepcneKTHBH MOJATBIIOT0 PO3BUTKY JOC/iIKECHHA

[Tomanpmmii eranm po6otn mMae OyTH CHpsSAMOBaHHWM Ha peamisaniio proposed architecture Ha
¢izuyHomy abo HamiBHaTypHOMy testbed Ta Ha BIATBOPIOBaHY KUIBKICHY —IE€pEBIpKY
chopmynboBaHux rinores. [lepmodyeproBum 3apanHsaM € nopiBHAHHA conventional HIL, standalone
DT, fixed integrated DT-HIL 1 lifecycle-adaptive DT-HIL na inentuuHomy controller software ta
onnakoBux fault/network scenarios. Lle macte 3Mory BimoKpeMHUTH €(EKT BIacHE apXiTEKTypHUX
MEXaHi3MiB BiJ] BIACTUBOCTEH KOHKPETHOT'O 00JIaJHAHHSI.

Hpyruit Hanpsim 1oB’s3aHui 13 aBToMaTHu3amicro adaptive fidelity ta configuration selection.
[lepcnexkTHBHUM € BUKOpHCTaHHS surrogate models, online identification, Bayesian updating, multi-
rate co-simulation i anroputMmiB multi-objective optimization. /{7151 BeTUKUX BUPOOHUYNX KOMITJIEKCIB
aktyanbHuMu € distributed Ta federated Digital Twins, composition multiple DTs, semantic
interoperability uepe3 Asset Administration Shell, a Takox y3romxenns 3 ISO 23247-5 digital thread
ta ISO 23247-6 digital twin composition.
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Tperiit Hanpsim ctocyeThes safety 1 cybersecurity. PosmmpenHs aBoHampsmHOI B3aemoii
physical asset <> Digital Twin cTBoptoe nonatkoBi attack surfaces i Bumarae po3mexxyBanns authority
Mk predictive/analytical services Ta kputuuHuMm controller domain. Iloganeimi mociimkeHHS
NOBHMHHI mMoeaHatu configuration management i3 formal safety constraints, authenticated data
exchange, anomaly-aware synchronization Ta KOHTpOJIbOBaHUM Iepexo1oM o fail-safe modes.

Oxpemoro nepcnextuBoto € DT-assisted HIL sandbox, y sikomy snapshot akTyaabHOTO cTany
Operational DT aBromarnuno popmye mouaTkoBi ymMoBH s i30ib0BaHoi HIL-miepeBipku HOBOTO
controller software. Takwmii pexxum Moxke 3a0e3neuntu Oe3neunuil pre-deployment test 0e3
BTPY4YaHHS y mpalrorouy production system Ta npakTHYHO peai3yBaTh Oe3nepepBHUN engineering-
to-operation digital thread.

8. BucHoBkHu

ITpoBenenuit anam3 nokasas, mo Digital Twin Ta Hardware-in-the-Loop eBoOIIOHYIOTh Bij
JIBOX BIJIHOCHO BIJIOKPEMIIGHUX TEXHOJIOTi 10 cmisbHOro model-based lifecycle environment.
CyuacHi po6oTu Bxke neMoHCcTpyroTh Virtual Commissioning models sik operational DT services, HIL
ycepenuni production Digital Twin, PLC-level Digital Twins, online synchronization i lifecycle
reuse. BomgHowac HemocTaTHRO —(OpPMATi30BAaHUM  3aIMINAETHCS THTAHHS, SK KEpyBaTh
CIIBBIIHOIIEHHSIM peabHUX 1 BIpTyadbHUX KOMIOHEHTIB Ta fidelity ynmpoaoBK >KUTTEBOTO LUKITY.

3anpononoBano lifecycle-adaptive DT-HIL architecture, y sikiit MiL, SiL, HIL, Equipment-in-
the-Loop, Operational DT Ta DT-assisted HIL sandbox omucyroTbcsi ik KoHGIrypamidHi CTaHd
enuHoro cepenosuia. Llentpansaum kommnonentoMm € Unified Model Core, mo noeanye physics-
based, behavioural, data-driven i fault/degradation models Ta momyckae stage-specific activation i
calibration.

Oo6rpynroBano po3aiutenHs Real-Time HIL Plane 1 Digital Twin Information Plane. Ileprma
mijcucreMa opieHToBaHa Ha bounded execution time, jitter 1 deadlines, qpyra — Ha interoperability,
semantics, telemetry, analytics Ta scalable services. Ix B3aemomis 3mificHIOETBCS dYepes
Synchronization and Calibration Layer i3 time alignment, buffering, state estimation, parameter
identification Ta reality-gap control.

Kondirypanito ¢opmanizopano xoprexkeMm Ci={Py,Hx,Mk,Dk,Sk,Fx}, a Bubip configuration
noaaHo sk multi-objective problem 3a model error, latency, computational cost, risk i reconfiguration
effort. Adaptive fidelity 3amaeTpcsi gk mMOIIYK MIHIMAJbHO CKJIaJHOI MOJENI, L0 OJHOYACHO
3aJI0BOJIBHSIE accuracy 1 real-time constraints.

Jlis moJanbIioro eKcrnepuMeHTanbHoro aociimkeHas chopmoBano VVUQ-oriented protocol,
baseline configurations, independent factors, fault scenarios i1 performance metrics. KirodoBum
IPUHIUIIOM HAyKOBOi JOOPOYECHOCTI € BIIOKPEMJIEHHS MPOEKTHUX 3HA4€Hb BiJ (aKkTHUYHHUX
pesynbpTaTiB: numerical claims wmaroTh BrmrO4YaTHcs A0 (IHATBHOI CTATTI JIAIIE TICHS
BIITBOPIOBAHOT'O €KCIIEPUMEHTY.

3anpornoHoBaHUM Miaxia y3roukyerbes 3 ISO 23247 1 0co0MMBO 3 aKTyaJIbHUMH HampsiMaMu
digital thread Ta digital twin composition. [Tonanbuia po6ota Mae OyTH cipsMOBaHa Ha peai3aliio
prototype, empirical validation, sensitivity analysis, scalability testing 1 mepeBipky DT-assisted HIL
sandbox ans 6e3neynoro deployment 3min y npomuciosiii CPS.
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