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sustainable manufacturing technologies is considered a key prerequisite for ensuring the long-term resilience of the industry by
combining economic efficiency with social responsibility and environmental safety. As part of the research, a roadmap for adapting
modern design and manufacturing principles of cast internal combustion engine (ICE) components within the framework of
Industry 4.0 technologies was developed. A comparative analysis of existing PLM systems was carried out, covering a wide range
of functional capabilities, each with its own strengths and limitations.

Based on a thorough evaluation, the 3SDEXPERIENCE platform was reasonably selected due to its support for the full product
lifecycle, including the integration of digital design, simulation, and production management tools. Particular attention is paid to
the platform’s functionality in enabling decentralized collaboration through cloud infrastructure and centralized data management.
Within the digital twin concept, a virtual environment for the cast cylinder component of a two-stroke engine was created, ensuring
continuous synchronization between the digital model and real-world manufacturing processes. Further steps for the modernization
of the integrated digital model within the PLM system are discussed, including process simulation, stress-strain analysis, and the
implementation of innovative materials with predefined physical and mechanical properties. The conclusions highlight the
prospects for the development of next-generation, high-level autonomous digital twins that combine artificial intelligence,
embedded sensor systems, and big data analytics—enabling significantly greater flexibility, adaptability, and sustainable efficiency
in manufacturing systems within the context of Industry 4.0 and its evolution toward Industry 5.0.
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KEPYBAHHS INIOJAYEIO ITAJIMBA CUCTEMOIO AKYMVYJIATOPHOI'O TUILY 3
METOIO SMEHIIEHHSA BTPAT HA ITPUBIJI HACOCA

Bionosionicms cyuachum exonoeiuHumM Cmanoapmam ma euMo2am 00 NAIUGHOI eKOHOMIYHOCME € OCHOGHUMU 3A600H-
HAMU, WO CMOAMb neped UPOOHUKAMU OUZCTbHUX O8USYHIG. /[l GUPIMEHHS YUX 3A80AHb BICUBAIOMbCA 3AX00U 3 [H-
meHcugixayii nooayi nanuea ma cHy4K020 ynpaeiints it napamempie. 3HauHOW0 MipO BUKOHAHHS YUX 3aX00i8 3a0e3-
neuyioms cyuacui nausni cucmemu (I1C) axymynsmopnozo muny (cucmemu Common Rail (CR)). Ilpome ¢ maxii IIC
YACTUHA NATUBA, WO HASHIMAEMbCA NATUBHUM HACOCOM 8ucokoeo mucky (IIHBT) oo akymynamopa, € HaOMipHowo i
CKUOAEMbCA KNANAHOM Pe2y08aHHs MUCKY 00 NATU8H020 baxa. Bionogiono yuacmuna mexaniunoi enepeii, AKy sampa-
ueno na npueio IIHBT, empauaemvca, wo He2camuHo NO3HAUAEMbCA HA eeKMUBHUX A eKOIOSTUHUX NOKASHUKAX
dsueyna. Ocobauso cymmegoio € 0oas empam Ha npugio [THBT y manonimpasxicnux 08ucynax, uwjo 3yMo6uoe Heooxio-
HICMb 6AHCUBAMU 3AX00U U000 IX 3MEHULCHHS.

Y cmammi nasedeno pezynomamu nimepamypnozo oensidy wjooo pieHs MeXaHiuHuX 6mpam Ha npusio NAIUHO20 Ha-
coca BUCOKO20 MUCKY OU3ETIbHO20 08UcyHA, cnocobis peaymiosanis epexmusnocmi ITHBT na 6ionogionux pescumax
pobomu 08USYHA, a MAKOHC OOTPYHIMY8AHHSA HEOOXIOHOCMI KePYBAHHA N0OA4erd NAIUBHO20 HACOCA BUCOKO20 MUCKY,
o 6x00umdb 00 CKAAOY NATUGHOL CUCEMU aKYMYIAMOPHO20 MUNY, 3 MeMOK 3MEeHUIeHHS, MeXAHIUHUX MpPam HA npu-
6i0 I[IHBT.

Ha ocnosi nposedenozo ananizy 3pooieHo GUCHOBOK, wjo Oa 3MeHUueHHs empam nomyxcrhocmi Ha npueio IIHBT, a
3HAUUMb - NIOBUWEHHS MexaHniunoeo ma egpekmugnozo KK/ ouzenvbnozo 06ucyna 3 aKymyasmopHoio nAIu6HoI0 and-
pamypoio, 00 cKiady 0CManHboi HeOOXIOHO 8600UMU RPUCMPIL, WO 3a0e3neyye 3MIHEHHS NOOAYT He3ANIeHCHO BI0 YAaC-
momu obepmanns 8ana Hacoca i mucky y akymyaamopi. Ilodanvuiuii nanpsamox pobomu nog sizanuti 3 po3pooIeHHIM
xonyenyii konempyxyii ITHBT, wjo 003601ume 3MeHwumu MExauiyii 6mpamu ouseis Ha npusio NAalueHo20 HACoca
WAAXOM KEPYBAHHS 11020 N00AUer, a MAKOHC PO3POOKOI0 MAMeMamudHux mooeetl, HeoOXiOHux 01 Onucy ma 0oci-
00iCeH s NPoYeCia y NATUBHIL cucmemi O8USYHA.

Knrwowuoei cnoea: nanusnuii Hacoc 8UCOK020 MUCKY, AKYMYIAMOPHA NATUSHA CUCEMA; MEXAHIYHI empamu; OU3e1bHUll
O08USYH.

HA 5IKi 3HAYHOIO MipOFO BILUTUBAE TPOIIEC MO/1avi ITaJIiBa.
BiamosigHo, 175 MOKpaImieHHs eKOJOTIYHUX MOKa3HH-

Beryn
[ToctymoBe BIpoBaKEHHS OLIBII JKOPCTKUX €KO-

JIOT1YHUX CTAHAAPTIB 3 METOIO 3MEHIIIEHHS HIKiJTMBOTO
BIUIMBY IBMI'YHIB BHYTpimHbOro 3ropsiHHs (/IB3) Ha
HABKOJIMIITHE CEPEIOBUIIE 3yMOBIIOE HEOOX1THICTD IITy-
KaTH pillleHHs, CTIPSMOBaHi Ha 3a0e3MeUYeHHS BiIITOBI-
HOCTI JIBUTYHIB Cy4acHMM €KOJIOTIYHHM CTaH/IapTaM i3
30epeKeHHSIM MiHIMaJIbHOTO PiBHS BUTpAT nayusa. s
BUPIIICHHS LIUX 3aBJ[aHb BXKUBAIOTHCS 3aX0/T1 3 ONITHMi-
3aIii NpoLeciB CyMiIIOYTBOPEHHS Ta 3rOPSIHHS 11aJIHBa,

KiB JM3€IHHOTO JIBUTYHAa HEOOXiTHO BIOCKOHAIIOBATH
MAJIMBHY arapaTrypy 3 MeTolo iHTeHcudikamii mojaqi
MaiyBa Ta THYYKOTO ympaBiiHHSA ii mapamerpamu. Ha-
KONMYEHUH JOCBiJ AeMOHCTpye (puc. 1), mo Biamosin-
HICTH €KOJIOTIYHHM CTaHJapTaM JOCSTAETHCS B TOMY
YHCITi 32 paXyHOK 301IbIIEHHSI TUCKY BIIOPCKYBaHHS Ha-
JIMBA.
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Puc. 1. 3pocmannsa makcumanbHo2o mucky 6NOpCKY8AHHA NATUBA OUIETLHUX OBUSYHIE
i3 enposadicennam cmanoapmis Euro

3HAYHOI0 MIpOI0 BUKOHAHHS LIUX BUMOT 3a0e3Ie-
YyIOTh HAJMBHI aKyMYJATOpPHI cucteMu Triry Common
Rail 3 enexrponnum kepyBanusiM. IIpore B Takiit [1C
YacTHHA MaNuBa, o HarHitaeteess [IHBT no akymyis-
TOpa, € HaJMIPHOIO i CKHJA€ThCS KJIAMIAHOM PETryJIro-
BaHHS THCKY J0 NMaTWBHOTO Oaka. BiamoBinmHo wactrHa
MeXaHiqHOI eHeprii, siky 3aTpaueHo Ha mpusix [THBT,
BTPAYaETHCS, 0 HETATUBHO MO3HAYAETHCS Ha e(heKTH-
BHHUX Ta €KOJIOT1YHHX ITOKAa3HUKaX JBUTyHa. BpaxoBy-
I0YH IO IIi BTPAaTH CKJIAAAIOTh CYTTEBUH BIUIMB Ha Me-
XaHIuHI BTpaTu JBHUI'YHa 1 30UIBLIYIOTHCS BTpaTH Ha
npusin [THBT y ManomiTpaKHUX ABUTYHAX, II€ 3yMOB-
JIFO€ HEOOXiAHICTh BXKMBATH 3aXOIM IIONO IX 3MEH-
LIEHHS 1 BKa3y€ Ha aKTyaJbHICTh BUPIIIEHHS AaHOTO
MTUTaHHS.

OcHoOBHa YacTHHA

OipMu-BUPOOHUKY AJIUBHOI anaparypH 3a3Buyai
HA/Ial0Th MiHIMYM iH(OpMAIii mo/10 BIaCHOI MPOIYK-
1ii. 3a 3arabHO BiJIOMUMH JJTaHUMH JIOCHIJDKEHb BTPaTh
Ha nipuBi [THBT B in3enbHUX ABUTYHAX MOXKYTh JA0CS-
ratd 7% Bix 3araibHOi KITBKOCTI MEXaHIYHHX BTpPaT
JIBUTYHA.

Jo Toro x mume 20% manwBa, sSike CTUCHYTO JO
BHCOKOI'O THCKY, MOJAEThCS O IIIIHJPIB ABUIYHA, a
pemta 80% BHUTpauaeTbCs Ha KEPYBAHHS MOAAYEHO.
3a nanumu dipmu R. Bosch mpu P = 135 MIla i
Niyx ~ 3000 mun! BUTpPAaTH Ha TIPUBIJ CKIAJAI0Th
3,8 kBt 1 wornpunmiinaposoro nsuryHa OM 611 3
epextuBHOIO MOTYXHIicTIO 90 KBT, ToOTO 4,2 % BIixX
eexTBHOI MOTYXKHOCTI ABUTYHa. HeoOXimHO 3a3Ha-
YUTH, IO JJIS HOTO X JABUTYHA i3 CHCTEMOIO Oe3moce-

pennboi aii (ITHBT BOSCH tuny VE) BuTpatu notyx-
HOCTI Ha IpuBif cKiaiu 2,5 kBT, T00T0 2,7 % 3aranmpHO1
MOTYXHOCTI BUryHa [1].

Jlnist 3HMOKEHHST MEXaHIYHUX BTpAT Ha MPHBiJ Ma-
JIMBHOTO HAacoca AM3elIs 3 MAIMBHOIO anapaTyporo aKy-
MYJISITOPHOTO THILy BHPOOHHKAaMH BIIPOBAKCHO DAL
TEXHIYHUX pimieHb. Hampuknan, y pamgiaabHO-TUTyHXKe-
puux [THBT (CP1) pipmu BOSCH [2] peanizoBaHo Biz-
KITIOYCHHS OfHi€T cexii (puc. 2).

BinmkimroueHHs ofHi€el cekmii eNeKTpOMAarHiTHUM
NPUBOJOM (5) MPU3BOJIUTH 1O 3MEHIIEHHS KUIBKOCTI
TaJIvBa, 10 TTOAETHCS 0 aKyMyJIsITOpa, Ta 3a0e3neuye
(ikcarito BITyCKHOTO Ki1anaHa (4) y BIIKpUTOMY TOJIO-
JKeHHI. SIK HAaCJIiIOK MAJTUBO, 110 TOJAETHCS 10 HAJI ILTY-
H)XEPHOI NOPOXKHMHH, HE MOKe OyTH CTHCHEHO i1 4ac
HarHiTaHHSA Ta BHUTIKAa€ 70 KaHaIy HU3bKOTO THCKY. Y
Takuii croci0 peryntoerbes npoaykruBHicTs [IHBT Ha
peXuMax 3 MEHITUMH BUTpaTaMu eHepril. [Ipote cytre-
BUM HEIOJIIKOM 3a3HAYEHOTO METOIY € HEMOXIIHUBICTh
"rHYy4YKOro" KepyBaHHs MOJauero.

Puc. 1. Paodianvno-naynacepnuii ITHBT (CP1) axymy-
assmoproi nanuenoi cucmemu Common Rail supobnuy-
mea gipmu R. Bosch
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PerymioBanns npoaykrusHocti ITHBT y OGunbi
CYJacHHUX aKyMyJIITOPHUX ITQJIMBHUX CHCTeMax 3a0e3-
MIEYYETHCS APOCETIOBAHHAM TIaJIBa HA BXOJI 0 CEKIIii
BUCOKOTO TUCKY [3]. 3 Ili€l0 METOI MaIMBHUI HACOC
OCHAIIYIOTh I03yBaJIbHUM OJIOKOM (pHC. 2), IO MICTUTh
eJIeKTPOMArHITHUH KJIamaH. 3MiHOIO TTOJI0KEHHS TUTyH-
JKepa  €JEKTPOMAarHiTHOro  KjalaHa  peryJoeThCs
IUIOIIA TIPOXiJHOTO TEpepi3y IPOCENIOIY0ro OTBOPY.
KepyBaHHS KJIallaHOM BUKOHY€ETBCS 32 IOIIOMOTOIO elle-
KTPHYHOI'O CUTHAJY 3 IIUPOTHO-IMITYJIECHOIO MOMIYJIS-
Li€lo.

EnekmpomazHimHui
KnanaH

Puc. 2. Koncmpyxkyis 0osysanvnozo onoxky IIHBT
axymynsmoproi nanuenoi cucmemu Common Rail

Cxemy kepyBaHHs 00'emHO0 Togadero [THBT, mo
CKJIaly SIKO1 BXOJUTh BILyCKHUM aBTOMATUYHUH KJIaIlaH
Ta KEpPOBAaHUU [POCEIIOIOYMI KJlallaH, HAaBEIECHO Y
ctarTi [4]. 3a3Ha4eHO, O BIPOBAKCHHS IIMX CIICMCH-
TIB JUIsl KEPYBaHHS [IPOLIECOM HAIIOBHEHHS HAATUTYH)Ke-
PHOT TIOPOXKHMHHU, & BIAMOBITHO i MPOIYKTUBHICTIO Ha-
coca, 3a0e31eYnTh 3MEHIIEHHS TOTY>KHOCTI, 1[0 BUTpPa-
yaeThcs Ha ipuBig [THBT.

JocmikeHHst, siki HaBeleHo B cTarTi [5], moka-
3aJH, 110 30UIbIIeH s noTyHocTi Ha npusin [THBT i3
MiIBUILIEHHSAM TUCKY BHopckyBaHHsA Ha 20 MIla ckia-
nae 100-120 Br, a6o 2-3 % edeKTUBHOI MOTYXHOCTI
nBuryHa. Lle HeoOXiHO BpaXOBYBaTH y pasi, SKIIO JIs
BIOCKOHAJICHHS €KOJIOTIYHMX ITOKAa3HUKIB JIM3€1s BIIPO-
BQ/DKYIOTBCSl 3aXOJH 3 MiJABMIIEHHS MaKCHMAaJIbHOTO
THUCKY BHOPCKYBaHHS. TakoX 3a3Ha4eHO, IO JJIS BH-
KJIFOYCHHS HA/IJIMIIKOBUX BHUTpPAT MOTYXKHOCTI Ha MpHU-
Big [THBT HeoOxiHO BBOJUTH pETyIIIOBaHHS HOTO TO-
Jadi 3a aKTUBHUM TEOMETPHYHHM XOJOM IUTYHXXEepa,
a0o0 3a 4acToTo 00epTaHHs MPUBOJHOTO Bajly, abo 3a
KUTBKICTIO pOOOYNX HATHITATHHUX CEKIIiH.

BucHoBku

3 ypaxyBaHHSIM TEPCIEKTHBU BIIPOBAHKCHHS
OUTBII )KOPCTKUX €KOJOTIYHIX CTaHAapTiB EUro 3axomu
3 iHTeHcUikauii MajuBONOAaYl OKPIM IOKpAIEHHS
€KOJIOTIYHUX MTOKA3HUKIB AN3EIHHHUX IBUTYHIB MOXYTh
HETaTHUBHO BIUIMHYTH Ha MexaHiunuii KKJI nmsens 3a
paxyHOK 30ULIbIIEHHS MEXaHIYHHX BTpaT Ha MPUBIXN
IIHBT.

J171s 3MeHIeHHsT BTPAT MOTYKHOCTI Ha TIPHBiJ ma-
JIMBHOTO HACOCA JHU3EJsl 3 aKyMYJISITOPHOIO MAJMBHOIO
armapaTyporo 10 i CKJIaay HeOOXiqHO BBOIUTH MPHUCT-
pifi, mo 3abe3nedye 3MiHEHHA MOAAYl HE3AIEKHO BiJ
4acTOTH OOEpPTaHHS Bajla Hacoca i THCKY B aKyMYyJIsi-
TOpI.

[Monanpumii HANPSIMOK POOOTH OB’ SI3aHUM 3 PO3-
pobnenusam koHnemnii koHcTpykii [THBT, mo mo3Bo-
JIUTh 3MCHIIUTH MEXaHIYHI BTPATH JHM3C]s HA MPHBII
MAJIMBHOTO HACOCA IIISIXOM KEPyBaHHS HOTO MOIaveHo,
a TaKOX pO3pOOKOI0 MaTEMaTHIHUX MOJETICH, HeoOXi -
HUX JJI OMHUCY Ta JOCIiIKESHHS MPOIECiB y MaINBHIN
CHUCTEMI IH3eIIs.
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FUEL SUPPLY CONTROL BY ABATTERY-TYPE SYSTEM TO REDUCE PUMP DRIVE LOSSES
I.H. Pozhydaiev, O. Y. Linkov
Compliance with modern environmental standards and fuel efficiency requirements is a key challenge facing diesel engine

manufacturers.

To meet these challenges, measures are being taken to intensify fuel supply and enable flexible control of its parameters. To

a large extent, these requirements are fulfilled by modern accumulator-type fuel systems (Common Rail (CR) systems). However,
in such systems, a portion of the fuel delivered by the high-pressure fuel pump (HPFP) to the rail is excessive and is discharged
back to the fuel tank through a pressure control valve. Consequently, part of the mechanical energy consumed to drive the HPFP
is lost, which negatively affects the engine’s efficiency and environmental performance. These power losses are especially signif-
icant in small-displacement engines, which necessitates measures to reduce them.

This article presents the results of a literature review on the level of mechanical losses in the drive of high-pressure fuel
pumps in diesel engines, the methods of regulating HPFP output under various engine operating conditions, and the rationale for
controlling the delivery rate of the HPFP in accumulator-type fuel systems to reduce mechanical drive losses.

Based on the conducted analysis, it is concluded that in order to reduce power losses in the HPFP drive and thus increase the
mechanical and overall efficiency of diesel engines with accumulator fuel systems it is necessary to include a device in the fuel
system that enables delivery adjustment independently of pump shaft speed and accumulator pressure. Future work will focus on
developing a conceptual design of an HPFP that enables reduction of mechanical losses through controlled delivery, as well as on
creating mathematical models required to describe and study processes within the diesel fuel system.

Keywords: high-pressure fuel pump; accumulator-type fuel system; mechanical losses; diesel engine.
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