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MMPO OJUH HIAXIA A0 OJHOPIJJTHOCTI CTATUCTHYHOI
OLIHKHU TEXHIYHUX CUCTEM

XapkiBcbkuii HarlioHapHUN yHiIBepcuTeT [loBiTpsaux Cui imeni IBana Koxemyba

Y cmammi po3ansiHymo ripobriemy 3abe3neqyeHHs cmamucmu4HOi 0OHOPIOHOCMI eMIIipUYHUX aHuX nNpu aHanisi
HaditiHocmi ma 20moeHOocmi CKnadHUX MexHiYHUX cucmem. A8mopu 8uxodsimb i3 me3u, Wo cmamucmuka siK Hayka
rpo 00HopPIOHI Nodii BUMazae cy8opo20 8UOINEHHS O3HaK CriflbHocmi 06°ekmig O0CIOXKeHHS, OCKINIbKU i2HOpYy8aHHs
Ubo2o hakmopy eede 00 ompumaHHsI 2pybux ma marnoiHghopmamueHuUx pesyrbmamis. Y pobomi rnposedeHo
napanenb M memodamu cmpamudbikauii 8 MeduyuHi (30KpemMa 8 2epOoHmOosogii) ma rpouecamu MEXHIYHOI
ekcriiiyamauii agiayitiHoe2o i mpaHcrnopmHoeo napky. Bidomo, wo 8 meduyuHi cmamucmuka 8paxoeye 8iKkosi 3MiHU
opeaHismy (dimu, nidmimku, 0u cmapwozo 8iKy), mexHiYHa ouiHKka rnoguHHa 6a3yeamucs Ha OuHaMi4HIl
cmpamucpbikauii Kummeegoz2o Uukny ob’ekma Onsi 8paxyeaHHs HE380POMHUX CMPYKMYyPHUX 3MiH Mamepiariis,
8momu Memarly ma Hakornu4yeHo20 3HOCY.

MemodonozidHum pyHOameHmom OocioxeHHs1 aucmynae nodanbwuli po3sumok ducmpubymusHo20 midxody,
wo nepedbayae knacugikauito 8idmMoe 8i0rnoeiOHO 00 KOHKPemHUx (bi3u4dHUX rpouecie, wo npusude 00 3MiH 8
mexHIYHUX cucmemMax, makux siKk Kopogsisi, eibpauis, mepms ma memrnepamypHe HagaHmaxxeHHs. Ha ocHoesi aHanizy
cmpamucbikauii xummegozo yukny, 0e Hao4YHO OeMOHCMpPyembCsi 3pocmaHHs 6a308020 pieHSI iHMeHcusHoCcMi
8UODINIEHO OKpeMI iHmepsasiu 4Yacy, SKi Xxapakmepusytombcsi 8i0M08IOHOK iIHMEHCUBHICMO 8i0MO8, W0 3YMOBIIEHO
pemoHmom. QOcobnusy yeazy npudineHo emarly nod08XeHOoI ekcryamauii, 0e eupianbHo20 3HaYeHHS
Habysatomp npuxosaHi 8iOMO8U, WO HEe 8USIBISIOMbLCS WMmamHUMuU memodamu OiagHOCMy8aHHS.

Haykoea Hosu3sHa pobomu nonsizae y po3pobui ma obrpyHmyeaHHi kpumepiig, w000 po3nodiny macusy 0aHux
rpo 8idMosuU 3a munamu MexHIYHUX cucmem, Wo 8 C80k Yepey 3abesrnedye 0OHOPIOHICMb ompumaHoi iHgbopmauii.
Po3pobrnieHo nokasHUK, siKul 00380719€ MPO2HO3ysamu Hasi8HICMb puxoeaHux Oegekmis, WO euMazae
BUKIMOYEHHST makux nodil i3 3a2aslbHO20 PO3paxyHKy rnokasHUKie HadiliHocmi.

Y 3akmntoyHit yacmuHi cmammi  3arpornoHO8aHO 8UKOPUCMO8Y8amu roKasHUKU MexHIYHO20 8UKopUucmaHHs Krs
ma 2o0moeHocmi k2 SIK IHCmpYMEeHMU KiflbKICHOI OUiHKU egbekmusHOCmi Ha YomupbOX iHmepsanax: 00 rnepuio2o
KanimasnbHo20 PeMOHMYy, MK PEeMOHMHUMU yukriamu, 00 MOMEeHMYy CriucaHHs ma Ha emari «npoO08XKeHHS
XKUMmMmSsi» Micsi 3a8epUWeHHsT npu3Ha4YeHo20 mepMmiHy cryxb6u. 3anponoHosaHul nidxid 0o3eosisAe pearizysamu
00HOopiGHicmb nModili Ha 8i0N08IOHUX Yacosux nMepiodax XUMmMme8o20 YUKITy MEXHIYHUX CUCMEeM.

KnrouoBi cnoBa: HafifHICTb TEXHIYHMX CUCTEM, CTaTUCTUYHA OOHOPIOHICTb, CTpaTUdiKaLis XUTTEBOrO LMKNY,
ONCTpubyTMBHUIA nigxig, NpuxoBaHi BiAMOBW, KOEMILIEHT TEXHIYHOrO BMKOPWUCTAHHS, KOeqiuieHT rOTOBHOCTI,
aHoMasnbHi 3HaYeHHsl, Yac BiOHOBMNEHHS, FEPOHTOSONYHI 3MiHM B TEXHIUi. aBiauiiHMiA TpaHCNOPT, HaLINHICTDb,
JiarHoCTUKa, XUTTEBUIM LMKI, TEXHIYHWIM CTaH, ekcnryaTauis, npu3HayeHun pecypc, OOMEXeHHs pecypcis,
NPOrHO3yBaHHSA, OyHKLiA HaQINHOCTI, NpuxoBaHa BigMOBa, NpodinakTuyHi poboTu, cknagHa TEeXHIYHa CUCTEMA,
amopTu3auis.

Beryn

Bimomo, 1110 cTaTuCTHKA — 1€ HayKa PO OJAHOPIIHI TOiT, METOIU Ta PE3YJIbTATH SIKOi 3HAXOATh IIUPOKE
3aCTOCYBaHHS B AeMorpadii, MeaguuuHi, TeXHili, ynpasiaiHHi Ta ekoHoMmili. OpHaK 1mopasy, 3aCTOCOBYIOUH
CTaTHCTUYHUH TiIX1, HE0OXiTHO HAcaMIIepel BUILINTH O3HAKy CHilbHOCTI ofii [1], [2].

VY naemorpadii mpu BHU3HAUEHHI 3MIHM YHCEIBHOCTI HACEJICHHS aHaJi3yloTh JaHi MPO CMEPTHICTH i
HapO/PKyBaHICTh. [IpudoMy, SIKIIO PO3IIISIAATH MPOOJIEMY JIETAIBHOCTI BiJl 3aXBOPIOBaHb CEPIIEBO-CYAUHHOL
cucremu (CCC), TO TyT HEIOCTAaTHHO PO3TIIANATH TIIbKW KiJIBKICTh JIETAIBHUX BUMAIKIB. Y IbOMY pasi
JIOIUTBHO 32CTOCOBYBATH CTpaTU(IKaIliIo BCi€T CyKyMHOCTI iH(pOpMAIlii 32 BIKOBUM KPHTEPIEM: JIITH, i UTITKH,
cepenHiit Ta crapimii Bik. Takoro pomay iHdopmaillis € Oiblll KOPUCHOI, OCKIIBKH JI03BOJISE BPaXOBYBaTH
repoHTtosoriuni 3minu [3]. [lani taka rpajgamis Moxe OyTH 1ie OiIbIl PO3TaTYKEHOIO 32 CTaTEBOI 03HAKOIO
(4omOBIK, JKiHKAa), 30BHIIIHIMH yMOBaMu (KypiHHS, AJKOIOJIb, IIKiZJIUBI 3BMYKK Toulo). Koxne Take
YTOYHEHHS BiJoOpaXkae METy po3B’si3yBaHOI 33/1a4i i3 3aCTOCYBaHHSIM CTATUCTHYHHUX METOJIIB.

Crin 3a3HAa4YMTH, 10 CTATUCTUYHUI aHaNi3 OAHOPIAHOCTI MO HaOyBae QyHIAMEHTAIFHOTO 3HAUYEHHS
OpyU AOCHIIKEHHI HaAiWHOCTI aBianiiiHoro tpancnopty. CyuyacHMH cTaH NapkKy aBiamiiHOI TEeXHIKH
XapaKTepU3yEThCs BUMYIIICHOK TPUBAJIOK EKCILTyaTalli€lo, Ml Yac KOl 3Ha4yHa YaCTHHA TEXHIYHUX CHCTEM
(TC) nepebyBae Ha eranax rpaHUYIHOTO Ty Ta IMOJIOBXKEHOTO Tre (PECYpCiB) mepiony ekcruyatanii [5], [10]. ¥V
TAaKUX yMOBaxX KJAaCH4HI METOAHM, 10 0a3yloThCsl HA yCEpEeAHEHMX INOKa3HMKaX HaAilHOCTI (30KpeMma, Ha
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CepEeIHbOMY HaIpAaIIOBaHHI JI0 BiZIMOBH), BTPAYarOTh CBOIO MPOTHOCTUYHY BaiAHICTh [1], [4]. Lle 3ymoBIeHO
THM, 1110 CTATHYHI MOJIEII HE 3/]aTHI KOPEKTHO BiI0Opa3UTH KyMYJISATUBHMM e(PEKT HENMHIHHUX JerpaaaiiHuX
nponeciB. KnrouoBum uymaHuUKOM it TC 3 BENMKUM HAaKONMMYEHWM HANpallOBaHHSIM CTa€ BTOMa
KOHCTPYKLIHHHUX MaTepiajiB Ta IPUXOBaHi CTPYKTYPHI 3MIHHU y By3JIaxX Ta JeTaJsX, 110 BUHUKAIOTh BHACTIJOK
IUKIIIYHAX HaBaHTaXeHb [7], [12]. 3acTocyBaHHSA €JMHOTO HOPMAaTUBHOTO MiAXOMy 10 Beiei cykynHocTi TC
MIPU3BOAUTH 10 CYTTEBUX HNOXHMOOK - IIABUIIEHHS PU3UKY KPUTHYHHUX Bi1IIMOB, II€pEAYaCHOTO BUBEAEHHS 3
eKCIUTyaTallii Ta HEOOTPYHTOBAHOTO CITUCAHHS TEXHIKH - Yepe3 HEJOOIHKY 1HUBIIyabHOT0 3HOCY [6], [8].

Binrak, mepexin mo muHamidHOi cTpaTudikamii xurreBoro nukiay (OKL[) € HeoOXimHOI YMOBOIO
3a0e3redeHHs Oe3MeKn eKCIUTyaTallii y micusrapanTiiianid nepioa. Takuii miaxig T03BOJISE BPaXxOBYBaTH HE
Jmie KajgeHgapHuid cTpok excrutyatanii TC, a #f gaktuuny «(disuuHy BTOMY» KOHCTPYKIIii, IO BiANOBiAa€e
BpaxyBaHHIO T€POHTOJIOTTUHUX 3MiH [3].

Y TexHiIll OAHIEO 3 MPUBAOINBUX CTOPIH BUKOPHUCTAHHS CTATHCTUIHUX METOIIB € TACHBHHUM CKCIIEPUMEHT.
Y npoMy pasi 30uparoTh HasiBHY iH(opMaIlito npo kiac TexHigaux cucrteM (TC), iX THITH, yMOBHU €KCILTyaTaltii
tomo. OxnHak, 30uparouu Taky iHQOpMaIito, 3a3BUYail MPUITYCKAaIOTh, IO 32 AOCIiIKYBaHUM ITOKa3HUKOM
YMOBH HOTO (PiKCOBAaHOTO 3HAYEHHS OJHAKOBI JJIS BCIX aHAI30BaHUX CHUCTeM. AJe, TIOpIBHIOIOYH 30ir 3
OpHUTIHAJIOM TaKe MPHUITYIIEHHS MOXE JaBaTH CYTTEBO I'py0i pe3ynbTaTH, X04a IPH BiMOBIIHIA MTOCTAHOBII
3aBJaHHsA MoXke OyTu nocuTh iHpopMmaTuBHHM. [l momonaHHs wiei mpoOiiemu y AaHiidi poOOTi HaOyB
MOIAJIBIIOTO PO3BUTKY 3aralibHUH miaxin [4], y sKoMy OOTpyHTOBaHO (yHIAMEHTAIbHUN AUCTPUOYTUBHUN
X IO aHajIi3y TOTOBHOCTI aBiariifHoro mapky. HaykoBa HOBH3HA TaHOTO TMiAXOXIy TOJSATAaE y BUMO3i HE
3BOJUTH BCi BIJMOBU Ha OJIHY YacOBY BiCh, a KJIAaCHU(iKyBaTH iX BIAMOBIAHO N0 (i3MYHUX MPOIIECIB, IO
MPU3BEJH 0 BiANOBIOHUX HacHiAKiB (Koposii, BiOpallii, TEpTsS Ta 3HOCY, TEMIIEPATYPHOTO HABAHTAKEHHSI
To110). OCKIIBKH MIBUIKICTH MPOTIKAHHS ITUX MPOIECIB pi3HA, TO 1 IXHS IHTEHCHBHICTH OyZle HEOTHAKOBOO.

s popmyBaHHS OJTHOPIAHUX O3HAK PO3TIISTHYTO €Tal eKcIiuTyararii 3a npusHaueHHsaM XK1 sikuit B cBOrO
4yepry po3noaiyuIeHO Ha yacoBi nepioau [5], [6], [8], [10], [12].

Takwit miaxix 703BOJISE BIACTEXKUTH AUHAMIYHY cTpaTH(]iKaIlito 00'€eKTiB aBiamiifHOTO MapKy 3aJIeKHO BiJl
HAaKONMYEHOTo HampalifoBaHHs T. OCKUTPKH KamiTadbHI PEMOHTH Ta perjaMeHTHI poOOTH BHUOIPKOBO
BIUIMBAIOTh Ha pi3HI (i3uM4Hi mpomecu 3MiHM cTaHy o0’ekra, kokHa ctafis JKL xapakrepusyerscs
«IUCTpUOYTUBHUM Tmpodinem» BimMoB [7]. 30KkpemMa, Ha TOYATKOBUX e€Tamax JAOMIHYIOTb IPOLIECH
MIPHUIPAIFOBAHHS Ta BUIAJIKOBI BIIMOBH, TOJI K Ha €Talli TPAHUYHOTO PECYPCY Tye BUPIMIAITEHOTO 3HAYECHHS
HaOyBarOTh MpuxoBaHi BiAMOBH. Lle mpu3BoauTh 10 TpaHcdopManii 3aKkoHy pO3MOALTY HaNpalfoBaHHS Ha
BIIMOBY, III0 POOUTh HEMOXXJIMBUM BUKOPUCTAHHS €IUHOI CTATUYHOI OIIIHKA JUIS BCHOTO MEPiOAY
excruryatamii TC.
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Puc. 1. Jlo po3noziny eramy excrutyatauii Ha nepiogu ( A,”, A", Ay, - IHTEHCUBHOCTI BiZIMOB Ha I0YaTKy KO)XKHOT'O MKPEMOHTHOTO

mukity; KP1, KP2 — nposenenns kamitansaux peMonTiB; TO1, TO2 — npoBeieHHs! IIIAHOBOTO TEXHIYHOTO 00CITyrOByBaHHS;
Criic — 3aKiHYeHHs IPU3HAYCHOTO TePMiHy CiIy)0u (crnmcanss); 3BII — 3axoau 11010 IPOAOBKEHHS pecypcy (30ibIIeHHS

nodososc
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Ha puc.1 BimoOpakeno crpatudikamito XII excruryaramnii TC. Ha BimMiHy Bij KJIACHYHOTO MiAXOdY, IO
pO3riIsiae HAMIHHICTD SIK YCEPEAHEHUH MMOKA3HUK JJIl BChOTO MAapKy, JaHWi rpadik JeMOHCTPYE (i3HYHO
OOTpyHTOBaHUI PO3/IIN Yacy eKCIUTyaTalii Ha CaMOCTIiHI iHTepBaIl HaNpaIOBaHHS T;.

Ha mepmomy eranmi HeoOXigHO 3a0e€3MEUWTH CTATUCTUUHY OJHOPIAHICTh NAHUX LUISXOM PO3OHTTS
3arajJpHOTO HAMPAIIOBAaHHS CICTEMH Ha SKICHO BiIMiHHI 9acoBi iHTepBany. e BakITMBO, OCKUIBKY Ha PI3HAX
CTalifgX eKcIuTyararlii (i3u4Hi mporec Aerpaamii MaloTh Pi3HY IPUPOY Ta iIHTEHCUBHICTb.

JKutTeBwmii uki po3duBaeThes Ha inTepBanu Ti (10 KP1), 12 (Mix KP1 ta KP2) Ta t:

— 1HTEpBAJI, Tupi: HA I[OMY €Talli CHCTEMA IMPAIFOE B yMOBaX, OJIM3BKHUX JIO0 PO3PAaXyHKOBUX 3HAUYCHb, a
CTaTHCTHKA BiAMOB BifoOpaxae SKiCTh BHPOOHWYOI 30ipKky Ta TpHIIparroBaHHs By3miB. Lle mepion «daza
PaHHBOTO YKUTTEBOTO IUKITY», 1€ IOMIHYIOTh BUTIAIKOBI BiTMOBH;

— 1HTEPBAJ Typ2: €TAIl HAa IKOMY TIOYHHAIOTH MPOSBISTHACS 3aKOHOMIPHI MMPOIIECH BTOMHU METATy Ta 3HOCY,
a pIBeHb HAIIMHOCTI 3HAYHOIO MIpPOIO 3aJICKUTH BiJl IOBHOTHU BiJHOBJICHHSI ITiJ] 94aC PEMOHTY;

— 1HTepBaX Ty: €Tal IPaHWYHOI eKCIUTyaTaiii, Ha SKOMY HaKONH4YeHI «HE3BOPOTHI» 3MIHM MarepialiB
POOJIATh CUCTEMY HaMOIIBII BPA3JIMBOIO JIO BiJIMOB, 1[0 BUMArae IiIBUIIECHOI yBaru JI0 iarHOCTYBaHHS Ta
PEMOHTY;

— 1HTEpBAN Ty €Tall MOJOBXKEHOI eKCIUTyaTallil «OIOBKEHHS KATTEBOTO ITUKITY» MOHA] MpU3HAYCHUN
TEPMiH CITy:KOHU. XapaKTepu3yeThCs CKCIIOHSHIIIATLHUM 3POCTAHHSIM PU3UKY BiIMOB Yepe3 KPUTHUYHY BTOMY
MatepianiB. Ha npoMy erami mepexia A0 iHOWBIITyadbHOTO KOHTPOJIO TEXHIYHOTO CTaHY € ONTHUMAaJbHUAM
METOJIOM O€3MEYHOTO BUKOPUCTAHHS KOXKHOT OJMHHUIII TEXHIKH.

CTpyKTypa OBHOTO KHUTTEBOTO NUKITY T OMUCYETHCS SK TOCTiTOBHA CYKYITHICTh €TalliB eKCIUTyaTaIlii, 1o
no3BoJisie mudepeHititoatu cymapuauii pecypc TC Ha (hyHKI[IOHATIBHO 3aBEpPILICH] YaCOBI BIIPI3KHU:

T= ot T+ 20 (7). (M

ne T - 3aralbHUA Yac EKCIUTyaTalii; 7., — CepeAHs TPUBAIICTH mepmoro eramy ekcruryatanii (KP1);
Twp2 — CEpEIHs TPUBAIICTh MiKpeMoHTHoro mepioay (mixk KP1 ta KP2), me moumHaroTh mposBISATHCS

3aKOHOMIPHOCTI 3HOCY; 7, — CEpPEIHs TPUBAIICTH ETAITy eKCIUTyaTalii Bil OCTAHHBOTO KaIliTAIbHOI'O PEMOHTY

10 JOCSATHEHHS TPAHUYHOTO CTaHy; T,. — CEPEAHS TPHBAIICTh €Tally MOAOBXKEHOI eKCIUTyaTallii IoHasx
MPU3HAYCHUH TEPMiH CIYKOH.

Kpusa ,1(}) HAO0YHO JEMOHCTpY€E, IO TIcisA KOXKHOTO PEMOHTY IHTEHCHBHICTH BiMOB Iajae, aie

0a30Buil piBeHb [[LOTO MOKa3HUKA HEMHUHYYE 3POCTAE.

Po36urTst XKL Ha wi inTepBany crpusie chopMyBaHHIO 00'€KTUBHOT TUCTPHOYTHBHOT XapaKTEPUCTHUKHU JIJISI
KOXHOI CTajii, 1o Ja€ 3MOry BpaxyBaTH T'€POHTOJIOTIYHI 3MIHM CHUCTEMH, MOMAIOHI JI0 BIKOBHX 3MIiH Yy
MeAWIUHI. BUKoprcTaHHs aHanorii 3 repOHTOJIOT TYHIMH 3MiHaMH, 3aKJIaJICHOT Y METOAOJIOTIIO TOCTIIKESHHS,
JI03BOJISIE peali3yBaTH KOHLENTYaJIbHUN Nepexif] BiJf CTATHYHHUX OLIHOK A0 iHANBIAYaJIBHOIO CyTIPOBOKEHHS
KOXXHOI OJIMHUIII aBiaIliifHOTro Nmapky. Y bOMY KOHTEKCTI PO3paxyHOK MOKa3HUKIB HAIHHOCTI Ta TOTOBHOCTI
nepectae OyTH cyTO (OPMaJIbHOI CTATUCTUYHOIO IPOLEAYpPOI0, a CTa€ OCHOBOI JJISI HPUHHATTS
0OIPyHTOBaHHUX iHAMBIAYaIbHUX PilLICHb HI0A0 KOKHOI OIMHHMIII TPAHCIIOPTHOr o apkKy. Lle no3Bosie He nuiie
MTPOJIOBXKUTH «OE3MEYHY» CKCIUTyaTallil0 TeXHIKA Ha eTall Tpe, @ H ONTUMI3YBaTH BUTPATH Ha il TEXHIYHE
00CITyroByBaHHsI IUIIXOM BUKJIIOUSHHSI HAJTUIIIKOBHX POOIT.

[Ipu mpOMy ciig BpaxoBYBaTH, IO 3alpPOIIOHOBaHAa CTpaTh(iKallis € JAMHAMIYHOK, OCKIIBbKH BOHA
0a3yeThes HE JIMIIIE Ha YKOPCTKO BCTAHOBJICHUX YaCOBUX iHTEpBaaX, a i Ha Oe3repepBHili 3MiHi BIACTUBOCTEH
KOHCTPYKIIHHUX MaTepiams [4], [7], [12]. AuHaMi3M miaxoay Nojsrae y 31aTHOCTI MOJIEIi alalTyBaTUCS 10
peaIbHUX TIPOIECIiB Jlerpajaiii, sKi MOXYTh IPHUCKOPIOBATHUCS a00 CHOBUTRHIOBATUCS 3aJIEKHO BiX
IHTEHCHBHOCTI HaBaHTa)KEHb Ta CIEIU(IKN eKCIUTyaTaIiifHoro cepenoBuia y miciisax 6azysanns TC [9], [11],
[13]. Lle no3BOJIsIE OIIEPATUBHO KOPUT'YBAaTH POTrHO3 cTany TC, nepexoasayu BiJl CTATUYHUX «HOPMATHBHHUX)
JaHUX 0 MOHITOPUHTY (haKTHYHOI'O TEXHIYHOTO CTaHy B peajbHOMY Haci [6], [8], [10].

3rigHo 3 AUCTPUOYTUBHUM TiaxomoM [4], [5], [9], me 3yMoBIIeHO mpoliecamu, siKi pEeMOHT He 3IaTHUH
HIBEJIIOBATH - BTOMOIO METally, CTPYKTYpHUMH 3MiHAMH MaTepianiB Ta iHme. Ha erami npomoBkeHHsS
eKCIUTyaTallii Tye 1IeH PiBEHb CTA€ HACTIIBKH BUCOKHM, 1[0 CHCTEMa ITOCTIHHO repe0yBa€e B 30Hi MiIBUILICHOTO
PHU3HUKY 1 € HAWOUIBII CKIaAHUM JAJISl CTAaTHCTUYHOrO aHamiizy. Came TyT MOYHMHAIOThH JIOMIHYBAaTH JIATCHTHI
BiIMOBH, SIKI HE BUSBIIAIOTHCS IITaTHUMH MeToaamMu koHTpoito (TO1, TO2 rta iHmi). Y 3B'I3Kky 3 UM,
MPOBECHHs JMHAMIYHOI cTpaTudikallii »XUTTEBOrO NUKIY CTa€ HE MPOCTO JONOMDKHHUM METOAOM, a
HEOOX1AHOI0 YMOBOIO Ul OTPUMAaHHS JIOCTOBIPHUX JaHUX.
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Sk MokHa 0auuTH 3 pHC. 1, mepioau eTamy eKCIuTyaTallii 3a BUMISA0M (QYHKIIT HIMOBIPHOCTI BiIMOB MalOTh
noaioHuil xapaktep. BiIMIHHICTS MONIATae y 1BOX MapaMeTpax.
[Nepmnii — 11e MOKA3HMK, M0 XapaKTePU3y€E HATIHHICTh CUCTEMH Ha TOYATKY MEPiojy, NPyTUi -MOKa3HUK

crynens y GyHkuii A, = f (z'l-).
3 ormsmy Ha 1e, JOUUIRHO PO3TISAAaTH BECh €Tan eKCIUTyaTamii sIK CyKYITHICTh TakuX IepiofiB i3

BITNOBIIHUMHU 3HAYCHHSAMH HAaBEJCHUX BHIIE MapamerpiB. Takuil miaxiJ HO3BOJsIE BUKOPUCTOBYBATH
yHiBepcaJbHy MOJIENb NEepiofy, sika MPeACTaBIA€ThCA HACTYITHUM YHHOM (pHc.2):

&
i 11
PEMOHT -
T
I;, ‘_—'__—(_(_._(___# Lj
\ I|
1]
\ _ / IT;
I\. !
h /
A - i
\ g [r} /
- _’__/
0 EKCIUTY ATALIA TTICJ1A i-'.n
BHKOHAHHSA PEMOHTY
ri—1 T Ti+1

Puc. 2. Jlo BusHauenns yHisepcansnoro nepiony (I - mokasnuk HafiffHOCTi cuCTeMH; ) - IHTEHCHBHICTb BiIMOB; Ti -CEPEIHE
HaNpanloBaHHI TEXHIYHOI CHCTEMH B MEXaX JOCIIIKYBaHOTO i-ro nepioay; I1i1 - piBeHb iIHTEHCHUBHOCTI BiIMOB HAIIPUKIHII
HONePETHBOTO NMepiofy eKciutyaTauil; A,(7;) - GyHKIis 3MiHH iHTEHCUBHOCTI BiIMOB IIiJl Yac eKCILTyaTallii Micis BUKOHAHHS

PEMOHTY; 7, —1- cTaH TeXHIYHOI CHCTeMH Oe3I0CepeHbO IePe IIOYATKOM PEMOHTHHUX POOIT; 7, +1 - I04aTOK HACTYIHOTO KPOKY B
KUTTE€BOMY LIMKJI TeXHIYHOI CHCTEMHU; 7, - HOTOYHMH IUKI (AKTUBHHIA €Tall) MPOTATOM LILOTO iHTEpBaTy TEXHIUHA CHCTEMA

BHUKOPUCTOBY€THCS 32 IIPU3HAYCHHSIM)

I'padiuna momens (puc. 2) HaOYHO AEMOHCTpYe, MO nporec ekcruyaranii TC He € nmiHIHHUM abo
Oe3nepepBHUM Yy KOHTEKCTI HajiitHOCTI. lle moCHimoBHICTH UUKIIYHWUX 3MiH (3HWKEHHS HaJiHHOCTI)
BHACHIIOK HakonuaeHHs AedekTiB [1i.; Ta BiTHOBIEHHS i/ Yac PEMOHTY JI0 aKTyaJIbHOTO CTapTOBOTO PiBHS
IT;, ssxmit BimoOpaskae HE3BOPOTHI 3MiHH BIACTUBOCTEH Ta piBeHb (iznuHoro crapinHsa TC, 1m0 He HiBETIOETHCS
PEMOHTOM.

dopmanizauis ruHaMiku aerpazganii TC (puc. 2) 6a3yeTbesl Ha 3aCTOCYBaHHI 3aKOHY po3noniry BeliOynna
[17], [18], 1110 103BOJISE OIKCATH POLIEC HAKOTIMYCHHS TONIKO/KEHb Yepe3 (YHKI[iF0 IHTEHCUBHOCTI BiZIMOB:

p-1

A(t)==] =1 2)

ne /I(t) — IHTEHCHBHICTb BiIMOB Y MOMEHT Hacy f; { — HOTOYHE HAIpAaIIOBaHHS; 77 — MapaMeTp Macmraly
(xapakTepucTH4YHE HampamoBaHHs); [ — mnapamerp (OpMHU, [0 XapaKTepH3ye€ IMBUJAKICTH 3MiHH
IHTEHCUBHOCTI BIJIMOB.

[Ipu 3navenHi B <1, mo € xapakTepHUM IS €Taly BUYEPIAaHHS pecypcy, QyHKIis /1(1‘) JEeMOHCTpPYE

HeliHiiiHe 3pocTtanHs. Lle miaTBepKye HE3BOPOTHICTH MPOIECiB (I3UYHOTO CTAPIHHSA, MICJsi BUKOHAHHS
KaritansHoro peMonTy (KP) piBeHb iHTEHCHBHOCTI BiIMOB HE MOBEPTAETHCS 0 MOYATKOBUX 3HAUEHb, 2 Ma€
TEHJCHIII0 JI0 MiABHIICHHS 4Yepe3 HaKoMW4eHHS npuxoBaHux zaedektiB [8]. Takumil migxix 3abesneuye
00’eKTHBHY 0a3y /Ui KUJIbKICHOT OLIIHKH IIBUAKOCTI Jerpajailii Ha KOXXHOMY iHTepBaIi le , 1[0 € MIAIPYHTIM

JUISL IPUMHATTS pillieHb MPO MOJANIBIIY eKCIUTyaTalilo KOHKPETHOI OMUHHULI TEXHIKH.

Taxa nuHaMika OOIPYHTOBYE MEPEXiJl IO CTpaTeril iHAMBIIyaJbHOTO KOHTPOJIIO TEXHIYHOT'O CTaHy KOMXHOT
OJMHHMLI aBiallifHO-TPaHCHOPTHOIrO MapKy. OCKIIbKH KOKEH HOBUH €Tall Ti IOYWHAETHCS 3 BUILOTO ITOPOTY
IHTEHCHBHOCTI BiJI]MOB, PO3paxyHOK IOKa3HMKIB TEXHIYHOrO BHUKOPHCTaHHS k,, [13] Ta moka3HUKH

6
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TOTOBHOCTI k, , Mac 0Oa3zyBaTucCsi Ha pealbHUX MapaMeTpax MOTOYHOI BHOIPKH, a HE Ha yCEpeIHEHHX

ro
MPOEKTHUX HOPMAaTHUBAaX.

3acTocyBaHHA JaHOI MOJIENI B KOMITIEKC] 3 METO/IaMH BapiaHTHUX MPOpoOok [15] Ta anamizom iHTerparii
migcucteM [16] mo3BoJsie 3HAYHO MiABHIIUTH TOYHICTH MPOTHO3YBAaHHs CTaHy Ha eTanax HOAOBKEHHS
pecypcey [19].

Crig 0coOIMBO MM IKPECTUTH, IO ITiJT TEPMIHOM «BHOIpKa» y bOMY KOHTEKCTI CIiJl pPO3YMITH OOMEXEHY
CTAaTHCTUYHY CYKYIHICTh €MITIpUYHAX JaHWX (HAIpaIfOBaHHSA IO BiJIMOBH, Yac BiTHOBIIEHHS, KiJIBKICTh
nedeKTiB), Mo OTpUMaHa BiA rpynu oJHOTHUMHUX TC MpOTATroM KOHKPETHOTO IHTEpBANY HAlpallOBaHHA T
[10].

BaxmmBum daxtopom «oummeHHs» BuOipku [10] € BpaxyBanHA ymMoB 30epiranHs o0'ekta mim dac
eKcIuTyaTauii. BiAmoBiAHO 10 eMmipHYHHX CIIOCTEpeKeHb, TEPMiH 30epiraHHs Hpu OOCIYrOBYBaHHI He
MOBHHEH TEPEBUIIYBAaTH Tss < 2 POKU. llepeBHIICHHS IBOrO TEPMiHY NPHU3BOAMTH A0 BUKPUBJICHHS
CTATUCTUYHHUX JAaHUX Yepe3 HEe3BOPOTHI MPOIECH MPUPOIHOI AeTrpadarii MaTepialiB, MO POOUTH Taki JaHi
HETNpUAATHUMH 17151 GOPMYBaHHS OJTHOPIAHOI CYKYITHOCTI.

Hnst mpakTryHOI peanizamii NpeguKTHBHOI Mojeni Ta 3a0e3MedYeHHs] BHCOKOI JOCTOBIPHOCTI aHalizy
aBTOpaMH BITPOBAHKEHO MexaHi3M ¢inpTpamii BXimHMX AaHux. OCOOIMBO 1€ CTOCYETHCS €TalliB CTapiHHSI
KOHCTPYKITT (Ty, Tuc), 1€ CTATHCTUYHA BUOIpKa MEpPEBaHTAKEHA aHOMAaJTbHIMH 3HAYCHHSIMH dYepe3 JaTeHTHI
nedeKxTy.

3acToCyBaHHS KPUTEPiO BIAHOMIEHHS (PaKTUIHOTO Yacy PEMOHTY 10 HOPMATHBHOTO ISl "OUYWIICHHS"
BHOIPKHU € HEOOXiTHOK YMOBOIO 3a0€3MeUYeHHs 11 CTATHCTUYHOI CTIHKOCTI. Y CYHEHHS aHOMAaJIbHUX 3HAYCHb,
CIPUYMHEHUX JIATEHTHUMH BiZIMOBAaMH, J03BOJISIE YHUKHYTH 3MIIEHHS OI[IHOK MaTEMAaTUYHOTO CIIO/iBaHHS
HaTpalOBaHHs /10 BiIMOBH, 10 € KPUTHYHUM IpH poOOTi 3 0OMEKEHUMH BHOIpKaMHU Ha eTanax I'paHuYHOTO
Ty, Ta TOJOBXEHOTO Tye PECypciB. BiCyTHICTH Takoi (imbTpamii MpU3BOIUTH MO CUCTEMATHYHO! IMMOXHOKH
OIIIHKM HAJIHHOCTI, BHACIJOK SKOI NMOKa3HUKW OE3BIJIMOBHOCTI CTAalOTh 3aBHUINCHUMH, HE BPaXOBYIOUHU
HasSBHICTh TPUXOBAHUX JCTPAJAIiiHUX MPOIIECIB Y KOHCTPYKIIHHUX MaTepianax.

Juia BifcitoBaHHS aHOMAIbHUX 3HA4Y€Hb y BHOIPIIi BUKOPHUCTOBYETHCS KPHUTEPIH Yacy BiIHOBICHHS, IO
0a3yeTsCsl HA BigHOMmIEHHI (DakTHYHUX BUTpAT ((PpakTHUYHUI Yac PEMOHTY) A0 HOPMATHBHUX (TPaHUYIHO
JOTTyCTUMHUN 4ac PEMOHTY):

Td)m\‘m < TH()pM > (3 )

1€ Ty — GaKkTHUHME YaC PEMOHTY; 7, — HOPMATHBHUH (TPAHMYHO JOIYCTUMHUIT) Yac PEMOHTY.

opm

SIkmio 7 >T MOJIisl BBAXKAETHCS aHOMAJILHOIO 1 BUKITFOYAETHCS 3 BUOIpkH. Takuii miaxia J03BOIIsIE

pakm HOpM >
BiJIOKPEMHUTH THIIOBI Omepallii 3 TEXHIYHOTO OOCIyrOBYBaHHS Bif BHITAJKIB, KOJIHU NETpajalis CTPYKTypH
MaTepiany abo JIATeHTHI JeeKTH MPU3BEIH JI0 HenepeadadyBaHOTO 3pOCTaHHS TPYIOMICTKOCTI POOIT.

CyTb MeTOy MOJsiTae B TOMY, IO MU MOPIBHIOEMO (aKTHYHHK Yac PEMOHTY 13 HOPMATUBHHUM. SIKIIO
PEMOHT TPUBAE JOBIIE BCTAHOBJICHOT HOPMH — 1€ CBIAUNTH PO JIaTeHTHI Biamoru [6], [8], [10], [11] abo
KpuTHYHUH ctaH cuctemu. [lomiOHI momii BUKIFOYArOTHECS 3 BUOIPKH — I1€ JI03BOJISIE OTPUMATH 00’ €EKTHBHHN
MOKa3HUK HAJIHHOCTI, 0a3ylo4Hch JIMIIE HAa INTATHUX 1 MPOrHO30BaHMX mporecax. Komu po3ciroBaHHS
MEPEBUIIY€E JIOMYCTUMI MEXi, CTATHCTHYHA OJHODPIJHICTh TPYIH OCTATOYHO PYWHYETHCS, IO BHMArae
MEPEeX0.Ty BiJl CEpIHHOTO OIIHFOBAHHS JI0 1HIUBIAYATBEHOTO KOHTPOJIIO TEXHIYHOTO CTaHy.

[IpakTi4aHO, aHANI3yIOUX BiIMOBH, CIIiJI OpaTH J0 yBaru He Juiie Qi3WIHUNA MPOIIEC, MO MPU3BIB /10 HUX,
a W BIJHOCHTH II}0 BIJMOBY JI0 BiJIIIOBIHOrO INEpioAy eramy ekciuviyatarii. Lle Tum Oiiabin BaKIUBO, IO
cToxacTuyHi (iIMOBipHICHI) TOKa3HUKW HAJIHHOCTI MalOTh CEHC JIMIIE B TOMY BWIIAJKYy, SKIIO BiJOMO, Ha
SIKOMY YaCOBOMY IHTEpBaJli BOHU OTpUMaHi. Po3po0iennii mixia moiisie eTam ekcruryaTarii Ha Iepioiy, mo
Oyab-sIKWH 3 MepioJiB MEHIIINHN, HIX YBECh eTall eKcruryaTaii. ToOTo aist 0y 1b-IKOTro i-ro mepiomay:

n
Ti < Z Ti, (4)
i=1
Jie 7; TPUBAJIICTh KOHKPETHOTO (i-r0) JA0CIiPKYBaHOTO MEpioy eKcIuTyaTarii (iHTepBall MiXk peMOHTaMu abo
€Tarl OJIOBKEHOTO PECYPCY); 7 — 3arajibHa KiJIbKiCTh yCiX MepioiB, Ha SKi PO3/1JICHO TIOBHUH KUTTEBUN UK
n .
TEXHIYHOI CHCTEMU; | — MOPSAKOBHI HOMep oTo4HOTo riepiony (i =1, 2,....., n); Z 7; — MIOBHA TPUBAIICTh

i=1

excruryataiii TC, 110 TOpiBHIOE CyMi BCIX OKPEMHX YaCOBHX 1HTEPBAIB.
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Ile, B CBOEIO YEeproro, IMO3BOJIIE OTPUMATH BIAMOBIAHI OIIHKM TOKA3HWKIB HAIIHHOCTI, OMU3BKI IO
(daxTaanx. KpiM mporo, MOKa3HUKH, IO CIIHPAIOTHCS HAa CepeIHi 3HA4YCHHS (NP MOMEHT BHUIIQJIKOBOL
BEJIMYMHM), OyAyTh Kpallle XapakTepu3yBaTH BiAIOBIIHI BUOIPKH.

s 3a0e3meueHHs] «YUCTOTH» BUOIPKM Ha BCIX €Tamax MPOMOHYEThCS BUKOPHUCTOBYBATH TOKAa3HUK
TEXHIYHOT'O BUKOPHCTaHHA k,, [10], [12] Ta moka3sHMKH TOTOBHOCTI k., 0 BPaXOBYIOTh 4ac HAIPAIIOBAHHS

T Ta 9ac BiTHOBIICHHS Tp.
Juia xinmpkicHOT o1iHKH epekTrBHOCTI BuKoprcTanHsA TC Ha KOKHOMY cTpaTr(]iKOBaHOMY eTarri JOLiTHHO
BUKOPUCTOBYBATH KOE(ILIEHT TEXHIYHOTO BUKOPUCTAaHHSA k,, [10], [12] y Burmsmi:

T
T+rp

i )
ne T — cymapHe HanpauioBaHHs 00'ekTa B roanHax (abo LUKIaxX) 3a JAOCHIUKYBaHUH NIepiof; 7, — CepeaHii

gac, BuTpadeHni Ha Bci Buan TO ta KP mpoTsirom mporo x mepioxy.
Jug OijpIn  JOeTampHOTO aHami3y 3 ypaxyBaHHSAM 4dacy 30epiraHHs Ta TPaHCIOPTYBAaHHS Tssrp
BUKOPHUCTOBYEThCA Koe(ilieHT rotoBHOCTI k. [13], [14] y Burnsni:

T

T+ T+ Tosmp

k a s (6)

pe T — HalpalOBAaHHS CHCTEMH; T, — CEPEHIN Yac BiHOBJICHHS (PEMOHTY); 7,5, — CyMapHHil 4ac, 0

0.mp
BUTPAYAETHCS HA 30€pIraHHs Ta TPAHCIIOPTYBaHHSL.

BuxopucranHs 11i€l mapu MOKa3HUKIB JO3BOJSE TUGPEPEHIIIOBATH BIUIMB IUTAHOBUX BiTHOBIIOBAaIHHIX
poOIT k,, Ta BUIIAJKOBHUX BIIMOB k,., 1110 € BaKJIUBUM JJI1 KOPEKTHOI OIL[IHKM TEXHIYHOIO CTaHy Ha eTanax

mooBXkeHHs pecypcey [13], [14].

Ha xoxnomy 3 Buainenux intepsaiiB XL (nuB. puc. 1) npoBoauThcs nudepeHniioBaHui aHali3 BiJMOB,
o J03BosAE€ chopMyBaTH O0'€KTUBHY IUCTPHUOYTHBHY XapaKTEPUCTUKY IJIsi KOXKHOI CTajii, BpaxoBYIOUH
cnerrdixy (Gi3MIHUX MPOIECIB Aerpagamii

Po3po6enuii miaxi nependadae OMiHKY CTATUCTHYHUX JAHUX IIPO BIIMOBH 33 THIIAMHU TEXHIYHUX CUCTEM
JUIS BiJITIOBIIHUX IHTEPBAJIIB Yacy, a came:

I eram: no meprmoro kamitaneHOTO peMoHTY KP1;

II eran: excruryaranis micist nepmoro KP1 go KP2;

I eran: nepiox micnst KP2 1 10 MOMEHTY 3HSITTSI TEXHIYHOT CHCTEMH 3 €KCILTyaTallil;

IV eram: mepiox «30UIbIIeHHS] BCTAHOBJICHUX MOKA3HUKIB» CHUCTEMH IIICIS 3aBEPILCHHS NMPU3HAYEHOTO
TEPMiHY CITyKOH.

Taka pmeramizarnis 3a eranamu J03BOJIIE CHOPMYBATH O0'€KTHUBHY JAUCTPUOYTHBHY XapaKTEPUCTUKY IS
koxHoi craaii XKI[ o6’exra. Ile 3a0e3neuye mepexij 10 BUCOKOS(EKTUBHOI cTpaTerii 00CIyroByBaHHS, Ji¢
pO3paxyHOK MOKa3HUKIB k,, Ta k, mepecrae OyTH 3arajgbHO CTATHCTUYHHM.

Crparudikauis XL Ha iHTepBanu T; 103BOJIsiE cHOPMYBaTH AJISI KOXKHOTO 3 HHUX BIACHUH Npogiib
edexTuBHOCTI, 1110 Oa3yeThCs HA AMHAMIlL KOoeIlli€HTIB k,, Ta k,.:

—Ha [ ta II eranax nmokasHuku k,, Ta k, CIAYIYIOTh Ul HIATBEPHKEHHA IIPOEKTHOI HAMIMHOCTI 00’ €KTa.
B r CIYTYy A ATBEP p b

Bonu BUKOpHCTOBYIOTHCS /st Bepudikaii 3akiaieHuX BUPOOHUKOM PECypCiB Ta onTuMizallii (TIaHyBaHHS)
TO. Bynp-sike CyTTEBE BiIXHIICHHS Ha IIMX €Tanax CBIIYUTh PO CUCTEMHI HEJIONIKH cepii abo mopyIIeHHs Ha
eTari eKcIuTyaTarti.

—Ha III Ta IV eramax 1i KoedillieHTH CTalOTh IHCTPYMEHTOM IHJUBIAyaIbHOI AiarHOCTUKH. SIKIIO AJIst
KoHKpeTHOI onuHuli TC 3HaueHHS k, NOYMHAE CTPIMKO 3HMKYBATHUCS IOPIBHAHO 3 CEPEIHIM IO eTamy

(uepe3 3poctaHHs T, Yy dopMmyni 5), e € MpSIMAM CHTHAJIOM IPO BUYEPIIAHHS «TCHETHYHOTO» pecypcy
MatepianiB. Takuii CTaH € MiJCTaBOIO JJISl TPUAHATTS PIllIEHHs MPO BUBEJCHHS KOHKPETHOrO 00’€KTa 3
eKCIUTyaTallii, HaBiTh SIKIIO HOTO KaJIeHAAPHUN TEPMiH CIyKOH Ie He BUUEpIaHo.

3anpornoHoBaHa METOIOJIOTIS peati3ye mepexij BiJ JeTepPMiHOBaHNX MOJIeNIeH «EKCIUTyaTallii 10 BIIMOBH»
a00 HOPMAaTHBHO-PETIIAMEHTHOT ITapaTUrMH JIO CTPATETii MPOAKTUBHOTO YITPABIiHHS (PAKTHUYHOO HAJIHHICTIO.
BrpoBajpkeHHst Takoro TiAxoay 3a0e3rnedye JIOCATHEHHS CHHEPreTHYHOro e(eKTy: Bepudikallio
MaKCUMaJIbHOTO PiBHS 0€3MEeKH MOJIBOTIB NPU OJHOYACHOMY HOPMOBAaHOMY BHUYEpPIaHHI MI)KPEMOHTHOTO Ta
MPU3HAYEHOTO Pecypcy KOXKHOT TexHiuHOo1 onuHwuii. Lle, y cBoto uepry, 103BoJIsi€ CBOEYACHO iIeHTU(IKYBAaTH
JATEHTHI Tporiecu (i3UYHOTO CTAPiHHSA Ta HAKOMMYCHOTO 3HOCY MaTepiajiB, IO J03BOJISE ONTUMI3yBaTH
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eKCIUTyaTalliifHI MMOKAa3HWKHA TEXHIYHOTO BHUKOPHCTAHHS Ta TOTOBHOCTI MPOTATOM YCHOTO KHUTTEBOTO ITHKITY
TC.

BucHoBkn

OOrpyHTOBaHO 3aCTOCYBaHHS AMHAMIYHOI cTpatudikaiii »kutreBoro mukiry TC 3a goTupma eranamu, mo
JIO3BOJISIE BPaxyBaTH NMPUPOIHY JCTPaallilo MaTepialiB, sKa HE HIBEIIOETHCS PEMOHTaMH, Ta 3a0€3ICUUTH
CTaTHCTUYHY OJHOPITHICTh BUOIpKH [6], [8]. BpoBamkeHO MOJENb «OUUIIICHHS» BUOIPKHU BiJl aHOMAJTIH 3a

TEPMIHOM 30€piraHHs MoHa/| 2 POKH Ta IOKa3HUKOM T, /T, > 1,110 ycyBae MOXHOKH OIIHKH TOKA3HUKIB

Hopm
ks Ta k,., cIpHYMHEH] IPUXOBaHMMHM BiaMoBaMu. lle 0OyMoBIIOE mepexin Bij CepiiHMX HOPMATHBIB JIO

cTparerii iHAHBilyaTbHOTO0 KOHTPOJIO TEXHIYHOT'O CTaHy KOKHOI OJJMHUL aBiallifHO-TPaHCHOPTHOTO MapKy.

VY cTarTi BIOCKOHAIEHO MiXi[] 10 aHaJi3y eTaly eKCILTyaTarlii >KUTTEBOTO IHKITY TPAHCIIOPTHOTO 3ac00y.
Ha momatok mo panime po3pobneHoro y [4] mIisxoM BOPOBAKEHHS METOAWKH TIMOOKOI cTpaTHdikarii
BIIMOB 3 ypaxyBaHHSM 4YacOBUX IHTEpPBaJIiB iX BWHHKHEHHS. BHWKOpHUCTaHHS TEepMiHIB NpOBEACHHS
KaIliTATbHUX PEMOHTIB SIK PEMEPHUX TOUYOK J03BOJIIE MIHIMI3yBaTH BIUIMB BHIIQJKOBUX YHWHHHKIB Ha
CTaTHCTUYHY MOJEIH Ta 3a0€3MeYnTH 1AeHTH(DIKAIIIO0 caMe PeCypCHUX XapaKTePUCTHK CHCTEMHU.

Hapani BuaaeTbcst OOUINBHUM BHUKOPUCTOBYBATH PO3POONEHUH MiAXiA UIi OTPUMaHHA KiJIbKICHHX
MOKa3HHUKIB Ha BiAMOBIMTHUX MEPiOAaX y MOJEIAX MPOLECY PEMOHTY, IO Ma€ MiIBUIIUTH JOCTOBIPHICTH
PE3yIJIBTATIB MOJICITIOBAHHSL.
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O. Anipko
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On one approach to the homogeneity of the statistical estimation of technical
systems

Kozhedub Kharkiv National Air Force University

The article addresses the problem of ensuring the statistical homogeneity of empirical data in the reliability and availability
analysis of complex technical systems (CTS). The author proceeds from the thesis that statistics, as the science of homogeneous
events, requires a strict identification of common characteristics among research objects, as ignoring this factor leads to coarse
and uninformative results. The work draws a parallel between stratification methods in medicine (specifically in gerontology) and
the processes of technical operation of aviation and transport fleets. It is substantiated that just as medical statistics account for
age-related changes in the body (children, adolescents, elderly), technical evaluation must be based on the dynamic stratification
of an object's life cycle to account for irreversible structural changes in materials, metal fatigue, and accumulated wear.

The methodological foundation of the study is the distributive approach, which involves classifying failures according to spe cific
physical degradation processes such as corrosion, vibration, friction, and thermal loading. The author details a graphical model
of life cycle stratification, clearly demonstrating the increase in the baseline failure rate even after major overhauls, caused by
processes that repair cannot neutralize. Special attention is paid to the extended operation stage where latent failures that are not
detected by routine maintenance methods (MS-1, MS-2) become critically important.

The scientific novelty of the work lies in the development and substantiation of a criterion for filtering out anomalous values in
a statistical sample to maintain its homogeneity. It is established that exceeding the standard indicates the presence of hidden
defects, requiring the exclusion of such events from the general calculation of reliability indicators.

In the final part of the article, the author proposes using the availability factor kts and the coefficient of technical utilization k-
as tools for quantitative efficiency assessment across four intervals: before the first overhaul, between repair cycles, until
decommissioning, and at the "life extension" stage after the expiration of the designated service life. The proposed approach
enables a transition from averaged reliability estimates of the entire fleet to individual technical condition monitoring for each unit
of the CTS, ensuring high predictive accuracy.

Keywords: reliability of technical systems, statistical homogeneity, life cycle stratification, distributive approach, latent failures,
coefficient of technical utilization, availability factor, anomalous values, restoration time, gerontological changes in technology,
aviation transport, diagnostics, technical condition, operation, resource constraints, forecasting, reliability function, preventive
maintenance, complex technical system (CTS), depreciation.
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VJIK 629.361:628.4 DOL: https://doi.org/10.31649/2413-4503-2026-23-1-11-16
O. B. Bepesiok

3AJIEXKHICTH TPUBAJIOCTI 3BABAHTAKEHHS TBEPIUX
MNOBYTOBUX BIAXOJIB Y CMITTEBO3 BIJI CUJIU
BATUCKAHHSI KOHTEMHEPA

BiHHMIBKWI HAIllOHATHHINA TEXHIYHUH YHIBEPCUTET

lidsuwieHH moyYyHOCMI MO3UUiOHY8aHHSI MaHifysmopa cMimmeeo3a € 8aX/nueuM YUHHUKOM 3abes3rneqyeHHs
HaditiHocmi ma 6e3rneKku rpouecy 3asaHmakeHHs KOoHmelHepie, modi K KOHMPOsb Cunu (1020 3amucCKaHHs
00380715€  MiHIMI3y8amu [OWKOOXEHHST mapu, 3MeHwWumu OUHaMiYHi HaBaHMa)XeHHs1 Ha KOHCMPYKUito ma
nideuwumu doez208i4yHicmb 2idporpusody i KiHemMamuyHuUX 8y3rie. ToMy 8U3HaYeHHs peepeciliHoi 3anexHocmi
mpusasiocmi 3asaHmaxeHHs1 meepoux robymosux ei0xodie y Ky308 cmimmeso3a 8i0 cuslu 3amucKaHHS
KOHmMelHepa, sika Moxe bymu esukopucmaHa Ornsi po3pobKu MemoOUKU iHXEeHePHUX Po3paxyHKie napamempie
MexaHisMy 3asaHmaxeHHs meepdux nobymoesux e6i0xo0ie y Ky308 cMIimmesos3a, € akmyalsbHOH HayKoeo-
mexHiyHoto 3adayero. Mema docnidxeHHST — nobydosa 3 BUKOPUCMAaHHSIM pe2peciliHozo aHarnisy pezpeciliHol
3anexHocmi mpueasiocmi 3agaHmakeHHs1 meepdux nobymosux eidxodie y cmimmeeo3 8i0 cunu 3amucKaHHS
KOHmMeliHepa, sika Moxe bymu eukopucmaHa 08 po3pobKu MemoOUKU iHXEHEePHUX PO3paxyHKie napamempie
MexaHi3aMy 3aeaHmaxKeHHsi meepoux nobymosux ei0xodie y cmimmego3. [ns npoeedeHHs OO0CriOXKeHHS
3acmocogsaHo Memo0O pe2peciliHo20 aHanidy napHUX 3anexHocmeld ma pesynbmamie O00HOMaKMOPHUX
ekcriepumeHmig i3 aubopom Halibinbw adeksamHo20 8udy BYHKUII i3 wicmHadusmu HadnowupeHiwux eudig
8UKOPUCMOBYIOHU Kpumepill MakcumarbHO20 3HaqYeHHs1 KoegbiuieHma kopernsyji. OmpumaHHsi pieHsIHb pezpecii
30ilicHI08aI0Cb Ha OCHOS8I JliHeapu3yeasibHUX NepemaeopeHb, WO 00380/150Mb 38eCMU HEIHIUHY 3anexHicmb 00
niHiGHOL. Ob4ucneHHs1 KoegiuieHmie pieHsIHb peapecii Mpoesodusniocb 3 8UKOPUCMAaHHSM MemoQdy HalMeHWUX
keadpamie (3 3acmocysaHHsIM pPo3pobrieHoi Komm’tomepHoi npozpamu "RegAnaliz”. OmpumaHo peepeciliHy
3anexHicmb mpueasiocmi 3asaHmakeHHs1 meepoux rnobymosux eidxodie y cMimmeso3 8i0 cunu 3amucKaHHS
KOHmMelHepa, wo moxe bymu suxkopucmaHa 05 po3pobKu MemoOUKU IHXEHEPHUX po3paxyHKie rnapamempis
MexaHisMy 3asaHmakeHHs meepdux nobymosux eidxodie y cmimmegos. [NobydosaHo epahiyHy 3anexHicmb
mpusarsiocmi 3aeaHmaxxeHHs1 meepdux nobymosux 8idxodie y cmMimmeego3 8i0 cunu 3amuckaHHsi KOHmeuHepa, wo
0do3eonsic Haz2nsi0HO 8idobpa3umu daHy 3anexHicmb ma rnokasamu ocmamHio 36iKHICMb MiX meopemuyHUMU
pesynbmamamu ma hakmuyHUMU. BcmaHoeneHo, wo mpusanicme 3agaHmaxeHHsi meepdux nobymosux gioxodis
y Ky308 cMimmego3a npu 36inbUWeHHI cunu 3amuckaHHs KoHmeUlHepa 3p0cmae 3a CImereHe8or 3aexHicmio.

Knio4yoBi cnoBa: 3aBaHTaXXeHHsl, CMITTEBO3, MaHinynaTop, TBepAi NobyToBi BiAXoAW, perpeciiHa 3anexHicTb,
perpecinHui aHanis.

Beryn

30upaHHs Ta MEePEeBE3CHHS TBEPAMX MOOYTOBUX BiIXOJiB A0 MiCLb MOAAJIBLIONO MOBOHKEHHS 3 HUMH B
HaIii KpaiHi 341HCHIOETBCS SIK IPAaBUIIO KY30BHUMH CMITTE€BO3aMHU, BUKOHABYI OPraHU 3aBaHTAXKEHHS SIKHX
BUKOHAHO SIK MaHIMyJSTOPH 3 TifpaBiiyHuM npuBojoMm [1-5]. B Ykpaini 3actocoByrorhesi Maibke 3700
CMITTEBO3IB, MIO CIIPOMOXHI TIPOBOJAWTH VIIIJIBHEHHS TBEPAMX MOOYTOBHUX BiJXOJiB, 3MEHIIYIOUH
TPaAHCIIOPTHI BUTPATH Ta MOTPiOHI TUIOMII ITOJITOHIB JUIsl 3aXOpoHeHHs. KoMyHansHe TOCmoaapcTBO Haoi
KpaiHH TIOBUHHO 3a0e3ledyBaTHCsS Cy4acHHMMH, BHUCOKONPOAYKTHBHHUMH Ta OaratoyHKIIOHaJIbHHUMH
CMITTEBO3aMHU, L0 BiAITPAIOTh KIIFOYOBY POJIb y CUCTEMI 30MpaHHs, TPAHCTIOPTYBAaHHS Ta YyTHIII3AIlil TBEPANX
nmoOyToBuX BiaxoniB. EdexTuBHa poOOTa TAKUX MAIINH € OJHUM 13 0a30BHX YHHHUKIB €KOJIOTIYHOT Oe3MeKH
MICBKUX TEpHUTOpill 1 3a0e3ledeHHs CaHITAPHOIO CTaHy HACEIeHUWX IMyHKTIB. 3rigHo 3 oQdiuiiHUMHU
CTaTUCTUYHUMHU JIaHUMH, IIOPOKY B MICTax 1 CENUIIAX MICHKOTO THUITy YKpaiHu HaKOMUIY€EThCS OJIM3bKO 54
MJIH M® TBEpAMX TOOYTOBUX BiXOiB, mpudomy 93,8 % i3 poro o0cAry HapaBIsIETbCA Ha CMITTE3BAJIMILA Ta
MOJITOHH, 2 % MiAA€THCS CIIAIIOBAHHIO HA CMITTECTIANIIOBAIBHUX 3aBOAAX, a uie 4,2 % BiAXOiB OTpaIuise
Ha IMyHKTH 300py BTOPHUHHOI CUPOBHHU a00 HA cMiTTeEnepepoOHi mianpuemcrsa [6]. [Ipu nipomy mmopivHuit
MPUPICT KITBKOCTI TBEPAUX MOOYTOBHUX BIIXOIB CTAHOBUTH On3bk0 0,5 % [7], 110 CBiqYHTH TIPO cTabiIbHY
TEHJCHIII0 O 3pPOCTaHHS HABaHTAXEHHS Ha CHCTEMY IOBOKEHHSA 3 BiAXoAaMu. 3a yMOB IOCTiHHOTO
30iNbIIeHHsT 00CATIB TBEpAMX MMOOYTOBHUX BIOXOMIB 1 MiJIBUIICHHS EKOJOTIYHUX BHUMOT, OCOOJIMBOT
akTyanpHoCcTI HaOyBae CBO€4YacHa Ta pallioHaJbHa OpraHizaiisi mporeciB 300py, TpaHCIOPTYBaHHS,
nepepoOKH Ta yTHIII3AMii TBEpAUX MOOYTOBUX BiJXOMIB, OCKUIBKH BiJl I[LOTO O€3MOCEPEHBO 3aJCIKUTh
€KOJIOT14Ha CUTYalisl y MicTaX, a TAaKOX CaHITapHO-TIri€HIYHI YMOBH NMPOXUBaHHs HaceieHHs. [linBuieHHs
CTaHJAPTIB SIKOCTI KOMYHAIBHOTO OOCITYTOBYBaHHsI TPOMAJISH, 30KpeMa B YaCTHHI CaHITAPHOTO OYWIIICHHS
TEPUTOPii, BHCYBa€ HOBI BHUMOTH JI0 TEXHIYHOTO pIiBHS Ta EHEProeeKTHBHOCTI CIeliati30BaHOrO
aBTOTpaHCOpTy. CMITTEBO3M Cy4acCHUX KOHCTPYKLiN MOBUHHI 3a0e3Me4uyBaTH He JHIe e()eKTUBHE 30UpaHHs
1 VIIITBHEHHsI BIIXO/IIB, ajie i MiHIMI3yBaTH BUTPATH €HEPrii, CKOPOUyBaTH Yac Oolepallii 3aBaHTaKEHHs Ta
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BHBAHTKCHHSI, a TAKOX BiATIOBIAATH €KOJOTIYHUM HOPMATHBAM IT[0JI0 BUKH/IIB IITKIIJTUBUX PCUOBHH.

Y HaykoBiif cTarTi [8] ommcaHi PIBHAHHA PyXy ManorabapuTHOTO ITHEBMOKOJICHOTO (POHTAIHHOTO
HaBaHTaXXyBada Yy BUIVISIII cUCTeMH AWQPIBHAHB PyXy HENiHIMHOTO XapakTepy il 4ac aBTOKOJHMBAaHB,
MPOBENEHO aHali3 BIUIMBY Ha MapaMeTpH aBTOKOJMBAaHb OKPEMHX MapaMeTpiB HaBaHTa)KyBada. BuzHaueHo
OCHOBHI TEOPETHYHI 3aKOHOMIPHOCTI, a TaKOXX MapaMeTpy aBTOKOJIMBaJbHUX IPOIECIB HABAaHTAKyBada.
BcTanoBmennii BIUIMB Ha BUXIJHI ITapaMeTpH AaBTOKOJIMBAHb OKPEMHUX IapaMeTpiB MajaorabapuTHOTO
MTHEBMOKOJIICHOTO (DPOHTATIBHOTO HABAaHTaXKyBaya.

B poborti [2] mpeacraBieHa po3paxyHKOBa CXeMma Ta MaTeMaTHYHA MOJENb TiIpaBIidYHOTO HPHUBOIY
(pOHTATBHOTO HABAaHTAXKyBadya MAHIMYJIATOPHOTO THITY OCHAIEHOTO TaIBMIBHAM KJIAllaHOM, IIIO BPAaXOBYE
pe3yIbTaTH EKCIIEPUMEHTAILHOTO BU3HAYEHHST MOMEHTY OMOpYy Ha IJIaHmIai0i peryabOoBaHOrO Hacoca 3a
PaxyHOK CTOXaCTUYHOI CKJIaJ0BOI MOMEHTY OTIOpY.

B wmarepiamax nHaykoBoi crtarTi [9] 3ampomoHOBaHAa MaTeMaTWYHAa MOJENh HENIHIHHOTO XapakTepy
T1IpaBIiYHOrO MPUBOAY MOBOPOTY BaXkKeJIsl MAaHIMyJIATOpPa Ha TEXHOJIOTIYHIN onepanii 3aBaHTaXKeHHS TBEPAUX
MoOYTOBHX BiAXOIB Y CMITTEBO3, YUCIOBE JOCHIPKEHHS SIKOT 03BOJIMIIO OOYAyBaTH pErpeciiiHy 3al1exHICTh
TPUBAJIOCTI TTOBOPOTY Ba)KeJsl MaHIITyNIsATOpa BiJ BiACTaHI MK IEHTPAMH TOBOPOTY INTOKA Ta Ba)Kels Ta
MMOYATKOBOTO 3HAYEHHSA KyTa HAXWIy OCI TiAPaBIIYHOTO MWIIHApa BIJHOCHO TOPWM3OHTAl, Ha 0a3i Kol
BHU3HAYEHO ONTHMAIIbHI 3HAYCHHS MEPepaxOBaHUX MapaMeTpiB, A SKUX 3HAUYEHHS TPUBAJIOCTI MOBOPOTY
BaKeJIsI MaHImynaTopa € MiiMansHuM [10]. [Ipu mboMy y mpotieci JociipKeHHs TapaMeTpaMy MaTeMaTHIHOT
MOJIETIi CIYTyBaJli pealbHi mapaMeTpu 6a30Boi Mojeni cepiitHoro cMitteBo3a KO-436 [11].

VY HaykoBili po6oTi [12] BusiBIEHO perpeciiiHi 3aJe:KHOCTI OKa3HUKIB SIKOCTI MepeXiHUX MPOIIECiB, 110
BIJNIOBIZIAl0OTh TYCKY TiJpaBIiYHOrO TPHBOAY IOBOPOTY BayKelsi MaHIMyJsiTopa IIiJi 4Yac BUKOHAHHS
TEXHOJIOTIYHOI omepamii 3aBaHTaKEHHS TBEPAUX MOOYTOBHX BIIXOIIB y Ky30B CMITTEBO3a, a TaKOX
BCTaHOBJICHO, 10 Ha 3HWKEHHS TEMITIB 3POCTaHHS 3HOIIEHOCTI aBTOMAPKYy CMITTEBO3iB KOMYHaJILHOTO
TOCIOAapCTBa, 30KpeMa MEXaHi3MiB Ta TPHBOAIB, IO 3a0E3MEUyIOTh 3aBAHTAXKEHHsI TBEPIUX MOOYTOBHX
BIJIXOJIB y Ky30B CMITT€B03a MTO3UTHBHO BILTUBAE CKOPOUYEHHS MIXKIICHTPOBOI BiJICTaHI TIOBOPOTY BAXKENS Ta
IITOKA.

B crarti [13] omyOsikoBaHO JliHEapU30BaHy MaTeMaTHYHY MOJEIb TiIPaBIiYHOTO IPUBOAY TOBOPOTY
Ba)KeJIsl MaHIMyJISATOPA, IO ONKCYE TEXHOJOTIYHY OMEpallilo 3aBaHTAKEHHS TBEPAUX MOOYTOBUX BIAXOMIIB y
KY30B CMITTEB03a, SIKa JI03BOJIMIIA OJIepKaTH HAaOMIKeH] aHaIITHYHI 3aJIe)KHOCTI TUCKY B HAIMIPHIN MaricTpati
T1IpaBIiYHOrO MIJIIHIPA, KyTa IOBOPOTY Ta KyTOBOI IIBUAKOCTI BaXKeJIsl MAHIMyJIATOPA 3 TUIMHOM 4acy.

VY crarti [14] po3po0iieHO MaTeMaTHYHY MOJENb, IO JO3BOJIAE BU3HAYATH ONTHMAaJIbHI T€OMETPHYHI
napaMeTpy KOHCTPYKTUBHHX E€JIEMEHTIB MaHINyJISATOpa 3 ypaxyBaHHAM MaKCHMAJIbHOTO BHIJIBOTY CTPLIH,
BaHTAXXOMIMOMHOCTI Ta PsIy IHIIMX KIHEMAaTUYHHX XapaKTEPHCTHK MAaIlIMHHU. Taka MOJENb € BaKJIMBUM
THCTPYMEHTOM ISl 1HXKEHEPiB-KOHCTPYKTOPIB, OCKUIBKM BOHA 3a0e3Medyy€e MO>KIMBICTh palioHaJbHOTO
BHOOPY PO3MIPHUX IapaMmeTpiB eJIeMEHTIB KOHCTPYKIIi 3 METOI IiJBUINEHHS e(EeKTUBHOCTI POOOTH
MaHimyJsTopa Ta 3a0e3rnedeHHs Horo HaliiHOCTI i 9ac ekcruryarartii. [Ipu oMy okpeMy yBary npuaisieHO
0COOJIMBOCTSAM pOOOTH MIAPHIPHUX 3’ €AHAHB, SIKi QYHKI[IOHYIOTh Y IIUKITYHOMY PEKUMI, IO XapaKTepPHO JUIs
MallliH MaHINyJSITOPHOTO THIYy. BCTaHOBIEHO, MmO B TakMX YMOBax (OPMYyBaHHS TOBHOI[IHHOTO
TIPOJMHAMIYHOTO PEKUMY TEPTS € HEMOXIIMBHM, OCKUIBKM HPOLEC 3MaIlyBaHHS MPOTIKA€ MEPEBAXHO B
PeKMMax HaIIBCYXOI0 Ta IPaHUYHOTO TepTs. L{e 00yMOBIIIOE T IBUIIIEHI BUMOTH JIO BIACTUBOCTEH MaTepialiiB
JeTase, 10 SKOCTI MOBEPXHEBOi 00pOOKH Ta 10 €PEKTUBHOCTI CUCTEMH MalllEHHs, OCKLIBKY caMe 11l (hakTopu
BH3HAYAIOTh 3HOCOCTIMKICTH i JOBTOBIUHICTh IIAPHIPHUX BY3IJIiB Yy pEANIbHUX yMOBax ekcruryarariii. Ha
BiIMIHY BiJI YCTaJIEHOTO PEXHUMY TiIPOAMHAMIYHOTO TEPTSA, PoOOTa MiANIMITHUKIB KOB3aHHS B YyMOBax
HaMIBCYXOr0 YW IPAaHUYHOTO TEPTS CYMPOBOJIKYETHCS 1THTEHCHBHILIMM 3HOLIYBAHHSM MOBEPXOHb TepTs. Lle
NPU3BOJMTH J0 MOCTYIIOBOI BTPaTH KiHEMAaTHYHOI TOYHOCTI, MOSIBU JI0OJATKOBUX JHHAMIYHAX HABaHTa)KCHb,
yAapHUX HaBaHTaXeHb 1 BiOpaiiid, sKi, y CBOIO Yepry, CIPHUYMHSIOTH PO3BUTOK (PETTUHT-KOPO3ii Ta
nepeayacHe pyHHyBaHHA JeTanei. [t 3MEHIIEHHS CHJIM TEpTs 3alpoloHOBaHO BHKOPHUCTOBYBATH
CHeLiaNbHI MOKPUTTS CHPSHKEHUX EJIEMEHTIB HIapHIPIB MaHIMyJsATOPIB, 30KpeMa CBUHIEBI, (ocdaTHi Ta
inaieBi. JloBeneHO, MO IHTEHCHBHICTh KOHTAKTHOI'O 3HOLIYBAaHHS MOXKE OYTH 3HAYHO 3HIKECHA HUISTXOM
3aCTOCYBaHHSI MACTHJIBHUX MarepiajiB Ha OCHOBI Macel i JKUPIB, a TAKOXK KOHCUCTEHTHUX MACTHII, sIKi TIPU
temneparypi 25 °C HaOyBalTh TycToi, Ma3enoaioHoi KoHcucTeHIi. KpiM Toro, BU3HaAYEHO MONUIBHICTH
BUKOpUCTaHHS (ochaTHUX Ta AHOAHMUX METaJEBHX IOKPHUTTIB, IO CIPHUSAIOTH KPallOMy YTPHUMaHHIO
MaCTWIbHUX PEYOBMH Ha MOBEPXHAX TEPTS, MIABULIYIOUH €(PEKTHBHICTH iX pOOOTH Ta JOBIOBIYHICTh BY3iB.

VY HaykoBiii poboti [15] po3miIssHyTO METON CHUHTE3y TPAEKTOpii pyxy MaHimylsiiiHoro pobora 3
ypaxyBaHHSM HOT0 CTyTeHiB pyxJuBocTi. [TokazaHo, 110 3ruH mToka (opMye OMIOPHI peakilii B 30HI KOHTAKTY,
aHaJIOT14YHO 10 poOOTH Oaliku, sIKa CIUPA€ETHCS Ha JBi omopu. Ha OCHOBI BM3HAYEHOTO KOHTAKTHOT'O THCKY
MOJYKHA OI[IHMTH IOTEHLIHHI MPOIECH 3HOILIYBAHHS IMOBEPXOHb TiAPOLMIIHAPA, IITOKA Ta I'PYHAOYKCH.
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BcTanoBieHo, 110 HaBiTh 3a YMOB TOBHOi BIJICYTHOCTI HEOE3IIEKH BTPATH MIITHOCTI IITOKOM IIPH 3THHI,
KOHTaKTHI HaNpy>KeHHS, SIKI CATAIOTh MPUOJU3HO TPETHHH BiJ MEXi MIITHOCTI MaTepiairy, MOXKYTh CYTTEBO
MPUCKOPIOBATH 3HOC MOBEPXOHB TePTS. Takuil miaxiJ 103BOJISIE OUIBII TOYHO MOSICHUTH IPUYMHU YTBOPEHHS
XapaKTePHHUX KapTUH 3HOIIYBAHHS Ta BU3HAYUTH OCOOIHMBOCTI IXHBOT ieHTH(IKAII.

Y wmarepiamax ctarti [16] momaHO pe3ynabTaTH aHaNi3y KOHCTPYKTHBHHX OCOOJHMBOCTEH 3axBaTiB
MaHIMyJIATOPIiB Ky30BHUX CMITTEBO3IB Ta MOCHiPKEHHS I1XHBOI HamiiHOCTI. Ha OCHOBI mpoBemeHHX
JOCHiKEHb OylI0 PO3pO0JICHO pO3PaXyHKOBY MOJENIH CMITTEBO3a, SIKY PO3IIISIHYTO SIK KOJMBAJIbHY CHCTEMY.
B mporieci anani3y BCTaHOBJIEHO OCOOIMBOCTI KOJMBAHb PAMH CMITTEBO3a i/ 4ac pOOOTH, a TAKOXK BUSBICHO
3aKOHOMIpHOCTI ()OPMYBaHHS 3yCHIIb y B3a€MO/IIT €IEMEHTIB CHCTEMH «3aXBat — O6aK — 3axBaty. JlocmimpKeH s
MOKa3ajy, 110 HAaWOLIBIII HABaHTAXXCHHS NPUIAJAI0Th HA TATY Ta INTOK TiAPABIIYHOTO IMWIIHApPA, 1 i
HaBaHTAXEHHS 3pOCTAIOTh 31 301IbIICHHSIM MacH KoHTeiiHepa. [Ipu npoMy 3MiHa Macu caMoro CMITTEBO3a He
BIUIMBA€ HA BENMYMHY UM AaMIUIITYAy HABaHTaXEeHb, aje NPHU3BOAWTH 10 3MIHM IXHBOI YacCTOTHOL
XapaKTePUCTUKU. Y X0l eKCIUTyaTallifHUX CIIOCTEPEXEHb BCTAHOBJIICHO, IO OCHOBHOIO MPUYMWHOIO BiJMOB
CMITTEBO3IB € 3HOC 1 KOpO3is poOOUMX MOBEPXOHB JieTajeid poboyoro obnmaaHanHs. 3okpema, 32 % ycix
MTOJIOMOK y CHCTEMI TipaBIiYHOTO MPUBOAY MPHUIIAJAE Ha TIIPOMMITIHAPH. BiIMOBY 1IMX By3IiB TOB’A3aHi 3
nedopMallisiMi  ITOKAa Ta IWIIHAPA, 3HOIIYBAHHAM pOOOYMX TIMOBEPXOHb CIHPSDKEHb TIA €0
eKCIUTyaTalliifHuX HaBaHTa)KeHb, 110 BUHUKAIOTh YHACTIIOK HEPIBHOMIPHOTO 3aBaHTAXKEHHS Ky30Ba, 8 TAKOX
i3 aOpa3WBHHM 3HOIIYBAHHAM Yy BaXXKWX yMoBax poOotn. OCHOBHMM UYHWHHHKOM BiIMOB y pOOOTI
TiAPOTIPUBOY € THTEHCHBHHUI 3HOC POOOYNX MOBEPXOHHb KIIFOUOBHX JAETaled HOro KOHCTPYKINi, 30KpeMa
30JIOTHUKIB 1 KOPMYCIB TiJpOpO3MOAIILHHUKIB, a TaKOXK IITOKIB Tixpomninapi. JogatkoBum ¢axTopom
Jerpajiailii BUCTYIAE TiApoaOpa3uBHE IIOIIKO/PKECHHS, SKE BUHHMKAE BHACHTIJIOK HECBOEYACHOI 3aMiHU
rigpaBiiuHOi po60YO0T PiAMHU Ta 3aCTOCYBaHHS 3HOMIEHNX 200 HEAKICHHUX YIIITHHIOBAIEHUX €IEMEHTIB, TAKIX
SIK CabHUKU TiApaBIivYHUX HWITIHAPIB. Lle mpu3BoIuTh 10 TPOHUKHEHHS Y 30HY KOB3aHHS YaCTHHOK MWy Ta
MPOAYKTIB 3HOCY, 1[0 3HAYHO MPHUCKOPIOE PYyHHYBaHHS poOOYMX MOBEpXOHB. [ MiIBUIIEHHS pecypcy Ta
BIZTHOBJICHHS TIPAle3/1aTHOCTI JleTaleil pPEeKOMEHJOBAHO 3aCTOCOBYBAaTHM TEXHOJOTII0 XPOMYBAaHHS B
XOJIOJJHOMY CaMOpPETyJIhOBaHOMY €JIEKTPOIIITi, sSKa 3a0e3nedye OTpUMaHHsI XPOMOBHX MTOKPHUTTIB i3 BUCOKOIO
SIKICTIO OCajly, ITJIBUIICHOK 3HOCOCTIMKICTIO Ta JOCTaTHBOI IMPOJYKTHBHICTIO, IIO POOUTH ii OJHHM i3
HaHOUIBII MEPCIICKTUBHUX METO/IIB BiIHOBJICHHS 3HOLICHUX CJIEMEHTIB TiPOIPUBOIIB.

Y po6orti [17] mpoBemeHO aHATI THYHE MOCITIHKEHHS JTiHeapU30BaHO1 YIOCKOHAIEHOT MATEMaTHIHOI MOJICITI
(YHKIIOHYBaHHS T1APOMPUBOy MEXaHI3MY 3aBaHTaXXCHHS TBEP/HX MOOYTOBHX BIAXO/IB y Ky30B CMITTEBO3A.
Po3pobrnena moaens [03BOJsIE BpaxyBaTH OCHOBHI KOHCTPYKTHBHI Ta eKCIUTyaTalliiHI MapaMeTpu
TiIpocrucTeMH, 30KpeMa XapaKTePUCTUKH TAPONUIIIHAPIB, BTPATH TUCKY B T1APOJiHIAX Ta BILTUB 30BHIIITHHOTO
HaBaHTakeHHs. JliHeapu3allis piBHIHb PyXy Jajia 3MOTY OTPHUMATH aHATITHYHI 3aJI€KHOCTI, MPUIATHI s
MOJIANIBIIOTO 1HKEHEPHOTO aHaji3y Ta OI[iHIOBAHHS JUHAMIYHUX PEKUMIB POOOTH MeXaHi3My. Y pe3ysbTaTi
JOCII/UKEHHS, 30KpeMa, OTPUMAaHO HaONIDKEHY 3aJISKHICTh TPUBAJIOCTI IEpeBEpTaHHS KOHTEHHepa 3
ypaxyBaHHSM 3HOCY Iap TEpPTs B TiAPOLMIIH/PI Ta APHIPHUX 3’ €JHAHHAX.

B Mmartepianax crarti [ 18] 3amporoHOBaHO yIOCKOHAJICHY MaTeMaTHYHY MOJIENIb HEJIHIMHOTO XapakTepy
po0OTH TiIPONPUBOAY MEXaHI3My 3aBaHTa)XECHHS TBEPAMX IMOOYTOBHMX BIIXOJIB Y KYy30B CMITTEBO3a IIiJ| Yac
BUKOHAHHS TIEPEBEPTaHHS KOHTEHHEpa, IO JO3BOJIIIA BPaxyBaTH 3HOC Map TEPTS Ta YHCEIBHO IPOBECTH
JOCIIPKEHHSI TUHAMIKW IaHOTO TIPUBOJIY B MPOLEC] ITyCKY Ta BU3HAUUTH, 110 BPaxyBaHH: 3HOCY Tap TEpTs B
3HAYHI{ Mipi BIUIMBA€E Ha KJIIOYOBI MapaMETPH T1JIPaBIivHOI0 IPUBO/TY NIEpEeBEPTaHHS KOHTEIHEpa B mporiieci
3aBaHTa)XEHHS TBEPAUX IMOOYTOBUX BIAXOAIB y Ky30B CMITTEBO3a. BCTaHOBIEHO, IO TPUBAIICTH
nepeBepTaHHsl KOHTEHHepa B MPOIeci 3aBaHTAXEHHs TBEPIUX MOOYTOBHUX BiIXOMIB Y KY30B CMITTEBO3a [
yac 301IBIICHHS 3HOCY T1IPaBJIIYHOIO IIWIIH/PA 3POCTAE 32 CTEIIEHEBOKO 3aKOHOMIPHICTIO.

Bignosigno no nocranosu Kabinery MinictpiB Ykpainu Ne 265 [19], oqHuM i3 IpiOpUTETHUX HANpPsIMiB
JIepXKaBHOI TOMITHKH y cdepi YIpaBIiHHA TBEPANMH MMOOYTOBHMH BiXOJaMH BH3HAUEHO 3a0e3MeueHHS
BIIPOB/KEHHSI CYYaCHUX, BHCOKOC()EKTUBHHX 1 €KOJIOTIYHO OE3MEeYHMX CMITTEBO3IB, SIKi BiJIIOBIIalOThH
€BpoOIECHCHKIM cTaHjgapTaM. lle mepenbadae MoJaepHI3aIlil0 HAsIBHOTO PYXOMOTO CKJIAAy, YIOCKOHAIICHHS
KOHCTPYKLiH 0a30BUX MOJIeNIeH, 3aCTOCYBaHHS €HEProOIaIHUX TiAPONPHBOAIB Ta aBTOMAaTU30BaHUX CHCTEM
KepyBaHHsI TEXHOJIOTTYHIMH MPOIECAMHU.

VY 3B’s3Ky 3 MM BH3HAYCHHS PETPECIIHOT 3aIeKHOCTI TPUBAJIOCTI 3aBAHTAXKCHHS TBEPAMX MOOYTOBUX
BIJIXOJIB y Ky30B CMITTE€BO3a BiJi CHJIM 3aTUCKaHHS KOHTEWHEpa, sika MoOXKe OyTHM BHUKOpHCTaHa I dYac
PO3POOKM METOIMKH 1HKEHEPHHUX PO3PaxyHKIB IMapaMeTpiB MeXaHi3My 3aBaHTAXCHHS TBEPAUX MOOYTOBHX
BIIXOMIB Y Ky30B CMITTEBO3a, € aKTYaJbHOI HAayKOBO-TEXHIYHOW 3ajaucto. Po3B’si3aHHs 1i€i 3amadi
JIO3BOJITH MIJBHIIATH TPOAYKTHBHICTE POOOTH KOMYHAJNbHOI TEXHIKM, 3HHU3UTH BUTPATH IaJbHOTO,
CKOPOTHTH YaC BHKOHAHHS TEXHOJOTIYHMX OIepariii Ta 3a0e3nmeynTH eKoJOoriyHy Oe3leKky mix dac
eKCIUTyaTallii CMITTEBO3IB.
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Memoro pobomu € BU3HAYCHHS PETPECIHHOT 3aJIEKHOCTI TPUBAIOCTI 3aBAaHTAXXEHHS TBEPAUX MOOYTOBHX
BIJIXOMIB Yy Ky30B CMITTEBO3a BiJl CHJIM 3aTUCKAaHHSI KOHTEHHEPA, 1110 MOXKe OyTH BUKOPHCTaHa JJIs PO3POOKU
METOAMKH 1HKEHEPHHUX PO3PaxyHKiB MapaMeTpiB MEeXaHi3My 3aBaHTa)KEHHS TBEPAMX MOOYTOBUX BiAXOIIB y
CMITTEBO3.

Pe3yabTaTu KociaixKkeHHs

VY tabnuui | mokazaHi 3HaAYCHHS TPUBAJIOCTI 3aBaHTAKCHHS TBEPIUX MOOYTOBUX BIAXOAIB y CMITTEBO3 AJIS
pi3HOI CHJIH 3aTHCKAaHHS KOHTeHHepa macoro 150 kr [20].

Perpecis mpoBommmace 0a3yrOuHCh Ha JiHEAPU3YBAJTHHUX NEPETBOPEHHSX, SKI POOISATH MOKIUBUM
3BEJICHHS HENIHIMHOT 3aJIeKHOCTI 70 JiHiMHOI. OOunCiieHHsT KOedillieHTIB PIBHAHb perpecii BUKOHYBajIOCh
METOZOM HalMEeHIIUX KBaapaTiB [21] BUKOPHCTOBYIOUM PO3pOoOIIeHY KOMIT I0TepHY mporpamy "RegAnaliz",
3axXUIIEHy CBIIOITBOM MPO PEECTPAIIiI0 aBTOPCHKOTO TpaBa [22] i geTanpHO onmucaHy B poboTax [23, 24].

Taomms 1

3HaYeHHs] TPMBAJIOCTI 3aBAHTAKEHHSI TBepAUX NOOYTOBUX BiIX0iB Yy CMITTEBO3 /1Sl Pi3HOI CUJIM 3aTHCKAHHSA
KOHTeliHepa [14]
Cwuia 3aTHCKaHHS KOHTeiHepa, H 600 1000 1800 1960 2100

Tpusanictb 3.aBaHT.a)KeHH$.1 TBEPAUX 153 16 16,8 35.6 35.9
MOOYTOBUX BIIXOJIIB Y CMITTEBO3, C

[Iporpama "RegAnaliz" no3Boinsie BUKOHYBATH pErpeciiiHmil aHaJI3 MapHUX 3aJISKHOCTEH Ta pe3yNbTaTiB
0IHO(AKTOPHHUX EKCTIEPUMEHTIB 13 BHOOPOM OLIbIN afieKBaTHOTO BUAY (PyHKIIT i3 16 HAWMOIIMPEHIIINX BUAIB
BUKOPHCTOBYIOUH KPHUTEPid MaKCUMAIBHOTO KoedillieHTy Kopemsii 30epiraroum pesynbraTé y (dopmarti
Bitmap ta MS Excel.

OtpumaHi pe3yNbTaTh perpeciiHoro MpoBEACHOTO aHai3y HaBelleH1 y Tabmui 2, B SIKiil CipuM KOJILOPOM
MO3HAYECHO KOMIPKH 3 BUJIOM PErpecii, 110 BiIMOBija€ MaKCUMaIbHY 3HAYeHHIO KoedilienTa Kopemsuii R.

TakuM drHOM, 3a pe3yibTaTaMH PETPEecifHOTO aHami3y 0a3yruuch Ha AaHUX Tabmuii 1 ocTtaTodHo
MPUAHATO TaKy afeKBaTHY PerpeciiiHy 3aKOHOMIPHICTb

t,. =1501+8,748-10 F7* [c], (1)

3am
1€ t:q¢ — TPUBAIICTD 3aBaHTKEHHS TBEPAUX MOOYTOBUX BiJXOJIB y CMITTEBO3, C; Fiym — CHIIM 3aTHCKAaHHS
KOHTelHepa, H.
Tabuunsg 2

Pe3yabTaTu nNpoBeeHOr0 perpeciiiHoro aHa iy 3aje;KHOCTi TPHBAJIOCTI 3aBAHTAKEHHs TBEePAHUX NOOYTOBUX BiAXoAiB y
CMITTEBO3 BiJl CHJIM 3aTHCKAHHS KOHTeliHepa

Ne |  Bugp perpecii KoediuieHT kopemsauii R Ne | Bupg perpecii Koedimient kopensii R
1 y=a+bx 0,78044 9 y =ax® 0,74444

2 | y=1/(a+bx) 0,81495 10 | y=a+tblgx 0,72700

3 y=a+b/x 0,66391 11 | y=a+binx 0,72700

4 | y=x/(at+bx) 0,42862 12 | y=a/(b+x) 0,81495

5 y = ab* 0,79580 13 |y=ax/(b+x) 0,70697

6 y = ae™ 0,79580 14 y = aeb’* 0,68293

7 y=a 10™ 0,79580 15| y=a-10°/x 0,68293

8 | y=1/(a+be™) 0,68293 16 y =a+Dbx" 0,90778

Ha puc. 1 nokazani Teopetuuny Ta (akTHUHY rpadidHi 3a1eKHOCTI TPUBAIOCTI 3aBaHTaKEHHSI TBEPAUX
MoOYTOBHX BIJIXOJIIB y Ky30B CMITTEBO3a BiJl CHJIM 3aTHCKaHHS KOHTEWHepa.

[NopiBHSHHS TEOPETHYHHUX Ta (PAKTHUYHHX JAHUX TOKA3aJ0, IO TEOPETHYHA TPUBAIICTh 3aBAHTAKECHHS
TBEpAUX MOOYTOBHX BiAXOAIB Y CMITTEBO3 3aJIe)KHO BiJI CHJIM 3aTHCKAaHHS KOHTEHHEpa, po3paxoBaHa 3a
JOTIOMOT0I0  3aKOHOMIpHOCTI (1), HECyTTE€BO BiIpPI3HAIOTHCS Bix AaHUX poOoTu [14], miaTBepIKyHOUM
BU3HAYEHY paHillle TOYHICTh 3alPOIIOHOBAHOT 3aKOHOMIpHOCTI Ha piBHi 0,90778.
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Puc. 1. 3mina koHIeHTpaIi 3a0pyAHEHb pOO0YOT PIAMHY BiJ] TPHBAJIOCTI eKCIUTyaTarllii 00’ €MHUX TiIpOIPHBOIIB

3 puc. 1 BUIHO, IO TPUBANICTH 3aBaHTAXKEHHS TBEPANX MOOYTOBUX BIAXO/IB Y CMITTEBO3 IPH 301IbIIEHH]
CHJTY 3aTUCKaHHS KOHTEHHEpa 3pOCTae 3a CTEIICHEBOIO 3aICKHICTIO.

BucHoBku

BusHaueHo perpeciiiHy 3aleXKHICTh TPUBAIOCTI 3aBaHTXKEHHS TBEPIUX MOOYTOBHUX BIAXOMIB Y KY30B
CMITTEBO3a BiJl CHJIM 3aTHCKaHHs KOHTEWHepa, sika MOe OyTH BHKOpHCTaHa Mij 9ac PO3POOKH METOAMKH
IHKEHEpHUX PO3PaxyHKIiB TapaMeTpiB MEXaHi3My 3aBaHTaKEHHS TBEPAWX MOOYTOBUX BIAXOIB y Ky30B
CMITTEBO3A.

[ToOymoBano rpadiuHy IHTEPHIPETAIII0 3aJEKHOCTI TPUBAJIOCTI 3aBaHTAKCHHS TBEPIUX IMOOYTOBHX
BIJIXOJIB Y Ky30B CMITT€BO3a BiJl CHJIM 3aTHCKaHHS KOHTEHWHEpa, 110 JO3BOJISE HArJISIHO BiOOpa3suTH JAaHy
3aJIeXKHICTh, TIOKA3aBIIN 301KHICT OTPAMAHUX TEOPETHYHUX Pe3ybTartiB 3 pakTraHuME Ha piBHI 0,90778.

BcraHoBiieHO, 10 TPHUBANICTh 3aBaHTAXKEHHS TBEPAMX MOOYTOBHUX BiIXOMIB y KY30B CMITTEBO3a MpHU
301IbIIICHH] CHJTU 3aTHCKaHHS KOHTEHHEpa 3pOCTaE 3a CTCIICHEBOK) 3aKOHOMIPHICTIO.
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Duration dependence of loading municipal solid waste into a garbage truck on
the container clamping force

Vinnytsia National Technical University

Increasing the accuracy of positioning the garbage truck manipulator is an important factor in ensuring the reliability and safety
of the container loading process, while controlling its clamping force allows minimizing damage to the container, reducing dy namic
loads on the structure, and increasing the durability of the hydraulic drive and cinematic units. Therefore, determining the
regression dependence of the duration of loading municipal solid waste into a garbage truck on the container clamping force,
which can be used when developing a methodology for engineering calculations of the parameters of the mechanism for loading
municipal solid waste into a garbage truck, is an urgent technical and scientific problem. The purpose of the study is to construct,
using regression analysis, the regression dependence of the duration of loading municipal solid waste into a garbage truck on the
container clamping force, which can be used when developing a methodology for engineering calculations of the parameters of
the mechanism for loading municipal solid waste into a garbage truck. During the study, the regression analysis method of the
single-factor experiments results and other pairwise dependencies was used with the selection of the most adequate type of
function from the sixteen most common options according to the criterion of the maximum value of the correlation coefficient. The
regression was carried out on the basis of linearization transformations, which allow reducing the nonlinear dependence to a linear
one. The regression equations coefficients were determined by the method of least squares using the developed computer
program "RegAnaliz". The regression dependence of the duration of loading municipal solid waste into a garbage truck on the
container clamping force was obtained, which can be used when developing a methodology for engineering calculations of the
parameters of the mechanism for loading municipal solid waste into a garbage truck. A graphical dependence of the duration of
loading municipal solid waste into a garbage truck on the container clamping force was constructed, which allows us to clearly
illustrate this dependence and show sufficient convergence of the theoretical results with actual ones. It has been established that
the duration of loading municipal solid waste into a garbage truck increases according to a power law relationship as the container
clamping force increases.
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PIBUKO-MATEMATHYHE MOJAEJIIOBAHHA TPOLECY
BIJHOBJIEHHSA INIAHINITHUKIB KOB3AHHA 3
BUKOPUCTAHHAM ITOJIIMEPIB

BiHHMIIbKHMI HAIlIOHATLHUA TEXHIYHUH YHIBEPCUTET

Y cmammi po3anisiHymo nipobiemy nid8uweHHs pecypcy ma moYyHocmi pobomu niOWUNHUKI8 KO83aHHS WIISIXOM
yOOCKOHaNeHHs1 mexHosoeili ix 6iOHOBMIEHHS i3 3acmoCy8aHHAM OIMEPHUX ma rosiMep-KOMMOo3UUitHUX
mamepianis. [MlokazaHo, Wo 8 ymosax eKcrilyamauiliHUX HagaHmakeHb, mepmsi ma 3HOWY8aHHS MOPYWEHHS
2eoMempuy4HOi MoYHOCMI MiOWUNHUKOBUX MMOBEPXOHb ICMOMHO 8rsiueae Ha rpauesdamHicme 8y3ra, 3yMOBIoYU
3poCmaHHs KOHMaKmHUX HarnpyxXeHb, eibpauili i eHepeemuyHux empam. Ob6rpyHmMosaHo OouirbHICMb
8UKOPUCMAHHS  MOMIMEPHUX OKpUmMMIie SK anbmepHamueu mpaduuiiHuM mMemodaM peMoHmy, Wo
CyrnpoeodXyrombCsl 3Ha4YHUM MernsioeuM 8raueoM i 3anuwkogsumu 0egopmauismu.

Memoto pobomu € po3pobrieHHsT hi3UKO-Mamemamuy4Hoi MoOesi npouecy 8iOHOB8/eHHS MIOWUINHUKI8 KOB3aHHS
3 roniMepHUM MOKPUMMSIM, sika 3abe3rneyye KinbKiCHe poeHO3y8aHHs1 KOHMaKMHUX Xapakmepucmuk, HarpyXeHo-
decbopmosaHoeo cmaHy ma 008208iY4HOCMI 8y3na mepmsi Ha OCHO8i OBMEXeHOI Kinbkocmi hi3u4HO
0brpyHmosaHux napamempis. Y mexax 00CriOXeHHs1 cpopMo8aHO KOHMaKmHy Modesib 83aeMo0ii cucmemu «g8arl
— nonimepHUl wap — Memarsnesa emyrika» 3 ypaxy8aHHAM npunyu,eHb JiHiGHOI meopii npyxHocmi, 2nadko20
KOHmMakmy ma i30mpornHux eracmusocmel mamepiariie.

BanpornoHosaHul MamemamuyHul onuc 6a3yembCs Ha PIBHSIHHSIX pieHOBaz2uU CyyinibHO20 cepedosulla, 38’a3Kax
HarnpyxeHb i Oecbopmauil Ons niHilHO-enacmu4YyHOi Mampuyi nofiMepHo20 Mamepiany ma y3az2allbHeHil
eepuiscbKili KOHMakKmHil nocmaHosui. OmpumaHo aHanimuyHul eupa3s 07 enpu KOHMaKmHO20 MUCKY, sika
Xapakmepu3yembcsi agHUM po3rodinoM HaBaHMaXXEHHS 3 MakCUMyMOM Yy UeHmparnbHili 30Hi KOHmakmy ma
HYNnbOBUMU 3HAYEHHSIMU Ha Mexax KoHmakmHoi obnacmi. Taka ¢gpopma po3nodiny y3200Kyembcsi 3 i3UYHO
pupodoIo MPYKHO20 KOHMakKmy ma pesynbmamamu eidomux mpubosozidyHux AoCiOXeHsb.

lMpoesedeHo aHarni3 ennusy cknady noniMepHoOi KOMIo3uyii Ha eghekmueHUl MOy b MPYXHOCMI, KOHMaKmHi
HarpyXeHHs1 ma WwupuHy 30HU KoHmakmy. [loka3aHo, wo 3miHa HarosHoseadie i Mampuui nosimepHo20 mamepiarny
00380/15I€  UinecrnpsiMo8aHo Kepysamu KOHMaKMmMHUMU Xapakmepucmukamu ma 3HUXysamu iHmMeHCUBHICMb
3HOWYy8BaHHS. 5K 3asepwianbHUll enemeHm mModersi 3arnpornoHo8aHo Kpumepil npauye3damHocmi U 0og2o8i4HOCMI
niGWunHUKa Ko83aHHSI, WO NOEOHYE pe3ybmamu KOHMaKMmHo20 aHanidy 3 y3a2anbHEeHUM 3aKOHOM 3HOWY8aHHS
ma dae 3mMo2y npoeHO3y8amu pecypc 8y3ra Ha emarli npoekmyeaHHsi abo 8i0HOB/IEHHS.

KnrouoBi cnoBa: NiglWmMnHUK KOB3aHHS; NOiMepHe NOKPUTTS; KOHTaKTHUIA TUCK; pisnko-maTemaTyHa MO4ENb;
3HOLLYBaHHS; AOBrOBIYHICTb.

Beryn

[TinmMnHAKY KOB3aHHS € KPUTUYHO BAXJIMBUMH €JIEMEHTaMH MAIMH Ta MEXaHi3MiB, IO MPAIOITh B
yMOBaxX 3HAYHHMX HaBaHTaKEHb, TEPTS Ta 3HONIYBaHHA. Y MpOIECi eKCIuTyarallii TeOMEeTpUYHA TOYHICTh
HIiNIAITHAKOBUX TTOBEPXOHb MOPYIIYETHCS, IO NMPHU3BOJUTH O 3HWKEHHS pEeCcypcy Bysla, IiJIBHICHHS
BiOpariif Ta eHepreTHYHUX BTpar. TpaguIliiiHi METOAN BiIHOBIICHHS, 30KpeMa HAIUIaBIIEHHS Ta MeXaHI4Ha
00po0Ka, He 3aBXK/1 3a0€31euyI0Th HEOOX1IHY TOYHICTh 1 MOXKYTh CIIPHYMHSATH TEPMidHi Jaedopmariii.

OcTaHHIMH pOKaMU 3HAYHY yBary NPHIUISIOTH BUKOPHCTAHHIO MOJIIMEPHUX 1 MOJTIMEP-KOMIO3UIIHHUX
MarTepialiB I8 peMOHTY Ta BiIHOBIEHHS i IIIMITHUKIB KOB3aHHs. [XHi IlepeBaru mojisAraroTh y BUCOKiil aaresii
70 MeTalliB, JAeMIIyBaJbHAX BIACTHBOCTAX, HH3bKOMY KOE(II[iEHTI TepTs Ta MOMIMBOCTI (POpMyBaHHS
po00Y0i TIOBEpxHI 0€3 3HAYHOTO TEIIOBOrO BILUIMBY. BomHouyac eeKTHBHICTh TAKHX TEXHOJOTIH 3HAYHOIO
MIpOIO 3aJISKHTH Bijl MPaBUIILHOTO BHOOPY CKJIAIy TOJIIMEPHOI KOMIO3HIIii Ta MPOTHO3YBAaHHS HaIpPY>KEeHO-
1e(OpMOBAHOTO CTaHy B 30HI KOHTAKTY.

Memor pobomu € po3poOiicHHS (Pi3UKO-MaTeMaTHYHOI MOJAENI MPOIECY BiAHOBJICHHS MiANIUITHHUKIB
KOB3aHHs, SKa JO03BOJiMJa O OLIHIOBATH TOYHICTh BiJHOBJIECHHS, KOHTAKTHI HAaIlPY)KEHHS Ta BIUIUB
BJIACTUBOCTEH MOJIIMEPHOro MIapy Ha poOOTy By3ia.

Pe3yabTaTu gocaixKkeHHs

[onmimepni komno3uuiiini Matepianu (IIKM) 3aiiMaioTh BaxiMBe Micue cepel KOHCTPYKLIHHHX 1
(YHKIIOHATIBHUAX MaTepiaiiB JUIs BY3JiB TEpPTS Ta IiUIMITHUKIB KOB3aHHS 3aBJISKU MOEIHAHHIO HU3BKOT'O
KoeilieHTa TepTsl, 3HOCOCTIKOCTI, KOPO31MHOI CTIMKOCTI Ta MOMIIMBOCTI HIJIECTIPSIMOBAHOTO (POpMyBaHHS
BIacTUBOCTEeH. Y (yHIameHTanbHii orsanosiid podoti K. dpinpixa [1] nokaszaHo, 1m0 nojsiMepHi KOMIO3UTH
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MOXYTh €(EKTUBHO TPAITIOBATH B YMOBAaX CYXOI'0 Ta TPAHUYHOTO TEPTS, A TPATUIIHI MEeTaJieBl MaTepiaan
JIEMOHCTPYIOTH TIABUIIICHUH 3HOC 1 BTpATH Ha TEPTA.

3rigno 3 [1], karouoBoro nepeBaroto [IKM € MOKIHBICTh KEpyBaHHS X TPUOOIOTIYHUMHE BIACTUBOCTSIMH
3a paxyHOK BapilOBaHHS THITY MOJIIMEPHOI MaTpHIl, BUAY Ta KOHLIEHTpAalii HallOBHIOBAYiB, a TAKOXX yMOB
(hopMyBaHHS MOBEPXHEBUX IIAPIB Y 30HI KOHTAKTY.

@pinpix [1] cucremarnsye Tpubonoriuny noseninky [IKM gepes anami3 Takux MeXaHi3MiB:

— ajresiifHa Ta abpa3uBHA CKIIAJ0BI 3HOCY;
— MpYXHO-TUIACTHYHA aedopMaltis oJiMepHOi MaTpHIIi;
— (opmyBanHs Ta cTaOLIBHICTD TpaHC(hEPHOT MITIBKH HA KOHTPTLIIL.

Ocob6nuBo Harosouryetbest, mo edexktuBHicTs [IKM y migmmmHuKax KOB3aHHsS BH3HAYA€THCS HE JIMILIC
MEXaHIYHUMH XapaKTepUCTHKaMH MaTepiany, a ¥ Horo 3maTHICTIO (opMyBaTH pPIBHOMIpHY, CTaOiIbHY
TpaHc(epHy IUTBKY, KA 3HIKYE KOe]iIieHT TepTs Ta 00MeXye KOHTaKT «Marepian—marepiam» [1], [2].

CyuacHi JOCIiIKEHHS MiATBEPAKYIOTh, IO CKIa] i Mop¢ooris TpaHC(epHOI IUTIBKH CYTTEBO BIUIUBAIOTh
Ha IHTEHCHUBHICTh 3HOIIYBaHHsI, 0COOIMBO 3a MiABUIICHNUX TEMIIEPaTyp i KOHTAKTHUX HaBaHTaXeHb [3].

B ormsni [ 1] mokazaHo, 1o BBEACHHS HAIOBHIOBAYIB y TIOJIIMEPHY MaTPHUIO Mae 6araTo(hakTOPHUH BILIHB:
KOpPOTKI Ta Oe3nepepBHi BOJOKHA MiIBUIIYIOTh HECYYY 3IaTHICTh 1 cTabiIbHICTh (POpMU; TBEPIIi YACTHHKHU Ta
HanoHanoBHoBaui (SiC, Al-Os, rpagit, MoS:) 3MeHIIyI0Th 3HOC i CIPUSIIOTh POPMYBAHHIO 3aXUCHHX TLTIBOK.

[omanpmi poOOTH MATBEPIKYIOTH, IO TIOPHIHI CHCTEMH HAITOBHIOBAYiB 3a0€3MEeUyI0Th CHHEPTeTHIHUH
edeKT, MoeTHYIYN MeXaHIYHY MIIHICTh 1 Hu3bKe TepTs [4], [5]. Lle € 0co6mmMBo BayKITMBUM TS TTANTUITHAKIB
KOB3aHHS, Ji€ OJHOYACHO JIIOTh KOHTAKTHI Ta TEIIOBI HABAHTAKEHHS.

[Micas myO6mikanii podorn @pinpixa [1] mocmimkenns [IKM y By3nax TepTs akTHUBHO PO3BHUBAIOTHCA B
TaKUX HampsaMax:

— 3aCTOCYBAaHHS TEPMOIUIACTHYHUX 1 TEPMOPEAKTUBHUX MATPHILh 3 TiIBHINEHOIO TETLTOCTIHKICTIO;

— BHUKOPHUCTAHHA HAHOKOMIIO3HTIB i3 KOHTPOJIhOBAHUM MixK(a3HUM IIapOM;

— TIO€THAHHS eKCIIEPUMEHTAIBHHX JTOCIIIKEHB 13 YUCETFHUM MOJICTIOBAHHSIM KOHTaKTHOI B3aeMo/Iii [6],
[7].

OxpeMy yBary MNpPUAUISIOTE YMOBaM pEaJbHOI eKCIUIyaTallil MiAIWIHUKIB KOB3aHHS — 3MIHHOMY
HaBaHTa)XXEHHIO, HATPiBY, 3MAIIyBAaHHIO Ta TEOMETPUYHI HEBU3HAYEHOCTI KOHTAKTY [6].

[onpu 3HauHUil 00CAT AOCHIIKEHb, Y po0oTi [1] Ta cydacHux myoOuikamisx [3], [6] okpeciieHO HU3KY
HEBUPIIICHUX MTUTaHb, TAKKX SK: BIICYTHICTh YHIBEepCATbHHUX (i3UKO-MaTeMaTHYHUX MOJIETICH, 110 OAHOYACHO
BpaxoOBYIOTh KOHTAaKT l'epma, TemmeparypHi epekTw Ta Aerpajarfiro IMOJIMEpPHOI MAaTpHIl; HEeTOCTATHS
KIUTBKICTB JOCHIIKEHb, MPUCBSIYEHUX BiTHOBICHUM ITiIIIAITHAKAM KOB3aHHS 3 MTOJIMEPHUMHU KOMIIO3HUIIISIMU;
oOMeXeHa KIJIbKICTh pOOIT, M0 MOEIHYIOTH MOJICIIOBAHHSI Ta EKCICPUMEHTaIbHY Bepudikaiiiio 3
ypaxyBaHHSM PEaJIbHOI IIIOPCTKOCTI MTOBEPXOHb.

I{i acmekTd OOIPYHTOBYIOTh AKTYAIBHICTh MOAAIBIINX JOCTIKEHb, CHOPSIMOBAHUX HA CTBOPCHHS
KOMIUIEKCHUX MOJIeJiell Tpollecy BiJHOBJICHHS IIiJIIMITHUKIB KOB3aHHS 3 BHKOPHUCTAHHSM MOJIMEPHHX
KOMIIO3HTIB.

Ta6muusg 1
OCHOBHI Pe3yJIbTaTH J0CTiIKeHb MoJIiMepiB 1ist Tpuboaoriunux 3actocyBans [ 1-7]
Hanpsim nociipkeHHs OCHOBHI pe3yJIbTaTH xepeno
bazoBi MexaHi3mu TepTs Ta 3HOcy | Postb MaTpuili, HanoBHIOBaYiB i TpaHchepHOT ILTiBKH [1]
BruinB HaHOHATIOBHIOBAYiB 3MeHIeHHs 3HOCy, cTabimi3alis koedimieHTa TepTs [4], [5]
TpancdepHi mniBku KitrouoBuii hakTop 3HWIKEHHS 3HOCY [2], [3]
PeanpHi yMOBH eKcIUTyaTaii Heo0OximHicTh MyIbTH(]I3UIHOTO MOJETIOBAHHS [6], [7]

[ligmMmHUKKH KOB3aHHS B MAaIIMHOOYIYBaHHI, TipOEHEpPreTHll Ta NOAIOHMX Traily3siX BHMAaraloTh
MaTepialliB 3 HU3bKUM KOe(]illi€eHTOM TepTsd Ta BUCOKOIO 3HOCOCTiHKicTio. TpaauiiiiHi pillleHHs Ha OCHOBI
METaJIeBUX CIUIAaBIB MArOTh BHCOKI TPHUOOJIOTIYHI BJIACTUBOCTI MPH MACIITHOMY 3MallleHHi, ale HE MOXYTh
3a0e3MeYnTH €KOJIOriuHO Oe3neyHy po0OTy B YMOBaX BOJHOI a00 Oe3MacisiHOI CHCTEMH dYepe3 PH3HUK
3a0pyIHEHHS HABKOJMIIHBOTO cepepoBuma [8]. ToMmy 3pocTae iHTepec 10 HOMIMEPHHUX KOMIO3MLIHHHX
MmatepianiB (IIKM), mo moenHyooTh camMo3MalllyBajibHI BJACTHBOCTI 31 3AaTHICTIO MpAalOBaTH B YMOBAax
IPaHUYHOI0/Cyxoro Tepts [8].

VY cBoiil poboTi [8] aBTOpM pO3MISINAIOTH 1 €KCHEPUMEHTAIBLHO PO3pO0JIeHI KOMIO3UTH, 1 KOMEPLiiHi
caMo3MalllyBajJbHI MaTepiaJid, NpPWAATHI A 3aCTOCYBaHHA y BOJHHMX YyMOBax, IO XapaKTEPHO JUIA
MIIIIAIHUKIB TiagpoTypOiH. L1 pobora € oxHiero 3 HeOaratboX, J¢ NPOBEACHO CUCTEMHE IOPIBHSIHHS
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migmunHIKoBUX [TKM 32 pizHNX yMOB 3MaIieHH (Cyxe, BOAa, CKOJIOTIYHO aJalTOBAHUA MaCTHIIBHUHA pO3UHH
— EAL), mo poOuTs ii 1iHHOIO 63010 IS aHATI3y Cy4acHOTO CTaHy JAOCHIKEHb.

ABTOpamu y po0Oori [8] mporecToBaHO camo3mMarryBainbHi komno3utu (ThorPlas, Orkot, PAI Duratron ta
Tecatron PVX), a Takoxx ekcrnepUMEHTaTbHO po3pobieHi kommo3uth Ha ocHoBi PPS ta UHMWPE 3
BimoueHHsIM rpaden okcuny (GO), xoporkmx ByrieneBux BonokoH (SCF), manomiamantiB (ND) Ta
6araToo600HKOBHUX ByTIeneBuX HaHOTPYOok (MWCNT). PesynpTatn mopiBHSIHO 3 iHIIAMHA poOOTaMH, SIKi
MOKa3yloTh, 10 TMOETHAHHS PI3HOMACIITA0OHMX HAMOBHIOBAYIB CHPUSE CHHEPTETUYHOMY TOMIMIICHHIO
MEXaHIYHUX 1 TpHOOoNoTiyHNX Xapakrepuctuk [TIKM [8].

KowmeprriliHi Marepian, SK MPaBHUIIO, CKIIAMAIOTHCS 3 0a30BHUX MOJMIMEPHUX MATPHUIL 3 IOJaBaHHIM
TBEPAUX MACTHIBHHX YAaCTHHOK UM BOJIOKOH, IO 3a0€3MeuyloTh CTaOiIbHICTh KOB3aHHA 1 MiJBHIIYIOTH
HOCIMHY 37aTHICTb.

OpHUM 13 KITFOUOBUX KOMITOHEHTIB TPHUOOJIOTIYHOT IOBEIHKHY € JKOPCTKICTh Ta TBEPAICTh Marepiairy, o
MPSMO BIUTMBAE Ha KOHTAKTHI XapaKTEPUCTUKH Ta 3HOC. Y JOCIiIKEHHI aBTOpY MPOBOASATH nanoindentation i
BUSIBIIAIOTH 3HAYHI BIMIHHOCTI y TBEpIOCTI MiX MaTepianamu: OpOH3a Ma€ HaMBHIIY TBEPHIiCTh, TOHI SIK
UHMWPE-6a3oBannii kommo3utr i PVX ngemoncTpyroTs HroK4i 3HaueHHs; komepmivai Thorplas i Orkot
MaroTh IPOMiXKHI 3Ha4eHHs, a PPS 3 excrieprMeHTaBHOI TPYTH — 3HAYHO BUIILY TBEPAICTH MOPIBHIHO 3 PVX.
Le y3rokyeThest 3 ySBICHHSIMH PO Te, IO TBEPIICTh 1 MEXaHiuyHa CTaOUIbHICTh MaTepially € KpUTUIHUMHU
TUTS 3HOCOCTIHKOCTI [8]. Takok HaromomryeTses, mo CTPYKTYPHI OCOOIUBOCTI ITOBEPXHI KOMITO3UTIB MOXKYTh
JIOKAJTBHO 3MiHIOBATH BUMIPIOBaHY TBEP/IICTh, 0OCOOIUBO KOJIM B MATPUII MIPUCYTHI BOIIOKHA i HAHOYACTHHKH.

Sk nokazaHo y pyHAaMeHTaIbHUX poboTax [1, 9-12], Tpubonoriyna moBeiHKa MOJiMEPHUX KOMITO3HUIIIH
y By3JIaX TEpPTS BH3HAYAETHCS CKIAJHOIO B3aEMOJIEI0 MEXaHIYHUX, TEIUIOBHX Ta CTPYKTYPHHX (DaKToOpiB,
30KpeMa MOJyJsl TPY>KHOCTI, MTOB3ydYOCTi, Koe(illieHTa TepTs Ta TEIUIONpOBigHOCTI MaTepiany. OmHaK y
3a3HauEHUX JIOCIIPKCHHSAX OCHOBHMIU aKIICHT 3pO0JICHO Ha €KCIICPUMEHTAIBHOMY aHaji3i Marepiaiis, 0e3
(hopMyBaHHsI y3arajibHCHOI aHAJII THYHOT MOJIEJi HABAHTaXyBaJIbHOI 3ATHOCTI ITiIIIMITHUKA.

[Tomanpimmii pO3BUTOK TEOPETHIHUX ITiIXOIB MPEACTABIEHO B poOOTaxX aBTOPIB [9-12], 1€ 3anmponoHoBaHO
MaTeMaTHYHy MOJIEb HABAaHTAKYBAJIBHOI 3aTHOCTI Ta JOBTOBIYHOCTI METAN-TIOJMIMEPHUX MiAIIATHUKIB
KOB3aHHsI 3 KOMIIO3UTHUMH BTYJIKaMH. ABTOPH BPaxOBYIOTh €JIACTHUYHY Ae(opMalliro MOoJiMEpHOi BTYIIKH,
KOHTAaKTHUH THCK Ta 3HOC, IO € CYTTEBUM KPOKOM Y TOPIBHSHHI 3 KIIACHYHUMH MOACIISIMH JIJIsl METaIeBUX
HIiIIATHUAKIB.

Pazom i3 TuM, Ha BiAMiHY Bif Mojemni, y S[Kiii TeMIepaTypHHH PEKUM y 30HI TEPTS BPaxOBYETHCS
OIIOCEPEIKOBAHO, Yy AaHid poOOTI TEIIoBE HABAHTAXKEHHS PO3TJLINAETHCS SK OKpeMa IMijcucTeMa, IIo
0e3nocepeIH0 BIUIMBAE HA 3MiHY MPYXKHO-Ae(POpPMAIiifHAX BIACTHBOCTEH ITOIIMEPHOTO Iapy B IMpoIeci
BITHOBJIEHHS OIIIIAITHUKA.

Kpim Toro, Ha BigMiHY BiJ MiJXOIy, OPi€HTOBAHOTO MEPEBAXKHO HA EKCHEPHUMEHTAIbHY TPHOOIOTIYHY
XapaKTEePUCTUKY TOJIIMEPHUX KOMIIO3HTIB, Yy I[ill pOOOTi 3apormoHOBaHO (Di3MKO-MaTeMaTHYHY MOJEIh, KA
MOETHY€E: KOHTAKTHY 3a1ady ['epla Ui cucTeMu «Ball — IMOJIMEPHUIT mapy; TeIUIOBUiT OallaHC y 30HI TepTS;
3MIHY T€OMETpIl Ta BJIACTUBOCTEH MOBEPXHI BHACIIIOK MPOIIECY BiHOBJICHHSI.

TaxuM YMHOM, 3aITPONIOHOBAHUI MIAXIJ TO3BOJISE MEPSHTH Bijl AKICHOTO Ta MaTEepiallO3HABYOrO aHAJII3y
710 KUTBKICHOTO MPOTHO3YBaHHS TOYHOCTI 0OpPOOKH, HABAaHTAXXYBaIbHOI 3JATHOCTI Ta PECypCy BiTHOBIEHHX
MMIAIIAITHAKIB KOB3aHHS.

[Iporiec  BIJHOBJIEHHS MIAIIMIIHUKIB KOB3aHHS 3 BHUKOPHCTAHHSAM  IIOJIIMEPHMX  KOMITO3HUIIIH
CYIPOBOJUKY€ETBCS CKIIAJHOI0 B3AEMOJIIEI0 KOHTAKTHO-MEXaHIYHUX, TPUOOJOTIYHUX 1 TEIUIOBHX SIBUIL, IO
0e3nocepeTHHO BILTMBAIOTH HA TOYHICTH 00POOKH, HABAHTAKYBAIIbHY 3/IaTHICTH 1 IOBTOBIYHICTh By3JIa TEPTSL.
VY 3B’s13Ky 3 I[UM BUHUKAE HEOOXIIHICTh PO3POOJICHHS y3aralbHEHOI (Pi3MKO-MaTeMaTHYHOI MOJICI, 31aTHOT
aJIeKBaTHO OITMCYBATH HAIPYXXEHO-Ie(POPMOBAaHUN CTaH BIJHOBJIECHOTO MiANIMIIHUKA 3 YypaxyBaHHSIM
cnenudiky MoIiMEepHOTo Iapy.

KoHTtakTHa B3aeMozisi MK BaJlOM 1 BiJIHOBIIEHHM ITOJIIMEPHUM TOKPHUTTSAM MiAIIUITHAKA KOB3aHHS €
BU3HAYaIbHUM (akTopoM QopMyBaHHS HaNpyKeHO-Ie()OPMOBAHOTO CTaHy By3JIa TepTs Ta HOro
eKCIUTyaTallifHUX XapakTepucTHK. [Ji1 ajekBaTHOro omucy wi€i B3a€MOii AOLBHUM € 3acTOCYBaHHS
MOJIOKEHb TEOPii MPYKHOTO KOHTAKTY, aalTOBAHOI JI0 YMOB pOOOTH METAIIONOJIIMEPHHX T1ap TEPTSI.

VY po3rIIsiHYTIH CUCTEMI KOHTAKT pealli3y€eThcs MixK JKOPCTKUM CTAJIEBUM BAJIOM pajiiyca R; Ta BTYIKOO R»,
BHYTPILIHS TOBEPXHS AKOI cOPMOBaHA MOJIMEPHUM MOKPUTTAM TOBLIMHOIO /. Y OLIBIIOCTI NPaKTHYHUX
BUMAJIKIB MOJLyJIb IPYXKHOCTI CTaJli Ha MOPSIOK MEPEBUIIYE MOAYJIb IPYKHOCTI MOJiMEPHOI KOMITO3HIIii, 1110
JI03BOJISIE TIPUIHATH Basl aOCONIOTHO JKOPCTKHM TUIOM, a jedopmaiii JOKadi3yBaTH IEpPEeBaXKHO B
noyiMepHOMY Tiapi [13,14].

MexaHiuHy CUCTEMY MiJMIMITHUKOBOTO By3Jla KOB3aHHS Ta BiANOBIAHY PO3PaXyHKOBY CXeMy KOHTaKTHOI
B3a€MOJIi1 Bajia 3 MOJIMEPHUM TTOKPHUTTSIM HaBeJIEHO Ha puc. 1.
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Puc. 1. 3aransHuii BUTIISLA IIIINITHIKOBOTO By3JIa KOB3aHHS Ta PO3paxyHKOBa CXeMa KOHTAKTHOI B3a€MOJIT Baja 3 MOJTIMEPHUM
TOKpUTTAM [13]: (a) 3arajapHUI BUIIIS KOPITYCHOTO MiANTHITHIKOBOTO By3Jla KOB3aHHS 3 BTYJIKOI0;(0) po3paxyHKOBa cxeMa
KOHTAKTy Bajia 3 IMOJIIMEPHIM ITOKPHUTTAM niammnauka (R1 — 30BHimHINA paaiyc BTynku; R2 — BHyTpIilIHIN paiiyc BTYIKH;

O — nenTp Bana; F — pagianpHe HaBaHTa)XEeHHS; ® — KyTOBa MIBHIKICTh 00epTaHHS Baja; | — MeTajeBa BTYJIKa; 2 — Ball;

3 — moJiMepHe MOKPUTTS)

Sk moka3aHo Ha puc. 1, 0, KOHTaKT MiXK BaJIOM 1 MOJIMEPHUM IIapOM Pealli3yeEThCs B yMOBaX pajiajibHOIO
HaBaHTa)XXEHHsS F, TIpHu mboMy AedopMarlii JTOKali3yIOThCS MEPEeBaKHO B 30HI MOKPHUTTS, a Bal 1 MeTaleBa
BTYJIKA MOXXYTh PO3TISAATHCS SK BITHOCHO JKOPCTKI Tima. KOHTakT Bana 3 MOKPUTTAM HOCHTH JiHIMHUA
(uMTiHAPUYHUI) XapakTep, a 30Ha KOHTAKTy Ma€ CKiHYeHHY IIUPHUHY, sKa (GOpMY€eThCsI BHACTIIOK MPYKHOT
nedopMarltii MaTepiaay MOKPUTTS IiJ €K 30BHIIIHBOIO HABaHTAXKCHHS. TakUM YMHOM, 3ajadya KOHTAKTY
3BOJUTHCS IO BU3HAYEHHSI PO3MOLTY KOHTAKTHOTO TUCKY Ta MO MePEMIIeHb Y TOJIMEpHOMY Iapi.

KonTakTHa 3amaua (GOpMYIIOETHCS B MEXKax JIHIHHOI Teopii MPYXKHOCTI AJIA i30TPOMHOTO MaTepiaity.
Hanpy»xeHno-negopMoBanuii cTaH MOJiMEPHOTO MIOKPUTTSI OTUCYETHCS PIBHAHHSIMH PiBHOBAru:

V-og=0, (1)

JIe ¢ — TEH30p HaIIPY>KEHb.
3B’A30K MiX HanmpyXKeHHSIMH Ta JeGopMaisiMi BU3HAUAETHCS y3arajJbHEHNUM 3aKoHOM ['yKa:

0j = Abjjerk + 21€i), (2)
ne A, 4 — xoedimientu Jlame, siki mos’si3ani 3 moaysem KOura E Ta koedinientom [lyaccona v:
Ev E
l=—-— = . 3
1+v)(1-2v)’ H 2(1+v) 3)
KinemarnyHi CriiBBiIHOMIECHHS MIXK Je(OopMaliisiMU Ta MEPEMILIEHHIMY 3a1al0ThCS Y BUTIISIL:
_1foy au]‘
&j =3 (axj o) “)

JI€ U; — KOMIIOHEHTH BEKTOpa MepeMilleHb.

Ha 30BHIiIIHIN MOBEpXHI METANEBOI BTYJIKH 3aJIa€EThCS YMOBA JKOPCTKOTO 3aKpIIlJICHHS, IO BiJIIIOBiIaE
17IeaJTbHOMY 3YEIIJICHHIO MOJIIMEPHOTI'O IIapy 3 METAJICBOKO OCHOBOIO: u = (.

Ha xoHTaKTHIN MOBEPXHi «Baj — IOJIIMEPHE MMOKPUTTS» (POPMYIIOIOTHCA 0IHOOIYHI KOHTaKTHI YMOBH, SIKi
BUKJIIOYAIOTh B3a€MHE IPOHUKHEHHS TiII:

In(x) 20, pp(x) <0, gn(x) - pp(x) =0, )

1e g, (x) — HOpMaJbHHIA 3a30p MK BAJIOM 1 IOKPHUTTSIM; Py, (X) — KOHTaKTHHH THCK.
KoOHTaKTHHUIT THCK MPUKIIAAETHCS B3I0BK HOPMAJI J0 MOBEPXHi KOHTAKTY Ta € 3MiHHOI BEJIMYHHOIO, 110
BH3HAYAETHCS 3 YMOBHU PIBHOBATH Ta CyMapHOTO MPUKJIAIEHOTO HABAHTAKCHHSI:

fs, pndS =F, (©)

ne Sc — 30Ha KOHTaKTYy; /' — 30BHIIIHE pajliajbHe HABAHTAKEHHS.
V pasi BpaxyBaHHsI TEpPTs JOTUYHI HAPYKEHHS MOXKYTh OIIMCYBATHCS 3aKOHOM cyXxoro Tepts KyoHa:
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I7e] < plpnl, (7)

Ie u — KOehiIieHT TepPTH.

JlJis IepBUHHOI OIIHKM KOHTAaKTHUX MapaMeTpiB MoXKe OYTH BUKOpHCTaHA Kiacu4Ha Teopis [epua ams
HWTHIPUYHOTO KOHTAKTY [15]. 3riiHO 3 Ii€F0 TEOPi€l0, PO3MOALT KOHTAKTHOTO THCKY Ma€ HarmiBeJIiMTHIHUN
Xapakrep:

X

P(X) = Dmax 1 — (_)2’ 3

a

JIe @ — MiBIIUPUHA 30HU KOHTAKTY; Pypqyx — MAKCUMATbHHUIM KOHTAKTHHIA TUCK.

Opnak knacuyHa Teopis ['epiia BUXOAUTE 13 MPUIYIICHHS PO HAITIBIIPOCTIp, M0 HE BPaXOBY€E CKIHUCHHY
TOBIIUHY MOJIIMEPHOTO [IAPY Ta HASBHICTb )KOPCTKOT METANICBOi OCHOBH BTYIIKH. J[JIs INIMITHUAKIB KOB3aHHS
3 BIAHOBJICHHM IOKPHUTTSAM IIi (PAKTOPH CYTTEBO BILTUBAIOTH HA PiBEHh KOHTAKTHUX HAIMPYXKEHB, IO OYII0
MiATBEP/DKEHO B poboTtax [16-18].

JIyist i ABUINICHHSI TOYHOCTI KOHTAKTHOT MOJIEIII TOJIIMEPHE MMOKPHUTTS PO3TIISIAETHCS SIK TPYKHUH 11ap
CKIHYEHHOI TOBIIWHH, KOPCTKO 3 €JIHAHHW 3 METAJECBOK) BTYIKOM. Y IIbOMY BHIIAJIKY KOHTAKTHHU THCK
BU3HAYAETHCS HE JIMINE HABAaHTAXCHHSAM 1 PajiycoM Baja, a U CIiBBIAHOIICHHSM //R Ta BiJIHOCHOIO
KOPCTKICTIO MaTepiaib.

AHANITHYHO TakKa 3aja4a MPUBOJUTH IO IHTETPATBHOTO PiBHSAHHS TUIY Ppearonbma mepuoro poay
BiTHOCHO KOHTaKTHOT'O THUCKY:

8(x) = [ p(OK(x — §)dE, 9)

ne 6(x) — nokanpHa npyxkHa Aedopmaris mapy; K(x—¢&) — aapo, Mo BpaxoBy€ BIACTHBOCTI Marepiany Ta
TOBILUHY IIApy.

VY 3aranpHOMY BHUITAJIKy pPO3B’SI3aHHS TaKOTO PIBHSIHHS BUKOHYETHCS YHCEThbHUMHA MeTofamu [18, 19].

st mpakTU4HOI peatizaiii KOHTaKTHOI MOJIEIi B pOOOTI BUKOPUCTOBYETHCS METOJ KiHIICBHX EIIEMCEHTIB,
SIKUN JO3BOJISIE:

— ypaxyBaTu CKiHUCHHY TOBIUHY MOJIIMEPHOTO IIapY;

— MOJCIIIOBATH HEOAHOPIIHICTh MEXaHIYHUX BJIACTHBOCTEH KOMITO3UIIITHOTO MaTepiaiy;

— peaizyBaTH HEJiHIHHI KOHTAKTHI YMOBH.

KoHTakT Mik BaJIoM 1 HOKPUTTSIM 33/1a€THCS 3a IOTIOMOTOI0 KOHTAKTHUX €JIEMEHTIB TUITy surface-to-surface
3 yMOBaMH HETPOHMKHEHHS Ta MOXIIMBICTIO BpaxyBaHHS TepTs 3a 3akoHoM Kymona. PesynpraTom
PO3paxyHKYy € ToJjie KOHTAaKTHOTO THCKY, €KBIBaJICHTHHX HANPY>KEHb Ta MEePEeMillleHb, IKi BUKOPUCTOBYIOTHCS
JUTS TTOTANTBIIIOT OI[IHKY HaBaHTAXXYBaJbHOI 3JATHOCTI Ta JOBroBivHOCTI miammmanka [20, 21].

3anpornoHoBaHa (i3UKO-MaTeMaTHYHa MOJENb J103BOJISIE BCTAHOBUTH KUIBKICHHH 3B’S30K MIX CKJIaJOM
MOJIIMEPHOTO Marepiany, napaMeTpaMu KOHTAKTHOI B3a€MOJI1 Ta JOBIOBIYHICTIO MiJIIIMITHUKA KOB3aHHS.
OTprMaHi aHaJIITHYHI 3aJISKHOCTI CTBOPIOIOTH OCHOBY JUUISl ONTHMI3aIlil CKIIaay MOJIIMEPHUX KOMIIO3UIIIN 1
BHOOPY TEXHOJIOTIYHUX TTApAMETPIB MPOIIECY BiTHOBICHHS ITiIIATHUKIB.

Ha ocHoBi cthopmoBaHOi (hi3MKO-MaTeMaTHYHOI MOENi KOHTAKTHOI B3a€MOJil Baja 3 IMOJIMEPHHUM
MOKPHUTTAM ITiIIAITHUKA KOB3aHHS OTPUMAHO aHAJIITHUYHI 3aJICKHOCTI, 110 JO3BOJISIOTh OIL[IHUTU PO3MOILIT
KOHTaKTHOTO THCKY, Halpy>XeHO-Ie(OPMOBAHUI CTaH IMOJIMEPHOTrO IIapy Ta MOTEHLIHY TOBrOBIYHICTH
By3J1a TEPTS 3AJISKHO BiJI CKIIa Ly TOJIMEPHOT KOMITO3HIIIT.

AHai3 aHaTITHYHOTO PO3B’S3KY MOKa3aB, M0 ePEeKTUBHUI MOJIYJIb MPY>KHOCTI MOJIIMEPHOTO TIOKPHUTTS E,
SKAH BH3HAYAETHCS CKIAJOM KOMIIO3MIII Ta THIIOM HAIlOBHIOBAaYiB, € BH3HAYaJbHUM MapaMeTPOM
(hopMyBaHHsSI KOHTaKTHOI 30HH. 31 3MEHIIEHHSM £ BinOyBaeThCsl PO3IMIMPEHHS KOHTAaKTHOI 00JIacTi @y, 110
CYIPOBO/IKYETHCS 3HIKCHHSIM MaKCUMAIIbHOTO KOHTAKTHOTO THCKY Piax-

Takuit epexT € CIpUATIMBAM 3 TOYKH 30pYy 3MCHIICHHS KOHTAKTHHUX HANpYXeHb, OJHAK HaaMipHE
3HWKEHHS JKOPCTKOCTI TMOJIMEPHOTO LIapy MPHU3BOAWTH A0 3POCTAaHHsS NMPYXHUX AedopMalii, o MOKe
HETaTHUBHO BIUIMBATH Ha CTa0lIbHICTh TEOMETPUYHOTO 3a30py Ta YMOBH ()OPMYBaHHS MaCTHIIbHOI TTiBKHU. Lle
MiATBEPKYE JOIUIBHICT, BUKOPUCTAHHS HATIOBHEHHUX TOJIMEPHUX KOMITO3MIIIN 13 KEPOBAHUMH MPYKHUMH
BJIACTUBOCTSIMH.

OtpumaHa emropa KOHTAKTHOTO THCKY T€pLIiBCBKOTO THIYy XapaKTepU3YeThCsS IIABHUM PO3MOIIIOM
HABaHTa)XEHHS 3 MAaKCHMYMOM Y IIEHTPAJIbHIN 30HI KOHTaKTy Ta HYJbOBUMH 3HAUCHHSIMH Ha MeXKax
KOHTAKTHOI 00J1aCTi 111 CHCTEMH «BaJI — MOJIIMEPHHMIA 11apy (puc. 2). Po3moain TUCKY Ma€ IIaBHUE XapakTep
13 MAKCUMYMOM Y LEHTPaJIbHIKA 30HI KOHTAKTYy Ta 3MEHLIYETHCS /10 HYJIbOBHX 3HAYEHb HA MEXaX KOHTaKTHOI
obmnacri.
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Entopa KOHTaKTHOIo TUCKY repLiBCbKOro TUMNy
(KOHTaKT Bana 3 NoNiMepHUM NOKPUTTAM)
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Puc. 2. Emropa KOHTaKTHOTO THCKY TepLiBCHKOTO TUITY IIPH B3a€MOIii Bajia 3 MOJIMEPHUM IMOKPUTTSAM ITiJIINITHAKA KOB3aHHS

Taka ¢opma emopu Bignosigae (i3UYHIA NPUPOAI TPYKHOTO KOHTAKTY Ta VY3TOMKYETHCS 3
eKCIIEPUMEHTATEHUMH Pe3yIIbTaTaMH, HAaBEJICHUMH Y BITOMUX TPUOOIIOTIYHIX JTOCIIHKCHHSX.

Bcranosneno, 1o 3MiHa CKJIaay MOJIIMEPHOT KOMIIO3HIII{ BIUTHBAE HE JIUIIE HA PIBEHD Puay, & H HA KPYTH3HY
cnagy THCKYy B mepudepiiHUX 30HaX KOHTakTy. Lle Mae mpWHIMIIOBE 3HAYCHHS IUIsI MPOTHO3YBaHHS
JIOKAaJbHOTO 3HOCY, OCKUIBKM MaKCHUMajbHa I1HTEHCHBHICTh 3HOLIYBAaHHS pEANi3yeTbCs B 00JIACTIX
Mi/IBUIIEHOTO KOHTAKTHOTO THCKY.

BukopucTaHHsl y3aranbHEHOTO KPUTEPI0 3HOCY, Y TMOETHAHHI 3 OTPUMAaHUM PO3MOJIIIIOM KOHTaKTHOTO
THUCKY JIO3BOJIMIIO BCTAHOBUTH (DYHKITIOHATIBHHI 3B’ 130K MiXkK CKJIaJIOM HOJIMEPHOT KOMITO3HIIii, KOHTAKTHUMH
HAINpPy>KEHHSMH Ta IBUIKICTIO 3HOUTYBaHHS.

[MTokazaHo, 110 3HIKEHHSI MAKCUMAIBHOTO KOHTAKTHOTO THCKY IIISXOM ONTHMIi3alii MOIYyJIs IPYKHOCTI
MOJIIMEPHOTO Mapy MPU3BOAUTH 10 MPOMOPIIIHOTO 3MEHIIIEHHsI IHTEHCUBHOCTI 3HOINYBAHHS Ta 3POCTAHHS
PO3paxyHKOBOI JOBrOBIYHOCTI MimmumHUKa. [Ipu 11boMy BBEIEHHS TBEPAMX MACTWIBHUX HAIOBHIOBAUiB
PO3IIISIAETHCA SIK (PAKTOP, 0 OAHOYACHO 3MEHIITY€e KOS(Ili€HT TepTs Ta BIUIMBAE HAa TApaMeTp 3HOUTYBaHHS
k, 1110 JT0JTATKOBO MiZABHIILYE PECYPC By3Ja TEPTH.

TakuM YHMHOM, pE3yJIbTaTH MOJEIIOBAHHS IMiTBEP/HKYIOTh JOUIBHICTh BUKOPHCTAHHS IOJIIMEPHHUX
KOMITO3MINI 13 KepOBaHMMH MEXaHIYHHUMH Ta TPHUOOJOTIYHMMHU BIACTHUBOCTSMH IS BiJHOBJICHHS
MiAMUITHAKIB KOB3aHHS, 10 TPAIOIOTh y BYKKMX HABAHTAXYBAIBHUX PEKUMAaX.

BucHosku

Po3pobneno (disuko-mMareMaTHYHy MOJENb KOHTAKTHOI B3a€MOJIl Baja 3 TMOJIMEPHHM MOKPUTTAM
MiAMUITHAKA KOB3aHHS, sika 0a3yeThesl Ha PiBHAHHAX JIHIMHOT TEOpii MPYKHOCTI Ta y3arallbHEeHii repIiiBChKil
KOHTAKTHIN ITOCTAHOBIII.

OTpuMaHO aHAIITUYHUA BUpa3 JUId €MIOPU KOHTAaKTHOTO THCKY p(¢), IO J103BOJSIE BU3HAYATH
MaKCUMaJIbHI KOHTaKTHI HAIMpPYy)KEHHS Ta IIUPUHY KOHTAKTHOI 30HW 3aJIKHO BiJl MPYKHUX BIACTUBOCTEH
noJIiMepHOT KOMMo3uIlii. BecTaHOBIEHO BIUIMB CKIaMy MOJIMEPHOTO MaTepially Ha eQEeKTHMBHUH MOJYJb
NPY>XHOCTI, HOpMY €MIOpU KOHTAKTHOT'O THCKY Ta IHTEHCHBHICTb 3HOIIYBAaHHS MiIIUITHUKOBOTO By3Ja.

3anpornoHOBaHO KPHUTEpid Mpane3aTHOCTI Ta JOBIOBIYHOCTI MiJIIIMITHUKA KOB3aHHS, 3aCHOBAaHUI Ha
MO€IHAHHI KOHTAKTHOTO aHAITI3Y Ta 3aKOHY 3HOIIYBAHHS, 10 JI0O3BOJISIE IPOTHO3YBATH PECYPC By3JIa TEPTS HA
eTaIli IPOEKTYBaHHs a00 BiIHOBIICHHS.

OtpumaHi pe3ynbTaTy CTBOPIOIOTH HAYKOBE MIAIPYHTS ISl ONTUMI3aLil CKJIAAy TOJIIMEPHUX KOMITO3UIIIH
1 TEXHOJIOTIYHUX TTApaMeTPiB MPOIIeCy BiTHOBJICHHS MiAMIUITHAKIB KOB3aHHS.
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Physical and mathematical modeling of the process of renewal of sliding
bearings using polymers

Vinnytsia National Technical University

The article considers the problem of increasing the service life and accuracy of sliding bearings by improving their restoration
technologies using polymer and polymer composite materials. It is shown that under operating loads, friction and wear, the
violation of the geometric accuracy of the bearing surfaces significantly affects the performance of the unit, causing an increase
in contact stresses, vibrations and energy losses. The feasibility of using polymer coatings as an alternative to traditional repair
methods, which are accompanied by significant thermal effects and residual deformations, is substantiated.

The aim of the work is to develop a physical and mathematical model of the restoration process of sliding bearings with a
polymer coating, which provides quantitative prediction of contact characteristics, stress-strain state and durability of the friction
unit based on a limited number of physically justified parameters. Within the framework of the study, a contact model of the
interaction of the system “shaft - polymer layer - metal sleeve” was formed, taking into account the assumptions of the linear
theory of elasticity, smooth contact and isotropic properties of materials.

The proposed mathematical description is based on the equations of equilibrium of a continuous medium, the relations of
stresses and strains for the linear-elastic matrix of a polymer material and the generalized Hertzian contact formulation. An
analytical expression for the contact pressure diagram, which is characterized by a smooth load distribution with a maximum in
the central contact zone and zero values at the boundaries of the contact region, was obtained. This form of distribution is
consistent with the physical nature of elastic contact and the results of known tribological studies.

The influence of the composition of the polymer composition on the effective modulus of elasticity, contact stresses and the
width of the contact zone was analyzed. It is shown that changing the fillers and matrix of the polymer material allows for targeted
control of contact characteristics and reduction of wear intensity. As a final element of the model, a criterion for the operability and
durability of a sliding bearing is proposed, which combines the results of contact analysis with a generalized wear law and allows
for predicting the service life of the unit at the design or repair stage.
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YIOCKOHAJIEHHA TEXHOJOI'II KOHTPO.JIIO 1
YIIPABJITHHA TEXHIYHUM CTAHOM MYHIIUITAJIBHUX
TPAHCIIOPTHHUX 3ACOBIB B YMOBAX IHTEJIEKTYAJIBHUX
TPAHCIIOPTHUX CUCTEM

XapkiBcbkuii HalliOHATbHUE aBTOMOOLILHO-I0OPOKHIN yHIBEPCUTET
’BiHHUIBKMY HALIOHAIBLHUM TEXHIYHUN YHIBEPCUTET

Memoto docnidxeHHs1 € yOOCKOHaNeHHs OCHO8 (bYHKUiOHYy8aHHS asmomMamu308aHOi cucmemMu KOHMPOJO i
yrpaesiHHa MEeXHIYHUM CmaHOM MyHIiyunaabHO20 nacaxupcbko2o asmomobinbHo2o mpaHcriopmy (MIIAT) e
ymosax ¢hopmyeaHHs1 iHmenekmyanbHux mpaxcrnopmHux cucmem (ITS). OOHUM 3 OCHOBHUX C8IMOBUX HarpPSIMKIe
yOOCKOHaNeHHs1 cucmemMu MexHIYHo20 KoHmposo | ynpaeniHHa MIIAT € eukopucmaHHs1 iHmenekmyanbHUX
mpaHcriopmHux cucmem (ITS) — cucmem, de 3acobu ynpassniHHs, KOHMPOso i 38'a3Ky iHmeepoeaHi 6 AT ma
06'ekmu mpaHcrnopmHoI iHgbpacmpykmypu, a npulHAMMS pileHb rPyHMyembcsi Ha iHghopmauii, ompumaHoi 8
pearnbHOMY 4aci 8i0 pi3Hux dxepesn. AHari3 iCHyt4oi Moderi mexHiYHOI ekcrinyamauii mpaHcrnopmHux 3acobig (T3)
8 YKpaiHi riokasae, w0 icCHyro4a Modesib KOHMPOSIo i yrpasniHHA mexHiyHuUmM cmaHom T3 cgpopmosaHa Ha basi
cripoweHoi cucmemu byHKUIOHY8aHHS MpPaHCropmHoi iHgbpacmpykmypu i exe He eidrnosidac sumozam 4Hacy.
PospobnieHo e pobomi gipmyarnbHe nidnpuemcmeo asmomobinnbHo2o mpaHcriopmy (MAT) «XHALY - TECA», ske
npusHavyeHe came Ond 8UPIiWEHHS 8UpobHu4Yux 3aslaHb MATT 3 onmumisauii pobomu napky pyxomozao cknady
(PC) € KOMMIeKCHUM PIilWeHHSIM 110 MOHIMOPUHaY i yrpaesiHHIO Xummegoz2o yukny emany ekcriyamauii PC.
BanporioHosaHa modesnb 8ipmyaribHO20 MexaHika 8i00iny MexHiYHO20 KOHMPOII MEXHIYHOI Cnyx6bu Ha OCHO8I
menenamuy4Hol cucmemu rnpoyecy ekcryamauil MyHiyunanbHO20 mpaHcriopmy; Ha 0CHosi Moderii 8ipmyarnbHO20
mexaHika 8i00irly mexHiYH020 KOHMpPOoso 30iliCHeHa MOXJusicmb ei3yanizauii pobomu cucmemu MexHiYHo20
KOHMPOsto ma yrnpasniHHA QisifibHICMI0 MyHIUunaibHO20 mpaHCcriopmy 8 PexXumi peasibHo20 Jacy 3a 00rnoMO20r0
gopmysaHHs 00CmynHO20 iHGhopMaUyitiHO20 KOMII/IEKCY mpaHCrnopmHoi cucmemu micma. s 4b020 8UKopucmaHo
mMemooosozito 06’ekmHO-opieHmMogaHo20 Midxody 3abesnedyeHHs1 8 ymoeax ¢hopmysaHHs ITS. 3anporioHosaHa
memodornozisi Moderto8aHHs cucmeMu MexHIYHO20 KOHMPOIo i yrpasniHHs QisiibHiCMI0 Micmumbe maki 6510Ku:
KopeaysaHHs 8UXIOHOI iHGhopMaUuji; po3paxyHOK napamempige eghekmueHocmi YyHKUIOHY8aHHSs; onmumisauii
napamempie mexHiyHoi cryxo6u lNAT.

KnrouoBi cnoBa: TpaHCnoOpTHUI 3aci®, MyHiuMnanbHUA aBTOMOBGINBHUI NACaXXMPCbKUIA TPaHCMOPT, PYXOMUIA
cknag, TEXHIYHUIA KOHTPOMb, TEXHIYHA ekcnnyarTauis aBTomobinis, cuctema TO i P, cTpaTeris i TakTuka, TeXHIYHa
cnyx6a, iHTenekTyanbHi iHopMaLiiHi cucteMu, 06’ eKTHO-OpiEHTOBaHWUI Nigxia, MatematuiHa Moaenb.

Beryn

EdexruBHa 1 HagiitHa poboTa aBTOMOOUTEHOTO TpaHCTopTy (AT) € HABKIMBIIIUM YHHHHKOM COIIaTbHO-
MONITUYHOI 1 €KOHOMIYHOI cTabimbHOCTI cycminscTBa. AT, 1 Hacammepen MyHIIWNAIbHUNA aBTOMOOLTEHUMA
nacaxxupcbkuii Tpancniopt (MAIIT), 3a0e3nedye 0CHOBHY YacTHHY IOI30K HaceJIeHHs 1 0e31ocepeTHbO BILTUBAE
Ha eheKTUBHICTh (PYHKIIIOHYBaHHS BCi€T CHCTEMH MiCBKOTO TOCTIOZIAPCTBA, Ha pOOOTY MiIPHEMCTB, OpraHi3allii,
ycranos [ 1]. YcnimHicts nepeBe3ens nacaxupiB AT y BemuKii Mipi 3aJIeKUTh BiJI piBHS 3a0€31Ie4eHHsT TEXHIYHOT
TOTOBHOCTI TpaHCIopTHHX 3aco0iB (T3, aBromobimiB) 3 Ooky TtexHiuHoi ciyxOu (TC) mianpuemct
aBromoOinsHOrO Tpancnopry (IIAT), a HeoOXimHuWil piBeHb TexHIUHOI rotoBHocTi X T3, B cBOIO Yepry,
JIOCSITAETHCS 32 PAXYHOK BIIPOBAJPKEHHS CUCTEM OIIEPATUBHOTO TEXHIYHOT'O KOHTPOITIO 1 pETyITFOBaHHS JisUTHHOCTI
MAIIT. OmHuM 3 OCHOBHHX CBITOBHX HAaNpsIMKIB YJOCKOHAJEHHS CHCTEMH TEXHIYHOTO KOHTPOJIIO i
perymoBannsi MAIIT € BuxkopucranHs iHTeneKTyadbHUX TpaHcnopTHux cucreM (ITS) — cucrem, me 3acobu
YIPaBJIiHHS, KOHTPOMIO 1 3B's13Ky iHTerpoBani B AT Ta 00'€kTH TpaHCIIOPTHOI 1HGPACTPYKTYpH, a MPUNAHATTS
pillieHb IPYHTYEThCS Ha 1H(OpMAIlii, OTPUMAHOI B peallbHOMY 4aci BiJl pi3HUX Jpkeper [2, 3].

Hosum nigxoxom y komruiekci 3axoaiB ITS, cripsmoBaHux Ha BOOCKOHAJIEHHS POOOTH CUCTEMH TEXHIYHOTO
KoHTpoto 1 perymoBanHs MAIIT, e aBromaru3amisi yHpaBiHHS IPOIIECAMH TEXHIYHOI eKCILTyaTallil
aBromoOiniB (TEA), o ocHOBaHa Ha iHTEHCHBHOMY BIIpOBajpKeHHI Ha AT HOBITHIX iH(pOpMAaIiHUX CHCTEM
KOHTpOJIO B YNpaBiiHHI BUpoOHM4YmMMH mpouecamu cucteM TO i P. SIk mokasye cBitoBuil nocsin, Ha AT
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HalOUTBII ePEeKTHBHUN 1 MIEBHA KOHTPOIb, MOXKE OyTH OTPUMAHHMU TIMBKH 3a JOIMOMOTOIO IIHMPOKOTO
3aCTOCYBaHHSI CyYacHHX 1H(POPMAIIHHUX TEXHOJOTIH Y KOMITICKC] 3 €JIEKTPOHHO-TCXHIYHUMHE TIPHCTPOSMH Ta
TeJNeNaTUYHUMHU 3aC00aMU 3B's3Ky, posramoBanumu Ha T3 [3, 4].

Oco0nuBicTh OLTBIIOCTI 3 iICHYIOUHX TOCHIIKEHB TIOJISITAE B TOMY, IO B IIIJIOMY BOHH IPUCBSUECHI TPoOJIeMaM
BITPOBaDKEHHS HOBITHIX iH(opmaniitHux TexHoiorii [TS B TEA B ymoBax kommiexkcaux I1AT, mo croromni
xapakTepHo jume 11 AT Meramnomicis.

MeTor0 AOCTIPKEHHSI YAOCKOHAJICHHS! OCHOB (DYHKI[IOHYBaHHS aBTOMAaTH30BaHOI CHUCTEMH KOHTPONIO i
YIpaBIIiHHS TEXHIYHAM CTAaHOM MiCHKOTO aBTOMOOIUTFHOTO MaCaKUPCHKOTO TPAHCTIOPTY B YMOBAX (pOPMyBaHHS
ITS.

Marepiajm i MeTOAU JOCTiIZKEHHSA

Ocuosna meta TEA came sik miacucremu AT - 1ie 3abe3nedeHHs i MATPAMKA CIIPABHOTO TEXHIYHOTO CTaHY
pyxomoro cknaay (PC). Bigmitimo, mo 1o 50% came cobiBapTOCTi epeBe3eHb 3aIeKUTh, K Bif SIKOCTI TaK 1 Bil
edextuBHocTi TEA. OcHoBHe 3aBnanHsi TEA momsirae B BHOOpI CHCTEMH TEXHIYHOTO 0OCIYTOBYBaHHS i pEMOHTY
(TO 1 P) PC, sxa, B cBOIO d4epry, NMOBWHHA DPETYIIOBATHCS PO3POOJICHMM 1 3aTBEPHKEHHUM KOMILIEKCOM
B32€MOTIOB'I3aHUX TIOJIOKEHD 1 HOPM, SIKi BU3HAYAIOTH SIK TOPSIOK TaK 1 OpraHi3allito, sIK 3MICT, TaK 1 HOPMAaTHBH
MpOBEAEHHS poOIT 13 3a0e3meueHHst podoTo3naTHocTi napky T3. PaHiie, B yMoBaX MmiiaHOBO-TIONIEPEHKYBATBHOT
cuctremu TO i P, epexruBHicts TEA 3a0e3nedyBaiiacsi BHUKIIOYHO IHXKEHEPHO-TeXHIUHOIO ciyx0or0 [TAT,
TISUTBHICTB SKOT TaKOXK KepyBaJiacsl BiATIOBITHIMIA HOPMATHBHIUMU TIOJIOKEHHSMH 1 TOKYMEHTaMH [5, 6].

Icnyroua cuctema TO i1 P — ne komIuiekc 3axoiB, siki ClipssMOBaHi Ha 3a0e3Me4eHHs] poOOTO31aTHOCTI (PiBHS
HazniitHocti) PC B mpomeci ekcrutyaTarii i 3a0e3neueHHs] caMe HalMEHIIHNX SIK CyMapHUX TPYJOBHX Tak i
MaTepiaJbHUX BUTpAT 1 3BICHO BTpaTax 4Yacy Ha OCHOBI mATpuMKu poborto3matHOcTi (BB TO) Ta
BifiHOBJIeHHs poboTo3narHocTi [7]. B chepi MAIIT AT BTpatuB Ha *ajb [eil Ai€BUH MeXaHI3M KepyBaHHS
piBHEM HafiiHOCTI (eKciuTyaTtaniiinoi) napky T3 3aBnsku rHy4kii cucremi TO 1 P [8].

Takum dYuHOM, Tepen Aep)KaBHUMH IHCTUTYIsMH 1, Hacammepen, Ha MAIIT mocrtae mutaHHA MO0
HEOOX1THOCTI BiTHOBIIEHHSI KOHTPOITIO Ta perymoBanHs 3a notpuManasM MAIIT Bumoram mirodoi cucremu TO
i P 3 MeTor0 HenomyieH s Y1 NonepeyKeHHs] BHHUKHEHHS BiMoB T3 i, SIK HACHiJOK, JOPOKHBO-TPAHCTIOPTHHX
mpurox (HTII) wepes mnpuumHy HH3BKOI TexHiyHOI HamirHocTi T3. Ha xamp cydacHa Tak 3BaHa
«cepenapocTaructrnyaay cucrtema TO i P, sika Oyma chopmoBana Ha mpoTs3i Oaratkox pokiB Ha AT, Bxke 30BciM
HE Bi/IMOBIIa€ Cy4acHUM YMOBaM eKciutyatatii [7, 8]. OcHoBHa mepeBara 1aHoi cucTeMu OyJia JIIIe B TOMY, 10
BOHA JIO3BOJISUIA CIIPOTHO3YBaTH TEXHIUHUM cTaH T3, a rojoBHUIA Hemoik icHytouoi cucremu TO i P nmonsrae B
TOMYy, IIIO PIIEHHS MPO HeoOXimHicTh mpoBeaeHHS podiT 3 TO 1 P, mpuiimanmucs BUKIIIOYHO Ha ITiACTaBi
iH}opmarii moxao npodiry T3. Tomy Ha npakTuiii pu peamizaiii Takoi cuctemu TO i P He BpaxoByeThest came
peanbHuid cTaH CKIANOBUX T3, pe3yibTaT IOTO MOXE MPOSBUTUCS B TIEPEBUTPATI 3allaCHUX YacTWH, 1, 5K
HACJIiJOK, IIBUILEHHI MaTepiajbHUX BUTpAT HA miaTpuMaHHs T3 y cipaBHOMY cTaHi [7, 8]. YcyHyTH uu 3BecTH
70 MiHIMYMY 3a3HaueHi HEJOJIKH IJIaHOBO-TONepeKyBaibHOl cucteMu TO 1 P MoHa HUISIXOM nepexoy Ha
cucTeMy OOCITyroByBaHHsS 1 peMOHTY T3 came 3a peallbHUM TeXHIYHMM cTaHoM (puc. 1). BupimnieHHs 1p0ro
3aBJIaHHS B YMOBAaX CHOTOJICHHS MOJKJIMBE 33 paxXyHOK BIpOBa/bkeHHsI HAa AT iHHOBaIiHHX SIK CHCTEM KOHTPOITIO
TEXHIYHOTO CTaHy, TaK 1 eKCIUTyaTauiiHuX MoKa3HUKIB T3 GaxkaHo came B peXXHMi peaJIbHOIO Jacy.

[IpoBeneHuii aBTOpaMK aHai3 Cy4acHOTO PiBHS PO3BUTKY iHPOPMAIiHUX TEXHOJIOTiH MMOKa3aB, 10 CTAHOM
Ha cborojHi Ha AT € MOXIUBICT 3a0€3MEUnTH MOBHUI KOHTPOJb BCHOTO HAsIBHOTO pyxomoro mapky 13, a
TaKOXK, IPO IO WAEThCA B AaHii poOoTi, fioro TexHiunoro crany. [Ipu motpedi MokHa 3a0€3MeUnTH BiIIIOBITHY
poboty TexHiuHoi cimyx0u (TC) IIAT HaBiTe B aBTOMaTH30BaHOMY pexuMi. BrpoBa/pkeHHS Ha MpakTHLI
MOJIIOHNX CUCTEM KOHTPOJIIO/KEPYBAHHS TEXHIYHUM CTAaHOM T3 cTae MOXKITUBUM 3aBJISIKU OYpXJIHBOMY PO3BUTKY
iHpOpPMAIIfHUX TEXHOJOTIH SK YHIBEpCAJbHOTO TaK 1 CIEMiali30BaHOTO TPH3HAYEHHS, TaK 3BaHUX
«TeNIEeMaTHYHUX CHUCTEM», fKi IOETHYIOTb 3aco0M 3B'I3KY SK OMIDKHBOI Tak 1 JajbHBOI Mii, a TaKOX
BHUKOPHCTOBYIOTh MOYJIMBOCTI Cy4aCHHX CYIyTHHUKOBHX CHCTEM Hairariii [9].

TenematndHa cucteMa — 1€ CHCTEMa, siKa MOEJHYE B €IMHAN TEXHIYHHUH 1 TEXHOJOTTYHUI KOMILIEKC TaKi
MiICUCTEMH: OpraHi3amii JOPOKHBOIO PyXy, 3a0e3leueHHs] Oe3NeKH IOPOKHBOTO PYyXy, a TaKOXK HaJlaHHS
1H(popMaITIfHOTO CepBicy /IS YIaCHUKIB JOPOXKHBOTO PyXY 1 MOTEHIIIMHUX Cy0'€KTIB TPAHCIIOPTHOTO Tporiecy. Y
HOPMATHUBHHX (IIUTHOBHX, CTPATETIYHIX, MMOJITUIHHX ) JJOKYMEHTAX KpaiH 3apyOikKs Taka TeleMaTHuHa CHCTeMa
oJieprKajia Ha3By caMe iHTeJIeKTyalbHa TPaHCIIOPTHA cHUcTeMa 1 BianoBiaHy abpesiatypy — ITS [2].

Came ITS B cywyacHOMy CBiTI BH3HAHa 3arajJlbHOTPAHCIOPTHOI iJ€OJIOTI€I0 iHTErpamii JOCATHEHb came
TENEMaTHKW JUIsl 3alpoOBaPKEHHST y cdepi aBTOMOOUTBHOIO TPAHCIIOPTY JJIsl BUPIIMICHHS IPOOJieM  SIK
€KOHOMIYHOTO TaK 1 COLIAJIBbHOIO XapakTepy, a came s 3HWKeHHS aBapiHOCTI, MiIBUILEHHS e()eKTUBHOCTI
Ppo0OTH TPOMAJCHKOTO TPAHCIIOPTY 1 30UIBLIEHHS BaHTAKOMEPEBE3EHb, 3a0€3MEUeHH 3aralIbHOI TPaHCIIOPTHOI
0e3rekH, MOKPaIIeHHs] eKOJIOTIYHUX MMOKa3HUKIB [2].
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Ha pucynky 2 npezacrarieHa indopmariiina cucrema ynpasiminas (ICY) Ha AT, sika Moke MpaitoBaTH y
cximani ITS. ICY BHKOPHUCTOBYIOThCS caMe Ul CIAOKOCTPYKTYPOBAHMX 3a/Jad SIK Ha PIBHI CTpATEriuHOIro
TUIAaHYBaHHsI TaKk 1 Ha PiBHI YIPaBIiHCHKOTO 1 OTIEPAaTUBHOTO KOHTPOITIO.

( Cxnanosl cuctemu TO 1 P )
|

Y Y L)
( 3acobu ) ( JlokyMeHTaLA ) C Bukonasi )

Buznauennsd nouarra «Cucrema TO 1 Py signoeinao [lonosxkenn4d. ..

( Crnaznoel cucremu TO 1 P )

L)

Y
( [Inanoro-nonepeTKypaIsHa ) C Bunaakosa )
| |
¥ ¥ L
( 3a HapoOITKOM ) ( 3a craHoM ) CO‘]iK}-’BHHHH pcmomy)
|
v

¥

( Cepe/iHBOCTATHCTHYHA ) ( JiarsocTHyHa >

¥
( Cucrema TOi1 P )

Puc. 1. Ananiz cucremu TO i P pyxoMoro ckiaay aBTOMOOUTEHOTO TPAHCHIOPTY

3a gonomororo ICY Ha AT MOXHa CTBOPHTH:

- ICTIETYEPCHKI CITy)KOW, CHCTEMH yIIPABIiHHS;

- aBTOMATH30BaHi CHCTEMH YIIPaBIIiHHS came TexHonoriyanmu nponecamu (ACYTID);

- aBTOMATH30BaHI CUCTEMU yIpaBIiHHS BCiM BUpoOHUIITBOM (ACYB).

IIpu BrpoBamxenHi ICY na AT, BoHM nanyTh 3Mory 30upatH iH(QOpPMALIiIO PO CTaH 1 TOTOBHICTS:

- pyxomoro ckiany (PC);

- TEXHOJIOTIYHOTO 00JIaIHAHHS Ta BChOTO BUpOOHNIOTO mporiecy [TAT;

- IOTOKY TpaHCIIOPTHHX 3aco0iB (T3) npu BIIMBI HA HEOTO HABKOJIHUIIHBOTO CEPeIOBHILIA.

ITS 3 toukm 30py TtexHiuHoi momitukun MAIIT opieHToBaHa Ha BHpILIEHHS 3aBAAHb, IOB'S3aHUX 3
OpraHi3aili€ro JUCTaHIIHHOTO JIarHOCTyBaHHS MapaMeTpiB cTaHiB T3, a B 1iJIOMy Ha MPOBE/ICHHS OIIEPATHBHOIO
TEXHIYHOTO KOHTPOJIIO 1 peryitoBaHHs HistibHOCTI T3 B mporneci excrutyaraii [9].

B VYkpaini ogaum 3 HalOimbmn mocTymHUX cnoco6iB ctBopeHHs ITS € BOpoBampKeHHS CYIMyTHHKOBOI'O
MoHitopunry (GPS-moniTopunry) 3a gisuibHicTIO T3. B nmanomy Bumaaky po0oTa CHCTEMH CYITYyTHUKOBOTO
MoHiTopuHry T3 OynyeThcs Ha B3a€EMOJIii OCHOBHMX KOMITOHEHTIB, 10 BUKOPHCTOBYIOTH TexHouorii GPS, GSM
1 Internet.

[Mo-miepiire, Ha cyyacHomy T3 000B’s13k0BO icHye OopToBuii npunan (GPS-tpekep), 110 oTpuMye 3 cuctemMu
0OpTOBOrO JiarHOCTYyBaHHS iH(OpPMALIO 1 Biampasisge iX Ha TenematuuHuii web-cepep. GPS-tpekep 1o
paziokaHary OTpUMYE JIaHi BiJ] CYIlyTHHKIB cUcTeMH IiobansHoro nosuuionysants (Global Positioning System),
IO 3HAXOMATHCS Ha HABKOJIO3EMHHUX reocTauioHapHuXx opOitax. Ha ocHoBi npwmiiHsTOi iHpOpManii 6opToBHit
MpUjIa] OOYHUCIIFOE CBOI T€OKOOPIMHATH 1 Yac, a MOTIM 3/IMCHIOE mepeaady 310paHoi iHpopMalli 13 3a1aH0k0
nepiognyHicTio Mo HazeMHomy GSM kanamy. [ 1IbOTO BHKOPHUCTOBYIOTBHCS TEXHOJIOTII, IO HAJAIOTHCS
orepaTopaMu MOOLITEHOTO 3B'SI3KY.

[Mo-nmpyre, TenemarnuHuii web-cepBep 3abe3nedye MaplIpyTH3allilo, KOHTPOJb, PO3MOMT JaHHX Ta IX
30epeXkeHHs y BiIAcHil 0a3i. bopToBi npuiiaau nepenaroTh JaHi Ha cepBep B OesnepepBHOMY pexkumi. [10 web-
cepBepa Bi3yalli3ye i epeBoauTh 00poOiieHy iH(opmaito y gopmar 3BiTiB. Lli 3BiTH MOXKyTh OyTH IOCTYHHI
mucnerdepam TC TIAT uepe3 robanbHy Mepexy IHTepHeT. Y 3BiTax (ikcyeTbes icTOpist MOMiH, o BiaOymucs,
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a caMe: MepeTUHAHHS KOHTPOJIBHUX 30H, 3YMUHKHU, YaC CTOSHOK, IMBHIKICTh PYXY, Yac MOYATKy i 3aKiHUCHHS
pobotu T3.

[{OH'I'p(]JIh BHTPAT 1AJIHBA Td MACTHIIELHHX

MaTeplianiB
Kontpoins 3a sKicTio N
eDCBOICHE | DopmMyBaHHS 3BITHOT
P - TC MANOT = JOKYMeHTarlii no po6oTi
06CITyroBYBaHHAM : AT
HMACAKHPIB

TexHiuHHiI KOHTPOE 3a dyHKitionyBanaam T3

OI.umm . 5
Ominka KonTpons 3a (yHKIIOHYBaHHAM Kontpons 3a BukoHanHam T3

Ilp().l)/l(l HBHOCT]
nagiinocr T3 T3 neodxigumx e no TO 1 P rpaikis Ta MApIIPYTIB PyXY

Puc. 2. Knacuoixais indopmaniitaux cucrem Ha AT

Ha MAIIT edektuBHE 3miliCHEHHS TEXHIYHOTO KOHTPONIO 1 PEryJIIOBaHHS HOTO [iSUTGHOCTI BHUMArae
BUKOPHCTaHHS Cy4aCHMX aBTOMAaTU30BAaHUX CHCTEM 300py/aHaizy JaHUX, sIKi MOKHA BUKOPHCTOBYBATH SIK IS
OLIIHKH MOTOYHMX 3HaYEHb IOKA3HUKIB cTaHy T3, sIKi HAAXOAATH i3 OPTOBOI CHCTEMI, TaK 1 aHaIi3y HAKOITMYCHUX
JAHUX Ha TMPOTS31 BCHOTO MPOIECY eKCILTyarallii (3 MEeTOI MOAAJbIoi CTATHCTHYHOI 00poOKH). B pesymprari
BIPOBA/DKECHHSI caMe TakuX cucteM, Ha AT CTBOPIOIOTbCA YMOBHU SIK IUIsl TIOTIEPEIKEHHS PAaNTOBUX BIIMOB 1
CKOPOYEHHSI 4acy MPOCTOI0 B PEMOHTI, Tak i JUIsl MOKPAIIEHHs 3aralbHOro piBHs Oe3meku i HaxaiiiHOCTI T3;
3a0e3revYeHHs 3pyYHOCTI BUKOHAHHA TpaHCTIOPTHOTO Tiporiecy [9]. Kpim Toro, B TEA 3’ SIBISIOTHCS MOXKITUBOCTI
peanizyBaTH SIK OIlEpaTUBHE IUIaHYBaHHSA came TexHosorigyaoro mpounecy TO 1 P T3, Tak i Bu3HaueHHs
OINITHMAJIBHOI CTPYKTYPH BKe BUpoOHNY0i 6a3u Bevoro [TAT [7].

Juis MATIT 0co0auBO BaXKJIMBUM € BU3HAUCHHS ONTUMAJIbHUX TEXHOJIOTIYHUX 1oka3HuKiB podotu TC TTAT,
OCKiTbKH HaniitHa pobota MAIIT HemoxiBa 6e3 HasBHOCTI HaiitHOTO T3 1, BiIIOBiTHO, OpraHi3aIlii HaaiiHOi
pobotu ioro tpancnoptHoi cityx6u (TC) [10].

Jyis  peanizaiii TOCTABJIEHOI METH IPUHHATO METOMOJIOTiI0 00’ €KTHO-OPIEHTOBAHOTO MiJXOLY, IO
[PYHTYETbCSA HA HACTYITHUX NONOKeHHsX [11, 12]:

- Iporpama sIBJIsie COO0r0 MOJIEIb PEabHOTO TPOLECY;

- MOZIeNb peaJbHOTO Mpolecy abo HOro 4acTWH MOXKHA ONMCATH y BUMIISII CYKYHHOCTI OO'€KTIB, SIKi
B3AEMOJIIIOTE MIX CO00I0;

- 00'eKT OMUCY€ETHCSI HAOOPOM TapaMeTpiB, 3HAYCHHS SIKMX BU3HAYAIOTh CTaH 00'€KTa, i HAOOpPOM orepartiii;

- B3AEMOJisI MK JIaHUMH O0'€KTaMH peaNli3yeThCsl NUISIXOM — BiAMpaBICHHS CHEiajJbHUX IOBIJJOMICHB
BIZIMTOBIZIHO BiJl OIHOTO 00'€KTA /IO 1HIIOTO.

3acTocyBaHHS TaKOl TEXHOJOTI] MPEACTABISE CTPYKTYPY NPOrpaMH y BUIVISLI B3a€EMOAIIOUYMX OJHUH 3 OJTHUM
00'eKTiB. Y pe3ysibTaTi Takoi B3a€MOJIil, MO 3MIHCHIOETHCS MUIAXOM Iepeiadi MOBiOMIIEHh MK 00'€KTamH,
peani3yroThes 3aMaHi (QyHKIi [TporpaMu — MPUAHSBIIN TIOBIIOMJICHHS, 00'€KT MOXKE BHUKOHATH TIEBHY IO
(metonm). OOG'ekTHMI MinXiAg IO3BONSE SAKICHO IMPOAHATI3yBaTH CHCTEMY 3 YCiX OOKiB 3 METOI HACTYIHOL
aBTOMATH3allli YNPaBIiHCHKUX (YHKUIHA. MOXIIMBICTh aBTOMAaTH3alil IPUITYCKAaE BUTPAIl Y 4aci, a 1€, y CBOIO
4epry, MiJIBUIYE SIKICTh i OOTPYHTOBaHICTh NMPUUHATUX pimieHs [11]. 3acTocyBaHHsI 00'€KTHO-OPIEHTOBAHUX
METOJIIB JIO3BOJISE MepeOOPOTH OJIHY 3 TOJIOBHUX TPYAHOIIIIB, IO BUHUKAIOTH TIPH PO3POOIIi CKIIaTHAX CHCTEM —
PO3pUB MK peajlbHUM CBITOM 1 CEpelOBHUILEM, L0 IMITYE.

Pe3yabTaTu gocaixkeHHs

OcHoBa po3poOKM O0'€KTHOT MOJETI CHCTEMH TEXHIYHOTO KOHTPOJIO M perymoBaHHS IisttbHOCTI MT,
BignoBigHO 1o TexHosorii OOAII [11] — 1e aHami3 CTaTHKA CUCTEMH, IO MPOBOAUTHCS MUITXOM MOOYIOBH
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JiarpaM BapiaHTIB BHKOPHCTAHHS Ta KJIACiB. 3ampoItOHOBaHA JiarpaMa BapiaHTIB BUKOPHCTaHHS BioOpaxae
KOHIIETITyaJIbHY MOJICITb CKIIAHOT CHCTEMH, TOOTO BOHA OINMCYe (PyHKITIOHATbHE Tpru3HavdeHHs cuctemu [11]. Ha
PHUCYHKY 3 B SIKOCTi «Cy0’ekTa ynpasninns» Buctymae TC MAIIT.

2

IHOOPMAILIHHI CHCTEMH HA ABTOMOBUIBHOMY TPAHCIIOPTI )

¥ J L

—( ABTOMATHYHI —( ABTOMATHIOBAHI )7

pm - Kepysaria - IMAT - KoMrekcmi

n »{ TlozHmiroBaHHA = KepopaHi BILTHEH - [TmapyBanHA

w “{ JlOKYMEHTOOOIT L JloricTHEA
A

n

Ny

S
Y

Obmix =  Lyxramrepia

[MogoposHiil T

I I
>

- TO i pemo

=  Pyx motokie

Puc. 3. OcHoBu perymroBanss gismibHOCcTi MAIIT

TC, 3rigao pobotam [7, 10], BuKoHye y Tiporieci cBoro (yHKI[IOHYBaHHS HACTYTHI 3araybHi GyHKmii [13]:

- 3IIICHIOE TeXHIYHUH KOHTpONb 3a misutbHicTI0O MAIIT i THM camum 3abesneuye OesnepeOiitauii pyx T3
(aBTOOYCIB) 32 BCTAaHOBJIEHNMH TpadikamMul i MapIIpyTaMu;

- KoHTpoJtoe BuKOHaHHs T3 HeoOXximHux BmBIiB o TO i P, a Takok — MakcHMMallbHe BHUKOPWCTaHHS
BUpOOHNYMX TTOTYx)HOCTI TC;

- KOHTPOITIOE BUTPATY TAJIMBA i MACTHIILHUX MaTepiaiB;

- 3IIMICHIOE KOHTPOJIB 32 SKICTIO MEPEeBE3eHb 1 00CITyTOBYBAaHHS ITACAXKHPIB;

- CKJIJIac 3BiTHI pamopTd Ta IHOIY JOKYMEHTalifo 1o poOoTi MyHimmmnaneHoro AT B mijomy i Horo
JMCIETYEPCHKOT CITYKOH.

Bci nepepaxosani ¢pynkuii TC € npeuenentamu. Ha niarpami BapiaHTiB BUKOPUCTaHHS L1 IPELICACHTH 3B's3aHi
BiJHOIIEHHAM acoiriaiii. [le o3Havae, 110 npeleneHT, KUl MoB'sI3aHri 3 aKTOPOM, TIOBUHEH PEali30BYBaTH BCi
orepartii, HeoOXiHi J1st JaHoTO iHTepdeiicy.

Ha miarpami BapiaHTiB BUKOPHCTaHHS BCi TPEIEACHTH 3B's3aHi BiJHOIIEHHAM acoliallii, e O3Hadae, 1o
TIpelie/IeHT TIOBUHEH peajli30oByBaTH came BCi oreparlii, o HeoOXifHi A (PyHKIIOHYBaHHS JaHOTO iHTepdeiicy.

BignosigHo g0 anamizy cratuctuky, Ha MAIIT HEOOXiIHO PO3MIISHYTHI MPOLIEC TEXHIYHOTO KOHTPOIIO 3a
HWOro HiSIBHICTIO.

Jiarpama kiaciB BifiOMBa€ pizHi B3a€MO3B'SI3KH MK OKPEMHMH CYTHOCTSIMH TIPEIMETHOI 00J1acTi, a TaKoXK
OIMKCYE TXHIO BHYTPILIHIO CTPYKTYPY 1 THITH BITHOCHH. Y CHUCTEMI TEXHIYHOIO KOHTPOJIIO 3a AistibHicTEO MATIT
(YHKIIOHYIOTh I'ATh KiaciB — «T3», «GPS-tpekepy», «Web-cepsep», «ITCx» ta «Oneparop [TIAT». T3 3aiticHioe
NepeBe3eHHs NacaKUPiB 3riTHO 3aaHoro Mapmpyty ta rpadiky. Konrpons 3a T3 3ailichioe aucnieruep [1AT.

GPS-tpekep oTpumye curHanmd Bijg cynyTHUKIB cucteMd GPS, Bu3Hauae reorpadivdi KoOpAHHATH
3HaxomkeHHs T3 1 ¢ikcye yac orpuManus curaany. GPS-Ttpekep depe3s 3a1aHi MPOMDKKH Yacy 3a JIOITOMOTOIO
GSM nepenae orpumany iH(pOpMAILlil0 Y BUIIISAAL MAakeTiB JaHuX Ha cepsep cuctemu GPS monitopunry. Came
TaKUM YMHOM BiH 37iHcHIOE 30ip, popMyBaHHs Ta Iiepeaady AaHUX Ipo MisuTbHICTh T3 Ha MappyTi.

Web-cepeep cucremu GPS MOHITOpHHTY TIpH3HAUYeHO Uil Npuiiomy iH(opmamii (Bil TeleMaTHYHUX
npucTpoiB), 1l copTyBaHHs, monepenHboi 00poOKHM, 30epiraHHA Ta BIANPABKH L€l TeIeMaTudHoi iHpopmarii
mucnieruepy IIAT uepe3 BeO-inTepdetiic a00 y BUTIIS/IL €EKTPOHHUX 3BiTiB.
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Oneparop ITAT Ha OCHOBI AaHHX, OTPUMAHUX 3 Web-cepBepy, 3aiiicHioe aHai3 misibHocTi MAIIT, a came
BH3HAYa€ HAsBHICTH TMOPYIICHB MPaBMII ekcrutyatarii T3 (BimxmwieHas T3 Bim MapmpyTty abo rpadika). Takoxk
nucnerdep [TAT crexuts 3a BukoHanHsM rpadikis TO i P, npuunnamu npoctoiB B TC, HasSBHICTIO NPALliBHUKIB
1 peXXHMOM iX POOOTH.

Bimnosigao mo curyarii, Gineimicte T3 ChOTOHI MPAIOIOTH 32 CTPATETIE0 OYIKYBAHHS PEMOHTIB, a00 10
BUHUKHEHHS BiZIMOBH 1 HEMPOTHO30BaHOTO «Tonaaanas» B TC. B pesynbrari, po6otn TO Takum T3 npoBoasThCst
micnst peMoHTy. TO cTaHOBIATHCS poOOTaMU CYIyTHIMH PEMOHTY, IO HEraTMBHO BIUIMBaE Ha Oesmexy MT i
3abe3medye IMOBipHICTH Oe3BimMoBHOI poboTH T3 Ha piBHI 37 % [7]. Ane BigIOBIIHO 10 CBOIX (PYHKITIOHATBHAX
3000B’s3a0p TC 3000B’s3aHa mianyBaTH Trpadiku podiT mo TO i P, KoHTpomoBaTH BHKOPHCTAaHHS CBOIX
BUPOOHMYMX MOTYXHOCTEH, a TaKoXK Oe3nocepenHbo 3aiiicHoBaTy BBy TO 1 P.

I'padiuno miarpama knaciB peanbHOI MOJIENI pecTaBieHa Ha PUCYHKY 7.

Kimac «T3» mos'szanmii i3 kmacamu «Ormeparop TTAT» ta «TCy» BimHOmEHHSIM acormialli, ToOTO KIacH €
piBaonpaBHuME. Knac «T3» nos'sa3anuii i3 kiacom «GPS-Tpekep» BigHOIIEHHSM KOMIO3UIIiT, 1€ 03HaYa€, 10 Ha
T3 BcranoBneno GPS-tpekep. Knacu «Web-cepBep» 1a «GPS-Tpekep» 3B's13aHi Mixk cOOOI0 BiJHOIICHHSM
3aJIEKHOCTI, TOOTO JesdKa 3MIHA OJHOIO 3 eJeMEHTa MOJEIl BHUMAara€ 3MIHM I1HIIOrO 3aJIEKHOrO BiJl HHOI'O
ememenTa moneni. Kimacu «Omeparop ITAT» ta « Web-cepBep» Ta Takoxk ITOB'sI3aHI MiXK COOOIO BiTHOIICHHSM
3aJIeKHOCTI.

3 METOr yJOCKOHAIEHHS CHCTEMH TEXHIYHOTO KOHTPOIO 3a AisuibHICTIO MT Oymna cTBOpeHa BipTyasbHA
MOJIEINTb JliarpaMu KiaciB. Y BipTyanbHii Mozeni OyB BuiydeHo kiac «Omepatop IIAT», ockinbku BiH He Mae
MOKITBOCT] Y TIOBHOMY 0OCSI31 BUKOHYBATH 3a]iadi, 10 CTaBIAThCs niepe; HuM. HatomicTe Oyno JopaHo Kiacu
«Tducnieruep TC» Ta [13 «Virtual mechanic «HADI - 12»»» [13].

«Omepatop TC» 3naivicHtoe (yHKii, sKi Oymo nmokmageno Ha kiac «Oneparop IIAT», a Takox Mae 3Mory
MPOBOJIUTH ONEPAaTUBHHUN TEXHIYHMH KOHTpPOJb i perymosaHHs IisttbHocTi MAIIT 32 monmomororo kiacy «I13
«Virtual mechanic «<HADI - 12»»»» [13]. Kitac «I13 «Virtual mechanic «HADI - 12»» cyTT€BO NPHIIBUIIIYE
mporiec 00poOku iH(opMarii Ha BXOAI 1 THM caMHUM cHpoInye podoty nucrerdepa TC, kpiM TOro BiH J1a€ 3MOTY
MPAIIOBATH 32 OUTBIT TOYHUMH 1 BAXXITMBIMH Ha CHOTOIHIIITHIN I€Hb TOKa3HUKAMH PEAbHOTO Yacy. Sk pearsHa
Tax i BipTyaJbHa MOJIEINI iarpamMu KJiaciB HaBeJeHi Ha puc. 4.

B cBoto uepry piBens «Texniuna ciryx06a» 1 «TpaHcnopTHuiA 3aci0» 1MOB’s3aHi 00’ €THAHHAM PiBHONPABHUX
3B’s13kiB. PiBeHb «TexHiuHa ciy:xOa»» moB's3anuit i3 piBHAME «TexHiuHa cimyx0a» Ta «I13 «Virtual mechanic
«HADI - 12»», BiguomeHHsM BimmoBiguumu 3B’ s3kaMu. PiBenn «I13 «Virtual mechanic «HADI - 12»»
MOB'sI3aHUIA 13 piBHEM « TexHiYHa CITy>k0a»» BiIHOIICHHSIM KOMIO3HIIil, a 3 KimacoM « Web-cepBep» BiHOIICHHIM
3anexHocTi. « TexHiyHa cyx0a» 1moB’s3aHa 3 « Web-cepBep» BiJHOIIEHHSM 3aJIEXKHOCTI.

JloriuHNM TPOAOBKEHHSI CTATHYHOTO aHANI3y CHUCTEMH € TUHAMIYHUHA aHANI3 CHCTeMH. AHai3 JWHAMIKA
CHUCTEMH JIOLJIBHO IIPOBECTH, BUKOPHUCTOBYIOUHM JiarpaMH TIOCIIJIOBHOCTI, CTaHIB 00'€KTa Ta CHCTEMH,
JISUTBHOCTI.

Ha crpykTypHiii cxeMi MOCIiIOBHOCTI 300pakKyrOTBECS BHHSATKOBO Ti 00'€KTH, sIKi Oe3nocepenHbo OepyTh
yuacTth y B3aemoii. Takumu €: «Onepartop MAIIT» — BiH ke iHilIaTOp B3aEMOJIii, IO 300paXyeThesl KpaHiM
niBopy4, « Web-cepBepy, «T3», «TexHiuna cimy:x0a». Bci 00'ektu Ha cxemi NIEBHI PiBHI, [0 00YMOBJIEHI TXHIM
CTYIIEHEM B3a€MOJIil, SKi Peali3yrThCsS 3a JOMOMOTOK TOBIJIOMIICHb, SIKI TOCHIAIOTHCS OJHUMH 00'€KTaMu
iHmuM. KokHe Take MoBiZOMIICHHS TIPSAMY€E BiIIOBIIHO BijJl 00'€KTa, IKUH 1HIIIIOE H BiNPABIISE MOBITOMICHHS,
710 00'€KTa, 110 HOTO OJICPIKYE.

Jii, 110 BUKOHYIOTHCS B CHCTEMi TEXHIYHOTO KOHTpOITIO 32 JisutbHicTI0O MAIIT (peansna monens) [13-16]:

1 — onepatop MAIIT 3amurye y web-cepsepa inpopmaliito (TexHiKO-eKcIuTyaTaliiizi napamerpu 13);

2 — «I13 «Virtual mechanic «HADI - 12»» nanae indopmarito qucnetdepy TC, sika cTae JOCTYITHOIO Yepes3
BeO-iHTepdeiic ado y Burisizai 3BiTiB popmary MS Excel;

3 — oneparop MAIIT ananizye mpaHi, OTpUMaHi 3 cepBepa, i MpuiiMae yrpasiiHCbKe PillieHHAs MO0 JTisUTbHOCTI
T3;

4 — oneparop MAIIT nae ynpaBmiHCHKI KOMaHIW IIOJO IDIaHy, Mapuipyty, rpadika pyxy BOJi€Bi abo
BIacHUKy T3;

5 —T3 3Bepraerbes B TC s 3aikicHeHHS m1aHoBoro BBy 3 TO 1 P.
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Puc. 4. PeanpHa i BipTyansHa Mozeni gisuitbHOCcTi MATIT

CrpykTypHa Bipryanbaa moxenb aisitbHocTi MAIIT mpencrasnena Ha pucyHky 5. Jlii, 0 BUKOHYIOTHCS B
cuctemi TO 1 P 8 MAIIT npencraBneni HACTYITHUM YHHOM [3]:

1 — onepatop 3anutye y web-cepBepa HeoOXiHy iH(bopMarito (TeXHIKO-eKcIuTyaTaliiHi napamerpu T3);

2 — web-cepBep cucremu GPS moHiTOpuHTY Hamae iHpopmamito omeparopy TC, sika cTae IOCTYITHOIO Y
BUTJISAl €NIEKTPOHHUX JIOTB;

3 — oniepatop TC 3Bepraetnhes 1o «I13 «Virtual mechanic «<HADI - 12»» i 00poOKHM OTpUMaHKUX JaHUX;

4 — «I13 «Virtual mechanic «<HADI - 12»» anamni3ye oTprMaHi JIOTY, a TAKOX POOUTH HACTYIIHI ii: TPOBOIUTH
ouiHky napametpiB ctany T3 MAIIT, a came — po3paxoBye npo6ir T3 no TO i P, pymomictkicts Brusis TO i
P; Bu3navae itMoBipHOCTI nepeOyBanHs T3 y po6oti i B TO i P, ToO6TO npoBouTh po3paxyHOK iIHTEHCHBHOCTICAME
BXigHuX 3as1BoK Ha TO i P; 3ailicHIOE TakoX pO3paxyHOK (TexHOJOr 4HUi) podotn TC, BU3HAUar0uH 11 IpoIry cKHy
30aTHICTB;

5 — «I13 «Virtual mechanic «<HADI - 12»» Hajae oneparopy pe3yJibTaTH MPOBEJCHUX PO3PaXyHKIiB;

6 — mpoaHaizyBaBIIM OoTpuMaHy iH(popmarliiro 3 cepsepa i [13, onepartop npuiimMae ynpaBiiHCbKE PillICHHS
oo mismeHocti T3 1 TC;

7 — onepaTop J1a€ ynpasiiHChKI KoMaH I T3 MI0/I0 IU1aHy HOro poO0TH 3 IEpEeBE3eHHsI ACAKHPIB;

8 — oneparop nae yrpasiiHchki komanau TC oo 3aificaenns Bruugie mo TO i P Ha T3;

9 — TC BrmBae Ha T3 3rigHO 3 KOMaHIaMH OIIepaTopa.

BucnoBku

BukoHaHO aHani3 Cy4acHOTO CTaHy TEXHIYHOI €KCIUTyaTarlii aBTOMOOLIIB 1 3aIpONIOHOBAaHO METOI0JIOTIUHI
OCHOBH 1i PO3BUTKY 3 BUKOPHCTaHHAM iHHOBALIHHUX TEXHOMOTiH. [IJI1 MaTeMaTH4HOTO MOJEIOBAaHHS CHCTEMH
KOHTPOJIIO 1 peryJitoBaHHs isSUTbHOCTI MiCBKOTO aBTOMOOUILHOIO MAaCcaXMPCHKOTO TPAHCIOPTY 3aCTOCOBAHO
00'eKTHO-OPIEHTOBAHMH MIJXiJ, [0 HAJAJI0 MOXJIHMBICTh OIKCATH CYKYIHICT OO'€KTIB, SIKI MPEACTABISIOTH
CHCTEMY 1 BHSBUTU 3aJIEKHOCTI MDK LUMHU oO'ektamu. st Bisyamizamii pe3ynpTaTiB 00'€KTHOTO aHamizy
BUKOpHCTaHa yHi(ikoBaHa MoBa monemoBanHss UML [14]. 3acrocoBana TMO Ta, BiJITIOBITHO, HOPMATHUBHO -
IMOBIpHiICHa METOJIKA TEXHOJIOTTYHOTO po3paxyHKy crctemu TO i P. Moens crucTteMu KOHTPOITIO TEXHIYHOTO
CTaHy PyXOMOT'0 CKJIaly MiCBKOTO aBTOMOOIIBHOTO MTACAKUPCHKOT0 TPAHCTIOPTY JI03BOJISIE OJEPKaTH MiHIMAaJIbH1
TPYIOBUTPATH TEXHIUYHOI CIyXOM MiANPUEMCTBA aBTOMOOUIBHOTO TPAHCIOPTY MIOAO 3a0e3MeveHHs
rapaHToOBaHOIo Yacy npoctoro aBroMoOutiB B TO 1 P i BU3HAUMTH X ONTHUMAIbHI 3HAYESHHS, @ TAKOXK MiHIMaJIbHI
BUTpATH AJIs1 peastizawii onTHMaIbHOT IPOAYKTUBHOCTI TEXHIYHOT CITYKOH.
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Puc. 5. CtpykrypHa BipTyansHa Mojens isiibHocTi MATIT

3amponoHOBaHa MOJENb BIPTyaJbHOTO MEXaHiKa BTy TEXHIYHOTO KOHTPOJIO IAIPHEMCTBA
aBTOMOOLTHHOTO TPAHCIIOPTY HA OCHOBI TEIEMATUYHOI CHUCTEMH IIPOIECY EKCIUTyaTalii PyXOMOTO CKJIaTy
MICBKOTO aBTOMOOIJIBHOTO MACaXMPCHKOTO TpaHCIopTy. Ha OCHOBI Mojeni BipTyalbHOTO MeXaHiKa BiAity
TEXHIYHOTO KOHTPOJIO pealli3oBaHa MOXMIIMBICTH Bi3yauizallii poOOTH CHCTEMH TEXHIYHOTO KOHTPOJIIO Ta
PETYIIOBaHHS JisUTHHOCTI MICHKOTO aBTOMOOIJIBHOTO MACAKUPCHKOTO TPAHCIIOPTY B PEXKHIMI PEATBHOTO Yacy 3a
JIOTIOMOTOF0 (hOPMYBaHHS JOCTYITHOTO 1H(POPMAIIIHHOTO KOMIUIEKCY TPAHCIIOPTHOI CUCTEMH MICTa.
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The purpose of the study is to improve the basics of the functioning of the automated system for monitoring and managing the
technical condition of urban passenger road transport (UPRT) in the context of the formation of intelligent transport systems (ITS).
One of the main global directions for improving the system of technical monitoring and management of UPRT is the use of
intelligent transport systems (ITS) - systems where control, monitoring and communication means are integrated into the
automobile transport (AT) and transport infrastructure facilities, and decision-making is based on information received in real time
from various sources. Analysis of the existing model of vehicles technical operation in Ukraine showed that the existing mode/ of
monitoring and managing the technical condition of vehicles is formed on the basis of a simplified system of operation of the
transport infrastructure and It no longer meets the current requirements.. The virtual ATE "KhNADU - TESA" has been developed,
designed to solve the production tasks of UPRT. The solution optimizes the operation of the rolling stock (RS) fleet and provides
comprehensive monitoring and management for the life cycle of RS during its operational stage. A model of a virtual mechanic of
the technical control department of the technical service is proposed based on the telepathic system of the municipal transport
operation process; based on the model of a virtual mechanic of the technical control department, the possibility of visualizing the
operation of the technical control system and management of municipal transport activities in real time is implemented by forming
an accessible information complex of the city's transport system. For this purpose, the methodology of an object-oriented approach
to support in the conditions of ITS formation is used. The proposed methodology for modeling the technical control and
management system contains the following blocks: correction of initial information, calculation of operating efficiency parameters;
optimization of the parameters of the technical service of the automobile transport enterprise (ATE).
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PO3POBKA METOJY JUTTA METAJO-NIIIAHUX
KOMIIO3UTIB 3A NOJIMEPHUMHU MOJEJISIMU B
KOHTEKCTI CYYACHOI CUCTEMATH3AII
KOMIIO3UIIIMHUX MATEPIAJIIB

®izuko-TexHoNOriuHMIA iHCTUTYT MeTaniB Ta cruiasiB HAH Ykpainn
’BiHHHUIBKUH HALIOHATBHUN TEXHIUHUI YHIBEpCUTET
3TOB «3T'AP»

B ymosax duHamiyHO20 po3sumky Kommo3uuyitiHux mamepianie (KM) kpumu4yHo HeobXxiOHO € iXHs Haykosea
cucmemamua3auisi, oOCcKinbKu mpaduuilHi knacudbikauitiHi nioxodu HedocmamHi 01 egheKmu8HO20 MPoeHO3y8aHHs
ekcrilyamauitHux ejacmusocmel rpu fpoekmyeaHHi makux Mamepianie. Y nepwil yvacmuHi pobomu
npedcmasneHa bacamoghakmopHa, bazamopieHesa cxema cucmemamu3sayii KM. Lis 6rok-cxema sidobpaxae
83aEM038'A30K MEeXHO02iHYHUX, CMPYKMypHUX ma ¢hyHKUIOHaIbHUX acrekmis cmeopeHHs Mamepiary, wo cryeaye
memodono2iyHuM nidrpyHmsiM Onsi  MO3UyjoHyeaHHsi 00°ckmie OoCrnidXeHHsI 8 Mexax CyvacHoi cucmemu
MamepianosHasecmea. Ha ocHosi cucmemamu3sauii po3pobrnieHo crocib numms Memarno-niwaHux KoMno3uuitHuUX
mamepianie (JIKM) i3 3acmocysaHHsim JIITM-npouecy (numms 3a modensamu, wo 2a3ugikyromscs). Mema nonsizana
y riodonaHHi obmexeHb JIFM-npoyecy ripu ompumaHHi KoHcmpykuitiHux KM i3 3amKHeHuMu, Hememarnesumu,
3aroeHeHUMU KOMipKamu, ma 3HUXeHHi cobieapmocmi eupobHuumea WiIssXoM onmumizauii cmpuxHeeozo
OCHauweHHs1. CymmHicmb iHHO8auji — MPUHUUNOBO HOBE BUKOPUCMAaHHS MosiMepHoOi modeni K KombiHogaHOoI
gopmysanbHOI ma cmpuxHegoi ocHacmku (Hocis). Modenb euxkopucmosyembcsi 05151 (hOpMy8aHHS MiujaHux
cmpuxHie 3 niujaHo-pidkocknsHoi cymiwi (COz-ripouec), ski ympumytomscsi 8 niueapHiti ¢popmi ma 3anuwiaromscs
e mini JIKM. Lle ycysae HeobxiOHicmb y AopozosapmicHili mpaduuiliHiti cmpuxHesili ocHacmuyi, nmiosuwyroyu
E€KOHOMIYHY egbekmugHicmb ripoyecy. Po3pobrieHuli crnocib sukopucmosye MOHKOCMIHHI rosimMepHi 060OHKU,
suzomoesneHi 3 llNC, 3D-dpykom i3 PLA abo mepmogbopmysaHHsIM. BukopucmaHo my ocobnugicmb, wo 055
OpykosaHux molesiell MOXIUBe pe2yreaHHs1 2a30meipHOCmi 3a paxyHOK 3MiHU MOBWUHU CMIHOK ma
8UKOpUCMaHHS iHMeapo8aHo20 MiljaHo20 CMPUXHS 1K 8HYMPIWHBOT PO3rTipKU.

Ompumaruti memarno-niwaHuli Komrnosum (cmpuxHi 3 2ycmuroro 1,6...2,0 e/cm*® 8 Mampuyi 3 2ycmuHoto >7,0
2/cm®) mae icmomHe 3MeHWeHHS Macu eupoby 6e3 empamu miyuHocmi. [puckopeHa Kpucmarnizauiss Mmemarny Jyepes
3MEHWEeHHSI MOBWUHU CMIHOK cripusie ¢hopMysaHHI0 OpibHO3epHUCMOI cmpyKmMypu 8UCOKOI MiUHOCMI. ApMy8aHHSsI
Halae eunueky dodamkosux byHKUiOHanIbHUX eslacmueocmedl, 30Kpema MiG8UUEHHS Oropy iMmynbCHOMY
MPOHUKaoHoMy pyUHYy8aHHI, WO € Kpumu4yHuM Or1s 6poHenepewkod i 3axucHux criopyd. Crnoci6 mexHonoaivyHo
2Hy4Kul, 00380/104U ompuMysamu K Memasno-niwarduti KM, mak i kapkacHo-komipyacmul yinnbHoMmemaresul
eupib. TexHonoeisi cripoekmosaHa Orid Po3pobKuU fieekogazux MoOyrie weudkicHo2o bydisHuymea 3axucHUX
criopyO.

Knio4yoBi cnoBa: KOMNoO3uuUiHi MaTepianu, cuctemaTtusadis, nuTTa 3a mMogensamu, wo rasudikyotscs (JITM-
npoLec), MeTano-nilaH1m KOMNO3nT, CTPMXKHEBA ocHacTka, 3D-ApykK, kKapKacHO-KOMipYacTa CTPYKTypa, 3MEHLLEHHSI
Macu, 3aXUCHi cnopyau

Beryn

Kommnosumiitai matepianu (KM) BlzurpaIOTL KIFOHOBY POJIb Y PO3BUTKY CYHaCHHX BHCOKOTEXHOJIOTIYHUX
raityseif, 30kpeMa MalIMHOOYIyBaHHS, aBiallii, eHepreTHKH Ta CellianbHOT TEXHIKU. IXHS 3pocTaroua HiHHICTh
3yMOBJICHA YHIKaJbHOIO 37aTHICTIO 30epiraTi BUCOKI MillHI, )KOPCTKI Ta eKCIUTyaTalliiHi XapaKTepUCTHKH,
HaBiTh B €KCTPEMAIbHUX YMOBaX, BKJIIOYAIOUM BUCOKI TEMIIEpaTypH, arpeCHBHI CEpeNOBHINA Ta 3HAYHI
MexaHi4Hi HaBaHTaxeHHs [1-3]. 3a cBoeto cyTTio, KM sBISIIOTE 0000 00’ €MHE TIOETHAHHS HE MEHIIIE JIBOX
PI3HOPIIHUX 32 XIMIYHUM CKIIQJIOM (a3, pO3JIUICHUX BUPKEHOIO Mexero. Came 11e CHHEpreTUYIHE ITO€ THAHHS
KOMIIOHEHTIB J03BOJIsIE MaTepialy HaOyBaTH TakMX EKCIUTyaTaliiHUX BJIACTHBOCTEH, sIKI HEe NMpUTaMaHHI
KOZHIHN 13 a3 OKpeMo, SIK Yy SIKICHOMY, TaK i B KIJIbKICHOMY BUMipax.

OcHoBHuMu eneMeHTaMu KM € marpuist i HanoBHIOBad. BapiroBaHHS iXHBOTO XIMIYHOTO CKIIany,
CHIBBiIHOLICHHS, Opi€HTAlli Ta AUCHEPCHOCTI 3abe3ledye HaJ3BUYaiHO IIMPOKHUN CIEKTP Pi3HOMAaHITHHX
KoMno3uTiB. Taka CTpyKTypHa BapiaTHUBHICTh € MiAIPYHTSIM AJISl HOAAJIBILIOTO BIOCKOHAIIEHHS Ta CTBOPEHHS
MPUHIIMIIOBO HOBHMX MaTepiajiB 1 MpoueciB iX BUTOTOBJIEHHS. L[4 0COOMMBICTH O3BOJISIE 3a3daJICTiIbh
npoekTyBaTH (¢izuko-MexaHiuHi BractuBocti KM (Bimrak ix BimHOCATH 1O Kareropii design materials),
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ONTHUMI3YIOYM BHPOOH I KOHKPETHI YMOBH €KCIUTyaTallii Ta pO3MIMPIOYH chepH IXHBOTO 3aCTOCYBaHHSI.
TumoBumu npencraBanKaMu KM € BoJIOKHOApMOBaHi IMOTIMEPH, KepaMidHi Ta BYTJICIIEBI MaTepian, a TAKOK
JHMCIIEPCHO-3MIIHEH] CIIaBH Ta MCEeBIOCIIaBU. 3BaXKarouu Ha Oe3nepepBHE 3pocTaHHs pisHOMaHITTS KM Ta
IXHIM MDKIMCIMIUTIHAPHUE XapaKTep, HaraJlbHOIO MOTPe0OI0 cTae iXHA aJeKBaTHA HAYKOBA CHCTEMaTH3aLlisl.
Tpamumiiitai knacudikamiiai mIxoaw, SKi 34e01mpIoro 0a3ylThCS Ha THITI MaTpHIli (MeTajeBi, MOJIMEpHI,
KepaMmiuHi), € HEJIOCTaTHIMH, OCKUTBKA BOHH ITHOPYIOTh KJIFOYOBI CTPYKTYpHI, TEXHOJIOTiYHI Ta
¢yHKUioHaNbHI (PaKkTOpH, sIKi BMU3HAYAIOTH KIHIEBI eKCIUTyaTalilHI XapaKTepUCTHKH Matepiamy. Jlms
e(eKTUBHOTO TIPOTHO3YBAaHHS BJIACTHBOCTEW, IIIECIIPSIMOBAHOTO TIONIYKY ONTHMAlbHUX pIlIeHb Ta
oprasizarii ilKeHepHUX 3aa4 HeoOX1/1Ha YiTKO CTPYKTypOBaHa, KOMIUIEKCHA Ta OararodakTopHa cHCTEMA.

Memorw pobomu € TIpeACTaBIICHHS Takoi O0araro)akTOpHOI CXeMH CHCTEMaTH3allil Ta JeMOHcTparis ii
MPaKTUYHOTO 3aCTOCYBAaHHA Ha MPHUKIALl PO3POOKHM HOBOTO JIMBAPHOTO MpOLECY AJIS METajJo-HilaHOTro
KOMITO3UTY.

Po3podka npuHIunmiB cucreMaTu3auii KOMNo3uLiiHUX MaTepiaaiB

Ha BuxonanHs mocTaBieHoi 3a1a4i, Oyia po3podiieHa 6ararodakTopHa cxema cuctemaruzanii KM (puc.
1). BoHa rpyHTy€eThCSl Ha IETATBHOMY aHaNi3i CyJacHUX Ta KIIACHYHUX JIITepaTypHUX pKepen [1-4], a Takox
BUKOPHUCTOBYE JIBa B3a€MOTIOB s13aH1 MPUHIHUIN — TEXHOJIOTYHUI Ta MaTepiajlo3HaBUMH, SIKi OyJIM 3aCTOCOBaH1
B aHAJIOTI4HIA, aJie MeHII pO3rany>keHii cxemi [5]. '0II0BHOIO BiAMiIHHICTIO pO3pOOIEHOI CHCTEMH € TTPHHIIUT
ii OaraTopiBHEBOCTI Ta OXOIUICHHA OAMHAIINTH KPUTHYHHX TapaMeTpiB, KOXEH 3 SAKHX BimoOpaxae
(dbyHIaMeHTaIbHHUN acTieKT CTBOpeHHs Ta ¢pyHkuionyBanHs KM. s cxema € He MPOCTO CTATUYHUM HabopOM
Kateropiii; BoHa (YHKI[IOHYE SK JIOriuyHA OJIOK-CXeMa, Jie¢ BHOIp KOMIIOHEHTA, CTPYKTYPH YH METOIY
BUTOTOBJICHHS HAa OJHOMY PiBHI CHCTEMAaTH3aIlil Mae MPSIMUA TETEPMIHYIOUHIA BIUIMB HA HACTYIHI CKJIaI0B1
piBHi. Takumii minxin 3a0esnedye CHCTEMHHH MOMYK Ta MPOCKTYBAaHHA KOMIIO3UTIB 3 IIUTLOBUMHU
EKCIUTyaTalliiHUMH BIaCTHBOCTSIMHU.

Cucremarnzariisi po3MOYNHAETHCS 3 0a30BUX MapaMeTpiB, 10 BU3HAYAIOTh OCHOBY Matepiany. [lepmum €
KpUTepil 3a TPUPOIOI0 MATPHIIl, SIKUH 3ajJa€ TeMIIepaTypHWH, XiMIYHHN Ta eneKTpoi3udHuil Aiama3oH
eKCIUTyaTallii, po3pi3HsIIOUH MOJIIMEPHi, METalleBi, KepaMiuHi HEOpTraHiYHi Ta PiIKOKPUCTATIYHI MaTepiany, B
TOMY YHMCJIi BUOKPEMJIIOIOYH BUJ TEPMOPEAKTUBHUX, TEPMOIUIACTHYHMX Ta TiOpuaHKuX MaTpulb. HactynHum
€ KpWUTEepii 3a MPHUPOJOI HAMOBHIOBAYA, SKAW BUALUISE MiHEpallbHI, BYTJICIIEBi, METaJeBl Ta OpraHiyHi
KOMITIOHEHTH, 10 HECYTh MepeayciM (QpyHKII0 3MilIHEHHS.

Hami cxemMa MEpexoauTh A0 apXiTEeKTYpHHUX Ta CTPYKTYPHHUX O3HaK. KpuTepiii 3a po3TalryBaHHSIM
KOMITOHEHTIB BH3HAYA€ CTYMiHb aHi30TPOIIii, TOOTO 3aJIe)KHOCTI BIACTUBOCTEH BiJl HANPSAMKY, PO3ILIAIOUN
130TpOITHI, aHI30TPOINHI Ta OPTOTPONHI KOMITO3UTH. TYT e JeTalli3yeThCsl THIN YKIAJaHHS: KOCOKYTHE,
B'syioBe. YeTBepTra 03HaKa — 3a KiJIbKICTIO KOMIIOHEHTIB — BiJOOpa)kae CKIIaJIHICTh, BUIUISIOYM TIOpHIHI
(monsipu3oBaHi) Ta MONIMaTPUYHI CHUCTeMH. TeXHONOTiYHA CKIIJ0Ba OMHCYETHCS KPUTEPIEM 32 METOIOM
OTPUMAaHHS, SIKHUH € KIIFOYOBUM JUIS IIPOMHUCIOBOCTI, po3pi3Hstoun piakodasHi, TBepaodasHi Ta KOMOIHOBaHI
MPOILIECH, BKJIFOYAIOUM CIHCHU(IUHI METOIM OCaJKCHHS/HAIUIICHHS, a TaKOX Cepel Py TpaauiliiHUX
METO/IIB CIPSAMOBAaHY KPUCTAII3AIli0 Ta YIIUILHEHHS! BUOYXOM. [pyHTOBHE 3HAYEHHS MA€ CHCTEMATH3ALlis 3a
CTPYKTYPOIO KOMIIO3HTY, SIKa TOIIAE MaTepiai Ha KapKacHi, MaTpUYHi, IapyBaTi Ta KOMOiIHOBaHi, IPSIMO
BIUIMBAIOYM HA MeXaHiKy pyiHyBanHs. Kpurepii 3a TeoMeTpi€lo HallOBHIOBaYa  BIJUIIISE
MOPOIKOBI/TpaHyIbOBaHI BiJl MApyBAaTUX Ta BOJIOKHUCTHX, IPUYOMY OCTaHHI MOALISIOTHECS HA Oe3rmepepBHi
Ta auckperHi. KinpkicHy CTOpoHy ommcye KpuTepiii 3a 00'eMHMM BMICTOM HAIOBHIOBada, JIe¢ OKpIM
OpiEHTOBaHUX/HEOPIEHTOBAHHX, BUALISIOTHCS BUCOKO-IPAaHNYHO HAIIOBHEH] MaTepiaiH.

3aBepiiaibHi KpUTEpii CTOCYIOThCS HaWCy4acHIIIMX aclleKTiB MaTepialio3HaBcTBa. Kputepiit 3a
(YHKIIIOHATBHICTIO  PO3pi3HAE€  OMHOMYHKIIOHANBHI  (KOHCTPYKIiHI) Ta  OaratodyHKIiOHAIBHI
(«inTenekryanbHi») KM, 3matHi mo amantarii. Kputepiii 3a cxemMor apMyBaHHS JETali3ye MPOCTOPOBE
pO3TallyBaHHsI HAIIOBHIOBAYiB, MOAUISIOUN 1X HA HYJIb-BUMIpHI (3€pHHCTI), HyJlb- T4 OMHOBUMIpHI, 8 TAKOX
OJTHO, IBOBHMIpHI Ta MPOCTOPOBI (TPpUBUMIpHI). I, HaperTi, OAMHAAIATHIA KPUTEPil — 338 pO3MIPOM YaCTHHOK
HaTNlOBHIOBa4a — BBOJAUTH IIKAIy IUCIIEPCHOCTI: MaKpo-, MIKpO- @X [0 HAHOHAllOBHEHHX, BKIJIIOYAIOUU
riOpuHI Ta MIKpOTiIOPHUIHI BUJU, IO € BUPIMMAIBHUM JJIsl MaTepiaiB, SKi MOXYTh JIEMOHCTPYBAaTH KBaHTOBI
eeKTH.

TexHosoriuyHa o3HaKa (METO OTPUMaHHs) B poOOTi [5] BBaxaeThCsl HAHOIIBII YHIBEPCAIBHOIO, OCKUIBKU
TEXHOJIOTIYHHUH Iporec Oe3rnocepelHb0 BU3HAUAE [TOYATKOBI BIACTHBOCTI, CTPYKTYPY, BapTiCTh Ta KiHIIEBE
npuzHaueHHss KM. Came ToMy, B KOHTEKCTI IIPEICTABICHOT CHCTEMAaTH3allii, MU KOHKPETU3YEMO TEMY HaIllloro
JOCTI/DKEHHS — PO3POOKY OJHOTO i3 CIOCOOIB JIMTTS METANIO-MMIAHUX KOMIIO3UTIB 33 MOJEISAMH, IO
rasudikyrotscs (JII'M-mporec).
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Puc. 1. Cxema cucrematu3ariii KOMIIO3HUIIIHHIX MaTepiaiB

3rigHo 31 cxemor (puc. 1), maHuit croci® BiIHOCUTHCS 10 TEXHOJIOTIYHOIO PO31Ty METO/IB OTPUMAHHS
muTHX KoMmo3ulliitanx MatepianiB (JIKM), siki, sk Bimomo 3 myOumikamiii [5-9], BUTOTOBISIOTECS JTBOMA
TOJIOBHUMHU LUISIXaMH: CHOJYYEHHSIM TBepAoi ¢a3u 3 piakoro, abo pinkoasHUM CIONYyYEHHSIM Pi3HHX
KOMIIOHEHTIiB MiX co0oro. [Ipy mpoMy XiMiuHa CyMICHICTh KOMIIOHEHTIB € Ba)KJIMBOIO YMOBOIO JIJIst
3a0e3MeYeHHs] CTaOUIBHOCTI KOMIIO3MTY IIpH €KCIUTyaTallifHMX HaBaHTaXeHHsX [5]. OO'ekt Hamoro
JnociipkeHHs € ¢yHkuioHansHUM KM 3 MeTaneBor MaTpHuero, OTPUMaHOI0 piAKopazHUM METOJO0M, Ta 3
MiHEpaJbHUM (HEMETAIeBHM) AWCIIEPCHHM HAMOBHIOBaueM. TaKMM YHMHOM, INPEACTAaBIECHA CXeMa CIYTye
METOJIOJIOTIYHUM MIAIPYHTSIM JUIsi HAYKOBOT'O MO3HMIIIOHYBaHHS 00’€KTa JOCIHIHKEHHS — PO3POOKH CIOCO0y
JII'M MeTano-nimaHux KOMIIO3UTIB — OIHUCY SKOTO MPUCBIYEHO HACTYITHUHN PO3JIiIL.

Po3polka cnocody IUTTA MeTANO-MIIAHNX KOMIIO3UTIB 32 MOJIEJISIMH, 110 Ira3H(PIKyIOTbCSA

JI'M-niporiec, Ha MOTEHIAJIBHUX MOXJIMBOCTAX SKOIO IPYHTYETHCSA PO3POOJIEeHUI Hamu CIocio
BurotoBieHHs JIKM, € oaHi€lo i3 Hali011b1I NEpCIEKTUBHUX Ta pecypcoedekTuBHUX TexHonorii [10-12]. Leit
METO/I JI03BOJISIE OTPUMYBATH METAJIEBi BUJIMBKHU CKIIATHOT ()OPMHU 3 BUCOKOIO TOYHICTIO Ta, IO € BAKIMBUM
IUTSL HAIIOro JOCHIJKSHHsI, IHTErpyBaTH B IX CTIHKM HAIOBHIOBAaYi, THM CaMHM CTBOPIOIOYM KOMIIO3HMTHI
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BWJIMBKU 3 HEPIAKO YHIKaJIbHUMH BiacTUBOCTAMHU [12]. Ile cTae MOXJIHMBHM 3aBISKH BUKOPHCTAHHIO
roJriMepHoi Mojiem (K mpaBmiio, 3 miHomomictupony, [IIIC) sk HOCiS HamOBHIOBaYa YHM apMaTypH, IO
3a0e3meyye IXHE TOUHE MO3UIIIOHYBAaHHS B JIUTI MaTPHIi MiC/s 3aMillIeHHs] METaIOM MOJIENI MPH 3aJMBaHH1
HUM Ii1aHoi (OPMH 3 TAKOI MOJEILTIO.

AHami3 TEXHOJOTIYHMX OOMEXEeHb Ta ICHYIOUMX aHaJOTiB IMOKa3ye, mo mociimpkeHHs KM Ha ocHOBI
3aJi30BYTJIENEBUX CIUIaBiB (CTami Ta 4YaByHy) i3 3actocyBanHsM JII'M-mpomecy € emizommuammu [12].
Posrnsimatoun mmpine Koo aHaloTiB, BapTO 3a3HAYMTH, IO 3 TEIUIO(I3UYHOI TOYKH 30pY Mil[aHHA
HarroBHIOBaY JIKM, po3raroBanmii BcepearHi BIIIMBKA, MOKHA PO3TIIIATH K eJIEMEHT Mmimanoi popmu. Bin
BHUKOHY€E POJIb, MOAIOHY 10 BHYTPIIIHBOTO XOJIIOAWIHHUKA a00 CTIHKH MIaHoi GopMH MpH TPaAUIiHHOMY
JIUTTI, CIpUsIIOYH iHTeHcH]ikanii TermoBiaBoAy. Tak, BiqoMuil crocid JUTTS BUIMBKIB 13 YaBYHY 3 KyJISICTUM
rpagiToM y BakyyMoBaHUX mimanux ¢opmax (mogioHux mo JI'M), B skoMy apryMEeHTOBaHO KOPHCHICTb
00OMeXeHHS TOBIIMHHU CTiHOK 70 16 MM [13]. Lle xmacnuanii MeToa, B IKOMY iHTEHCHU(IKaIlis TeTUIOBIIBOILY
32 paxyHOK 3MEHIICHHs CTiHKM BHJIMBKA CIpusie (OpPMyBaHHIO APIOHO3EPHHUCTOI CTPYKTypH MeTally, IO
MiABUIILYE HWOTo MIIHICTE [14]. [IpoTe, y OULIBIIOCTI BUMAIKIB TOBIIMHA CTIHOK JIMTUX JICTAJICH TIEPEBUIILYE
ONTUMAJTbHI 3HAYEHHS, a 3aCTOCYBaHHS ICHYIOUHX TEXHOJIOTIH, K-OT BUTOTOBIEHHS MeTonoM JII'M muroro
MaTepiady CTUTBHUKOBOI CTPYKTYpH 3 Kpi3HUMH Topamu [15], He mae 3MOTH CTBOPUTH 3aKPHUTI KOMIPKH,
3amoBHeHI HemeTanoM. CaMe Taki 3aKpUTI KOMIPKH JO3BOJISIOTH 3MEHIIMTH Macy METaJOKOHCTPYKUil Oe3
BTpaTH ii 30BHIMIHKOI IIJIICHOCTI, IO € KIFOYOBOIO MEPEBaror0 TaKoi KapKacHO-KOMip4acToi cTpykTypu KM.
Kpim Toro, mns dopmyBanHs Takux 3akpuTix kKomipok JIKM meromom JII'M, HamoBHIOBadY MOBHHEH OYTH
nornepeaHbo cPOPMOBAHUH Y BUTIISII CTPUIKHIB 13 MiMIaHOi CyMimni 31 3B’S3yBaJbHUM KOMIIOHEHTOM. [Ipu
IBOMY TpAaJHIiiHE BUTOTOBJICHHS CTPWXKHIB y CTPW)KHEBUX SIIWKAaX € BUTPATHUM 4epe3 HEOOXiAHICTh
BHTOTOBJICHHS, 30€piranHs Ta 00cIyroByBaHH 11i€i qoporoi hopMyBabHOI ocHAcTKH [16].

Ha ocHoBi mpoBezieHOro aHamizy KOHCTPYKIii KapKacHO-KOMipuacTuxX BWIMBKIB [15, 17], mera nHamoi
pPO3pOOKM ToNATaga y CTBOPEHHI TEXHOJIOTIl, M0 J03BOJISiE 3MEHIIMTH BHUTPaTH Ha OCHAICHHS,
BUKOPHCTOBYIOUX ()OPMYBAHHS €IEMEHTIB (CTPIKHIB) HAIIOBHIOBaYa, 30kpema 3a CO»-TiporiecoM, OMUCaHIM
y pobortax [16, 18], ckopotuTn 0bOcAT py4yHOI mpami Ta oTpuMaru Metano-mimanuid JIKM i3 3akputoro
KOMIPYacTOI CTPYKTYPOIO.

CyTHicTh po3pobiieHoro crnocody JnTTa Metano-mimanoro JIKM nHa ocHoBi JII'M-nipouecy momnsirae y
BUKOPHCTaHHI JINBAPHOI OJIMEPHOI MOIEIIi He JIUIIE K TPpaaulliitHoro 3aco0y (opMOyTBOpEHHS BUIIMBKA, a
BOJIHOYAC SIK CTPWIKHEBOI OCHACTKM JUIs ()OPMYBaHHS MILIAHUX CTPIDKHIB. Jlami B TEXHOJOTII JHUTTS Taka
MOJIENIb TaKOXK CIYrye 3acO00M yTpUMaHHS, a00 HOCIEM, IIMX CTPWXKHIB B POOOUil MOPOKHUHI JIMBAPHOI
(hopMu, 16 BOHU YaCTKOBO UM MOBHICTIO OOJIMBAIOTHCS PO3IIIABOM MeTany. TakuM 9MHOM, TIOJiMepHa MOJIEITh
cTae KOMOIHOBaHOIO (OPMOYTBOPIOIOUOIO Ta CTPHKHEBOKD OCHACTKOIO, B SIKil CIIOYATKy (OPMYIOTH IMilIaHi
CTPWXHI, a moTiM 1 rasudikyrors mig yac JITM-nponecy. Lle KOHCTpYKTHBHE Ta TEXHOJIOTIYHE PilIEHHS
MTOBHICTIO yCyBa€ HEOOXITHICTh Y TPaAUIIHHIN CTPKHEBIN OCHACTIN (3a3BUYall IepeB’siHIA YM MeTajeBiil),
0 3HAYHO Mi/IBUIYE€ EKOHOMIYHY Ta BHPOOHUYY €(EeKTHBHICTH TEXHOJIOTIi. JIJIs mpuKkiIamy mpoeKTyBaHHS
croco0y MOJIeNIb KapKaCHO-KOMIpYacToro MaTepiany BUKOHYEThCS Y BUTIISIII IBOX TOHKOCTIHHHX 00OJIOHOK
(monoBuHOK). Boun mMoxyth OyTtr BUrorosieHi 3 [I1C, 3a nonomoror 3D-apyky (3 PLA), manmpuknan, sk
orucaHo B crocobi [19], abo tepmodopmyBanHsIM. DopMyBaHHS MIMAHUX CTPUKHIB MPOXOAHUTH MIIIXOM
3allOBHEHHS TIOPOKHUH MOJENI MIIMAHOK CYMIMNIIIO 31 3B’S3YBAILHUM KOMIIOHEHTOM, BHKOPHUCTOBYIOUH
MOJIENIb SIK CTPHXKHEBY OCHACTKy. Taki JUBapHi MOJIMEpHI MOJENi y BUTJISIL JIBOX MOJIOBHHOK-0OOJIOHOK
BUTOTOBJISIIM METOJIOM Bupi3aHHs iX 3 Onounoro I1I1C, a nimano-pinkockisiny cymim 3a COz-nporiecom, siK
MOIIMpPEHY y JIMBAPHUX LI€XaX Ta HEAOPOry 3a COOIBapTICTIO, BUKOPUCTAIH JUISi BUTOTOBJICHHS CTPYDKHIB.
BapianTu cnioco0y umtoctpye puc. 2. Ha puc. 2 a nokazaHo ¢parMeHT nojimepHoi mozeni (y nepepisi), 1o
CKJIQIAETBCS 3. JIBOX OOOJIOHOK | (BEpXHBOI Ta HIKHBOI), MIIIAHOTO CTPYIKHS 2, IO ONMUPAETHCS HA JIBI
BctaBkd 3 3 I1I1C (po3ramoBani 3HU3Y Ta 3BepXy), QIKCYyIOUMX €JIEMEHTIB — IBi3KiB 4, OTBOPY 5, MOBITPSHOTO
npoctopy 6. Ha puc. 2 6 nmoka3aHo y mnepepisi pparMeHT OTpMMaHOTO BUJIMBKa 7 (BiANOBinae (parMeHTy
MOJIEN), y SKOMY CTPHIKEHb 2 3auIuBcs HeBuOUTUM [20].

Jeranizaiito TeXHOJIOTIYHOTO Mpolecy JUTTs Metano-nimanoro JIKM posrisiHeMo Ha npukiIagi IBOX
BapiaHTIB pearnizanii. Y nepmomy BapianTi peanizamii Mmojens 3 [TI1C s 3paska JIKM npencrapmsiia co6oro
«KOHTEWHEP», B KOMIPKH HW)KHBOT ITOJIOBUHKY SIKOTO MTOMIIIAM JIO30BaHi KUTbKOCTI TUIACTHYHOT CTPHKHEBOT
HimaHo-pigKockisHol cymimi (i3 5% pigkoro HatpieBoro ckma). Lo cymim ymineHIOBanu i Gopmysanu
LUISIXOM NPUTHCKAaHHS NPU HAKPUBaHHI BEPXHBOIO MOJOBHHKOIO Mogeni. Ilicns ¢opmyBaHHS CTPHIKHIB y
MOJIOBUHKAX MOJIENI CTPYKHEBY CYMIII TIO IIUTMHAX X CTUKY NPOJTyBaiy ByriieKucium razom CO,, B3aeMoIist
piAKOrO cKiia 3 SKMM TIPU3BOJMIIA JIO TYXABIICHHS Ta TBEPJHEHHsI CyMimn. Y BUMAJIKy BHUKOPUCTAHHS
nonoBuHOK Mogeni 3 IIIIC mocratHpoi ToBumaM (5...10 MMm) BeraBku-posmipku 3 3 IIIIC moxHa He
3acrtocoByBaTH. [lepen TyXaBJIEHHSAM CTPHXKHIB X 101aTKOBO (DIKCYBaau B CTIHKaX MOJEII 3a JOIMOMOIOIO
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TOHKHX I'Bi3/IKiB 4. 310paHy MOJEIb 31 CTPIDKHIMH 110 TIEPUMETPY HOKPHUBAIIA CTPIIKOIO THITY «CKOT». B 000X
BapiaHTax 3acTOCOBYBaM THIOBE Jis JII'M mpoTumipurapHe MOKPUTTS 30BHINIHBOI MTOBEPXHI MOJEI, SIKE
PETEILHO BHCYIIIYBAJIH.

Puc. 2. ®parmenTtu Mozernti (a) Ta BigIOBIJHOT YacTHHHM BIMBKa (0): 1 — momiMepHa 000I0HKa (BEpXHsI); 2 — CTPIDKEHB; 3 — BCTaBKa
3 [IIC; 4 — rBi3nKky; 5 — OTBIp; 6 — BUIBHMI IPOCTIp; 7 — BUIMBOK

B npomneci BurotoBnenns nimanoi Ggopmu Ta IuTTS MeTarmy npu JII'M mimani cTprkHi 2 GyHKIIOHYIOTh
SIK BHYTPIIIHI PO3MIPKH, YTPUMYIOUHU TiJI0 MOJENi, 3i0paHe 3 JBOX MOIOBUHOK. [lepen po3mimeHHsIM Moei
B MiMIaHii popmi B oHiH 3 000J0HOK | Ta BcTaBkax 3 BUCBEPAJIOBAIN KaHAIU 5 HABMPOTH CTPYKHIB 2 ISt
3a0e3redeHHs BUXOAY Ta3iB i3 CTPIIKHIB i Yac oOJMBaHHI Ta HarpiBaHHI X MeTanmoM. Lli kaHamu i gac
(hopMyBaHHS MOJIENi Y CyXOMYy MICKY 3 BiOpOYIIUTFHEHHSM Y KOHTEHHEPHIN OMOIli 3aIIOBHIOBAIINCH IiCKOM,
10 KOHTAKTYyBaB 31 CTPKHAME 2. Lle 103B0IIs10 ra3aM BUXOIUTH Y BAKYYMOBAHHUH MICOK, IIPH IEOMY BaKyyM
YaCTKOBO MTPOHHUKAB y TIOPH CTPHIKHIB Ta CIIPHSIB BUAAJICHHIO 3 HUX Ta3iB, 3a11001ratouy MOMaJaHHIO IIPOTYKTIB
rasudikamnii y metan BuiuBKa. [loganeini omepanii BUTOTOBICHHS BHJIMBKIB HE BiPI3HSINCH BiJ THUIIOBHX
onepauiit gt JI'M-niponiecy. ToBmyHA CTIHOK OTPUMAHOTO JIUTOTO MaTepialy HaBKOJIO CTPHIKHIB Bi/IMIOBiIa€
TOBIIMHI CTIHOK THX JJISTHOK MOJIENI, [0 OXOILIFOBAIM CTPUKHI, a Ha JUISHKaX MK CTPYDKHSMHU JTOPiBHIOE
CyMi TOBIIMH JIBOX IIOJIOBUHOK Mojelni y cTuky. Ha BunmBkoBi 7 (puc. 2 0) xaHanm 5, mo panime OyB
3aIMOBHEHUH MiCKOM, TaK0X YTBOPIOBABCS ITICIII BUCUTIAHHS ITICKY.

Hpyruii BapianT peamizanii cmocoOy mnepeadadaB BUTOTOBJICHHS MOJIMEPHHX O0OJOHOK 1 Momeni 3a
noriomoroto 3D-npyky 3 marepiamy PLA. Ockinbku OpyKOBaHHUH momiMep Mae Oifbllly MHUTOMY Bary Ta
ra3oTBipHICTh, HiXk 3BUuHUH M1t JII'M-mipouiecy [I1C, BuHUKIIa HEOOXiTHICTh Y 3MEHIIIEHHI 00’ €MHOI Baru
Bciei monem. lle 3aBmaHHs BHpINIYBadM NUISIXOM 3MCHIICHHS TOBIIMHUA CTIHOK OOOJOHKM 1, a Takox
perytoBaHHAM 00 €My BUIBHOTO MPOCTOpY 6 3a paxyHOK BHOOpY TOBIIMHM BcTaBoK 3. Lleil mpuHIMD
peryJoBaHHS ra30TBIPHOCTI MOJIENI IPH TEPMOAECTPYKILIT IUIIXOM 3MEHILEHHS 11 3arajibHOI MacH 3a paxyHOK
«HATIOBHEHHS TMOBITPSIM» CTIHOK € HOBOK OCOONMBICTIO IbOro cmocody JII'M mis npykoBaHUX 4YH
KOMOIHOBaHUX MOJeJieH, 10 BiJIKPHUBA€E IIMPOKI MOMIIMBOCTI JijIsi BUKOpucTaHHs 3D-npyky. [lpu mpomy
MIIIAHANA CTPUKEHD 2 Pa30M i3 BCTaBKaMH 3 QYHKIIIOHYE SK e(eKTUBHA PO3ITipKa.

VY upoMy BapiaHTi MOJEIb 13 ABOX HOJTIMEPHUX TOHKOCTIHHUX 000J10HOK 1 (Puc. 2, a) 30upanu aHanorivHo
mpoliecy, OMMCAaHOMY BHIIE, BKIIOYHO 3 BHTOTOBJICHHSM cTpmwkHiB 2. [licis ¢apOyBaHHS Ta CymIiHHS
MOKPUTTS BUKOHYBJIM KaHAIM 5, GOpMyBajll MOAENb y HICKy Ta 3ajJUBaJX METAIOM OTpUMaHy (Gopmy
AHAJIOT1YHO NEPLIOMY NPHUKIAIy, OTPUMABIIA B 000X BUIAJIKaxX BWIIMBOK 7 31 ctpmxHAMHU 2. IlepeBaroro
PO3pO0JICHOIO MIIXOY € T€, 10 IIPU LIbOMY JAPYKYIOTHCS JIUIIIE IBI 000JIOHKH MOJIEII, TOI AK BIJIOMI aHAJIOTH
MoOJIeJIel KOMIpYaCTHX JIUTUX BUPOOIB MIiCTATh 3HAYHO OBy KiBKICTB JIeTajei JIIsl IOJaIbIIoro 30MpaHHs
[15, 17, 20]. Kpim Toro, JI'M-niporiec st KOMipUacTHX JTUTHX BHPOOIB 32 JPYKOBAaHUMH MOJIENSIMH 1€ HE
PO3p0O0JIEHO, OCKIUIBKU APYKYBaHHS JIMBAPHUX MTHOMOJENEH 3HAXOOUTHCS JIHIIE HAa €KCIIEPUMEHTAIbHOMY
piBHI, W0 MiATBEpP/KYE HOBWU3HY 3alpoIOHOBAHOTO MiJXoay. BojHodac, cydacHi, HaBiTh OMOJDKETHI
(mactinpHi), 3D-TpuHTEpPH MO3BOJIAIOTH JPYKYBaTH OOOJOHKH TOBIIMHOK Bixm 0,1 MM Ta Bume mis
MOJIIMEPHUX MOJENEH 3 HACTYNIHUM OTPUMAaHHAM OY/Ib-IKHX KOHKPETHHX CTPYKTYp JIUTOIO METaJeBOI0
KapKacHO-KOMipuacToro matepiany. lle mae 3Mory rHydkoro BapifOBaHHsI TOBIIMHU CTIHKH OOOJIOHKOBOT
MoJieNTi Jist 3a0e3MeYeHHs] HeOOX1IHUX PO3MIpiB, KOHCTPYKIIT Ta YMOB ekciutyaranii kinmesoro JIKM. Sk
JIBTEPHATUBHUH, POTE€ BUCOKONPOAYKTUBHUNA METOJ, JJISl BUTOTOBJICHHS 0OOJOHOK OMHMCAHO MOLIMPEHUH
croci0 TepMOopOpMyBaHHS BUPOOIB 13 TEPMOILUIACTHYHOTO IMOJIIMEPHOTO JIMCTA, HANPUKIIAA, TOBIIMHOKO
0,2...2,0 mm [20]. Le#t npotiec BKIIFOUAE HArpiBaHHS JIKCTA J0 TeMIlepaTypH B iHTepBai 85...170 °C (3anexHo
Bil THIly TMoOJliMepy) 3 MNoJaIbMKUM (OpMYyBaHHSIM y mpec-popMmi TiI JAi€l0 BakyymMy aboO THCKY.
TepmodopmyBaHHs BUTiTHE AJIS1 BUTOTOBJICHHS MoJiesiell cepiiHnx Bupo6iB 3 KM, OCKINIBbKH 32 MM METOAOM
MacOBO BUTOTOBIISIIOTH JIOTKH JUISI SIEL, OJIICTEPH JUIS IIyKEPOK, JIOKEMEHTH JIJTsl (piKcarlii BUpOOiB B yITaKOBIIi
Ta KaceTH sl 0araToocepeIKOBHX BKIaIOK. TexHosoriuHa ocoOnuBicTh, BinactuBa JII'M-mpomecy, —
BaKyyMyBaHHS MICKy JMBapHOi (JOpMH — MPHU3BOAMTH OO TOTO, LIO MpPHU HArpiBaHHI PO3IJIABOM METaIly
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000JIOHKH MO/ICITI MIIIHO IPUCMOKTYIOTHCS 10 MOBEPXHI MICKY, 110 0(hOPMIIOE 00pHUCH POOOUOT MOPOKHUHU
dbopMmu, 1 Ta3udiKyIOTbCS B KOHTaKTI 3 HHM. 3a MHOTpeOH, JUisg OUIbII HamiHHOrO (DIKCYBaHHS KPYIIHHX
CTPHIKHIB, TBi3IKU 4 MOXKHA BUCYHYTH Ha 2...3 MM 3 MTOBEPXHi MOJei, 11100 BOHM 3arinOII0OBAINCH Y MiCOK
¢opmu. Ha BUIIMBKY BHCTYIH TBI3JIKIB JIETKO BUAAISIOTHCS MEXaHIYHUM CITOcOO00M. Takox st 301IbIIeHHS
XKOPCTKOCTI KPYITHUX MOJENeHl MOXKIIMBE 3aCTOCYBaHHS B NMPOCTOPI 6 JOAATKOBHX BCTABOK 3 JIETKOBAroro
[I1C, ananoriuanx BcraBkam 3. OTpuMaHWi MeTalleBUil KapKkacHO-KoMmipdacTwii BupioO (sik Bapiant JIKM) y
CBOiX KOMipKax MICTHB MiIIaHi CTPHXHI, SIKI MEXaHIYHO 3aTUCHYTI METaJIOM 3aBJASKH HOTO ycallli, BIaCTUBIH
IUIs1 TIPOLIECY OXOJIOMKEHHS.

VY pospobneromy crocobi BuroroBieHHss JIKM BuOwBaHHS CTPHKHIB 3 BIJIMBKIB HE BHKOHYETHCA. J[7st
(hopMyBaHHSI CTPIKHIB MOXKYTh BUOMPATHCH IIAHI CYMIllli, SKHM BJIACTHBE JIOJATKOBE 3MIIHEHHS IIIIIXOM
cnikanHs [21], a TakoX CTBOPEHHS 3 MeETaJOM XiMi4HOro 3B’s3Ky [22]. OTpumaHMii MeTaJo-miljaHui
KOMITO3UT JIEMOHCTPY€E OcOONMBI (PYHKIIOHAIBHI BiIacTuBoCTi. Hampuknaz, 3a nuM npuaimnom y @TIMC
HAH VYxkpainu po3po0ieHo KOHCTPYKIii JUTHUX JIETKOBaruX METaJeBUX MOIYJIB AJs IBUAKICHOT TOOYAOBH
3aXHMCHUX CIOPY[ pi3HOI KOH(pirypauii, npu3HadeHuX A 30epekeHHs 00’ €KTiB KpUTUYHOT iHYPACTPYKTYpH,
3CY, mpOMHCIOBOCTI Ta 3axHCTy NHBUTRHOrO HacenmeHHs [23, 24]. Kpim TOrO, IS BHUTOTOBIIEHHS
MPOTUPATIAIIfHAX YKPUTTIB TOLUJIBFHO B3STH 3a aHAJIOT CIHOCI0O BHTOTOBJIICHHS JINTOTO KOHTEHHEpa 3
BHUCOKOMIIIHOTO YaBYHY U 3aXOpPOHEHHsI Ta TPaHCIOPTYBaHHsS paliOaKTHBHUX BiIXOJiB, KOPITYC SKOTO
MIiCTHTh BIMTI CTPHKHEBI BCTABKM 3 KaM'SHOIO METAIyprifiHOro marepiany 3 ryctuHor 3,40 r/cm®, sxi
MPAKTUYHO HE 3MEHIITYIOTH (TIOPiBHIHO 3 YaBYHOM) PiBEHB 010JIOTIYHOTO 3aXUCTY BiJl pali0aKTUBHUX BiIXOIiB
[20, 25]. BogHowac, MiAKPECIMMO TEXHOJOTIYHY THYYKICTh PO3poOiieHoro Mertoay. JocTymHi BapiaHTH
MOBHOTO a00 YaCTKOBOIO BHOWMBAaHHS BCIX YW YAaCTHHH CTPHKHIB, JUIS SKUX MOJKJIMBO BHKOPHCTaHHS
JIETKOBHOMBANBHUAX CTPIDKHEBUX CYMIIIed pa3oM 3 mepeadadeHrMMH KOHCTPYKIIEI0 MOJAETl OTBOpaMH y
JIUTOMY MeTajli. Y I[bOMYy BUIAAKy Martepiay 0e3 cTprkHIB Bxke He € KM, a crae kapKkacHO-KOMip4acTUM
HIJTbHOMETAJICBUM BHUPOOOM. Peamizariss omucaHoro crocoOy posmuproe 3actocyBanHs JII'M-mporecy
3aBISKH 3HAYHOMY 3MEHIICHHIO BHUTpPAT IIiJ] 9aCc BUTOTOBIEHHI CTPW)XHIB (Uepe3 BiIMOBY BiIl JOPOToi
CTPMKHEBOI OCHACTKH), a TaKOX CKOPOYEHHIO OOCSTY PYYHOI Tparli MijJ 9ac BUTOTOBJIEHHI Mojeined i3
KoMipkamu MeTofamu 3D-1pyky Ta TepmodopmyBanHs. OCHOBHI IepeBard crnoco0y BKIIOYAIOTh MOXKJIUBICTh
3MEHIIICHHS] MacH METAJIOBUPOOIB 0€3 BTpaTH Hecydoi 31aTHOCTI. Lle nocaraeTbest 3aBsiku TOMY, 11O MilaHi
CTpWXHI 3 HU3bKOI TycTHHOMO (1,6...2,0 T/cM®) IHTErpylOThCSA B METAJIEBy MATPHIIO, HANMPHUKIAN, i3
3aJ1i30BYIJICHIEBUX CIUIABIB 13 TYCTHHOIO MoHan 7,0 r/cM?, mo 103BOJISE 3HAYHO 3MEHIMTH Macy KM i3
3aKpUTHMH TOpaMH TPH 30epekeHHI HOro CTPYKTYpHOI LTICHOCTI Ta MeXaHiuHOi minHocti. KpiMm Toro,
301BIIEHHST TUTOMOI TTOBEPXHI CTIHOK BMJIMIBKA 1 3MEHIIIEHHS iX TOBIIMHU (aHajoridHo podotam [13, 14])
MIPUCKOPIOE 3aTBEpPAiHHS MeTairy 3 (opMyBaHHSAM JPiOHO3EPHUCTOI CTPYKTYpH BUCOKOI MIITHOCTI. Takox
apMyBaHHS METAJICBOI0 Marepiajly HEMETAJICBUMHU €JIEMEHTAMHM, IO CIIKAIOTHCA 1 3MIIHIOIOTHCSA IPU
HarpiBaHHI METaJIOM, JIO3BOJINTh HAJaTH BUPOOY MOAATKOBUX (YHKIIOHAJIBHHX BJIACTUBOCTEH, 30Kpema
MiABUIIEHHS ONOPY NMPOHHUKHEHHIO. Lle mposBiseThes K 30UIbIICHHS MPOTHIIT MOXKIMBOMY IMITYJIbCHOMY
MPOHHUKAIOUOMY PYHHYBAaHHIO 32 PaxyHOK 3MiHH MEXaHIYHHMX XapaKTepUCTUK Marepialy y HampsMKy il
CHJIOBOTO BEKTOpa pyHHYBaHHS, 1110 € KPUTHYHO BXKIIMBUM ISl OPOHENEPEIIKO/I.

BucnoBku

TakuMm 49uHOM, po3pOOJIEHMI CIOCI0 BHIIMBAHHSA SIK METAJIO-IIIIAHOTO KOMIIO3UTY, TaK 1 KapKacHO-
KOMIpYacToro Marepiainy 3a0esnedye pecypcoe]eKTHBHE BHPOOHHUIITBO, 3MEHIIEHHS Machu BHPOOIB
MPaKTUYHO O€3 BTpPaTH MIIHOCTI, a TaKOX MOXIIMBICTh IHTerpamii T0JaTKOBUX (YHKI[IOHATEHUX
BiactuBocTel. Po3pobieHa TexXHOJOTisl MpUAaTHA JUIS IMUPOKOTO 3aCTOCYBAaHHS B Tally3siX, Ji€ BaKJIHMBi
OIITHUMI3allis MacoTadapUTHUX XapaKTePUCTHK, CTPYKTYPHA MIIHICTh Ta eKOHOMIUHICTh TUTTS. [Ipencrasiena
cxema cucrematnzanii KM no3Bonuia 3miHCHATH HAayKOBE MO3HMIIOHYBaHHS PO3POOKH y MeXax CydacHOi
CHCTEMH MaTepiaJlO3HABCTBA.

JocnipkeHHss BAKOHAHO 3T1THO 3 IoroBopoM 226 (166/24) Bin 22.02.2024 npo HayKoBe CIIiBPOOITHUIITBO
Mixx @TIMC HAH VYkpainu ra BHTY.

CMUCOK BUKOPUCTAHOI NITEPATYPU

[1] W. D. Callister and D. G. Rethwisch, Materials Science and Engineering: An Introduction, 9th ed. Hoboken, NJ: John Wiley
& Sons, 2014.

[2] D. Hull and T. W. Clyne, An Introduction to Composite Materials, 2nd ed. Cambridge: Cambridge University Press, 1996.

[3] ASM International, ASM Handbook. Volume 21: Composites. Materials Park, OH: ASM International, 2001.

[4] O. P. Cheiliakh and Ya. O. Cheiliakh, "Implementation of Physical effects in the Operation of Smart Materials to Form Their
Properties," Progress in Physics of Metals, vol. 21, no. 3, pp. 363 — 463, 2020.

39



ISSN 2415-3486. Bichuk mawiunobyodysanus ma mpancnopmy Nel(23), 2026

[5] Altenbach, H., J. Altenbach, K. Naumenko: Ebene Fl “achentragwerke — Grundlagen der Modellierung und Berechnung von
Scheiben und Platten. Springer Vieweg, Berlin, Heidelberg, New York, 2. Aufl., 2016.

[6] Olena Dana, An Analysis of the Features of Cast Composite Materials Based on Light Alloys Reinforced by Particles. Journal
of Casting Materials Engineering 2022/6/1.

[7] D. B. Miracle, "Metal matrix composites — From science to technological significance," Composites Science and Technology,
vol. 65, pp. 25262540, 2005. https://doi.org/10.1016/j.compscitech.2005.05.02.

[8] A. Mortensen and J. Llorca, "Metal Matrix Composites," Annual Review of Materials Research, vol. 40, pp. 243-270, 2010.
https://doi.org/10.1146/annurev-matsci-070909-104511

[9] P. Garg, A. Jamwal, D. Kumar, K. K. Sadasivuni, C. M. Hussain, and P. Gupta, "Advance research progresses in aluminium
matrix composites: manufacturing & applications," Journal of Materials Research and Technology, vol. 8, no. 5, pp. 49244939, 2019.
https://doi.org/10.1016/j.jmrt.2019.06.028.

[10] W. Jiang and Z. Fan, "Novel technologies for the lost foam casting process," Frontiers of Mechanical Engineering, vol. 13,
no. 1, pp. 37-47. 2018.

[11] K. A. Guler, A. Kisasoz and A. Karaaslan, "A novel method for Al/SiC composite fabrication: Lost foam casting,"
International Journal of Materials Research, vol. 3, pp. 304-308. 2011.

[12] II. b. Kamoxnwmii, B. A. Cmocapes Ta [I. O. Kanamauk, "ApMyBaHHS BIJIMBKIB 32 TEXHOJIOTI€IO JIUTTS 32 MOJEIISIMH, IO
ra3nQikyioTecs,”" Memanoznaecmeo ma 06pooxa memanie, Ne 4, c. 48 — 53.2017.

[13] B. C. Hopomenko Ta B. O. [llunchkuii, "BunuBok 3 uaByHy 3 KyjsctuM rpaditom,” [Tatent Ykpainu, MIIK B22 D7/00, B22
D23/00. Ne 126031, 11.06.2018.

[14] A. H. Hubpuk, M. 1. ABepuenkoB ta B. A. I{ubpuk, Osnovy strukturno-geometricheskogo uprochneniya detaley Kwuis:
HaykoBa gymxka, 1979.

[15] O. H. IIuscekuii Ta B. C. Jloporenko, «JIuTuii MaTepian CTiIPHUKOBOI CTPYKTYpH 3 KpisHUMHU nopaMuy,” IlaTent Ykpainu,
MIIK B22C 7/02, B22C 9/04. Ne 96915, 26.12.2011.

[16] P. B. JIrormii, I. M. I'ypis, @opmyBaibHi MaTepiany: MiApy4IHHUK Ui cTyA. cnel. 136 «Meramypris». Kuis: KIII iM. Irops
Cikopcekoro, 2020.

[17] O. M. IlIuncekuii Ta B. C. Topomenko, "TIpoctoposuii Meranesuii Bumieok," IMarent Yipainn, MIIK B22D 7/00, B22D
23/00, B22D 25/00. Ne 90494, 11.05.2010.

[18] B. II. JIuxomsa, I1. M. KapuukoBcekuii, O. A. Ilenikan Ta iH., "Cmoci6 oxepaHHS 3HOCOCTIHKMX OiMeTalneBUX IIOCKUX
BumBKiB," [Tarent Ykpainu, MIIK B21C 5/00, B21D 19/00. Ne 128924 U, 10.10.2018.

[19] Marent 157522, Ykpaina, "Croci6 nutTs MeTanry 3a 3D-IpykoBaHHMH MOJEISIMH, IIO Ta3H(IKyIOThCS y BaKyyMOBAaHHX
¢dopmax 3 curnkoro micky," Omy6:. 30.10.2024.

[20] B. C. [dopoiieHko, BUroTOBIEHHS METAJI0O-MII[AHOTO KOMITO3UTY METOJOM JIUTTS 32 MOJACISIMH, IO ra3udikyoTthecs, Hosi
Mmamepianu i mexnonozii ¢ mawuno6yoyeanni — 2025: XVII MHT rongepenyis. Kuis, Ykpaina: 25...26.09.2025, c¢. 211 —219.

[21] I. A. IIaneBchka, B. C. Jopomenko Ta M. M. [Ipsiaerko, "OcoOnuBocTi BHOOPY AMCHEPCHUX HEMETAIEBUX MaTepialiB s
apMyBaHHS JHTUX METAIOKOHCTPYKUI," y Jlumeo. Memanypeia. 2023: XIX MHII xougepenyin. XapkiB — KwuiB, VYkpaina:
10..12.10.2023, c. 224 — 227.

[22] M. M. [psiuenko, 1. A. Illanesceka, 1. B. Kopnieus, C. B. 'nunockypenko ta 1. A. Heboxax, "locmimkenns GopMyBaHHS
MEPEXiJHOTO LIapy B CHCTEMI «MeTaJ-HEMETAICBUI HANOBHIOBAY»," Ha [lepcnexkmueHi mexnonozii, mamepianu i 001AOHAHHA 6
ausapHomy eupobrnuymei: X Miocnapoon. nayk.-mexu. konghepenyis. Kpamaropcebk, 21 — 23.10.2025, c. 44 — 45.

[23] I. A. IllaneBcbka, B. C. lopomenko, I1. b. Kamoxuwuii, ta FO. I'. KBacHuupka, "Orisn 3acTOCyBaHHSI METANEBUX JIUTUX
MaTepiamiB y OymiBHHITBI TiA3eMHHX Ta 3aXUCHHUX cnopyn," Meman [ numms  Yxpainu, Ne 4, c. 54-61. 2022.
https://doi.org/10.15407/steelcast2022.04.054

[24] HamionanpHa akanemist Hayk Ykpainu, HamionanpHa akagemist Hayk Ykpainu B 2020 — 2025 pokax. OcHOBHI migcyMkH. KuiB:
Axanemnepionuka, 2025.

[25] A.C. Ko3zak, B.b. by6mmkos, A.A. Llleiiko Ta iH., "Criocid BUTOTOBIICHHS BIITUBKA KOPITyCy KOHTEHHEpa I 3aXOpOHEHHS Ta
TPaHCIOPTYBaHHs pagioakTHBHUX Biaxonis," [latent Ykpainu, MIIK B22D 25/00, B22D 15/00, GO1F 5/00. Ne 88741, 10.11.2009.

Jopowenko Bonooumup Cmenanoeuy — II-p T€XH. HayK, CTApUIMil HayK. CIIBPOOITHHMK, MPOBIIHUI HAyKOBHI
chiBpoOITHUK  Bigainy  ¢i3uko-ximii  snmBapHux  mporeciB,  https://orcid.org/0000-0002-0070-5663,  e-mail:
doro55v(@gmail.com

®i3nko-TeXHOMNOrYHMN IHCTUTYT MeTanie Ta cnnasis HAH Ykpainn, m. Kuis

Xomenko Onexcandp Banepiiioeunw — crynent, kadegpa ramy3eBoro MamdHOOyAyBaHHs, e-mail:

sanek2017sto@gmai.com

BiHHMLBKMI HaUiOHaNbHUI TEXHIYHUIA yHiBepcuTeT, M. BiHHMUS

Anuenko Onexcandp bopucosuu — xauja. TeXH. HayK, JOLEHT, AUPEKTOP, https://orcid.org/0000-0002-3888-3772,
e-mail: 196 lyab@gmail.com

TOB «3IrAP», M. BiHHULSA

40


https://doi.org/10.1016/j.compscitech.2005.05.02
https://doi.org/10.1016/j.jmrt.2019.06.028
https://doi.org/10.15407/steelcast2022.04.054
https://orcid.org/0000-0002-0070-5663
mailto:doro55v@gmail.com
mailto:sanek2017sto@gmai.com
https://orcid.org/0000-0002-3888-3772
mailto:1961yab@gmail.com

ISSN 2415-3486. Bicuuk mawunobydysanus ma mparcnopmy Nel(23), 2026

V. Doroshenko!
0. Khomenko?
A. Yanchenko?

Development of the metal-sand composite casting method using polymer
patterns in the context of modern composite materials systematization
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In the context of the dynamic development of Composite Materials (CMCs), their scientific systematization is critically
necessary, as traditional classification approaches are insufficient for effectively predicting operational properties during the design
of such materials. The first part of the work presents a multi-factor, multi-level CMC systematization scheme. This block diagram
reflects the interrelation of technological, structural, and functional aspects of material creation, serving as a methodological basis
for positioning research objects within the modern system of materials science. Based on the systematization, a method for casting
Metal-Sand Cast Composite Materials (LCMCs) using the Lost Foam Casting (LFC) process was developed. The goal was to
overcome the limitations of the LFC process in obtaining structural CMCs with closed, non-metallic, filled cells, and to reduce
production cost by optimizing core tooling. The essence of the innovation is the fundamentally new use of the polymer pattern as
a combined molding and core tooling (carrier). The pattern is used to form sand cores from a sand-liquid glass mixture (CO:2-
process), which are held in the mold and remain in the LCMC body. This eliminates the need for expensive traditional core tooling,
significantly increasing the economic efficiency of the process. The developed method utilizes thin-walled polymer shells made
from Expanded Polystyrene (EPS), PLA by 3D printing, or thermoforming. The feature utilized is that for printed patterns, gas-
forming capacity can be regulated by changing the wall thickness and using the integrated sand core as an internal spacer. The
resulting metal-sand composite (cores with a density of 1.6...2.0 g/cm?in a matrix with a density of >7.0 g/cm? shows a significant
reduction in the product's mass without loss of strength. Accelerated metal crystallization due to reduced wall thickness promotes
the formation of a fine-grained, high-strength structure. The reinforcement provides the casting with additional functional
properties, particularly increased resistance to impulsive penetrating destruction, which is critical for anti-armor obstacles and
protective structures. The method is technologically flexible, allowing for the production of both metal-sand CMC and a hollow
metallic cell-framework product. The technology is designed for the development of lightweight modules for the rapid construction
of protective structures.

Keywords: composite materials, systematization, Lost Foam Casting (LFC), metal-sand composite, core tooling, 3D printing,
cell-framework structure, mass reduction, protective structures.
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OIITUMIBALIA JIOT'ICTUKH 3AITACHUX YACTHUH
Y IEPEBE3EHHSAX 3EPHOBUX KYJIBTYP
SIK YAHHUK 3HUKEHHSA ABAPIHHOCTI

BiHHMIIEKMI HAI[IOHATBHUIA TEXHIYHUHA YHIBEPCUTET

Y cmammi docnidxXyembCs 3Ha4YeHHS onmumi3ay,ii mo2icmuku 3anacHuUx 4acmuH y 3abesnedyeHHi HadiliHocmi ma
be3neku asmomobinbHO20 MmpaHCrIopmy, WO BUKOPUCMOBYEMbLCS Ol Nepese3eHHs 3epPHOBUX Kyrbmyp.
lNepese3eHHs1 3epHa Maomb crieyughiyHi ocobiugocmi, oe’si3aHi i3 Ce30HHUMU rikaMu HagaHMa)XeHHs, 8LICOKOH
iHMeHcusHicmio ekcrilyamauii asmonapKy ma nideuuweHuUMu sumoaamu 00 mexHiHHOi 20Mmo8HOCMIi MpPaHCrnopmMHUX
3acobig. Y makux ymogsax ceoedyacHe rnocmavaHHsi ma pauioHanbHe yrpasesiHHsa 3anacHUMU YyacmuHaMu Cmarmab
KPUMUYHO 8axknusumu ghakmopamu, siki 6e3rnocepedHbO 8riiusaome Ha pigeHb agapiliHocmi ma eghekmusHicmb
nepesi3Hukie. lNpoaHanisoeaHo murosi 6idMo8U ma HecrpasHoOCmi, WO BUHUKarmpe Yy poueci nepese3eHb
36pHOBUX Kynbmyp, a makox IixHil ennue Ha 6esneky 00poxHbo20o pyxy. O6rpyHmosaHo HeobxiGHicCmb
8r1poBadXeHHST Cy4yacHUX Uugposux cucmem MposHOo3ysaHHs1 rnompebu y 3amacHux 4YacmuHax, iHmezpauil
menemMamuyHUX MexHomoeili Onsi MOHIMOPUHaY MEeXHIYHO20 cmaHy asmomobiniie ma CMEOPeHHS eHYYKUX
nlaHyrozie rnocmayvaHHs, 30amHuUx peazysamu Ha Ce30HHI KonueaHHs rornumy. Ocobnusy yeaecy npudinieHo
opmysaHHI cmpamezidyHUx pesepesie Kpumu4yHux Oemarell y pezioHax 3 8UCOKOK KOHUEHMmpauieo 3epHO8UX
riepeseseHb, cmaHOapmu3auii pomokoriie mexHi4Ho20 0bcriy2o8yeaHHs ma rnid2omosuyi nepcoHary 0o pobomu e
yMOB8ax IHMEHCUBHO20 MPaHCIOPMHO20 HasaHMaxeHHs. 3anporoHO8aHO MpakKmMu4Hi pekomeHdauii w000
onmumisauii 102icmMuKU 3arnacHuUx YacmuH, siki 00380715910mb CKOPOMUMU Yac rpocmois, 3MeHWUmMuU KiflbKicms
asapiliHux pemMoHmi8 ma mnidsuwUmMuU KOHKYPEHMOCIPOMOXHICMb mpaHCrlopmHuUX kKomnadid. [oesedeHo, wio
cucmemMHul nidxi0 o ynpaesiHHA 3anacamu 3anacHux YacmuH y cghepi 3epHO8UX nepese3eHb asmomMobifibHUM
mpaHCcopmMoM € KIoH08UM YUHHUKOM 3HUXEHHS agapitiHocmi, nid8uweHHs pigHsi 6e3rneku OopOXHbO20 pyxy ma
8idrnoegidHocmi MixHapoOHUM cmaHOapmam mpaHcrnopmHoi HadiliHocmi. KpiM moeo, nidkpecrneHo cmpameaidHy
ponb yughposoi mpaHcghopmauii y cehepi mpaHcrnopmHoi fiozicmuku, sika 3abesnedyye rpo3opicmb rpouyecis,
nidsuuwye piseHb A08ipU MK y4acHUKaMu PUHKY ma crpusie iHmezpauii yKpaiHCbKUX NMepeesi3HUKi8 Y MiXkKHapOOHI
nlaHyro2u  nocmavaHHsl. BripoealxeHHs1 iHHOBauiliHUX piweHb y cgbepi ynpassiHHA 3anacHumMu YacmuHamu
po32na0aembCs K 8aXusuUll efieMeHm cmaso20 po38UMKY mpaHCropmHoOi 2anysi, wo A0380s51€ MiHiMi3ysamu
pusuku nepebois y KpumuyHi nepiodu ma 3abesneyumu 00B820CMPOKO8Y KOHKYPEHMOCTPOMOXHICMb
nidnpuemcme.

KnwouoBi cnoBa: onmumisayis noeicmuku, 3anacHi 4YacmuHu, [epee8e3eHHs 3epHO8UX Kyrbmyp,
asmomobinbHUl mpaHcropm, mexHidHe 0bcry208y8aHHs, mesfieMamuka, asapiliHicmb, 6e3nexka O0POXHL020 PYXY.

Beryn

[HTEeHCHBHI mepeBe3eHHS 3€PHOBUX KYyJIbTYp Y Mepiof >KHUB (OpPMYIOTh 3HA4YHI BUKIMKH JJIS
aBTOMOOUIEHOTO TpaHcnopty [1]. ¥V meit wac aBTomapk (YHKIIOHY€E 3 TiJBUIIEHHM HaBaHTKEHHSM, IO
3YMOBIJIIOE€ TPUCKOPEHE 3HOIIYBAaHHS BY3JIB 1 arperariB, 3pOCTaHHS KIUIBKOCTI TEXHIYHMX BIIMOB Ta
MiABHUIIEHHS PU3MKY aBapiHUX cuTyauiil . 3abe3neueHHs Oe3nepebiiiHol poOOTH TPaHCHIOPTHHUX 3ac00iB y
TaKUX yMOBax morpeOye epeKTHBHOI CHCTEMH YNPABIiHHA 3alacHUMH YaCTHHAMH, 3JIaTHOI ONEpaTHBHO
pearyBaTH Ha CE30HHI iKY MOMUTY Ta MiHIMi3yBaTH MIPOCTO].

TexHiyHAa TOTOBHICTH aBTOMOOUTBHOTO TApKy BHCTYIAa€ OJHUM 13 KIIOYOBUX YHHHHKIB O€3MEeKU
JIOpOXXHBOro pyxy. HemocraTHsa 3a0e3nedeHicTh 3amacHUMM YacTHHaMU ab0 3aTPUMKHM y iX ITOCTAavyaHHI
MOJYTb MIPU3BECTH JI0 BUXO/IY TPAHCTIOPTHHUX 3aCO0iIB 3 EKCIUTyaTallii, o 3HIKY€E e()eKTUBHICTh MTIePEBE3CHb
Ta BOAHOYAC MiABMIIYE WMOBIPHICTH aBapiiHOCTI. Y Cy4yaCHHX yMOBAax JIOTICTHKA 3allaCHUX YaCTHH CTa€
HEBiI’€MHOIO CKJIQJIOBOIO CHCTEMH TPAHCIOPTHOI Oe3mexH, a ii onTumizauis — HeOOXiIHOI MepeayMOBOIO
CTaOUILHOTO (DYHKI[IOHYBaHHS TPAHCIIOPTHOT iIHPPACTPYKTYPH.

AXTyasnbHICTh NpoOiemMu 3abe3redeHHs] Oe3MeKH pyXy B YMOBaxX CE30HHUX ITIKOBUX HaBaHTaXXEHb
3yMOBJICHA HE JIMIIE EKOHOMIYHUMHM BTpPAaTaMH BiJ IIPOCTOIB, ajie il collialbHUMMU HacTiIKaMu, OB’ I3aHUMHU
13 30epeXeHHsIM JKHUTTSI Ta 3JI0pOB’Sl YYaCHHUKIB JIOPOXKHBOTO pyxy [2]. HaniitHicTh aBTOMOOINIB
Oe3rocepeTHhO BILUTMBAE HA PiBEHb aBapiHOCTI, TOMY CBOE€YAaCHE TEXHIYHE 0OCIYroBYBaHHS Ta eeKTHBHA
JIOTiCTHKa 3allaCHUX YacTWH HaOyBalOTh CTpaTeriuHoro 3HaueHHA. OnTuMizamis HpOLECiB MOCTa4aHHS Ta
yIpaBIliHHS 3aacHUMU YacTHHAMM 3a0e3leyy€e BHCOKHM PiBEHb TEXHIYHOI 'OTOBHOCTI aBTOMNAPKy, IO €
KITFOYOBUM YHHHUKOM OE€3MEYHOTr0 Ta Pe3yJIbTaTHBHOTO (YHKIIIOHYBaHHS TPAHCIIOPTHOI CUCTEMHU B ILIIOMY .
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AHaJii3 0CTaHHIX JOCTIUKeHb 1 myOJikanin

Ha ocHoBi oy miTepaTypy y Scopus Ta CyMDKHHX JpKepelax 3a OCTaHHI POKM MOKHAa BHOKPEMHTH
KiJIbKa KITFOYOBUX HAIPSIMKIB HAYKOBUX JOCHIIKCHb, 110 0E3II0CEPEHBO CTOCYIOTHCS ONTUMI3aIlil JIOTiCTUKU
3alacHUX YacTHUH y TPAHCIIOPTHHX TIEPEBE3CHHAX Ta 11 BILTUBY Ha Oe3mneky nopoxHboro pyxy (BIP):

— CTBOPEHHS 1HTEJIEKTYAIbHUX MOJIEJIeH yIIPaBIiHHS 3aIIaCHUMHU YaCTHHAMI;

— IIPOTHO3HO-OPIEHTOBaHE TEXHIYHE OOCIyTOBYBaHHS TPAHCIIOPTHHX 3aC001B;

— OITUMI3allis MEPEeX MOCTaYaHHs 3alaCHUX YaCTHH;

— YIIpaBIIiHHS 3allaCaMH 3 MO3UIIiil CTaIoro po3BUTKY;

— Oe3meka TPaHCIIOPTHUX CHCTEM Ta aHali3 aBapiitHOCTI;
— JIOTiCTUKA 3allaCHUX YaCTHH Y CE30HHUX MEPECBE3CHHSX.
AHami3 1mux nyOmiKarii 03BOJISE CHCTEMATH3yBaTH IIEpEBard Ta HEAONIKH KOXKHOTO 3 HaIpsMiB

TOCITIHKEeHB (Tadm. 1).

Taommis 1

ITopiBHsIbHA XapaKTEPHCTHKA HANPSMIB J0CJIi/KEHb
y cdepi JOTiCTHKH 3aNaCHUX YACTHH TA TeXHIYHOT0 00CIYrOBYBAaHHS ABTONAPKY

Hampsum nociimkeHn

ITepeBaru

Henomniku

IaTenexryansHi Mogemni
yIpaBIiHHS 3aIaCHUMHU
yacTUHamH [3, 4, 5]

—1iHTerparis JaHUX PO TeXHIYHE
00CITyroByBaHHsI, JOTICTHKY Ta
IHBEHTapHU3aIlil0;

—MiHiMi3allisl MPOCTOIB Ta ONTUMI3allis
pecypcis;

—BHCOKa TOYHICTh MTPOrHO3YBaHHSI
noTped

—CKJIQIHICTh MaTEMaTHIHOTO
MOJICTTIOBaHHS;

—3Ha4YHI BUTPATH HA TUPPOBY
1H(pPacTpyKTypY;

—o0OMexeHa afanTHBHICTh J10
HernepeadoavyBaHux (GpakTopiB

[Iporuno3uno-opien-
TOBaHE TEXHIUHE
00CITyroByBaHHS
TPaHCIIOPTHUX 3aCO0IB
[6, 7]

—3HH)KEHHS KIJILKOCTI BiIMOB;
—onTuMizaris rpadikis
00CITyTOBYBaHHS;
—IMIBUTIICHHS OE3MEeKH PyXy

—BHCOKa BapTicTh BpoBakeHHS [0T
Ta aHAJIITUKMU;

—3aJIEXKHICTD BlJ IKOCTI JaHHX;
—1oTpeda y crieniani30BaHuX Kaapax

Onrtumizarist Mepex
MOCTa4YaHHsI 3alTaCHUX
gacTuH [8, 9]

—CBO€YACHA JIOCTYITHICTh KPUTUYHO
BaXJIMBUX KOMITOHEHTIB;
—3MEHIIICHHS BUTPAT Ha JIOTiCTUKY;
—IIIBUIIEHHS CTIHKOCTI CUCTEMH JI0
CE30HHHX HABAHTAKEHL

—CKJIaJIHICTh OaraTornepiogHux
MOJIEIIEH;

—3aJIEKHICTH Bl 30BHIIIHIX
II0CTa4YaIbHUKIB;
—HEeOOXi/IHICTh iHBECTHIIIN Y
nrgpoBizaliiro

YrpaBiiHHS 3amacamu
3 MO3HUIINA CTAJIOrO
po3Butky [10, 11]

—3MEHIIEHHS eKOJIOTIYHOTO BIUINBY;
—e(eKTBHE BUKOPHCTaHHS PECYPCiB;
—BIJIMOBIIHICTH MI>KHAPOTHUM
CTaHJapTaM

— I0JIATKOBI BUTPATH HA €KOJIOTIYHI
TEXHOJIOTI;

—o0OMerxeHa pealizallist y HecTaOlTbHIX
€KOHOMIKaX;

—1oTpeda y3ro/pKeHHs 3 TJI00aIbHUMU
MOJIITHKAMHU

Besmneka TpaHCIOPTHHX
CHUCTEM Ta aHAI3 aBa-
piitrocti [12, 13, 14]

—BCTaHOBIIEHHS 3B’ 513Ky MK TE€XHid-
HOIO TOTOBHICTIO Ta aBapiiiHiCTIO;
—BUKOPHUCTaHHS METOIB aHaJli3y
PU3HKIB;

—(hopMmyBaHHs cTpaTeriil ynpaBiiHHI
0e3neKoro

—CKIIaJHICTh 300py Ta CHCTEMaTH3aIlil
aHKX;

—3aJIeXKHICTh BiJ] TIOCTOBIPHOCTI
CTaTUCTHKHU;

—00MeKeHe BpaxyBaHHS JIFOJICEKOTO
¢akTopa

JloricTuka 3amacHux
YaCTHH y CE30HHUX
MEPEBE3CHHSIX

[15, 16]

—MiHIMi3aIlis TPOCTOIB y MiKOBI
nepiou;

—TMiABHIICHHS ¢(pEeKTUBHOCTI arpapHUX
HepeBe3EHb;

—3HW)KEHHS pU3UKIB aBapiitHOCTi

—3aJIeKHICTh BiI TOYHOCTI IPOTHO3IB;
—HEOOXiAHICTh pE3epBHUX 3aI1aciB;
—CKJIaJHICTh KOOpJMHALI] Y4aCHHUKIB
JIaHITIOTa NOCTaYaHHS
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Sx BugHO 3 Tabmuii 1, KOXKEH HaAmpsM Mae€ SK CHJIbHI CTOPOHM, Tak 1 oOMexeHHs. HanGimbmr
MEPCHEKTHBHAM Y CYYaCHHX JIOCHI/DKCHHSX BH3HAETHCS IOEJHAHHS TPOTHO3HOTO  TEXHIYHOTO
00CITyroByBaHHsI 3 ONTHMI3AIlIEI0 JIOTICTUKU 3allaCHUX YaCTHH, 10 3a0e3rneuye O0anaHc MK epEKTUBHICTIO
MEePEeBE3CHb Ta 3HWKCHHSM aBapiiHOCTI.

MerToro cTarTi € OOTpYHTYBaHHS POJIi ONTHMI3aIlil JOTICTHKH 3allaCHUX YaCTUH Y 3HIDKEHHI aBapiitHOCTI
TTi]] 9ac ePeBe3eHb 3€PHOBUX KYJIBTYp aBTOMOOLTBHIM TPAHCTIOPTOM. Y POOOTI pO3TISLAAI0TECS OCOOIMBOCTI
(yHKI[IOHYBaHHS CHUCTEMH TIOCTA4YaHHS 3allaCHUX YacTHH y cdepi arpapHHUX IMEpPeBe3cHb, aHAII3YIOThCS
THUTIOBI TPOOJIEMH Ta MPOIIOHYIOTHCS MPAKTUYHI PEKOMEHAII{ 010 yIOCKOHAJICHHS JIOTiICTHYHIX TPOIIECiB.
Oco0nuBHii akIEeHT 3po0JIeHO HAa BUKOPWUCTaHHI NU(POBHX TEXHOJOTIM MPOTHO3YBaHHS, TEIEMATHIHHX
CUCTEM MOHITOPHHIY Ta CTaHJApTU3allii MTPOTOKOIIB TEXHIYHOTO 00CIIyTOBYBaHHS, 1110 JI03BOJISIE MiBUIIUTH
piBeHb Oe3MeKH AOPOKHBOTO PYXY Ta e(eKTHUBHICTh TPAHCIIOPTHUX KOMITAHIMH.

BukJsiax ocHOBHOT0 MaTepiany 10CTizKeHHs

[lepeBe3eHHst 3epHOBHX KYJIBTYp aBTOMOOITIBHUM TPAHCIOPTOM MArOTh HU3KY CHelU(piYHUX TpoOIIieM, 10
0e3nocepeIHbO BILTMBAIOTH HA TEXHIYHWN CTaH aBTOmapkKy Ta piBeHb bJIP. ¥V mepion »HUB iHTEHCHBHICTH
nepeBe3eHb 3€PHOBHX KYJIBTYp 3HAYHO 3pOCTAa€, M0 NPH3BOAUTH 10 IEPEBAaHTAXKEHHS TPAHCHOPTHOI
iHQPACTPYKTYypH Ta HiIBUILEHOTO 3HOLIYBaHHA aBTOMOOLIIB (Tabn. 2 [17]). ABTonapk mpaioe mpakTU4IHO
0e3nepepBHO, CKOPOUYYIOYM IHTEPBAIM MK TEXHIYHUMH OTIAAMHU Ta IiIBUIIYIOYH PU3HK BiaMoB. Taka
eKcIUTyartamis (opMye MONATKOBI BHMOTH [0 CHCTEMH IIOCTa4aHHS 3allaCHUX YacTHH, SKa ITOBHHHA
OIIEPaTUBHO pearyBaTy Ha CE30HHI KOJIMBAHHS MOIUTY.

Tabiuns 2
IHnTeHCHBHICTL BUKOPHCTAHHS ABTONAPKY Yy Pi3Hi nepioau poxky
. CepeiHsl IHTCHCUBHICTb SKCILTyaTallii . . PiBenb BimMOB
Ilepion poky YacToTa TEeXHIYHUX OTJISAIB o

(ron/no6a) (%)
JKuuBa 18-20 Cxkopouena (1 pa3 Ha 5 11i0) 12-15
MiXCe30HHS 8-10 CrangaprHa (1 pa3 Ha 10 1i6) 4-6
Husbkwmii ce30H 4-6 [Nonmorxena (1 pa3 Ha 15 ni0) 2-3

InTeHCcMBHA  ekcruTyartarisi TPAaHCIIOPTHUX 3acO0iB y  3€pPHOBHUX TIEPEBE3CHHSAX  HaidacTimie
CYIIPOBO/IKY€ETHCS IPOOJIEMaMH 3 TANbMIBHOIO CHCTEMOIO, XOJIOBOIO YaCTHHOIO, TPAHCMICIEI0 Ta CUCTEMaMU
0XOJI0 KeHHS ABUTyHA (Tadur. 3 [18]). Bucoki HaBaHTa)keHHS Ha Mi/IBICKY Ta Ky30B 36pHOBO3IB CIIPHYUHSIOThH
MiIBUIICHUH PiBEHD ITOJIOMOK, OCOOJIMBO Ha AOPOrax i3 HeJJOCTATHHOI SIKICTIO OKpUTTS [19]. Buxin 3 mamxy
KPUTUYHUAX CHUCTEM CTBOPIOE MpsiMy 3arpo3y BJIP, OCKiIbKM MOMKE MPH3BECTH 10 BTPAaTH KEPOBAHOCTI
aBTOMOOLIS.

Ta6murs 3
Haiinommupenimi BiTMOBH y 3epHOBO3ax
Cucrema aBTOMOO1IIS Yactora BimMoB (%) [loTenniliauii BrIMB Ha Oe3reKy
["anpbmiBHA cHcTEMA 25 Brpara kepoBaHOCTI, aBapiliHICTbh
X0/10Ba YaCTHHA 20 [Moripmenns critikocri, pusuk ATI1
Tpancwmicist 15 3ymnuHKa pyxy, MIpOCToi
Cucrema 0X0JIOIKEHHS 18 [leperpiB nBUTYHA, aBapiiiHi 3yIHHKA
[TizBicka Ta Ky30B 22 [TigBuIIeHNH PU3KK MTOJIOMOK Ha J0POrax

HenocraTHst onepaTHBHICTB JIOTiCTUKH 3aIIaCHUX YACTHH € KIIFOYOBUM YHHHUKOM MTPOCTOIB TPAHCITOPTHHUX
3aco0iB. 3aTPUMKH y MOCTauaHHI JIeTANIH CIPUYUHSIOTh HAKOITMYESHHST HECIIPABHUX aBTOMOOLTIB, IO 3HHKYE
MPOIYCKHY 3[aTHICTh aBTOMAPKY Ta 30LIbIIYE PHU3UK BUKOPUCTAHHS MAIMH Yy HECHAJICKHOMY TEXHIYHOMY
ctasi. lle, y cBOIO uepry, Moxe IpU3BECTHU JI0 aBapiiiHUX CUTYaIliii, 0COOJIMBO B yMOBaxX iHTEHCUBHOTO PyXy
Ta CE30HHUX ITiKiB TIEPEBE3EHb.

dyHKIIIOHAJIbHA 3aJICKHICTh PIBHS IPOCTOIB BiJl Yacy MOCTAYaHHs 3aIllaCHUX YaCTHH Ha I0YaTKOBOMY €Tarli
MOJKe OYTH OIUCaHa JTIHIHHOI0 3AIEKHICTIO BUILY

P=a-T+p, (D)
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ne P—piBeHb npocToiB aBTonapky (%), 7— cepeaniii yac mocTauyaHHs 3allaCHUX YaCTUH (IHIB), & — Koe(ilieHT
YyTIUBOCTI aBTOTIAPKY J0 3aTPUMOK, [ — 0a30BHI PiBEHB MIPOCTOIB Y HOPMAIBHIX YMOBAX.
[pu 36inbIIeHH] Yacy mocTayaHHs MOHAA 5 JHIB piBEeHb MPOCTOIB 3pOCTa€ EKCIIOHEHIIITHO

P=r ‘ek'(T_T}()’ T>T, 2)

ne B, — 6a30Buii piBeHb IPOCTOIB P HOPMAIBHUX YMOBaxX (Hanpukian, 5 %), 7, — KpUTUYHHI IOPIT Yacy
noctrayanHs (5 1i0), k — KoedillieHT eKCIOHEHIIIHOTO 3pOCTaHHS (XapaKTepHU3y€e YyTIHMBICTH CHCTEMU JIO
3aTPUMOK).

Sxmo (7'<7, ), piBeHb NPOCTOIB 3aIUMIAETHCSA OnM3bkuM 10 6asosoro ( F)). Axmo (7' > 7, ), mpocroi
MOYMHAIOTH 3POCTaTH €KCIIOHEHLIHHO, 0 BigoOpaxae pi3ke MOTipLIeHHS TEXHIYHOI TOTOBHOCTI aBTOMAPKY,
TOOTO TICIIA TTepeBUINEHHS IOPOTY Y 5 AHIB PiBEHb MPOCTOIB 3pocTae maBuHONoAIOHO (7 = 6 1ib, P = 6,1%);
T'=10 ni6, P=13,6%; T'=15 ni6, P = 36,9%).

[loegnanHs BHCOKOI CE30HHOCTI, IHTEHCUBHOTO HAaBAaHTAXXCHHS Ha aBTOMAapK Ta HEAOCTaTHBOI
e(eKTHBHOCTI CUCTEMHU MOCTayaHHs 3alacHUX YaCTHH BH3Ha4Ya€ moTpe0y Yy po3polli Ta BIPOBAIKEHHI
ONITUMI30BaHUX JIOTICTUYHHX pillleHb. TaKi pillleHHs MaloTh OYTH CIIPSIMOBaHI Ha!

— 3a0e31neyeHHs TEXHIYHOT TOTOBHOCT1 aBTOMOO1IIIB;

— CKOPOYEHHs 4acy NPOCTOiB;

— 3HWKEHHSI PIBHSI aBapiiHOCTI;

— TiABUIICHHS €()EKTUBHOCTI Ta KOHKYPEHTOCIIPOMOKHOCTI TPAHCIIOPTHUX KOMIIaHii.

CucreMaTn3allis MpoOJIEMAaTHKH NIEpeBe3eHb 3¢PHOBHUX KYJIBTYP aBTOMOOUTBHUM TPAHCIOPTOM JI03BOJISIE
oOTrpyHTYBaTH HEOOXiNHICTh KOMIUIEKCHOTO MiAXOAy IO ONTHMI3allii JOoricThKH 3amacHuX dactuH. lle €
KIFOYOBHM UYWHHUKOM 3a0e3medueHHs Oe3MeKd AOpOoXHBOro pyxy (tabm. 4 [18, 20]) Ta BigmoBimHOCTI
Cy4YaCHHMM CTaHAapTaM TPAHCIOPTHOI HaaiiHOCTI [21].

Tabmuusa 4
MaTpuus pu3UKiB: BIUIMB 3aTPUMOK IOCTA4YAaHHS Ha aBapiiiHicTh
Yac mocrayaHHs PiBeHb TexHIYHOT IMOBipHICTb aBapiiHUX
. . o o o Kowmenrap
3armacHUX YacTHH (JIHIB) | TOTOBHOCTI aBTonapky (%) cutyaniit (%)
OnTumManbHUN PEXUM
1-2 95-98 <2 TMAIIbHHH PEATIM,
aBapifHICTh MiHIMaJIbHA
ONYCTUMHHU PiBEHB
3-5 85-90 5-8 Hlomty PIBEHb,
notpedye MOHITOPUHTY
Bucokuii pusunk, HeoOXigHa
6-10 70-80 10-15 M DUSHI, A
ONTHUMI3aIIis TOTICTUKH
Kputnunuii piBeHsb, 3arposa
>10 <65 >20 DHTHHHII PIBCHD, 3arp
oesneri pyxy

Jiisi OIiHKM PU3WKY aBapiiHOCTI 3aJIe)KHO BijJl CTaHy aBTOMAPKy Ta 3aTPUMOK y TOCTadyaHHI MOXKHA
CKOPUCTATHCS 3aJISKHICTIO

(100-G)- 4
100

Je R — iHTerpanbHUN MOKa3HUK pu3uKy, G — piBEHb TEXHIYHOT TOTOBHOCTI aBTOnapky (%), 4 — IMOBIpHICTh
aBapiiHuX cutyauii (%).

KommnexcHuii miaxin B onTHMi3amii JIOTICTHKK 3allaCHUX YaCTHH y NMEPEBE3EHHAX 3€PHOBUX KYJBTYD
aBTOMOOUILHIM TPAHCHIOPTOM Iiepedavae TO€ETHAHHS CyYacHUX MPPOBUX TEXHOJIOTIH, CTaHAapTU30BAHUX
MPOTOKOIIIB TEXHIYHOTO 0OCITYyTOBYBaHHSI Ta THYYKHMX MOJIEIeH YIPaBIIiHHS 3aracaMH.

BukopucTanHs aHaNITHYHUX JIaT()OPM Ta alropuTMiB IPOTHO3YBaHHS J03BOJIsIE BU3HAYATH HMOBIPHICTh
BUXOJy 3 Jaay OKPEMHX BY3JIiB aBTOMOOUIS 3aJIeXKHO BiJl IHTEHCHBHOCTI €KCIUTyaTallii Ta CEe30HHHX
HaBaHTaXeHb [5, 7]. Taki cucteMu BpaxOBYIOTh ICTOPUYHI JIaHI ITPO BiIMOBH, MPOOIT, yMOBH E€KCILTyaTallii Ta
(OopMYIOTh MPOrHO3 MOTPeOM Yy 3amacHUX dacTHHaX. Lle Jae 3MOry TpaHCIIOPTHUM KOMIAHiSM 3aBYaCHO
IUTaHYBATH 3aKyIiBIi Ta YHUKATH JeQiUTy KPUTHUYHUX JETalleH y Mepiosl MKOBUX MepeBe3€eHb.

OcHoBHI (hakTopH, IO BPaxoBYIOThCS y MPOTHO3YBaHHI MOTpeOH y 3allaCHUX YacTHHAX, X BIUIMB Ha
HMOBIPHICTB BiIMOBH Ta METOAM BpaxyBaHHs MoJaHi y Tabimi 5.

, 3)
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Tabmuws 5

®dakTopH, 1110 BPaXOBYKTbCS y IPOTHO3YBAHHI MOTPeOH y 3aNIaCHUX YACTHHAX

ITapamerp

BB Ha IMOBIpHICTB BiAMOBH

MeTton BpaxyBaHHS

[1poGir aBTOMOO1IIS

[ Ipsamuit

Jliniiina perpecis

[HTEHCHBHICTD eKCTUTyaTAaIlii

Bucoxuit

KoedimienT HaBaHTa)KEHHS

Ce30HHI KK

[lyxke BUCOKHUH

Ce30HHI KOe(IIiEHTH

IcTopydHi maHi PO BiAMOBH

Cepenniit

MamuHHe HaBYaHHS

BpaxoBytoun 3micT Tabauui 5, y3arajgpHeHa GopMyiia MpOrHO3Y HMOBIPHOCTI BiIMOBH By3Jla Ma€ BUTIISIA

_ —(a-L+pB-I+y-S+6-H)
Rzid =1-e >

4)

ne L — npo0ir, / — iHTeHCHBHICTH eKCIuTyarailii, S — ce30HHuA KoeditieHT, H — iICTOpUYHI IaHi PO BiAMOBH,
(o, B, 7, 0) — BaroBi KoediieHTH.

Tenematn4Hi cucTeMu 3a0€3MEYYIOTH MOHITOPUHT TEXHIYHOTO CTaHy aBTOMOOITIB y PeKUMi pearbHOTO
gacy. BoHH HO3BOJSIOTH BiICTEXKYBaTH MapaMeTpH poOOTH ABUTYHA, TaJbMIBHOI CHCTEMH, TpaHCMIcii Ta
THIINX KIFOYOBHX BY3JiB. Ha OCHOBI OTpHMaHMX AaHMX MOKHA CBO€YACHO BUSIBIISITH O3HAKH 3HOIIYBaHHS Ta
MIPOTHO3YBaTH HEOOXiAHICTH 3aMiHU jaeTaneid. Lle 3HWKye puU3MK aBapiiiHUX BiMOB i CIIpHSE TiABHUIIEHHIO
PiBHS O€3MEKH TOPOKHBOTO PYXY.

3anexHICTh aBapiHOCTI Bijl piBHS TEIEMATUYHOTO KOHTPOIIO MA€ BUTIISIL

A=A, (5)

ne A — aBapiitHicTb (%), A, — 6a30Buil piBeHb aBapiiiHoCTI 6e3 TenemaTuku, C — piBEHb HOKPUTTS aBTONAPKY

TeneMaTHYHUMU cucteMami (%), k — koedilieHT eheKTUBHOCTI TEIEMaTUKH.

Amnani3 3aiexxHocTi (5) mokasye, 1110 npu oxoruieHHi oHaa 70 % aBTonapky TeIleMaTHUYHUMH CHCTEMaMHU
aBapiiHICTh 3HIDKYEThCS OUTBINE HIXK YABIUI.

Ce30HHICTh 3epHOBHX IEPEBE3CHb BHMArae aJIaliTUBHOI CHCTEMHM ITOCTaYaHHS 3alMacHUX 4acTHH. [ Hydki
JIAHITIOTH TIOCTAa4YaHHS Tepen0avyaoTb BUKOPUCTaHHS PETiOHATBPHUX CKJIAJiB, MOOUTFHUX CEpBICHUX IEHTPIB
Ta MapTHEPCHKUX YroJ 13 MOCTaYalIbHUKaMHU, 1110 JI03BOJISIE CKOPOTUTH Yac IOCTABKU JCTalICH Ta MIHIMI3yBaTH
mpocToi. BakmuBuUM eJ1eMEeHTOM € 3acTOCYBaHHS MOIENi «just-in-timey» [22], sika 3a0e3redye MocTadyaHHS
HeoOXimHUX neTanelt y noTpiOHuit MoMeHT (Tabm. 6) 6e3 HaaMipHOTO CKJIaTyBaHHS.

Tabuuig 6
[opiBHAHHSA MoeJell MOCTAYaHHSA 3aNIACHUX YACTUH
Moenb mocTadaHHsg Yac nocraBku PiBeHs 3amnacis Pusuk npoctoi
Tpamnuriitna 7—-10 nuiB Bucoxkuit Cepenniit
PerionanpHi cxiragu 3—5 nHiB CepenHiii Husbkni
Just-in-time 1-2 mHi MiHIMaIbHUNA Jyxe HU3bKUH

€IuHUA MaXia A0 TEXHIYHOro OOCIyrOBYBaHHS aBTOMOOUIBHOTO TPAHCIOPTY JIO3BOJISAE IIJIBHIIUTH
e(eKTUBHICTh BHKOPHCTAaHHS 3allaCHUX YacTUH Ta 3MEHIIUTH KiJbKICTh aBapiiiHUX PEMOHTIB.
CranpmapTusallisi BKIIOYa€E pO3pOOKY pEriaMeHTiB 3aMiHM JeTajied, kiacudikamilo 3alacHUX YacTHH 3a

BUKOPHUCTAHHIO pecypciB Ta 3abe3neuye cTabijbHy TEXHIYHY FOTOBHICTH aBTOIAPKY.

Tabmuus 7
IIpukaan kiacudikanii 3aNacCHUX YACTHH 32 KPUTHYHICTIO

Kareropis [Ipuxnanu neranen [IpiopuTer nocrayanHs
Kputnuni ["anbMiBHI KOJIOJKHU, ITMHU MaxkcumanbHuN
Baximisi CucreMa 0X0JIOKEHHS, ITiIBiCKa Bucoxkuit
JpyropsHi EnemenTn Ky30Ba, eleKTpHKa Cepenniii

Takum YMHOM, METOJIOJIOTISI ONITUMI3alli] JTOTiCTUKH 3alaCHUX YaCTUH Y MEPEBE3CHHIX 3€PHOBUX KYJIbTYP
AaBTOMOOUILHMUM TPAaHCIOPTOM 0a3yeThCs Ha TOEMHAHHI [UPPOBHX TEXHOJOTIH MPOTHO3yBaHHS,
TEJIEeMaTHYHUX CUCTEM MOHITOPUHTY, THYYKHUX MOjelell TMOCTa4YaHHS Ta CTaHJapTU30BAHUX IMPOTOKOIIB
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TEXHIYHOTO OOCTYrOBYBaHHS. 1i BHNPOBA/DKEHHS JO3BONSE 3HM3UTH aBapiiiHiCTh, CKOPOTUTH IPOCTOI Ta
HiABUIIUTH KOHKYPEHTOCIIPOMOKHICTh TPAHCIIOPTHHX.

LinboBa ¢yHKLisA oNTUMI3amiiiHOI MOJENI JIOTICTUKM 3allaCHUX YacTHH, CIPSMOBaHAa Ha MiHIMi3allilo
CyMapHUX BUTpAT, Ma€ BUIIIAL

F:Cmp+Cpr+Cav—>min, (6)

. , .
ne C,,, — BUTpAaTH HAa yTpUMaHHs 3anacis, C', — BUTPaTH, OB s3aHi 3 IPOCTOEM aBTONApKy, C, — BUTPATH,

CIIPUYMHEHI aBapiHHUMH BiIMOBaMH.
[Ipu upoMy cimif BpaxoByBaTH OOMEKEHHS:
1. PiBeHP TE€XHIYHOi TOTOBHOCTI aBTONApPKy TOBUHEH 33/I0BOJBHSATH YMOBY

G(T,Z)ZGmin, (7)

ne G, — MIHIMaIbHO JONYCTUMUM PiBEHb FOTOBHOCTI (Hanpuknaz, 85 %), Z — piBeHb 3anacis.
2. Yac mocravaHHs 3allaCHUX YaCTUH MOBHHEH 33J0BOJILHITH YMOBY

r<T. ®)
PiBeHp mpocTOiB MOKHA OMUCATH K (QYHKIIO Yacy mocTadaHHs Ta piBHS 3aIaciB

1

P(T,Z)=P, - .~
(T.2)=Fe 1417

©)

Amnami3 3anexxsoctei (6)-(9) mokasye, mo npu 30iIbIIeHH] 3amaciB (Z) piBeHb MPOCTOIB 3MEHIITYETHCS
3aBlsgku Oy(hepHOMy edeKTy, IpU 3aTPUMKAX IMOHAJ 5 11i0 MPOCTOT 3pOCTalOTh €KCIIOHCHINIMHO, ONITUMAaTbHUN
Oananc nocsiraetbest ipu 7 <3 jiHi Ta Z = 20—30% Bij IPOrHO30BaHOI MOTPEOU.

[IpakTHuHi pekoMeHAalii MO0 BUPIIMICHHS IOCTABICHOIO Yy JOCHTIJKCHHI 3aBJaHHS TMOJIATAlTh Y
peamizarii TaKuX KPOKiB:

— CTBOpEHHS CTPATETiYHHUX PE3ePBiB KPUTHYHUX JETalel y perioHax 3 BUCOKOI KOHIICHTPAII€0
3ePHOBHX I1€PECBE3CHB;

— BHKOPHCTaHHS KIacH(DiKamiifHAX TaOJIUIs IS IPIOPUTH3AIII] 3aTIaCHUX YaCTHH;

BIIPOBAKCHHS CUCTEMH «just-in-time» 71 ONTUMI3allii CKJIalyBaHHS;
MiJIrOTOBKA MEPCOHAITY Ta IiABHMIICHHS KBaTi(iKkallil MexXaHiKiB;
CHiBMpalls 3 MOCTa4IbHUKAMH Ta CEPBICHUMH IICHTPaMHU.

Taxum 9MHOM, TPAKTHYHI KPOKH 3 ONITUMI3allii JIOTICTHKH 3allacHUX YaCTHH OXOILIIOIOTH SIK OpTaHi3alliiiHi,
TaK i TEXHOJIOTIYHI acCTIEKTH.

Onrtumizamisi JOTICTUKM 3alacHUX YacTHH Yy IIEPEBE3CHHAX 3E€PHOBUX KYJIbTYP aBTOMOOUIBHUM
TPAHCIOPTOM Ma€ KOMIUICKCHHI BILUIMB SIK Ha €KOHOMIUHI IMOKa3HUKH AisTIbHOCTI TPAHCIIOPTHUX KOMIIaHIH,
TakK i Ha comianbHy cepy, nos’s3any 3 bJIP.

ExoHOMIuHMI e(eKT AOoCATaeThesl 3a PaXyHOK 3MEHIICHHS BUTPAT HA aBapiiiHi PeMOHTH, CKOPOUYCHHS
MPOCTOIB aBTOMAPKY, MiBUIIEHHSI KOHKYPEHTOCTIPOMOKHOCTI Ta paliioHasi3alii CKiIaJChKuX BUTPaT.

PesysbTaTty OLHIOBaHHS BIUIMBY ONTHMI3allii JOTICTHKHM 3allaCHUX YaCTHH HA €KOHOMIYHI MOKa3HUKU
nmonaHi y tabmuii 8.

Tabmuia 8
B onTumizanii 10ricTHKH 3aIIACHUX YACTHH HA €KOHOMIYHi MOKA3HUKH
[ToxazHuk o onrumizarii [Ticas onTumizanii 3wmina (%)
Butpartu Ha aBapiiiHi peMOHTH 100 % 70 % -30 %
Cepenniii yac mpocToro (roa/mic) 120 80 -33%
KoedimieHT BUKOpUCTaHHS aBTOMAPKY 0,75 0,90 +20 %
CxI1ajchKi BUTpaTH 100 % 85 % -15 %

CorriayibHu# e(eKT 0CATAEThCS 3a PAXYHOK 3HIDKEHHS aBapiitHocTi Ha 15-20 %, migBHMINEHHS A0BIpH 10
TPAHCHOPTHUX KOMITaHIH, COIialbHOT CTabITbHOCTI y perioHax Ta BiAMOBIIHOCTI MIXKHAPOJHUM CTaHIapTaM.
TakuMm 4YWHOM, ONTHMi3alis JIOTICTUKM 3allaCHUX YacTHH Yy 3€PHOBHX IE€PEBE3CHHIX aBTOMOOITBHUM
TPAHCIOPTOM Ma€ TMOJBIMHMI edeKT: BOHA OJHOYACHO 3a0e3reuye eKOHOMIYHY BUTOAY JUTSL TPAHCIIOPTHHX
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KOMITaHi# Ta COIMiaJIbHy 3HAYYIIICTh y BUTIISAI 3HDKEHHS aBapiitHoCTi i migsuieHHs b/(P.

BucHoBku

Onrtumizamiss JOTICTUKM 3amacHUX YacTHH Yy TMEPEBE3CHHSAX 3EPHOBUX KYyJIbTYp aBTOMOOUIBHUM
TPAaHCIIOPTOM € KJIIOYOBHM YHHHHKOM 3a0e3NedeHHs Oe3NeKd MOPOXKHBOTO pyXy Ta IiJIBUIICHHS
e(eKTUBHOCTI TPAaHCIIOPTHUX KoMITaHil. [IpoBeeHe nociiKeHHs ToKa3aio, 0 Ce30HHI iKW HaBaHTAKCHHS
Ha aBTOMAapK CTBOPIOIOTH AOAATKOBI PU3MKH TEXHIYHUX BiAMOB, SIKi MOXYTh MPHU3BECTH 10 aBapiiiHHX
cutyariif. BuacHe mocTayaHHS 3amacHUX YaCTWH, BHKOPUCTAHHSA HU(PPOBHUX CHCTEM INPOTHO3YBAHHS Ta
TeJeMAaTUIHUX TEXHOJIOTIH MO3BOJSAIOTH CYTTEBO 3HU3UTH MMOBIPHICTH aBapifHOCTI Ta CKOPOTHUTH MIPOCTOI.

3anponoHoBaHa METOJOJOTIA ONTHMi3alii BKIOYaE (HOpMYBaHHsS CTPATETIYHUX PE3EPBIB KPUTHUHHX
netaneid, kimacuikalilo 3alacHUX YaCTHH 32 PiBHEM BaXKITUBOCTI, BIIPOBAKEHHS MOJENI «just-in-time» Ta
CTaH[APTHU3AIII0 TPOTOKOIIB TEXHIYHOTO 00CIyroByBaHHS. llpakThymi pexoMeHmaIlii crnpsMOBaHI Ha
CTBOPEHHS THYYKHX JIAHLIOT1B TIOCTaYaHHs, HTErpallilo TeJIeMaTHYHUX CHCTEM MOHITOPHUHTY Ta MirOTOBKY
MepcoHay 10 poOOTH 3 Cy4aCHUMH U(PPOBUMH IHCTPYMEHTAMHU.

ExoHoMiuHmMii eexT Bii BHpPOBAKEHHS TaKWX pIlIeHh TOJSATae y 3MEHIIEHHI BUTpAT Ha aBapiiHi
peMoHTH, cKopodeHHI mpoctoiB Ha 20-30%, Ta miABHIIEHHI KOHKYpPEHTOCIIPOMOXKHOCTI TPAHCIIOPTHUX
kommaHii. ConiansHui eheKT IposIBISETHCS y 3HIKEHH] aBapiiHOCTI Ha 15-20 %, migBUILEHH] PiBHS O€3MEKH
JIOPOXKHBOTO PYXY Ta BiAMOBITHOCTI MXKHAPOHUM CTaHIapTaM TpaHcopTHOI HamiiHOCTi (ISO 39001:2012).

TakuM YWHOM, ONTHMI3aIlisl JOTICTHKHM 3allaCHUX YacTHH y 3E€PHOBUX NEPEBE3CHHAX aBTOMOOLIBHUM
TPAHCIOPTOM € HE JIMIIE iHCTPYMEHTOM MiJBHILIECHHSI €()EKTUBHOCTI pOOOTH aBTONAPKY, aje i BayKIMBUM
(hakTOpOM ColialibHOIT CTa0IILHOCTI Ta PO3BUTKY arpapHUX perioHiB. [lepcrekTHBY MOAaIbIINX JOCIHTiIKEHb
MOJIATAIOTh Y POo3po0Ili MuppoBUX TWIATGOPM IS IHTETPOBAHOTO YIPABIIHHS 3alacamy, MDKHAPOITHOMY
0OMiHi JTOCBIZIOM Ta CTaHAAPTH3AIIIT MiIXOMIB 10 TEXHIYHOT0 00CIyroBYBaHHS TPAHCIIOPTHUX 3aCO0IB.
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The article investigates the significance of optimising spare parts logistics in ensuring the reliability and safety of road vehicles
used for grain transportation. Grain transport has distinctive characteristics linked to seasonal peaks, high fleet utilis ation, and
increased demands on technical readiness. During harvest periods, the intensity of operations rises sharply, leading to accelerated
wear of critical components, frequent technical failures, and heightened accident risks. In such conditions, timely supply and
rational management of spare parts become crucial factors directly influencing accident rates and the efficiency of carriers.

The study analyses typical failures and malfunctions occurring in grain transport operations, such as brake system
deterioration, suspension overload, transmission faults, and cooling inefficiencies, and evaluates their impact on road safety. It
substantiates the need for modern digital forecasting systems to predict spare parts demand, the integration of telematics
technologies for monitoring vehicle condition, and the creation of flexible supply chains capable of responding to seasonal
fluctuations in demand. Particular attention is given to the establishment of strategic reserves of critical components in regions
with high concentrations of grain transport, the standardisation of maintenance protocols, and the training of personnel to operate
effectively under conditions of intensive transport load.

Practical recommendations are proposed for optimising spare parts logistics, including classification of parts by criticality,
adoption of ‘just-in-time” supply models, and the use of predictive maintenance practices. These measures enable reductions in
downtime, fewer emergency repairs, and improved competitiveness of transport companies. The article demonstrates that a
systematic approach to spare parts management in grain transportation is a key factor in reducing accident rates, enhancing road
safety, and ensuring compliance with international standards of transport reliability.

Key words: spare parts logistics, grain transportation, road vehicles, predictive maintenance, telematics, accident reduction,
road safety, supply chain optimisation.
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METOJOJIOTTYHI MIIXOAU 10 ®OPMYBAHHS TAPUDPHOI
MOJIITUKH Y COEPI MICBKOTI'O ITAPKYBAHHS

BiHHMIIEKMI HAIlIOHATBHUI TEXHIYHUHA YHIBEPCUTET

Y cmammi docnidxyembcs chopmyeaHHS mapuchbHOI monimuku y cghepi nnamHo20 napKyeaHHs Ik MexaHiamy
peayrnoeaHHs MICbKO20 MmPaHCrIopmHo20 ronumy ma eMeKmusHO20 BUKOPUCMAaHHS 0OMEXEeHO20
napkysanbHoeo rnpocmopy. AkmyarbHicmb O0CriOXeHHs1 0bymoesrieHa 3pocmaHHSM asmomobinizauii micm
YKpaiHu, HepieHOMIpPHUM pPO38UMKOM 8YNUYHO-O0POXHBOI Mepexi ma nepesaHMaXeHHsIM MmpaHCcrnopmHoi
iHgbpacmpykmypu, wo nompebye Haykogo obrpyHmosaHux nidxodie 00 ecmaHosrneHHs mapucbie, 30amHux
rnoedHysamu eKOHOMIYHY QOUinbHICMb i peaynsamopHi ¢oyHKUIT.

Y pobomi npogedeHO aHasli3 Haykosux Oxxepes1 ma HopMamueHO-PasosuUX akmis, siKi 3aknadarome MexaHi3m
ougbepeHuiayii mapughie Ha nnamde napKyeaHHsI ma 3acmocyeaHHsi KoegbiuieHmie Ons onmumisauji
3asaHmaxxeHocmi napkomicub. [lpoaHarnizoeaHo 3apybixHuli doceid, 30KpeMa 3acmocy8aHHs 30HaslbHO20
nioxody, OughepeHuiayii mapughie 3a mpueasnicmio napkKysaHHss ma 4dacom 006U, a makox KopuaysasbHUX
KoegbiuieHmis, Wo 8paxosyromp MONUM ma Micye3Haxo0XXeHHs1 MaltdaH4quKa.

Haykoea HoeusHa pobomu rionisicae y po3pobuyi MemoduKku eU3Ha4YeHHs1 KoegbiyieHma nonumy Ha
napkysanbHUl MaltdaH4uK Ha emarni 3anycKy cucmemu, Konau 8idcymHi emnipuyHi 0aHi ujo00 3agaHmMa)xeHocmi.
BanponoHosaHuli npoeHo3Ho-aHanimu4HuUl nidxid nepedbayae ouiHKy mpaHCrIopmHOi akmueHocmi mepumopir,
QyHKUioHanbHOI npusabnueocmi 30HU ma micmobydieHUX ObMexeHb 3a OO0MOMO20I0 38a)XEHOI ¢hakmopHOI
modeni. HasedeHo nidxid 00 po3paxyHKy cymapHoz20 He3zabesrniedeHoz2o nonumy, 00608020 ma 200UHHO20
KoegiuieHmie nonumy, wo 00360/I9€ [PO2HO3y8aMU HMEHCUBHICMb BUKOPUCMAHHS napKoMicyb ma
0brpyHmosysamu eeniu4uHy mapugie 00 8rnposadXeHHs naamHoi cucmemu.

lpakmuy4He 3Ha4yeHHS1 OOCIOXKEHHS 0192a€ Yy CMBOPEHHI KOMIMIIEKCHO20 idxody 00 mapughoymeopeHHS,
sKull 3abe3rneyqye eKOHOMIYHO 06rpyHmMoeaHy, NPo3opy ma adanmueHy MoAimuKy nIamHo20 napKy8aHHs, Crpusie
nidsuWEeHHIO egheKkmueHOCMI MiCbKOI mpaHcrnopmHoi iHgppacmpykmypu ma ¢hiHaHCO80i CrPOMOXHOCMI
mepumopianbHux 2pomad. 3anporioHosaHa Memoduka Moxe bymu eukopucmaHa opa2aHaMu MiCyeso20
camospsi0yeaHHsI Mpu MiaHy8aHHI HOBUX MapKyeasibHUX CucmemM.

KnrouoBi cnoBa: nnatHe napkyBaHHS, Tapud Ha nNapKyBaHHH, MapKyBanbHWUA MaWdaHyuK, MONUT Ha
napKyBaHHS.

IHocranoBka npodaemu

CyuacHu# pO3BUTOK MICT YKpaiHU XapaKTepU3y€eThCs 3pOCTaHHIM PiBHS aBTOMOO1Ti3a11i1, HepiBHOMIpHUM
PO3BUTKOM BYJIMYHO-IOPOKHBOT MEPEXi Ta IMiJIBUIIEHMM HaBaHTA)XEHHSIM Ha TPAHCIOPTHY iHPPACTPYKTypy
[1]. Y mux ymoBax oco0iHBO1 akTyanbHoCTI HaOyBae hopMyBaHHs epeKTUBHOI TPAHCHIOPTHOT CTpAaTeTii MicTa,
Ba)XXJTUBOIO CKJIAJIOBOIO SIKOi € PErysiioBaHHS BHKOPUCTAHHS MAapKyBaJbHOTO IMPOCTOPY SIK OOMEXEHOro
MICBKOTO pecypcy.

Hns Ykpainm ng mpobiema HaOyBae ocoOnuBOi Barm B yMOBax JIeleHTpamizamii, pO3MMpPEeHHS
MOBHOBa)KEHb OPTaHiB MiCIIEBOTO CAMOBPSIyBaHHS Ta HEOOX1THOCTI MiIBUIIICHHS (PiHAHCOBOT CIIPOMO>KHOCTI
TepuTopiambHUX Tpoma. Tapuu Ha mapKyBaHHS YacTO BCTAHOBIIOIOTHCS 0€3 HAJEKHOTO METOI0IOTIHHOTO
OOTpYHTYBaHHS, IO 3HWXKYE IXHIO €(PEeKTUBHICTh SK PETYJISATOPHOIO MEXaHi3My Ta OOMEXYE MOMKIHBOCTI
BIUTMBY Ha TPAHCIIOPTHY MOBEIiHKY HACEICHHSI.

[Tocrae morpeda y po3poOiieHHI HAYKOBO OOIPYHTOBAaHHUX METOJMOJIOTIYHHX MiAXOMIB 0 (OpPMyBaHHS
TapuQHOi TMOMTHKH y cdepi MICBKOro MapKyBaHHS, ki 0 3a0esmedyBaium OajlaHC MiXK EKOHOMIYHOIO
JOLIJIBHICTIO, COLIAJILHOO CITPABEIMBICTIO Ta CTPATETIYHUMH ILISIMH PO3BUTKY MiChbKOT MOO1JIbHOCTI.

AHaJi3 ocTaHHIX J0CTiAxKeHb | myOsaikamii

AHai3 cy4acHUX MiaxoaiB 10 (GopMyBaHHs TapupHOI MONITHKH Y cdepi MiCbKOro MapKyBaHHS B YKpaiHi
JIEMOHCTPYE JEKIIbKa KITFOYOBUX HAMPSIMKIB HAYKOBUX JIOCIHI/PKEHb.

VY crarti [2] 3ampomnoHOBaHO KOMIUIEKCHMH MiAXiA 10 moOymoBH Tapu(HOI MONITUKM MapKyBaHHS B
YKpPaiHCBKHMX MiCTax, aKIIEHTYIOUH YBary Ha epexoi BiJ TpaAuLiiHuX (ikcoBaHMX Tapu(iB 10 TMHAMIYHOTO
IIHOYTBOPEHHS, 1110 BPaXOBYE TMOIUT, TPUBAIICTh MAPKyBaHHS, CKOHOMIYHI YMOBH Ta iHII (akTopu. ABTOpU
3a3Ha4Yal0Th, IO ICHYIOUI MPaKTHKH Tapu(OyTBOPEeHHS B YKpaiHi mepeBaXHO 0a3yloThCs Ha (pikcoBaHMX
CTaBKax, 1110 HE 103BOJIsIE €()EKTUBHO YNPABIISATH MONUTOM Ta KOHTPOJIOBATH 3aBaHTaKEHHS MapKyBalbHUX
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MalaHguKkiB. B Hifl 3ampomoHOBaHO MOMAENb, V sAKiH Tapud 3MIHIOETHCS 3aJCKHO B 1HTEHCHUBHOCTI
KOPHUCTYBaHHS MICIIIMHU Ta TPUBAIOCTI TApKyBaHHS, a TAKOXK PIBHA KYIiBEILHOI CIIPOMOKHOCTI y perioHi. Lle
JI03BOJISIE aJJalTyBaTH IiHM 0 PEaJbHOTO MOMUTY Ta CTUMYJIIOBATH ONTHMANbHY POTAaLil0 Micub. Y CTaTTi
MpoBeneHo aHali3 TapudiB y MicTtax €BpOIHM 3 ypaxyBaHHAM iHJAEKCY KyHiBEJIbHOI CIHPOMOXKHOCTI, IO
MOKAa3aj0 3Ha4HI BiIMIHHOCTI BiJl YKpaiHCBKMX peanid 1 morpeOy amanTamii 3apyOiXHOTO IOCBILY IIif
HaI[lOHAJFHI YMOBH.

Crarts [3] npucBsiueHa €eKOHOMIYHOMY OILIHIOBaHHIO BAPTOCTI MOCITYT MapKyBaHHS B YKpaiHi 3 aKIEHTOM
Ha OOTpyHTYBaHHS Tapu(iB NUITXOM BH3HAYEHHS 30HAIHHOCTI MicTa Ta (paKTOPiB BILUTUBY Ha IiHY. ABTOpH
aKIEHTYIOTh yBary Ha TOMYy, IO OpraHi3amiiHi, HOpMaTWBHI Ta (piHAHCOBI yMOBH (YHKIIIOHYBaHHS
MapKyBaJILHOTO CEKTOPY B YKpaiHi HE BIANOBIAAIOTh Cy4yaCHHMM TOTpe0aM sK KOPHCTyBadiB, TaK i
€BPOMEHCHKUM  CTaHJapTaM. 3alpolOHOBAaHO BpPaxOBYBaTH pIBEHb 3aBAaHTAXCHHS IMapKyBaJbHUX
MalIaHYUKIB ¥ PI3HUX 30HaX Micta mpu (GopMmyBaHHI TapudiB — B HEHTPAIbHUX YaCTHHAX IliHA Mae OyTH
BUIIOI0 Yepe3 OUTBIINKA MONUT Ta NeilUT MICIh, a Y BiIJAJICHUX 30HAX — HIDKYOK. )i OIiHKK BILTUBY
¢akTopiB Ha popMyBaHHS Tapu]iB aBTOPU BUKOPUCTANIHN IIKATY BiHOCHOI BaxkimuBocTi (Meton T. Caari). Lle
JO3BOJIMJIO CHCTEMHO BH3HAYWTH Bary KOXKHOTO TapaMeTpa TpW BCTAHOBIIEHHI TapudiB. 30HANBHICTH €
KITF0OUOBHM (hakTopoM (opMyBaHHA TapuGiB — HAUBHII Tapu(H JOUIIRHI y NEHTPAIBHUAX 30HAX, [Ie PiBEHb
3aBaHTaKeHHA moHan 60 %. [lns BmockoHalieHHs Moneni Tapu(HOI MOJITHKK 3amporOHOBAHO MPOBOAUTH
PO3paxyHOK KPOKY KOPUTYBaHHS TapuQiB Ha IMiJCTaB1 KIIbKICHUX TOKA3HUKIB.

ABTOpOM cTaTTi [4] 3miiCHEHO KOMIUIEKCHHI aHAalli3 MPaBOBOI IPUPOH Ta MEXaHi3My CHpPaBIISTHHS 300py
3a MICI JUIsl TTapKyBaHHS TPAHCIOPTHUX 3aCO0IB SK CKJIAJ0BOI CHCTEMH MICIICBHX IMOJATKIB 1 300piB.
JocnipkeHo HOPMAaTUBHE PETYNIOBAHHSA TOPSAKY BCTAaHOBIICHHS CTaBOK, BH3HAa4YeHHS 00’e€kTa Ta 0asu
OIOJAaTKYBaHHS, a TaKOXXK IMOBHOBAYKEHHS OPraHiB MICIIEBOI'O CaMOBPSAYBaHHSA y cdepi aaMiHiCTpyBaHHS
1LOT0 300py. BusBiIeHO NpobaeMu MpaB03acTOCYBaHHS, 3yMOBJICHI KOJII31IMU MiX IMOJAaTKOBUM, 3€MEIIbHUM
Ta MYHIIUITAJBHAM 3aKOHOIABCTBOM. OKpeMy yBary MpHIUICHO aHalli3y CYAOBOi MPAaKTUKU IIOJAO CIIOPIB,
OB’ SI3aHMX 13 BU3HAYEHHSIM TUIATHUKIB Ta 3aKOHHICTIO pimeHb MiciieBuX paj. ChopMyTb0BaHO MPOIO3UIIiT
LIOAO0 BIOCKOHAJIEHHS HOPMATHUBHOI'O DPErYJIIOBAHHS 3 METOI0 IiJBHIIECHHS NPaBOBOI BHU3HAYEHOCTI Ta
e(eKTHBHOCTI aIMiHICTpYyBaHHS 300Dy .

VY pobori [5] mocnimKyeTbest MATOTOBYMIA €Tal BIPOBAIKEHHS CHCTEMH IUIATHOTO MapKyBaHHS y MICTi
Binanmsa. Bxasyerbcs Ha HeoOXimHICTH Mu(EPEHLIHOBAHOTO MMIXOAY JO BCTAHOBIEHHS TapudiB Ha
KOPUCTYBaHHS MaiJaHUYMKaMH, 30KpeMa JJIsl BiIBEJICHUX Ta CIELialbHO O0JIalHAHUX MapKyBalbHUX 30H, 3
ypaxyBaHHSM CKOHOMIYHHMX BHUTpAaT, KOe(Illi€HTIB 3aBaHTaAXXEHOCTI Ta pOJIi OpraHiB MiCIICBOTO
camoBpsimyBaHHS. JlOCHI[DKEHHS TPOBENEHO 13 BHKOPHCTAHHSM aHaNi3y HOPMAaTHBHO-TIPABOBHUX aKTiB,
CTaTUCTUYHUX JAaHUX IIOJ0 3aBaHTAXKEHOCTI NapKyBaJIbHUX Mal/IaHUYMKIB Ta HOPIBHJIBHOTO aHaJIi3y AOCBiLy
THIINX yKpaiHChKUX MicT. OCHOBHUM pe3yJbTaTOM POOOTH € OOIPYHTYBaHHS HEOOXIJHOCTI KOMILIEKCHOTO
MiXOAy O OpraHi3amii IUIaTHOTO MapKyBaHHS, IO JO3BOJSE IMiJBUIIATH €QEKTHBHICTh BUKOPHCTAHHS
MapKyBaJbHOI IHQPACTPYKTYPH Ta ONTHUMI3yBaTH TPAHCIIOPTHI MOTOKH y MICTi.

VY cBiToBiil mpakTuli (opMyBaHHS TapudiB Ha IUIATHE MapKyBaHHS Jealli IIUPIIE 3aCTOCOBYETHCS
MOMUT-OPIEHTOBAHUH MMiJIXiJl, OCHOBHA iJiesl SIKOTO TOJIATa€ B KOPUTYBAaHHI I[iH 3 METOI0 MiATPUMAaHHS
IIJTLOBOTO PiBHS 3aHHATOCTI MapKOMiclb Ta €()eKTUBHOTO YIPaBIiHHS MOMATOM. KiTaCHUYHUM TPHUKIaIoM
Takoro Mexasizmy € nporpama SFpark y micti Can-®paHIucko, 1e napkoBi Tapuu 3MiHIOIOTHCS 3aJI€XKHO
Bil (paKTMYHOI 3alOBHEHOCTI MiCllb 3 I[ULIKO JOCATHEHHs piBHA 3aitHATOCTI 60-80 %, 1110 103BOJISIE
MiHIMI3yBaTH «KPYXJISIHHS» BOJIIB y INOIIYKY HapKOMICISI Ta ONTHUMI3yBaTH BUKOPHUCTaHHS JOPOKHBOTO
npocropy [6].

BinnoBigHi Moeni 3a3BMYail BKIIIOYAIOTH 3aJISKHICTE Tapudy BiJl 00CATYy MOMHTY, Yacy 100 Ta JoKallii,
Ta MOXYTh OYTH TpEICTaBIICHI y BUIJIAJ alrOpPUTMIYHHUX ab0 PEerpeciiiHuX CTPYKTYp, IO BPaxXxOBYIOTh
€IaCTUYHICTh TOMHUTY MIOAO IMiHW Ta iHmI ¢akropu. [lomiOHMIA MiIXix MOCTYIIOBO BHUTICHSE TPaaWIliiHI
(ikcOBaHi CTaBKH, OCKUIBKH BiH JIO3BOJISIE alanTyBaTH TapuU(H JI0 pealbHUX YMOB PUHKY TapKyBaHHS Ta
CIIpUSIE CTAJIOMY YNPABIIHHIO MiCbKUMH TPAHCTIOPTHHMU pecypcami [7].

Bukiiax ocHOBHOT0 MaTepiany 10CTizKeHHS

Amnani3z tapu@iB Ha IJIaTHE MApKyBaHHS Yy PI3HUX KpaiHaxX IMOKa3ye, M0 OCHOBHUMH TNPHHIUIAMU €:
30HANIBHUN TiX1/1, JUQepeHLialis 3a TPUBAIICTIO MapKyBaHHS Ta YacoBi KOeQillieHTH.

1. 3oHambHUMN maxiz.

SoHanpHMIA MiAXig nependadae audepeHiiaiiro TapudiB Ha IUIATHE MApKyBaHHS 3aJIeKHO BiJ
TEPUTOPIATILHOT MPUHAJIEKHOCTI MICIIsl, TOOTO CTaBKa 3MIHIOETHCS 3aJIEKHO BIJI:

— UEHTPaJIBHOCTI YH epudepiitHOCTI JIoKaIlii;

— IIUTBHOCTI 320yZ0BH Ta IHTEHCUBHOCTI PYXY;
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— OMu3BKOCTI 10 00’ €KTIB 3 BUCOKUM MONHUTOM (0(iCH, TOPrOBEIbHI LIEHTPH, BOK3aJIH).

e no3Bossie 30amancyBaTy MONUT Ha TApKyBaHHS Ta €(EKTUBHO BUKOPHCTOBYBATH MIiCHKHIA POCTID.

VY BCiX MpoaHaTi30BaHUX MiCTaX TEPUTOPIs MOMAIEHA HA 30HH: EHTPAJbHY, CEpeaHI0 Ta nepudepiiiay.
LleHTpanpHi 30HM MalOTh HaWBHINI Koe]iIieHTH 30HANBHOCTI, mepudepiiftni — HaWHmwKYi. lle mo3Bomse
peryJoBaTH NOMUT Ha OOMEKEHI MapKOMICIIs Ta CTUMYJIIOE POTALlif0 aBTOMOOLIIB y LEHTP1 MicTa.

2. ba3oBa craBka Ta Koe(illieHT 30HU.

BbazoBa cTaBka BCTaHOBIIOETHCS MYHINUTIATITETOM 1 € BUXITHOIO ISl po3paxyHKy BapTocTi. KoedimieHT
30HU MHOXXHTHCSI Ha 6a30BY CTaBKY, BU3HAYAIOYH BapTiCTh MapKyBaHHsS y KOHKpeTHiN 30HI. ®opmyma (1) €
0a30B010 (CIIPOIICHOIO) 1 3aCTOCOBYETHCS Y OLIBIIOCTI MICT CBITY.

C=rn-k -t, (D)

ne r, —0a30Ba CTaBKa, BCTAHOBJIEHA MyHILMIAIITETOM; &k, — KO(ILIEHT 30HH, 3aJI€KHUTh Bl HEHTPAIbHOCTI,

MOMUTY Ta AeiLUTY MapKOMIcCIlb; ¢ — (PaKTHYHHNA Yac nmepeOyBaHHsI aBTOMOOLIA Ha MAapKOMICII.
KoeinieHT 300U BpaxoBye [2]:
— LIEHTpalbHICTh: IEHTPaJbHI palloHn MicTa MaloTh k_ >1, a mepudepis k, <1;

— TIONMUT Ha MapKyBaHHs: YMM BUILUHA MOMUT, TUM OUTBIINI KoedilieHT;

— coIfiaJibHI 200 eKOJIOTIYHI 0OMEXKESHHS: 1HO/I JJIs MIBrOBUX 30H, PE3UICHTIB a00 eJIEKTPOMOOLITIB
3aCTOCOBYIOTh 3HIDKYIOUi KOS(IIlI€HTH.

Hanpuknaz, MoxkiIMBI 3HaueHHs Koe(illieHTy 30HU: Ul UEHTPY MicTa k, =1,5—2,0; A7 IPOMiKHOT 30HH
micra k. =1,2—1,5; s nepudepiiinux paitonis micta k, <1.

3. IporpecuBHicTh Ta 4ac AOOH

V Garathox Mictax cBiry, Takux sk Cinramyp, Hero-Mopk Ta JlonI0H, HOpsAA i3 6a30BUM 30HATBHUM
MiIX0A0M A0 Tapu(OyTBOPEHHS 3aCTOCOBYIOTHCS IIOAATKOBI KOEQIIiEHTH, IO KOPHUTYIOTHh BapTiCTh
MapKyBaHHS 3aJIEKHO BiJ] 4yacy o0u abo TpHUBaIOCTI KOPUCTYBaHHS MicueM. Tak, Tapudu y MiKOBi TOAMHA
3pOCTAlOTh Al OOMEXKEHHs TMEepeBaHTAXCHHS LEHTPAIBHUX 30H, a 3HWKKH a00 (hikcoBaHI CTaBKH IS
TPHUBAJIOTO MapKyBaHHs CHPSMOBaHI Ha CTUMYJIOBAHHS OUbII €)EKTHBHOTO BUKOPUCTAHHS MepudepiiHIx
napkomicib. Lleit Meron mo3Boisie mocArTH OanaHCy MiK TMOIHMTOM 1 MPOIIO3UINIEI0 MapKOMICIb, 3HIKYE
CKPYXKJISIHHSD) BOJIIB Y MOIIYKY BUIBHHUX MICIIb 1 CTIPHSIE KOPOTKOCTPOKOBOMY BUKOPUCTAHHIO IICHTPAIbHUX
MapKOMICIIb, IO IMiJIBUIIYE 0OOPOTHICTh Ta CKOHOMIYHY e(DeKTHBHICTh cucTeMu [7-9].

[IporpecuBHa orwrara, TOOTO 30iMbIIeHAS Tapu(dy 3 KOKHOI HACTYIMHOIO TOAMHOIO, PEaNi3y€eThCs depe3
Moaudikariiro 6a30Boi popmymnu Tapudy:

C=ry k. k1, )

ne k,— xoediuient yacy (MikoBuii/HenikoBuii nepios) a0 TPUBATOCTI MAPKyBaHHS!.

JochimkeHHsT TMOKa3yloTh, IO Taka JUHAMiYHA TapuQikalis MA03BOJSIE MIATPUMYBATH ONTHMAIBHY
3aiHATICTE mapkoMicub (O6mu3bko 80-85 %), a TakoXk CTUMYJIOE BOAIiB OOMpaTH KOPOTKOCTPOKOBE
MapKyBaHHA y IEHTPax MiCTa Ta JOBFOCTPOKOBE — Ha mepudepii, MO MiIBUILYE 3arajibHy e()EeKTUBHICTH
MiCBKOI TPaHCTIOPTHOI CHCTEMHU.

B Vkpaini mopsaok LiHOYTBOPEHHS Ha MOCIYTH IUIATHOTO MapKyBaHHS peryioeTbcs [locTaHOBOIO
KabGinery MinictpiB Ykpainu Ne 258-p «[Ipo 3atBepmkenns [lopsiaky HiHOYTBOpEHHsI Ha TOCITYTH 3
KOPHCTYBaHHs IUIATHUMH TapKyBaJbHUMH 30HaMmu» [10]. OCHOBHOIO METOI0 TIOCTAHOBM OyJIO HaAaTh
MICIIEBUM OpTraHaM BIAgy MOXKIHUBICTh 3aCTOCOBYBaTH Koe(imieHTH 10 TapudiB, ski O HO3BOIHIN
mudepeHItiamio ity 3a napkypanas. OIHAK, BIJICYTHICTh YiTKUX PEKOMEHJAIlill 11100 BCTAHOBJICHHS Ta
PO3paxyHKY IIUX KOCQIIIEHTIB 3yMOBHJIAa HEOOXIIHICTh MOAAIBIINX JOCHIPKCHb Y IiH rajy3i Ta po3poOKu
pexoMeHanii moxo opranizauii TapudHOI MOTITHKK MapKyBaHHS B MicTax YKpainu [2].

[TocranoBoro Kabinetry MinictpiB Ykpainu Bim 28 xoBTHs 2020 p. Ne 1019 Oyno BHeceHO 3MiHH,
CHpSIMOBaHI Ha YTOYHEHHS MEXaHi3My TapH()OYTBOPECHHS Ta PO3UIMPEHHS PETYISTOPHUX MOBHOBAKEHb
OpraHiB MICIIEBOTO CaMOBpsAyBaHHA. Bka3zaHWN HOPMATHUBHHMI aKT 3aKIJaJla€ €KOHOMIYHO OOIPYHTOBaHY
MOJIeJIb BU3HAYCHHS Tapu(]iB, 10 MOEIHY€E BUTPATHUHN MiAXi] 13 €JIeMEHTaMH PETyJIIOBaHHS TOIUTY.

Bigmosiano o [10], Tapudu BH3HAUYAIOTHCA OKPEMO [UIS BIJBEACHHUX 1 CHEI[ialibHO OO HAHUX
MaiJIaHYWKIB SIK BiJIHONMICHHS PIiYHOI BapTOCTi MOCIHYT 1O PIYHOTO 0OCsATY iX HaJaHHS 3 ypaxyBaHHSM
Koe(illieHTa 3aBaHTAXEHOCTI MalJaHYuKa Ta KOe(illi€HTIB, IO BCTAHOBIIOIOTHCS OPTaHAMU MICIIEBOTO
CaMOBDALYBaHHs JUISI JOCATHEHHS ONTHMAJIBHOTO 3aBAaHTAXEHHS BYJIUYHO-AOPOXKHBOI Mepexi. Taka
¢dopmyna BioOpakae NPUHIMIT TMOBHOTO BIINIKOJYBaHHS EKOHOMIYHO OOTPYHTOBAaHMX BHUTpAT, IO
BKJIIOYAIOTh yTPUMaHHS MaiiIaH4MKiB, OIJIATy Mpalli IepCOHay, aMOPTH3allit0 00JaiHaHHSA, aAMiHICTPaTUBHI

52



ISSN 2415-3486. Bicuuk mawunobydysanus ma mparcnopmy Nel(23), 2026

Ta iHII onepaliiini BuTpatd. OTKe, Tapud HE € TOBLIBHOIO BEIMYUHOIO, @ Ma€ IPYHTYBATUCS Ha (PaKTHUYHUX
BUTpATax Ta MPOTHO30BAHMX NTOKA3HUKAX BUKOPUCTAHHS iHPPACTPYKTYPH.
Tapud na mocnyru napkyBanHs 7 BU3Ha4a€eThes 3a popmynoro [2, 5, 10]:

o B Ky Ky Ky K
0,K,

; 3)

ne B, — piuna Bapricte mocnyr, rpu; O, — piunuil o6car HajamHs mocnyr, TpH; K, — koedimient

3aBaHTaXKEHOCTi Mainanduka; K, — koedilieHT, 1m0 BpaxoBye Micle pO3TailyBaHHs MaiIaH4vKa Ui

napkyBanus; K, — KoeQillieHT, MmO BPaxOBye 4Yac KOPHCTYBAaHHsS Mai/[AHYMKOM UIA TIapKyBaHHS,
K ,3 — KOCORILIEHT, 10 BPaxoBye THII TPAHCIOPTHOIO 3aco0y, M0 PO3MILIYEThCS HA MaHIAQHUYNKY JUIs

napkyBanns; K,, — Koe}ilieHt, mo BpaxoBye KaTeropiio ocid, sKi pO3MillylOTh TPAHCHOPTHI 3ac00U Ha

MaiIaH4uKy JUIs TTApKYBaHHSI.
Sxmo 3a [10] pekomennosano BukopucToByBatu K, > 0,5, T0 JuIst pemTn Koe]ilieHTiB BKa3iBKH BiICYTHI.

Tomy, 0OryHTOBAaHO, MOCTAE MUTAHHS PO MiAXOIU 10 BU3HAUCHHS OpraHaMU MICIIEBOTO CAMOBPSIYBaHHS
koe¢imientis K, K, ,, K ;, K

pl> TEp2> TEp3o Thpas

CyTTeBe 3HAuUCHHS Ma€ 3aCTOCYBaHHS Koe(illieHTa 3aBaHTa)KCHOCTI, KU BioOpa)ka€ iHTEHCUBHICTH
BUKOPHCTAHHS NapKyBaJIbHOTO IIPOCTOPY Ta BIUIMBAE HA KiHIEBMH po3mip Tapudy. Moro BuKOpHCTaHHS
3a0e3nedye THYYKICTh Tapu(HOI TONITHKKA Ta JO3BOJSE BPAXOBYBATH pEATbHUI MMOMHT HA IOCIYTH
napkyBaHHA. KpiMm Toro, 3armpoBapkeHHS TOAaTKOBUX KOe(illi€HTIB, [0 BUZHAYAIOTHCSI OPTraHAMHU MiCIIEBOTO
caMOBpslyBaHHs, TpaHchopmye Tapud i3 cyTo (iCKaJILHOrO IHCTPYMEHTY Yy 3aci0 peryiroBaHHS
TPaAHCIIOPTHUX TTOTOKIB. Yepe3 3MiHy mapaMmeTpiB Tapudy MOKIWBO BIUIMBATH HA TPUBAIICTh MapKyBaHHS,
00OpOTHICTH MICIIh Ta IEPEPO3ITIOALIT TPAHCTIOPTHUX 3aC00IB Y MeKaX MiCHKOTO TIPOCTOPY.

Hudepentiaris tapudiB 1 crenialbHO 00JaJHAHUX MaiJIaHYMKIB 3YMOBJICHA PI3HOI CTPYKTYpPORO
BUTpAT 1 piBHEM iH(pacTpyKTypHOro 3abesmneueHHs. CremiaqbHO OONamHaHI MaWJaHYMKH, SIK MPaBUIIO,
noTpeOyIOTh 3HAYHUX KalliTaJIbHUX BKJIAaJEHb Ta OCHALICHHS aBTOMAaTH30BaHMMH CHCTEMaMH KOHTPOJIO H
OILIaTH, 10 00’ €KTHBHO BILIMBAE Ha COOIBApTiCTh mocayr. BogHovac BijBeleHI MalJaHUYMKH MalOTh 1HIIUH
E€KOHOMIYHHI PO, 10 OOTPYHTOBYE HEOOXiTHICTH OKPEMOTO PO3paxyHKy Tapu(iB AJst KOXKHOTO THUITY.

Y cucremi Tapu(OyTBOPEHHS IUIATHOTO MApKyBaHHsS 0COOMBE 3HaYeHHs Mae koedimient K, , mo

BpPaxoBy€ MICIe pO3TalllyBaHHS MalaH4yWKa. BiH 3acTOCOBY€ThcsS AJisi KOpUryBaHHS 0OazoBoro tapudy
3aJIe)KHO BiJI JIOKaJi3allii HapKyBaTbHOTO MalJaHYMKa y MiCEKiH CTPYKTypi Ta JO3BOJISIE TOENHATH (PicKaITbHI
Ta peryistopHi ¢yHkIii Tapudy. LleHTpanpHi a00 BHCOKOTOMYJIISPHI MaiiIaHYNKH, PO3TAIIIOBaH] Y 30HAX i3
BHUCOKOIO 1HTEHCHBHICTIO TpPaHCIIOPTHOTO IIOTOKY, 3a3BHYail OTPUMYIOTH OiNibllie 3HAYEHHS JaHOTO
Koe(illieHTy, IO MiABUIIYE TUIATy 32 KOPUCTYBAaHHS Ta CTUMYJIIOE OOOPOTHICTH MicIlb. BogHOUaC BimaneHi

abo MEHII 3aBaHTaXEHi MalJIaHYMKN KOPHMTYIOThCS HWXKYMM 3HauYeHHAM Koedimienty K, mo poOuTh

MOCIYTY OUTBII JOCTYITHOI JJI1 KOPUCTYBAUIB i CIIPUSE PIBHOMIPHOMY 3aBaHTKEHHIO BYJIMYHO-TOPOIKHBOT
Mepexi Micta. BCTaHOBIEGHHS HOTO BETMYUHM 3JIHCHIOETHCS OpPraHaMd MICIIEBOTO CAMOBPSAYBaHHS 3
ypaxyBaHHAM psay (aKTOpiB, TAKMX SK: 3aBaHTAXKCHICTh IEHTPAIBHOI 30HH, JAOCTYIMHICTH TPOMAICHKOTO
TPaHCIOPTY, IHQPACTPYKTYPHUI PO3BUTOK paliOHY Ta HOr0 COIIaIbHO-SKOHOMIYHA 3HAYUMICTb.

Buxopucranss gaHoTo KoedilieHTa pa3oM i3 Koe]illieHTOM 3aBaHTaKEHOCTI Ta MudepeHIiaIieo Tapudin
JUTS BiIBEJIEHUX 1 CIIEI[ialIbHO 00JIaJHAHUX MaiIaHYMKiB HO3BOJIsIE 320€3MMeYNTH €KOHOMIYHO OOTPYHTOBAHE,
npo3ope Ta eekTUBHE aAMIHICTPYBaHHS MJIATHOTO APKYBaHHS Y MiCbKHX YMOBaX.

[pononyetsest koediuient K,

y BIAMNOBIAHIA 30HI MicTa, TOOTO uepe3 OIIHIOBAHHS 3aBaHTAXEHOCTI Ta MPUBAOJIMBOCTI JAHOTO
NapKyBJILHOIO MailaHuMKa JUI KOPUCTYBayiB, K KOE(iLieHT MONUTY Ha MapKyBIbHUN MalJaHYMK Ha
OCHOBI ()aKTUUHOI BEJIMYMHH IONUTY Ha MApKyBaHHS Yy BiAmoBinHiil 3omi. Takuil minxin mependadatume
OLIIHIOBAHHS PIBHSI 3aBaHTAXKEHOCTI MapKyBAILHOTO MaliJaHYHKa, HOro (DYHKIIOHANBHOT TPUBAOIUBOCTI JUIs
KOPHCTYBa4iB, TPAHCIOPTHOI JOCTYHNHOCTI Ta OJM3BKOCTI [0 OO0 €KTIB TsOKIHHS (@IMIiHICTPaTHBHUX,
TOPTOBEJILHUX, JUIOBUX LIEHTPIB).

[Mpu nirowiit cucTeMi MiCHKOTO TapKyBaHHS KOeili€HT TMONWTY Ha TMapKyBaJbHUI MaimaHuuK Oyie
BiJJOOpakaTH 1HTEHCHBHICTh BUKOPHCTAHHS MapKOMICIb Y KOHKpETHIH Jokarii. MaTeMaTuaHo KoedillieHT
MOMUTY MOXKE BH3HAYATHCS Yepe3 BiIHOLIEHHS (aKTUYHOI CepelHbOI 3allOBHIOBAHOCTI MaWJaH4YHMKa 0
HOPMAaTUBHOTO a00 LiJILOBOTO PiBHS 3alI0OBHIOBAHOCTI:

BU3HAYATH 3a BCJIIMYUHOIO IMOMMHUTY HA ITApKyBaJIbHE MiCI_Ie, SAKE pOSMiH_IeHe
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KHHM = 3(]7/ 3onm > (4)

ne 3, — QaktuuHui piBeHb 3aBAHTAKEHOCTI MAPKYBAILHOTO MaliiaHunka (4acTka 3allHATUX Miclb, %);

3 — onTUMallbHUH (LIJIbOBUI) PIBEHb 3aBaHTAXKEHOCTI, 1110 3a0e31euye HasiBHICTh BUTbHUX.

onm

3a yMoBH >1, IOUIABHMUM € TMiIBUILEHHS Tapudy 3 METOI0 CTPUMYBaHHS HAIUIUIIKOBOTO TOIUTY,

K 1I1IM

TOI 5K TIPH <1 — MOXIIHBE 3HMKEHHSI CTaBKH TSI CTUMYJIIOBAaHHS BUKOPUCTaHHS MapKomicb. Takuit

KHHM
MeXaHi3M [O3BOJIUTH MEPEHTH BiJ CTaTUYHOIO 30HAIBLHOIO Tapu(OYTBOPEHHS IO aJalTUBHOI MOAENi
PETYIIOBaHHS MOMHUTY, 3a0€3MeUnTH 000POTHICTH MiCIlh Ta €(PEeKTHBHICTh BUKOPHUCTAHHS MiCEKOTO ITPOCTOPY.

SKImo cucteMa IUIATHOTO MapKyBaHHS TUTHKH 3all0YAaTKOBYETHCS Y MICTI 1 TIpsiMi JaHi mpo (akTUIHY

3aBaHTAXEHICTb 3, BiAICYTHI, KOE(illieHT NMONMUTY Ha MAPKYBANbHUI MaiJaHuYMK CIiJl BM3HAYaTH 32

HETIPSIMUMH ITOKa3HUKaMH Ta IPOTHO3HUMHU OLIHKaMH NONUTY. Takuid Miaxix 103BOJUTH BCTAHOBUTH Tapu(pH
3 ypaxyBaHHSM O4iKyBaHOTO MOMHUTY, I1I€ 10 BBEACHHS MJIATHOTO NapKyBaHHSI.

BuBuenHs o4ikyBaHOTO NIOMUTY HAa MaOyTHIH MapKyBaIbHAN MallaHIMK MOXKHA 3IHCHITHA HA OCHOBI:

1) mocmimKEeHHS MAONEHTPOBHX Ta BIAIEHTPOBUX TPAHCIOPTHUX TIOTOKIB Yy 30HI PO3MIIIEHHS
MapKyBaJILHOTO MalJaHYHKY;

2) BH3HAYHTH MaKCHUMajbHE TPAHCIOPTHE HABAHTAXKEHHsI MPOTATOM PoOOYOro IHS B 30HI MicTa, e
nepeOyBa€e JOCHTIKYBaHNN MTapKyBaATbHAN MaiiTaH9HK.

Skmo N, — 1€ KUIbKiCTh OIMHUIIL TPAHCTIOPTY B TPAHCIIOPTHOMY MOTOLI, KU BXOMUTH y 30HY MICTa,

Jic BBOJIMThCS TNIATHE MApKyBaHHs, Ha [-i Marictpani; N,

iy — KUIBKICTB OJIMHHIIb TPAHCIIOPTY TPAHCIIOPTHOTO
MOTOKY, SIKMH BUXOAMTH 13 30HM MICTa Ha i-i Marictpaii, TOJl MOXEMO BH3HAUYUTH CyMapHi MOTOKH, SIKi
CIpsMOBaHi B 30HY (BXiJHI) Ta i3 30HM (BUXi/IHI) MiCTa B 4aCOBHI MEPio] 3MIHCHEHHS epeBaXHOI KUTHKOCTI

TPYAOBUX Ta AUTOBUX TPAHCIIOPTHUX KOPECTIOHACHIIIH:
m m
6x . 6UxX __
NL‘lei - Z Ni()u s Ncy,w - z ]Vi(fu > (5)
i=1 i=1

Jie m — KUTBKICTh MaricTpalielt y JOCTi)KyBaHii 30HI MicTa.
SIKIO 3HEXTYBaTH BEJIMYWHOIO TPAHCIIOPTHUX TOTOKIB, IO 3apOJDKYIOTHCS B JOCIIKYBaHIM 30HI Ta
BIMBAIOTHCSA B NV,

isy

1 BIIHATH TPaH3WUTHI TPAHCTIIOPTHI 3ac00H y 30Hi, TO

NznzNwC _nybj;:_N (6)

cym mpans

€ TI€I0 YaCTUHOI CYMapHOTO TPAHCIIOPTHOTO MOTOKY, SIKUH 3aJIMIIA€ThCSA B 30HI 32 TICBHUH MPOMIXKOK Hacy
Ta OpMy€E MONUT Ha MAPKyBaHHS B Hill. BoueBHIb, 1110 YaCTHHA JIFOJEH, SIKi IEPEMINyFOThCS Y TIOTOI N'

au
BUKOHY€E HE TPY/IOBi, a JIIOBI MOI3/IKH, 1 IPOTITOM POOOYOT0 JHS iX aBTOMOOLII 3aIHIIAI0Th JOCIIHKYBaHY
30HYy, TOOTO TpH 3BiJIbHEHI 3aiiMaHOI0 MapKyBaJbHOTO Micusg Oyne B DKIKATH IHIIMKA aBTOMOOLIb
(BinOyBa€eThCS YacTKOBA POTAIlis aBTOMOO1IIIB y 30HI MiCTa Ha TAPKYBAIBHHUX MICIIAX).

CymapHuii Heza0e3leyeHuil MONMUT Ha MapKyBaHHA BH3HAYATUMETHCS SIK KUIBKICTH aBTOMOOLIIB, sKi
MOTPeOYIOTh MAapPKOMICIIb Y KOHKPETHIM JIOKAIlil, ajie He MOXYTh IX 3HAHTH uYepe3 OOMEXKEHY MICTKICTh
HasBHUX MakgaH4wkiB. Lleil Moka3HWK € KIIOYOBHM JJisl TUIAHYBaHHS MICTKOCTI CHCTEMHU MapKyBaJlbHHX
MalIaHYUKIB, OCKIIEKH caMe BiH 00YMOBITIOE€ HEOOXIHICTh ONITUMI3allii MapKOBO1 iIHPPACTPYKTYpH.

MareMaTH4HO cyMapHH He3a0e3NeueHHnid TIONMHT Y 30HI MiCTa IMPOTSATOM MEBHOTO MEPioAy OMHUIIEMO SIK:

Ny = Ny = Py (7)

ne Ny, —3arajibHUi NOIMUT HAa NapKyBaHHs y JIOCII/UKYBaHii 30H1 IPOTATOM EBHOTIO nepioay (1060Boro abo
TOJMHHOTO); P, — CyMapHa KiIbKICTh BUIBHUX MiCIlb Ha MAPKyBaJIbHUX MailJaHuYMKaX y HOCIHiIKyBaHIH 30Hi
3a TOM caMuil mepiof Jacy.

SAxkmo Ny, > P,, , BUHUKae AeQIUUT NapKOMICIlb, 10 MO)KE HPH3BOJUTH JIO «KPYKJIAHHA» BOJIIB y
MOIITYKaxX MICIsl JJIsi TMapKyBaHHS, IIEPEIIOBHEHHS CYMDKHHX MaiJIaHUWKiB, 3HIKECHHS €(QeKTUBHOCTI
BUKOPHUCTAHHS JIOPOXKHBOTO MIPOCTOPY TOMIO.

Jo6oBuil ab0 TOOMHHWI MONUT HA MAapKyBaHHS y IOCHIPKyBaHIH MIiCBKiM 30HI MOXXHA OLHHTH 3a
JIOTIOMOT010 KOe(IIli€HTA MOMHUTY:
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Ky =2, ()

ae P

asm

— KUTBbKiCTh aBTOMOOIIB, SIKi 371MCHUIIN TapKyBaHHsI B MICBKiil 30Hi 3a TOW caMuii epion 4acy, aBT.

VY mpakTHii TPaHCIOPTHOTO TUIaHYBaHHS Koe(]imieHTH T000BOr0 Ta TOJUHHOTO TOIMUTY HA MapKyBaHHS
BUKOPHUCTOBYIOTHCS IS OIIHIOBAHHSA HEPIBHOMIPHOCTI BUKOPHCTAHHS MAPKOMICIIb 1 TOAANBIIOr0 TApUPHOTO
260 iH(PACTPYKTYPHOrO PeryIIoBaHHs. X 3HaUeHHS 3a/IeXkaTh Bijl QYHKIIOHATLHOT 30HU MicTa (LeHTpaIbHA
IiT0Ba, 3MilIaHa, )KUTJIOBA) Ta XapakTepy MOI30K.

KoediuieHT rognHHOro MONKUTY Ha MapKyBaHHs K’ BigoOpaxae HOro HEpiBHOMIPHICTH MPOTITOM J00U:

200
Keod — N DY/ (9)
i N006 nep >
psg

ne N2 — IIOIHUT Ha NapKyBaHHS y KOHKPETHY TOAMHY; N7 — ycepeHeH it J0OOBHA IONNT Ha APKyBaHHS;
T, — TpUBAIICTh PO3PaxXyHKOBOTO Mepiory (TO.).

nep

MosxmBi 3Ha4eHHS Koe(ilieHTy TOIMHHOTO MOMUTY Ha MMapKyBaHHA 32 pOOOYHil IeHb MMOAaHOo Y Ta0l. 2.

Tabmmi 2
3HaveHHs KoedilieHTY rOAMHHOIO MONUTY HA MAPKYBAHHS /IS PO60Y0ro JIHs
Ilepion [lenTpanbpHa 30Ha 2KutnoBa 30Ha
08:00—10:00 (pankoBHii TIK) 1,3-1,6 0,8-1,0
10:00-16:00 1,0-1,2 0,9-1,1
17:00-19:00 0,8-1,0 1,2-1,4

Y OimbmIocTi €BPONMEHCHKUX MICT, 32 PaxXyHOK aJalTUBHOCTI Tapudy Ha MapKyBaHHS, MiITPUMYEThCS
ONTUMAJbHUN PIBEHb 3aHHATOCTI iICHYIOUMX HapKoMicib Ha piBHI 80-85 % Bin MakcMMaabHOI MiCTKOCTI.
3HaueHHs moHaa 95% cBigUaTh MPO CUCTEMHHMIA ACQIIIHT.

Ha nmouatkoBoMy eTarti BIPOBaJXKCHHSI CUCTEMH IUIATHOTO MAapKyBaHHS B MICTi BiJCYTHsI CTaTHCTHYHA
iH(opMaIis Mmoo GaKTHIHOI 3aBAaHTAKEHOCTI MAPKYBATBHAX MalJaHIMKiB, 0OOPOTHOCTI MiCIIb Ta pearbHOT
TPHUBAJIOCTI CTOSIHKU TPAHCHOPTHHUX 3ac00iB. 3a TaKMX yMOB BH3HA4YCHHS Koe(illi€HTa MOMHUTY HA HE MOXE
IPYHTYBAaTUCS HAa EMIIIPHYHHX JaHUX, a NOTpeOdye BHUKOPUCTaHHS MPOTHO3HO-aHAIITUYHOTO IMiAXOMY,
3aCHOBAHOTO HA OI[IHIII TPOCTOPOBHX, TPAHCIIOPTHHX Ta COLIaJIbHO-CKOHOMIYHHUX XapaKTEPUCTUK TEPUTOPII.

VY 1poMy BUIIAJIKY JOLUIBHO 3aCTOCOBYBATH anpiopHuil KoediwieHT nonuty K7 , skuii JakTUIHO BUKOHYE

¢dyHKIiI0 KoedimieHTa MICI po3TallyBaHHS Ta BimoOpajkae MOTEHIIHHY NMPHUBAa0IIMBICTh MaWJaHUYWKA NI
KOpUCTyBauiB. TakMM YHHOM, Ha €Tali 3alMyCcKy CHCTEeMH KOe(]ili€HT, MI0 BpPaXxOBY€ pPO3TallyBaHHS
MapKyBILHOTO MaliJaHYMKa, MOKE PO3TIISIATHICS K IPOTHO3HUH 1HAMKATOP TOTHUTY.

[IporHo3nuii koedimieHT TomUTy (GOPMYETHCS HA OCHOBI CHCTeMH (AaKTOpiB, IO BIDIMBAIOTh Ha
IHTCHCHBHICTh BUKOPUCTaHHSI MapKoMiciib. [0 OCHOBHUX (aKTOPIB HAJISHKATh:

— TPaHCIIOPTHI XapaKTEPUCTUKHA TEpHUTOpii (IHTEHCHBHICTH pyXy TPAHCIOPTHUX TIOTOKIB; pPiBEHBb
aBTOMOO1ITI3ali1 HACEICHHS; HAsBHICTh aJIbTEPHATUBHUX CIIOCO0IB IepecyBaHH);

— (yHKIIOHATbHE MPU3HAYCHHs 30HU (KOHICHTpALlisl aJMIiHICTPaTUBHUX, O(ICHUX, TOPTOBEILHUX Ta
CEpBICHUX 00’ €KTIB; NITBHICTh 320y/I0BH; YaCTKa JUTOBHX TOI3/I0K Y 3arallbHil CTPYKTYPi MIEPEMIIIEHb );

— MicToOyaiBHI TapameTpu (OOMEXKEHICTh BYIUYHO-IOPOKHBOIO MPOCTOPY; HASBHICTh CTUXIHHOTO
(6e3oruTaTHOTO) MAPKYBaHHS; KUTBKICTh MOTEHIIMHUX KOPUCTYBAUiB y Pajiyci MMIOXiqHOI JOCTYITHOCTI).

Toni, mporHo3Huit Koe(ilieHT MOMHUTY MOXe OYTH BU3HAUYEHHI K 3Ba)KeHA QYHKIIIS:

np _
KH - qump + q2F[/m3 + qu:wo > (10)
ne F, ~— iHTerpanbHUil TMOKA3HMK TPAHCIOPTHOI aKTUBHOCTI; £y, . MOKa3HUK (YHKIIOHATHHOT

NpUBaOIMBOCTI 30HU; F, — MOKAa3HHK MiCTOOYIiBHMX OOMEKEHb; ¢, — Barosi koedirieHT (cyma piHa 1).

:
3Ha4YeHHS KOXKHOTO MOKa3HUKa HOpMYeThest y Mexax 0...1 abo 1...2, 3a51exH0 BiJ NPUHHATOI ILIKAJIH.

Ha nmouarkoBoMy eTarri BIPOBaPKEHHSI CUCTEMH IDIATHOTO MAapKyBaHHS B MICTI MOXke OyTH 3aCTOCOBAaHO
TAKOXX EMIIpUYHE BH3HA4YEeHHS Koe(illieHTa MONMTY HA NapKyBajbHI Micis. EmmipuuHe BH3Ha4YeHHS
koedimieHTa momuty Oyne OasyBaTHcs Ha (PaKTHUHUX JaHUX [I0J0 BUKOPHCTAHHS NapKyBaJbHUX
MaiinanuukiB. OCHOBHUM JiKepenioM iH(popMallii € pe3yibTaTH HATypHHX OOCTEXKEHb, aBTOMATH30BaHHX
crcTeM OOJIKY YH BiZIeOCTIOCTEPEKEHb 32 HASBHUMH Y TICBHIM 30HI MiCTa MICIISIMH JUISI TApKYBaHHSI.
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KoedimienT, mo BpaxoBye yac KOPUCTYBaHHSI MalIaHIMKOM IS TIapKyBaHHSI — K 2 - JaHni koediuient

JI03BOJISIE TIPOLIEAYPHO AH(epeHLiIOBaTH BapTiCTh MOCIYT MapKyBaHHs TPaHCHOPTHHUX 3aco0iB (Tapudy), B
3aJIeKHOCTI BiJ 4acy mepeOyBaHHA Ha MalIaH4YMKY AJs MapKyBaHHs. 3a3HadeHa audepeHuianis Tapudy €
MIPIMYCOBHM 33aX0JIOM ISl 3a0€31eUeHHsI CTajJoro BUCOKOTO 000pOTY BUKOPHUCTAHHS MMapKOMICIb. 3a3BUYal,
Taka MPaKTUKa BUKOPHCTOBYETHCS Yy €BPONEUCHKUX MICTax JAJisl HEJOMYLICHHS MapKyBaHHS TPAaHCTIOPTHHX
3ac00iB Ha MIIJIBHUX BYJIUIPIX MPOTSATOM TPUBAIOTO MMPOMIXKKY 4acy.

SIkmio 3HadYeHHs JaHoro koedimienra npuitasta K = 1, sk 1€ peai3oBaHO B OUIBIIOCTI BEIMKHX MICT

VYkpainu, To 11e 03Havae, U0 B MEBHIM MapKyBaJbHIA 30HI (200 MICTi B IIIOMY) HE peai3oBaHO MPHHLMIT

mudepenuianii Tapudy Ha mapkysanns. JlouineHO 3acTocoByBaTH jianason sHavenb 0,5<K , <15, mo

JI03BOJINTH 30aIaHCYBaTH MOMUT Ha MAPKyBaIbHI MicLIs.
KoeimienT, mo BpaxoBye THUI TPaHCIOPTHOTO 3acoly, MO0 PO3MINIYETHCS HAa MaWTaHYNAKY IS
napkyBanns — K ;. Lleii koedinienT npusHayeHuil /s KOPUTYBaHHs BapTOCTi MAapKyBalbHUX TMOCIYT, B

3aJIe)KHOCTI Bifl THITy TPAHCIIOPTHOTO 3aC00Y, SIKMH KOPUCTYETHCS MaIaHINKOM JUIS TIAPKYBaHHS.
Tyt cmig BpaxoByBatu um Oyae CTBOPEHHH MapKyBaJbHHUN TPOCTIP MicTa MepeadadaTd MapKyBaHHS
BUKJIFOYHO JIETKOBUX TPAHCHOPTHUX 3ac00iB. fKiIo mapKyBaibHi MaliJaHYuKH OyayTh 0OJaIITOBaHI TUTBKU

IS ITKOBUX aBTOMOO1TIB, citijt mpuidustn K 3= 1.

KoedimieHT, mo BpaxoBye KaTeropito ocid, siKi po3MillyIOTh TPAHCHOPTHI 3acO0M HAa MalJaH4WKy IS
napkysauus — K, . Jlannil xoediuient Hampasnenndi Ha JudepeHuianiio Tapudy BapTOCTi MOCIYT

MapKyBaHHS TPAHCIIOPTHHUX 3acO0IB AJIs pi3HUX KOPUCTYBadiB MaiilaHYMKaMy [T IapKyBaHHS. BignoBigHo
no [11], BimBemeHi MaWmaHYMKK [UTIsl TUTATHOTO TapKyBaHHS OOOB’S3KOBO IOBHHHI OyTH 00NamHaHi
MapKyBaJIbHIMHU aBTOMAaTaMH 3 PO3paxXyHKy HE MEHII SIK OAWH aBToMatr Ha 20 MicIb [T HapKyBaHHS 3 000X
OOKiB y37I0BX MpPOI3HOI YacTWHH BYJIHI, JOPOrH a0o TpoTyapy Ta/abo iH(opMaliifHUMH 3HaKaMH TPO
MOKJIMBICTD 1 IOPSIIOK HAJaHHS TOCTYTH «MOOTbHE TapKyBaHHS».

Sxmo TexHiuHi 3aco0u, mependayeHi A CIUIaTH TOCITYT MapKyBaHHS, MAaTHUMYTh MOXIIMBICTH IIOZO
inenTudikamii KOPUCTYBayiB, TO 3aPOBAKEHHS AU(EpEHIIIHOBAaHOr0 Tapu(dy BapTOCTi MOCTYT MapKyBaHHS
TPAHCIIOPTHUX 3aCO0IB I Pi3HUX KaTeropid rpoMajisH Oyae MOUUIBHHUM Ta TEXHIYHO MOXKIUBUM IS
peanizauii. B inmomy Bunanky npononyemo K, =1.

BucHoBku

Tapudna noniTuka y chepi miaTHOro nmapKyBaHHS Ma€ TMOEAHYBaTH (picKallbHI Ta PerynsaTOpHi QyHKIII,
3a0e3Meyyloul yIpaBliHHSA TMOMHTOM 1 MiATPUMKY ONTUMAJILHOI 3aBaHTaXXEHOCTI Mapkomicib. YuHHA
HOpMaTuBHa 0a3a YKpaiHM peKkoMeHAye 3acTocoByBaTu KoediuieHTH npu (opmyBaHHI Tapudis, mporte
BIJICYTHI YiTKi METOAWYHI peKOMEHAaIlii M0J0 iX pO3paxyHKy, IO MOTpedye HAyKOBO OOTPYHTOBaHHX
MIIXOMIIB.

VY BUMaAKy BIPOBAKEHHS Y MICTI CHCTEMH IUIATHOTO TAapKyBaHHS, KOE]Ili€HT, II0 BPaxoBYE MicCIe
pO3TallyBaHHS MaillaHuMKa, JOLUUIBHO PO3TJIIIATH SK NMPOTHO3HUH KOE(ili€HT MOMUTY. 3alporoHOBaHA
METOIMKa BH3HA4YeHHsS Koe(illieHTa MOMUTY Ha MapKyBaJbHUH MailaHUYMK 4Yepe3 OLIHKY 3aBaHTaXEHOCTI,
(GyHKIIOHATBHOT TMPHUBAOIUBOCTI, TPAHCIIOPTHOI JOCTYIMHOCTI Ta MICTOOYIIBHUX XapaKTEPUCTHK 3
BUKOPHCTAHHIM 3Ba)KEHOT (PaKTOPHOT MOJIEIII, IO TO3BOJISIE aAANTyBAaTH Tapu(H Ha eTalli 3aIyCKy CHCTEMH.
Takox 3amporoHOBaHO BpPaxoBYBaTH €(EKTHBHICTh 3aCTOCYBAaHHS JOMATKOBUX Koe(illi€HTIB (3a dacoM
KOPUCTYBaHHS, THUIIOM TPAHCIIOPTHOTO 3aco0y Ta KaTeropi€lo KOPHCTYBadiB) JUII CTUMYJIOBaHHS
KOPOTKOCTPOKOBOTO NMAapKyBaHHS Yy IIEHTPAJbHUX 30HAX Ta PaliOHAIFHOTO BUKOPHUCTAHHS NepudepiiHuX
MalIaH4YUKIB.

[IpakTu4HOTO 3HAYEHHS JaHa PoOOTa MOXKe HAOYTH MPH JIOTIOMO3i OpraHaM MiCIIEeBOTO CAMOBPSITyBaHHS Y
(dopMyBaHHI EKOHOMIYHO OOIPYHTOBaHOI, MPO30pOi Ta aJaNTHBHOI TapU(PHOI TMONITUKH ILIATHOTO
MapKyBaHHS, sIKa CIPUATHME MiIBUILIEHHIO e()eKTUBHOCTI MiCbKOI TPAaHCIIOPTHOI iHYPACTPYKTYPH.

CMCOK BUKOPUCTAHOI NITEPATYPU

[1] KamrkanoB A. A., ITanpuecekuii O. B. [Ipo6iaemu ¢GyHKI[IOHYBaHHS TPAHCIIOPTHUX CUCTEM BEIUKHX MiCT YKpaiHH B Cy4acHHX
yMOBaX. CyuacHi TEXHOJIOT1i B MaIIMHOOY Ty BaHHI Ta TPaHCIIOPTI. 2022. Nel(18). C. 97-102.
https://doi.org/10.36910/automash.v1i18.764.

[2] Osetrin M., Tarasiuk V., Bespalov D., Myroshnychenko O., Vasylyshyn M. Development of pricing policy for car parking in
Ukrainian cities. Systemy Logistyczne Wojsk. 2024. Vol. 61, Ne 2. P. 37-52. DOLI: https://doi.org/10.37055/slw/203435.

[3] Vnukova N. M., Tokhtamysh T. O., Yagolnitskiy O. A., Hranko K. B. Innovative approach to estimating costs of vehicle
parking services. Science and Innovation. 2020. Vol. 16, Ne 6. P. 94-103. DOLI: https://doi.org/10.15407/scin16.06.095.

56


https://doi.org/10.36910/automash.v1i18.764
https://doi.org/10.37055/slw/203435
https://doi.org/10.15407/scin16.06.095

ISSN 2415-3486. Bicuuk mawunobydysanus ma mparcnopmy Nel(23), 2026

[4] Hemoctyn K. K. 36ip 3a micus 1y1st napKyBaHHS TPAHCIIOPTHUX 3ac0O0IB: IPAaBOBHH aHAaJi3 NPOLEIYPH CIPABISIHHS. [pnincobKul
topuouunuil yaconuc. 2023. Ne 1 (10). C. 99-112.

[5] Kamkanos B.A., Bacunuk [[.B. JIo BpoBamKeHHs CHCTEMH IUIATHOTO MapKyBaHHs y Micti Binuuist. Mamepianu XII-oi
MIdICHapOOHOT HayKo8o-mexniunoi inmepruem-xkougepenyii «IIpobnemu i nepcnexmusu po3eumxy asmomoobinbro2o mpancnopmyy, 16-
18 xeimna 2024 poky: 30ipuux wuaykosux npayv [Enexmpomnnuti pecypc/. Bimmmusa: BHTY, 2024. C. 137-140. URL:
https://atmconf.vntu.edu.ua/materialy2024.pdf

[6] Pierce, G., Shoup, D., & Holmes, N. (2013). Pricing Parking by Demand: Assessing Price Adjustments in the SFpark Program.
UCLA: Institute of Transportation Studies. Retrieved from https://escholarship.org/uc/item/5jw96463

[7]Mei Z., Feng C., Kong L., Zhang L., Chen J. Assessment of Different Parking Pricing Strategies: A Simulation-based Analysis.
Sustainability. 2020. 12(5). 20-56. DOI: https://doi.org/10.3390/sul2052056

[8] Fabusuyi, Tayo and Hampshire, Robert, Rethinking Performance Based Parking Pricing: A Case Study of SFpark (September
28, 2017). Transportation Research Part A: Policy and Practice, Forthcoming. http://dx.doi.org/10.2139/ss1n.3044818

[9] Li, J., Dong, Y., Wang, Q., & Liu, C. (2024). Proactive pricing strategies for on-street parking management with physics-
informed neural networks.  International  Journal of  Strategic = Property  Management,  28(5), 320-333.
https://doi.org/10.3846/ijspm.2024.22233

[10] ITpo 3arBepmxenns Ilopsnky ¢popmyBaHHS TapH}iB Ha ITOCITYTH 3 KOPUCTYBAHHS MalaHIMKaMH JUTS IUIATHOTO MapKyBaHHS
TpaHCHOPTHHX 3aco0iB : mocranoBa Kabinery MinictpiB Ykpainu Bix 02.03.2010 Ne 258. basza oanux “3axonodascmeo Vkpainu”.
Bepxona Paga Ykpainu. URL: https://zakon.rada.gov.ua/go/258-2010-%D0%BF (nata 3Bepuenns: 26.02.2026).

[11] ITpaBuna napkyBaHHs TPaHCIIOPTHUX 3ac00iB : 3aTB. mocTaHoBolo Kabinery MinictpiB Ykpainu Bix 03 rpya. 2009 p. Ne 1342
(31 3minamu). URL: https://zakon.rada.gov.ua/laws/show/1342-2009-n (gata 3BepHeHHS: 26.02.2026).

Kawkanoe Bimaniii Anv6epmosuy — XaH[. TeXH. HAyK, JOICHT, AOICHT Ka(eapHu aBTOMOOLIIB Ta TPAHCIIOPTHOTO
MEHEIDKMEHTY, https://orcid.org/0000-0002-3897-6792, e-mail: v.kashkanov@vntu.edu.ua

Huméban Cepeiit Bonooumuposuu — xaHJ. TeXH. HayK, TOLCHT, 3aBiyBad KaeIpu aBTOMOOLTIB Ta TPAaHCIIOPTHOTO
MEHEIDKMEHTY, https://orcid.org/0009-0005-1612-968X, e-mail: tsymbal s v@ukr.net

Bapuyx B’auecnae Bonooumuposuu — acucteHT Kadenpd aBTOMOOULTIB Ta TPAaHCIOPTHOTO MEHEKMEHTY,
https://orcid.org/0009-0005-2622-9780, e-mail: vvvarchuk@vntu.edu.ua

BiHHMLBKMI HaUiOHANbHUI TEXHIYHWIA yHiIBEpCUTET, M. BiHHMUSA

V. Kashkanov
S. Tsymbal
V. Varchuk

Methodological approaches to forming tariff policy
in the sphere of urban parking
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The article examines the formation of tariff policy in the field of paid parking as a mechanism for regulating urban transport
demand and effective use of limited parking space. The relevance of the study is due to the growth of motorization in Ukrainian
cities, uneven development of the street and road network and overloading of transport infrastructure, which requires
scientifically sound approaches to setting tariffs that can combine economic feasibility and regulatory functions.

The paper analyzes scientific sources and regulatory acts that establish a mechanism for differentiating paid parking tariffs
and applying coefficients to optimize parking space occupancy. Foreign experience is analyzed, in particular, the use of a
zonal approach, differentiation of tariffs by parking duration and time of day, as well as adjustment coefficients that take into
account demand and location of the site.

The scientific novelty of the work lies in the development of a methodology for determining the demand coefficient for a
parking lot at the stage of system launch, when there is no empirical data on occupancy. The proposed predictive and analytic al
approach involves assessing the transport activity of the territory, the functional attractiveness of the zone and urban planning
restrictions using a weighted factor model. An approach to calculating the total unmet demand, daily and hourly demand
coefficients is presented, which allows predicting the intensity of parking space use and justifying the amount of tariffs before
the implementation of the paid system.

The practical significance of the study lies in the creation of a comprehensive approach to tariff formation, which provides
an economically justified, transparent and adaptive policy of paid parking, contributes to increasing the efficiency of urban
transport infrastructure and the financial capacity of territorial communities. The proposed methodology can be used by local
governments when planning new parking systems.
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PO3IIUPEHI METOJIU JIATHOCTYBAHHS ITAJIUBHOI
CUCTEMMU BUCOKOI'O TUCKY JAU3EJIA

"HarionanbHuii TpaHCIIOPTHUH YHIBEPCUTET
2TOB «Binnep Imnoprc Ykpaina, JIT/]»

Y cmammi posansHymo cyvacHi memodu OiaeHOCMYy8aHHsI najlugHUX CUCMEM B8UCOKO20 mucKy Ou3ers,
30Kpema nanueHoi cucmemu akymynssmopHoz2o murly Common Rail. Ocobnusy ysazy npudineHo cucmemamu3auii
nidxodie 00 8usi8rIeHHS1 HernonadoK MPeyu3itiHUX KOMIOHEeHMI8, maKux sk efleKmpoMazHimHi abo m’e30enekmpuyHi
¢opcyHKu ma nanueHi Hacocu eucokoeo mucky (MHBT), wo 0o03gonse nidsuwjumu moyHicmb JioKanidauii
Oegbexkmis.

O6’ekmom docnidxeHHs1 € MemoOu ma 3acobu mexHiyHo20 diazHOCMye8aHHsI MasluHOI anapamypu CyYacHUX
duseriis.

Po3zansiHymo  komrinekcHUl npouec OiazHOCMUKU, WO BK/IYaE 8i3yallbHy OUIHKY, aHaria Korbopy
gidnpaybo8aHuX easie, sukopucmaHHs bopmoeoi cucmemu camoliaeHocmuku (OBD) ma iHcmpymeHmarnbHOi
nepesipky 3a O0MomMoe20r Yugposozo ocyunoezpagha. BecmaHoeneHo, wo iHmezpauis yugposux mexHosnoeil
0o3sorisie 8idcmexysamu rnapamempu KOPeKUii uuknoeoi nodayi nanuea 6 peasibHOMy 4aci Yyepe3 peecmpamopu
OGaHux abo ocyusozpagha, Wo cripowye suserieHHs1 ducbanaHcy mix yuniHopamu.

OnucaHo memoduky 6e3po3bipHoi nepesipku npodykmueHocmi lMHBT ma esepmemuyHocmi cucmemu 3a
doromoezoto ocyuiozpam MUcKy 8 nasusHil pammi. BusHa4eHO an2opumm OUiHKU cmaHy ef1eKmpoMazgHimHux ma
n’e3o0enekKmpuyYHUX ¢bOpPCyHOK 4Yepe3 aHari3 cuzHarie Hanpyau, cuiu cmpyMy ma 4acy akmueauii, a makox
KOHMpOb sumpamu nasausa Yepes 3860pOMHy mMaeicmparib.

HemanbHo suceimneHo emarnu rnepeesipku nanaueHoi anapamypu Ha OiaeHocmu4HUX cmeHdOax, wo 6asyrombcs
Ha eUMIprO8aHHI efleKMpUYHUX napamempis, OQUHaMIYHUX Xxapakmepucmuk ma 2idpassiyHuUx MoKasHUKI8 y Pi3HUX
pexumax HaeaHmaxeHHsi. [JosedeHo, wjo makul nidxi0 3abesnedvye Halbinbw HadiliHi pe3ynbmamu npu
npudHammi pieHHs1 Npo pemMoHm abo 3amiHy 8y3nis.

Pesynbmamu, eucsimneHi 8 cmammi, MOoxymb Oymu euxkopucmaHi 0nsi po3pobKu CcmpyKmyposaHux
anzopummie MexHiYHo20 06Ciy208y8aHHs, W0 00380/SI0Mb MiHIMI3yeamu eumpamu Ha eKcrilyamauito ma
pPeEMOHM cy4acHux ouseris.

Knio4yoBi cnoBa: amsens, nanveHa cuctema BMcokoro Tmcky, Common Rail, giarHoctuka, nanneHa oopCyHka,
MHBT, OBD, ocuunorpad.

Beryn

[ocriiiHe MiZABUINEHHS €KOJOTIYHUX CTAaHIApPTIB Ta BUMOI' JI0 INMAaJMBHOI €KOHOMIYHOCTI 1 MOTYXHOCTI
CY4YacHUX IU3€IIiB MIPU3BEJIO JIO 3HAYHOTO BAOCKOHAJIEHHS KOHCTPYKILIi ManuBHOI CUCTEMU BUCOKOTO THCKY,
30KpeMa LIMPOKOTO BIPOBAKEHHS MAJMBHOI CUCTeMH akymyisaropHoro tumy Common Rail. Januii Tun
MAJIMBHOI CHCTEMH Ma€ eJICKTPOHHE YIPaBIiHHA, sIK POOOTOI0 MaTuBHOTO Hacocy Bucokoro tucky (ITHBT)
Tak i popcyHOK BukopuctaHHs Mpenu3iiHuX 1M’ €30eNeKTPHIHUX (opcyHOK Ta BUcOKonpoaykTuBHuX [THBT
BAMAara€ KOHTPOJIO poOoUMX MapaMeTpiB y JyXe BY3bKOMY Jianma3oHi, Ta SK HACIHiJOK, HaBiTh, HE3HAYHI
BIIXWJICHHS 4Yepe3 3HOC a00 IMOIIKO/KCHHS KOMIIOHEHTIB MPHU3BOJATH JIO MOPYIICHHS pO0OYOro Mpolecy
nu3enst. TpaaMiiiiHi METOAM JIarHOCTHKH, M0 0a3ylThCs HA IHIMBIAYaJdbHIM MEpeBipIli KOMXHOTO
KOMIIOHEHTY HaJUBHOI CHCTEMH BHCOKOTO THCKY, BX€ HE 3/aTHiI 3a0e3leYuTH HEOOXigHYy TOUYHICTH Ta
e(eKTUBHICTh BUSBICHHS 1e(DEKTiB.

Bopnouac, iHTerparisi MUQPOBUX TEXHOJIOTIH y MPOIECH JIarHOCTHKH PO3IMU(PYE NOCTYIMHI METOIU
BusiBlieHHS JedexTiB. OCHOBHUM BUKJIMKOM 3QJIAIIAETHCS BiJICYTHICTh YHI(DIKOBAaHOTO MiAXOIy 10 BUOOPY
MPaBUIBHOTO METOAY A1arHOCTHKH [0 BUSBJICHOTO BiIXHMJIEHHS B poOOTi ABUryHa. Lle 00ymoBioe motpedy
B CHCTEMAaTH3allii Cy4yacHUX METOJIiB TEePEeBIPKU MaIMBHOI amapatypu JTU3ells, sKi J03BOJIWIN O HE JIUIIe
KOHCTaTyBaTH (DakT HEmoNaJKu, a i BU3HAYMTH TNPUYMHHU BUXOJAY 3 JIaJy €JEMEHTIB MaJMBHOI CUCTEMHU
BHUCOKOTI'O THCKY.

BasoBa iH(opmaliis, 111010 METOIIB 11arHOCTYBaHHS MaJIMBHOI CHCTEMH BUCOKOT'0 THCKY JIN3€/Is, HaBeIeHa
B HaBUAJILHIH JiTEpaTypi, 0 CTBOPCHA HAa OCHOBI TEXHIYHOI JIOKYMEHTAI[i1 BUPOOHUKIB TIAIMBHUX CUCTEM,
Hanpuknag Robert Bosch GmbH [1]. B po6orax [2] Ta [3] ommcaHo JecTpyKTHBHUN BIUIMB HU3BKOI SIKOCTI
najyuBa Ta KapiTauwii Ha poOOYl IMOKa3HWKM NAJMBHOI CHCTEMHM Ta METOAM iX BHABJIEHHS. [HIIMM
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HEePCTIEKTUBHUM HAIMPSMKOM JOCIHIKEHb BBAXKAETHCS BUBUCHHS METOMIB BHSABICHHS AC(PEKTIB IUIIXOM
aHaNI3y JaHUX 3 CIEKTPOHHMX MaT4uKiB. PoboTa [4] mpomoHye MeTOmM aHAmi3y 3MIHM THCKY HaJIMBa IS
BUSIBJIATH HECHPABHOCTEH 0e3 NeMOHTaXy KOMIIOHEHTiB. BomHowac, B poOoTi [5], omMcaHO NpPUHIMITN
BUKOpUCTaHHS O0pTOBOi cuctemu camopiarHocTuku (OBD) anst omiHku poOOTH perynsTopa THCKY Ta
MexanigHoi mpoxaykruBHocTi [IHBT.

MerToro pobOTH € aHaJTi3 OCHOBHUX METO/IIB JIlarHOCTYBaHHS MMAJMBHOI CHCTEMH BUCOKOTO THCKY CydacHUX
JIM3eITiB Ta PO3poOKa CTPYKTYpOBAaHOTO MiAXOAY 10 iX MPaKTUYHOTO BIPOBAKECHHSI.

Pe3yabTaTu gociaixxeHHs

JliarHOCTHKA TAJMBHOI CHCTEMH BHCOKOTO THCKY JAW3EINS SIBISE COOOI0 KOMIUIEKCHHH IpoIec, M0
CKJIafaeThesl 3 psAAy eramiB. Ha mepmomy ertami HeoOXiZHO BHKOHATH Bi3yajibHY OLIHKY CTaHy MalWBHOI
armaparypu Ta iHIIUX eJIeMEHTIB ABUT'YHA, a TAKOXK 3aIyCK Ta OLIIHKY POOOTH IBUTYHA B Pi3HUX pexumMax. [Ipu
BHSBIIEHHI TIOPYIIEHh B pOOOTiI IBUTYHAa BUKOHYETHCS TEpEBipKa HASBHOCTI 3apEECTPOBAHUX IMOMIUIOK B
MOJIYJi yOpaBlliHHS ABUTYHOM 3 TOJAIBIIMM JIOCHI[DKEHHS 3a JONOMOry BOYJOBaHUX (YHKIIH
JiarHOCTHYHOTO MPOTPaMHOTO 3a0e3neueHHs (peecTpaTop JaHHWX, TECT BUKOHABYMX MEXaHI3MiB 1 T.I.) abo
JOJJTATKOBOTO JIarHOCTUYHOTO OONagHaHHA (MyJIBTHUMETp, ocipuiorpad iHIN eneKkTpoHHI abo MexaHidHi
BUMIpIOBaJbHI 3acobm). [licns mokamizamii KOMIOHEHTY, IO € IPUYHHOIO TOPYIIEHHS POOOTH IBUTYHA, HA
OCTaHHBOMY €Talli, BiH TEPEBIPSETbCS HA CTEHIl, L0 JO3BOJISAE MPUHHATHA PIMICHHA PO MOXIIUBICTbH
BUKOHAHHS BIIHOBITIOBAIEHOTO PEMOHTY 200 3aMiHy BCHOTO KOMITOHEHTY.

BizyanpHa ominka mepeabavae Oriisij elIEMEHTIB MAIMBHOI anmapaTypy Ha HAsBHICTh O3HAK MOPYIICHHS
TepMETUYHOCTI (BHUSBIICHHS CNIiJiB BHUTIKaHHS TajlBa) Ta MeXaHi4HOro momkopkeHHs. [licns 3amycky
JBUTYHA, MOKIIMBO OILIIHUTH CTaH MaJMBHOI amaparypu, MpoaHalli3yBaBIIX IIyMH, BiOpalii Ta >KOPCTKICTh
pobotu mu3ens. 3pocTaHHS PiBHA IIYMY Ta )KOPCTKOCTI pOOOTH JBUTYHA MOXKE CBITYUTH PO ITiIBUIICHHS
KUTBKOCTI 200 3MiHy MOMEHTY TIO/Iadi ManrBa B pe3yJbTaTi HOPYIIEHHS TePMETUIHOCTI TaTMBHUX (DOPCYHOK
a00 meexTiB eneMeHTIB eJIeKTPOHHOTO yrpaBiiHH. Tako, BXKIMBHM MMOKa3HUKOM e(EeKTHBHOCTI POOOTH
TIATMBHOI armapaTypH JU3eIs, BBAXKAETHCS KOJIP BiAIparibOBaHUX ra3iB [6]. BUIUISIOTh TpH OCHOBHI KOJLOPH
BiJITPAIbOBAHMX Ta3iB: OLIMiA, YOPHUA 1 CHHIH, IO MOXKYTh CBITYATH TIPO Pi3HI AePeKTH B poOOTI MaIHBHOT
amaparypu a0o 1HIIUX CHCTEM JH3edIsl.

Binuit komip BiAmpanpOBaHMX Tra3iB 3a3BHYail O03HAYa€ BUCOKWMN BMICT BOJSHOI mapu. Takuii Kouip
BIANPAIlbOBaHMX ra3iB BBAKAETHCSI HOPMAJIBHUM SBHIIEM ITPH POOOTI TU3eIs B yMOBAaX HU3bKOI TeMIlepaTypH
HABKOJMITHBOTO CEPEIOBHIIA 1 HOrO iHTEHCHBHICTh Ma€ 3HM3UTUCH MICHs MOJAIBIIOTO MPOTPiBY JBUTYHA.
[Mocrifinuii 6inMii Konip BiANpanbOBaHUX Ta3iB, SK MPAaBWIO, CBIAYUTH MPO HAIMIPHUI BMICT BOJHM B
JM3ETbHOMY HajiHBi 00 MOK€ BUHUKHYTH B Pe3yJbTaTi MOTPAIUIIHHS OXOJIODKYIOUOI PIIMHH B IMIIHAPH
IBHTYHA, a00 BHIYCKHY CHCTEMY, TOMY, Yy JaHOMY BHIIaJKy, JOJaTKOBO HEOOXIIHO INEPEeBIpUTH DPiBEHbH
OXOJIOKYI0UOT PiJIHU.

YopHwuii KOITip BiAMPabOBaHUX Ta3iB CBIMYUTH PO HAAMIPHUHN BMICT ByTJIemto. SIk mpaBuiio, HassBHICTh
YOPHOTO JIMMY 3 BHITYCKHOI CHCTEMH, BKa3y€ Ha HEKOPEKTHE CITIBBIIHOIICHHS IMAJMBA 1 MOBITPS Ta, JUIS
aBTOMOOLUIIB 0€3 CayKOBOTO (DiNbTpa, BBAKAETHCS HOPMAIBHUM SIBUILEM IIPH POOOTI ABUTYHA B MEPEXiTHUX
pexxumax. HasiBHICTh YOpHOTO IMMY NIPH MPUCKOPEHHI IBUTYHA B Cy4acHHX aBTOMOOIIISIX, B IEPEALTY Yepry,
CBITUHTH TIPO BHXiA 3 Jamy caxkoBoro Qimbrpa. IlocTiiiHWI 4OpHUIA KOJip BiANpaIlbOBaHWX Ta3iB MOXKE
CBIIYMTH TIPO HEMPaBWIBHUI MOMEHT BIOPCKYBaHHS, B PE3YJIbTaTi BUXONY 3 JlaJly MaIMBHUX (DOPCYHOK,
MOPYIICHHS TUCKY Ta MOMEHTY CHHXPOHI3aIlil B pe3ysbTaTi MexaHiqHoro abo enekrpuunoro aedexry [THBT,
nedexty B poOOTi KiamaHa peuupkyssuii BignpanpoBanux rasie (EGR - Exhaust Gas Recirculation) abo
nedeKTy CHCTeMHU IMojadi MOBITPs (3acCMiYeHHH MOBITPSHWUN (DITBTP- MiJBUINEHUH OMIp BIYCKY, Ae(eKT
TypOOKOMIIpecopa i T.IL.).

CuHill KOMip BiNpanbOBAaHMUX Ta3iB, SIK MMPAaBWIIO, HE TOB’A3aHUK 3 POOOTOIO MAIMBHOI amapatrypH, a
CBITYUTH PO HAJAMIpHE MMOTPAIUITHHS MOTOPHOI OJIMBH B LIMJIIHAPHU ABUTYHA. [Ipy BUSBICHHI CHHBOTO UMY
HEOOXIHO, B TIEPIITy Yepry, IPOKOHTPOIIIOBATH PiBEHb 1 BUTPATy MOTOPHOI OJIMBH.

Hnst Bcix aBTOMOOLUTB 3 jauseneM kateropii M1 (yrerkoBi aBTomoOinmi) ta N1 (Jerki xomepiiiHi
aBTOMOO1I11), HounHatouu 3 1-ro ciunsg 2003 poky 11 HOBUX Mozenel 13 1-ro ciung 2004 poky ans Mozenei,
0 3HAaXOJWJIMCh B BHUPOOHHUIITBI, HAsBHICTb OOpTOBOI cuctemu camomiarHoctuku OBD (On-Board
Diagnostics) crana 000B’s13k0BOI0. TaKUM YHHOM, Ha CHOT'OJIHIIITHIN JIeHb OUTBIIICTH aBTOMOOLITIB 3 TU3EIIeM,
110 nepedyBaroTh B EKCIUTyaTallii, He 3aJIe5KHO BiJl TUITy HaJUBHOI anapaTypu obaaaHani 00PTOBOIO CHCTEMOIO
caMmo/iarHocTUKU. BiamoBinHo npu BusiBiIeHH] AedeKTiB B poOOTI An3eis HACTYIHUH KPOK JiarHOCTYBaHHS
MOJISITAE B TIEPEBIPIli JaHUX, 30epeKeHUX B €JICKTPOHHOMY MOJYJIi YNPABIIHHS MUITXOM MiJKIIOYEHHS JI0
po3’emy OBD 3 BHKOPHCTaHHSM OPHUITHAILHOIO (PO3POOJIEHOTO 1 PEKOMEHIOBAHOIO BHPOOHHUKOM JIAHOT
Mojieni aBToMo0iIs), 200 YHIBEpPCAIHLHOT'O IPOTPAMHOTO 3a0e3NeUeHHS.
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BoproBa cuctema caMoIiarHOCTHKHM ABUI'YHa KOHTPOJIIOE€ CUTHAIM JATYUKIB, & TAaKOXK HANPYry 1 CUIy
CTPYMy BHUKOHAaBYMX MEXaHI3MIB B pakax 3aJaHUX BHPOOHHMKOM MapameTpiB. [Ipu BiaxuiieHHI IMOKa3HHUKA
natyrka abo MOJI0KEHHsSI BAKOHABYOTO MEXaHi3My 3a paMKH 3aJaHOTO JAiala3oHy AJs JaHOTO PexXUMy poOoTH
IBUTYHA (BpPaxOBYIOUM YacTOTY OOepTaHHs KOJiHYACTOTO Bajla, HABAHTAKEHHS, TEMIeparypy Ta iHII
napaMeTpy) MOAyJb YIPABIIHHA 3apPEECTPye Ta 30epexe BiAMOBIIHY MOMHIKY. MOIYIh YIPABIiHHS TaKOXK
3apeecTpy€e TMOMIJIKY TpPH BHSBICHHI EIEKTPUYHHUX Je(eKTiB B JIAHIIOTax AAaTYUKIB Ta BHKOHABYMX
MeXaHi3MiB, HapHUKIaa oOpyB JaHIora a00 KOPOTKe 3aMHUKaHHs. [ pi3HUX Ne(eKTiB iCHYIOTh MEeBHI KOAY,
Br3HaueHi1 €BpomnetrickkuM cragaapToM [SO 15031-6:2015. 3untyBanHs Ta po3mudpyBaHHSI KOAIB TOMUIOK
JI03BOJISIE BU3HAYNTH, IKUH caMe ImapaMeTp He BiIITOBIa€ 3aTaHUM 3HAYCHHSIM Ta BHSIBUTH MOXKIIAB1 AC(EKTH.
Hanpukman, skmo ¢akTudHe 3HAYeHHS THUCKY NajiuBa B HanuBHIM pammi cuctemun Common Rail
BIJIPI3HAETHCS BiJi OYIKYBAaHOTO 3HAYCHHS JUIsl IAHOTO PEXUMY POOOTH JBUTYHA, OyJlle 3apeecTPOBaHO KOJ
mommka P0089. Ilpuunan BUHWKHEHHS JAHOTO KOAY MOXYTh OyTH pi3Hi, HampuKiIaz, Ae(eKkT camoro
nat4yrka abo HenoJaaku perynstopa Tiucky B [IHBT.

Jlesiki aBTOBUPOOHWKM JOMOBHIOIOTh CTaHJAPTHUN KoM MOMIIKM, BuszHaueHud [SO 15031-6:2015,
JOJTATKOBUMH JTaHUMH, IO JO3BOJISIOTH 3BY3UTH MOTEHIIIITHI TPUYNHN BUHUKHEHHS Ae(QEKTY 1, BIAMIOBITHO,
CIIPOCTHTH TIPOIEC TOMANBINOI AiarHOCTHK. Hampwukian, 00opToBa cHCTEMa CaMOIIarHOCTHKH aBTOMOOLTIB
Jaguar Land Rover, BusBHBIIM BiIXWJIEHHS THKY B HalUBHIA pammi, crpobye HOro ckoperyBatu 3a
JOTIOMOTOI0 KJIallaHa KepyBaHHS TUCKOM. SIKIIO IMicyIs aKTHBAIlii KJIanaHa 3MiHH TUCKY He BifOymeThscs, Oyme
3apeectpoBano kox nommiku P0089-4B, B sikomy cydikc 4B nogatkoBo Bkasye came Ha AeeKT KepyBaHHS
KJIAITaHOM PETYJIIOBaHHS TUCKY B TIAJIMBHIN paMIIi.

[HIIMiA MOTY>KHMIA IHCTPYMEHT A1arHOCTYBaHHS AU3EIs, IO JOCTYIHUH MPH MiAKIIOYSHHI OPUTiHAIHLHOTO
abo yHiBepcaJIbHOTO MPOrpaMHOTO 3a0e3medeHHsT 10 OOpTOBOI CHCTEMH CaMOJIarHOCTHKH, I PEECTPaTOp
naHux. PeectpaTop maHuX J03BOJISE B pealbHOMY Yaci BiJICHIIKOBYBATH BXIJIHI Ta BUXIJIHI CUTHAJIU MOJYJIS
ynpasninHs. Hampuknana, mpu NoripiieHHi YMOB 3TOPSIHHS B NEBHOMY IHJIHIpI, B PE3yibTaTi 3HWKEHHS
KoMIIpecii a0o TOoTipIeHAs pO3NUIICHHS MaiuBa GOPCYHKOIO, 1T KOMITEHCAIlil BTPaTH MOTYKHOCTI MOyITh
yHopaBiiHHS Oyze HiIBUINYBaTH LUKJIOBY MOJady ManuBa AJs JaHoro mwiinzapa. Ilpu npomy, sk mpasuio,
MOJIyJIb YIPABIiHHS HE PEECTPYE MOMHIKY, ajleé B MEPEeXiIHUX PeXHMax, B Pe3ylbTaTi AucOalaHcy Mix
OWIIHApPaMH, ABHTYH Oyne mpaifoBatd HecTtabinbHO. Ha puc. 1 moka3aHo pe3yibTaTH MEPEeBipKU KOPEKIil
ManuBa B pagHOMYy 6-TH 1mtiHApoBoMy amseni AJ20 D6H. Bussiere, 3a 1ommoMororw peectparopa JaHUX
3HAYHE IMiBUINEHHS KOpEeKIil HUKIOBOI Mojaui mamuBa B ApyroMmy wwiiHapi (5.43 mrp/obept), mpu
MOJANBIIINA JIarHOCTHI JO3BOJMIO BU3HAYUTH JAe(EKT NaTUBHOI (DOPCYHKH, KU TPOSBISABCS y BUIIIA[L
BiOparii 1 9ac mpuCKOpeHHs aBTOMOOLIS.

PCM <Ilr> i PCM <Ilr> i
Quantity correction for cylinder number one - 061B-1 Quantity correction for cylinder number two - 061B-2

-1.82mg/rev 5.43mg/rev
PCM <> 3 PCM <lr> i
Quantity correctlon for cylinder number three - 081B-3 Quantity correctlon for cylinder number four - 081B-4

-1.42mg/rev -1.55mg/rev
PCM e B PCM <> B
Quantity correctlon for cylinder number flve - 061B-3 Quantity correction for cylinder number six - 081B-8

-0.88mg/rev 0.22mg/rev

Puc. 1. TToka3HHKH KOPEKIii IUKIOBOI MoJayi naanBa, 34nTaHi 3a TOOMOT0I0 PEECTPaTopa JaHuX

VY Bunajakax, KOJM HEMa€e MOXKIIMBOCTI BUKOHATH MEPEBIPKY HaJMBHOI CUCTEMH 3a JOMIOMOT0I0 OOpTOBOI
CHCTEMH CaMO/IlarHOCTUKHM a00 BOHA HE JI03BOJISIE TOYHO BU3HAYUTH JIe(hEeKTHHI KOMIIOHEHT, JIIarHOCTYBaHHS
MAJIMBHOI CHCTEMH 3 EJIEKTPOHHMM yhpaBimiHHsAM, Hampukian Common Rail, MoximBo BHKOHATH 3a
nonoMororo uugposoro ocumnorpada [7]. ILlod6 KoMIUIEKCHO MEpeBipUTH NaJUBHY CHCTEMY AM3EIsS
mudpoBuM ocrmiorpagom, MoTpiOHO omiHuTH npoAykTuBHicTs [THBT, mepecBimuuTucs B repMeTHYHOCTI
MAJIMBHOTO KOHTYPY BHCOKOT'O THUCKY 1 BU3HAYHUTH MPOJYKTHBHICTH NANIWBHUX PopcyHOK. Kpim Toro, icHye
MOKIIMBICTD MIEPEBIPUTH POOOTY KilallaHa JO3yBaHHS MaIHBa.
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[ponyxruBaicts [THBT mepeBipseTbess NUITXOM BUKITIOUCHHS KJalaHa JIO3yBaHHS TalkBa (U IBOTO
BiJI’ € IHYIOTH HOTO )KUBIICHHS). Y IIbOMY PEXUMI JI0 MATUBHOI paMITH HAJIXOIUTHME MAaKCUMAaITbHO MOKITHBUN
00’eM manuBa, TOMI SIK 3aJaHWil THCK MiATPUMYBATUMETHCS BHUKIIOYHO 32 PaXyHOK KJallaHa PEryJlOBaHHS
TUCKY. JI0 CUTHAJILHOTO KOHTAKTy JIaTYMKa THUCKY Ta MacH KjalaHa PeryilOBaHHS TUCKY CIif MiAKIIOYHTH
nBa KaHaiw nudpoBoro ocuwiorpada. BukoHatn MakcHManbHO TIOBHUH aHal3 MPOAYKTUBHOCTI MaTUBHOI
CHCTEMH BHCOKOTO THCKY MO’KHA 32 TAKUX PEXXIMIB pOOOTH IBUTYHA: 3aITyCK, pOOOTa Ha MiHIMaJIbHIN 9acTOTI
XOJIOCTOTO X0y, pi3Ke MPUCKOPEHHS ABUIYHA, po00Ta Ha MAaKCUMaJbHIN YacTOTi XOJIOCTOTO XOAY, CTPIMKe
3HIDKEHHS YaCTOTH 00EpTaHHS KOJIHYACTOTO Bajla Ta MOAAJbIIa cTabimizallis 00epTiB X0IOCTOrO XOdY.

3MiHa Halpyru Ha JATYMKY THCKY B MAaNUBHIN pammi (kaHan A) i 3MiHa CHUTHaja yIPaBIiHHS KIATaHOM
perymoBanHa TuckoM (kaHan C) BimoOpakeHi Ha ocmuorpami (puc. 2). AOM CIPOCTHTH aHaNi3 3MiHU
CUTHAITY, OyJIO pO3paxOBaHO HOTO poOOUMHi IIMKII 1 MOOY0BAHO K OKpeMy KpuBy (kaHai B). Lle 3po0iieHo 3a
JIOTIOMOTOF0  BOYZI0BaHOT MaTeMaTWdHOi (yHKIii mporpamHoro 3abe3nedeHHs PicoScope 6 Automotive
nugpoBoro ocimorpada PicoScope 4425A.

Eile Edit Views Measurements Jools Automotive Help

‘ H 1ot @« Diroa sy pPico

3303s

1.068V
8345 %

®
1421 3.008 4595 6.181 7.768 9.355 10.94 1253 1412 157 17.29
[ 10 | BN 2.061 Hz., 123.65 RPM

Stopped |Trigger | Measurements B ‘ Rulers E Notes Ij Channel Labels E

Puc. 2. Ocuunorpama 3MiHM THCKY B TTAIMBHIH paMIi Ta poOounii UK KianaHa peryIioBaHHS THCKY ITAINBa

[IBuAKiCTE HApOCTAHHS TUCKY ITiJl Yac 3alycKy JABHT'YHA JIEMOHCTPYE JAiNsiHKa 1-2 ocumiorpamu (puc. 2)
3MiHHM TUCKY B nanuBHii pamri. Ban [IHBT nounnae obepraTuck y Touwi 1, CTBOPIOIOYM TUCK; Y LI€H MOMEHT
najauBHI (POPCYHKU HE OTPUMYIOTH KHBJICHHS, A KJIANlaH PEryJIIOBaHHS TUCKY NaJMBa NEPEXOANTH B 3aKPHTE
nosiokeHHsA. Komiu jocsraeTbess HEOOXIAHMN JJIs 3ammycKy JBUTYHA TUCK (mpubausHo 350-400 Gap aus
naymBHOI cuctemu Bosch), y Touni 2 Moaynp ynpaBiliHHS MOJA€ CUTHAN HA HalMBHI (OPCYHKH, 1 ABUTYH
3amyckaeTbes. i cyyacHHMX NMajJMBHHX CHUCTEM MAaKCHMAlbHE 3HAYEHHS IMIBUAKOCTI HApOCTaHHA THUCKY
ctaHoBUTH 10 0,5 ¢. SKINO MBHIKICT, HAPOCTAHHS TUCKY TaJiBa OLIbIN MOBUIbHA, 116 MOXKE BKa3yBaTH Ha
HE/IOCTaTHIM THUCK y TAJMBHIA MaricTpaii HU3BKOTO THCKY, 3HIKeHHs npoaykTiBHOcTi [IHBT B pesynbrati
3HOILEHHA 200 Ha MOPYIIEHHS T€PMETHYHOCTI MATUBHOI CHCTEMH BUCOKOTO THUCKY.

Tuck manuBa mij] 4ac poOOTH ABUTYHA B PEXKUMI MiHIMAITBHOT YACTOTH OOEPTaHHS XOJIOCTOTO X0y ITOKa3ye
JUISHKa 2-3; Hampyra Ha JaTYuKy THCKY B JAHOMY PEKUMI MOBHHHA CTAaHOBUTH OM3bKo 1 B. PoGounii riukmn
CHTHaJIa KJIallaHa PeryJIFOBaHHs TUCKY MAJINBA, Y JAHOMY PEXKHMi, HOBUHEH MaTH NeBHE (DiKCOBAaHE 3HAYCHHS.
VY BUINaAKy MOPYLIEHHS FePMETHYHOCTI NaJMBHOI CUCTEMH MOJIYJb YIPaBJIiHHS 3MEHIIyBaTUMe poOounit
UK (3aKpHBaTUME KJIaraH) JUIs KOMIICHCallii 3HWKEHHSI TUCKY. 3pOOUTH BUCHOBOK IIOJ0 T€PMETHYHOCTI
MaJMBHOIO KOHTYypa IPU BIJHOCHO HEBHUCOKOMY THUCKY MO)KHA, HMOPIBHSABIIM POOOYHMI ILMKJ CHrHajia 3
QHAJIOTIYHUM CIIPABHUM JIBUTYHOM.

Pi3ke 3pocTaHHs 4acTOTH OOEpPTaHHsS KOJIIHYACTOrO Baja B PEKMMI XOJIOCTOrO XOAY BifOYyBa€ThCsS Ha
ninsH 3-4. Ilig yac anamisy maHoi JUISHKM OCHOBHY YBary BapTO 3BEPHYTH Ha 3MiHY po0OOYOro IUKIY
CUTHA&JIa KJIallaHa PEryJIOBaHHS THCKY NaliuBa. 3HauHE 3HIDKEHHS pOOOYOro LUKIY CBIAYUTH NMPO HU3BKY
npoayktuBHicTh [THBT abo mpo BTpary THCKY B IHIIMX €JI€MEHTaX MaJMBHOI anapaTypH, Uil KOMIICHCAIi
SIKUX MOJYJIb yIIpaBIiHHS Oy/ie 101aTKOBO 3aKpUBaTH KjamaH. JlomycTiuMe 3HaueHHS 1151 O1IbIIOCTI IBUTYHIB
3 MAJIMBHOIO cucTeMOr0 Bosch 3Haxonuthes B aianasoHi 8-10%.
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Ha ginsHini 4-5 mokasaHo THCK MMajiiBa B PEXKUMI MaKCUMaJIbHOT YaCTOTH 00€pTaHHS X0JI0CTOro Xoay. Sk
MIPaBUJIO, MOJIYJIb YIIPABJIIHHSA OOMEKY€E YaCTOTY 0OepTaHHS KOIHYACTOro Bayia Ha rmo3Hauili 2200-2500 xB-1
NpU BiAKIIOYEHOMY KIAmlaHi J03yBaHHS ManuBa. Y TaKOMy PEXHMi sl MalWBHUX CHCTEM IaHOTO THILY
Harnpyra Ha JaT4yuKy THCKY IIOBHHHA CTaHOBUTH O1u3bk0 2-2,2 B (800-900 6ap). MoxHa 3poOUTH BUCHOBOK
po 30epexeHHs] TePMETUIHOCTI CUCTEMH 1 TIPH OLIBII BUCOKOMY THCKY, SKIIO THUCK BiJIOBiNa€E 3aaHOMY
niama3oHy, a poOodYMid IHKII KJalmaHa pPeryjloBaHHS THUCKY IajiBa HE BiAPI3HAETHCS BiJ aHAIOTIYHOTO
MOKa3HHWKa Ha CPaBHOMY JBHTYHi.

BucHOBOK Tipo mopyIieHHsT poOOTH KiTallaHa PeryJIoBaHHS THCKY MainBa a00 HasBHICTH OJOKYyBaHHS B
3BOPOTHIH MaJMBHIN MaricTpaii J03BOJIsE 3pOOUTH aHaJi3 AUISHKA 5-6. THCk y cripaBHii cucTeMi TOBHHEH
Pi3KO 3HU3HMTHUCH MICIIS TOTO, K BAXK1Ib aKceneparopa OyJe BiITyIEHUM.

MowmeHT ctabinizalii THCKY Hiciisl 3SHUKEHHS YaCTOTH 00epTaHHs KONIHYaCTOr0 Bally IEMOHCTPY€E OCTaHHS
IUTsTHKA ociiorpaMu 6-7. Pi3kux KoMMBaHb HAIIPYTH Ha JaHIM AUISHII CIIOCTEPIraTUCh HE MOBUHHO. THCK Ta
CUTHAJl KEpyBaHHS KJIAallaHOM PETYJIIOBAaHHS THUCKOM IajkBa y CHpaBHIM NaJMBHIA amaparypi HMOBHHHI
cTabinizyBaTHCh uepes 4-5 ¢ micist 3SHWKEHHS YacTOTH 00epTaHHs KOMiHYacTOro Baja.

[[{o6 mepeBipuTH mNaNWBHI (OPCYHKH BHCOKOTO THCKY 3a JOIOMOTOI0 IH(poBoro ocumiorpada,
HEeoOXI1THO MiAKIIOYNTH OWH KaHaj ocumiiorpada o miHii skuBieHHs popcyHkH (1), a 32 1OTIOMOTO0F0 1HIIIOTO
KaHaiy (2) BUMIpSTH CTPyM, 110 crioxuBae GpopcyHka (puc. 3 i puc. 4). CtabinpHICTh 3’ €1HAHHA (OPCYHKH 3
Macor MOXKIJIUBO JOJATKOBO TEPEBIPUTH, BUKOPUCTABIIN TpeTii kaHan ociwiorpada. [Ipu BumMiproBaHHI
HaIpyru HeoOXiTHO BPaxoBYBaTH, IO /ISl €IEKTPOMArHITHUX (POPCYHOK poboda Hampyra Moxe csaratu 60 B,
a Ui 1’ e3oenekTpuaHux — a0 200 B. Tomy cinify BUKOpUCTOBYBAaTH OOJalHAHHS, IO 37aTHE MPAILIOBaTH 3
JIAHOIO HATIPYTOI0.

Ocmunmorpamu cripaBHOi (A) Ta gedexTtHOI (B) enmekrpomarniTHOl manuBHOI (POPCYHKH TU3ENTS MOKA3aHO
Ha puc. 3. Arentoatop TA197 10:1 BUKOPUCTOBYBABCs JUIS 3aIIMCy HAINPYTH, TOOTO 4Yepe3 aTeHI0ATOp Ha
BXiIHUI KaHan ocumiorpada HagxoauTh Hampyra, B 10 pa3iB Hmk4a HiK ¢daktuuHa (4.3 B 3amicts 43 By
naHoMy BHIanky). lle mo3Bomsie 0Oe3nmedHO BHWKOHYBAaTH BHMIPIOBaHHS, a IIporpaMHe 3a0e3nedeHHs
repepaxoBye Ta BimoOpaxae Ha ekpadi ¢aktnyHy Hanpyry 43 B. be3skoHTakTHI Kiimii I BUMiprOBaHHS
ctpymy TAO18, 110 3maTHi npamtoBaty B 2-x gianazonax 70 20 A ta 1o 60 A, BUKOPHCTOBYBAIUCH IS 3aITHCY
CWIM CTPpyMy, IO CHOXKMBAae majquBHA (opcyHka. CHIy MarHiTHOTO IOJs HAaBKOJIO MPOBIJIHMKA KIIII
BHUMIPIOIOTh Ta IHTEPIIPETYIOTh Y BUTIIAAI BUXiAHOI Hampyru. [lami mporpamue 3a0e3nedeHHs ocuuiorpada
3YUTY€E HANPYTy Ta MEPETBOPIOE 11 B €KBIBAJIGHTHE 3HAUEHHSI CHIIH CTpyMYy (IIpu BUOOpi Aiamnazony ao 20 A -
1 MB = 10 MA, s nianaszony g0 60 A - 1 MB =100 MA).

stopped » M Trigges Repeat E )

Puc. 3. [opiBusHHS curHaimy crpaBHoi (A) Ta aedektHol (B) enekTpoMarHiTHOI MaMBHOI (OPCYHKH

Busnaunty, un npairoe popcyHKa KOPeKTHO abo Mae nedeKT, J03BOJIsI€ aHalli3 HaPYTH, CHIIA CTPyMY Ta
yacy aktuBanii (opcyHku. HaiiGinmpm posmoBcromkeHuil aedekr manuBHUX (OPCYHOK TIIOB’SI3aHUM 3
MOTIPIICHHSM PO3NWJICHHS B PE3yJIbTaTi 3a0pyaHEHHS OTBOPIB. BUMIpIOIOUM MPUCKOPEHHS KOJIHYACTOTrO
BaJla Ha TaKTi PO3IIMPEHHS Y KOXKHOMY LIMIIIHAPI Ta NOPIBHIOIOYM OJIepKaHe 3HAYCHHS 3 IHIIUMH HWITIHAPaMHU
Ta 3apOrpaMOBAaHUMH €TATOHHUMH 3HAYCHHSIMH, MOAYJIb YIIPABIIiHHA ABUT'YHOM, B CBOIO YEPTy, KOHTPOIIIOE
e(EeKTHBHICTb PO3MUIICHHS T4, SIK HACIIJIOK, 3rOPSTHHS TAJTUBa. Y BUIAJIKY, SIKIIO MPUCKOPEHHS KOJIIHYACTOTO
Bajia He BIJIMOBIJIA€ OYIKyBAHOMY 3HAYCHHIO, MOJIYJIb YIIPABIiHHS KOPErye KUTBKICTh MAINBa, 3MIHIOIOUH Yac
BIIKPHUTTS (OPCYHKH.

SIKII0 pO3NUIIeHHS MaiBa MOTIPIIYETHCS Yepe3 3a0pyTHEHHST OTBOPIB (POPCYHKH MPOYKTAMH 3TOPSHHS,
MOJyJIb YIPaBiHHS OyJie 30UIbIIYyBaTH KiJIBKICTh NANMBA, 30UIBIIYIOUH Yac poboTH GOPCYHKHU. Y TIEBHUX
pexuMax poOOTH ABUTYHA aHi 3MiHU MOXKYTh HE CIPUYMHHUTH 3HAYHOT'O 3HM)KEHHS TIOTYKHOCTI Ta peecTparii
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MMOMIJIOK CHCTEMOI0 CaMOJIIarHOCTHKH, OJHAK BOHH MOXXYTh CIPHYMHUTH 3POCTAaHHS BUTPATH MajiBa Ta
TIOTIPIIIEHHS €KOJIOTIYHIX MTOKA3HHKIB.

TouHO BMU3HAYHMTU Yac BIAKPUTTS KOXKHOI (POPCYHKHM B aHAIOTIYHUX YMOBaX MOXKJIMBO, IMOPIBHSBIIU
CUTHaIM Pi3HUX (QOpCYHOK apuryHa. PoGoumii mukn enexkrpomarHitHoi ¢opcyHkn nsuryHa AJ20-D mpu
MiHIMaJbHIN 9acTOTi 00epTaHHS KOJIIHYACTOTO Bajia B PEKHAMI XOJIOCTOTO X0y MOKa3aHo Ha puc. 3. OcHOBHA
71032 TIAIMBA TIOJAEThCA MUK JiHIAMHA 3 1 4, micis 2-X MonepeanHix BIIOPCKYBaHb MallMBa, 0 HEOOXiaHI I
3HIDKEHHS KOPCTKOCTI pOOOTH JABUTYHA. Y JAaHOMY PEKUMI YaCc OCHOBHOTO BIIOPCKYBaHHS JIJISl CITPaBHOI
¢dopcyskn (puc. 3A) ctaHoBUTH prubIM3HO 561 Mikpo cekyHa. [Ipo 3HayHe KOpUTYBaHHS KUTBKOCTI TalnBa
1, SIK HACITIJIOK, MOTiPIIEHHS PO3MUIEHHS, CBIIYNTH 3pOCTaHHA Yacy 10 751 Mikpo cekyHn y iHIIo0i GOpCyHKH
(puc. 3B).

Jis 1m’e30enekTpuvHUX (OPCYHOK MOXJIMBO BHUKOHATH AHAIOTIYHY IIEPEBIPKY, OJHAK HEOOXITHO
BpaxoByBaTH, IO IT €30eNeKTpuyHa ¢opcyHka Mae iHmy (opmy curHany. CurHam cHpaBHOI
1’ e3o0enekTpuyHux (opcynku asuryna AJ21-D mokazano Ha puc. 4. Ocmunorpama mokasye CTpyM, IIO
cnoxuBae ¢Gopcynka (1), Hanpyry xuBiieHHs (2) i HaAilHICTh 3’€AHAaHHSA 3 Macor (3). MoxHa BUIIIATH
JeKiTbKa TOMepenHiX BIOPCKYBaHb ITalliBa 1 OCHOBHE (MK mmiHisMH 4 1 5) aHamoriyHo, K 1 a7
enekTpoMardiTHOi QopcyHkd. llpomykTuBHICTH (opcyHkrn Oyne BH3HA4aTH camMe dYac OCHOBHOTO
BIIOPCKYBaHHS.
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Puc. 4. Curnan nn’e30enekTpuaHOi HOPCYHKH

[HmM eekTHBHUM 1HCTPYMEHTAIFHIUM METOJOM TEpPEBIPKH MalHBHUX (POPCYHOK, BBAKAETHCS -
KOHTPOJIb BUTPATH MajMBa yepe3 3BOPOTHY Marictpaib [8]. Ockinbku, 10 kKoxHOI ¢popcyHkrn Common Rail
MO/TA€THCSI OJTHAKOBUH THUCK 1, BIJIOBIIHO, OJTHAKOBA KUTHKICTh ITaJINBA, SKIO B MEBHOI ()OPCYHKH, 32 OAHH
UK BHOPCKYBaHHS TOTIiPIIUTBCS PO3MMIICHHS, Oibllle NaiuBa Oyle IOBEPTaTHCh Yepe3 3BOPOTHY
Marictpaib. TakuM YHHOM, KOHTPOJTIOIOYH KUIbKICTh TAJIBA, 10 TOBEPHYIIACH 3 KOXKHOT (POPCYHKH TPOTATOM
MEBHOT'O Yacy, MOJIMBO BU3HAUYNTH (POPCYHKY, SIKAa Ma€ HEAOCTATHIO [10Jlady NaJIMBa B IIIHADP (HapuKiIai,
Yyepe3 3a0pyMHEHHS PO3NMIIOBAYa). AHAIOTIYHO, MOXKIIMBO BU3HAYHTH (POPCYHKY 3 Ne(DEKTHUM 3armipHUM
MeXaHi3MOM, sIKa MaTHMe HaJMipHY BUTPATy MalnBa.

Sk mpuknazg, Ha pUc. 5 TOKa3aHO Pe3yJIbTaTH MEPEBIPKH KUTBKOCT] MajiuBa B 3BOPOTHIN MaricTpaii 1 4-
LHWIIHAPOBOrO JHM3€Nsl B PEKUMI XO0JIOCTOTO XOAy. 3a pe3ysibTaTaMi JaHOTO TeCTy BCTAHOBJICHO, IO 00’ €M
naymB 3 Gopcynku Nel - 53 mu1, popeynku Ne2 - 21 min, hopeyrku Ne3 - 21 mur, popeynku Ned -13 mur. 3rigHo
JNaHWX BHpOOHHMKa manuBHOI amaparypu BOSCH, MakcumanbHO JOIMycTHMa KUIBKICTh IalHBa, IO
MOBEPTAETHCS 3 (OPCYHKH B 3BOPOTHY MaricTpainb Moxe OyTH B 3 pa3u Oinblue, HiXK HailMeHIIa BUMipsiHa
KUTBKICTh ManuBa. TakuM YMHOM, OCKUTBKY KiJIbKICTh MasnBa 3 Gopcynku Ne4 craHoBUTH 13 MiT, MaKCHMalIbHA
KUIBKICTh MajuBa Moxe OyTu He Oumbine HiK 13 Mt x 3 = 39 mu. ®opcynka Nel mae KiIBKICTh MajuBa B
3BOPOTHIN MaricTpaii 53 Ml i, TAKUM YHHOM, [IEPEBUIILY€ MAKCUMAIILHO AoIycTUMY. OTKe, MOXKIIMBO 3pOOUTH
BHUCHOBOK, 110 opcyHka Nel HecnipaBHa i 11 HEOOXiJHO MEPEBIPUTH Ha CTEHA1 a00 3aMIHUTH.

63



ISSN 2415-3486. Bichuk mawiunobyodysanus ma mpancnopmy Nel(23), 2026

ol -

o
(¥

'l -

Puc. 5. [lepeBipka BUTpaTH naiuBa 4epe3 3BOPOTHY MaricTpallb MaIUBHUX (OPCYHOK

[lepeBipka eleMEHTIB MAJIMBHOI CUCTEMH BHCOKOTO THCKY Ha CTEHJII BBaXKA€ThCs HAWOUIBII HAMIHHUM Ta
YHiBEpCaTbHIUM METOJIOM JIarHOCTHKH. BiAMOBiHI MiarHOCTHYHI CTEHIN JO3BOJIAIOTH niepeBipstu sk [IHBT
1 (opcyHKM 3 MEXaHIYHMM, TaK i 3 €IeKTPOHHUM ynpaBiiHHAM [9]. OnmHak, MaHWA METOHA MiarHOCTHKH
MAJIMBHOI anapaTypy Au3ens € HalOUIbII TPYIOMICTKUM Ta JOBTOTPHUBAIINM, OCKUJIBKU MOTPeOy€e JEMOHTAXY
€JIEMEHTIB 3 JIBUTYHA Ta BUKOPUCTAHHSA CIEIiaTbHOTO 00IaTHAHHS.

MeTtouKa epeBipKy MaaTuBHUX (GOPCYHOK Ha JIarHOCTUIHOMY CTEH/II 0a3y€eThCsl Ha KOMIUIEKCHIN OIIHIT
CJIICKTPUYHHUX IMapaMeTpiB poO0YOro eneMeHTa (11’ €30€ICKTPUYHHI a00 eJICKTPOMArHITHHI) Ta TipaBiIidHUX
MMOKa3HUKIB PoOOTH po3nwitoBaya. [Iporec po3nieHui Ha KuUlbKa KJIFOYOBUX eTamiB. Ha mepmiomy erari
MIEPEeBIPAIOTHCS eNeKTpuyHI mokazHuky nanmBHOI GopcyHku (eRLC - Extended Resistance (R), Inductance
(L), and Capacitance (C)), o J03BoJIsI€ BU3HAYUTH cTaH poO0UOro eneMeHTy 0e3 moaayi nanuea. Hanpukian,
JUIS T’ €30€JICKTPUYHOT (DOPCYHKH TEPEBIPSEThCS OMip, SKHM J03BOJSE BU3HAYMTH CTaH 130JIAI1 Ta
BHYTPIIIHIX 3’€IHAHb 1 U cripaBHOI GopcyHKH Mae Oytu B Mexax 175-200 kOm. BumiproBaHHS €MHOCTI
JTO3BOJISIE OIIHUTH JIETPANIAIlIIO 1T’ €30€JIEMEHTA, 10 Y CIIPaBHOI (POPCYHKH 3HAXOAUTHCS B mianazoHi 1.80-5.60
MKOD.

Ha npyromy erami BUKOHYeThCS OLliHKa AuHamiuHUX mapaMeTpiB (RSP - Response Parameter Ta NOP -
Nozzle Open Pressure). Lli mapameTpu BU3HA4Yal0Th IBUIKICTh peakiii (OPCYHKH HA eNEKTPUUHUI CUTHAT Ta
MeXaHI4Hy TOTOBHICTh 10 pobotu. 3arpumMka BropckyBanHs (RSP) BuMipioe yac Bim momadi curHanmy ao
MOMEHTY peajibHOro Buxoay nainuea. Hopma cranosuth 100—420 mkc. [Tpu niepeBipili TUCKY BiIKPUTTS COILIA
(NOP) crena ¢ikcye MiHIMaIbHUN THCK, IPU SIKOMY HiIHIMA€ThCS IOJKa PO3NMIIOBaYa, €TaIOHHE 3HAYSHHS
—12-19 MIla.

Tperiit eran nepexbauae rimpapniuni nepesipku (IVM — Injection Volume Measurement). ®opcyHka
MEPEBIPAETHCS B PI3HUX PEKMMaX HABAaHTAXEHHS, 110 iIMITYIOTh pealbHy poOOoTy ABUryHa. Ha KoskHOMY ertari
BUMIpIOEThCS 00’ eM BriopcKyBaHHs (Injection dosage) Ta 06’ eM 3By B 3BOpPOTY NManuBHY Marictpaib (Return
dosage). OcobnuBa yBara NpuIIISETHCS aHATI3Y KIIBKOCTI MaJKBa, [0 MOBEPTAETHC B 0aK yepe3 3BOPOTHY
Marictpanb. Hanpuknan, y pexxumi Leak test Hopma 31muBy cranoBuTh 0—1 MM3/roj. 3HauHE NEPEBUIIICHHS
LBOTO MOKa3HUKA BKA3y€ Ha BHYTPIIIHIN MeXaHiYHUIA 3HOC KJIanaHa, 0 MPU3BOAMUTE O MAJiHHSA TUCKY B yCil
MaJMBHIN cucteMi.

Ha puc 6. nokazano pe3ynbraTé nepeBipku cripaBHoi (A) Ta aedektHOi (B) m’e30enexTpudnoi maauBHOT
¢dopcynku Bosch. Sk BuaHO, Bci mapameTpu cripaBHOI (POPCYHKH 3HAXOIATHCS B MEXaxX 3aJaHUX JIOMYCKiB.
Harowmicts, y aedextHOi popcyHKH 301IbIIEHUH Yac 3aTPUMKH BIIOPCKYBaHHS, MiABUILEHUNA THCK BIIKPHUTTS
COIUIa, 3HAYHHUU 3JIMB IMajMBa y 3BOPOTHOIO MaricTpalib Ta HEJOCTAaTHIH 00’€M mojadi majvuBa B PeXHUMI
cepenHix HaBaHTaxeHb (IVM 4). Bussieni nedextu cBiguaTh Ipo OJIOKYyBaHHS OTBOPIB PO3NMMIIOBaYa Ta
3HOIICHUH J03yBaJIbHUIN KJalaH.

Amnaroriuno, nporeaypa nepeipku [IHBT Ha cTrenmi ckinamaeTbes 3 ASKUIBKOX €TaliB, MO0 IMITYIOTh Pi3Hi
pexxumu pobotu auryHa [10]. KijabkicTh Ta mociIoBHICTh eTariB Oy/e 3aiexaru Bij tuiry i moaeni [THBT,
o nepesipserbes. Hanpuxnaz, i [THBT nanusraoi cucremu Common Rail, npotiec nepeBipku ckiIagaeTsest
3 HACTYIHHUX €TalliB: MepeBipKa Omopy 0OMOTKH JaTYMKa TEMIIEPATypH NalBa (SK MpaBUIO CTaHOBUTH 1500
Owm mpu 20°C) Ta onopy A03yBaIBHOTO KJIanaHa, SKuii Mae Oyt B Mexax 2.5-4.5 Om.
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Piezoelectric Bosch fuel injector no. 0445116024 Piezoelectric Bosch fuel injector no. 0445116024
eRLC Resistance Capacitance eRLC Resistance Capacitance
[175-200 kQ] [1.80-5.60 uF] [175-200 k<2 [1.80-5.60 pF|
182 230 186 2.98
RSP Injection delay RSP Injection delay
[100—420 ps] [100-420 ps]
208 387
NOP Nozzle open pressure NOP Nozzle open pressure
[12-19 MPa] [12-19 MPa]
14 23
Test Injection dosage Return dosage Test Injection dosage Return dosage
Leak test [mm*/H] 0 0-1 0.33 Leak test [mm™/H] 0 0-1 12.54
160 MPa, 85 s 160 MPa, 85 s
IVM | [mm*/H] 36.10-44.25 39.17 2-18 9.18 IVM 1 [mm?/H] 36.10-44.25 42.64 2-18 34,75
180 MPa, 800 ps 180 MPa, 800 ps
IVM 2 [mm*/H] 0.24-2.16 122 IVM 2 [mm?/H] 0.24-2.16 0.34
80 MPa, 190 ps 80 MPa, 190 ps
IVM 3 [mm*/H] 1.68-5.20 4.27 VM 3 [mm7/H] 1.68-5.20 1.84
30 MPa, 535 us 30 MPa, 535 ps
IVM 4 [mm*/H] 12.24-18.00 16.31 IVM 4 [mm?/H] 12.24-18.00 9.34
80 MPa, 490 us 80 MPa, 490 ps
A B

Puc. 6. PesynbraTu iepeBipku cripaBHoi (A) Ta gedexTtroi (B) m’e30enexTpuaHOi nanuBHOI POpCyHKH Ha
CTEHI1

Jlasti BUKOHY€ETLCS TIEpEBIpKA Ha MyCKOBHMX 00€pTax: CTEH/ BCTAHOBIIOE 4acToTy obepranus 200 xB™! Ta
Trck 250 Oap IS mepeBipKH 3aTHOCTI Hacoca 3a0e3nednTH Myck nBuryHa. Hactymawmii etanm nmepenbadae
HEPEBIPKY B PEXHMMi XOJIOCTOro XOay Ipu uacToTi oOeprands Bama 400 xB' Ta Tucky 300 Gap Tta
BUIIPOOYBaHHS ITiJl MOBHMM HaBaHTaxxeHHsM rpu 2000 xB!' B Ta Tucky 1400 Gap (a60 MaKCUMaIbHOMY IS
KOHKPETHOI MOJIEN) AUl OIiHKM MaKCHMalbHOI MpOXyKTHUBHOCTI. Ha 3aBepriamsHOMY eTami BUKOHYETHCS
MepeBipKa KilanaHa peryJItoBaHHS THCKY, il 9ac SKOI OIiHIOETHCS CTA0IIbHICTh YTPUMaHHS THCKY TIPH 3MiH1
CTPYMy Ha JI03YI0UOMY KJIaIaHi.

BucHoBku

Ha ocHoBi npoBeieHOro aHalizy METO/IiB JiarHOCTYBaHHSI MAIKMBHOI arapaTypH BUCOKOTO THCKY JM3ETiB
BCTaHOBJICHO, 10 CYYacHI MaJWBHI CUCTEMH 3 €JICKTPOHHUM YIPABIiHHSAM BHMaraioTh MPUHIUIIOBO HOBHX
MiIXO/IIB IO IIarHOCTYBaHHS Yepe3 CKIaIHy OyJ0BY Ta HU3bKi JOMYCTUMI BIIXHICHHS POOOYNX ITOKA3HUKIB.
BaxximBuii erarm mporecy AiarHOCTYBaHHS IOJISATAE Y BUSIBJICHHI 30BHIIIHIX O3HAK HETIOJAJIKH, IO JI03BOJISE
B MIOIAJIBIIIOMY C)OPMYBATH ONTUMAIILHY CTPATETIIO IIaTHOCTUKHU Ta BUOPATH MPaBIIIbHI METOIM JIOKaJi3alii
neexkTHOro KomroHeHTy. CucTeMaru3alis METONIB JIarHOCTYBAaHHS JO3BOJISIE MOEJIHATH BUKOPHCTAHHS
OoproBoi camomiarHoctukn OBD, elekTpu4HUX BHMIpIOBaHb 3 BHUKOPUCTAHHSAM oOcIiorpaga Ta
1H/IMBIyaJIbHOI TIEPEBIPKM €JIEMEHTIB NATMBHOI CHCTEMH BHCOKOTO THUCKY Ha cTeHji. [IpakThyHe 3HaYeHHs
po0OTH TONISIrae y po3po0Ili CTPYKTYPOBAHOT'O MiIX0/1Y, 1110 JI03BOJISE BUSHAYUTH TipaBiIiuHi a00 €IeKTPUIHI
HeroJa Ky 0e3 3aliBOro JIEMOHTaKy KOMITOHEHTIB. BIpoBaKeHHS 3aIipoIIOHOBAHOTO IMiAX01y 3a0e3mnedye
HIBHUJIKE TTPUAHSTTS PIllIEHHS PO JOIUIBHICTE PEMOHTY, III0 MiHIMi3y€ BUTPATH Ha EKCILTyaTaIlif0 aJuBHOT
CHUCTEMH BUCOKOI'O TUCKY aBTOMOOLIIB 3 TU3EIICM.
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Advanced diagnostics of high-pressure diesel injection systems
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The article examines modern diagnostic methods for diesel high-pressure fuel systems, specifically the Common Rail
accumulator-type system. Particular attention is paid to the systematization of approaches for detecting faults in precision
components, such as electromagnetic or piezoelectric injectors and high-pressure fuel pumps (HPFP), which allows for increased
accuracy in defect localization.

The object of the investigation - The methods and tools for technical diagnostics of fuel injection equipment in modern diesel
engines.

A comprehensive diagnostic process is considered, including visual assessment, exhaust gas color analysis, the use of on-
board diagnostics (OBD), and instrumental testing using a digital oscilloscope. It has been established that the integration of digital
technologies allows for real-time monitoring of fuel delivery correction parameters via data loggers or oscilloscopes, which
simplifies the detection of cylinder imbalance.

A methodology for non-intrusive testing of HPFP performance and system tightness using fuel rail pressure waveforms is
described. An algorithm for assessing the condition of electromagnetic and piezoelectric injectors is defined through the analysis
of voltage signals, current strength, and activation time, as well as fuel return flow control.

The stages of testing fuel equipment on diagnostic benches, based on measuring electrical parameters, dynamic
characteristics, and hydraulic indicators under various load modes, are covered in detail. It is proven that this approach provides
the most reliable results when making decisions regarding the repair or replacement of units.

The results highlighted in the article can be used to develop structured maintenance algorithms that minimize operation and
repair costs for modern diesel engines.

Key words: diesel, high-pressure fuel system, common rail, diagnostics, fuel injector, HPFP, OBD, oscilloscope.
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10 BUBHAYEHHSA MAHEBPEHOCTI ITAPHIPHO-
3YJIEHOBAHOI'O ABTOBYCA I3
CAMOYCTAHOBJ/IIOBAJIBHUMHA KOJIECAMH OCI IPUYEITIA

Jlyupkuit HallioHaTbHUN TEXHIYHUN YHIBEPCUTET

Y cmammi docnidxeHo ocobriugocmi 3abe3neyeHHs1 MaHe8PeHOCMI WapHipHO-34reHoeaHux asmobycie (LLI3A)
g8esiukoi ma ocobrnueo eeslukoi Micmkocmi 3a2arnbHo 008xuHow 0o 22,0 M. Y ceimosili npakmuui WuUpOKO
3acmocosylombCsl  WapHIipHO-34nieHosaHi aemobycu (LLIBA), npome ix ekcrnyamauiss rnos’si3aHa 3 HU3KOH
KOHCMPYKMUBHUX ma eKcriflyamauiliHux obMmexeHb, 30Kpema w000 MaHespeHocmi ma cmitikocmi pyxy. B YkpaiHi
lpasunamu 00poxHL020 PyXy 00380/1€Ha MaKcuMasibHa 008XuHa asmorioizda 00 22 M, W0 8idKpusae MOXXu8ocmi
nidsuUWeHHs nacaxupomicmkocmi mpaHcrnopmHux 3acobig, 00Hak e00Ho4Yac ycknadHwe 3abesrneqyeHHs
HOpMamueHUX MOKa3HUKie MaHespeHocmi 8idrnogidHo do eumoe CTY UN/ECE R 36-03:2002. Y 36’d3Ky 3 yum
akmyarbHUM € OOCHIOXEeHHS napamempie pyxy wapHipHO-34/1eHo8aHux aemobycie ma nowyK KOHCMPYKMUBHUX
piweHb, sKi 0o3gonsromb eupiwuumu npobnemu 3abe3rneqyeHHs HanexHoi MaHespeHocmi ma cmilikocmi pyxy
noQibHUX mpaHcropmHux 3acobis.

Y pobomi po3ernsiHymo ocobsiueocmi rnosopomy wapHipHO-34rieHogaHo20 asmobyca y cknadi asmobyca ma
00Ho8icHO20 rnipuyena. MokasaHo, W0 3a Hasi8HOCMIi HeKeposaHUX Kosic npudyena rnid Jac moeopomy Ha (o020
Kornecax euHukatomb OidHi cunu, sKi cripuduHsroms biyHe 8i08edeHHSs, a 8 nodasibWOMy — KOB3aHHSI KOJIiC Mo
OopoXxHiti nogepxHi. Le moxe npuzeecmu 00 nozipweHHs cmitikocmi pyxy asmornoizda, momy Ors OUiHK8aHHS
MakcumasibHo donycmumoi 6a3u HekepoeaHOoe20 rfpuyerna 3arnporioHo8aHo eukopucmosysamu 0odamkosul
Kpumepiti — MakcumarnbHo Aornycmumuli Kym gideedeHHs1 io2o Koric. Ha ocHosi po3pobrieHoi mamemamu4Hol
modeni BUKOHAHO MOPIBHSIHHSI MiHiManbHO O0rnycmuMozo Kyma cknaldaHHa ma padiyca nosopomy npuyena 3 ix
peanbHUMU 3HaYeHHsIMU. BcmaHoereHo, wo WwapHipHo-34reHo8aHull aemobyc 3 HekepogaHUM rpuyernom 6a3ot
8 m He 3adoeosbHAE 8uMO2 HopMmamueHo20 dokymeHma JCTY UN/ECE R 36-03:2002 wodo maHespeHoCM.

lMoka3aHo, w0 y pasi 3acmocyeaHHsI caMOyCmaHOo8 o8aslbHUX KOJfic npudyinHoi 6iyHi cunu Ha oci npu4vena
Habnuxarmbcs 00 Hyns. 3a makux yMo8 MiHiManbHUl Kym ckiadaHHs | MiHiManbHUl padiyc nogopomy rpuyena
nepesuwytoms donycmumi i LLISA 3adososnbHsie sumozam CTY UN/ECE R 36-03:2002 wodo maHespeHocmi,
npome 8iGKpUMUM 3anuwaemscsi numaxHs w000 cmilikocmi pyxy makozao asmobyca, uo HeobxiOHo supiuysamu.

KnrouoBi cnoBa: wapHipHO-34neHoBaHMin aBTobyc, BiYHi cunu, KyT BiABEAEHHS, KyT CKNagaHHs, MaHEeBPEHICTb,
pagiyc NoBopoTy, rabapuTHa LOBXMHA.

Beryn

Ha cporopnimHiit 1eHp aBTOOyCH 3aiiMarOTh NIepe0Bi MO3HIIIT B iHIYCTPil MAaCAKUPCHKUX TEPEBE3EHB, a
CBiTOBHI Tapk Hajiuye Oimpmie 500 MITH. OJUHHIB Pi3HOI MACAXKUPOMICTKOCTI — BiJi OCOOIMBO Maioi 10
ocobnmBo Benmkoi. Ha >xanb, B YKpaiHi ckianack cutyais, Komu B Mmictax 10 80-90% 3a yucenbHiCTIO
CKJIaJIal0Th aBTOOYCH MaJIOl Ta 0COOIMBO Majoi MICTKOCTI, B TOHM Yac SIK MUTOMA Bara YMCEeIbHOCTI aBTOOYCiB
BEJIMKOI Ta 0COOIMBO BEJIMKOI MiCTKOCTI ToBrHHA ckianata Big 30 1o 60% [1]. ABToOycu BennKoi i 0cO0IHBO
BEJIMKOT MICTKOCTi, SIK TpaBwWwio, mapHipHo-3wieHoBaHI (LI3A) 3 MOTOp-KOJICHUM TPHUBOJOM;
HETPaJUI[IHHIMU CHUJIIOBUMH YCTAaHOBKAaMH, y TOMY YHUCIi 3 TiOpUAHMMH JDKEepelamMH eHeprii, Jayo0ycH
(aBTOOYCH-TpOMNEiOyCH) 3 TBOMA JHKEpENIaMy €Heprii — TEIUIOBUM JABUTYHOM 1 €JIeKTPUYHUM JBUTYHOM [2].
["abapuTHa MOBKMHA TaKUX aBTOOYCiB 0OMekeHa Ha piBHi 18,5 M. [losicHIO€TECS 1€ HeOOXiTHICTIO BUKOHAHHS
Bumor JICTY UN/ECE R 36-03:2002 ”€nuHi TEeXHIYHI HPUIUCH IM0AO0 OQIIIHHOIO 3aTBEPHKCHHS
MACaKUPCHKUX TPAHCIIOPTHUX 3aCO0IB BEIMKOI MICTKOCTI CTOCOBHO 3araynbHoi KoHCTpyKUii (IIpaBuna €EK
OOH Ne36-03:1993, IDT)” : BHyTpiLIHi# pasiyc IOBOPOTY MOBUHEH CKJIaAaTu 5,3 M, a HalOLIb1I BUCTYHIaI0Ya
BiJI IICHTpa MMOBOPOTY TOYKa aBTOOyCa MOBUHHA OMUCYBATH Iyry paaiycoM 12,5 m.

3riguHo 3 [IpaBunamu J0poKHBOTO pyxy YKpainu [[IpaBuia], MakcUMaIbHO JOITYCTHMA 3arajibHa JIOBKUHA
aBroroizga craHoBuTh 22,0 M [3]. Taka fnoBkWMHA Ja€ 3MOTY ICTOTHO IIiJIBUIIMTH MACAXKUPOMICTKICTh
IIAPHIPHO-3WICHOBAHUX aBTOOYCIB. Pa3oM 13 THM 3aIUIIA0OThCS HEBUPIIICHUMH MMUTAHHS 3a0e3MeueHHs 1X
HaJIC)KHOT MaHEeBPEHOCTI Ta CTIHKOCTI mix 4ac pyxy. ToMmy JOCHi/DKEHHS U YIOCKOHAICHHS MaHEBPEHHX
xapakrepuctuk II3A nosxuHo0 10 22,0 M € aKTyalbHUM HayKOBO-TNIPAaKTUYHHUM 3aBJaHHSIM.

AHaJi3 JiTepaTypHHUX JKepeJ

VY npoueci ekciutyartanii mapHipHO-3wieHoBaHuX aBTo0yciB (LLI3A) BaxkiBO BU3HAUYaTH KOH(DIryparito ta
LIMPHUHY NPOI3HOT YaCTUHH, sIKi 3a0e3MeuyIoTh Oe3MeYHN pyX 1 BIUCYBaHHS TPAHCIIOPTHOTO 3ac00y B 3a7aHy
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cmyry. Takok HE0OXiIHO BpaxOBYBaTH [COMETPUYHI ITapaMeTPU aBTOIOI3/IiB, 1110 BILIMBAIOTH HA MOYKIIUBICTh
iX mpoi3my 3a HasSBHOCTI BIJIOMHX XapaKTEPUCTHUK JOPOKHBOI TUISHKHA Ha B’i3M1 Ta BHUI3Mi. 3 IIEI0 METOIO
BHU3HAYAIOTh KJIFOUOBI IMOKA3HUKUA MaHEBPEHOCTI — ra0apuTHI pajilyCH MOBOPOTY Ta radapuTHY CMYTY PyXYy.
Po3paxyHOK 1iux mapaMeTpiB MOKe 3iICHIOBAaTHCS SK HAa OCHOBI KIHEMAaTUYHUX, TaK 1 TUHAMIYHUX MOJICIICH.

Y mpani [4] 3anpomoHOBaHO MOMAYJIBHUN aNTOPUTMIYHMNA TMiAXiA 0 KIHEMaTHYHOTO MOJETIOBAaHHS
3uwiIeHoBaHUX aBToOycCiB. Tak, HampuKIIaa, KIHEMaTHIHI MOJENI 3aCTOCOBYIOTh 33 YMOBH YHCTOTO KOYEHHS
KOJIiC YChOTO TPAHCIOPTHOTO 3ac00y, TOOTO 32 BiICYTHOCTI KOB3aHHSI UM MPOCIH3aHHS, IO € OOIPYHTOBAHUM
MPUITYIICHHSM JJIS PEXHMIB MAaJOMIBHAKICHOTO MaHEBPYBAaHHS. 3alpONOHOBAHWMA TAXiZ TO3BOJIUB
OTPUMATH KOMITaKTHI HeJiHiHI MOJedi, SKi 3aBISKA MOAYJBHIA CTPYKTYpi 30epiraroTh YiTKy T€OMETPUIHY
IHTepIpeTalilo mapHipHO-3WIEHOBaHOTO aBToOyca. JlochmimKkeHo aBTo0ycH Pi3HUX KOMIIOHYBAJIBHUX CXEM,
30KpeMa 3 pO3TallyBaHHAM Bey4oi OCi SIK Ha TArOBOMY MOAYJI, TaK i Ha PUYei.

Y pobGoti [5] BcTaHOBIEHO, IO B3a€EMOJIS MK OCAMH Ta JIAHKAMH TPAHCIIOPTHOTO 3aco0y MOXKe
COPUYUMHATH crienudivHi KOJMBaJIbHI MPOLECH MPHUYEIiB IIiJ] Yac BUKOHAaHHS MaHeBpiB. Ha npukiani mapu
JIAHOK BUSIBJICHO 3aKOHOMIPHOCTI IX MOBOPOTY, AKi HaJali eKCTPamoJbOBaHO Ha aBTOMOI3X 13 JOBUILHOIO
KiIBKicTIO TpudemiB. YncenpHI pe3ynpTaT, OTpUMAaHi UId KiHEMATHYHOI MOZEIN 3 TpboMa IMpHYEeTaMH,
MiATBEP/DKYIOTh TEOPETHYHI TIOJ0KEHHS Ta 320€31eUyI0Th KUTbKICHE YSABICHHS PO JOCIHKYBaHy MPooIIeMy.

ABTopu mpaui [6] 3a3HavaroTh, IO I ABTOMOI3/AIB HAIMIBIPUYIMHOTO THUMY KiHEMAaTHYHE OMHCAHHS
CUCTEMH € CKJIaIHIIIAM MTOPIBHIHO 3 TPAJUIIIHOIO MPUYIITHOI CXEMOI0. Y TaKOMY BHUITAJIKy KyTH ITIOBOPOTY
KEpOBAHMUX KOJIC MPUYITHUX MOMAYNIB (DOPMYIOTHCS Ha OCHOBI HENIHIHOTO 3BOPOTHOTO 3B’SI3KY, SKHM
3aJICKUTh Bifl MOYaTKOBOI KOH(]Iryparii Bciei cucremu.

VY poboTi [7] momaHO KOHIEMIiI0 Ta 3AIHCHEHO aHali3 CTIMKOCTI CHCTEeMH KEepyBaHHS 31 3BOPOTHUM
3B’SI3KOM, TIPU3HAYEHOI /IS BiJCTEXKEHHS 3aJaHOl TpaekTopii pyxy aBromoizna. dopmamnizoBanmii aHami3
3aMKHYTOI CHCTEMH JIO3BOJISIE BU3HAYMUTH JOCTaTHI YMOBH Ui ACHMITOTHUYHOTO BiATBOPEHHS TaK 3BaHHX
CTaJIOHHUX TPAEKTOPIH SIK 13 CTAJOIO, TaK i 3i 3MIHHOIO B 4Yaci KPUBH3HOIO. 3alpONOHOBAHHUN KacKaTHHUH
ANTOPUTM KEpyBaHHS TPAEKTOpicro 3abe3neuye eeKTUBHE PO3B’A3aHHS 33[a4i KIHEMATUIHOTO BiJICTEKEHHS
Pyxy 0araToJaHKOBOrO aBTONOI3a.

Takox, y poboti [8] mpomoHyeThcs anropuT™M KepyBaHHsI BifcTexyBaHHsM Tpaektopii MPC (Model
Predictive Control), mo Bxmouae audepeHiiiiHe KepyBaHHs raibMyBaHHsM. Ha mepmomy erami
PO3TISAAETHCS MOJIENb IS BiZICTEXKEHHS TPAEKTOPil pyXy TATada i MPUUIMHUX JaHOK. B yMoBax pobotu Ha
HU3BKIN MIBHAKOCTI po3pobienuit anroputm [11] (mpomopiiiiHo-iHTerpaabHOT MOX1IHOT) BUKOPHUCTOBYETHCS
JUIsL pO3paxyHKY BIAXHMICHHS MPUYIMTHUX JAHOK BiJ 3a1aHOTO Kypcy. Ha npyromy erami cTBOpIOEThCS MOJIETh
TUHAMIKH TPaHCIOPTHOTO 3aco0y Ui po3poOKHM cTpaTerii KepyBaHHS Au(epeHIiaTbHUM TaabMyBaHHIM
(amroputm Fuzzy PID). B ymoBax BHCOKOMIBHIKICHOI POOOTH M€l alTOPUTM BHKOPUCTOBYETHCS IS
YCYHEHHS JJOJJaTKOBOT'O MOMEHTY PUCKaHHS, ITOB’s13aHOTO 3 KOJIMBAHHAMU KyTa CKJIagaHHs. IMitariiini Mmoaeni
ctBoproroThest 3 BukopucTtaHHIM MATLAB/Simulink ta TruckSim nnst uncenbHOI eKcriepuMeEHTaIbHOL
nepeBipku. Pe3ysnbTaTu 4MCeNbHOr0 €KCIEPUMEHTY MOKa3yloTh, IO 3alpOIIOHOBaHUH Yy Wil poOoTi MeTon
TrdepeHIliaIbHOTO YIPaBIiHHS TaTbMyBaHHSM JI03BOJISIE IMiIBUIUTH MaHEBPEHICTh TPAHCIIOPTHHUX 3aCO0iB,
IO PYXalThCS HA MalMX HIBHIKOCTSX, TA CTIHKICTh TPAHCIOPTHUX 3acO0IB, IO PYXalOThCS Ha BUCOKHX
MIBUIKOCTAX 0€3 3HIKEHHS TOYHOCTI TPAEKTOPHOTO yIpaBiiHHA. HecTiiKi 34ieHOBaHI TPaHCIIOPTHI 3aco0n
CTaHOBJISTH CEPHO3HY 3arpo3y JUIS IHIIUX TPAHCIIOPTHUX 3aCO0IB, 1110 PYXalThCs B 0AHOMY moToti [9]. s
34JIEHOBaHUX TPAHCHOPTHUX 3ac00IB XapaKTepHi TPH THIIM HECTAOUILHOCTI: 3MIEMOAIOHHN PYX, CKIIQJIaHHS
Ta HepeKuIaHHs. 3UICHOBAaHUH TPAHCIIOPTHHM 3aci0, CXUIBHUH 10 OyIb-SIKOi 3 HUX HECTAOUTBHOCTEH, MOXKE
NPU3BECTH 10 cepio3Hux aBapiil. Y uiif poboti pospobneHo cucremy ympasiiHas (NMPC), B sxii
3aCTOCOBAaHE PO3JIBHE TaJlbMyBaHHS KOJIIC TMpHuYena JJis TMOJINIICHHS CTIMKOCTI 34JICHOBAHOIO
TpaHcnopTtHoro 3acoOy. IlpoBeneni nocnmipkeHHs MMokasanu, o KoHtposep NMPC moxe 3amoGirtu
BiIMIYCHMM HECTAaOUIBHOCTSIM Ta TMOKPAIUTH 3arallbHy KEpPOBAaHICTh Ta OE3MeKy 34WICHOBAHOTO
TpaHCIOPTHOTrO 3aco0y. Y pobori [10] moOymoBaHO MOJICIIb HEIHIHHOT CHCTEMU 34JICHOBAaHUX TPAHCIIOPTHUX
3aco0iB i3 ciMmoma crynensmu cBoboau (DOF), 1o Bkio4yae Mojeib JAMHAMIKH TPAHCIIOPTHOrO 3aco0y,
MOJIEJIb IIMHY Ta TiAPaBIivYHOT CUCTEMH PYJIBOBOTO KEpYBaHH:, a TAKOXK JIIHEApPU30BaHy i€albHy €TATOHHY
MoJiesib. CTBOpeHO OaraTopiBHEBUI KOHTpOJIEpP KPYTHOrO MOMEHTY BepxHboOro piBHS LQR Ta koHTponep
CTIMKOCTI 34JIEHOBAHOTO TpaHcnopTtHoro 3aco0y PSO. EdexTuBHICTE KOHTpoOJiepa KPYTHOTO MOMEHTY
BepxHbOro piBHS LQR a5 3wieHOBaHOrO TPaHCHMOPTHOTO 3aco0y Ha Pi3HUX LIBHIKOCTAX 1 3aBIAHHAX
KEepPYBaHHsI MOPIBHIOETHCS Ta aHANI3YETHCS 32 JOMNOMOIOI0 KEPYBaHHSA 3 NMPSMHM 1 3BOPOTHHUM 3B'S3KOM.
[MokazaHo, 1110 yIpaBJIiHHS 34JICHOBAHUMH TPAHCIIOPTHUMH 3ac00aMHM 3a J0NOMOror koHTposepis LQR ta
PSO € kpamum, HiXX pO3/AiJIbHE YNpaBIiHHSA JaHKaMH TPAHCHOPTHUX 3aco0iB. Y poborti [11] HaBeaeHo
CKOODJAMHOBAaHMM MigXiJ OO KEpPyBaHHA TsAraueM 3 TMPHYENOM, MIO JO3BOJSE JOCATTH 3aJ0BiUIBHUX
XapaKTePUCTUK BIJICTEXKEHHS TPAEKTOPIi, OTHOYACHO TapaHTYIOUH OOMEXKEHHS KIHEMaTHKH TPaHCIIOPTHOTO
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3aco0y Ta IMHAMIYHI MaHEBpHU. Y il poOOTI, CIIPAMOBaHIi HA BUPIIICHHS MPOOJIEMH BiICTSIKECHHS IIIAXY 13
3aTPUMKaMH B KOHTYPI yIpaBIliHHs, HABEJEHO METOJ yIIPABIIIHHA 3 IPOrHO3YBAHHIM MOJIEII, SKUH BPaXOBYye
KOMIIeHcalio 3aTpuMok. [lo-mepie, HemiHiHHA MOHENb TUHAMIKM TPAHCHOPTHOTO 3aco0y 3 3aTPUMKOIO
MEPETBOPIOETHCS HA JTIHIHHY TUCKPETHY CUCTEMY, 1110 3MIHIOETHCS B Yaci 0e3 3aTPUMOK HUISIXOM PO3MIMPEHHS
KOMaHI¥ 3aTPUMKH PYJIBOBOTO YIPAaBIiHHS A0 3MIHHUX CTaHy CHCTEMH, a IIOTIM BOHA BUKOPUCTOBYETHCS B
SIKOCTI TIPOTHO3YI04O01 Mojeni. Po3pobieHa Moiens MO)Ke 3HaYHO MOKPAIIUTHA HAAIHHICTh Ta CTabUTBHICTD
CHCTEMH.

VY mpani [12] yBary 30cepemKeHO Ha CTBOPEHHI KOMITAKTHUX 1 3pYYHUX AJIS MPAKTUIHOTO 3aCTOCYBAaHHS
MaTeMaTHYHUX MOAEJIEH 3WICHOBAaHMX TPAHCHOPTHHUX 3ac00iB, MPU3HAYEHUX AN 3a1ad IUIAaHYBaHHS PYXY,
KepyBaHHsI Ta JIoKaji3alii. ABTOpH 3alpONOHYBAIM MOAYJIbHUI alrOPUTMIYHHMN MiJXiJ A0 KiIHEMaTHYHOTO
MO/JICJIIOBaHHsI HETOJIOHOMHHX 0araTojlaHKOBUX aBTOOyciB. Taki MOZeNi € KOPEKTHUMH 32 YMOBH YHCTOTO
KOYeHHA BCIX Kojic 0e3 OOKOBOTO KOB3aHHS, IO € OOIPYHTOBAHMM MPUITYIIEHHSIM Y peXHUMax
HU3BKOIIBUIKICHOTO MaHEBPYBaHHS.

VY poborti [13] momaHo ogHOKOMIMHE JUHAMIYHE MIPEACTABICHHS 34JIEHOBaHOTO aBToOyca, sike 0a3yeThCs
Ha TPUITYIIEHH] PO He3HAYHI MOTePedHi IPUCKOPEHHS TepeAHbOI YaCTHHH Ky30Ba Ta MaJji KyTH CKJIaJaHHS.
OTtpuMaHi pe3yibTaT CTBOPIOIOTh MIATPYHTS IS OLTBII TOYHOI OIIHKY JMHAMIYHOI TTOBEIIHKHA aBTOOyCa Ta
MOJANIBIIOTO JOCHTIPKEHHs HOTO pyXy Ha BULIOMY PiBHi CKJIAAHOCTI.

MarematnyHi MOJieni pi3HOI CKIAJHOCTI MOTPEeOYIOTh 3HAYHOTO 00CATY AOCTOBiIpHOI iH(opMaii momo
KOHCTPYKTHUBHUX xapakrtepuctuk III3A Ta mapamerpiB mmH. OKpiM 0bOTO, €QEKTUBHICTH aHAII3Y
MaHEBPEHOCTI ICTOTHO 3aJIEKUTH BiJl aICKBATHOTO BUOOPY PO3PaXyHKOBOI CXEMHU, SIKA MAKCHMAJIBHO BPaXOBY€E
KJIFOUOB1 YMHHUKH, 1[0 BIUIMBAIOTh Ha SKCIUTyaTalliiiHI BJIACTUBOCTI, & TAKOX BiJl TOUHOCTI BU3HAYCHHS CHJI
B3a€MO/Ii{ THEBMATUYHUX IIHH 13 JOPOKHIM HOKPUTTsM [13].

3 orsimy Ha 1€, TOMEpPEAHIO OIiHKY MOKa3HWKIB MaHEBPEHOCTI JIOLITBHO BUKOHYBATH, MPHITYyCKAIOUH
OiuHY >KOpPCTKICTh KoJic. Y TakoMy pa3i MmoxuOka BU3HAUCHHS Ta0apUTHUX PajiyciB MOBOPOTY, IIUPUHH
rabapuTHOT CMYTH PyXy Ta BIIXWJIECHb TPAEKTOPIA BEACHUX JIAHOK BiIHOCHO Benydoi He nepesuinye 13 % [2].

Y nmocmimxerHi [15] po3rasHYTO MOXKIUBICTH MiNBUIICHHS MaHEBPEHOCTI MMApHIPHO-3UJICHOBAHOTO
aBTOOyCa NUISIXOM 3aCTOCYBaHHS TUHAMIYHOTO CHOCOOY KepyBaHHS, 30KpeMa 3a PaxyHOK TrajlbMyBaHHS
OHOTO 3 KOJic Bi3ka. BojgHOYac mMOKpalieHHs MaHEBPEHUX XapaKTepUCTUK MOKe OyTH IOCSITHyTe i
KiHEMaTHYHUMH METOAAMHU.

Memoro pobomu € migsuienHs maneBpeHocTi LI3A 1mUIsIXOM BHKOPHCTaHHS CaMOYCTaHOBIIOBAILHUX
KOJIIC MIPUYIITHOT JTaHKH.

J1s nocATHEHHS METH POOOTH HEOOXiTHO BUPIIIUTH TaKi 3aBIaHHS:

— pO3pOOHTH CXeMy MOBOPOTY 1 BHM3HauMTH KyT ckiaganas II3A, pamiyc moBopoTy aBToOyca i

HEKEPOBAHOTO MPHUYETIA;
— BHU3HAYWTH JIONMYCTUMI 3HAUEHHS KyTa CKJIaJlaHHS 1 pajiyca MOBOPOTY aBToOyca i mpHuyena 3a yMOBU
BUKOHAHHS npunucie [Ipasun 36;
— BH3HAYUTH MakCUMallbHy 0a3y Mpuyerna i3 caMOyCTaHOBIIOBAILHIMH KOJIECaMH ITPUYIITHOT JTaHKH.

Pe3yabTaTu gociaixxeHHs

MaxkcuManbHO J0IycTUMY 0a3y HEKEpOBAaHOTO MpHUeNa OLIHIOITH 10 radapuTHii cMmy3i pyxy LU3A mo
TepexiTHIM KPUBUM JIOPIT 1 Ha mepexpecTsix [16].

[pu moBoporax II3A, y ckmani aBToOyca i OAHOBICHOTO Ipuyena, Ha HOro Kojecax 3’ sIBISIOThCS O14HI
CWJIY, 1[0 BUKJIMKAIOTh OiYHE BiJBEJCHHS, a ITOTIM 1 KOB3aHHS X I10 IIOBEPXHI JOPOTH, [0 MOXKE MPU3BECTH
JI0 TIOPYIIEHHS CTIHKOCTI PyXy aBTOIOI3/1a 1 IMiJBUIIIEHOTO 3HOIICHHS IIMH KOJIIC TIpUYera, TOOTO s OIliHKA
MaKCUMaJIbHO JIOMYCTHUMOI 0331 Ipuyena J01aTKOBUM KPUTEPIEM MOXKE CITY)KHTH MaKCUMAaIbHO JOMYCTHMUN
KYT BiJIBEIEHHsI HOTO KOJIiC.

Ha puc. 1 HaBeneHO po3paxyHKOBY CXeMy PIBHOMIpPHOT'O IIOBOPOTY LIAPHIPHO-3WICHOBAHOTO aBTOOYycCa. 3a
3arajibHOl TOBKMHH TPAHCIIOPTHOTO 3ac0o0y OJIM3bKO 22 M Ta MEPEJHBOTO 1 33AHBOr0 3BUCIB 10 3,0 M 6a3a gk
aBTOOYyCa, TaK 1 MPUYEITHOT JIAHKW He MOBHHHA NepeBuiyBaTy 8 M. [1iJ 4ac cTaTHYHOTO IOBOPOTY CHIIH, IO
nitotes Ha oci LII3A, 3BoasThcs 10 monepedHnx (OiYHKMX) Ta MO3I0BXKHIX (TaHTCHI[IABHUX ), IPUKIAICHUX Y
LEHTPax 0ceH, a BCi MOMEHTH — A0 PE3YJIbTYI0UOI0 MOMEHTY ONOpY MOBOPOTY. OCKiIbKK O14HI CHIIM CYTTEBO
MepeBaXkaroTh MO3I0BXHI, TPH BU3HAYEHHI KYTiB BiJ[BeJICHHS KOJIIC HAMIIBIPUYEIA BIUTMBOM ITO3/IOBXKHIX CHII
MOJKHA 3HEXTYBATH.

bBiuni cwm, mo BuHMKaOTH npu noBopoTi LI3A, MoxyTs OyTH BuU3HAueHi yepe3 KoedillieHTH Omopy
BiJIBEICHHS K,; 1 KyTH BinBeneHHsa §; [16] HacTynHMMM 3a51€KHOCTAMM, PHC. 1:
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Y

ar

Xy

|

X
Puc. 1. Po3paxynkoBa cxema piBHOMipHOTO noBopoty 1I3A
— _ La—xa
Ps16 = k516(0 = 8510) = Ko1a'p 5o
— _ Lpo—xnp
Ps1, = ks15(0 = 6515) = ksrs o ocp
— _ X4
P526 - k5266526 - k(szg'RA—O,SB’
— _ X4
P523 - k6238523 - k523'RA+0,53’
— — X
P536 - k5366536 - k638'Rn—O,SB’
— — R
P633 - k6335633 k633 Rp+0,5B° (1)

JIe THICKCH «6» 1 «3» BIIHOCITBCS BiJIIOBIIHO 10 BHYTPILIHAOTO 1 30BHIIIHBOTO KOJIC.
V piBasHH:X (1) KoedilieHTH ONIOPY BiBEHHS K BHYTPILIHBOTO, TaK 1 30BHIIIHBOIO KOJIECa 1 KOJIIC Pi3HUX
ocell He piBHI Mix co0or0. [IpoTe Ha mepuIoMy eTarli po3paxyHKiB MPUHMEMO IX PiIBHUMH, TOOTO:

k518 = k513 = k528 = k523 = k536 = k633 (2)

3anumieMo piBHSHHS PIBHOBarm ycix MOMEHTIB, MO AioTh Ha III3A, BIZHOCHO TOYKM TOYKM 3YINKH
aBToOyca 3 mpuuenoM (touka O), puc. 1. Orpumaemo:

(Pé1s + P81,)(Ly + d) + (P8ps + Pbp;)d — (PO3s + PO3;) Ly = 0 )
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Po3B’ 30Kk piBHAHHSA (3), 3 ypaxyBaHHaM (1), 103BOIs€ BU3HAYUTH 3MIIICHHS MTOJIFOCA IIOBOPOTY aBTOOYcCa:

__ Latd

X4 = arey “)

xqLy’
VY BHKOHaHMX KOHCTPYKLISIX LIapHIPHO-34JICHOBAaHMX aBTOOYCiB 0a3u aBTOOyca 1 mpuuena Maibke
. . o . X
OJTHAKOBI, TOOTO JIJIS OJANBIINX PO3PaXyHKIB MOxHA puitHATH L =Ly Tomi k = x—”
A
3 ypaxyBaHHsM (4), BU3HAUMMO KyTH OI4HOTO BifiBeaeHHs Kouic oceld 11I3A:

_ La(1+k)—(La+d) i _ La(1+k)—(Ly+d) i

0= 0510 = (1+k)(Ra—0,5B) ’ 0 — 051, = (14Kk)(R4+0,5B) ’
__ Lgta | _ Ly+d .
Os20 = (1+k)(R4—0,5B)’ Os2; = (1+k)(R4+0,58) "
— _ katd) | __ k(La+d)
0536 = (1+k)(R4—0,5B) 0635 = (1+k)(R,+0,5B)" )

Amnani3 piBHsHB (5) oKasye, o 06e3 BpaxyBaHb MEpepo3NOIily HOpMaIbHUX Peakliii OmopHOI MOBEPXHi
Ha koneca oceii [1I3A §;, > §;,, npuaomy &3, > &5, > 614, TOOTO MAKCUMATIBHY TPUITYCTHMY 0a3y Tpuyena
CJIiJT OLIIHIOBATH IO MAaKUMAIBHOMY KyTy O19HOTO BiJIBEZICHHS HOTO BHYTPIIIHBOTO KOJIECa.

Sxmo 6a3a Ly i xomist B mpuuena BiANOBiAAOTH 3amaHOMy pexuMy moBopory LI3A, To moBuHHA
BUKOHYBATHCS HACTyITHa yMoBa [16]:

83B.max < [63B.max]a (6)

1€ 03, max— PCUIBHUH MaKCUMaJIBHUH KyT O1YHOTO BiJIBEICHHS BHYTPIIIIHBOTO KOJIeCa 33 HBbOI OCI IIpHUYena,
[0 3QJCKHUTHh BiJl POKHUMY MOBOPOTY aBTOMOI3/1a; [O34,max] — MAKCHMAIbHO JOMYCTUMHI KYT OI4HOTO
BIZIBEZICHHSI TOTO X KOJIeca, [0 3aJIeKHUTh Bil XapaKTEPHUCTHKH IIUHH.

YnMoBy (6) 3a paaiycoM MOBOPOTY mipuuena Rz, iy, 3aIUIIEMO Y BUTIISII:

RHmin > [RHmin] > (7)

1€ Ripnin— PeadbHUN MiHIMAIBHUNA pajiiyc MOBOPOTY MpHYENa, IO 3aJISKUTh BiJl pexxuMy moopoty LL3A;
[Rzmin] — MiHIMAIIBHO JTOITYCTHMHUI pajIiyc MOBOPOTY MPHYEINA, IO 3aIEKHUTE Bill [834max]-
YwMoBa (7) o KyTy ckianaHHs ¢, nuB. puc. 1, HaOyBa€e BUTIIALY:

Pmin > [q)min]a (8)

1€ Pmin— PEATbHUI MiHIMaTbHUNA KyT cKiamaHust [13A; [, ] — MiHIMaIBHO TOMYCTUMUI KYT CKIaTaHHs
3A, mo 3a1exuTh Big Rpmin-
_ Lyg+d [Ramin]
[Pmin] = T — arctg RA(L4K) arcly T sk 7d) > )]
1+k
JilicHe 3HAYEHHS KYTa (i, BA3HAYAIOTh 3 YPaxXyBaHHSAM KOHKPETHOTO PEXHMMY IOBOPOTY LIApHIPHO-
3uIeHOBaHOro aBToOyca. [1is uac mocmipkeHHs] MaHEeBpY aBTOIOI3/IiB 32 MMOYATKOBY TPAEKTOPIIO PYXy TArayda
3a3BHYail MPUHMAIOTh KOJIOBY KPHBY, TOJI SIK BUXIJHOIO BBa)KAIOTh NPSMONiHIHHY AUISHKY [17]. 3a Takux
YMOB TPa€KTOPis BXOAY NMPHUYEIa OMUCY€ETHCS TPAKTPUCOIO KOJIa, & TPAEKTOPIsl BUXOAY — TPAKTPHCOO MIPAMOI.
Jiist 3a3HaYEHOT0 PEXUMY MOBOPOTY (aKTHUHHMH (PO3paxyHKOBHIA) KyT ¢ TiJI 4yac BXOJy aBTOMOI3a B
KpUBY BU3HAYAETHCS BIIMOBIIHO JI0 3aJICXKHOCTEH, HaBeACHUX y [16].

an/I)l=RTH>1:

¢ _ VA1[O+ A2 De PV 141

tg , (10)
2 A+D)[A+]22-1)e VA ~1-1]
npu A = RTH= 1:
$_ 1
tg% =1, (11)
npu A = RTH< 1:
tg% = i;f tg [arctgi%j2 —0,56V1 — /12], (12)

ne 0 — KyT MOBOPOTY KEPOBAHUX KOJIiC aBTOOYCA.
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[puitmMaroun 10 yBard MaKCHMaJIbHO JTOMYCTHMHH 30BHIIIHIM rabapuTHHI paaiyc moBopory R, = 12,5u
[2], MiHIMaJIbHUH paaiyc OBOPOTY aBTOOYyca, 6a3a sikoro L = 8,0 M, mepeauiii 3Buc /31 = 2,5 M, 3aaHiii 3BUC
[33 = 3,5 M peanbHUii pajiyc MOBOpoTy aBToOyca Ry = 6,81m.

baza npuuena cknangae Takox L = 8,0 M, TOOTO py BU3HAUEHH] pealbHOTO MiHIMAIBHOT'O KyTa CKJIaAaHHs

. R .
II3A HeoOximHO BUKOpucTOoByBaTH (Gopmyny (12). Tlpu mpomy A = TH:0’73<1' Toxi, BUKOPHCTOBYIOUH

dbopmyiy (12), s kyta cknaganns [HI3A otpumaemo @ = 1,15 pan (65,9 ran) i [83,max] = 0,015 pan.
MiHIMaTbHO TOMYCTUMHH paiiyc MOBOPOTY IpHYETIa!

k(La+d)(R4~0,5B)
[Rimin]= Ak-(LA-:d) =R,—0,5B=6,56 m

MiHiMaIbHO JOIMYCTUMMHN KYT CKIQAaHHS (@i BU3HAUABCA 3a (hopMylioro (9) 1 ckias:
[Qomin]: 0,98 paH:56,2°.

PeanbHuii KyT CKIagaHHs:
V1-22
1+

@ = arctg(2 tg arctgi%j2 —0,56V1 — A2)) = 1,13 pan=64,75°,

ne 6= 0,6 pan.
PeanpHmii MiHIMaNBHUN paaiyc MOBOPOTY MpHYENa, IO 3aleKUTh Bill pexumy moBopory I[II3A
BU3HAYaTUMCETHCA SK:
X La+d
Rimin = 1og = w623 . (13)
(1+k)(R4+0,5B)

[MopiBHIOOYM MK COOOKH 3HAYEHHS MiHIMAIbHOTO gomycTuMoro kyrta ckiamanus LI3A [@pin] i
peaNbHOrO KyTa CKIAaJaHHS ¢, a TaKOXK PEbHHH MIHIMAJbHHUN pajiyc MOBOPOTY MpHYena Ry, MO
3QJIEKHUTH BiJl pEXKUMY OBOPOTY aBTOIOI3/1a, i MiHIMAIBHO JOIYCTHMHUIA pajiyc moBopoTy R mmin] Npuyena,
IO 3alCKUTh Bl [O34max] » MOXKHA BIAMITHTH, O YMOBU QPpmin > [@min] 1 Rimin > [Ripmin] — HE
BUKOHYIOTBCS, TOMY y KOHCTpYKIii Takoro III3A HeoOXigHO nmepeadadunT CUCTEMY YIPABIiHHS MPHUETIOM,
HAIPUKIIaJ], 3aCTOCYBaHHAM CaMOYCTaHOBIIIOBAIFHUX KOJIIC OCI MpHYerna.

VY pasi 3acTocyBaHHS CaMOYCTaHOBIIOBAIBHHUX KOIIC, pHUC. 2, MOXXKHA NPUHHSITH, MO KyT OIYHOTO
BimBeneHHs Komic oci mpuuena &=0. Toxmi piBHSHHS piBHOBaru npudera, KyTH BifBeIeHHS i Oi4HI cuin
3aIUIITYThCS Y BUTIISI:

(P613 + P613)(LA + d) + (P628 + P623)d = 0, (14)
_ _ LA(1+k)—(LA+d) i _ Ly+d .
0 = 6516 = (1+k)(R4—0,5B) ’ 826 = (1+k)(Ry—0,5B)’ (15)
L —_
Ps1; = ks15(8 — 8s15) = kam’ﬁ; Ps2e = Ko260626 = kazs‘#- (16)

Po3B’s30k piBHsHHS (14) 3 ypaxyBaHH:IM (1) 103BOJSE BU3HAYUTH 3MIIIEHHS TIOJFOCA MIOBOPOTY Xy 1 KyTH
BiJIBEJICHHsI KOJIiC TepIIoi i Apyroi oci aBroOyca 3 ypaxyBaHHIM TOTO, 0 KoedimieHT k& gopiBHIOE O (KyT
BIJIBEJICHHSI KOJIIC CaMOYCTaHOBJIIOBAJIbHOI Oci JiopiBHIOE 0 1 MuTTEBUH 1eHTp moBopoty III3A nexuts Ha
MPOAOBXKEHHI oci mpuyena). OTpuMaHe piBHSIHHS 3aIMIIEMO Y BUITISIAL:

Rpo+Ly 2Rd
ks1(Ly = X)) 5——= (Lg+d) + ks Xy ———==0. 17
61( ‘A A) Ri—(O,SB)Z ( A ) 8524 A Ri—(O,SB)Z ( )

3 ypaxyBaHHSIM NPUHHATOrO NPUIYLICHHS, IO Kg1, = Kg1; = K§2e = Ks2; = ks piBHsaHHS (17) 3anumemo
y BUIJISAL:
Xal(Ra + La)(Lg + d) + 2Rad] = La(Rg + L) (La + d) (18)
Toxi asis 3MIIIEHHS OJIFOCA TIOBOPOTY aBTOOyca X4 OTPUMAEMO:

_ _ LaRatLa)(Latd)
A T [(Ra+La)(La+d)+2Rd]

(19)

3a 00panux BuximHuX qaHux Ly =6,5M, R4=821 M, d=1,5 M orpumaemo X, = 0,264 m.
BiuHi cuim Ha ocsix aBToOyca:

_ _ _ _ La(Ra+La)(Latd)]
P516 - k616(9 6616’) - k616(LA [(RA+LA)(LA+d)+2RAd](RA—0,SB))’
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_ _ _ _ La(Ra+La)(Lat+d)]
P613 - k513(9 6613) - k613(LA [(RA+LA)(LA+d)+2RAd](RA+0,SB))’

_ _ La(Ra+Lg)(Lytd)
Ps2e = Ks26062¢ = Ks2sLa (R4—0,5B)[(Ra+La)(La+d)+2R4d]’

— — La(RatLa)(Latd)
Ps2; = Ks2:0525 = Ks25La (R4+0,5B)[(Ra+La)(La+d)+2R4d] (20)

Puc. 2. Cxema moBopoty LLI3A i3 caMoyCTaHOBIIOBaJbHUMHE KOJIECAMH OCI ITpHYeria

[opiBHsIEMO Mik c000t0, HAIPHUKIIAA, BHYTPIlIHI KyTH BiIBEJICHHS KOJIIC MEpIIOi 1 Ipyroo oci aBrodyca.
JU1st 1bOTO BU3HAYMMO Pajiyc MOBOPOTY aBTOOyca, Buxoasuu i3 ymosu Bukonanus Bumor JICTY UN/ECE R
36-03:2002, R,. = 12,5 m. OTpumaemo, M:

Ry =+R2 — (Ly — X,)? — 0,5B=8 4.

Tomi,

_ _ _ _ La(RatLa)(La+d)] _ )

_ _ La(Rg+Lg)(Lat+d) _
Ps2s = ko260625 = ko2sLa (R4=0,5B)[(Ra+La)(La+d)+2R4d] 3,92kz2s.

st BU3HAUEHHs KoJjeca, 3a SIKUM CJIiJI BU3HAYaTH NMPHUIyCTUMY Oa3y mpuyena, HeoOXiTHO pO3IIITHYTH
(akTopH, 110 BIUIMBAIOTH HA KOeilieHT onopy BiaBeaeHHs. Takumu pakTopamu, y MEpILy Yepry, € BeTUInHa
HaBaHTa)XEHb HA BHYTPIIIHE 1 30BHIIIHE KoJieco npuyerna. [Jist IX BU3HAYeHHS PO3TIITHEMO PYX aBTOIOi3/1a Ha

MTOBOPOTI.
BinnentpoBy cuity, 1o Ji€ Ha IPUYiNl MOXKHA 3alMCaTy Y BUTIISIIL:
2
v
Pg, =m, 4 (21)

1ie m, — Maca, 1110 IIPUIIaJae Ha MPHYIl; v — MBUIKICTh PyXy aBTOIMOI3/1a; R — pajiyc IOBOPOTY IpHUYera.
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Cwuiia oniopy KOUEHHIO IIPHYETIA;
Pr = G,f. (22)

ne f— koedilieHT Omopy KOYEHHIO KOJIiC MpHYera.

HopwmanpHai peakmii ormopHOi TOBEpXHi, IO AiIOTh HA BHYTPIIIHE 1 30BHINIHE KOJIECO TpUYera 3alicani y
BUTJIAIL:
al’l

4’_Ln Gn gl ijl i; PBn! (23)

h
91 —
PBn’ Z3 - 2L,

_ 4y hgl
Zs - Z_Ln Gn 2L, P]x

1€ a,— BIJICTaHb Bi/I IEHTpa Mac MpHUYerna [0 TOYKH 39illKH 3 aBTOOYCOM; /g — BUCOTA IIEHTpa Mac IMpUIera;
G — cuna TSOKiHHS BiJl TOBHOI Macu npuyena; Pj, — cria ornopy KOueHHs mpuyera.

Po3paxyHOk HOpMaJbHHX peakiiii OMOpPHOI MOBEpXHI Ha Kojieca OcCi Ipu4Yena BHKOHAEMO 3a TaKHX
BHUXITHUX maHux [15]:

— Maca, 1o npwuragae mpudin my; = 10000 kT

— CcuJIa TSDKIHHS Bijl MOBHOI MacH npuyena — G, = 98,1 kH;

— 0a3za mpuyerna 8 Mm;

— BHCOTA IIEHTpa Mac npudena — Ag, = 1,15 m;

— kodist mpuyena B = 2100 mwm;

— IIBUJKICTB PyXy aBTONoOi3aa — v = 5,0 M/c;

— pyX aBTOMOI3aa — ycrajaenui, P = 0;

— KoeiIlieHT omopy KOYECHHIO KoJjic mpuuena, f = 0,02;

— MiHIMQJILHO IPUITYCTHUMHUH pajiiyc IOBOPOTY HEKEPOBAHOTO HAIiBIIPHYETa [R,, mm] =6,56 M.

3a TakuX BUXITHUX JaHUX BiJIIEHTPOBA CHJIA, CHJIA ONIOPY KOYEHHIO ITpHYena i HOpMajbHi peakilii ormopHoi
MTOBEPXHi, IO AIFOTh HA BHYTPIIIHI i 30BHIIIHI KOJIeca IpUYeria, CKIaan

2
Py, = =2 = 381104, (24)
P; = G,f = 1962H, 25)
Zy =226y - S p — NPy = 38172H Z, = -G, — 12 Py + 2 Py, = 59928H (26)
8 4L, ]X Bn — Lnn n 4L, sz Bn —

3a Takoi cyTTeBo'l' 3MIHM peakliii mo OopTam BO3MKa HaIliBIpUYera HEOOXiHO BpaxoOBYBaTH 3MiHY
KoedilieHTa onopy 6i4HOMY BiJBEIECHHIO KOJiC HOro OCeil BiJ HOPMaJIbHOI'O HaBaHTa)KEHHS Ha Koieco. Y
pobori [2] A. A. AHTOHOB JUIsi BU3HAUeHHs Oi4HOI peakilii Ha Kojecax oced aBTOMOOINS 3alporOHOBYBaB
3aJIeKHICTB!

Y = qk..6. 27)

ne 4 = qndr9¢ 9y d=~9ep9syQuy> Kes — EKCTPEMATIBHE 3HAUEHHS KOedillieHTa k,,, B 3aJIEXKHOCTI BiJl HOPMAJILHOI
peakiii B KOHTaKTi Kojeca 3 OIMOPHOIO MOBEPXHE0; Gy — KOeilieHT BILIMBY Ha BiIBEACHHS TEPEPO3IOALTY
HOPMaIIbHUX OTMOPHUX PEAKIH; g7 — KOEDILIEHT BIUIMBY TATOBUX 1 TAbMIBHUX CHII; ¢y, — KOE]IIIEHT KyTa
HaXWIy TIOHIMHHU KoJieca IO OTOPHOI MOBEPXHi; ¢, — KOe]illi€eHT THUCKY TOBITPS B IIHHI; (,, — KOSIIiEHT
BiJIBE/ICHHSI 3a/IHIX KEPOBAHUX KOJIC; (,,— KOEDIIEHT HECTATIONO BiJIBENECHHS; g — KOEDILIIEHT ypaxyBaHHs
SIKOCT1 JIOPO’KHBOTO TOKPUTTS; §~ — KOS(II[iEHT ypaxyBaHHS KOJMBaHb KoJieca BHHUKAIOYHX TPU PycCi IO
HEPIBHIN MIOBEPXHI; ,, — y BUIAJIKY PyXY KOJIECA 110 [PYHTOBIH 10PO3i.

3a ekcruTyaTauii aBTONoi3a Ha I0porax i3 TBEpAUM IMOKPUTTSIM Ta 32 YMOBH HOMiHAJIbHOT'O TUCKY ITOBITPS
B IIMHAX JJIsl IpUYeIia MOKHA MIPUIHATH HacTymHe [2]:

A~ =Gqp=qes = Qe =y = Qu=0q¢p = qr = 1. (28)
Toxi onepKuMo:
Y = qnk,;0. (29)
KoediuieHT gn, 10 BX0OUTh Y BUpa3 (28), BU3HAYAETHCS SIK [2]:
_ ARzg ARzp\3 _ ARzE\ _ ARzE\? ARzE
av=1-06(% - ) +0.4( — ) —o01( — )-o01 (—RZE ) sgn 2, (30)
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ne AR, = R; — Ry ; R; — HOpMaJlbHA pEakIlis OIOPHOI TMOBEpXHI HAa Kojieca BO3WKA HAIliBIPHUYETIA;
R, — HOpMaJIbHA peakiiis OIOPHOI MOBEPXHi, 1110 BiIOBIIA€ EKCTPEMaIbHOMY 3HAUYEHHIO Koe(DillieHTa Omopy
OiuHOMY BinBeneHHIO; k,, — eKCTpeMalibHe 3HaYeHHs KoedilieHTa omopy OIYHOMY BiJBEIEHHIO ISl IIUHH
275/70 R22,5, k,,=89,85 xH/pax;

HopwmanpHa peakiist oopHOT MOBEpXHi, IO BiANOBIIAE EKCTPEMaIbHOMY 3HAYEHHIO Koe(illieHTa OTopy
O19HOMY BiJBEICHHIO BU3HAYAETHCS SIK [2]

2 ;N2
Rz> = Rauon — 0,0726 (22) (%) (”n—“*) H(D? — d?)? [3,75RZH0M + 15— 1000 (ﬁ) DBZ\/g], (31)
ne Rzwow — HOpMaJIbHA PEAKIIisl OTIOPHOI MOBEPXHi, IO BiAIOBia€ HOMIHAIGHOMY THCKY TOBITPS B IIWHI
275/70 R22,5, 1m0 BCTaHOBIIEHA Ha MpHYeIi, Rzwon = 73500 H; H — Bucora npodimo mman, H = 0,193 Mm;
D, d — 30BHiWHIH i BHYTpiHiA giametpu munu, D = 0,957 M, d = 0,576 M; B — mupuHa npoQiito MWuHH,
B = 0,275 ™; ne, — KITBKICTD TIapiB KOPAY IIMHHA, Hey = 8.

Juia mMx mHMH HOpMaibHAa peakilis OMOPHOI IMOBEPXHi, IO BIATOBITAE EKCTPEMAIBHOMY 3HAYEHHIO
KoedilieHTa onopy 6iYHOMY BiZiBelIeHHIO, cKiiana Rz = 92,89 kH.

Ha puc. 3 HaBeneHo rpadik 3MiHH KOpeTyrodoro KoedillieHTa ¢y, 10 BHU3HAYA€ BIUIMB BEPTHUKAIHHOTO
HaBaHTA)KCHHS Ha OIIip BiIBEICHHIO KOJIeca, SIKUH CKJIaB:

— JIJIs1 IIIMH KOJIIC 30BHIIIHBOTO 00pTY ¢gn;s = 0,9881;

— JIJIS1 IIIMH KOJIIC BHYTPIIIHBOTO 00pTY ¢ne = 0,9987.

1 %
0,998

0,996

¢iuieHT, qN

-

Koperyloumii koe

0,994

0,992 \
0,99 \r

0,988 i
40 50 60 70 80 920 100 110

HaBaHTAaXeHHA Ha Koneco, KH

Puc. 3. 3miHa Koperytodoro koedilieHTa, 10 BU3HAYAE BIUIMB BEPTHKAIHHOTO HABAHTAXKEHHS Ha OIIip BiIBEICHHIO KoJieca Ipruyerna

Sxuio npuitHsTH, 10 O1YHA CHJIa OJJHAKOBO JIi€ Ha MpaBe i JIiBe KOJIeCo MpHUena, i eKCTpeMalbHe 3HAYCHHS
KoeQillieHTa OMNOpPY BIJABEICHHIO TAaKOX OJHAKOBE, TOJlI MaKCHUMaJlbHy MpPHUIyCTHMY 0a3ly mpudena i3
CaMOYCTaHOBJIFOBAILHOIO BiCCIO CJIiJT OI[IHIOBATH 110 MAaKCUMAIBHOMY KyTY OIYHOTO Bi/JIBE/IEHHS 30BHIIITHHOTO
KoJieca 3aJ{HbOi oci aBTo0yca.

[Mpuiimarouu Ti % YMOBH, IO 1 JJIsSi HEKEPOBAHOTO MPHYENIa i TaKi, 0 BiJINOBIJAIOTH 3aJ]AHOMY PEKUMY
noBopoty III3A, otpumaemo:

623.max < [623.777.0.)6]’ (32)
_ Ly+d

Os2s = (1+k)(R4+0,58)' (33)

RHmin > [RHmin]r (34)

MiHiIMaJIbHO JOITYCTUMHI pajiyc MOBOPOTY MpHUENia BU3HAYAETHCS 32 YMOBU BUKOHaHHs BuMor JICTY
UN/ECE R 36-03:2002, T0610 [R/7min] = Rgr + 0,5B = 5,3 + 1,25 = 6,55 m.

Pmin > [(Pmin]a (35)

JonycTuMui KT [(yin] BU3HAYAETHCS 3 PiBHSIHHS (9) 32 yMOBH, 10 KoedilieHT £ nopiBaioe 0.
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R .
[Pmin] = 7 — arctg A% — arctg “min = 0,85 pan,
RA LH

Jilicamii KyT He 3MiHKBCA y nopiBHAHHI 3 LII3A 3 HEeKepOBaHNM IPUYETIOM 1 CKIIaB @y, = 0,98 paz.

HiiicHuil paniyc MOBOPOTY NMpHuena TOPIBHIOE paiiycy MOBOPOTY aBToOyca 3a komoBoro pyxy LI3A i
cknmaB R, . = 8,4 M.

TaxkuM 4rHOM, y pa3i 3aCTOCYBaHHS CaAMOYCTAHOBIIOBAILHUX KOJIC OCi MpHUYeria YMOBU @ win > [ @uin] 1
Rivin > [Rivin] BUKOHYIOTBCS, 1 aBTOOYCHHUH TOi3/1 13 CAMOYCTaHOBIIOBAJILHOIO BICCIO MPHYEIa 3aralbHOI0
noBxuHO0 22 M 3aa0BoapHsAe BuMoraMm JICTY UN/ECE R 36-03:2002 o010 MaHEBPEHOCT!.

OO0roBopeHHs pe3yJIbTaTiB

ABTOOYCH BiJliTpalOTh 3HAYHY POJIb y CHCTEMI TPOMAJCHKOTO TPAHCIIOPTY Ta MIKMICHKOMY CITOTyYeHHi.
CsitoBuii mapk Haniuye Oinbpme 500 MIH. OAMHHUIB Pi3HOI MacaKUPOMICTKOCTI — BiJ 0cOONMBO Maioi 10
0co01mBo Benukoi. [1Jist palioHanbHOT opraHizallii nepeBe3eHb MacaKUpiB Y BEJIMKUX MiCTax YacTKa aBTOOYCiB
BEJIMKOI Ta 0COOIMBO BEIMKOI MICTKOCTI MOBUHHA ckiaanaTty Bix 30 no 60%. ABToOycH BEIHMKOI 1 0COOIUBO
BEJIMKOI MICTKOCTI, SIK MpaBwjo, mapHipHo-3wieHoBaHI (LI3A) macaxupomictkictio Bix 180 mo 250
MacaXupiB Ta rabapuUTHOIO JTOBKHUHOI 110 18,5 M, 1m0 HeoOximuo s BukonanHs Bumor JICTY UN/ECE R
36-03:2002.

B Vxpaini [lpaBunamu 7opoXKHBOTO PyXy J03BOJICHA 3arajibHa TOBXHHA aBTOMNOi31a Ha piBHI 22,0 M. 3a
TaKoi TOBKUHU MacaXupoMicTKicTh III3A 3Ha4HO 30LTBIIYETHCS, TPOTE BIAKPUTUMH 3ATTUINAIOTHCS TUTAHHS
MaHEBPEHOCTi 1 CTifiKocTi pyxy Takux aBToOyciB. Ilomimmmru maneBpeHicth Takux III3A moxmuBo 3a
PaxyHOK YIIpaBIiHHS KOJIECAMH MPHUUIMTHOI CEKIIii, sKe MOXKe OyTH SK AMHAMIYHUM (IUITXOM TajJbMyBaHHS
OJTHOTO i3 KOJIiC MpHYerna Ha IOBOPOTi), TaK 1 KIHEMaTHYHUM, 30KpeMa 332 paXyHOK CaMOYCTaHOBIIIOBATBHUX
KOJIic mpuuena. 3a HasBHOCTI HEKEPOBAHUX KOJIIC MPHUYINHOI JaHKH miJ yac noBopoty LII3A Ha HUX AilOTH
3HAYHI MMOTIepeYHI HABaHTaXEHHsI. Y Pe3yJbTaTi CIIOYaTKy BiOyBaeThCs OidHE BiIBEACHHS KOIIC, a 3rOA0M
MOJKJIMBE TX KOB3aHHS 110 IOPOXKHil TOBEPXHi, 110 3[IaTHE MOTIPIIUTH KypCOBY CTIMKICTh aBTOMOI3/a.

VY 3B’s3Ky 3 MM TpU BU3HAYCHHI MAaKCHMAJIBHO JOMYCTHMOI 0a3W HEKepOBaHOTO MpHYerna JOLITBHO
BpPaxoOBYBAaTH TOJATKOBUI KPUTEPill — TPAaHIUYHO JOMYCTUMHMA KYT BiBEIEHHS HOro KoJic. 32 po3pobiIeHo0
MaTEeMaTHYHOI MOJIEJUTIO MPOBEIESHO MOPIBHSIHHS MIHIMAIBHOTO JOMYCTHMOTO KyTa CKIIQJaHHA 1 pajiyca
MOBOPOTY NpHUYera 3 peaJbHUMH iX 3HaYCHHSMH, 3a SKMM Oylio BcTaHOBJIEHO, mo LII3A 3 HekepoBaHUM
npudenom He 3agoBosbHsie BUMor ICTY UN/ECE R 36-03:2002.

VY pasi 3acTOCyBaHHS CaMOyCTaHOBIIOBAILHUX KOJiC O19HI CHIJIM Ha OCl TTpHYena HaOIMKAIThCS 10 HYJIS.
[Tpu npoMy MiHIMANBHUI KYT CKJIaJJaHHS 1 MiIHIMAITBHUI paJiiyc MOBOPOTY NpUYENa MePEBUIIYIOTh IOy CTUMI
i I3A 3anmoBosbusie Bumoram JICTY UN/ECE R 36-03:2002 miono MaHEBPEHOCTi, MPOTE BIAKPUTHM
3aJTUIIAETHCS MUTAHHS MO0 CTIHKOCTI PyXy TaKoro aBTo0yca, 1o HEOOXiTHO BUPINTyBaTH.

BucnoBku

[TokazaHo, 0 MaKCUMAJIBHO JOIMYCTUMY 0a3y HEKEpOBAaHOTO NpHYena MOJKHA BU3HAYATH 110 rabapUTHIN
cmy3i pyxy LLI3A 3 ypaxyBaHHsIM OI9HUX CHJI, IO BUHUKAIOTH Ha KOJIECax HOTo Oceld, IPH IIbOMY JI01aTKOBUM
KpUTEPIEM ISl OLIHKK MaKCUMAaJIbHO JIOMyCTUMOT 0a3u MpHUena MOXe CIIy>KUTH MaKCHMAIBHO JOIMYCTHMUN
KYT BiJIBEIEHHsI HOTO KOJIiC.

Bcranosieno, mo 1I3A 3 HekepoBaHUM npuyeniom 3 0a30t0 8 M HE 3aI0BOJIBHAE BUMOT HOPMAaTHBHUX
JOKYMEHTIB. Y pa3i 3aCTOCYBaHHSI CaMOYCTaHOBIIIOBAJIBHUX KOJNIC MpUYerna MiHIMaJIbHUN KyT CKIaJaHHs 1
MiHIMaTbHAN pajiiyc TIOBOPOTY NpHuena nepeBuiytoTs gomyctumi i III3A 3amoBosibuse Bumoram JJCTY
UN/ECE R 36-03:2002 11010 MaHEBPEHOCT], MPOTE BIIKPUTUM 3IMIIAETHCS MUTAHHS IIOJ0 CTIHKOCTI PyXy
TaKoro aBTo0yca, 1Mo HeoOXiTHO BUPIITyBaTH.
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A. Kotenko

Determination of maneuverability of an articulated bus with self-steering wheels
on the trailer axle

Lutsk National Technical University

The article investigates the features of ensuring the maneuverability of articulated buses of large and extra-large capacity with
a total length of up to 22.0 m. In global practice, articulated buses are widely used; however, their operation is associated with a
number of structural and operational limitations, particularly related to maneuverability and vehicle stability. In Ukraine, the Traffic
Regulations permit a maximum road train length of up to 22 m, which makes it possible to increase passenger capacity. At the
same time, this complicates the achievement of requlatory maneuverability parameters in accordance with the requirements of
DSTU UN/ECE R 36-03:2002. In this regard, studying the motion parameters of articulated buses and searching for constructive
solutions that can ensure the required maneuverability and stability of such vehicles is an important task.

The paper examines the turning characteristics of an articulated bus consisting of a bus and a single-axle trailer. It is shown
that when the trailer wheels are non-steered, lateral forces occur during turning, causing lateral slip angles and subsequent sliding
of the wheels along the road surface. This may lead to deterioration of the road train stability; therefore, an additional criterion for
estimating the maximum allowable trailer wheelbase is proposed, namely the maximum permissible slip angle of its wheels. Based
on the developed mathematical model, a comparison of the minimum permissible articulation angle and the turning radius of the
trailer with their actual values was performed. The results show that an articulated bus with a non-steered trailer with a wheelbase
of 8 m does not satisfy the maneuverability requirements of the regulatory document DSTU UN/ECE R 36-03:2002.

It is shown that when self-steering wheels of the trailer axle are used, the lateral forces acting on the trailer axle approach
zero. Under such conditions, the minimum articulation angle and the minimum turning radius of the trailer exceed the permissible
values, and the articulated bus satisfies the maneuverability requirements of DSTU UN/ECE R 36-03:2002. However, the issue
of ensuring the stability of motion of such a bus remains open and requires further investigation.

Keywords: articulated bus, lateral forces, slip angle, articulation angle, maneuverability, turning radius, overall length.
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METHOD OF DESIGN CALCULATION OF A PARAMETRIC
SINGLE-STAGE PRESSURE PULSE GENERATOR WITH
ADJUSTABLE PRESSURE "CLOSING"

Vinnytsia National Technical University

On the basis of a qualitative analysis of the structure and principle of operation of a parametric single-stage
pressure pulse generator with adjustable pressure "closing” p2, the design of a prototype of the generator was
developed. The article describes the principle of operation of the developed structure and describes the design of
structural elements and their interaction with other structural elements from the justification. The design calculation
methodology is developed on the basis of generally accepted engineering and scientific principles and experience
in the design and operation of equipment based on pneumatic and hydropulse drive of vibration and vibration shock
machines. The paper presents a sample of initial data that is necessary for the development of a design calculation
methodology for a parametric single-stage pressure pulse generator with adjustable "closing” pressure p:.

Based on the analysis of the design of the prototype of the generator, the accepted initial (input) data and the
experience of designing a hydropulse drive and pressure pulse generators given in the literature sources, a method
of design calculation of a parametric single-stage pressure pulse generator with adjustable pressure "closing" p2 has
been developed and its main energy, power and geometric parameters of the design of the prototype of both a
hydropulse drive and a generator have been determined pressure pulses. The presented mathematical
dependencies allow you to change the parameters of the pressure pulse generator to the corresponding technical
and economic parameters of the technological process.

The paper also substantiates the use of the concept of "cyclic pressure pulse coefficient”, the exact value of
which can be found only based on the results of experimental studies of a prototype of a pressure pulse generator.
For the design calculation, based on the recommendations of the researchers of the hydropulse drive, a margin
factor within 10 ... 25 percent of the face value.

Keywords design calculation methodology; pressure pulse generator; sealing; hydraulic link; hydraulic pulse
drive; press; drive; feed; pressure; stroke.

Introduction

The analysis of the results of experimental studies of the HPD [1 — 7] shows that in the well-known designs
of pressure pulse generators (PPG), the pressure of the energy carrier p; "opening", and the pressure p»
"closing" is clearly regulated , due to the inertia of the flow of the energy carrier and excessive movement of
the shut-off and control element (no limitation of its working stroke /4) PPG fluctuates within relatively wide
limits, usually in the direction of decreasing from the calculated value. This nature of pressure change p> affects
the stability of the frequency v of pressure pulses and their amplitude A7 = p; — p», and this worsens the quality
of the technical characteristics of the PPG and the HPD as a whole.

The described problem is to some extent solved in the design of a parametric single-stage PPG, for example,
according to the scheme of connection "combined" to the actuators of the hydropulse drive (HPD). The
structural diagram of this PPG, for example, as a servo drive of a two-stage PPG, is shown in Fig. 1 [8]. The
pressure regulator p, "opening" consists of two concentrically mounted springs 4 and 5, placed in the boring
of the regulator cup (the glass is conditionally not shown), while the spring 4 through the plunger 3 loads the
shut-off and control element / of the PPG. Plunger 3 is located in the axial boring of the movable stepped
sleeve 2, pressed in its original position through the shoulder to the PPG body (conditionally not shown) by a
spring 5. Preliminary deformation of the spring 4 (yo;) and 5 (y'o;) is adjusted, respectively, by screws 6 and 7.
Screw 6 is placed in the axial threaded hole of screw 7. Structurally, the assembly of the regulator of energy
carrier pressure levels p; and p> (parts 2 — 7, the regulator housing is conditionally not shown) is designed as a
separate assembly unit [8].

The dimensional chain of the axial assembly of SRE 7 and bushing 2 is calculated in such a way that in the
initial position, the gap between the right (according to the drawing) end of SRE / and the left end of the
bushing 2 is equal to the positive overlap 4, of the spool part of the SRE /. The stroke of the bushing is equal
to the negative overlap 4, SRE 1.
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The main frontal section of the structural scheme without overall dimensions and dimensions of the fittings
of the conjugations of a parametric single-stage PPG with adjustable pressure "closing" p> in the butt design,
for example, for connecting to the distribution parallelepiped [2, 3] of the flow of the energy carrier HPD (there
may be a so-called "pipe" [2, 3] version), is shown in Fig. 2 . The design of the PPG is built from three assembly
units (blocks) - distribution of the energy carrier, throttle for adjusting the landing mode of the shut-off and
control element (SRE) and the regulator of the pressure levels "opening" p; and "closing" p: of the PPG.

;
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Fig. 1. Structural diagram of a parametric single-stage PPG with pressure regulation p> "closure"
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Fig. 2. Main frontal section of the structural diagram of a parametric single-stage PPG with adjustable "closing" pressure p2

The outlets 4.; and 4., respectively, can be connected according to the scheme "at the inlet" with the cyclic
accumulator and the first plunger hydraulic cylinder, and in the case of using a piston hydraulic motor in VM
(or VIM), with its piston cavity, and according to the scheme "at the outlet" with the second plunger hydraulic
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cylinder, or in the case of using a piston hydraulic motor as an actuator link of the HPD, with the rod cavity of
this hydraulic motor (hydraulic cylinder). In case of use developed by PPG as a servo drive of a two-stage
PPG, the outlets A.; and 4., are connected to the control cavities of the second stage according to the
corresponding schemes [3]. In sleeve 2 there is a valve-spool shaped SRE 3. The spool part of the shut-off
element 3 has four working edges, through which a row (no) of radial holes of small (calculated) diameter
do.- = hy, located in a strictly radial plane (see section 4 - 4 in Fig. 2) in sleeve 2 positive A, and negative Ay,
overlap SRE 3. Number of no holes, for example (@2,0... 4.0) mm, determined by the condition of providing
the required passage area of a fully open spool slot SRE 3, Ay, = mdrhy = = wd’o:ny / 4 = 0.785-d° om0 =
= (.785 h2sn,). The valve part (conical chamfer with a cone angle of 60° + 30, the average diameter of which
corresponds to the cross-sectional area A'; (here A'; = f;, see Fig. 1) SRE 3 is in contact with the seat 4 installed
in the boring of the body /, coaxial with the boring for the sleeve 2, and fixed with a threaded plug 5 with a
central blind hole connected by a through radial hole in the plug 5 with a pressure hydraulic channel Rs for
supplying the energy carrier to the PPG.

With the threaded part of the cup 6 of the regulator of the pressure levels "opening" p; and "closing" p2,
the PPG sleeve 2 is pressed against the seat 4, and the SRE 3 is loaded with a spring § through the pressure
plunger 7, the ends of which rest on supports 9, which are in contact with the spherical ends of the pressure
plunger 7 and a ball rolled into the end of the adjusting plunger /3, located in the tubular piston /2, which,
according to the running fit, is mated to the surface of the central axial boring in the cup 6. The tubular piston
12 is the right (according to the drawing, see Fig. 2) spring support /0 of the pressure regulator p; "closing"
the PPG. The left end (according to the drawing, see Fig. 2) of the spring /0 rests on the flange of the stepped
sleeve 17, which, according to the running fit, is mated to the surface of the through axial hole in the part of
the cup 6, which is screwed into the body /. In the central axial opening of the stepped sleeve /7 according to
the running fit, a pressure plunger 7 is installed. Between the left end of the SRE 3 and the right end of the
stepped sleeve 17 (according to the drawing, see Fig. 2) in the initial position, a gap Asyis provided, equal to
the positive overlap of SRE 3, after which on SRE 3, in addition to the action of the spring force § on it, another
force is added from spring /0 - the pressure regulator p; "close" the PPG. Springs § and /0, so that in the event
of a breakdown of one of the springs, there is no jamming with debris that can get stuck between the turns of
the other spring, wound in different directions; One has the direction of the right helical line, and the second
has the direction of the left. In addition, this method of manufacturing to some extent compensates for possible
skewed lateral forces from springs & and /0. The pre-deformation y01 (see Fig. 1) of the spring § — the pressure
regulator p/ of the "opening" of the PPG, is changed by means of an adjusting screw 11 screwed into the
tubular screw /6, which is connected to the cup 6 by a thread on its outer surface. The tubular screw /6 changes
the pre-deformation y»’; through the tubular piston 12 (see Fig. 1) of the spring /0 - the pressure regulator p:
"closes" the PPG. The position of the screw 11 and the tubular screw 16 is fixed, respectively, with lock nuts
14 and 15.The axial holes "a"” in the cup 6 connect the boring of springs 8 and 10 with the intermediate drain
cavity of the PPG, which with the hole 7., is connected to the drain cavity of the hydroelectric power plant for
power supply with the energy carrier HPD VM or VIM.

The throttle for adjusting the landing mode SRE 3, during its reverse stroke, consists of a choke body /8
docked to the body / of the PPG, a needle /9, which has a conical (needle), cylindrical and threaded parts,
and a threaded plug 20. The central axial hole of the body /8 of the throttle has a stepped cylindrical shape,
the smaller diameter of which is covered by a needle 79, is connected by two radial hydraulic channels to the
corresponding bores of the body /: with the intermediate cavity B2 SRE 3 PPG and the drain hole 7. (see
Fig. 1). The threaded hole, closed with a plug 20, is designed to install a sensor for registering changes in
pressure in the intermediate cavity SRE 3. The position of the needle 79 is fixed with a lock nut 2/.

Research results

To develop a method for the design calculation of a parametric single-stage PPG with adjustable pressure
"closing" p: , the basic initial data should be enough to calculate all the energy, power, kinematic and geometric
parameters of HPD and PPG, which allow developing the design of a prototype (DP) of both HPD and PPG.
The experience of design, experimental research and production of a prototype of HPD and PPG shows,
basically, these are the following data [6, 9 -14]:

— type of hydraulic pump of the pumping (or pumping and accumulatory) power station of the HPD. Based
on the experience of operation of the HPD [2 — 6], hydraulic pumps of the NSH type have proven themselves
best in the HPD, since they do not have suction and discharge valves that quickly fail when operating under
conditions of pulsating pressure with a significant amplitude [2 — 6]. Supply O, hydraulic pump in the methods
of design calculation of the HPD of technological VM and VIM is the calculated value, so a specific type of
hydraulic pump is selected after determining Q,;
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— the nominal pressure of the "opening" of the PPG, as a rule, is prescribed p; = 10 MPa (in necessary
cases, p1 > 10 MPa can be prescribed, for example, when it is necessary to develop a compact mechanism,
since modern pumps of the NSH type can operate with an energy pressure of up to /16 MPa);

— the frequency control range of pressure pulses v is determined by the supply On of the hydraulic pump,
the initial total volume Wy of the pressure cavity A4 of the hydraulic system HPD (this includes the volume Wa
of the cyclic accumulator, if it is present in the hydraulic system of the drive), the internal gear ratio u2/ PPG
and its conditional passage. Approximately, we assign v = (10... 100) Hz (Ve = 100 Hz);

— approximately assign the preliminary internal gear ratio of PPG uy; = 0.06 ... 0.12 then by 8 = [ and
¢ = 1, the pressure of the "closing" of the PPG will be regulated in the range of p> = (0.49 ... 0.69) p:;

— approximate ranges for adjusting the preliminary deformation of springs: 8 — yo;=(5.0... 18.0)-10° m;
10 — /o, = (5.0... 18.0)-10”° m (see Fig. 1);

— it is recommended to choose the grade of working fluid (energy carrier) for GL HPD and PPG from a
number of mineral oils used for hydraulic pumps of the NSH type. For gear pumps, it is recommended to use
high-quality hydraulic oils with anti-wear additives (class HLP/DIN 51524-2 or HVLP/DIN 51524-3) and
viscosity corresponding to the operating temperature (most often ISO VG 32, 46, 68). They provide wear
protection, oxidative stability and reliable operation at high pressures;

— average modulus of elasticity of the energy carrier k = 1.45-10° MPa;

— approximate values of moving consolidated masses m;3 (SRE 3), parts 7 (my), 9 (m7), 17 (m;7) and springs
8 and 10 (~ 0.3 m pr is taken into account);

— permissible flow rates of energy carrier in pressure /v,/ and drain /v.;/ hydraulic lines of the hydraulic
system HPD and PPG, which are assigned according to the recommendations [15];

— grades of structural steels of the main parts of PPG (see Fig. 2.2): hull 7 —steel 45, or 40X, 34... 42 HRCe
(hardening in lubricant, tempering); SRE 3 — steel [[IX15, 62... 64 HRCe (quenching in lubricant, tempering);
sleeve 2 - steel IIX15, 58... 60 HRCe (hardening in lubricant, tempering); saddle 4 - steel ILIXI5,
58... 60 HRCe (quenching in lubricant, tempering); springs § and 10— steel 60C2VA, 53... 57 HRCe (quenching
in lubricant, tempering). The materials of other parts of the PPG and the type of their heat treatment during the
development of its PD are assigned based on the results of a detailed analysis of their service purpose and
working conditions;

—methods of organizing communications between the links of the HPD and PPG and the hydraulic pumping
(hydraulic pump-accumulator) power supply station of the PPG are selected by the designer in accordance
with the conditions of specific technological processes that are implemented with the help of the HPD of a
specific VM or VIM;

— approximate initial total volume Wjs of the pressure cavity 4 of the hydraulic system of the HPD and the
volume Wa of the cyclic hydraulic accumulator, if it is available in the hydraulic system of the drive,
respectively: Wor = 1107 m;  W,= 0.5-10° m;

— the qualities of accuracy of conjugations and details of PPG are assigned by the designer during the
development of the PPG PD based on the results of a detailed analysis of their service purpose, physical
principles of functioning and working conditions.

If necessary, in addition to the above data, additional clarifying data can be added to this list, and it is also
necessary to take into account the acquired experience in the design and operation of VMs and VIM with a
hydropulse drive [1 — 14] and technical indicators of the purpose.

The QH supply of the hydraulic pump is the main parameter, which, with fixed other parameters of the
operating cycle of the drive (pi, p2, Wosmax = Wos + Wa, K, Vimax, Hon and A';), determines the upper limit of the
frequency vmax of pressure pulses generated by the PPG.

Experimental studies of the HPD [2 — 6] have established that at the time of completion of the discharge of
the energy carrier from the cyclic accumulator (conditionally not shown in Fig. 2) into the cavity of the first
executive hydraulic motor (conditionally not shown in Fig. 2), the HPD through the hydraulic channel 4.; PPG
(see Fig. 2), there is no pressure holding at the level of p;. Hydraulic channel 4.; The PPG is connected
according to the scheme "at the inlet" to the first executive hydraulic motor. The discharge of the cyclic
accumulator begins immediately after the opening of the SRE 3 PPG, and the final level of the discharge
pressure of the cyclic accumulator is equal to p; of the pressure of the "closing" of the PPG. The increase in
pressure in the cyclic accumulator to the level p; occurs when the SRE is closed 3 PPG. can be evaluated by
classical dependence [2, 3]:

Iy :p]'W()Zmax/(K'Qn)- (1)

During the same time ¢,, the pressure of the energy carrier rises to the level p; in the cavity of the second
actuator hydraulic motor (conditionally not shown in Fig. 2) the HPD, which is connected according to the
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scheme "at the output" to the PPG through the hydraulic channel 4. (see Fig. 2). It should be noted that the
dependence (1) characterizes the first pressure pulse of the energy carrier after switching on the PPG without
taking into account transients. For subsequent pressure pulses, When the oscillatory process of change in the
pressure of the energy carrier stabilizes, it approximately occurs after the second pressure pulse [3 — 12], to
calculate the time TN, the formula should be used:

th = Ap-Wos /(k-Qn), (2)

At the moment of opening the SRE 3 PPG, the process of charging the cycle accumulator and the working
stroke of the moving link of the second actuator hydraulic motor (plunger or piston of the hydraulic cylinder)
continues until the SRE 3 is completely switched. Based on these considerations, the total charging time of the
cycle accumulator is equal to the time .., = tg42 Of the full working stroke of the moving link of the second
executive hydraulic motor, can be given as the sum

Lrzea = trhgdZ =t+ tpg, (3)

where 2,4 is the switching time (forward travel) of SRE 3 PPG. The full period 7¢ of pressure fluctuations in
the pressure cavity 47 (see Fig. 1) can be represented as a dependence

Tt = lzca + trea + twit = tn + tpg + trea + twit = tn[l + (tpg + trea + twit)] /tn = Kct'tn = V_j, (4)

where K., = [1 + (tpe + tea + twi)] / tn is the cyclic coefficient of pressure pulses generated by the HIT;
trea = tngd2 IS the total discharge time of the cyclic accumulator, equal to the time 744> of the full reverse stroke
of the moving link of the second actuating hydraulic motor; Ty is the time of holding the pressure of the
energy carrier at the level of p; after the completion of the reverse stroke of the SRE 3. In the absence of
pressure holding at the level of p,, the duration of pressure pulses in the cyclic accumulator and the cavity
under the moving link of the second actuator hydraulic motor

t=1t+trea =1t + 1+ tangar. Q)

The throughput of the PPG is determined by the cross-sectional area A'; of the first stage of PPG sealing
(see Fig. 1 and Fig. 2). The diameter d; = (4(A"; / m)*’ = 1.13-(4";)"’, if it is counted relative to the average
diameter of the ground chamfer of the valve part of the SRE 3 (see Fig. 1 and Fig. 2), is actually the diameter
du of the conditional passage of the PPG, for the determination of which it is necessary to know the supply of
the hydraulic pump O, pumping and accumulator power station of the HPD. The theoretical value of the supply
of Q. can be calculated according to the formula known for the HPD [3]

QnT = Kct-Vmax'plmax'WOZmax-K_I'ﬂ_loh’ (6)

where K. is the cyclic coefficient of pressure pulses; non is the volumetric efficiency of the hydraulic pump
(for hydraulic pumps of the NSH type 7., = 0.95 ... 0,96 [12]). The exact value of K. can be found only based
on the results of experimental studies of the State Land Inspection Center, so it is advisable to enter into the
formula (6) the reserve factor K,, the value of which can be specified based on the results of experimental
studies of HPD and PPG. It is recommended that [3] take K, = 1.10... 1.25 then the dependence (6) will take
the form:

Qn = st'Kct-Vmax'plmax'WOZmax'K_]'r]-[on = (110 125) 'Kct‘vmax'plmax'WOEmax'K_I'n-Ion- (7)

Guaranteed shock-free contact of the SRE 3 PPG with the saddle 4 during its reverse movement is provided
under the condition of the oscillatory movement of the SRE 3 V in the resonant mode [3]:

W max /CUE] 2 \/E, (8)

where @wmar = 2vmas 18 the circumferential frequency of oscillations SRE 3, which should be taken equal to the

frequency of pressure pulses ws; =/ (ks1/m,x) is the natural circumferential frequency of the SRE system 3
— GL HPD; m;s = msge + pe-Wosmas is the total aggregate mass of SRE 3, taking into account the mass of the
energy carrier in the volume Wz (here msge = m3 + my; + my; + 0.3(ms + mjo) is the total aggregate mass of
SRE 3, which consists, respectively, of the masses of the parts (see Fig. 2) 3, 7, 17, 8 and 10 and pe is the
density of the energy carrier); ks; = k; + A2k / Wosnax is the summary total stiffness of the elastic link of the
PPG HPD VM (or VIM), taking into account the rigidity of the GL relative to the area A2 of the cross-sectional
section of the spool part of the SRE 3 PPG (see Fig. 1 and Fig. 2).

According to condition (8), the stiffness k; of the spring 8 of the pressure regulator p/ "opening" of the
PPG must satisfy the inequality

ki <277 musVimax — (A%2% / Wosmay). ).
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At the given nominal pressure p; "opening", the range of change in the pre-strain [Voimin, Yoimax] of the spring
8 of the pressure regulator p; and the internal gear ratio u2; PPG [8]:

p2<prA'/A>+ (kirhe + k'rhs) / Az + K'1:y'01 / Ao, (10)
p2=pru" (1 + 018 kihe A > (1 + 0rhe /hs,). (11)

According to the formulas (10) and (11), neglecting the sum of its terms (k;hc + k'1hs) / A2 + k'1:y'01 / Az,
the rigidity of k; can be estimated by the inequality

ki <ux™+(1 + 016 ~uz"pr-A>y o1m, (12)

where yoim = 0,5 (Voimin + Voimay) 1S the average value of the preliminary deformation of the spring & of the
pressure regulator, corresponding to the nominal pressure p/ of the "opening" of the PPG.

Equating (9) and (12) from the resulting quadratic equation, taking the positive root (the negative root has
no physical content), we find the dependence for calculating the area 4, of the cross-section and the diameter
d; of the spool part of SRE 3:

A= 0,5'u210'5p1'W()Zmax{[] + SﬂZ'VZmax'K'yZ()I / (u21']?21 W()Zmax)]aj - [} (y()Im'K')_I; (13)
dy = (4(A>/ 1)"° = 1,13-(42)"", (14)

The average cross-sectional area 4’; along the chamfer of the valve part of SRE 3 (the first stage of PPG
sealing) is calculated according to the given gear ratio u; based on the formula (10):

A" = un"(1 + 0,.8)-As. (15)

Theoretical and experimental studies of HPD and PPG [2 — 6] have established that the average O, of
energy consumption through the open gap of PPG Ay = n-d> ks, (see Fig. 1) is associated with the supply of
the hydraulic pump @, to the pumping and accumulator power station HPD by dependence

Ong = (On + Qan)ta / 14p = (Qu + Q) Tap, (16)

where Q. 1s the average supply of the cyclic accumulator; 7, = t# / t4, is the relative time of reducing the
pressure of the energy carrier in the cyclic accumulator and in the second actuator hydraulic motor of the HPD
from level p; to level p2, and t4, < t, (z4p > 1), from which it follows that Qug > (On + Qum); tap = trea = tznga 1S
the time of reducing the pressure of the energy carrier from the level of p; to the level of p».

In order to avoid negative phenomena during the operation of the PPG, such as cavitation, etc., and
according to the rules for designing hydraulic drives [15 — 16], the average speed vm, of the energy carrier
through the open gap 4, PPG should not exceed the permissible /v,/ (due to the impulse nature of the energy
carrier flow, it is possible to assume [vp/max = 15 m/s [16]).

Ving = Omg / (m-d2"hs) < [Vy] (17)
from where
Omg <md2-he[vr]. (18)

The negative overlap 4, of the spool part of the SRE 3 — no of small radial holes d, in the sleeve 2, in order
to reduce energy consumption during the opening of the HIT due to the flow of the working fluid from the
pressure cavity to the drain cavity, is assigned [2 — 6] less than the positive overlap &g, by ~ (0.5...1.0) mm
depending on the quality of accuracy of the conjugation of the spool part of the SRE 3 with its sleeve 2.
Usually, the conjugation of surfaces of the type SRE 3 — sleeve 2 is performed according to the qualities of at
least 5 — 6, according to the running fit, for example, @d> H6 /g6, which allows to ensure reliable sealing with
a positive overlap Ay, = (2.5.....4.5) mm [3 — 6].

For the developed PPG, it was assumed that d,. = hy, (A = wdons = Td0no / 4 = 0.785d° om0 =
= 0.785h’5n,, see Fig. [8], that at Ay, = 4.0 mm allows us to assign hy, = 4.5 mm and the stroke of the SRE 3
h=hgp + hey =4.5 + 4.0 = 8.5 mm. With these data and with the dependence for A, we find a simple formula
for calculating the required number of no radial holes in sleeve 2:

no= 4d2 /hsv- (19)

The total maximum flow rate Qomar = (Qumaxr + Qumar) Of the energy carrier passing through the area A, of
a fully open gap SRE 3 PPG can be estimated by a formula similar to (19):

szax = (Qumax + Qmamax) Tap = ”'dZ'hsv'[vp]max, (20)
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where experimental studies of the State Land Registration Committee of the State Inspectorate of Industrial
Engineering and Labor Statistics [2 — 6] established that Omamax = (2... 3) Qumax 18 the supply of energy carrier
by a cyclic hydraulic accumulator to the cavity of the executive hydraulic motor during the time ¢ of discharge
of the accumulator, which corresponds to the maximum possible supply of the hydraulic pump; the relative
time 74, =1, /14, > I decrease in energy carrier pressure from the level p; to the level of p. can be estimated by
the following considerations: 1) with an increase in Qum. With the scheme of connection of the PPG to the
hydraulic motor "at the output", the time ¢n decreases (see Fig. (1); 2) the time ¢4, in any scheme of connection
of the PPG is mainly determined by the speed v, of the flow of energy carrier through the area Ay, 3) it can
be assumed that 74, = = [Vi)max / [Vifnom = 15/ (5... 8) = 2... 3 (here [vi]som = (5... §) m/s is the nominal
permissible flow rate of the energy carrier in pressure hydraulic lines at pressure (70... 12) MPa [15 — 16].

Based on the dependence (21) and the formula (20) and the above considerations, after simple algebraic
transformations, we obtain a formula for calculating the maximum supply QOumer of a hydraulic pump,
corresponding to the maximum allowable speed [v,/max of the energy carrier:

Oumar = (1.04... 2.08)d> vy max” . 22)

The found value of Qumar should be compared with the calculated value of O, according to the formula (9)
and according to the average value of Q.m = 0.5:(Qumax + O), select a specific model of a hydraulic pump of
the NSH type.

Guided by the established recommendations [8], the stiffness of the spring 10 (see Fig. 2) we calculate
k't = 0rk; = 0.8'k;, where 6; = 0.8. The preliminary strain y'o; = &vo; = 1.05-vo; of spring 10 is determined
according to the initial data and the formula (y'y; = & yo), taking & = 1.05.

The height b, of the ground chamfer of the valve part (first stage of sealing) SRE 3 PPG, at which the
required wear resistance of this part of SRE 3 is ensured, is found according to the formula given in the paper
[3], having previously determined the average driving force Frem = 0.5{ ki*[h + 01 hg, + yoi(1 + 01-E)] — p2-As}
of the movement of SRE 3 on its reverse course:

by >1.38d; 1 \/ [Fpem/ (A7 - 0p)] + 1, (23)

where g, is the elastic limit of the saddle material 4 PPG. The formula (23) is valid for the angles of the cones
o = 60° of the valve part of the SRE 3 and the seat 4.

The parameters of coiled springs 8 and 10 are calculated according to the standard methodology given in
DSTU 13764-68, DSTU 23776-68), and all other geometric dimensions of the PPG are determined by the
designer during the development of the PPG PD according to the generally accepted rules for the design of
hydraulic and, in particular, hydropulse machines, mechanisms and devices [1 — 16].

After the development of the DP PPQG, it is also necessary to check for strength (for cutting and creasing)
the cutting of plugs 5 and 20 (see Fig. 2), which are subjected to cyclic load due to the action of pulsating high
pressure on these parts with an amplitude 4p = p; - p2. According to the accepted input data, the material of
case I is steel 45, or 40X, 34 ... 42 HRCe (hardening in lubricant, tempering). From the same material and heat
treatment, it is advisable to make a body /8 of the throttle for adjusting the landing mode SRE 3, and for plugs
5 and 20, use steel 45, 240 ... 250 HB (improvement, tempering). Since, in accordance with the intended type
of heat treatment, the materials of cases / and /8 are more durable, the calculation of the cutting stresses .,
and crushing o., should be performed for cutting plugs 5 and 20 according to the formulas given in the
textbooks from the course "Machine Parts" [17, 18]:

Tr = Ejapmax / (T jkpr-ipkimp) < [T] (24)
Ozm = 4 Fiapmax / [w(d’) — D’ 19) 2] < [02n] (25)

where Fjgpmax = p1-4jp 1s the maximum axial force acting on the area 4;, of the cross-section of plugs 5 and 20
(j = 3; 20); D; — outer diameter of cork cutting 5 and 20; k,, is the coefficient of completeness of the slicing
(kpr = 0.87 — for metric triangular slicing); Hj, is the cutting height of corks 5 and 20; k., = 0.55 is the coefficient
of uneven distribution of the load along the turns of the slicing; Dz is the inner diameter of the slicing in bodies
I and 18 (k = 1; 18); zj, = Hj, / p; is the number of turns on the twisting length of the cut (cutting length) of
corks 5 and 20; pj is the step of cutting corks 5 and 20 (G = 5, 20); [t.] = 125 MPa, [0:n] = 610 MPa —
respectively, the permissible shear and crease stresses for steel 45 under pulsating load mode [19, 20]. If
necessary, other types of verification calculations can be performed, for example, calculation of the reliability
of the PPG operation with the determination of the main reliability indicators [17, 18] — reliability, durability,
maintainability and safety.
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The main parameters of the PD of a parametric single-stage PPG with adjustable pressure "closing" p2,
determined according to the described design calculation methodology, are given in Table 1.

Table 1
Main design parameters of the design of the prototype of the PPG
Parameter name Unit Numeric parameter value
Measurement
Nominal (average) consumption O, of energy carrier m’/s 1,14-1073
Nominal pressure of the "opening" p, MPa 10
Frequency control range v of prQessure pulses at nominal flow rate s 10...100
Maximum cross-sectional area of the throttle adjustment of the ? 5.10°%
landing mode SRE 3
Spring stiffness:
5 - pressure regulator "opening" p; - k; N/m 6,08-104
10 — pressure regulator "closing" p>— k'; N/m 4.86-104
Specified limits for adjusting the pre-deformation of springs:
8 — opening pressure regulator” — yo; m (5..17):10°3
10 — pressure regulator "closing" — y'y; m (5...18)-103
The diameter of the conditional passage of the PPG du is equal to m 12:10°3
the diameter d; of the first stage of PPG sealing
Diameter d of the second stage of PPG sealing m 18-10°

The refined internal gear ratio of the PPG uz; by 0.058
f=08and &= 1.05 ’
The nominal pressure of the "closing" p», determined at the specified

values py, uz;, 8 and & MPa 4,42
Positive overlap of SRE 3 A, m 4,5-103
Negative overlap of SRE 3 &, = d,. m 4,0-10°
Full stroke of the SRE 3 & = hy, + hs, m 8,5:10°

Estimated number of radial holes in sleeve 2 — 18
Summary total stiffness of the elastic link of PPG, HPD )
ksi = ki + ko = ki + A2/ Wosmar N/m 123105
Consolidated total hardness of GL kg, at
Wosmax = 1.5‘]0-3 m3

N/m 6,25:104

Conclusions

The developed method for the design calculation of a parametric single-stage PPG with adjustable pressure
"closing" p> allows you to determine all the main energy, power and geometric parameters of the generator
and can be used for the design calculation of single-stage PPG of other types and schemes of connection to the
actuator hydraulic motors (hydraulic cylinders) of the hydropulse drive of vibration or vibration shock
machines.
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J1. B. bakanennb

MeToauKa MPOEKTHOTO PO3PAXYHKY MAPAMETPHUYHOT0 OTHOKACKATHOTO
reHepaTopa iMmmyJibCiB THCKY 3 PeryJIbOBAHUM THCKOM <«3aKPHTTD»

BiHHUTIBKHU HAIlIOHAIEHUH TEXHIYHUN YHIBEPCHUTET

Ha ocHosi sikicHoeo aHanisy 6ydosu ma npuHyuny Oii napamempuyHo20 0OHOKackadHO20 2eHepamopa iMryribCie MUcCKy 3
peaynboeaHUM MUCKOM «3akpummsi» p2 po3pobrieHa KOHCcmpykuyis 0ocriOHo20 3paska eeHepamopa. B cmammi onucaHo
npuHyun pobomu po3pobrieHol KOHCMPYKUii ma onucaHo 3 06rpyHMy8aHHs KOHCMPYKMUBHE 8UKOHAHHS e1eMeHMmi8 KOHCMPYKUii
ma ix e3aemolid 3 IiHWuUMU enemMeHmamu KOHCmpyKuii. Memoduka npoekmHo20 po3paxyHKy po3pobreHa Ha 6asi
3aearnbHOMNPUUHAMUX iHXeHepHo-HayKkosux 3acad ma 0oceidi npoekmysaHHs i ekcrilyamauii obnadHaHHA Ha 6a3i nHemo- ma
2idpoimnynbcHo20 npueody sibpauiliHux ma 8ibpoydapHux mawuH. B pobomi npedcmasneHull 3pa3ok noYamkosux 0aHux, wo
HeobXxiOHUl Ot Po3pobrieHHsT MeEMOOUKU MPOEKMHO20 PO3paxyHKy napamempuyHoeo 0OHoKackadHO20 2eHepamopa iMmybcie
MmUCKy 3 peayribog8aHUM MUCKOM «3aKpummsi» p2.

FpyHmMytoduck Ha aHani3i KOHCmpyKuii 0ocrniOHo20 3paska eeHepamopa, MPUUHSIMUX rMoYamkosux (8xi0OHUX) OaHux i
HasedeHOMYy 8 flimepamypHux Oxepesiax 0oceidi MpoekmysaHHi 2idpoiMyIbCHO20 nMpueody ma eeHepamopie iMryribCie muUcKy,
po3p0obrieHo MemoOuKy MPOEKMHO20 PO3PaxyHKy MapaMempuyHo20 OOHOKackadOHo20 eeHepamopa iMryrbcie mucky 3
peaynbogaHuM MUCKOM «3akpummsi» p2 ma 8u3Ha4yeHo U020 OCHOBHI eHep2emuyHi, curosi ma 2eoMempuyHi napamempu
KOHCmpyKuii docrniOHo20 3paska  sK eidpoiMmnybcHo20 npusody mak i eeHepamopa imrnynscie mucky. [NpedcmasneHi
Mamemamu4Hi 3anexHocmi 00380/1510mb 3MiHIO8aMU napamempu 2eHepamopa iMrynbcie mucky mid ei0noeioHi mexHiKo-
E€KOHOMIYHI napamempu MexHOI02i4HO20 rPOYECy.

Takox 8 pobomi 0brpyHmMo8aHO 8UKOPUCMAHHS MOHAMMS «UYUKI08020 KoegbiyieHmy iMAyibCy MUCKY», MOYHe 3Ha4YeHHs
K020 Moxe b6ymu 3HaldeHO MInbKu 3a pe3ynbmamamu ekcriepumeHmarnbHux 0ocrnidxeHb O0CniOHO20 3paska 2eHepamopa
iMnynbcie mucky. [ns npoekmHoeo po3paxyHKy, IPYyHMYy4ucb Ha pekomeHdoauisx O0CniOHUKI8 2i0poimmynbCcHO20 nMpusody,
suKopucmosyembcs KoegiuieHm 3arnacy y mexax 10...25 gidcomkie 8i0 HOMiHarIbHO20 3Ha4YeHHS.

KniouoBi cnoBa: meToauka MNPOEKTHOrO pPO3paxyHKy; reHepatop iMMynbCiB TUCKY; YLLIMbHEHHS; rigpasnivyHa naHka;
rigpoiMNynbCHWI NpUBIA; NPEC; NPUBIA; nogaya; TUCK; yaap.

Oébepmiox Poman Pomanosuu — Kauj. TeXH. HayK, JOLEHT, npodecop kadeapu raay3eBoro MallMHOOYIyBaHHS,
https://orcid.org/0000-0003-2939-6582, e-mail: obertyuh557@gmail.com

Cnaokuii Anopin Barenmunosuy — XaHJ. TEXH. HayK, JOLEHT, TOLEHT Ka(eapu raay3eBoro MallnHOOY yBaHHS,
https://orcid.org/0000-0001-9284-2296, e-mail: slabkiyandrey@gmail.com

Komuxk Cepeiu léanoeuu — acnipant xadenpu ramy3eBoro MamuaHOOyayBaHHS, https://orcid.org/0009-0000-9396-

7189, e-mail: sergii.kotik@gmai.com

Kyopaw Bimaniii Onexcandposuu — acucTeHT KageIpH Tary3eBOro MammHOOymyBaHHS, https://orcid.org/0000-

0003-0380-8120, e-mail: lisovoy844@gmail.com

Baxaneuv /Imumpo Bimanitioeuu — KaHja. TeXH. HAYK, JOLEHT, JOLUEHT Kadeapu raay3eBoro MalimHOOYyBaHHS,
https://orcid.org/0000-0003-1528-2066, e-mail: BacaletsDima@gmail.com

87


https://orcid.org/0000-0003-2939-6582
mailto:obertyuh557@gmail.com
https://orcid.org/0000-0001-9284-2296
mailto:slabkiyandrey@gmail.com
https://orcid.org/0009-0000-9396-7189
https://orcid.org/0009-0000-9396-7189
mailto:sergii.kotik@gmai.com
https://orcid.org/0000-0003-0380-8120
https://orcid.org/0000-0003-0380-8120
mailto:lisovoy844@gmail.com
https://orcid.org/0000-0003-1528-2066
mailto:BacaletsDima@gmail.com

ISSN 2415-3486. Bichuk mawiunobyodysanus ma mpancnopmy Nel(23), 2026

VJIK 629.365 DOL: https://doi.org/10.31649/2413-4503-2026-23-1-88-96
O.T. Hexex!

P. B. 3inbKko!

A. I1. HousikoB?
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O. M. Baneiinos*

EKCIIEPUMEHTAJIBHE JOCJIIKEHHA HTPYXHHUX
EJEMEHTIB IIIIBICKU ABTOMOBLJISA

"Hanionansuuii yniBepeutet «JIbBiBCbKa MOMITEXHIKA»
’BiHHHUIBKUH HALIIOHATBHUIN TEXHIUHUI YHIBEpCUTET
3 [lporoOULbKHUii IepKaBHUI leqaroriuaumii yuisepeuter im. 1. ®panka
4JIbBIBCHKHMI HAYKOBO-IOCIIAHUI IHCTUTYT CYI0BUX E€KCIIEPTHU3

lnasHicmb x00y, KepoeaHicmb, Kypcosy cmilikicmb i 6e3rneKky pyxy mpaHcropmHoao 3acoby eusHavyaemsbcsi
napamempamu rnidgicku aemomobins. Ha OuHamiyHi roka3Huku aemomobifisi, pieeHb Komghopmy ma pecypc
efieMeHmig x00080i YacmuHU ernnueac 8i0rnoegioHICMb CUI08UX XapakmepucmuK MPYXHUX efleMeHmis nidsicKku
pO3paxyHKO8UM rapamempam.

Y cmammi HasedeHO pe3yrnbmamu eKkcriepumMeHmasbHo20 OO0CIOXEHHS napamempig MpyxHUX efnemMeHmie
nidsicku asmomobinsa ma eu3HavYeHHs1 3anexHocmi KoegiujeHma xopcmkocmi eid eenuduHu deghopmauii.
lpoaHanizogaHO meopemuyHUll i ekcriepumMeHmarsbHi MemoOu 8U3HaYEHHS XXOPCMKOCMIi 28UHMOBUX MPYXUH ma
06rpyHmosaHo 8ubip cmeH008020 MEMOJY 3 BUKOPUCMAHHSIM MEH30Mempu4yHo20 Oamyuka HasaHMaXKeHHS.
PospobrnieHo memoduKky nposedeHHs1 euripobysaHb i3 noemarnHuM HaBaHMaXXeHHSIM ma pPO38aHMAaXEHHIM
NPY>XUHU 3 ¢hikcayiero nepemiu,eHHs i npuknadeHoi cunu.

EkcnepumeHmanbHO 00CridxeHOo 08i Npy)XUHU 3adHbOI Mid8ickU — 3 MOCMIUHUM i 3MiHHUM Oiamempom Opomy.
[ns KoxHO20 3pa3ka ompuMaHo aHanimuyHi 3anexHocmi xopcmkocmi 8i0 deghopmauii npu HagaHMa)keHHi ma
po3eaHmMaXXeHHi, eu3Ha4YeHo cepedHboKkgadpamuyHy i 8iOHOCHYy moxubku anpokcumauii. BcmaHoeneHo, wio
npyxuHa 3 nocmitHum OiamempoMm Opomy xapakmepu3yembcsi binbw cmabinbHOK (K8asi-niHitiHOK) 3MIHO
Jxopcmkocmi, modi 5K npyXXuHa 3i 3ViIHHUM OiaMempoM Mae 8UPaXeHy HesliHilHy (Mpo2pecusHy) xapakmepucmuky.
BusieneHo HasigHicmb 2icmepesucHUX S8UW, WO 3yMOS/IHMb GIOMIHHICMb CUMIOBUX Xapakmepucmuk npu
HagaHmMaxxeHHi ma po3gaHMaKeHHI.

Y cmammi HagedeHO pe3ynbmamu  eKcriepuMeHmarnbHo20 OOCHIOKEeHHs — rnapamempige  Cusio8ux
XapakmepucmuK MPYyXHUX efeMeHmig nidgicku asmomobinisi 3 8UKOPUCMAaHHSIM CMeHOy 3 MmeH30MempuYHOH
CUCMEeMOI0 8UMIPIOBaHHS HasaHMaXXeHHs. BuaHauyeHHs /l0KarbHUX 3Ha4YeHb KoegiyieHma xopcmkocmi 8 ycbomy
poboyomy Odiana3oHi Oeghopmauili NPyXUH, a MakoX aHasli3 Mpoyecie HasaHMaXXeHHS | PO38aHMAaXXEeHHs
3abesneyyembCs 3arporoHO8aHOK MeMOOUKOI0, sika 00380/15iE OUjiHI08amu 8i0ro8IOHICMb MPYXUH HOPMamueHUM
XapakmepucmukaM, 8uaHad4amu MiHiMarbHi ma MakcumalsibHi 3Ha4eHHsI KoeiljieHma XopcmKocmi, aHasidysamu
eicmepesucHi fsuwa ma 3anuwkosi O0eghopmauil, BukoHysamu nidbip nap nPyXuH 3  6AuU3bKUMU
Xxapakmepucmukamu 01151 BCMaHOB/IEHHST Ha O0HY 8icb asmomobisis.

Ompumati pe3ynbmamu MOxymbe 6ymu sukopucmaHti 0nsi diaegHOCMUKU MEeXHIYHO20 cmaHy MpYyXuH, nidbopy
nap enemeHmig Ha 00Hy gicb, onmuMi3auil KOHCMPYKMUBHUX rnapamMmempie ma HanawmysaHHs Xapakmepucmuk
nidsicku mpaHcrnopmHux 3acobis.

KnrouoBi cnoBa: nigeicka aBTOMOGIiNs;; rBMHTOBA MPYXWHA; KOeIUiEHT >XOPCTKOCTi; eKcnepuMeHTasnbHi
DOCNIMKEHHS; TEH304ATUMK; HESiHINHA XapakTepuUCTKKa; rictepesnc; gedopmaliis; cmnosa xapakTepucTuka.

Beryn

[TigBicka aBTOMOOIIS € OJTHIEIO 3 KIIFOUOBUX CHCTEM, II[0 BU3HAYAE TUIABHICTH XO/1y, KEPOBaHICTh, KypCOBY
CTIMKICTB 1 6€3IeKy pyXy TPaHCIIOPTHOTO 3ac00y. OHMM i3 OCHOBHUX i1 €JIEMEHTIB € TBUHTOBA MIPYKUHA, SIKa
3a0e3nedyye COPUAHATTA Ta MEPepo3MOoail BEPTHKAIbHUX HABaHTaXEHb, JAeMI(yBaHHS KOJIMBAaHb 1
MiATPUMAaHHS HEOOXiZIHOTO IOPOXHBOTO MPOCBITY. BiAMOBIIHICTE CHIOBHUX XapaKTEPUCTHK NPYKHHX
€JIEMEHTIB PO3pPaxyHKOBUM IapaMeTpaM Oe3NocepeJHbO BIUIMBAE Ha JWHAMIYHI MMOKAa3HUKH aBTOMOOLN,
piBeHb KOMQOPTY Ta pecypc eIeMEHTIB X0JJ0BOT YACTUHH.

TeopernuHe BU3HAYCHHS >KOPCTKOCTI LMJIIHIPUYHOT TBUHTOBOI NPYKMHH [1] IPYHTYETbCA Ha BiOMHUX
AHATITUYHHUX 3AJIEKHOCTSX, 110 BPaxOBYIOTb MOIYJIb 3CYBY Martepiaiy, T€OMETPUYHI MapaMeTpH IpoTy Ta
HaBUBKH, a TaKOX KUIBKICTh poOoumx BUTKIB. [Ipore B peanbHUX yMOBax eKCIUTyaTamii CHIoBa
XapaKTePUCTUKA TPYKUHU MOXKE BIAXWIATHCS BiJi TEOPETUYHO PO3PAXOBAHOI BHACIHIJOK TEXHOJOTIYHHMX
JOMYCKiB, TEPMiYHOT 0OPOOKH, 3aJIMIIKOBUX HAIPY>KE€Hb, BTOMHHX SIBUILI, KOPO31HHOTO BILIMBY Ta JIOKAJILHUX
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macTHIHuX  gaedopmartif. OCoOMMBO 1€ CTOCYETHCS TIPYKHH 31 3MIHHOIO TEOMETpiero (KOHIYHHX,
00YKOMOAIOHUX, 31 3MIHHUM JI1aMETPOM JAPOTY), /IS SIKUX KOPCTKICTh € HeiHIHHOW (QyHKIliE nedopMarrii.

VY 3B’SI3Ky 3 UMM aKTyaJbHUM € MpPOBEICHHS EKCIEPUMEHTAIbHHUX JOCTIKeHb, CIPAMOBAHUX Ha
BU3HAYEHHsI peallbHUX 3HaYeHb KOoe]illieHTa KOPCTKOCTI MPYKUH MiABICKH B ycbOMY poOOUYOMy iama3oHi
HAaBaHTa)XEHb, a TaKOXX aHaNi3 iX 3MIHM MiJl YaCc HABaHTXKEHHS 1 PO3BAaHTAXXEHHA 3 YpaxXyBaHHIM
ricrepe3ucHux sABUIL. OcOOIMBY IPAKTUYHY LIIHHICTh MAatOTh METOIUKH, 1110 103BOJISIFOTh BU3HAYATH JIOKAJIBHI
3HA4YEHHS JKOPCTKOCTI B 33JaHUX TOYKAaX XapaKTEPUCTHKHU Ta OLIHIOBATH 3aJHMIIKOBY AehopMaLiio Micis
MPHUKJIAICHHS MAKCUMAaIbHOTO HAaBaHTAKCHHS.

MeTor0 poOOTH € eKCIIeprIMEeHTANbHE TOCIIPKEHHS MapaMeTpiB MPYKHUX €JIeMEHTIB ITiIBiCKH aBTOMOO1IIs
Ta BHU3HAYCHHS 3aIEKHOCTI Koe]illieHTa KOPCTKOCTI BiA BenWyuHW nedopmauii AN MPYXKHH Pi3HOI
KOHCTPYKLii — 3 MOCTIHHMM 1 3MIHHHM JiaMeTpoM IpoTy. Jns AOCSATHEHHS IMOCTaBIEHOI MeTH Oyio
pO3pO0OIEHO Ta BHUKOPUCTAHO BHUINPOOYBAIGHUN CTEHJ 13 TEH30METPUYHOIO CHCTEMOIO BUMIPIOBaHHSA
HaBaHTAXXEHHS, IO 3a0e3ledyye MOMKIMBICTh PEECTpamii CHIOBHX MapaMeTpiB y HIMPOKOMY Jiama3oHi
CTHCKaHHS.

O06’€exTOM JOCITIHKEHHS € TIPYXUHH 33HBOI MBICKH JETKOBOTO aBTOMOO1IIA, a IPEAMETOM — iX CHIIOBI
XapaKTEPUCTHKU Ta 3aKOHOMIPHOCTI 3MiHHM KOPCTKOCTI IiJ i€f0 30BHIMMHBROTO HaBaHTaKeHHs. OTpuMaHi
pe3yabTaTH MOXYTh OyTH BUKOPUCTaHI AJSl TIarHOCTHKH TEXHIYHOTO CTaHy NPYXKHH, YJOCKOHAJIEHHS iX
KOHCTPYKIIii, Mi00py MapHUX €IeMEHTIB Ha OIHY BiCh, a TaKOX JJIS ONTHMI3allii MmapaMmeTpiB IiABICKH
TPAHCIIOPTHUX 3aC00iB PI3HOTO MIPU3HAYEHHS.

Pe3yabTaTu gocaixxeHHs

MeToau TOCIiKEHHS )KOPCTKOCTI MPY>KUHU MiABiCKH aBTOMOOLTB [2]. TeopeTnunnii MeTo; BU3HAYECHHS
KOPCTKOCTI TIPYKHHU:

Gr* Gd*

4nR3  8nD?

ne G — MOIynb 3CYBY; 1 — KUIBKICTh BHTKIB; 7 — paliyc MpyTKa; d — AiaMeTp MpyTKa; R — pajaiyc HaBUBKH;
D — niameTp HaBHUBKH.

Jnst mpyXUHHOI CTalli MOAYINb 3CYBY 3HaXOAMThCS B Mexax Bifg 77 mo 85 I'Tla. 3acrocoByeTbes amst
MWTHIPUYHUX TPYKHUH 3 CTAIOI0 JKOPCTKICTIO.

[Ipu excniepuMeHTaIBLHOMY METOJi BU3HAYEHHS KOPCTKOCTI MPYKHUHUA BUKOPHCTOBYETHCS PYYHHUH TIpec,
Barv i BUMiproBaJibHa JIiHIMKa. Ha Baru BCTaHOBIIIOIOTH JEPEB'SHY IUIMTY, IUIONICIO OLIbIIE TUIONII OCHOBH
NPY>KHHU, Ha SIKY BCTAaHOBIIOIOTH NMPYXKUHY. Ha BEpXHIO OCHOBY NPYKMHH HAKJIAJIAIOTh iHIIOKO JIEPEB’THOO
IUTMTOIO 1 3aMipsiOTh JIOBXKHMHY HpPYXHHHU. [IMMTH 3 NpPYKHHOIO BCTaHOBIIOIOTH HAa PYYHHH mpec i
HABaHTAXYIOTh NPYKUHY 3 3YCHIUISIM JI0 MOMEHTY KOHTAaKTy BUTKIB MPYKHHH, IIe 3YCHIUIS 3AJIC)KHUTH BiJ|
napaMeTpiB MPY>KWHU 1 BHU3HA4ae ii KOpCTKicTh. llpu 1IbOMy MeTONi BHU3HAYAETHCS TITBKH KOPCTKICTh
NPY>KHHU ITPA MaKCUMAJIFHOMY HaBaHTa)KeHHI.

MeTo TocTiIKEeHHS JKOPCTKOCTI IPYKUHU 32 JOTIOMOTOI0 pO3pOOIJIEHOTO CTEHTY /TSl IEPEBIPKH TPYKHH.
CrenJ1 MO>kKe BUKOPHCTOBYBATHUCS JUISI IIaTHOCTUKHY Ta BUMIPIOBAaHHS HABAHTKEHD M HAPHYHHIX,, KOHIYHHX
1 O0YKOITOIIOHUX TPYKUH TTiJIBICKM aBTOMOOLIIB HEBENHUKOI BAHTAKHOCTI, TIEPEBIPKHU iX Tpale3aTHOCTI Ta
BU3HAYEHHSI BIIXUJICHHS TEOMETPUYHHUX PO3MIPIB i IEPEKOCIB, 10 BHHUKAIOTH IPU POOOTI MPYKUHU B CKIIAII
MMiABICKH.

[Tpu3HayeHHs CTeHay:

— JUIs TIepeBIpPKM BIATOBIIHOCTI CHJIOBUX XapaKTEPHCTHK TMPYXHH BUMOTaM HOPMAaTHBHO-TEXHIYHOT
JIOKYMEHTAIII1;

— s po3poOsieHHs Ta MOAEPHi3alii Npy>KUH, 30KpeMa BUKOHAHHS ONEpaTUBHUX BUMIPIOBaHb IIiJ] Yac
JIOBEJICHHSI TapaMeTPiB Y TPOIIECi BUITPOOYBaHb;

— JUIsl JiarHOCTYBaHHS MPYXKHH MiJIBICKK B YMOBaX CEpPBICHUX CTaHIIIH TEXHIYHOTO OOCIYTOBYBaHHS — 3
METOIO OL[iHIOBaHHS iX Mpale31aTHOCTI i/l 4aC KOMIUIEKCHOT'O PEMOHTY X0JI0BO1 YaCTUHH aBTOMOOLIIS;

— JUIs MA00py NPY)KHUH y CIIOPTUBHUX 1 TFOHIHTOBAaHMX aBTOMOOLIAX — 3 METOI TOYHOI'O HAIAINTYBaHHS
MiABICKM BIJNOBIJHO JO XapaKTEpPUCTHK TpacH, pO3MOALTY Macu aBTOMOOIA Ta 3abe3nedeHHs
MaKCHMaJIbHOTO 34YEIICHHS KOJIIC 13 MOKPUTTSIM 1 MiHIMI3allii 4acy MPOXOHKCHHS KOJIa;

— 1151 30iHiCHEHHSI BXiHOTO KOHTPOJIIO — IEPEBIPKHU BIATOBIAHOCTI MPY>KUH 3asBIICHUM XapaKTEPUCTUKAM
IiJ] Yac 3aKymHiBJIi MapTid IPOAYKIIT Ta MOCTaYaHHs Ha CKJIaalbHi JIiHii,
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— Ui TapaHTIHHOTO aHajli3y — BCTAaHOBJIEHHS OOIPYHTOBAaHOCTI peKJamaliii MoAo SBHHX abo
MPUXOBaHUX JIEPEKTIB, III0 BUHUKIIN B MPOIEC] EKCILTyaTaIlii.

QDyHKIIOHATbHI MOYKJTHBOCTI CTEH/TY.

Crenp 3a0e3mevye BUKOHAHHS TaKUX BB BUIPOOYBaHb:

— TMepeBipKy 3a BCTAHOBJICHHM CTaHIAPTHUM IIEPENiKOM IapameTpiB. Y cTaHIapTHINA 6a3i mependadeHi
LITATHI MIPYKUHU aBTOMOO1Is «CraByTa» Ta iX HOpMaTHBHI 3HAYEHHS 3YCHIIb;

— BU3HAYEHHSI )KOPCTKOCTI NMPY>KUHH BiAMOBITHO 0 MOJAENI, 3aJaHOT KOPUCTYBaueM. Y MOAET MOXYTh
3a7aBaTUCs Bl KOHTPOJbHI TOUKHU — 3@ 3HAYEHHSM CHIX a00 3a BUCOTOIO;

— TPOBEJIEHHS KOHTPOJIO B OJTHIH 3a1aHil TOUII (32 BUCOTOIO UM 3yCHIIISIM) 13 BU3HAYEHHSIM KOPCTKOCTI
mo0IN3y Ii€T TOUKY;

— BHKOHAHHS JOBUIBHUX BUMIPIOBAHb 13 IUIABHUM PETYIIIOBAHHSAM HABAaHTAKCHHS CTHCHEHHS.

Puc. 1. Ctenn U1 KOHTPOIIIO XapaKTEPUCTHUK MIPY>KUH

Tabmuus 1
OCHOBHI TexXHiYHi XapaKTePUCTUKH CTEHAY

[Tapametp 3Ha4yeHHs
3araJibHUIA Aiana30H BUMIPIOBAaHHS 3YCHJIIb, KT 0-2000
MakcumanbHa NOXHOKa BUMIPIOBAHHS 3yCHILIS, KI'C +2
Haii0inplia BUcOTa JOCTIPKYBAHUX MPYKUH, MM 500
Jiana3oH BUMIpIOBaHHs BUCOTH MPYXHUHU, MM 100-500
MakcruMaibHa TOXHOKa BUMIPIOBaHHSI BUCOTH, MM +0,2
Jiana3oH BHYTPILIHIX AiaMeTPiB NPYKHH, MM 68-150
I"aGaputHi po3mipu (B x I x I'), MM 1980 x 750 x 400

Crenp 103BOJISE:

— TIOpIBHIOBATH MapaMeTpH MPYKUH i3 HOPMATUBHUMU JAHUMH BUPOOHUKA Ta BU3HAYATH 1X TIPUJIATHICTh
JI0 eKCIuTyaTanii; 34iHCHIOBaTH MOPIBHAHHS MPYXHWH, BCTAHOBJICHUX HA OJHIA OCi aBTOMOOLIS, /1€ Pi3HULL
3YCHUJIb 3a3BUYall HE MOBUHHA MEPEBUITYBaTH 12 KT (3a1€KHO Bl MapKH aBTOMOOLIS);

— (opMyBaTH Mapy NpyXHH 3 MAKCUMAJIBHO OJIM3bKUMU XapaKTEPUCTUKAMU JUIsl BCTAHOBJICHHSI HA OJIHY
BICB;

— BWSIBIIATH IIEPEKOCH Ta TEOMETPHYHI BIIXUICHHS MPYKUHH ITi]] YaC CTUCKAHHS;

— BHM3HAYaTH KOe(DilliEHT )KOPCTKOCTI B OYIb-Kii TOUII POOOYOro Jiana3oHy 1Mo BUCOTI;
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— OWIHIOBATH 3aJHMIIKOBY JedopMaLiio (ycaaKy) micist MpUKIaJeHHS MaKCHMalbHOTO HaBaHTAKECHHS,

— TiaOupaTH NPY>KUHU AT 3MiHH KIIIPEHCY aBTOMOOLIA — SIK 151 HOTo 301IBLICHHS, TaK 1 ISl SMEHIIICHHS;

— TepeBipATH HOBI MPYXUHU Mepe] IX MOHTaXeM Ha TPaHCIIOpTHHI 3aciO.

3anpornoHOBaHUN METO[| 3a0e3nedye MOXKIMNBICTh BU3HAYEHHS JOKAFHUX 3HAYEHb JKOPCTKOCTI B Oy/b-
SKI TOYIll XapaKTePUCTUKH TPYKWHHU, MPOTe MOTpeOye 3HAYHWX BUTPAT 1 € EKOHOMIYHO IOLITHHIM
MEePEeBaKHO 32 BEJIMKUX 00CSTiB BUNPOOYBaHb.

MeToarka eKCepuMEeHTaIbHOTO AOCIiIKEHHS.

[IpoananizyBaBImIM METOAM BU3HAYEHHS J>KOPCTKOCTI MPY)KUHH EKCIIEPUMEHTAJIbHUM IIUIIXOM  JJIS
BUKOHAHHS €KCIIEPUMEHTAIBHOTO JOCIIHKEHHS OyJI0 00paHO TpeTiit MeTO .

O6nanHaHHs A7 MPOBEACHHS EKCIIEPUMEHTAILHOTO TOCTIIKCHHSI.

sl eKCIIepUMEHTANbHOIO JOCIIIKEHHSI BUKOPUCTAIM HACTyIHE OOJaJHAHHA: TOMKpaT, TEH304aT4uK,
axanor nuaamomMerpa JJOCM-3-1.

TexHiuHi1 XapaKTepUCTUKU TEH30/IaTUUKA!

— wmexi BumipiB — Bix 1 kH g0 10 kH (Bix 100 xr 1o 1 T);

— IiHa HAITMEHIIOTO MOILTY IIKAJH, Bil HAlOLIBIIIOT MEXi BUMIpY

— we merie 0,2%;

— TOpIr YyTIAUBOCTI, Bl MAaKCUMaJIbHOI MeXi BUMipy - Oinbme 0,02%;

— B3HAYCHHS pI3HUII TOKa3aHb JWHAMOMETpa TIpM HaBaHTAKEHHI 1 po3BaHTaXeHHI npu 50%
HaBaHTa)XEHHI, BiI BUMIpIOBAaHOTO 3Ha4YeHHs - He Oinbiie 0,8%);

— HETOBEPHEHHS MOKAKYMKA Ha HYJIBOBY MO3HAYKY NPU PO3BAHTAXKCHHI TUHAMOMeETpa - He Oinbie 0,5
IMOIIJIKH;

— TeMmeparypa goBkuLtst — Bix -60 °© C mo +60 ° C;

— BIJIHOCHA BOJIOTICTH - He OuIbIIe 85%;

— rabapuTHi po3mipu — 190 x 165 x 105 mwm;

— Maca — He Oinple 2 Kr.

[Nopsiiox BUKOHAHHS EKCIIEPHUMEHTY .

[IpyxrHa 5 BCTaHOBMIOETHCS HA IMpeC 1 CHHXPOHI3YETHCS 3 JiHiHKOI 2. 3a IOMOMOTOr0 JOMKpara |
YCYBAIOThCS 3330pH 1 HA TEH30JaTUYUKY 3 BUCTABISETHCS 3HAYCHHS «0».

Bukonyetbest TectoBe HaBaHTaxeHHs 10 80-90% Bim MaKCMMalbHOTO HABaHTAXCHHS, BU3HAYAIOTHCS
nmoka3u TeH3ojartuuka. [IpyxuHa po3BaHTaxyeTbes. IlpyxmHa HaBaHTaxkyeTbess Ha 5-10%  Big
MaKCHUMaJbHOTO HaBaHTaXeHH:. [Ipu nboMy yCyBaroThCs 3a30pH B €1€MEHTax BUIPOOYBaJIbHOTO CTECHIY AJIS
3MEHIIEHHsST MOXMOKM BUMipioBaHHA. lIOTiIM HpyXMHA HABaHTAXYETHCS 3 KPOK IMEPEMIlIeHHS 5 MM Ha
BUMIpIOBaJIbHIN JiHiNII. [Ipy 1bOMY 3alMCYIOTBCS MOKa3uW AuHaAMomerpa. [Ipu KO)KHOMY HaBaHTaKEHHI
3alUCYIOTHCS 3HAYCHHS MEPEMIllleHHs BKa3iBHMKA 1 MOKa3HUKHM IuHaMoMmeTpa. HaBaHTakeHHS BUKOHYIOTh
MOBHOT'O CTHCKAHHS MPYKUHH, [alli 3HIMaIOTHCS TOKa3HUKH J0 IIOBHOTO PO3BAHTAKEHHS MIPYKUHH.

KaniOpyBaHHsI TEH30JaTUMKa — II¢ NPOIEC BCTAHOBJICHHS TOYHOI BIJANOBIIHOCTI MK BHXIJIHUM
SJIEKTPUYHUM CUTHAJIOM (3a3BUYail y MUIIBOJIbTAX) Ta MPUKJIaJAeHIM (i3NYHUM HaBaHTAXKEHHSIM (Baroro).

[lizroroBka n0 craHmaptHoro kaniopyBanus: IlporpiB: VYBiMKHeEHa cucTeMy (ZaT4uK + BaroBHUi
IHAMKATOP/KOHTpOJep) Ha mporszi 15-30 xBunmmH 118 crabimizamii TemreparypHUX MOKaszHUKiB. Jlami
BUKOHAHA TEpeBipKa YCTAHOBKM: JAaTYMK BCTAHOBICHWH pIBHO, 0e3 MepeKociB, a Ha TuaTPopMi Hemae
CTOPOHHIX TPEIMETIB.

st mpouiecy kaniOpyBaHHsS BUKOPUCTOBYIOTh METOJI IBOX TOUOK:

1. Becranosnenns "Hyns" (Zero Calibration).

2. Kanibpysanns Baroto (Span Calibration): BcTaHOBIIEHHS Ha TaTopMi eTanoHHoi Tupi (2 kr). Bein Ha
KJIaBiaTypi iHAMKAaTOpa TOYHE 3HaYCHHs Bary 1ieil rupi. OuikyBaHHS cTabinizauii Ta migTBepAKeHHS 3HaUCHHS
("Enter/Done").

3. IlepeBipKa TOYHOCTI: JIHIHHICTD: €TAJIOHHY Bary 3HATO, IHAMKATOP MOBEPHYBCS J0 HyJs. [icTepesuc:
BUMIpPIOBaHHS MMOBTOPHO BUKOHAHO 3 PI3HUMH BaraMu — TOUYHICTh B OJHAKOBA Ha BCLOMY JiaIla30Hi.

VY X071 ekcnepuMeHTATBHOTO JOCHIPKEHHS YKOPCTKOCTI MPYKUHU 33HbO]1 miaBicku aBToMo011s 3A3 Sens
OyJ10 3aikcoBaHO 3HAUCHHS ITEPEMILICHHS (CTHCKAHHS ) IPY>KWHH Ta BiJINIOBIIHI TTOKA3H JHHAMOMETpA.

[1ix yac 06poOKM pe3ynpTaTiB BAKOHAHO TaK1 €Tamu:

— TIOKa3W MKW iHJAMKAaTOpa TUHAMOMETpPA, BUKOPUCTOBYIOUH JIaHi, HABEJICHI Ha pHUC. 3, TIepepaxoBaHO
Y 3HaYEeHHS NPUKIATCHOI CHIIN;

— Ha OCHOBI OTPUMAHUX EKCHEPHUMEHTAIBHUX JaHUX BU3HAYEHO KOE(iLi€HT KOPCTKOCTI MPYKHUHU.

3a pesynbTaTaMH JOCHIDKCHHS BCTAHOBJIEHO MiHIMajbHE Ta MaKCHMajbHE 3HAueHHS KoedillieHTa
s)opcTKocTi. [Iist aHami3y 3aJIeXKHOCTI JKOPCTKOCTI BiJ BeIU4MHU nedopMalii Oysio oOpaHO JBi MPYKHHU: 3
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MOCTIHUM JIiaMEeTPOM JIPOTY Ta 31 3MIHHHUM JiaMeTpoM JpoTy [3-5].

[pyxuHa 3 mOCTIHHUM JiaMeTpoM mpyTa (puc. 3) Mae HACTyIHI mapamerpu: Bara — 1,84 kr, miameTp
1 — 13 MM, 30BHIIHIN giameTp — 155 MM, noBxuHa — 230 MM.

[IpyxuHa 31 3MiHHUM JiamMeTpoM mpyTa (puc. 4) Mae HACTYIHI mapameTpu: Bara — 2,3 kr, giametp 1,1 —
8,2 MM, miametp 2,1 — 14,59 mm, miametp 3,1 — 8,7 mm, 30BHIIHIN giameTp — 162 MM, 1oBKHHA — 244 MM.

Puc. 2. ExciepuMeHTaIbHE JOCTIHKEHHS NPYXUHU: 1 — TOMKpaT, 2 — JiHilKa, 3 — TEH301aTYHK, 4 — OTIOpHA IUIOIMAAKa, 5 — Py KUHA

=
=
=—%

Puc. 3. Ipyscuna 3 nocmitinum oiamempom opomy Puc. 4. Ipysrcuna 3i sminnum oiamempom opomy

[Ipu mocnimKeHHAX OTPUMaHi pe3yabTaTH.

1. JocmimpxeHHs 3aIe)KHOCTI )KOPCTKOCTI MPY>KUHU 3 MOCTIHHUM JiaMeTpOoM APOTY Bill aedopmariiii (puc.
5, puc. 6).

‘C, KkH/m

3,1

B —

Pras -
23 1/
1.9
T

- 0,02 005 008 01 013 0,15 Z M

Puc. 5. 3anexHicTb >KOPCTKOCTI NPY>KUHM 3 TOCTIHHNM JiaMeTPOM APOTY BiJ Aedopmanii mpy HaBaHTa)KEHHI
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3aIeKHICTh dKOPCTKOCTI TIPYKUHU TIPH HABAHTAKEHHI
C,=44392-z + 22811.

CepenHboKBaIpaTHIHA TTOXHOKA PIBHSHHS:
—C.)2
S, = /% — 1093,91, H/m.

Se
g ===+ 100% = 4,32%.
Cp

BignocHa nmoxuoka ckiaje:

0‘ C, kH/m

35

2,6
2 =

1.8

M=
A

0,02 005 o008 0,1 013 0,15

Puc. 6. 3anexHicTh )KOPCTKOCTI IPY>KHHH 3 HOCTIHHUM JiaMeTpOM APOTY Bij Aedopmanii Ipyu po3BaHTaKEHHI
3aexxHICTh KOPCTKOCTI MPY>KUHU NPU BUBLIBHEHH]
C,= 64987z + 20211.

BusnaunMo cepeaHbo KBagpaTUYHY TOXUOKY PiBHSHHS:

Z(Cp_ép)z
n-2

S, = =931,01, H/m.

BignocHa nmoxuoka ckiaje:

Se
£ ==2%100% = 3,9%.
Cp

B pesynbraTi ekcriepuMeHTy OTPUMAHO:

— MiHiMalbHe 3HaYeHHS KoedilieHTy KOpCTKOCTI Cp min=19019,42 H/wm;

— MAakCUMaJibHe 3HaueHHs Koe]ilieHTy KOPCTKOCTI Cpmax = 30691 H/m.

2. JocmimKkeHHs 3aIeKHOCTI )KOPCTKOCTI MPY>KUHU 31 3MIHHUM JliaMeTpoM TpyTa Bin aedopmarii (puc. 7,
puc. 8).

‘ C, kH/m
2,6 2
2,2 A
25,
L4
1,8
1,4
0,02 0,05 008 01 013 015 ’
- 3 b 3 E bl E Z’ M

Puc. 7. 3anexHicTb >KOPCTKOCTI NPY>KUHH 31 3MIHHIM J[iaMeTPOM JAPOTY Bix fedopMallii mpy HaBaHTaKEHH1

3aneKHICTh KOPCTKOCTI MPYKUHHU TPH HAaBAaHTaXKEHHI

C,=106-22+ 109971z + 18992.
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A C, kH/n

0,02 005 008 01 0,13 0,5 F i
’

Puc. 8. 3anexxHicTh )KOPCTKOCTI IPYKUHH 31 3SMIHHUM JiaMeTpOM JIPOTY Bif AedopMallii mpyu po3BaHTaKeHH1

BusHaunMo cepeaHbo KBagpaTHYHY ITOXUOKY PiBHSHHS:

—. 2
S, = /% — 10451, H/m.

Se
e===x100% = 5,6%.
Cp

BignocHa nmoxuoOka ckiaje:

3aeXHICTh KOPCTKOCTI MPY>KUHU TPU PO3BAHTAKEHHI
Cp,=716912-22+48211-z+15967.

Bu3HauuMo cepeHbOo KBaJApaTUYHy MTOXUOKY PiBHSAHHS:
—.)2
Se = 2Pk = 1531,33, Him

Se
e==—=x*x100% = 8,0%.
Cp

BignocHa nmoxuoka ckiaje:

B pesynbraTi ekcriepuMeHTy OTPUMAaHO:
— MiHiMalbHe 3Ha4eHHS KoedimieHTy xopcTrocTi Cp min =10911 H/wm;
— MakcuMaJbHe 3HaueHHs KoediuieHTy xopcTkocTi Cp max =26569,8 H/m.

BucnoBku

VY po0oTi BHKOHAaHO €KCHEPHMEHTAJIbHE JOCITIPKCHHS CHIIOBUX XapaKTEPHCTHK NPYKHUX EJIEMEHTIB
Mi/IBICKM aBTOMOOLIS 3 BUKOPHCTAHHSIM CTE€H/Ty 3 TEH30METPHYHOIO CHCTEMOIO BUMIiPIOBaHHS HABAaHTAKEHHSI.
PeanizoBana MeToMKa 3a0e3medye MOKIIMBICT, BU3HAYCHHS JIOKAIBHUX 3Ha4eHb Koe(ilieHTa )KOPCTKOCTI B
ychoMy poOodoMy fiama3zoHi aedopmalliii, a TAKOXK aHaJIi3y MPOIIECiB HABAHTAXKEHHS 1 pO3BaHTAKEHHS.

J1s py KWHA 3 TIOCTIHHUM JliaMeTPOM APOTY BCTAHOBIIEHO, IO 11 JKOPCTKICTh Y JOCIIHKEHOMY Jiara3oHi
nedopmariiii 3MiHIOEThC B Mexkax Cpmin =10911 H/wm.

OTpuMaHi anpoKCUMAIliiHI 3aJeKHOCTI MPH HABAaHTAKEHHI Ta PO3BAHTAKEHHI XapaKTePU3YHOThCS
BiTHOCHOIO TIOXUOKOI0 4,32% Ta 3,9% BiNMOBiNHO, IO CBIMYUTH MPO JAOCTATHIO TOYHICTH MOOYIOBaHHX
Mozesell. BusiBiieHO HasBHICTB ricTepe3uCy, MO MPOSIBISIETHCS Y PI3HUIN XapaKTEPUCTHK IPH HaBaHTAKEHHI
i po3BaHTaKEHHI.

Jinist mpyXWHU 31 3MIHHAM J[ilaMETPOM JIPOTY BCTAHOBJICHO CYTTEBO BHPaKCHHW HETIHIMHUI XapakTep
3MIHM JKOPCTKOCTI Bix nedopmanii. 3HadeHHs KoedilieHTa IKOPCTKOCTI 3MIHIOETbCA B MeXax
Cpmax = 26569,8 H/m.

OTpumaHi KBajJpaTH4HI 3aJIeKHOCTI aJ[eKBATHO OMNKCYIOTh EKCIIEpUMEHTANbHI JiaHi 3 BiJHOCHOIO
noxuokoro 5,6% (mpu HaBaHTaxkeHHi) Ta 8,2% (MpH PO3BAHTAXKEHHI).

[opiBHsnbHMI aHaMi3 MOKa3aB, IO NPYXHHA 3 MOCTIHHMM JIiaMEeTpOM JpPOTy Mae Oifbll cTabinbHY
XapaKTepPUCTUKY KOPCTKOCTI Ta MEHIIHMHA PiBeHb HETIHIMHOCTI, TOMI SIK MPYXHHA 31 3MIHHUM J[ilaMeTpOM
3a0e3reuye MPOrpecuBHY 3MiHY KOPCTKOCTI, IO MOKEe OYTH JOLIIBHUM JUIsl TIOKPALEHHS TUIAaBHOCTI X0y
[IPY MaJINX HABAaHTAKEHHAX 1 MiABUIIEHHS HECYYOl 31aTHOCTI IPY BEMKUX AedopMaiisx.

3anponoHoBaHa METOJIMKA EKCIIEPUMEHTAILHOTO BU3HAYCHHS )KOPCTKOCTI JIO3BOJISIE:

— OIIIHIOBATH BIJINOBITHICTh NMPYXHH HOPMATHBHUM XapaKTEPUCTUKAM;
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— BHU3HAYATH MiHIMaJIbHI Ta MAKCHMaJIbHI 3HaUCHHS Koe(illieHTa )KOPCTKOCTI;

— aHaANI3yBaTH TICTEPE3MCHI SBUINA Ta 3aJTUIIKOBI AchopMaIrii;

— BHUKOHYBAaTH MiAOIp map Mpy>uH 3 ONM3bKUMHU XapaKTEPUCTUKAMU JJIi BCTAHOBJICHHS HA OJHY BiCh
ABTOMOO1JIS.

OtprMaHi pe3ynbTaTd MOXYTh OyTH BHUKOPHCTAHI IiJ] Yac MIarHOCTHKH TEXHIYHOTO CTaHy MPYKUH
MiBICKH, ONTUMI3allii KOHCTPYKTHBHHUX ITapaMeTPiB HOBUX BUPOOIB, a TAaKOXK IPH HAJAIITYBAaHHI ITiABICKU
TPaHCHOPTHUX 3ac00iB, 30KpeMa B yMOBaX eKcIUIyaralii, cepBiCHOro oOCIyroByBaHHs Ta CHOPTUBHOTO
3aCTOCYBaHHSI.

IMopanemn JOCTIKEHHST JOIUILHO CHPSIMyBaTH Ha BUBYCHHS BIUIUBY [UKIIYHUX HABAaHTAXCHB,
TeMIIEpaTypHUX (PaKTOPiB Ta BTOMHHX TIPOIICCIB HA 3MiHY CHJIOBHX XapaKTCPUCTHK MPYKHUX CJICMCHTIB
MiBICKY.
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Experimental study of elastic elements of car suspension

The smoothness of the ride, handling, directional stability and safety of the vehicle are determined by the parameters of the
vehicle's suspension. The vehicle's dynamic performance, comfort level and service life of the chassis elements are influenced
by the compliance of the force characteristics of the elastic suspension elements with the calculated parameters.

The article presents the results of an experimental study of the parameters of the elastic elements of the car suspension and
the determination of the dependence of the stiffness coefficient on the magnitude of deformation. The theoretical and experimental
methods for determining the stiffness of coil springs are analyzed and the choice of a bench method using a strain gauge load
sensor is justified. A method for conducting tests with step-by-step loading and unloading of the spring with fixation of the
displacement and applied force is developed.

Two rear suspension springs were experimentally investigated - with a constant and a variable wire diameter. For each sample,
analytical dependences of stiffness on deformation during loading and unloading were obtained, and the root mean square and
relative approximation errors were determined. It was established that a spring with a constant wire diameter is characterized by
a more stable (quasi-linear) change in stiffness, while a spring with a variable diameter has a pronounced nonlinear (progressive)
characteristic. The presence of hysteresis phenomena was revealed, which cause the difference in force characteristics during
loading and unloading.

The article presents the results of an experimental study of the parameters of the force characteristics of the elastic elements
of the car suspension using a stand with a strain gauge system for measuring the load. The determination of local values of the
stiffness coefficient in the entire operating range of spring deformations, as well as the analysis of the loading and unloading
processes is provided by the proposed method, determine the minimum and maximum values of the stiffness coefficient, analyze
hysteresis phenomena and residual deformations, and select pairs of springs with similar characteristics for installation on one
axle of the vehicle

The results obtained can be used to diagnose the technical condition of springs, select pairs of elements for one axle, optimize
design parameters, and adjust vehicle suspension characteristics.

Keywords: car suspension; coil spring; stiffness coefficient; experimental studies; strain gauge; nonlinear characteristic;
hysteresis; deformation; force characteristic.
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VIIK 621.822.57 DOL: https://doi.org/10.31649/2413-4503-2026-23-1-97-105
P. 1. CuBaxk!

B. I. My3nuyk?

B. C. Haastskumii!

YIMUIbHIOBAHICTb CHITYYUX MATEPIAJIIB B YMOBAX
KOMBIHOBAHOT'O BIBPAIIIMHOI'O BIIVIUBY

"BiHHUIIBKMH HALIOHABHUN TEXHIYHUI YHIBEPCUTET
’Binauupskuit npodeciiinumii Konemk chepu mocmyr

HacunHa winbHicmb ma ywjinbHo8aHicmb CUMKUx mamepiarie sifigpaomb 8ax/ugy posib Yy MEXHOM02iYHUX
npoyecax. Xo4ya CMUCHEHHS CMamuYHUM HaBaHMaXXeHHSIM MOXHa eidmeopumu ma MamemamuyHO onucamu,
ennus ydapie ma gibpauil 3anuwaemscs Oyxe no2aHo suedeHuM. Bug4yeHHs1 peoroeiyHoi moeediHKU ducrnepCcHUX
cepedosuw ni0 MexaHiYHUM HasaHMa)XeHHsIM Mae cmpameziyHe 3HavYeHHs1 Oris onmumizauli mpomMucrosux
npouecie, de nopucmicmb Mamepiasay KpUmMU4YyHO 3anexumb 8i0 cucmeMHO20 cmaHy YywinbHeHHs. OCKifbKu
cmaHOapmHi MemoOUKU OUIHKU YWiNbHI08AHOCMI Maromb [epesaxkHo SKICHUU xapakmep, 3abesrneqyeHHs
8i0meoprogaHOCMIi  Peosio2idHUX XapakmepucmuK 6 aepoeaHoMy cmaHi sk 6a3ucHoMmy pieHi nompebye
8r1posadXeHHs nNpeyusitiHux Mamemamu4Hux modesnedl. Tomy, 6yno nposedeHo AociOKeHHS Or1s1 BUBHEHHS 8ryiugYy
00HOOCb0B020 HaBaHMa)eHHs1 ma eibpauili Ha CMUCHEHHS cury4o20 Mamepiany. Memor OocriOXeHHs1 €
KOMIIeKCHUU aHani3 echekmueHocmi KoMbiHo8aHO20 8ibpauyiliHo20 8rIu8y Ha MPOUEC YWiNTbHEHHSI KO2€e3iliHo20
rnopowky kaoniHy H1 special. Y mexax pobomu 3acmocogaHo rozapucmiyHy MOOEefb YUWLiNIbHEHHS, WO
0eMOoHCmpye 8UCOKY sIKicmb aripokcumauii 0511 moHKOOUCHepCHUX CUCMeM rpu MiKO8OMY cmamu4YHOMy MUCKY, 3
ypaxyeaHHsM Xxapakmepucmu4Hoi 008XUHU SIHCceHa, koegbiuieHma 6i4Ho20 mucky ma mepmsi. BcmaHoeneHo, wo
iHmeepaujiss OuHamidHUX HasaHmMa)XeHb Cymmeso mpaHcopmye 6e3po3mipHUl KoeghiuieHm cmucrueocmi: 6id
6a308020 pigHs 0,15 npu cmamu4yHoMy cmucHeHHi 0o 0,22 3a ymosu ocbosux KonueaHb (50 'y, ~2g) ma 0,32 npu
0odasaHHI pesepcusHO20 KpymusbHO20 ernugy (45 'y). Hedsaxarouu Ha me, wo dodamkosul OuHaMiYHUU mUcCK €
HE3Ha4YHUM [IOPIBHSIHO 3i CMamu4yHUM MaKCUMyMOM, OCHOBHUM Di3UYHUM YUHHUKOM eucmyrnae sibpauiliHa
pekoMnaKkuis cmpykmypu, sika 3abesnedye 3pocmaHHsi O6'€MHOI WinbHOCMIi 3a paxyHOK 3acmocyeaHHs
KOMOGIHOBaHO20 pexXuMy YWinbHEeHHS. BenuduHa maHaeHujallbHO20 [PUCKOPEHHST 00380715i€  eheKmuUBHO
pylHysamu KozesiliHi apku, Higerroeamu eghekm apKysaHHs 3a Modesnno SIHcceHa ma ycyeamu padianbHy
HeOOHOpIOHicMb WinibHocmi. BriposadxeHHs1 po3pobrieHoi KoHempyKuii npucmporo Or1si KOMBIHO8aHO20 eriugy
doseornisie  docsieamu Malike M0OBOEHHST HACUMHOI winbHocmi ma 3abesneyysamu 6UCOKYy 20MO2EHHICMb
CmpyKmypu KoMrosumie y npoMucnogux maclwmabax.

KniouoBi cnoBa: gucnepcHe cepefoBulle, YLLiNbHEHHS, BibOpauis, KOresiiHWi MOpPOLUOK, TWUCK, TepTs,
pekoMnakLisi, 06’eMHa LWiNbHICTb.

Beryn

Curtyui TBEp/Ii peYOBUHHU II1J1 €O 30BHIIIHIX BILIMBIB MOBOAATHCS 1HAKIIE, HIXkK CYIUIbHI TBEpi Tijia a00
pinuan. [TOpUCTICT CHIIBHO 3aJICKUTH BiJl BIUIMBY MEXaHIYHHMX CHII, II0 BHHUKAIOTH IILISIXOM CTHCHEHHS,
yaapy Ta Bibpamnii. Ile € cucremrnmM cranom yminererns (Cerny, 2023) [1]. 3a HacuIHY TyCTHHY 3a3BHYaii
0epyTh T'YCTHHY MaTepiaay B HOoro HaiOIIbII MyXKOMY (a€pOBaHOMY) CTaHi — 0Oe3 JJ0MaTKOBOTO YIIJIbHCHHS.
AHali3 METOIIB BUMIpIOBaHb JJIsi a€POBAHOTO CTaHy BHSBUB, 1[0 OTPHMATH BiATBOPIOBAaHI BHMipIOBaHHS
cknanHo (Xiaoli Zhu, 2024) [2]. BumiproBaHHSI aepoBaHOi HACHUITHOI TYCTHHU € METOIMYHO MPOOIEMHHM,
HaBiTh P OTHAKOBUX YMOBAaX CKJIaJJHO OTPUMATH 1ICHTUYHI pe3yJIbTaTh, TOMY Il 1aHi MOXKYTh MaTH OXHUOKY
a00 BapiaTUBHICTh. AEpOBaHUI CTaH CIIOCTEPIraeThCcs Ha MPAKTHUII PiJIKO 1 JIUIIE TPOTATOM KOPOTKOTO 4acy.
OnHak, OILIHKAa aepoBaHOIO CTaHy SK IOYaTKOBOTO HEOOXigHa /AJisl BU3HAYEHHS YIUiJIbHIOBaHOCTI. Tomy
MPOLIEAYPY 3AIOBHEHHS IpalyHOBaHOI IOCYIMHHA HEOOXiHO TIEPEBIPUTH Ha BiITBOpIOBaHICTh. Bubip Meromy
3allOBHEHHSI € TUTAHHSM JIOCBi/y, OCKIJIbKH HEOOX1IHO BPaXOBYBAaTH iHANBITyalbHi BIACTUBOCTI KOHKPETHHX
CHUITyYUX MarepiaiB.

OKpiM OIHOOCHOBI YIIUIBHIOBAHOCTI, B SIKOCTI MIpH YLIUTBHIOBAHOCTI BHKOPHCTOBYIOTHCS BiOpauiliHa
T'YCTHHA Ta TyCTHHA yuIijabHeHHs. OJHaK TovHa iHpopMmallis Juisi X KOpuUryBaHHs HemoctymHa. (Szwajka,
2023) [3] abo (Berkinova, 2026) [4], onmHCyrOTh €KCIIEpUMEHTaJbHY MPOUCAYPY YUIJIbHEHHS CHITYYHX
TBEpAMX MarepiajiB 3arajoM sSK BUMIPIOBAIbHUI LMIIHAD, SKUH MiIAa€ThCS MEBHIMA KUIBKOCTI 30BHILIHIX
BIUIMBIB, IPH LIbOMY BiOpaliiiHe yIIiIIbHEHHS HE 3raJy€eThCsl.

CranapTi TaKoX MPOMOHYIOTH 1H(GOPMAIIO PO Pi3HI Nporeaypy yuriabHeHHs. OHaK BOHU 3a3BHYAi
OyJ1 PO3pOOIIEHi UIs KOHKPETHUX TPy MPOLYKTIB a00 raty3eil MpoMUCIOBOCTI. X CHiIBHO PUCOIO € Te, IO
(hi3M4HI BETMYUHH, SKI BUKINKAIOTh CTUCHEHHS, OMUCYIOThCA SIKICHO. OTKe, pe3ysbTaTH pi3HUX METOAIB He
MOYXHA TIOPiBHIOBATH.

© P. 1. CuBak, B. I. My3uuyk, B. C. Hansxnuii, 2026 9
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VYriapHEeHHS! CTHCHEHHSM OJHOOCHOBHM THCKOM MOYKHA (Di3MYHO BIATBOPUTH, a KPHUBY TYCTHHH, IO
3QJICKUTH BiJl HOPMAJIBHOTO HAMPYKEHHS, MOKHA JIETKO OITHMCATH ITEBHOIO KiTBKICTIO PI3HUX MaTeMaTHIHHX
piBussb. PiBasnus 32 (Rojek, 2016) [5] maroTh Qyke BUCOKY SIKICTh alpOKCUMAIllii B Iiana3oHi THCKy Ao 30
klla, 0 € akTyalIbHUM JIs1 XapaKTEePUCTUKU CUITYYHX MaTepiais.

Jlesiki KOHKpEeTHI ImyOumiKatii CTOCYIOThCS CTUCKAHHS CHUITYYHX MaTepiajiB IMi BIUTMBOM Pi3HUX MEXaHITHIX
CHJI 3 BHUKOPHCTAaHHSIM TopomkoBoro tecrepa Kappa (Dalirnasab, 2024; Xiao, 2025) [6, 7] B sKocCTi
exkcrepuMeHTabHOro 00magHanHs. (Lu, 2023) [8] BUMiproBaiu BILTUB BiJJHOCHOT BOJIOTOCTI HABKOJIUITHHOTO
MIOBITPSA HA aepoBaHy 00'€eMHy IIUTBHICTH Ta Ha KoedimieHT ctucHeHHs 3rinHO 3 (Berdychowski, 2022) [9].
BumiproBaHHSI MOKazajdl OJHO3HAYHY 3alIe)KHICTh BiJ BOJOTOCTI HABKOJNMIITHBOTO MOBITPA. ABTOpH HE
3ralyloTh, SIKUM YMHOM BOHH BU3HA4YallM KUIbKICTh YAApiB, a TAKOK HE BUMIPIOBAJIM 3HAUCHHS YIIOBIILHEHHSI.
(Mitrosz, 2025) [10] mocmimxyBanu ynapHe CTUCHEHHs 3aJli3HOTO MOPOIIKY Ta BUSBHJIM MEBHI 3aJIEKHOCTI
IIUTBHOCTI BiJl BUCOTH MaJiHHS Ta KITBKOCTI yaapiB. SIk 1 iHIII aBTOpPH, BOHH HE PEECTPYIOTH 3HAYCHHSA
YIOBUIbHEHHS OKpPIM yAapHOro cTHcHeHHs. CTHCHEHHs 3a JIOTOMOTOI0 BiOpallii Mae BeNWKEe 3HA4YCHHS B
MpoMHUCIOBHX Tpouecax. (Sharma, 2019) [11] aHami3ytoTh TOCTiIKEHHS KiTBKOX aBTOPIB, SIKi 3aCTOCOBYBaJIN
Pi3HI METOW CTHCHEHHS 1 MPUXOIATH 10 BUCHOBKY, IO iH(OPMAITis PO 3HAYECHHS YaCTOTH Ta MPUCKOPEHHS €
HEOJTHO3HAYHOIO Ta HEMTOBHOIO.

Mertoro cTaTTi € JOoCHiKEeHHS e(pEeKTHBHOCTI YIIIIbHEHHsS CHITy4yOro Marepialy B yMOBaX CIiIBHOTO
BILTMBY Ha 3pa30K OJHOOCHOBOTO CTUCHEHHS 1 BiOpaIliid.

Marepiaau i MeTonmn

VYiiiibHEHHS. OTHOOCHLOBUM CTHCHEHHSM 3IHCHIOETBCS Ha TigpaBiiuHoMy mpeci (Zaid, 2023) [12], a ans
peanizariii mporecy KOMOIHOBaHOTO YIIUIBHEHHS 13 CHUIBHUM BHKOPHUCTAaHHSIM OJHOOCHOBOTO CTUCHEHHS 1
BiOparliif MPOMOHYETHCS CXeMa MPUCTPOIO TPEICTaBIeHa Ha pucC. 1.

Crioci0 yImibHEHHS, 110 OTPUMAaB Ha3By KOMOIHOBAaHE YIIIJIBHCHHS, 3aCHOBAaHWM Ha 3HAKO3MiIHHOMY
KpPYTOBOMY PYXOBi €EMHOCTI 3 KOMIIO3UTHUM MarepiajioM Ta 3HAKO3MiHHOMY MOCTYIaJbHOMY PYXOBi pobo4uoro
IHCTpyMEHTy. Y TEeXHOJOTIUHIN MpaKTUIll He BioMi MpUCTpol, mo 3a0e3medyoTh OJHOYACHWIN BIUIMB Ha
VINIJIBHYBaHE CEPENOBHIIEC KPYTOBOTO PEBEPCHBHOTO Ta 3BOPOTHO MMOCTYMANBHOTO pPyXy poOOYOro
IHCTpYMEHTY.
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Puc. 1. [IpyHUKIIOBA CXeMa MPUCTPOIO CTBOPEHHs KOMOIHOBAaHOTO BiOpamiifHOro BIUTUBY JJIsl YIIIJIbHEHHS TIOPOIIKOBOTO KOMITO-
3ULiHOTO MaTepiany: 1 — NiHIHHUI eNeKTPOABUIYH; 2 — OPOIIKOBHUI KOMIIO3HULIHHUIT MaTepian; 3 — KPOKOBHIA eJeKTPOABUTYH;
4 — GIOK yNpaBNiHHS; 5 — KHOIIKA 3aITyCKy; 6 — peryJsiTop MBUIKOCTI peBepcy; 7 — MepCOHANBHUIT KOMITTOTep; 8 — eKpaH peXXnuMiB
00po6ku; 9 — aBToMariuHuil BUMnkad; 10 — Tpancdopmarop; 11 — nporpamoBanuii KOHTpoJep; 12 — aGCOMIOTHO KOPCTKHUIA IITOK;
13 — abcomroTHO )x0opeTka emHicts; 1, 11, 111, IV, V, VI — nocmimkyBaHi TOYKH Ha MEPHUIIOHATEHOMY MIEpETHHI 3pa3ka
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s ouiHkM e€(EeKTUBHOCTI KOMOIHOBAaHOTO CrOCO0Y YIIIBHEHHS MPOAaHAIi30BAHO IMOPOIIKKM KAOJiHY 3
miamazoHoM posMipiB Big 2,08 mo 5,5 mM. OKpiM OZHOOCHOBOTO CTHCHEHHS, TOPOINKH OYJIM YIIUTHHEHI
OZHOYaCHUM BIUIMBOM OJHOOCHOBOTO CTHUCHEHHs 1 BiOpawiii. BiOpauii cTBOprOBanuCh sSK TMOB3IOBKHIMU
KOJIMBaHHSIMH aOCOJIOTHO OPCTKOTO MITOKAa 12 Tak i KPYTWIBHHUMHU KOJMBAaHHAMH aOCONIOTHO YKOPCTKOL
emuocrTi 13. [InuaHicTh Mopomky kaoniny H1 special 3 niamerpom 3ayrepa dst = 2,08 MkM micis knacudikarii
Jenike mae 3mauenns F; = 3. Lle o3navae, mo kaomin H1 special moBuHeH kimacudikyBaTucs sk Kore3iiHun
MOPOLIOK.

3rigHo Moaeni SIlHcceHa xapakTepucTudyHa qoexkuHa (Zhou, 2025) [13]:

=5 (1)
17
ne R — paaiyc 3paska; K — KoedilieHT 014HOTO THUCKY; 4 — KOe(DILIEHT TepTs i3 CTIHKOIO.
Posnozin ockoBoro HanpysxeHus (Samadi, 2022) [14]:

cosh(#)

cosh(g) ’
ne H —Bucota 3paska; z =0 —rtouku I, IV; z = H/2 —Ttouku I, V; z= H — toukwu 111, VI.

J1sa cTBOpEeHHST MOZENi YIIUTBHEHHS IPUIMEMO JIOTapUPMIYHY 3aJIeKHICTh YIIUTFHEHHS, SIKa € THIIOBOIO
JUIsl TOHKOJMCTIepcHUX mopomkiB (Mohmad, 2024) [15]:

2)

0,(2) = Opayx

p=po" 1+a-ln(1+§—z), 3)

Je po — MovaTkoBa 00'€MHA HIUTBHICTB; @ — 0e3po3MipHU KOe(DillieHT CTHUCIMBOCTI (YHILIbHIOBAHOCTI);
0 — XapaKTePUCTHYHUN THCK OYATKy iIHTEHCHBHOTO YIIITEHEHHSI.

@iznyaO KOe(ilieHT @ MOoKa3y€e HACKLUTBKH CHIBHO 3MIiHIOETHCS IIUIBHICTh MPHU 3pOCTAaHHI HANPYKEHHS,
«UyTIHMBICTH» MOPOIIKY /IO THCKY Ta iHTEHCHUBHICTh PYHHYBaHHS MOPHUCTOI CTPYKTypu. Manuii koedirieHTt
a = 0,05-0,1 — noporiok Maibke He YIIUIBHIOETbCA, cepenniid @ = 0,1-0.2 — moMipHa CTHCIMBICTD, BEITMKHIA
a=0.25-0.4 — BUCOKa CTUCIUBICTh, pyHHYBaHHs arjioMepartis. [1Jis TOHKOAUCIIEpCHOTO KaoiiHy 3 Fy=3 tumnose
3HadeHHs a = 0,12-0,18. [1ig miero BiOpartrii a00 KpyTHIHHIX KOJIUBaHb @ 3pOCTAE, OCKIIBKH CTPYKTypa JIeTIIe
nepeOynoByetbes (Laptiev, 2024) [16].

XapaKTepUCTHYHUI THCK IMOYATKy iHTEHCHUBHOTO YIIUIBHEHHS Go (I3WYHO I PiBEHb HAINPYKEHHS, TpU
SIKOMY TIOYMHAE PYHHYBATHCh MMOPUCTA CTPYKTypa, MacTad TUCKY s JiorapuMidHOT 3a/Ie)KHOCTI, YMOBHA
«TOYKA MePEeX0y» BiJl MPYKHOTO JI0 IUIACTUYHOTO YIITbHEHHS. SKI0 6 <K Go (p = po) — MOPOIIOK Maiike He
VIIIIBHIOEThCA. SIKIIO G = O©¢p — IOYMHAETHCS AKTMBHE YINIIbHEHHS. SKIIO G >> ©p YUIUIbHEHHS
CHOBUIBHIOETHCS (Jlorapudmiune HacudenHs) (Ku, 2023) [17].

®iznunmic 3MicT JorapudmMidyHOi QOpPMHU TOSICHIOETBCS THM, IO EKCIEPHUMEHTAIBHO sl 0ararbox
MTOPOIIIKIB IMPU MAITUX TUCKAaX — Pi3Ke YIIUIBHEHHS, PH BEMKUX — e(peKT HACHYCHHS, KpBa P(C) Ma€ BUTIISIT
NOBUTBHO 3pocTtatouoi. lle BiamoBigae pyldHYBaHHIO arioMepariB, 3MEHIICHHIO TOPUCTOCTI, 3POCTAHHIO
KOHTAKTHOI TUIOIII YaCTHHOK. ICHYIOTh 1HIm Moxeni, Hanpukian, Heckel equation, Kawakita equation, Cam-
Clay (nns nopomkoBoi Mexaniku), Drucker—Prager—Cap, ane ans po3paxyHkiB Oyna obpana yiorapudmiuHa
(hopma ockinbku BoHa ayxe 3pydHa (Yilmaz, 2025) [18].

KoedimieHT @ i TUCK Go BHU3HAUYAIOTh CKCIIEPUMEHTANIbHO. [l 1IbOTO 3pa30K i3 MEBHOTO Marepiany
CTHCKAIOTh B Ipeci, BUMIPIOIOTh LIIBHICTh p MPH PI3HUX THUCKAaX G, BUKOHYIOTH PETPECiio 1 B pe3ynbrari
OTPUMYIOTB 3HAYEHHS a Ta G.

Omxe (i3snuHMi 3MICT KOE(]ILi€HTY CTHUCIMBOCTI @ MONATAa€ y TOMY HACKUIBKM HOPOIIOK «JIETKO
VIIITBHAETHCS, @ XapaKTEePUCTUIHOTO TUCKY — KOJIM TOYWHAETHCS aKTUBHE YIIUILHEHHSI.

@Di3uuHM 3MICT pe3yabrary HOJNArae y HaiOINbIIOMY YIIUIBHEHHI Y BEPXHil YacTWHI, OCKIJIBKH 4epe3
TEPTS MO CTIHKaX THCK 3MEHIIYEThCS TOHM3Y (€EeKT apKyBaHHS), PI3HHULS MK HEHTPOM 1 CTIHKOIO IO OcCi
MiHIMalTbHa (JJI 0CECHMETPUYHOTO HABAHTAXKEHHS), 3arajibHe 3pOCTaHHS HIUTLHOCTI =~ 60% Bij MoyaTkoBoi
(Zhou, 2023) [19].

Jist miABUIIEHHS! TOYHOCTI MPOTHO3y HEOOXiHO BHKOPUCTATH peasibHi KOMIpeciiHi kKpuBi kaoniny H1
special, DEM-MonenoBaHHs: a00 METOJT CKIHYEHHHX €JIEMEHTIB Ta BpaxyBaHHs noe3ydocri (Sivak, 2023) [20].

PesyabraTn i 00roBopeHHs

s oninky e(heKTUBHOCTI YIIUTEHEHHS TIPOBEIEH] JOCTIDKSHHS 3T1THO CXeMH IPE/ICTaBIeHOl Ha pucC. 1.
Criouarky po3mIsAacThCs MPOIEC YIIIBHEHHS ITiJ] JI€F0 CTATUYHOTO MTOB3/I0OBXHBOTO HaBaHTaKkeHH. Llmminap
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3 mopoiky kaosiny H1 special 3 qiamerpom 3ayrepa dst = 2,08 MxMm micist kinacudikaiii Jenike Mae 3Ha4eHHS
mwimHHOCTI Fy = 3. Humingp mae miamerp d = 10 cM, Bucoty H = 8 cM Ta 0OMexeHHU# 3HHU3Y 1 110 KOHTYPY
HEPYXOMHMH MOBEPXHAMH. 3BEpPXY IO BCiil OBEPXHI HAa LHWIIHAP TUCHE INTOK i3 3yCHIUISIM, LIO 3pOCTAE Bix
F = 0...2500 H 3a 10 cex. HeoOximHO BM3HAUMTH SK 3MiHUTbCA 00'€eMHa WIUIBHICTH (r/cM’) B mIecTH
XapakTepHux Toukax (puc. 1). [TouarkoBa 06'eMHa IiIBHICTL — po = 0,25 /e,

MaxkcuMalIbHUM 0CHOBHII THCK:
F
Omax = 2 (4)

d? . .
ne A = ”T — IUIOLIA IOTIEPEYHOr0 Nepepizy HUIIHIpa.

OTke MaKCUMaJILHUIM OCHLOBHIA TUCK Oy/Ie CKJIaIaT B JAHOMY BUMAAKY Gmax ~ 318 klla.

[Nopomku 3 nokazHukoM Jenike ~ 3 BiTHOCATBCS 10 KOTE3iHHHUX MaTepianiB, TOMY Koe(ilieHT 6i9HOro
tucky npuiimaemo K = 0,4, a xoedinient tepts i3 ctinkowo U ~ 0,4, XapakrepucTuyHa JOBXUHY SIHCCeHa
Bm3Ha4aeMo 3a (1). Takum uymHOM B maHomy Bumanky A = 0,156 M. Posmomin ockOBOTO HampyXeHHS
BU3HAYaeMo 3a (2). s cTBOpeHHsT MozieTi YUIITBHEHHS IpuiiMeMo JorapuMidHy 3aleKHICTh YIIIIbHEHHS
(3), sixa € THITOBOYO TSI TOHKOJUCIIEPCHUX TOPOIIKiB. Pe3ynbrarn po3paxyHKy MpencTaBiIeHi Ha puc. 2.

0.38 4 —— Touka |
Tovka Il

— TOuKa lll
036 7 touka IV
— To4kaV

0.34 4 —— Touka VI

0.32

0.30

WinBHICTL, rfcm?®

0.28 ~

0.26

Yac,

Puc. 2. 3anexHicTs 06’€MHOT IIITBHOCTI Bijl 4acy MpU OAHOOCHOBOMY CTHUCKAHHI B XapaKTEPHHUX TOYKAX MEPHAIOHATILHOTO MEPETUHY
LJTIHAPUYHOTO 3pa3ka i3 kaoniny H1 special

HacrymHoro 3amauero Oyne Bu3HaueHHS 3MiHM 00'€éMHOI HIUTFHOCTI B MIECTH TOYKAX MEPHIIOHAIEHOTO
nepepizy 3pazka (puc. 1) i3 xaominy H1 special mpu yMoOBi, 1m0 mTOK OXHOYACHO CTBOPIOE OJHOOCHOBE
cTrucHeHHs BenuunHo 2500 H Ta noB3nomkHi koyimBaHHs 3 yacToToro 50 'y 1 amrutitygoro 0,0002 M. B npomy
BUMIAJIKy 3aCTOCYEMO pO3LIMPEHY MOJETh 3 YpaxyBaHHSM CTAaTHYHOTO YIIUIBHEHHS, JOJaTKOBOTO
JUHAMIYHOTO THUCKY BiJl TApMOHIHHUX KOJMWBaHb 3 4acToToro 50 ['11 Ta morapudmiqHOro 3aKOHy YUIUTEHEHHS
MOPOUIKY JIJIsl KOTE€31HOTO CTaHy.

Kyrosa wacrora

w=27f, (5)
ne =50 ' — yacToTa MOB3IOBKHIX KOJHUBaHb A0COIFOTHO YKOPCTKOTO IITOKA.

OTke KyTOBa 4acTOTa B JAHOMY BHIIaJIKy Oyzie nopiBHIOBaTH @ = 314 pan/c. MakcuMaibHe IPUCKOPEHHS
MITOKA!

Amax = szV, (6)

ne A, = 0,0002 M — aMmIutiTyA.
TakuM YMHOM B JIJAaHOMY BUIAJKy MaKCHMAaJbHE MPHCKOPEHHS ITOKA dmax = 19,7 M/c?. Lle npubnusno 2g.
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JomarkoBuii THHAMIYHHAN THCK:
Od= pHamax, (7)

ne p =300 kr/M® — cepens IiIbHICTE.

OT1xe nomaTKOBUi AUHAMIYHHN THCK Oyne ckianaru oy = 473 Ila. Lle mpubmuzuo 0,5 klla, mo y 600 paziB
MeHIe 3a craTnyHuil MakcumyM (318 klla). TakuM YMHOM KOMTMBAHHS MPAKTUYHO HE 301IBIIYIOTH MUTTEBUH
THCK, aJie 3SMEHIIYIOTh BHYTPIIIHE TEPTS 1 IMiIBUIIYIOTH KOeDiIliEHT yIIiTsHEHHS. Bpaxyemo 11e sk 3011bmeHHs
napametpa ymirsHeHHs Binx 0,15 mo 0,22.

3rigHo mozeni SAuccena (1-3) oTpumyeMo 3aieKHICTH 00’€MHOI IIIIBHOCTI BiJ Yacy NpW CHUTBHIN il
OZITHOOCHOBOTO CTHCKAHHS 1 TOB3JOBXKHIX KOJNHMBaHb INTOKA B XapaKTepHUX TOUYKaX MEPHUIi0HATHLHOTO
MepeTrHy UWITHIPHIHOTO 3pa3ka i3 kaoniny H1 special (puc. 3).

0.450 A
—— TOYKa |
Touka Il
0.425 4+ —— Touka lll
—— TOYKa IV
—— TOo4ka V
0.400 A ouKa
—— To4ka VI
. 0.375 1
=
=
£ 0.350
M
I
£
=
g— 0.325 4
0.300 A
0.275 A
0.250 4
T T T T T T
0 2 4 6 8 10
Yac, €

Puc. 3. 3anexHicTh 00’ €MHOT IITBHOCTI BiJ Yacy NMPH CHUIBHIN Aii OAHOOCKOBOTO CTUCKAHHI 1 TOB3JOBXHIX KOJIMBAaHb IITOKA B
XapaKTepHUX TOYKaX MEPHIIOHAIBFHOTO MEPETHHY IITIHIPUIHOTO 3pa3ka i3 kaominy H1 special

TakvM YMHOM TIPU OJHOOCHLOBOMY CTHCKaHHI MakcMMallbHe 3Ha4eHHs1 00’€MHOi IIUTBHOCTI CKJIIAllo
~ 0,40 r/cM®, a y BUTIAJIKy CIIJIBHOT 1T Ha 3pa30K OJHOOCKOBOTO CTUCKAHHS | MOB3IOBXKHIX KOJIMBAHb IITOKA —
~ 0,47 r/em’. To6To orpumano Bia 17 10 20% J01aTKOBOIO YIIIJILHEHHS.

BiOpariitanii BrumuB 3 wactotoro 50 I'i mpu prckopeHHi ~#2g pyiHHY€ KOTe3iiHI apKd, 3MEHIITY€ BHYTPIIITHE
TEpTA, JO3BOJISIE YACTHMHKAaM MepeOy0ByBaTUCh y MIUIBbHINIE NMaKyBaHHS. J[MHAMiYHMHA THUCK caM 1o co0i
MaJInH, aje OCHOBHUM e()eKTOM € BiOpalliifHa peKOMMAKIisi CTPYKTYPH.

Tenep po3missHEMO 3ajlauy BHU3HAYEHHS 3MIHH O0'€MHOI IIIJIBHOCTI B IECTH TOYKAX MEPHI10HAILHOTO
nepepisy 3paska (puc. 1) i3 kaoniny H1 special mpu ymMoBi ciiibHOT [1ii OAHOOCHOBOTO CTUCHEHHS BEITMYHUHOIO
2500 H, moB310BXHIX KOJIMBaHb MToKa 3 yactororo 50 'y i amrutitynoro 0,0002 M i KpyTHIBHUAX KOJIMBaHb
€MHOCTI 3 KaomiHoM yacToToro 45 I'm ta ammuiitygoro 0,0174 pax. jis 1bOro po3misHEMO MOIECHb 3
ypaxyBaHHSIM CTaTMYHOTO OCHOBOTO HABAHTAXXEHHs, OChOBHX BiOpawuiii wactororo 50 I'm i KpyTHIBHHX
KOJIMBaHb €MHOCTI 4dacToToro 45 'l 3 BukopuctanHsM edekty SHcceHa Ta BiOpawuiiiHOT pexoMmakiii
KOT'€31iHOTO MOPOIIIKY.

KyToBa yactora KpyTUIBHUX KOJIHMBaHb

o =27, ®)

ne fi =45 ['n — yactoTra KPyTWIBHUX KOJIMBaHb a0COJIIOTHO KOPCTKOI EMHOCTI.
OTke KyTOBa 4acTOTa KPyTHJILHUX KOJIMBaHb B JaHOMY BUIAJKy Oyze piBHa ax = 283 paj/c. MakcumalbHe
TaHTeHIliaJbHe TPUCKOPEHHS:
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ar = R(U%Qo: )

ne 6= 0,0174 pam — aMITiTyna KpyTHIBHAX KOJTUBAHb.

Tak¥M YMHOM MAaKCHMaJbHE TaHI€HIiaJbHe NIPUCKOPEHHS B JAHOMY BHIIAAKy Oyae piBHE a; = 69.5 m/c?.
Ile 3HaueHe 3CyBHE MPUCKOPEHHS, OCKUTLKH MPUOJIM3HO TOPiBHIOE 7g. Take MPUCKOPEHHS PYHHYE CTPYKTYPY
apKyBaHHS, pI3KO 3MEHINY€ BHYTPIIIHE TEPTS, BUPIBHIOE HIUIBHICTH TO Pajiycy, MiIBHIIye KoedimieHT
YIIUTEHEHHS.

Otxe eeKTUBHUI KOe]illi€HT YIIiTbHEHHS IPH OTHOOCLOBOMY CTUCHEHHI O3 BiOpallii Oyae TopiBHIOBATH
a=0,15, mpu cuinpHI# 1ii OMHOOCHKOBOTO CTUCHEHHS 1 TOB3IOBXKHIX KOJMBaHb MTOKa — a = 0,22, TIpH CIIBHIH
Il OTHOOCHOBOTO CTUCHEHHS, TIOB3/IOBKHIX KOJMBAaHb IMITOKA 1 KPYTHIFHUX KOJIMBaHb €MHOCTI — a = 0,32.

3rigHo mozeni SAuccena (1-3) oTpumyeMo 3aleKHICTH 00’€MHOI IIIIBHOCTI BiJl Yacy NpW CHUIBHIN il
OJTHOOCHOBOTO CTHUCKaHHS, MOB3JIOBXKHIX KOJHBAHb IITOKA 1 KPYTHILHUX KOJUBaHb EMHOCTI B XapaKTEPHUX
TOYKaX MEPHIIOHAIFHOTO NIEPEeTHHY ITIHAPUIHOTO 3paska i3 kaominy H1 special (puc. 4).

—— TouKa |
Toyka Il
0.50 4 —— Touka 11
—— TO4Ka IV
—— TO4Yka V
—— TO0YkKa VI
0.45 4
s
=
POELE
'_
=
L
L
=
el 0.35 4
0.30
0.25 4
T T T T T T
0 2 4 [} 8 10
Yac,

Puc. 4. 3anexHicTs 00’ €MHOT IIITBHOCTI BiJl 9acy MPH CHUIBHIN Aii OAHOOCHOBOTO CTUCKAHHI, TOB3IOBXKHIX KOJIMBAHb IITOKA 1
KPYTWJIBHHX KOJIMBAaHb EMHOCTI B XapaKTEPHHX TOYKaX MEPHIIOHATIBHOTO NEPETHHY IIMITIHAPUYHOTO 3pa3ka i3 kaoniny H1 special

Takum 4MHOM criocTepiraeMo HacTynHy (hi3WYHY KapTHHY: HaHOiNblle yIIiTbHEHHS 3BEPXY OCKLIBKH
MaKCUMaJIbHUH OCBhOBUH THCK; HH3 YIUIUIBHIOETHCS CJIa0Ille 4epe3 PO3MOMia HAIpyXeHb 3TiAHO MOozei
SHCcceHa; pajianbHa HEOTHOPITHICTh Makike 3HUKAE BHACIIIOK CHIIbHUX KPYTHIILHUX KOJTMBaHb. B pesynbrari
CIIOCTEPIraeMo 3arajbHe 3pOCTaHHs miabHoCTI Bix 0,25 10 0,55 r/em’.

KombiHOBaHI OCBOBI 1 KpYTWJIbHI KOJHMBaHHsS MaiiKe IOJBOIOIOTh IIIJIbHICTh, 3HIMAIOTh apKyBaHHS,
POOJISATH YIUIEHEHHS OUTBII PIBHOMIPHUM, Pi3KO 3MEHIIYIOTH POJIb TEPTS 1O CTiHIII.

BucnoBkn

[IpencraBiene JOCHIKEHHST CTPATETivyHO IIOB’S3y€ IOCTABIEHY METY — BWBUCHHS VIIIIBHIOBAHOCTI
CHUITyYMX MarepiaiiB 3a cneuu(piuyHuX YMOB MEXaHIYHOTO HABaHTa)XXEHHS — i3 po3poOKoio Ta Bepuikariero
BIANOBIAHUX (i3MKO-MaTeMaTHYHUX Moneneld. Bukopucranns koresiiiHoro kaominy H1 special sik 06'ekra
aHaJIi3y J03BOJIMJIO IIOBHOK MIpOI0 anpoOyBaTH po3po0sIeHy METOIMKY Ta KOHCTPYKIIiIO €KCIIEPUMEHTAIbHOT
YCTaHOBKH, 110 3a0e3redyye 0araToBEKTOPHHUM BIUIMB Ha Marepiaj. AHATITHUHUN OMVIA] OTPUMAHUX JaHUX
MiATBEPKYE, IO 3aCTOCOBAaHUH KOMIUIEKCHUH Mi/IXi/ T03BOJIMB TOYHO OIIHUTH e(heKTHBHICTh KOMOIHOBAaHOTO
HABaHT2)XEHHsI HAa MOPHUCTY CTPYKTYpy Mopoiiky. Po3poOiieHi Moaemni mpoieMOHCTPYBAIM BHCOKY 3/IaTHICTh
OINKCYBATH IWHAMIKY 3MiHHM 00'€MHOI IIIJIbHOCTI, 110 CBIAYUTH MPO MOBHE JOCITHEHHS METH JOCIIIKSHHS Ta
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BIJIMIOBIIHICT OTPUMAHMX PE3YJIbTaTiB 3asBjcHiM TeMmi. lle 3aknanae HamiiHUN HayKOBUH (DyHIAMEHT IS
TIePEXOy BiI METOMOJIOTIYHOTO IMATBEPIYKSHHS IO IETAaILHOTO aHAJIi3y eTalliB peai3arlii J0CIiHKCHHS.

Hns mmOoKoro po3yMiHHS AWHAMIKM TOBENIHKM KOTE3IMHHUX MaTepialliB KpUTHYHO BaXKJIMBHM €
noeTanHui aHami3 (akTopiB, mo OOYMOBIIOIOTH iXHE YIIITBHEHHS MmiJ Ai€l0 30BHImHIX cui. [Ipomec
nociimkeHHs OyB peaini3oBaHUH y HACTYITHIA XPOHOJIOTIYHIH ITOCTiTOBHOCTI:

¢ O0’exTOM BUBUEHHS BHCTYNHB Kore3iitHui kaonin H1 special (F/=3), BunmpoOyBaHHS SIKOTO TTPOBOIMIIHCS
Ha cIieliai30BaHiil yCTaHOBL, OCHAILECHIH JiHIHHUM Ta KPOKOBUM €JIEKTPOABHTYHAMH.

e Ha erami umcroro omHoockoBoro ctucHeHHs (mo 318 klla) Oymo 3adikcoBaHO BUpaKEHUH eQeKT
apKyBaHHS, 110 00MeXXyBajo PiBHOMIPHICTh YIIUTEHEHHS 32 BUCOTOIO 3pa3Ka.

e BripoBakeHHs: mo3nopxHix konuBaHb (50 'm, 2g) 3abe3neumsio pyiHHYBaHHS KOTe3iHHHX apoK Ta
3HW)KEHHSI BHYTPIIIHBOTO TEPTS, IO MPHU3BEIIO A0 3pocTaHHs miibHOCTI Ha 17-20% (o piBns 0,47 r/em?).

o OiHaNBHUN eTal XapaKTepru3yBaBcsi KOMOIHOBAHOIO JTI€T0, JIE IO OCHOBOTO HABAHTAKCHHS Ta ITO3OBXKHIX
BiOpaiil moganucs KpyTHIIBHI KOMBaHHS €éMHOCTI (45 ['1), 1110 reHepyBaiy TaHT€HIianbHEe TPUCKOPEHHS Ha
piBHi 7g.

e B pesynbrari Takoro CHHEPreTHYHOTO BIUTHBY Oyio 3aiKcOBaHO 3pOCTaHHS IIITHHOCTI 3 TOYaTKOBUX
0,25 r/em?® mo 0,55 r/cm?3, 0 (haKTHIHO MOABOIOE BUXIiTHI MTOKA3HUKH.

¢ ExcriepyuMeHTanbHO AOBENCHO, 10 JWHAMIYHA PEKOMIIAKIis CTPYKTYpH MiJ MAi€l0 KOMOIHOBaHHX
KOJIMBaHb HiBEIIOE BILTUB MPUCTIHHOTO TEPTS Ta CYTTEBO TOMOTEHI3Y€ PO3ITOILT MIITEHOCTI.

OTpruMaHi KiTbKiCHI MOKa3HUKH CTBOPIOIOTH OCHOBY JUIA IONANBINOI KOHIIETITyami3amii Ta (i3mgHOro
y3arajbHEHHsI TapaMeTpiB MPoIecy.

Crpareriuna BaXJIMBICTh IEPEXOAY BiJA EMIIPUYHUX CIHOCTEpeXkeHb 10 (I3MYHOr0 TpaKTyBaHHS
MapaMeTpiB YIIIIFHEHHS TOJSrae y BU3HAUYEHHI MeXaHi3MiB TIepeOyI0BU CTPYKTYpPH CHITydOTO CEpEeIOBHIIA.
KnrouoBrM 1HAWKATOpPOM «UYTIUBOCTI» MOPOMIKY J0 MEXaHIYHOTO BIUIMBY BHUCTYyMae Oe3po3MipHHI
KOE(QIIIEHT CTUCITMBOCTI @, 3pocTaHHs sikoro Big 0,15 1o 0,32 mix giero BiOpaIlii CBIYUTh PO IHTCHCU(IKAIIIO
pyWHYBaHHA arioMepariB. MareMaTndHO Ield TIpolec OMHCYEThCS dYepe3 Monenb SHcceHa, e
xapakrepuctudHa noexkuHa 0,156 M Bu3Hauae Macmrtad MagiHHA THCKY 32 BHCOTOI BHACTIIOK €(eKTy
apKyBaHHSI.

HaykoBe 3HaueHHS pe3yibTaTiB MOJSTae y MiATBEPUKEHHI TOTrO, IO YIIUIBHEHHS NpU BiOpamii
BiIOYBA€TbCA 32 PaXyHOK AMHAMIYHOI PEKOMIAKINI CTPYKTypH, a He depe3 30UIbIIeHHS THUCKY, OCKUIBKA
po3paxoBaHuil jgogarkoBuil nuHaMidHni kommoHeHT (0,5 klla) € Mi3epHUM MOPIBHSIHO 31 CTATUYHUM
HaBaHTaxkeHHsM (318 kIla). 3acTocyBaHHS 3HAYHOTO TAHTEHIIANILHOTO MPHUCKOPEHHS (7g) MpH KPYTHIBHUX
KONTMBaHHIX 3a0e3leduye HiBENMIOBAHHSA pPajialbHOI HEOMHOPITHOCTI, IO JOKOPIHHO 3MIHIOE iHKEHEPHHN
MiIXi O OLIHKHA YHIUTEHIOBAHOCTi, pOONSYM HOro OiibIm ajgekBaTHUM (i3W4HIN TpHUpoAl Kore3idHMX
CepeoBHIII.

BanigHicTh OTpMaHUX pe3yNbTaTiB NOTPeOy€e KPUTHIHOTO OIIHIOBaHHS YMOB, 32 SIKUX 0yi10 chopMoBaHO
¢izuko-maremarnyHy Mozenb. CiiJ BpaxoByBaTH, IO XapakTep OLIHKH, KM MONArae y BUKOPHCTAHHI
JOTapuUQMIvHOI 3aJIEKHOCTI, BUCTYIA€ HAOIMKEHOIO MOJICIITIO, ONITUMAIILHOIO JUISI TPAKTUYHUX PO3PaXyHKIB,
aJie Takolo, 110 Ma€ TIEBHI JIOMYCKH. ToMY JUIsS TOCATHEHHS BUCOKOT PEIU3iTHOCTI MPOTHO3YBaHHS pE3YyNIbTaTH
notpedytoTh Bepudikauii yepes Taki pyngamenTansHi Mmoneni, sk Heckel, Kawakita, Cam-Clay abo Drucker-
Prager-Cap. Kpim Toro, mozanblia geranizailisi BUMarae 3any4eHHs MeToy TuckpeTHux enementis (DEM) ta
BUKOPHCTaHHS DPEabHUX KOMIIPECIHHMX KPHBUX KOHKPETHOTO Marepiany JUIs YTOYHEHHS HapaMmeTpiB
pexoMOiHanii yacTHOK. L{i 0OMeXeHHs BU3HauatoTh BEKTOP MOAAJBIION0 HAYKOBOTO MOIIYKY.

[loganpinii poO3BUTOK JaHOI TEMAaTWKHW MAa€ 30CEpeDKYyBaTHUCS Ha BpaxyBaHHI e(eKTy MOB3y4OCTi
Marepiaiy, BIPOBaJKEHHI MeToay cKiHdeHHuX eneMeHTiB (FEM) ans BHCOKOTOYHOTO TpPOTHO3YBaHHS
HalnpyXeHo-1e(hOpMOBaHOIO CTaHy Ta AOCHIHPKEHHI BIUTUBY BOJIOTOCTI CEPEOBHUINA HA AUHAMIKY PEKOMITAKIIiT
CTPYKTYPH ITOPOLIKY.
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Compactness of bulk materials under conditions of combined vibration impact
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Bulk density and compactability of bulk materials play an important role in technological processes. Although compression by
static loading can be reproduced and mathematically described, the effects of shocks and vibrations remain very poorly
understood. The study of the rheological behavior of dispersed media under mechanical loading is of strategic importance for the
optimization of industrial processes, where the porosity of the material critically depends on the systemic compaction state. Since
standard methods for assessing compaction are predominantly qualitative in nature, ensuring the reproducibility of rheological
characteristics in the aerated state as a basic level requires the implementation of precise mathematical models. Therefore, a
study was conducted to study the effect of uniaxial loading and vibrations on the compression of bulk materials. The aim of the
study is a comprehensive analysis of the effectiveness of the combined vibration effect on the compaction process of cohesive
kaolin powder H1 special. Within the framework of the work, a logarithmic compaction model was used, which demonstrates a
high quality of approximation for finely dispersed systems at peak static pressure, taking into account the Janssen characteristic
length, lateral pressure coefficient and friction. It was established that the integration of dynamic loads significantly transforms the
dimensionless compressibility coefficient: from the base level of 0.15 under static compression to 0.22 under axial vibrations
(50 Hz, ~2g) and 0.32 when adding a reversible torsional effect (45 Hz). Despite the fact that the additional dynamic pressure is
insignificant compared to the static maximum, the main physical factor is the vibrational recompaction of the structure, which
ensures an increase in bulk density due to the use of a combined compaction mode. The magnitude of the tangential acceleration
allows you to effectively destroy cohesive arches, level the arching effect according to the Janssen model and eliminate radial
density heterogeneity. The implementation of the developed design of the device for combined impact allows achieving almost
doubling of bulk density and ensuring high homogeneity of the composite structure on an industrial scale.

Keywords: dispersed medium, compaction, vibration, cohesive powder, pressure, friction, recompaction, bulk density.
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BU3HAYEHHAA PA"I_[IOHA.JII)HOT TEXHOJIOI'TI JOCTABKH
MMPOAYKIUII POCJIMHHOI'O HOXO/’KEHHS B
KOHTEHHEPAX MIK YKPATHOIO TA ICIIAHIEIO

XapkiBchkuii HalliOHATBHUI aBTOMOOLILHO-I0POXKHIM YHIBEPCUTET
’BiHHUIBKMY HALIOHAIBHUM TEXHIYHUN YHIBEPCUTET

3anpornoHoeaHoO 8upiuweHHs akmyarsibHOI HayKo8Oo-rnpuKnadHOi 3adayi 8U3HaYeHHS pauioHasIbHOI mexHoroail
docmasku npodyKyii pOCIIUHHO20 MOXOOXEHHST 8 KOHMeUHepax y MiXKHapOOHOMY CrioflyqYeHHi MiX YKpaiHowo ma
IcniaHieto 8 ymoeax mpaHcgopmauii mo2icmuyHuX naHyrozie ma obmexeHoi nporyckHoi 30amHocmi MPUKOPOOHHOT
iHppacmpykmypu. Ocobnugy yeazy npudineHo 0b6rpyHmMyeaHH O0UiIbHOCMI BUKOPUCMAaHHS KOHMEUHepPHUX
rnepeseseHb fiK arlbmepHamueu mpaduuiiHum cxemam O0OCmasKu i3 3acmocy8aHHSIM 8a20Hig-3epH0803i8, W0
do3eonsie MiHIMI3yg8amu Yacosi empamu, CKopomumu sumpamu Ha repesaHmaysasbHi onepauii ma nidsuwumu
2HYYKiCmb mpaHCropmHo-s102icmuyHux rnpouyecie. Po3pobreHo memoduyHuli nidxid Ao ¢hopmysaHHsi ma eubopy
pauioHanbHOI mexHoroeii docmasku, sskuli basyembcs Ha 1obydosi MamemMamuy4HOi MoOesli BUSHAYEHHSI CyMapHUX
sumpam rioeicmu4yHo20 naHytoza. ChopmosaHa Modersib 8paxo8ye KOMIMIIEKC MEXHOT02IYHUX onepauil, 30Kkpema
HagaHMa)XeHHs1, PO38aHMAaXXEHHS, nepesaHmMaxeHHs, 3bepicaHHs1, mpaHcrnopmyeaHHs, O4iKy8aHHs 8i0rNpas/IeHHs
ma QoKymMeHmarsbHe oghopmiieHHs. Po3pobrieHo nogHoghakmopHuUl rnraH ekcriepuMeHmy ma 8UkoHaHa eionogioHa
cepis YucenbHUX po3paxyHkie. Ha ocHosi ompumaHux pesynbmamie nobydoeaHo peapeciliHi MamemamuyHi Mooeni
0nsi 080X anbmepHamueHUX mMEeXHoMoeili docmasKu, W0 Xapakmepu3yrmbCsi BUCOKUMU OKa3HUKamu
adekeamHocmi ma cmamucmud4Hoi 3Hadywocmi. [posedeHuli nopisHsANbLHUL aHani3 0380/1U8 8CMaHo8UMU, WO
3acmocygaHHs1 KOHmMeUHePHOI mexHosioeil 3abeanedye cmilike 3HUXEHHS 3a2allbHUX sumpam y 8CboMy diana3oHi
3MiHU exiOHuUX napamempig. CepeldHili eKOHOMIYHUU egekm 8i0 erposadKeHHs1 3arporioHO8aHo20 Midxody
cmaHo8umb roHad 24 mucsyi epuseHb Ha OOHY napmio eaHmMaxy, a MakcumasnbHul — repesuwiye 42 mucsy
epuseHb. [lpakmuy4Ha UiHHICMb pe3ynbmamie rofiseac y MOXAUBOCMI BUKOPUCMAaHHS  POo3pobrieHux
mMamemamuyHux modenell ma MemoOu4YHo20 nidxody 8 OisilbHOCMi MPaHCrIoPMHO-eKCrneOUmMopPChKUX i
nio2icmuyHuUX Komnasit Ons onmumisauii mpoyecie MiXHapOOHUX rnepeee3eHb, OBIPYHMY8aHHS yrpassliHCbKUX
piweHb ma ¢hopMyeaHHs pauioHaIbHUX /102iCMUYHUX CXEeM.

KnrouoBi cnoBa: 3miwaHe cnonyyeHHs, NpoayKuisi POCIMHHOIO NOXOAXEHHS, KOHTENHEP, MogerNb, PerpecinHni
aHanis.

Beryn

VYkpaiHa € OJHMM i3 TPOBIJHHX CBITOBHX BHUPOOHHWKIB 1 €KCIIOPTEpiB arpapHOi MpPOMAYKIi, 30Kpema
COHSIIIIHUKOBOT OJIi1, IIIICHHMIT], TYMEHIO Ta IHIIHNX KYJIBTYD, 3HAYHA YaCTKA SIKMX HAJIS)KUTh JI0 36PHOBOI IPYIIH.
[ToBHOMacmTabHe BropraeHHs Pocii pakTHYHO 3yNMUHMIIO FOJIOBHUI MapIIPyT €KCIIOPTY — YKpPaiHChKI TIOPTH
Yopuoro mMopsi, yepe3 sAKi mpoxoauio moHas 90% mocraBok. ExCriopT 3epHOBUX Ma€e KPUTHYHE 3HAUCHHS IS
EKOHOMIKHM YKpaiHH, OCKUIBKM 3a0e3redye MpUOIM3HO I'SITy YaCTHHY BAJTIOTHHX HaJIXOJKeHb. BomHouac
YKpaiHCBKi 36pHOBI € BXKJIMBUMH JIs1 IPOAOBOJILYUO] Oe3MeKH 0araTboxX AEpikaB CBITY. 3 METOIO HiITPUMKH
eKCHOPTy Ta 3a0e3leyeHHs aJbTePHATUBHUX MLUIAXIB JOCTaBKM €Bporeiicbkka KoMicis po3poOuna i
pealtizyBana KOMIUIEKC 3aXOiB, CIPSIMOBAaHUX Ha TOJNETTICHHS TPAaHCIIOPTYBAHHS Pi3HUX BUIB BaHTAXKIB 3
VYkpainu [1].

€Bporneiicbka KOMicis MpoBesia IPyHTOBHHN aHaji3 OCHOBHUX NPOOJIEM Yy TPAaHCIIOPTHOMY CHOJIYyYEHH.
Hapasi Ha xopaoni Ykpainu 3 [lonbiero Ta PymyHi€r0 MpoCcTOMOOTH THCAY1 BaroHiB i3 3epHoM. CepeiHiil gac
3aTPUMKH CTaHOBUTH ONM3bKo 16 110, a B OKpeMHX BHUIagKax — csrae Hapith Micsus [1]. Kirouosoro
MPUYMHOIO TAKUX 3aTPUMOK € PI3HHLS Yy HIMPHHI 3ali3HUYHOI KOJii MK YKpaiHoto Ta kpainamu €C. [lnsa
MEPETHHY KOPJOHY HeoOXiHO abo 3aMiHIOBaTH BaroHHI Bi3KH, a00 3/IHCHIOBATH NEPEBaHTAXKECHHS 3epHA 3
YKpaiHCBKUX BaroHIiB y €BpOINEHCHKi. 3a OIliHKaMH CBPOIMEHCHKOI KOMICii, HasBHI TEXHIYHI MOKJIMBOCTI
CYTTEBO NOCTYMAIOThCS peajbHUM MoTpebdaM. Y 3B’S3Ky 3 LM €BPOIEHCHKI MMOCaHOBILI 3BEPHYIHUCS 1O
KOMIIaHi{ 13 MpoXaHHSAM HajzaTh abo 3HAWTH Ha PUHKY MOOIJIBbHI HepeBaHTaxyBaui 3epHa [1]. OgauMm i3
MOJKJIMBUX PIllIEHb TAKOXK PO3TIISIAETHCS MEPEBE3EHHS 36PHOBHX Y YHIBEpCAIBHUX KOHTEWHEpaX, OCKIIBKH iX
MOKHA 3HAa4YHO IIBHJIIEC IEPEBAHTAXYBATH 3a JOMOMOTOI0 CIIELiali30BaHUX KpaHiB 3 YKpaiHCBKHX
3aJi3HUYHUX 11aT()opM Ha eBporeichki [ 1].
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3HayHa 4acTKa YKpaiHChKOro €KCHOPTY TOBApiB IpHUIMaJae Ha MPOAYKIiI0 POCIMHHOIO NOXOMKeHH. [Ipu
IIOMY, YacTKa IIMX TOBapiB B YKPaiHCHKOMY eKcropTi 30utbimiacs 3 22,8 % mo 32,4 % mix 2021 Ta 2023
pokom [2]. B 2023-my pori, YkpaiHa eKkcropTyBaia NPOAYKLi0 pOCIMHHOTO MOXOMKeHHS Ha 11,7 Mupa. go.
CLIA, 3 sixux Oinbie nonoBuHu (6,2 mipa. gon. CHIA) mpunano na kpainm €C. BapTo Bia3zHauuTH, 110
CTPYKTypa YKpPaiHCHKOI'O €KCHOPTY HPOAYKLIi POCIMHHOIO IOXOPKEHHs MajoAudepeHuiiioBaHa — yacTKa
3epHOBHX B €KCIIOPTI ITUX TOBAPiB CTaHOBUTH Mpubim3HO 71 % B 2023-my pori [2]. HoMeHKkIaTypa ekcropTy
ToBapiB B IcmaHito mocTaTHRO mUpOKa. ToBapH, SIKi BITHOCATHCS J0 MPOMYKIii POCIMHHOTO HOXOMKCHHS,
3aiiMaloTh IOMIHYIOUY YacTKy eKcropTy. B m’aripii ToBapiB mo BapTocTi ekcriopty B 2023 pori 3aiimanu
repiie MicIst — 3epHOBi KynbTypH 3 oocsarom B 1917285,49 tuc. mon. CLIA (puc.1.3) [3]. B 2024 pori oGcsr
EKCIOPTY 3ePHOBUX KyIbTYp 30inbInBcs Ha 34,7 %.

[Iponec nocTaBku MPOAYKLii POCIMHHOTO MOXOMKEHHS B HAMpPAMKY €BpONEHCHKUX KpaiH € CKIAJHUM
TEXHOJIOTIYHUM TIPOIECOM, JIe He0OXiTHO PO3BHBATH MYIFTUMOJANIBbHI KIIACTepH pi3HOro piBHA [4-6]. B mmx
knactepax OynyTh 00’ €JHaHi BUPOOHWYI, CKIIaJCHKi, TPAHCIIOPTHI Ta IepeBaHTaKyBalbHi pecypcH. Haibinbm
HaJIHHUM Ta e()EeKTUBHHM, a IIe MPH [bOMY JOCTaTHHO BapTiCHUM, B TEMEPIlIHIA CUTYyalii Haloi KpaiHu, €
croci0 TOCTaBKY Pi3HUX BUIB BaHTaXIB y KoHTeitHepax [7-9]. Lle mOBHHHO JO3BOJHTH CIPOCTHUTH TPOIIEC
MepeTHHy KOPJOHY U TIEPEeBE3€Hb 110 3aIIi3HMIII, caMe ITPH HE3HAYHUX 00CsATaX 3aMOBJICHb, aJie TPH 3HAYHIH
BiJICTaH1 — HAPUKIaJ, TIPU AOCTaBLI 10 MOPTiB Icnanii. A Takoxx OynyBaTu panioHandbHe QyHKIIOHYBaHHS
BCIX €JIEMEHTIB CHCTEMH OpraHi3allii JOCTaBKM 3 HaMEHIIMMH BUTpaTaMH pecypciB. Tomy HeoOXiIHO
BHOpATH METOAMYHUH IMiIXi/T IOA0 GOPMYBAHHS PAliOHAIEHOT TEXHOJIOT] TOCTaBKH MPOIYKIIii POCITUHHOTO
MOXOJ)KEHHSI B KOHTEHepax Mix YkpaiHoro Ta Icnaniero.

MeTtoro poOOTH € BU3HAYCHHS paIliOHAIbHOI TEXHOJIOTII JOCTaBKH MPOIYKIIT POCIMHHOTO ITOXOKECHHS B
KOHTeHepax Mk YKpaiHoto Ta [craHiero 3a paxyHOK e(peKTHBHOTO BUKOPUCTAHHS PECYPCIB i IPHUEMCTBA.

Pe3yabTaTu gocaixxeHHs

JInst MOCTaBKM TPOAYKIii POCIMHHOTO MOXO/DKEHHS MOXKYTh BHKOPHCTOBYBATHCH YHIBEpCalbHI Ta
cnemianizoBani koHTelHepn (20-Th ¢yTOBi); IX BaHTWKOMIAWOMHICTE TpHONM3HO ckiamae 24 1. B
yHIBepCcalbHI KOHTCHHEPH 3aBaHTaXXCHHsI 3MIHCHIOETHCS Yepe3 BiJIOBIIHI TOPIIEBI ABEPI, IO JJIS KOXKHOTO
3aMOBHUKA CTBOPIOE HE3PYYHOCTI IPH BIAIMPAaBIi MPOIYKINI POCIUHHOTO TMOXO/PKEHHA. Y HiBepCalTbHUN
KOHTEHHEp, [0 BUKOPUCTOBYETHCS IS TOCTABKH IMTPOIYKIIiT POCIMHHOTO MMOXOKEHHS, Ma€ OyTH 00J1aTHaAHUH
JOJaTKOBUMH MPHUCTPOSIMU: KOHTEHHEPHUM BKianuieM (tumy «Liner Bagy») 3 3aBaHTa)KyBanbHUM MEBHOTO
BUJY PYKaBOM, JIEpeB’sTHUM a00 METaJeBUM IIUTOM JJIsl 3aXUCTY BEpel KOHTEHHEPY BiJl TUCKY MPOAYKIII.
i KOHCTPYKIIii TO3BOIISAIOTH KOHTEHHEPY BUTPUMYBATH JIOMYCTUMI JMHAMIYHI HABAaHTAXXEHHS TPHU CITyCKY 3
«TipKW» 1aTGOpPM 3 KOHTEHHEPOM Ha 3ai3HHYHIA cOpTyBabHIN cTanmii [10-12].

PosrnsiHemMo B jocCIijKeHHI J1Ba BapiaHTa TEXHOJIOTI] JOCTaBKH MPOAYKIIiT POCIUHHOTO TOXO/KCHHS Y
MDKHapOAHOMY CHONIy4eHHI — Ykpaina — Icnanis. Ilepma cxema po3risiiaeTbesi 3 MOMEHTY PO3BAaHTAXKEHHS
aBTOMOO1JII-3epHOBO3a Ha eJIeBaToOpi, Jaii MmapTis MPOAYKIlii POCIMHHOTO ITOXO/KEHHS 30epiracTbcs 10
MOMEHTY II0JIa4i BaroHiB-3€pHOBO3iB a0 eneBaropy (puc.l. a). I[loriM mapris mpoayKIii POCIMHHOTO
MOXOJ)KEHHSI HaBAaHTAXYEThCS B BaroH-3e€pHOBO3 1 Jami c(hopMOBaHa MapTis BaroHIiB BiANPABISETHCS JI0
COpPTYBaNbHOI CTaHIli, A¢ (OPMYEThCS MOTAT, SKUWA MPSAMY€E N0 CTaHIii Ha KopaoHi. Ha miii cranmii
(cTHKyBaHH:), BiIOYBAEThCS 3MiHa KOTICHUX map. [1iciis 4oro MOTAT BiIPAaBISETHCS 10 CTAHIT MTPU3HAUCHHS
Ha Teputopii IcmaHii, /e 3MIMCHIOETHCS PO3BAHTAXKCHHS Ta 30epiraHHs NapTii MPOIYKIIT POCIUHHOIO
noxo/pkeHHs. Jlani aBToMo0iIeM Mpo Iy KIisi POCIMHHOTO MTOXOKEHHS I0CTaBISIEThCA 10 OJIepKyBada. Jpyra
TEXHOJIOTISl TIPOIIOHYETHhCS KOMITaHIl peayi3oByBaTH HACTYITHUM YHHOM: 3 MOMEHTY pPO3BaHTaKEHHS
aBTOMOO1JIA-3€PHOBO3a Ha €JICBATOPI MAPTisk MPOAYKIII POCIMHHOTO TOXO/PKEHHS 30€pIraceThCs 10 MOMEHTY
noja4yi KOHTEHHEpY /0 30HH 3aBaHTAXEHHs, KOHTEWHep 3aBaHTaxyeTbes (puc.l. 0). [lami xoHTeliHep
30epiraeThcst MeSKAN 4ac Ha CKJIAJi (eleBaTopi), MOTIM HABAHTAKYETHCSA Ha 3aI3HWYHY Iiatdopmy 1 mami
copMoBaHa MapTisi BarOHIB BiAMPAaBISIETHCS 10 COPTYBAIBHOI CTaHII, 16 POPMY€ETHCS TMOTSIT, SIKUH MpsIMYe
N0 craHmii Ha KopaoHi. Ha 1iif craHmii BinOyBaeThCs TEpEBAaHTAXCHHS KOHTEWHepiB Ha TatdopMu
«€EBPONEHCHKOro» MEPEBi3HNKA Ta OQOPMIISIIOTHCS BIAMIOBIIHI IOKYMEHTH, IICIJIS YOTO MOTAT BiIIPABISAETHCS
JI0 CTaHIli Mpu3HaYeHHs Ha TepuTopii IcmaHii, ge 3mIMCHIOETBCS pPO3BaHTAXKEHHS KOHTEHHEpY Ta HOTo
30epiraHHs.

3 MaiizaHunka 30epiraHHs KOHTeHHEp 3aBaHTAXYETHCS Ha CHEUialbHUI aBTOMOOIIb 1 MEPEBO3UTHCS 110
BaHTAKOOJIEPXKYBaya, Jie i PO3BAHTAXYETHCS POAYKIIii POCITMHHOTO OXOIKEHHS 3 KOHTEHHEPY .
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}

Po3BaHTaKeHHA NPOTYKLIT
POCITHHHOIO MMOXODKEHHA 3

HapaHTaKeHHA MPOIYKILi
POCTHHHOTO MOXOJAKECHHA B

Po3BaHTaKeHHA 36epiraHHA MPOIyKIii HaBaHTaeHHA NPOTyKLii
ﬂBTCIMOGiJ.ﬁ-]ClJHCIBO'Bﬂ Ha POCTIHHHOTO L, POCTHHHOTO [OXOUKEHHS B
efeBaTopi Ta NpHiioM ™ TIOXO/KEHHS HA BArOHH-3¢PHOBO3H
NpPOIYKIll POCTHHHOTO e"]eBa'ropi
MOXOLKCHHA
- - v
IlepeMimeHHA MPOAYKIUII — [TepeMimeHHsA MPOIyKIIii
POCIHHHOIO MIOXOUKEHHA B HpOBﬁJfH%ﬂ omnepariii POCTHHHOTO TIOXOUKEHHS B
Bamnﬁx-aepuoaoaax 70 || HACTAHUIiMEPETHHY | parouax seproBO3AX 20
CTaHUi NPH3HAYEHHA 110 KOpPJIOHY CTAHILiT MIepeTHHY KOPIOHY
TepHTOpii IcnaHii

BATOHIB HA c'm}{ui'f Ta —> aBTOMOGITE Ta JOCTABKH
30epiraHus OJCpKyBadTy
a)
- ITogaua KoHTeliHEPY 10
PU“_‘HHTM@HH” . 3GepiraHus MpoIyKILi 30HH HaBaHTa)KeHHA, 1€
aBTOMOGLIA Ha l’:.'[éBﬁTE]Jl POCTHHHOTO BiAGyBacTECA
T HPHHOM MOXYKIL 7% o s Ha 3aBAHTAKCHHA TPOIYKILEI0
POCTIHHHOTO TOXOLKCHHA eneBaTopi POCIHHHOTO TIOXOKEHHA
[MepeMmineHHs KOHTEHHEPY l
3 IPOJYKIL€0 POCTHHHOIO HapaHTaxeHHA 3GepiraHHA KOHTEiTHEpY Ha
MOXO0IKCHHA Ha < KOHTelHepy Ha e craaml (c]eBaTopi)
nnardopMax o cTaHLil 3a/i3HHYHY IL1aTopMy
NePeTHHY KOPJOHY

.

I[TepeBaHTaKeHHS KOHTeiHEPIB HA BATOHH-
n1aT$hopMH «eBpoNeHChKOro» MepeBi3HHKa
Ha CTaHIIT Ta 0OPMIEHHA JOKYMEHTIB

TlepeMileHHA TIOTATY 3
KOHTeiiHepoM J0 cTaHIil
NpH3HAYEHHA HAa TEPHTOPIT

Icmanii
IlepeBe3eHHA Po3BaHTaxKeHHA
KOHTEJiHepY 10 HapantakenHs KOHTeliHepy 3
oflepKyBaua Ta KOHTEf{HEpY Ha Nl 3aTi3HHYHOT
PO3BaHTaKEHHA ABTOMOGLTH MIaT(OPMH Ta
36epiraHHs Ha CKIazl
0)

Puc. 1. CxemaTnyHe npeICTaBICHHS TEXHOJOTT JOCTaBKU MPOAYKIIi1 pOCIHHHOTO MMOXOKEHHS:
a — «Texnomoris 1», 6 — «TexHomoris 2»

BusHaueHHs panioHaTbHOT TEXHOJOTIT JTOCTaBKM MPOAYKINi POCIMHHOTO MOXO/KEHHS B KOHTEWHepax
MPOTIOHYETHCS TIPOBOJIUTH 32 OLIHOYHUM ITOKa3HUKOM — CYMapHi BUTPATH Ha JTOCTABKY (nyM ), K1 hOpMYyIOTH

BCTAaHOBJICHY MHOXXHMHY 3HaYCHb BU3HAUEHHNX BUTPAT 32 KOXKHUM €JIEMEHTOM TEXHOJIIOTI1, IO PO3TIISAa€ThCS.
Ha ouinounuii moka3HWK OyJyTh BIUITMBATH 30BHIIIHI (JAKTOpW: MapaMETpH IOMHTY: OOCAT 3aMOBJICHHS
HPOAYKIii POCIMHHOrO MOXOMKeHHs ( O, ), T; BIACTaHI NepeBe3eHb NMPOIYKIi POCIMHHOTO TOXOMKEHHS
(L,), kM. A Takox KepoBaHi ()aKTOpH: YacoBi MapaMeTpu BUKOHAHHS BIJNOBIIHOI i-0i onepamii (), Tox;
BapTICTh BUKOHAHHS BIJMOBIIHOI i-0i onepauii ( L] ;), rpH. Bigcranp nepeBe3eHHs pO3MOAUIAIOTECSA HA JBA
BUJYU: BIJICTaHb IIiJ{B€3€HHS (BUBE3CHHs) TMPOIYKII POCIMHHOTO ITOXOKEHHS L’;(“) Ta BIJCTaHb
HepeBe3eHH MPOAYKIIii POCIIMHHOTO MMOXOKEHHS Ha MaricTpalbHOMY BUI TpaHcnopTi — L) . Takum unHOM

OLIIHOYHMI napameTp Oyze 3ae)HTe Bl BCTAHOBIICHUX MapaMeTpiB:
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B, =f(Q,, L}, L}t 1) (1)

CymapHi BUTpATH Ha JOCTABKY MPOJYKIl1 POCIHMHHOTO MOXOKCHHS OYAyTh BH3HAYATHCS B 3arajlbHOMY
BUTJIAIL:

B, =B\ +B""" + B, +B,  +BY +B (2)

cym H(p) n(p) dok. >

o . 00.
ne B, — BUTpaTh Ha HABAHTAXKEHH: (DO3BAHTAKEHHS) KOHTEHHEDY, IPH; B, — BUTpaTh Ha HABaHTAXKECHHS

(po3BaHTaXeHHS), TEPEBaHTAXXEHHS NPOAYKIi POCIMHHOTO TOXO/DKeHHA (KoHTeiHepy) Ha (i3) T3
(aBTOMOO1Ib, BaroH) BIANOBITHOIO BHIY TPaHCIOPTY, IpH; B!, — BUTpaTH Ha 30epiraHHs NPOAYKIIi
POCITMHHOTO TIOXO/PKEHHS (KOHTEHHepy) Ha CKJIai Ta TEXHOJOTIYHI MPOCTOI Ha BiJIMOBITHOMY TPaHCIOPTI,
TpH; B, — BUTpATH HA MEPEBE3CHHS MPOAYKIi POCIMHHOrO MOXOIKEHHs (KOHTEWHEPY) TPAHCIOPTHUM

3aco60M (aBTOMOO1ITb, BATOH) HA BIAIIOBITHOMY BH/II TPAHCTIOPTY IO TepuTopii YKpaiau Ta €Bponu (Icnawii),
IpH; B” — BUTpaTH Ha OUIKYBaHHS BIJNPaBICHHS HNPOMYKIii POCIMHHOIO NOXOKEHHS (KOHTEeHHepy) Ha

BiIMOBiAHOMY BHi MaricTpajbHOTO TPAHCHOPTY, I'pH; BS? — BuTpaTH Ha JOKyMEHTaIbHE O(GOPMICHHS

Q0K .
MpoIecy JOCTaBKH MPOAYKIii POCIMHHOTO MOXOKEHHSI (KOHTEHHEPY ), TPH.
Burparu Ha HaBaHTa)XeHHS (PO3BaHTAXKEHHS) KOHTEHHEPY:

KOHmM — K . K.6 .
BH(;?) _CH(P) tH(p) Qd’ (3)
pe C,, — cepenHs  BapTICTh  HABAHTAKEHHA  (PO3BAHTAXEHHs)  KOHTEHHEPY — MPOAYKIi€IO

. k.6
POCITUHHOTOITOXOKEHHSI, TPH/TO/I.; Lo

— Yac HaBaHTa)XEHHS (PO3BAHTAXECHHS), OJHIET TOHH MPOIYKIIT
POCITMHHOTO TTOXOKEHHS B (13) KOHTEWHEp, TOJ1./T.
Butpatn Ha HaBaHTaKeHHS (PO3BaHTKEHHS), NMEPEBAHTAXKEHHsI MPOIYKIii POCIMHHOTO MOXOKECHHS

(xouTeliHepy) Ha (i3) T3 BiAMOBIMHOTO BHIYy TPAHCIIOPTY:

u(p) w(p)i n(p)ii

k[
.00. .00 .00
Bmp ) = Zl zl Cmp i tmp ) nsaﬂmij s (4)
i=l j=

mp.od
ne C/7

H(p)ii

— cepenHs BapTiCTh HAaBAaHTAKEHHS (PO3BaHTAKEHH: ), IEpeBaHTAKEHHS Ha i-My BU1 TPAHCIIOPTY B

" — YaC HABAHTAXKCHHS

(po3BaHTaXKeHHS), IEPEBaHTAXKEHHS BIAIOBITHOI KIJTbKOCTI BaHTaXXy (KOHTEHHEPIB) HA i-MY BHJIi TPAHCIIOPTY
Ha j-My MYHKTI, TOJ.; kK — rpaHMYHa KiIbKICTb BUIB TPAHCIOPTY, OM.; f — IPaHWUYHA KiIBKICTH MyHKTIB 3a

j-My TyHKTi (cknaj jajs 30epiraHHsi KOHTEHHepIB, 3ali3HAYHA CTaHIlis), TPH/OA.; ¢

BIJIMOBIIHOK0 TEXHOJIOTIEID JIOCTaBKH, O[l.; N — KUIBKICTh BaHTaXy (KOHTEWHEPIB), 3aBaHTaXXEHOTO

eanmij
(po3BaHTaXXEHOTO0) HA i-MY BHJII TPAHCIIOPTY HA j-MY ITyHKTI, OJI.

Butpatn Ha 30epiraHHs MPOAYKIlii POCIUHHOTO MOXO/PKEHHS (KOHTEHHepY) Ha CKJIaji Ta TeXHOJOTiYHi
MPOCTOT Ha Bi/IMOBITHOMY TPAHCIIOPTI:

k
6 __ 6 6
Baﬁ __lelcaéij 'txéij 'Qd’ (5)
i=1 j=
ne C,,, — cepenHs BapTiCTb 30€piraHHs MPOAyKIlii POCIMHHOTO MOXO/DKEHHS Ta TEXHOJOT4HI IPOCTOI Ha i-
My BHJi TPaHCIOPTY B j-My MYHKTi (CKIIaj, 3aJi3HUYHA CTaHIlis), TPH/T'TON.; {.. — Yac Ha 30epiraHHs

56ij
BIJIMOBITHOT KiJIBKOCTI BaHTaXXy (KOHTCHHEPIB) Ta TEXHOJIOTIYHI MPOCTOI HA i-My BHUJI TPAHCIIOPTY HA j-MY
MYHKTI, TOJ.

Butpatn Ha mepeBe3eHHs MPOAYKLIl POCIMHHOTO MOXO/HKEHHsS (KOHTEHHEpY) TpaHCIOPTHUM 3aC000M
(aBTOMOOINH, BArOH) HAa BIJMOBIIHOMY BH/Ii TPAHCHIOPTY IO TepUTOpii Ykpainu ta €spomnu (Icmanii):

k z
Bmp = z Z C&ir . L’;:‘;),.w’ (6)

i=lr=1

ne C,, — cepeiHs BapTICTb NE€PEBE3EHH NPOLYKIIl POCIMHHOIO NOXOKEHHs (KOHTEHHEPY) i-UM BUIOM

TPaHCHOPTY Ha 7-ii JUIAHIN, TPH/KM; Zz — TpPaHWYHA KUTBKICTh JUISHOK 3a BIJIMOBIJHOIO CXEMOIO
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noctasky, ox.; L. — BinmoBinmi BifcTani mepeBeseHHs (IMifBE3eHHs (BUBE3EHHS) Ta MATiCTPAILHOMY)
MIPOIYKITii POCIIMHHOTO TOXOKEHHS (KOHTEHHEPY) i-MM BHIIOM TPAHCIIOPTY Ha #-iii TUISHIIL, KM.

Butpatn Ha ouikyBaHHS BiINpaBlIeHHs MNPOAYKLii POCIMHHOTO TIOXOKEHHS (KOHTeWHepy) Ha
BiJIMOBITHOMY BUJIi MariCTpaJbHOTO TPAHCIIOPTY:

k f
B(l:lp = Z Z Cul(.ij ’ tmp.m’ : Q{ : K (7)

ou.ij 6ni.ij >
i=1j=1

ne C

ou.ij

— cepedHs BapTiCTh OYiKyBaHHSA BiAPABICHHS IPOIYKIIil pOCITMHHOTO MTOXOKEHHS (KOHTEHHEPY) Ha

mp.oo
taq.in

i-My BHJAI TPaHCIOPTY B j-My MYyHKTi, TPH/T'TOI.; — Yac OYiKyBaHHS BiJUpaBIeHHS MPOAYKIIi

POCIIMHHOTO MOXOJKEHHS (KOHTEHHEPY) Ha i-My BHUJI TPaHCHOPTY B j-My MyHKTi, ToA.; K . — xoe(ilieHT

eni.ij
BIUTMBY Ha Yac OYiKyBaHHS Ha i-MY BH1 TPAHCIIOPTY B j-MY IIYHKTI.
Butpatn Ha noxyMmeHTandbHe OGOPMIICHHSA MPOLECY IOCTABKM HPOMYKLii POCIMHHOIO IOXOKEHHS
(xoHTeliHEpY):

Mummn.i MUmH.

k
Bz());[:c Z‘T(Cotj).d.i + Ccmpj) : nKUllm + CU(l)mp' +C0¢)‘8[wm. : Q() H (9)

ne C,,. — BapTicTb 0()OPMIIEHHS JOKYMEHTIB Ha JOCTaBKY MPOYKIi1 POCIMHHOIO MOXOKEHHS i-UM BHIOM

B.0.0
TpaHCHopTy, rpu/of.; C . — BapTiCTh CTpaxyBaHHS JOCTABKM MPOAYKLII POCIMHHOIO NMOXODKEHHS i-UM

cmp.i

BUJIOM TpaHCHOpPTy, rpH/omx.; C°»”” — papricth mmTHOTO OopmieHns T3 aas AOCTaBKM HPOMYKIi

MUMH .

POCJIMHHOTO MOXOMKeHHs, rpH; C°Y°“” — papricTh MUTHOTO O(OPMIEHHS INPOAYKIIl POCIMHHOIO

Mumit.

MOXOJPKEHHS, TPH/T.

Hami anst mpoBeleHHsT MOJCTIOBAHHS 10 BU3HAYCHHIO palliOHABbHOI TEXHOJOTii JOCTaBKU MPOAYKIT
POCITUHHOTO TIOXO/DKEHHS B KOHTeHHepax MiK YKpaiHOwo Ta IcrmaHi€lo TmpoBeAEHO CTAaTHCTUYHWN aHali3
BCTAHOBIIEHUX (DAKTOpIB BIUIMBY: OOCST 3aMOBJICHHS TIPOMYKIli POCIMHHOTO TOXO/DKEHHS, BiJCTaHb
MmiZBe3cHHs] (BUBE3CHHs) NPOIYKIii POCIMHHOIO TOXO/HKEHHS Ta BIiJICTAaHb TEPEBE3CHHS MPOMYKIil
POCITMHHOTO TOXO/DKEHHS Ha MAaricTpallbHOMY TpaHCHOPTi). 3HaueHHS iX OyJ0 OTPHMAaHO MUIIXOM
0e3nocepeTHhOro aHajli3y 3aMOBJIEHb Ha JOCTaBKY HPOIYKIII POCIMHHOTO MOXOKEHHS 3 YKpaiHu 10
Icmanii. 3aranpHa KiTBKICTh 3a3HAYEHUX 3aMOBJICHB (CIIOCTEPEKEHB) JOPIBHIOE CTA OAMHUIISIM.

HatypHi nocnmigkeHHsI MPOBOIWIIKCS 3a pe3ysibTaramMu oOpoOku 3amoBieHb kommanii «Global Ocean
Link». 3amoBienHs Oynu npoaHainizoBaHi 3a BepeceHb 2025 poky. Pe3ynbraTi BU3Ha4eHHs 00cATiB BUOIpKH
Ta CTaTUCTHUYHUX IMOKA3HUKIB JUISI TEXHOJIOTIYHUX MapaMeTpiB JOCTaBKUA MeOJieBOI MPOYKINi HaBeJACHI B
tabmui 1. Po3paxyHku Oyiu BUKOHaHHI 32 JIOTIOMOTOI0 MporpaMHoro cepenopuina «Excel». BuzHaueno, mo
3HAYCHHS BCTAHOBJICHUX MTApaMEeTPiB MOMUTY PO3MOAUICHHI 32 HOPMAJIHUM 3aKOHOM PO3IIOJILUTY BHITAJKOBHX
BennuuH. e miaTBepKy€eThCS BIAMOBITHUM piBHEM JTOBipUoi MOBipHOCTI. Takox BH3HaUeHI MiHIMAIIBHI Ta
MaKCUMaJlbHI 3HAYCHHSI [TapaMeTpPiB MonuTy (Tadi. 2).

Ta6muusg 1

Pe3yabTaTn npoBeeHUX PO3PaXyHKIB 00cATiB BUOIPKH /151 BUBHAYEHUX TEXHOJOTIYHUX NapaMeTpiB

Bingcrasp nigBe3eHHS Bincrans nepeBezeHHs
OO0csr 3aMOBJIEHHS
(BUBE3EHHS) MPOYKIIiT POCTUHHOTO
MPOAYKITIT
IToka3zHuku MPOAYKIT IIOXOJDKEHHS Ha
POCITMHHOTO .
POCIMHHOTO MaricTpaibHOMY
ITOXO/KEHHS, T )
ITOXOJKEHHS, KM TPaAHCIIOPTI, KM
MaremaTiyHE O4iKyBaHHS 150 40 3500
CepenHbOKBagpaTHUHE
pein P 126,8 56,05 1188,58
BIIXWJIEHHS
[Toxubka po3paxyHKiB 7,5 2 175
OO0csr BubipkH, o1, 92 97 64
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Tabmuws 2
Pe3yabTaTn OLiHKM BUSHAYEHUX MAapaMeTPiB NONMUTY
Biacraus niBe3eHHsS
OO0cHT 3aMOBIICHHS (BUBE3CHHS) Bincrans mepeBe3eHHS MPOTYKITT
PiBens 3HaueHB MPOAYKIii POCTMHHOTO MPOAYKIIi{ POCIIMHHOT'O TTIOXOPKCHHS Ha
MTOXOJKCHHSI, T POCITMHHOTO MaricTpajibHOMY TPaHCIIOPTIi, KM

IIOXO/KCHHsA, KM

MiHiManbHE 20 15 3120

MaxkcuMansHe 280 65 3880

Po3po6reno moBHO(AKTOPHAH TUTAH EKCIIEPUMEHTY IS TPHOX BCTAHOBJICHUX BXITHUX mapameTpis. [man
OyJ0 CKJameHO Ui AOCATHEHHS MaKCHMAalIbHOI TOYHOCTI BHMIPIOBAaHb TPW BIATIOBIAHOI MiHIMalbHOI
KUIBKOCTI JJOCITIIPKEHb, a TAKOXK JUISI 30€PEKCHHS CTATUCTHYHOT JIOCTOBIPHOCTI OTpUMaHUX pe3yibTaTiB. [Lnan
Uil TPHOX TapaMeTpiB Ta JABOX PiBHIB (MiHIMAanbHUH Ta MaKCUMAaJIbHHUH) CKIAa€ThCsl 3 BOCBMH Cepiit
nocmigiB. Ha OcHOBHI ckiajmeHOro IUIaHy MPOBEACHO MOJAETIOBAaHHS Il KOXKHOI cepii mociinmiB. bymo
MPOBEICHO TECTYBAaHHS OTPUMaHUX 3HaUCHb Ha JIOCTATHICTh BiANOBIAHO A0 KpuTepiiB Koxpena. B pe3ynbrarti
MPOBENEHHsI EKCIIEPUMEHTY OTpUMAai 3HA4YEeHHS OI[IHOYHOI'O KPUTEPIl0 — CyMapHi BUTpaTH Ha JOCTaBKY
NPOAYKLIl POCIMHHOTO TOXO/KEHHS II10 BCTAHOBICHWM JIBOM aIbTEPHATHBHUM BapiaHTaM CXeM 3
ypaxyBaHHAM KOMOiHaIlilf MiHIMAJIFHUX Ta MAKCHMAaJbHUX 3HAYEeHb BXiIHUX mMapaMeTpis (Taodm. 3).

s anamizy BIUIMBY TapaMmeTpiB (0OCAT 3aMOBJICHHS MPOIYKII POCIMHHOTO IMOXOJKCHHS, BiJCTaHb
MepeBe3eHHs MPOAYKINi POCIMHHOTO IOXOKEHHs MO MiABE3€HHIO (BHBE3CHHIO), BiJCTaHb IEpPEBE3CHHS
MPOAYKII POCTMHHOTO TIOXOKEHHS Ha MAaricTpalbHOMY TPAHCIOPTi) Ha BCTAHOBIEHWH KpPHUTEPIH
e(eKTHBHOCTI — CyMapHi BUTPATH MPOBEICHO PErpeCciiHUi aHAaTi3.

Tabmmi 3

Pe3yJIl>TaTl/l BU3HAYCHHHA CyMapHUX BUTPAT 32 1BOMaA BapiaHTaMI/I TeXHOJIOTIi JA0CTABKH l'[pO}IyKIIﬁ POCITHMHHOI'0 MOXOM’KCHHSA

O6csir Bincrann Bincrann CyMapHi BUTpaTH Ha JJOCTAaBKY
SAMOBIICHES ITiIBE3CHHS MepPeBE3CHHS MPOAYKIIii POCTMHHOTO
Homep cepi pomyK (BUBE3€EHHS) MPOAYKIT IOXO/KECHHSI, IPH
JTOCITiIiB POCIMHHOTO MPOAyKINT POCIHIHOTO
POCIIMHHOIO | TOXOJKEHHS Ha . .
TOXOJIKEHHS, . «Texnomnoris 1» | «TexHomoris 2»
T MOXOJKEHHS, | MaricTpajJbHOMY
KM TPaHCIOPTi, KM
1 20 15 3120 97203,48 66665,41
2 20 15 3880 118103,82 80345,31
3 20 65 3120 99453,28 68765,43
4 280 15 3880 251079,32 208725,74
5 280 15 3120 230179,37 195045,68
6 280 65 3120 232429,34 197145,77
7 20 65 3880 120353,64 82445,49
8 280 65 3880 253329,36 210825,51

3a gomomoroto mporpamHoro kommiekci «MS Excel» Ta BOymoBanoro enementa HajaOymosu «Data
Analysis-Regression» Oynu BH3HAueHi BIiINOBiOHI MOKAa3HMKM: JAWCHEPCis, Koe(ilieHTH pPIBHSIHHS 3a
3MIHHUMH Ta perpeciiiHa craTucThka. BusHaueHi perpeciiiHi Mojeini JIHIHHOTO THUIY, y SKHX KOXXHUH
KOoeillieHT TOBWHEH BKa3yBaTH HAa CTYIiHb BIUIMBY BiJIOBIJJHOTO TEXHOJOTIYHOTO (akTopy Ha HaIl
pe3yIbTaTUBHUN MOKAa3HWK — CyMapHi BUTPAaTH Ha JOCTAaBKY NPOAYKLIi POCIMHHOTO MOXO/KEeHHS. Mipa
BHU3HAUYEHOCTI «R-KBaIpaTy» OPIBHIOE OJUHMUIIL JJIs1 BCiX JBOX BapiaHTiB TEXHOJIOTIH, 1[0 TOBOPUTH MPO Te€ IO
moOyI0BaHI aHATITHYHI MOJEI IOSCHIOIOTH BCIO 3MIHHICTH BIAOBITHMX TEXHOJOTIYHHUX IapaMeTpiB;
«MHOXXWUHHUH R», SKWU TOBUHEH BHPAXKATH CTYIIHb 3aJ€KHOCTI BIAMOBIIHUX HE3ANCKHUX 3MIHHHX X Ta
3aJIe)KHOT 3MIHHOI Y, TaKkoK JOPiBHIOE OAMHUII JJIs1 BCIX BapiaHTIB; «PiBEHb 3HAYUMOCTI Y, 3HAYCHHSI IKOTO
noBuHHI Oyt MenmmmMu 3a 0,05, nopiBHroe ais Bapianty «Texnonoris 1» 9,08:-10%, a nns «Texuomoris 2»
cknagac 1,96-10%, mo Bigmosimae ymosam. OniHKa BiAIOBiZHMX 3HaueHb KOe(iLi€HTIB HiHilHOI perpecii
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TToKa3asa, o JIs BapiaHTy « TexHomoris 2» — BUTbHIM KOe(hiIi€HT HEe BpaxoBY€eThbes. Toi perpeciiina Moaeb
JiHIHHOTO TUTTY I « TexHomoris 1»:

B;,, =500+511,44-0, +45-L}" +27,5- L. (10)
Perpeciiina Mozess siniiinoro tumy s «TexHosoris 2»:
B.,,=493,77-0Q,+42- L +18-L}. (11)

3a OTpUMaHUMHU MPOTHO3HIMH MOJIEIISIMH TPOBEIEMO PO3PAXYHKH 32 KOMOIHAIIIMU 3HAYEeHb [TapaMeTpiB
MOMUTY Ta MPEACTAaBUMO PE3YJIbTaTH HA PUCYHKY 2.

J71st BU3HaYCHHS pallioHATBHOT TEXHOJIOTI] TOCTABKH MPOAYKIIT POCIMHHOTO MOXOKEHHS B KOHTEHHEpax
MK YKpaiHoro Ta IcriaHiero mopiBHAEMO 3HAYEHb CyMapHUX BHUTPAT:

E = :;;ul _B:;;uz' (12)

PesynpraTy mOpiBHSHHS BapiaHTIB IpeAcTaBieHi B Ta0muIi 4.

3 OTpUMaHUX pe3yNbTaTiB PO3paxyHKy edekTy 3 Tabmuti 4 6aunmo, mo «TexHomnoris 2» mpu nopiBHAHHI
3 «TexHomnoriero 1» mpu Bcix KOMOIHAIiSIX 3HAYCHb TEXHOJOTIYHHMX MapaMeTpiB Oyle MaTH MO3UTHBHHUM
pe3yNbTaT — CyMapHi BHTpaTH MeHIn (HaiOimpmmid piBeHb edexty 42502,6 TpUBEHb MPH MaKCUMATBHUAX
3HAYeHHSX BXiTHUX mapameTpiB). CepenHiit eQekT ckianae 24347 rpuBeHb.

275000
250000

225000
200000
175000
150000
125000
100000
75000
50000
25000

0

1 2 3 4 5 6 7 8

Cepina gocnigis, oa.

CymapHi BUTpaTW Ha AOCTABKY NpoAyKLUil
POC/IMHHOTO MOXOAMKEHHSA, TPH

B TexHonoria 1 TexHonoria 2

Puc. 2. I'padik 3anexHOCTI CyMapHUX BHUTpPAT Ha JOCTaBKY MPOIYKIIii POCIMHHOTO TIOXOKEHHS B KOHTEeHHEpaxX MiX YKpaiHO Ta
Icmaniero Bix koMOiHaIii 3HAYCHB BiAMOBITHUX BXiIHUX ITapaMeTPiB 32 KOXKHOIO CEPi€r0 NOCTi B

Tabuuug 4
Pe3yabTaTn NopiBHAHHSA 3Ha4YeHb CYMAapHUX BUTPAT 32 BapiaHTaMu
) . Bincrans nepeBe3eHHs
Bizacranp miaBe3eHHS Pesynbrar
OO6csr 3aMOBIIEHHS MPOAYKIII{ POCIHMHHOTO ;
(BUBE3€HHS) MPOTYKIIil MTOPIBHSHHS
MPOAYKIIii POCTMHHOTO IMOXO/PKEHHS Ha
POCIIMHHOTO . CyMapHHX BUTpaT,
MMOXOJIKEHHS, T MaricTpajibHOMY
IMOXOJ[>KEHHS, KM . I'pH
TPAHCIIOPTI, KM
20 15 3120 30538,2
20 15 3880 37758.4
20 65 3120 30688,8
280 15 3880 42352,6
280 15 3120 35132,1
280 65 3120 35282,3
20 65 3880 37908.4
280 65 3880 42502,6
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Bucnosku

B pesyabTati gocmipkeHHs Oyiio po3po0JIeHO Ta anpoOOBaHO METOMOJIOTIYHMN MiAXiA A0 BHU3HAUCHHS
pauioHaabHOT TEXHOJIOTIi JOCTaBKM POCIMHHOI MPOAYKLii B KOHTEHHepax MiK YKpaiHoio Ta IcmaHiero 3
ypaxyBaHHSM KOMILIEKCY TEXHOJOTIYHNX, EKOHOMIUHHX Ta JIOTICTUYHHUX (aKTOpiB. 3ampornoHOBaHa MOJICITH
JI03BOJISIE KOMIUIEKCHO OLIIHIOBATH AJITEPHATHBHI CXEMH TPAHCIOPTYBAaHHS 3a JOIOMOIOIO 1HTETPajJbHOTO
KPHUTEPII0 — 3arajibHUX BUTPAT Ha JOCTAaBKY, 110 BKIIOYAIOTh BUTPATH HA 3aBAaHTAXKCHHS Ta PO3BAHTAXKEHHS,
nepeBaHTaXeHHS, 30epiraHHs, TPaHCIOPTYBaHHS, OYiKYBaHHsI BiIpaBiIeHHs Ta 0OpMIICHHS TOKYMEHTiB. B
X0l mocwimkeHHsT Oyino chopMoBaHO /ABI ajlbTEPHATHBHI CXEMH TEXHOJOTIYHOI OCTAaBKH: TpagulliiiHa,
3aCHOBaHA Ha BHKOPHWCTAHHI 3CPHOBHX BaroHiB, Ta IHHOBAIliiHA, IO Tiepeadadac BHUKOPHUCTAHHS
yHiBepCaJbHUX KOHTeWHepiB 3 BKiIagumamu Tuly «Liner Bag». Po3pobnena y3aranbHeHa MaTeMaTH4HA
MOJIeJIb BU3HAUCHHS CYMapHUX BHUTpPAaT Ha [OCTaBKy, $SKa BpPaXxOBY€ IIOBHHH KOMIUIEKC CKJIaJOBHX
JIOTICTUYHOrO0 TMPOLECY: BUTPATH HA HABAaHTAKEHHS Ta PO3BAHTAXEHHS, IEPEBAHTAKEHHs, 30epiraHHs,
TPaHCHOPTYBaHHS, OYiKyBaHHsI BiMPaBJICHHS, a TAKOXK JOKyMeHTalbHe opopmieHHs. Oco0nmBicTio Moaemi
€ 1l mapamMeTpuYHHUi XapakTep, U0 J03BOJISE aJanTyBaTH ii 0 pi3HUX CXEM JOCTaBKH, THIIIB BaHTaXy Ta
BapiaHTIB oprasizaiii TpaHcrmopTHOTO Tporecy. Monens (opmanizye B3a€MO3B’SI3KH MK KEPOBaHHMH Ta
HEKepOBaHMMHU (pakTOpamH, IO 3a0e3redye MOXKIUBICTh IIPOTHO3YBAaHHS PiBHS BUTpAT IMPH 3MiHI 00CATY
napTii, TPaHCIOPTHUX BiJCTaHEW Ta 4acoBHUX mapaMeTpiB. CTaTUCTHMYHMN aHAaJi3 MapameTpiB MOMUTY Ta
MOBHO(AKTOPHAN EKCIIEPUMEHT JO3BOJIIN BCTAHOBUTH 3aKOHOMIPHOCTI BIDIMBY OOCATY 3aMOBIIEHHS,
BiJICTaHi TOCTAaBKH (E€KCIIOPTY) Ta BiICTaHi OCHOBHOTO TPAaHCIIOPTYBaHHS Ha 3arajibHi BUTPATH JIOTiCTUIHOTO
npotiecy. OTprUMaHi pe3ysIbTaTH CBIMYATh PO TE, IO TEXHOJIOTis KOHTeHHEPHUX NepeBe3eHb («TexHomoris
2») € OULIbII CKOHOMIYHO JOIILHOI, HIX TpajuiiiiHa, JUIS BCIX PO3MVIAHYTHX KOMOIHAIM BXIiTHUX
napametpiB. EkoHOMiuHNMH edekT Bix il BupoBaKeHHS CTaHOBUTH Bif 30,5 mo 42,5 THCSY TPUBEHD HAa OHY
MapTil0 BaHTaXy, a CEPEJHE 3HAYCHHSI €KOHOMIl CTAaHOBUTH ONMU3bKO 24,3 THCs4 rpuBeHb. Lle miaTBepmKye
JOUTBHICT MEPeXoly Ha KOHTEHHEPHI CXEMH IepeBe3e€HHS POCIMHHOI MPOAYKIii B yMOBax OOMEKEHOL
MPOITYCKHOI 3IaTHOCTI MIPUKOPAOHHOI iHGPACTPYKTYPH Ta Pi3HOI IIMPUHU 3aNMi3HHYHUX Koiiil. [IpakTtudna
IIHHICTP OTPUMAHHUX pPE3YJIbTATIB TOJSATaE B MOXKIUBOCTI BUKOPHUCTAaHHA pO3pOOSIeHOI  Mozei
EKCIETUTOPCHKUME KOMITaHISIMU, JIOTICTUYHHUMHU OTIEpaTopaMH Ta EKCIIOPTepaMu CiIbChKOTOCTIONAPCHKOT
MPOYKIIii AJ1s BHOOPY ONTUMAJILHOT TEXHOJIOTIT TOCTaBKH 3aJICKHO BiJ] TapaMEeTpPiB 3aMOBJICHHS Ta PUHKOBHX
yYMOB. 3arporOHOBaHUH MiX11 MOXe OyTH IHTETPOBAaHUH y CUCTEMH MIATPUMKH MPUIHSTTS PillleHb, & TAKOXK
BUKOPUCTOBYBATHUCS IpH (popMyBaHHI MyJTbTHMOJAIBHUX JIOTICTUYHUX Ki1acTepiB. [lepcnekThBr moaanbIinx
JOCIHIPKEHb BKIIFOUAIOTh PO3IMIMPEHHS MOJIENi 3 YpaxyBaHHAM CTOXaCTUYHUX (PAKTOPiB, TAKHX K 3aTPUMKH
Ha KOPJIOH1, KOJIMBaHHS Tapu]iB, pU3UKH BOEHHOTO Yacy Ta CE30HHI 3MiHH MONUTY. TakoX MOMTEHO BUBYATH
€KOJIOT1UHI acleKTH KOHTEHHEPHHX IIepPEeBE3€Hb, ONTHMIi3yBaTH BHUKOPHCTaHHS KOHTEHHEPHOIO MapKy Ta
PO3pOOUTH alaNTUBHI MOIENI IUTaHYBaHHS TOCTABKY JUTSl Pi3HUX HANPSMKIB MI>KHAPOJTHOT TOPTIBIIL.
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A solution to the current scientific and applied problem of determining a rational technology for delivering plant products in
containers in international traffic between Ukraine and Spain in the context of the transformation of logistics chains and limited
capacity of border infrastructure is proposed. Particular attention is paid to substantiating the feasibility of using container
transportation as an alternative to traditional delivery schemes using grain wagons, which allows minimizing time losses, reducing
costs for transshipment operations and increasing the flexibility of transport and logistics processes. A methodical approach to
the formation and selection of a rational delivery technology has been developed, which is based on building a mathematical
model for determining the total costs of the logistics chain. The formed model takes into account a complex of technological
operations, in particular loading, unloading, reloading, storage, transportation, waiting for shipment and documentation. The order
volume, delivery (export) distance and main transportation distance were used as input parameters. To form a reliable statistical
base, an analysis of real orders for the transportation of plant products from Ukraine to Spain was carried out, on the basis of
which the laws of distribution of random variables and sampling parameters were determined. A full-factorial experimental design
was developed and a corresponding series of numerical calculations were performed. Based on the results obtained, regression
mathematical models were constructed for two alternative delivery technologies, characterized by high indicators of adequacy
and statistical significance. The comparative analysis made it possible to establish that the use of container technology ensures
a sustainable reduction in total costs in the entire range of changes in input parameters. The average economic effect of
implementing the proposed approach is over 24 thousand hryvnias per consignment of cargo, and the maximum exceeds 42
thousand hryvnias. The practical value of the results lies in the possibility of using the developed mathematical models and
methodological approach in the activities of freight forwarding and logistics companies to optimize international transportation
processes, justify management decisions and form rational logistics schemes. The proposed solutions can be integrated into
decision support systems and digital traffic flow management platforms.
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The article addresses the issues of interaction among transport enterprises based on the distribution of orders
for freight transportation through the calculation of proposed indicators that determine the degree of order
compatibility. In the context of increasing demand for road freight transportation and limited production capacities of
individual carriers, cooperation between motor transport enterprises becomes an important tool for improving the
efficiency of transport processes. The study substantiates the feasibility of organizing such interaction by taking into
account organizational and technological compatibility of transportation orders.

It has been established that the compatibility of freight transportation orders depends on the sequence of their
execution within the transport process and on their concentration within a given transport network. The article
proposes analytical indicators that make it possible to quantitatively assess the degree of compatibility and
concentration of orders, which allows transport enterprises to form rational priorities for order execution. These
indicators can be used to determine the expediency and level of interaction among motor transport enterprises,
including the redistribution of orders and the joint use of vehicle fleets.

The proposed methodology for distributing freight transportation orders makes it possible not only to solve the
problem of planning the transport process under conditions of a large volume of incoming transportation orders, but
also to ensure a reduction in unproductive mileage, downtime, and inefficient use of vehicles. As a result, interaction
among motor transport enterprises contributes to an increase in the overall efficiency of freight transportation and to
the achievement of a higher total profit for all cooperation partners.

The object of the research is the process of interaction among motor transport enterprises in the execution of
freight transportation orders. The aim of the study is to determine the criteria that form the basis for planning and
distributing freight road transportation orders among cooperating road transport enterprises. The research method
is analytical and is based on the analysis of time parameters of order execution and spatial characteristics of
transportation networks.

The practical significance of the research lies in the possibility of applying the proposed approach in the
operational planning of freight transportation by motor transport enterprises, especially under conditions of limited
resources and high market competition.

Keywords: road transport enterprise, interaction, order for executing the transportation of cargo, coefficient of
compatibility of orders, coefficient of concentration of orders.

Statement of the problem

Since the transportation of goods by air and water transport has faced significant operational, infrastructural,
and security limitations during the period of military operations in Ukraine, the domestic market of transport
services has increasingly prioritized road transport for freight movement. Disruptions of maritime corridors,
restrictions in airspace usage, damage to port and airport infrastructure, and increased insurance risks have
substantially reduced the reliability and predictability of alternative transport modes. Under such conditions,
shippers and carriers were compelled to urgently restructure their logistics chains, revise established delivery
routes, reconsider supply chain configurations, and adapt to a new risk environment characterized by
uncertainty and volatility.

Motor transport enterprises operating in the freight road transportation sector, seeking to strengthen their
competitive advantages in a rapidly changing market environment, are actively implementing measures aimed
at improving service quality, expanding the range of logistics services provided, increasing the level of
customer orientation, and enhancing operational flexibility. These measures include the integration of digital
dispatching systems, implementation of route optimization technologies, diversification of vehicle fleets, and
development of partnership agreements with other carriers. At the same time, enterprises are forced to operate
under conditions of rising fuel prices, fluctuating demand, limited access to financial resources, and increased
wear and tear of vehicles due to intensified usage.

Taking into account the contradictory nature of the criteria that determine transportation conditions — such
as cost minimization, delivery time reduction, reliability, safety, and vehicle utilization efficiency — motor
transport enterprises attempt to optimize their operating costs. However, excessive cost optimization or rigid
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capacity planning may result in unintended consequences. In particular, carriers are sometimes compelled to
refuse potentially profitable and promising orders due to insufficient production capacities, imbalance in fleet
allocation, or incompatibility of new transportation requests with existing commitments. Such refusals
negatively affect market share, long-term competitiveness, and overall profitability.

These trends stimulate the development of interaction and cooperation between transport enterprises in their
production activities. Cooperative arrangements may take the form of subcontracting, joint planning of routes,
shared use of vehicle fleets, information exchange platforms, or creation of transport alliances. The purpose of
such interaction is to increase the efficiency of the use of motor vehicles performing freight transportation,
improve load factors, reduce empty mileage, and ensure better coverage of fluctuating demand. Nevertheless,
the mere fact of interaction does not automatically guarantee efficiency gains.

The activities of road transport enterprises that cooperate with each other do not necessarily lead to
improved effectiveness in the execution of transport service orders if there are no clear signs of organizational,
technological, and operational compatibility of the transport processes being carried out. Incompatibility may
arise due to differences in fleet structure, technical characteristics of vehicles, information systems,
management approaches, contractual obligations, or service standards. Lack of synchronization in scheduling,
route planning, and cargo handling procedures may generate additional transaction costs and operational
inefficiencies.

Therefore, the problem of increasing the efficiency of organizing freight road transportation based on
structured and economically justified interaction between road transport enterprises is highly relevant. It
requires the development of scientifically grounded methodological approaches to the coordination of transport
processes and rational distribution of orders among cooperation participants.

Analysis of recent publications on the problem. The issue of interaction between transport enterprises in
the execution of cargo transportation has been examined in the works of domestic and foreign scholars,
including Gorbachov P.F., Mospan M.V., Oliskevych M.S., Prokudin G.S., Rudrazhit Pal, Kruyssen F.,
Gansterer M., Hartl R., and others. Their studies address various aspects of cooperative logistics, vehicle
routing problems, collaborative transportation planning, and profit-sharing mechanisms within transport
alliances. Particular attention has been paid to mathematical modeling of vehicle routing problems with
cooperation elements, optimization of fleet utilization, and development of decision-support systems for
dispatching operations.

However, despite significant scientific contributions, insufficient attention has been devoted to the issues
of compatibility of transportation orders executed by cooperation participants within their operational
activities. In particular, the criteria for assessing technological and organizational compatibility of orders, as
well as methods for their formalization in the process of order distribution among interacting enterprises,
remain underdeveloped. The absence of clearly defined compatibility indicators limits the practical
applicability of existing models in real conditions of the Ukrainian transport market.

Formulation of research objectives (task statement). The purpose of this study is to determine and
substantiate the criteria that form the basis for planning and distributing orders for freight road transportation
between interacting road transport enterprises. The research aims to develop an improved methodological
approach to the allocation of transportation orders among cooperating motor transport enterprises, taking into
account economic efficiency, production capacities, technological compatibility, and risk factors.

Solving the research task is based on improving the mechanism for distributing orders for the transportation
of goods between interacting motor transport enterprises in order to obtain the maximum total profit from the
execution of the transportation process for all cooperation partners. This implies the development of a decision-
making model that ensures balanced workload distribution, reduction of idle mileage, rational use of fleet
resources, and equitable sharing of economic benefits among participants in cooperation.

Presentation of the main research material. The interaction of motor transport enterprises operating in the
transport services market can occur in different organizational and economic forms depending on the structure
of the logistics system, the type of transportation orders, and the operational capabilities of the enterprises
involved. In modern market conditions, such interaction is increasingly becoming an important instrument for
improving the efficiency of freight transportation processes and strengthening the competitiveness of transport
companies. Depending on the objectives of cooperation, the interaction between carriers may involve joint
planning of transportation routes, sharing of vehicle fleets, exchange of operational information,
subcontracting of transportation tasks, or the formation of strategic alliances between enterprises.

Accordingly, different forms of interaction between road transport enterprises lead to different financial
and operational consequences. If such interaction involves cooperation between enterprises operating within
the same supply chains, it is commonly considered horizontal cooperation [1—4]. Horizontal cooperation is
characterized by the collaboration of enterprises operating at the same level of the logistics system, which
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jointly coordinate their transportation activities while maintaining their economic independence. Such
cooperation allows enterprises to combine their resources, synchronize transportation schedules, and increase
the utilization rate of their vehicle fleets.

The interaction of several road transport enterprises typically involves the consolidation of transportation
orders with the purpose of their more efficient redistribution and execution. Through such consolidation,
enterprises can achieve a more rational allocation of transportation tasks among available vehicles and ensure
more efficient use of both their own and leased transport resources. This approach makes it possible to reduce
empty mileage, increase vehicle load factors, optimize transportation routes, and improve the overall
performance of freight transportation systems.

In many cases, such interaction between road transport enterprises leads to additional financial benefits in
the form of increased revenues or reduced operational costs. At the same time, cooperative transportation
activities require the development of mechanisms for the fair distribution of both costs and profits among
cooperation participants [5—7]. Ensuring fairness in the distribution of economic results is an important
prerequisite for maintaining stable long-term cooperation between transport enterprises.

The calculation of the criteria that form the basis for planning and distributing orders for freight road
transportation between interacting road transport enterprises can be carried out taking into account the temporal
relationships between the execution of transportation orders. These relationships are primarily determined by
time windows within which cargo must be delivered to the designated destination points. The consideration of
time windows allows not only satisfying the requirements of customers regarding delivery deadlines but also
organizing transportation in such a way that the number of vehicles required for the execution of all orders is
minimized.

Between orders for cargo transportation, certain relationships can be established that characterize the
possibility and efficiency of their joint execution. These relationships include compatibility, concentration,
unevenness, and orderliness of orders [8]. The analysis of such relationships allows determining the optimal
sequence of order execution and selecting transportation routes that provide the highest level of operational
efficiency.

At the same time, the orderliness of execution of transportation orders depends on their priorities, which
are determined sequentially according to certain criteria. The alternation of order execution according to
priorities allows transport enterprises to ensure the rational utilization of their vehicle fleets and minimize idle
time and unproductive mileage.

The priority of order execution is determined according to the following conditions:

- the highest priority is determined by the coefficient of compatibility of transportation orders;

- in the case where several orders do not differ according to the value of the compatibility coefficient, the
priority of execution is determined by the coefficient of order concentration. The order whose concentration
coefficient approaches its maximum value is given priority.

Orders i and j will be considered compatible if they can be executed sequentially by one vehicle without
taking into account zero mileage, empty mileage, or downtime while waiting for loading operations [8]. In
other words, compatibility reflects the possibility of organizing transportation tasks in such a way that one
order naturally follows another within the operational schedule of the same vehicle.

To evaluate the degree of order compatibility, it is proposed to use the order compatibility coefficient,
which characterizes the compatibility of executing orders in the sequence j—i:

Kt = %ot (1)

where ao; — duration of execution the order Z; without prior execution of any other orders and without zero
mileage, loading wait, etc.; a;; — duration of execution the order Z; after execution of order Z,.

The coefficient of order compatibility can have a maximum value equal to 1, which indicates that the orders
are fully compatible and can be executed sequentially without additional time losses. A lower value of the
coefficient indicates a lower degree of compatibility between transportation orders. Orders for which this
coefficient is greater than O but less than 1 are considered partially compatible.

To evaluate the degree of compatibility of orders executed in the sequence i—yj, it is proposed to use the
inverse indicator:

Lj _ %oj
K =22 @
L]

where ag; — duration of execution the order Z; without prior execution of any other orders and without zero
mileage, loading wait, etc.; a;; — duration of execution the order Z; after execution of order Z.
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In order to evaluate the overall compatibility of all transportation orders within the planned set of orders,
the average compatibility coefficient can be calculated:
N YN kY
KC — Zl—lzlil—l c : (3)
where N — number of orders.

The coefficient of compatibility of all orders shows the general level of compatibility among transportation
tasks planned for execution within a certain order set. However, this indicator does not take into account the
possibility of executing transportation orders by different road transport enterprises that interact with each
other. Therefore, using only this coefficient to evaluate the effectiveness of cooperation between transport
enterprises is insufficient [9].

To address this limitation, it is proposed to introduce an additional indicator that characterizes the territorial
concentration of transportation orders. In order to assess the concentration of orders within a certain territory
served by several motor transport enterprises that may cooperate with each other, the coefficient of order
concentration is introduced:

Nz
Ky = Ny C))
where N. — the number of orders that need to be executed within a certain period of time 7% N, — the number
of points of departure and receipt of cargo (transport points) for which orders must be executed within a certain
period of time T.

The coefficient of order concentration is a dynamic indicator whose value depends on the size of the
territory under consideration, the number of transportation points located within this territory, and the duration
of the planning period for transportation orders. Its maximum value is limited to two transport points regardless
of how many transportation orders are planned within the territory. Its minimum value corresponds to the
situation where each transportation order is associated with two completely independent transport points.

Therefore, the numerical value of the concentration coefficient Ky may vary within a certain range
depending on the spatial distribution of transport points and the number of transportation requests. This
coefficient reflects the degree to which transportation routes overlap spatially and temporally and indirectly
characterizes the time required to perform trips with or without cargo. Deviation of this coefficient from the
value of 1 indicates the level of favorable conditions for organizing and implementing freight transportation
processes by road transport enterprises during their interaction.

The level of interaction between road transport enterprises also significantly influences their financial
results from executing transportation orders. In practice, carriers often receive more transportation requests
than they are able to execute using their own vehicle fleets. One carrier may lack a sufficient number of vehicles
to fulfill all orders received from customers.

In such situations, after determining the compatibility coefficient of transportation orders and the
concentration coefficient of orders, the transport enterprise may transfer part of the orders to its cooperation
partner for execution or rent vehicles from that partner to perform the transportation itself. Such mechanisms
of cooperation allow enterprises to maintain service reliability and avoid the rejection of profitable
transportation orders.

Calculations of the potential planned profit of a motor transport enterprise depending on the required
number of vehicles (both own and leased) necessary to execute a certain number of transportation orders at
different values of the compatibility coefficient were carried out using the proposed methodology for
determining order execution priorities. The results of the calculations showed that when the value of the
compatibility coefficient approaches 1, the motor transport enterprise can achieve maximum profit due to the
efficient sequential execution of transportation orders.

At the same time, not all transportation orders can always be executed by a single enterprise. In such cases,
some of the orders may be transferred within the framework of cooperation to another road transport enterprise
acting as a cooperation partner. Conversely, when the compatibility coefficient approaches lower values (for
example, about 0.2), the motor transport enterprise may need to use additional vehicles or leased transport
resources in order to execute all transportation orders (Fig. 1).

When the coefficient of compatibility of orders for cargo transportation decreases, the conditions for
sequential execution of transportation tasks by the same vehicle become less favorable. In such circumstances,
the efficiency of transportation planning within a single motor transport enterprise is reduced due to the
increase in additional mileage, waiting time for loading operations, and other operational losses. As a result,
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the enterprise may need to involve additional transport resources in order to ensure the timely execution of
transportation orders received from customers.
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Fig. 1. Dependence of the profit of a motor transport enterprises on the executing of orders for cargo transportation at different values
of the coefficient of compatibility of orders for different numbers of vehicles involved

At the same time, the results of the performed calculations show that the maximum possible profit under
such conditions can be achieved when the motor transport enterprise increases the utilization of both its own
and rented vehicles. The involvement of additional vehicles allows maintaining the required level of service
reliability and avoiding delays in cargo delivery even when transportation orders have low compatibility with
each other. However, the use of leased vehicles may also lead to an increase in operational costs, which requires
careful planning and economic justification.

In this context, the interaction between road transport enterprises becomes an effective organizational
mechanism for increasing the efficiency of freight transportation processes. Cooperative interaction between
carriers allows redistributing transportation orders among enterprises according to their available production
capacities, fleet structure, and operational schedules. As a result, enterprises that participate in such
cooperation are able to use their transport resources more efficiently and reduce unproductive losses associated
with idle vehicles or empty mileage.

The conducted research confirms that the interaction of motor transport enterprises leads to an increase in
total profits for all partners participating in the cooperation process. The redistribution of transportation orders
within a cooperative network allows each enterprise to focus on those transportation tasks that correspond most
closely to its operational capabilities and current workload. This approach ensures a more balanced utilization
of vehicle fleets and reduces the probability of rejecting profitable transportation orders.

An additional advantage of such interaction is the possibility of executing all transportation orders received
from customers of transport services. In many cases, a single motor transport enterprise may not possess
sufficient production capacities to fulfill the entire volume of transportation requests within the required time
limits. However, through cooperation with other carriers, it becomes possible to distribute orders among
several enterprises and thus guarantee the fulfillment of all contractual obligations to customers.

Consequently, the development of effective mechanisms for coordinating the interaction of road transport
enterprises becomes an important factor in improving the efficiency and reliability of freight transportation
systems. The use of scientifically grounded criteria for evaluating the compatibility and concentration of
transportation orders allows enterprises to make rational decisions regarding the allocation of orders and the
selection of cooperation partners.

Conclusions

For the possibility of evaluating the compatibility of orders for the execution of cargo transportation within
a transport process performed either by a single road transport enterprise or by several enterprises interacting
with each other, a system of indicators has been proposed. These indicators include the coefficient of
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compatibility of transportation orders and the coefficient of order concentration, which together characterize
the technological and organizational conditions for executing transportation tasks within the transport network.

The proposed compatibility coefficient allows determining the degree to which different transportation
orders can be executed sequentially by the same vehicle without significant losses in time or operational
efficiency. This coefficient reflects the temporal and spatial interrelation between transportation tasks and
provides an opportunity to determine the most rational sequence of their execution.

At the same time, the coefficient of order concentration characterizes the spatial distribution of
transportation requests within a certain territory and reflects the density of transportation tasks within the
transport network. The joint use of these indicators allows evaluating not only the feasibility of executing
transportation orders within a single enterprise but also the efficiency of cooperation between several road
transport enterprises.

The results of the conducted research have shown that the compatibility of orders for cargo transportation
largely depends on the sequence of their execution within the transportation process as well as on their
territorial concentration within a given transport network. The higher the compatibility of orders and the greater
their concentration within a certain area, the more favorable the conditions for organizing efficient
transportation routes and minimizing transportation costs.

The proposed indicators can therefore be used as an analytical tool for determining the appropriate level of
interaction between road transport enterprises. In particular, the coefficient of compatibility of transportation
orders serves as an important indicator of the economic feasibility of cooperation between carriers, since the
financial results of transport enterprises largely depend on its numerical value.

It has been established that when the compatibility coefficient approaches higher values, enterprises are
able to organize transportation routes more efficiently and achieve higher profitability from transportation
operations. Conversely, when this coefficient decreases, the need for additional vehicles and increased
coordination between enterprises becomes more significant.

The proposed method for distributing orders for cargo transportation between interacting road transport
enterprises makes it possible not only to solve the problem of planning the transportation process under
conditions of a large number of incoming transportation requests but also to improve the overall economic
results of transport enterprises. In particular, the implementation of the proposed method allows obtaining a
greater total profit from the execution of freight transportation processes for all participants of cooperation.

Thus, the application of the developed methodological approach contributes to increasing the efficiency of
freight road transportation, improving the utilization of vehicle fleets, reducing unproductive operational
losses, and strengthening the competitive position of motor transport enterprises operating in the transport
services market.
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B3aemonisi TpaHCIIOPTHHUX MiAMPHUEMCTB Y CEKTOPI
BAHTA;KHUX ABTOMOOJILHUX NepeBe3eHb

'HarionansHUM TPaHCIIOPTHHH yHIBEPCHTET
’BiHHMIBKMI HAIOHAIBHA TEXHIYHUN YHIBEPCHTET

Y cmammi po3aissiHymo numaxHsi 83aemo0ii mpaHCcrnopmHux nidnpuemcme Ha OCHO8I po3rodinly 3aMO8/1eHb Ha 8UKOHaHHS
B8aHMAaXXHUX Nepese3eHb WIISIXOM po3paxyHKy 3anporoHo8aHUX MoKa3HUKIe, W0 8u3Havyatompe cmyrniHb CyMiCHOCMI 3aMO8IIEHb.
B ymosax 3pocmaHHs nonumy Ha aemomobinbHi 8aHMaXXHi nepese3eHHs ma 0bMexeHUX 8UPOBHUYUX MOXIU8ocmel OKpeMux
rniepesisHuUKie cnisnpausi MK aemompaHcrnopmHUMU nidnpuemMcmeamMu Ccmae B8aX/nuguM [HCMPYMEHMOM Mi08UWEHHS
egekmusHocmi mpaHcrnopmHux rpouecis. Y pobomi obrpyHmosaHo OouyinbHicmb op2aHizauii makoi e3aemolii 3 ypaxysaHHIM
opaaHi3auiliHoO-mexHOs02I4HOI CyMICHOCMIi 3aMO8rIeHb Ha epeee3eHHs.

BcmaHoseneHo, wo cymicHicmb 3aMO8rieHb Ha BUKOHaHHSI 8aHMaKHUX [epeee3eHb 3anexumps 8i0 nocnidosHocmi ix
BUKOHAHHS y mpaHCrnopmHomMy rpoueci ma 6id pieHs1 ix KOHUeHmpauii Ha 3adaHill mpaHCrnopmHil mMepexi. 3arnpornoHo8aHo
aHanimuyHi MokasHUKuU, siKi 0atomb 3MO_2Y KifbKiCHO OUiHUMU cmyiriHb CyMICHOCMI ma KOHUeHmpauii 3amoerneHb, w0 0038071s€
asmompaHcropmHum nidrnpuemMcmeam opMysamu payioHasbHi piopumemu 8UKOHaHHS repese3eHb. 3a3HayeHi MoKasHUKU
MOXymb 6ymu sukopucmaHi 0551 susHa4eHHs1 0ouinibHocmi ma pigHs1 83aemModil asmompaHcrnopmHux nidrnpuemMcms, 30kpema io
yac rnepepo3nodiny 3amMo8sieHb i CriflbHO20 BUKOPUCMAaHHS PyXoMoz20 cknady.

BanpornoHoeaHa memoduka po3nodiny 3amMosrieHb Ha 8UKOHaHHS 8aHMAaXHUX repeee3eHb 0ae 3Moey He nuwie po3e’szamu
3adayy nnaHysaHHsi mpPaHCopMHO20 NPoUecy 3a yMo8 3Ha4Ho20 obcsi2y 8XiOHUX 3aMO8/IeHb Ha mpaHCropmHi rnocnyeu, a U
3abe3neqyumu CKOPOYeHHST HernpodykmugHUX npobieig, mMpocmoie ma HeegheKmuBHO20 8UKOPUCMAaHHST MPaHCropmMHUX 3acobis.
Y pesynbmami 83aemo0is asmompaHCcrnopmHux nionpuemMcmea crpusie nidBUWEHHIO 3az2allbHoi egheKmueHoOCmi 8aHMaXXKHUX
nepese3eHb i ompumaHHHo binbwo2o cymMapHo20 npubymky ecima yJacHuUKamu criernpau.

0O6’ekmom AocidKeHHs € rpouec 83aemMo0il asmompaHCcrnopmHuXx rnidnpueMcme i Yac 8UKOHaHHS 3aM0O8/1eHb Ha 8aHMaXKHI
rnepease3seHHs. Memoto pobomu € 8uaHa4YeHHs1 Kpumepiig, Wo opMytomb OCHO8Y MraHy8aHHs ma po3rnodiny 3aMoeneHb Ha
asemomobiribHi 8aHMaXKHI nepese3eHHsT MiXK asmompaHCcrnopmHuUMu nidnpuemcmeamu, siki e3aemoditomb Mix cobor. Memod
docnidxeHH — aHanimuyHull, 3acHoB8aHUll Ha aHasisi 4acoeux napamempie BUKOHaHHS 3aMO8/IeHb i [POCMopPo8uUx
XapakmepucmuK mpaHCcropmHoi Mepexi.

lNpakmuyHe 3Ha4yeHHs1 pobomu rorisiecae y MOXIUBOCMI 3acmocCy8aHHsI 3arporoHO8aHO20 Mi0Xo0y & orepamueHOMY
nnaHysaHHi 8aHMaXKHUX rMepese3eHb asmompaHCcrnopmHuUMU nidnpuemMcmeamu, ocobrueo 8 ymosax obMexeHux pecypcig i
8UCOKOI KOHKYPEHUii Ha pUHKY mMpaHCropmHuXx rnocrye.

KniouoBi cnoBa: aBToTpaHCnopTHe NiANPUEMCTBO, B3aEMOZisl, 3aMOBMIEHHSI Ha BWKOHAHHS MEPEBE3EHHS BaHTaxy,
KoeqiLliEHT CyMICHOCTi 3aMOBIEHb, KOeiLiEHT KOHUEHTpaLlii 3aMOBIEHb.
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DRONES AS THE CRUCIAL ELEMENT FOR AIR DEFENSE
BUILDING AGAINST DRONES AND CRUISE MISSILES AT THE
REAR AND BATTLEFIELD

Vinnytsia National Technical University

Drones are an effective tool for organizing offensive and defensive actions in modern warfare. The war between
Russia and Ukraine has shown that inexpensive drones can cause critical damage to military equipment and civilian
objects of high value. As a result, inexpensive drones used for air attacks have become an effective tool for inflicting
very large economic losses on the enemy. They also create a great psychological impact on the population, which
leads to significant physiological exhaustion. Such losses exceed the cost of the drones themselves by tens,
hundreds, and even thousands of times. Indirect losses can reach a cost ratio of even hundreds of thousands of
times. Thus, today a new extremely effective combat weapon has appeared on the battlefield. Today, the problem
of developing new technical systems for shooting down aerial drones has arisen. Existing air or ground-based
systems of various levels (aircraft, helicopters, cannons, surface-to-air missiles, machine guns, etc.) are focused on
shooting down fundamentally different air military platforms, such as aircraft, helicopters, cruise missiles, efc.
Therefore, these technical systems have a high cost and are too economically unprofitable for shooting down not
only manned but even autonomous drones. Therefore, the use of existing platforms to shoot down air drones quickly
economically exhausts defenders. The purpose of the article is to develop approaches (designs) for the functioning
of an air defense system using special drones both for rear defense and on the battlefield. In this case, it is proposed
to use both existing drones and technical platforms, and promising directions for the development of new drones
and platforms for air defense are described. A description of existing strike drones and the design of protection
systems against them are given. It is proposed to create a new class of drones — drone hunters — to destroy enemy
drones. Some platforms for destroying enemy drones are described in detail. A hierarchically organized system for
organizing the protection of the country's territory from enemy drones using hunter drones with various structural
details is developed. A system for organizing protection from enemy drones on the battlefield is briefly described. A
concept for a universal organization of a hierarchically echeloned organization of air defense against enemy drones
is formed. It is emphasized that many drone defense platforms can be effective against cruise and/or ballistic
missiles. The results obtained in the article form a new approach to developing strategic programs for the
development of drones in the conditions of modern warfare.

Keywords: attacking drone, hunter drone, air defense, organization, development.

Introduction

Drones are an effective tool for organizing offensive and defensive actions in modern warfare. Drones are
divided into reusable drones (for example, reconnaissance drones) and disposable ones (let's call them
“kamikaze drones”). The war between Russia and Ukraine has shown that inexpensive drones can cause critical
damage to military equipment and civilian objects of high value. As a result, inexpensive drones used for air
attacks have become effective in inflicting very large economic losses on the enemy. They also create a great
psychological impact on the population, which leads to significant physiological exhaustion. Such losses
exceed the drones' cost by tens, hundreds, and even thousands of times. Indirect losses can reach a cost ratio
of even hundreds of thousands of times. Moreover, the use of drones to attack the rear structure also has a
distinct negative psychological and physiological impact on the population (for example, due to the need to
stay in shelters and bomb shelters for a long time, and sometimes several times a night). In addition, during
the day it leads to long interruptions in the work process.

As a result, drones have completely changed the nature of warfare today. World War I, thanks to machine
guns and cannons, led to the so-called “positional stalemate.” World War Il removed tanks and airplanes from
the battlefield, which shifted the war to an offensive mode. Russia’s war with Ukraine became a “drone war,”
and again led the war to a “positional stalemate.”

This happened because the use of drones made it possible to eliminate the “fog of war”. Now the battlefield
becomes completely open to the enemy, and military reinforcements begin to be attacked by drones already a
few dozen kilometers from the front line. As a result, there is a need to use a large number of massing means,
fighters move and fight in small groups or alone. The concentration of soldiers and equipment for the offensive
becomes impossible.

Existing air or ground-based systems of various levels (aircraft, helicopters, cannons, surface-to-air missiles,
machine guns, etc.) are focused on shooting down fundamentally different air military platforms, such as aircraft,
helicopters, cruise missiles, etc. Therefore, these technical systems have a high cost and are too economically
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unprofitable for shooting down not only manned but even autonomous drones. Therefore, the use of existing
platforms to shoot down air drones quickly economically exhausts defenders.

Thus, there is a need to consider the possibility of using drones as an element of air defense against drones.
This requires a fundamental change in the organization of air defense systems for both the rear and the front line
(they must be different). It is also necessary to develop new types of drones (primarily their general design) and
to carry out the significant modifications to existing drones. Some approaches to this are described in [1,2].

The purpose of the article is to develop approaches (designs) for the functioning of an air defense system
using special drones both for rear defense and on the battlefield.

Attacking drones

Attacking drones fly, as a rule, at a relatively low speed. So, the Iran/Russian Shahed/Gheran kamikaze
drones, which are most often used in the Russian-Ukrainian war, have a speed of up to 180-200 km/h. For
other drones, as a rule, their speed is also a few hundred kilometers per hour. This is because they are disposable
and therefore it does not make sense to use powerful engines and an advanced system for sudden changes in
trajectory, flight control, and navigation. The height of the flight is also a few hundred meters, although they
can rise to a height of several kilometers.

Most drones used on the battlefield have the same characteristics (line of contact of the parties and 10-50
kilometers on either side).

Defense systems against drones

Systems of defeating drones.

Aircraft/helicopters with air-to-air guns and/or missiles. As a rule, the missiles were self-guided, similar to
those used to counter enemy aircraft. The use of airplanes/helicopters is too economically inefficient. In
addition, entire classes of drones cannot be destroyed using such platforms. For example, these are small
quadcopter drones that can be: 1) kamikaze drones (often FPV), 2) drones that attack with just one/several
grenades or bombs, and 3) reconnaissance drones on the battlefield. They have small sizes and small signatures
for identification. In addition, it is very difficult to identify them on the battlefield.

Surface-to-air missiles. These missiles were also designed to target aircraft/helicopters and are therefore
cost-ineffective to use. In addition, small drones are again a problem precisely because of their characteristics
described above.

Platforms with machine guns/cannons (tracked, wheeled, stationary, etc.). Here, the main problem of
protection is that the attacking drones in a very short time are in an area where they can be identified, aimed,
and fired effectively. Again, these platforms were targeted against aircraft/helicopters, and are therefore not
cost-ineffective for shooting down very cheap drones.

Platforms of electronic warfare against drones (“anti-drone guns”, for example). They are aimed directly
at countering drones. However, they can counter mainly drones that are controlled by the enemy using radio
communication channels. At the same time, in some cases, their drones may have limitations in their use.
Using nets or tapes of various materials that entangle the propeller(s) of drones, causing them to fall to the
ground.

Damage by laser radiation. So far, it is expensive, in addition, it requires precise aiming and long enough
time to hold the laser beam on small targets (this makes it difficult to destroy drones from the ground).
However, recently there was information about the use of lasers to shoot down missiles [3].

(Generally speaking, the main problem in the use of laser weapons arises from the need to obtain an energy
flow with high intensity for pumping the working body. This problem can be solved in many ways. For
example, with the use of a Magnetohydrodynamic (MHD) generator. For combat conditions, an open-loop
MHD generator can be used, which allows for keeping the flow of energy on the order of one to several tens
of seconds. The energy of the laser will be enough for the rapid (from 1 to several seconds) destruction of the
body of the drone and the cruise/ballistic missile. During the operation of the MHD generator, it is possible to
destroy several drones or cruise missiles. Using several MHD generators (and possibly laser systems) it is
possible to create a rather dense antiaircraft system. Especially when the MHD-generator + laser system is
placed on a moving (flying, wheeled, tracked, water) platform.)

Drone detection/identification systems.

Radar systems have limited use for detecting drones, as they have too small an effective reflective surface.
In addition, there are small drones that have too few metal parts. In addition, the radar systems themselves
have little resistance against the attack of enemy drones. Defense of such systems requires significant military
resources.

Acoustic systems for detecting drones and identifying their position/trajectory can be effectively applied
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only to some drones. For example, in Shahed/Gheran, their identification is carried out from the ground using
acoustic systems that identify the sound signature of drone engines and propellers (see [4]). For small drones,
and even more so on the battlefield, this method will have significant limitations.

Detection/identification of drones by their communication channels with their command center. It can be
two-way communication when the drone is controlled by a command center. This can be a one-way
communication when the drone is used for enemy position scouting. Passive radar systems can be used here.
However, the limitations are that drones and their command center can use narrowly directed radio
communication channels.

Visual drone detection systems. There are still quite too few automatic systems for this, and their active
development is just beginning. This direction will develop, but the level of its effectiveness still needs to be
investigated.

Air defense systems for drones have been implemented.

There are quite too few examples of the implementation of complex systems for the organization of air
defense for drones today. As a rule, separate existing platforms are implemented, which are often not connected
to a single air defense complex.

However, the Russian-Ukrainian war led to the emergence of at least one comprehensive approach to the
organization of air defense elements [4]. Today, Ukraine has already implemented a scheme to shoot down the
Shahed/Gheran drones from pickup trucks armed with large-caliber machine guns. They rotate/alternate in the
regions through which the typical flight paths of these drones run through the territory of Ukraine, or near
cities and possible targets in the rear. Identification/detection of drones and determining the trajectory of their
movement is carried out using a network of directional microphones according to a specific sound signature
using specialized computer programs. Such a system of air defense against these drones has already proven its
effectiveness.

In the USA, the Anvil-M anti-drone system is being developed, which consists of drones that are launched
from the ground and have weapons to defeat small drones [5].

Methodology for the development of air defense against drones

We describe the design of a hierarchical organization of an air defense system. This system will be built
from automated platforms for identifying enemy drones and making decisions on organizing defenses to
destroy enemy drones. Some platforms may be autonomous, and some will include a human operator to make
decisions and control the corresponding drones.

A system for identifying drones. It consists of ground and air platforms that can be stationary and mobile.
The platforms should apply different identification principles. For example, these will be radars, acoustic
systems with a database of enemy drone signatures, and optical systems in different frequency ranges. The
platforms can include specialized neural networks, artificial intelligence, and human operators.

Wheeled, tracked, and flying mobile platforms should be designed according to Lego principles: they can
be equipped with various universal blocks for identifying enemy drones. Such identification platforms and
their blocks can be used both for the rear and on the front line.

Flying platforms are the most effective due to the following reasons:

1. The ability to cover a larger area with fewer platforms.

2. Short time to move and change positions.

3. Identification of moving targets against the background of the ground is of higher quality.

4. They allow for echeloning by height, where different identification methods will be used more
effectively.

5. They allow for the simultaneous use of removable units using different physical principles.

6. Platforms of different sizes can be used for higher protection against enemy aircraft and missiles.

Decision-making platforms: stationary and mobile, with or without human operator participation, with or
without the use of repeaters, in constant motion or not. They can be organized according to the example of
coordinator drones described in [6], which allows one to use prepared sets of scenarios and carry out training
both with the use of computer simulation and with the use of existing game platforms (World of Warplanes,
Warplanes: WW2 Dogfight, Wings of War, etc.).

Systems for enemy drones destroying. They can be stationary and mobile, with or without human operator
participation, with or without the use of repeaters, in constant motion or not.

The approach to design for organization of the air defense system in the rear

Identification of enemy drones is carried out in echelons as follows (all platforms have “home-foreign”
identifiers and recognize them in targets).
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Manned aircraft (which are capable of staying in the air for long periods of time) are platforms for long-
range sensors (“long-range” defense). These are mainly active and passive radars. They are aimed at large
drones or at localized groups of drones. At the same time, they also track aircraft and cruise missiles.
Information about the general situation at a distance of several hundred (thousand) kilometers is obtained here.
Sometimes such aircraft can also serve as general command and analytical centers, information processing
centers, etc. Such planes can cover the space of the entire country.

Closer to the front line, barrage drones are used, which are able to stay in the air for a long time in a given
region. They are platforms for sensors of a different nature (defense of “medium” action). In addition to radars,
acoustic sensors (either of a wide range or of a combination of the required frequencies) and video cameras
for a long distance in both the visible and infrared/ ultraviolet regions of the spectrum are involved. Their
computers are able to classify both sound signatures and video images. Such platforms create a strip with a
width of several tens of kilometers (there can be several such strips).

In the same regions, several lines of protection from stationary sensors are used, the areas of which are
overlapping. Sensors of different natures can be formed on the same platform, or different platforms can be
used (which allows for forming a more flexible defense). There can be several such “close” lines of defense.
They can also create defense circles that protect local objects (cities, critical infrastructure objects, etc.).

There should be several decision-making centers at each level (for the country as a whole, regional, local),
and their duplication should be created. Mobile decision-making centers can be used for local and regional
needs.

Systems of enemy drones’ neutralization. The organization of the enemy drone destruction system should
also be constructed in echelons according to the size of the hunter drones. Hunter drones will be used for this
(some of the possible solutions are presented below). The use of hunter drones has several advantages. First,
hunter drones are reusable drones and therefore can destroy quite a large number of enemy drones. Secondly,
they have enough speed to keep the enemy drone in the aiming field for a long enough time, which dramatically
increases the probability of its destruction. Third, hunter drones can use an autonomous search mode, which
will not require a large number of highly skilled operators.

Small (light) hunter drones can be equipped with small-caliber machine guns. These machine guns have
low recoil and will not greatly affect the movement of drones. Also, small drones can carry one unguided air-
to-air missile, which, when exploded, scatters the elements of damage in the form of a cloud, cone or disc.
Accordingly, the aiming system should be organized. The distance for damage can be hundreds of meters, and
the aiming itself is organized by a video camera. At night, one can use a video camera and a spotlight, which
is guided by the sound signature or is directed from the decision-making center. The detonation distance is set
when using, for example, a laser rangefinder. Light drones can also use nets to capture enemy drones or
propeller entanglement tapes, as well as anti-drone radio electronic guns and the like. However, enemy drones
can use self-destruct elements when out of control, which can damage hunter drones when using short-range
neutralization agents. Note that small hunter drones can also be kamikaze drones. This will be aimed mainly
at expensive enemy drones, usually reconnaissance drones or kamikaze drones with a powerful explosive
charge, as well as drones that are capable of maneuvering (then it is advisable to use FPV drones). Small drones
can be based both on the ground (that is, be stationary) and on mobile platforms (cars, armored personnel
carriers, etc.). Also, small hunter drones can be based on flying or floating platforms (for example, large drones,
airplanes, helicopters, etc.). Small hunter drones can be equipped with a software product that will take them
out of combat (with prior notification to decision-making centers) and send them to special landing sites for
further maintenance and ammunition replenishment. Exit from the battle can be in cases of running out of
ammunition or when the fuel supply (or battery capacity) is enough only to reach the nearest landing pad.

As a general rule, it is advisable to use the small hunter drones ahead of attacking enemy drones, because
they have, as a rule, a lower speed. Therefore, small hunter drones will be localized in the form of air defense
lines (preferably close to the front line or border), localized taking into account sufficient time for them to
reach a possible interception region, or around cities and elements of critical infrastructure.

Medium and large hunter drones can be used effectively against existing kamikaze drones (such as the
Iranian and Russian Shahed 136) because they have speeds comparable to such enemy drones (or even much
faster than them). Baykar Bayraktar TV-2/3, Baykar Bayraktar Akinci, and Baykar Bayraktar Kizilelma
platforms can serve as examples of such hunter drones (these platforms can potentially be produced in
Ukraine). Medium and large hunter drones, unlike small ones, can carry a combination of various weapon
complexes. They also have greater autonomy in the air and more ammunition. This allows the use of medium
and large hunter drones for long-term patrolling of certain regions. This significantly reduces the response time
in cases of a sudden attack. In addition, medium and large hunter drones can serve as platforms for delivering
a fairly large number of small hunter drones to a given region. This allows you to gain significant advantages
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on the local battlefield.

Finally, medium and large hunter drones can be successfully used to intercept Long-range subsonic,
Medium-range subsonic, and Short-range subsonic cruise missiles. The speed of such missiles is compared,
for example, with the speed of the Baykar Bayraktar Kizilelma platform, which can not only hit these missiles
themselves, but also create a curtain in front of them with a sufficiently large number of small hunter drones.

The approach to design for organization of the air defense system at the front line

The goal is to protect against reconnaissance and attack drones. All of the above solutions should be applied
here. The only flawed addition is that the hunter drones should also be used in enemy territory. It is also
necessary to identify the enemy's means of identifying our attack drones and enemy decision-making centers.
An additional specificity is the presence of a time factor, because on the battlefield decisions must be made
very quickly. Countermeasures against enemy electronic warfare can be used in the same way as against one's
own attacking drones.

It should be noted that small hunter drones can be delivered over enemy territory using large carrier drones,
cruise missiles, or large-caliber shells and missiles from multiple launch rocket systems.

Small drone hunters can be delivered over enemy territory using large carrier drones, cruise missiles or
large-caliber shells, multiple launch rocket systems, and cassettes from aircraft or helicopters. In this way,
local kill zones can be created in the path of enemy drones. Cassettes with small drone hunters can also be
delivered over enemy territory using mobile wheeled, tracked, floating, and underwater platforms.

Discussion and outlook

Above is a variant of an effective program for forming an order for the modernization of existing and
development of new drones for air defense. Based on this program, personnel training for its implementation
is also organized. Also, based on the results of the article, a strategic formation of the country's air defense
system can be developed for both the war and the post-war period.

The use of swarms of drones allows reaching a new level of human interaction and technical means of
warfare, including for the air defense system. Some directions of development of distributed hierarchical
control for autonomous drone swarms [6] can determine the future development of air defense systems.

The obtained results indicate that the formation of air defense for the rear can have certain universal forms,
and decision-making can allow time for a thorough analysis of the situation and even computer simulation of
possible decision options to select the most effective one. In contrast, on the front line, it is necessary to take
into account many variable features, which take into account the characteristics of the battlefield area, the
military forces and equipment of both your own and the enemy, the resources available to you and the enemy,
the features of the ability to maintain and use drones, etc. Here, the initiative of commanders will be maximally
manifested. The relationship between human intelligence and artificial intelligence will be most critical on the
front line. The emergence of hierarchically organized autonomous swarms of drones [6] for both attack and
defense can bring the organization of the battle to a new level and significantly increase its effectiveness. It is
important that on this path fundamentally new opportunities arise for a significant reduction of human mortality
in the conditions of future wars. The role of people will be to use their intellectual capabilities.

The approach described in the article to the organization of drone control can be used to protect the Earth
from an asteroid/comet threat from Space. Such experience will also be useful for the colonization of the
planets and the asteroid belt of both the Solar System and the planetary systems of other stars in the Universe.

Conclusion

Today, a new reality is emerging in the war organization. The widespread use of drones at various levels
of attack leads to the need to use drones in air defense systems as well. Thus, there is a transition to warfare
both at the level of people and at the level of drones.

The article develops approaches (designs) for the functioning of an air defense system using special drones
both for rear defense and on the battlefield. In this case, it is proposed to use both existing drones and technical
platforms, and promising directions for the development of new drones and platforms for air defense are
described. A description of existing strike drones and the design of protection systems against them are given.

It is proposed to create a new class of drones — drone hunters — to destroy enemy drones. Some platforms
for destroying enemy drones are described in detail. A hierarchically organized system for organizing the
protection of the country's territory from enemy drones using hunter drones with various structural details is
developed. A system for organizing protection from enemy drones on the battlefield is briefly described. A
concept for a universal organization of a hierarchically echeloned organization of air defense against enemy
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drones is formed.

It is emphasized that many drone defense platforms can be effective against cruise and/or ballistic missiles.
The results obtained in the article form a new approach to developing strategic programs for the development
of drones in the conditions of modern warfare.
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A. A. HIusan

JIpOHU SIK KJIIOY0BHH eleMeHT (opMyBaHHA NPOTUIIOBITPAHOI 000POHH Bij
JAPOHIB Ta KPUJIATHX PAKET Y THJIY Ta HA MO0JIi 0010

BiHHUIIBKUI HAIIIOHAEHUH TEXHIYHUN YHIBEPCHUTET

LlpoHu € echekmugHUM iHCMpPyMeHmMOoM 051 opaaHisauyii HacmynanbHUX ma 060poHHUX Oill y cyyacHil 8iliHi. BitiHa mix Pocieto
ma YkpaiHoto noka3sana, ujo Hedopoai OpPoHU MOXYmb 3a80amu KpUMUYHOI WKOOU 8ilicbKO8Il mexHiyi ma yusinsHum ob'ekmam
8UCOKOI' YiHHOCmi. B pe3ynbmami Hedopoai OpoHU, WO 8UKOPUCMO8YOMbLCS Ori MNO8IMPSHUX amak, cmasnau eeKkmueHUM
iHcmpymeHmom Ona 3as0aHHSI OyXe B8eslUKUX EKOHOMIYHUX empam pomueHUKy. BoHu makox cmeoptoromb eenukull
ricuxonoeaidHull 8rnue Ha HaceseHHs, Wo npu3sooums 00 3Ha4HO20 (hi3iono2iYHO20 BUCHaXEHHS. Taki empamu nepesulyyroms
sapmicmb camux OpoHi8 y OecsimKu, comHi i Hagimb mucsyi pasie. Henpsimi empamu Moxymb Oocsizamu Criie8iOHOWEHHS
gapmocmi Hagimb y COmHi mucsiy pasie. Takum YUHOM, Cb0200HI Ha rosii 60k 3’a8unacsi Hoea Had3su4valiHo echekmueHa boliosa
36posi. Cb0200HI 8UHUKNa npobrema po3pobKu HOBUX MEXHIYHUX cucmem 055 36ummsi nosimpsiHUX OPOHie. ICHyto4i nosimpsiHi
abo HazeMHi cucmemu pi3HO20 PiBHS (nimaku, eesikornmepu, eapmamu, pakemu Kiacy "3emns-rnosimps”, Kynememu mouwjo)
opieHmosaHi Ha 36ummsi MPUHYUNOBO Pi3HUX MOBIMPSHUX BIlICbKOBUX rnamghopM, makux sIK simaku, 2esikonmepu, Kpumnami
pakemu mouwjo. Tomy Ui MexHiYHi cucmemu Marmb 8UCOKY 8apmicmb i € eKOHOMIYHO Hesuz2iOHUMU Ons 3bummsi He nuwe
ninomosaHux, a U a8moHOMHUx OpoHie. Omxxe, BUKOpUCMaHHS iCHyto4UX rnnamegopm 0ns 36ummsi nogimpsiHUx 6e3rninomHukie
WBUOGKO EeKOHOMIYHO B8UCHaXye 3axucHukie. Memorw cmammi € po3pobka nidxodie (npoekmis) QyHKUiOHy8aHHS cucmemu
npomunosimpsiHoi 060POHU 3 8UKOpUCMAaHHAM crieuianbHux 6e3nifnomHukie sk 0r1s1 muoeoi 060poHU, mak i Ha noni 6or. Y
ubomy eurnadKy NPOMNOHYEMbLCS 8UKOPUCMOBY8amuU SIK iCHytoqi 6€3MimoOMHUKU, makK i mexHidHi nnamgopmu, a makox onucaHi
repcrnekmueHi HarmpsMKu po38umky Hosux 6e3rninomHukie ma riamegopm 0518 npomunosimpsiHoi 06opoHu. HaeedeHo onuc
iCHyro4ux yOapHux 6e3mninomHuUKie ma npoekmysaHHsi cucmem 3axucmy 6i0 Hux. [lporoHyembca cmeopumu Hosul Krac
be3ninomHukie — mucnusuie 3a OpoHamu — Orist 3HUWEHHST 80pOXUX be3ninomHukis. [JemarnbHo onucaHo desiki nnamagpopmu 051s1
3HUWEHHS 8opoxux be3ninomHukis. Po3pobrieHo iepapXxidyHO opaaHi3o8aHy cucmemy opaaHidauii 3axucmy mepumopii KpaiHu i
8opoXux 6e3rniiomHukie 3 suKkopucmaHHAM 6e3rinoMmHUKIe-MUCIu8Yie 3 PI3HUMU KOHCMpyKmusHUMu Oemanamu. Kopomko
ornucaHo cucmemy opeaaHizauii 3axucmy 8i0 eopoxux 6esninomHukie Ha rosi 6ot. CghopmosaHO KOHUENUio yHieepcarbHOI
opeaaHi3auji iepapxi4HO ewesloHo8aHoI opeaaHisayii mpomunosimpsiHoi 06opoHuU 8i0 sopoxux besmninomHukie. [1i0kpecneHo, wo
b6azamo nnamaeopm npomunosimpsiHoi 060POHU MOXymb Bymu eghekmueHUMU pomu Kpunamux ma/abo 6anicmudHux pakem.
OmpumaHi y cmammi pe3ynbmamu ¢popmyroms Hogul nidxid o po3pobku cmpamezidHux rnpospam po3sumky 6e3mninomHukie 8
yMOo8ax Cy4acHOi 8iliHU.

KntoyoBi cnoBa: atakytoumii ApoH, APOH-MUCTIMBELL, MPOTUMOBITPsiHA 060poHa, opraHisauis, po3pobka.
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MPABWJIA IIOJAHHS TA O®OPMJIEHHS CTATEA

Penakuitina xoseris xypHany «BicHWK MamuHOOYIyBaHHS Ta TPAHCIOPTY» MPHHMAE JO PO3TISLAY
HAyKOBI CTaTTi 3 MaTepiajiaMH JIOCIiPKEHb 1 HAYKOBO-TEXHIYHUX PO3POOOK.

VY «BicHuky MammHOOYTyBaHHS Ta TPAHCIIOPTY» IyOJIKYIOTHCS HAyKOBI CTATTI 32 TAKUMH HAYKOBUMH
HANPSIMKAMM:

* Tpancnopm ma mpancnopmui mexHonozii

* CyuacHi mexHonoecii 8 MawuHOOYOY6aHHI, 36ApPIO6AHHA MA CHOPIOHEeHi npoyecu I MexHONo2li,
HAHOMEXHON02IT

*  Mexanomponixa. l'iopaeniuni ma nHeeMamuyHi NPUBOOU PI3HO20 MEXHON02IUHO20 NPUSHAYEHHS,
8ibpayitini ma eiOPOYOaApPHi MAWUHY MA MEXHONOTT

* Haoitinicme 1 0o06208iuHicmb Mexauizmie [ Mawun, Oemani ma MiYyHICMb YMPUMYIOUUX
MEMALOKOHCMPYKYIU NIOUOMHUX MPAHCTIOPIHUX MAWUUH

» besnexa excniyamayii Mawiur ma MexaHiamis

*  Pozsumok ma cyuacui gumou 00 3pasKie 030pOEHHs Ma BilicbKOBOT MexXHIKU

*  CyuacHe 0b61aOHAHHA | NPOSPECUBHI MEXHONO02I] BUPOOHUYMBA 030POEHHS MA BILICbKOBOT MEXHIKU

» Excniyamayis, mexuiune o0CIy208Y8aHHs MaA NO-MOYHUL PEMOHM 030POEHHS MA GIICLKOB0I MEXHIKU

*  AxmyanvbHi NUMAHHA NCUXON02IUHOT NIOMPUMKU BIICHKOBOCTYHCO0BYIE

Pyxomucu ctareit MatoTh OyTH 0OpMIIEHI 3 AOTPUMAHHSIM TaKUX BUMOT.

CTpykTypa cTarTi.

1. CrarTts Mae MOYMHATHCH 31 BCTYITY, HAIIMCAHOTO Y OPMi, JOCTYITHIN JUIS pO3yMIHHS IIAPOKOTO KOJa
CHELIaNiCTIB BiAMOBITHOI TaTy3i HAYKH. Y BCTYIi HABOAATHCS:

- TIOCTaHOBKA MPOOJIEMH Yy 3arajbHOMY BUIJISIII Ta BUCBITICHHS 11 3B’A3KY 13 BXKJIMBUMHU HAYKOBUMH UM
MPaKTUYHUMHU 3aBJAHHSIMU;

- aHaJi3 JOCITiKEeHb 1 myOmiKarlii, B SKMX 3aI109aTKOBAHO BHUPIIICHHS IIi€1 MPOOIeMH 1 Ha SIKi CITUPAETHCS
aBTOD;

- BUJIJICHHS HEBUPILICHUX paHillle YaCTHH 3araibHoi mpobiemMu;

- (opMmyrOBaHHS METH CTaTTI.

2. B ocHOBHi#l YacTHHI CTaTTi BHKIQJAIOTHCS 1 IPYHTOBHO PO3’SICHIOIOTHCS OTPUMAaHi TBEPIKEHHS i
pe3ybTaTH.

He cnim mepeBanTa)KyBaTH CTATTIO BETUKOIO KUIBKICTIO OPMYI, TyONFOBaHHIM THX CAMHUX PE3yIbTATIB Y
TabuMIAX 1 Tpadikax.

Baxano yHWKaTtu m0oBrux HaszB Tabiuib Ta pUcyHKiB. CIliJi 3aCTOCOBYBAaTH NMPHUHSATI Y TEKCTi CTATTI
MO3HA4YEeHHS Ta ckopoueHHs. [lo3HadeHHs 1 ManoBioMi TepMiHM HEOOXiAHO MOSICHIOBATH.

3. 3akirodyHa YacTMHA Ma€ MICTHUTH MNPHKIAA (SKIIO 1€ MOXIHUBO), SIKUH 1IIOCTpyE €PEeKTHBHICTbH
OTPHMaHMX PE3yJbTaTiB, 1 BACHOBKH, III0 BiIOOPa)KaroTh OCHOBHI Pe3yJbTaTH 1 MEPCIEKTUBU MOJANBIINX
JOCIIKEHb.

BrcHOBKM MaroTh OBHOIO MipOIO Y3rO>KyBaTUCh 31 3MiCTOM OCHOBHOT'O TEKCTY.

4. CrarTio citijy po30MBaTH Ha PO3/AUIM 3 HA3BaMH, SKi BiIoOpaxkaroTh iX 3MicT. QOOCAT CTATTIi MOBUHEH
oyrn B Mexax 6-10 cropinok ¢opmarty A4. Pykonucu craTeil, 1110 HE MOTPAIUISIOTh y BKa3aHi OOCATH,
penaKkui€ro He MPUIMaIOThCS.

IIpaBuia ogopmiaeHHs Ta MOJaHHA PYKONMCIB cTaTeid.

B penakuiro HeoOXxiaHO MoxaTH:

- €JEKTPOHHY BEpCiI0 PyKONHCY CTATTi (HAIICIaTH Ha €IEKTPOHHY aJipecy ceKpeTaps )KypHaIy);

- CYNpOBI/IHI JIOKyMEHTH.

Pyxormuc crarti roTyeThes 3 JOTpUMaHHSAM TAKHX BHMOT':

Crarts MOxe OyTH HamucaHa YKpPaiHCBKOIO a0 aHIIIHCHKOIO MOBOIO 1 HaJpyKOBaHa Ha OJHIH CTOPOHI
apkyuriB ¢popmaty A4. ITosst: BCi o 2 cMm.

1. JInst miArOTOBKM CTATTI 3aCTOCOBYBATH TeKcToBUi penaktop Microsoft Office Word, BukopucroByroun
mpudT Times New Roman posmipom 11 0T. 3 oiuHApHUM MIKPSIIKOBUM iHTEPBAJIOM.

Ji1st 3pydHOCTI MOXKHA BUKOPUCTATH NPHUKIaA opopmMiteHHs cTaTTi daitn visnyk prvkl stat.doc.

2. CrpykTypa CTarTi

2.1. 'V BepxHbOMY JIIBOMY KYTKy pykomucy notpioHo BkazaTu iHgexkc Y K (Times New Roman, 11 nr,
31iBa).



2.2. lmimiamu Ta Tpi3BHINA aBTOPIB (IPYKYBATH HAMMIBXUPHUMH JIiTEpaMH, KOXXHHUH 3 HOBOTO psIKa
(Times New Roman, 14 nT, cripaBa);

2.2.2. 3 HacCTYIIHOTO psiJiKa — Ha3Ba CTATTi (HAMIBKUPHUMH BEJIMKUMHU JiTepaMu, BiiueHTpyBaTH, (Times
New Roman, 16 nt));

2.2.3. 3 HOBOTO psiZKa BKa3ylOTHCS HAa3BH YCTaHOB, Je TpaiotoTh aBTopu (Times New Roman, 11 o, mo
LCHTPY);

2.2.4. 3 HoBOTO psinka — aHotaiis cTarti. Teker anoramii mae micturu 1800-2000 3HaxkiB (Arial, 9,5 nr,
KYPCHB, IO ITHPUHI CTOPIHKH);

2.2.5. 3 HOBOTO psAKa ITiJT Ha3BOIO (HaIiBXUPHIM ) «KITFOUOBI cITOBa:» HABOAUTHCS HEPETIK KIFOUOBUX CIIiB
(Arial, 9,5 0T, o MMPHHI CTOPIHKM).

2.3. 3 HoBoro psnka — Beryn (Bci mig3aronoBku y cratti — Times New Roman, 11 nT, HamiBXupHUMU
JiTEpaMHu, 10 TEHTPY, BiacTym 3Bepxy — 10 nT., 3HU3Y — 6 TT.).

2.3.2. lani noAa€eTbca OCHOBHHIA TEKCT CTATTI — pe3ynbTatu gociimkenb (Times New Roman, 11 oT, mo
LIMPHHI CTOPIHKH, 3 OAWHAPHUM MDKPSIKOBUM iHTEPBAIOM.

2.3.3. Jlani — BucHOBKHU.

2.4. 3 mHosoro psagka HaBoauThest CIIMCOK BUKOPUCTAHOI JIITEPATYPH, odopMienwii 3riaHo 3i
cTUJIeM UUTYyBaHHA [HCTUTYTY iHKeHepiB 3 enekTpoTexHiku Ta enektpoHiku (IEEE Citation Style) y Burmsai
3arajpbHOTO CIHCKY, CKIIQJCHOTO 32 YEPror IMOCHIaHb Yy TEeKCTi (He 3a abeTKoro). Y TEKCTI PYKOIHUCY
MTOCHJIaHHS Ha JIiTepaTypy OepyThes B KBaJpaTHI AYKKU KOXKHHNA okpemo (Hampukian, [1], [2]). [Tocunanas
Ha HeomyOiKoBaHi mpati He gonyckatoThes (Times New Roman, 9 oiT).

SIK1I0 B CIMCKY JIITEpaTypH € JKepena, SKHM TPUCBOEHO MikHapoaHuil mndposuii ingukarop DOI (Digital
Object Identifier), To Horo HeoOximHo Bkazatu (mpukman: [1] A. A. Larson, “The Reception of Giatian’s
Tractatus de penitentia and the Relationship between Canon Law and Theology in the Second Half of the
Twelfth Century,” Journal of Religious History, no. 37 (4), pp. 457-473, 2013. https://doi.org/10.1111/1467-
9809.12081.).

JInst 3py4HOCTI Ta TPHCKOPEHHS MIATOTOBKM CTAaTTi MOXKETE€ CKOPUCTATHCS TNMPHUKIAJaMHU CKJIaJaHHS
6i0miorpadivyHoro onucy JJisi CIIMCKY BUKOPUCTAHOI JTiTepaTypH, HaBeaeHuMH y (aiini lit.doc.

Jlami HaBOIATHCS:

2.5. BigoMocTi Ipo aBTOpiB: Mpi3BHIIE, iM s, IO OATEKOBI (0€3 CKOPOUYEHB, HAIBXXUPHUM, KypCHBOM),
HayKOBHWI CTYyIiHb, BUCHE 3BaHHs, 1I0Caja, IOBHA Ha3Ba YCTAHOB, MiCTO, €JICKTPOHHI aapecu aBTopiB (Times
New Roman, 10 m, 31iBa).

2.6. Amneniiicokow M06010 HAaBOIATHCS BCl eleMeHTH MyHKTIB 2.2 Ta 2.5. Tekct aHOTaIii Mae MicTHTH
1800-2000 3naxis!

2.7. AwHoTamii muuryThest Ha MOBax (YKpaiHChKa, aHTJIChKa), sIKi He BAKOPHCTOBYBAIUCH IIPH HAMTHCAHHI
OCHOBHOT'O TEKCTY CTaTTi.

3. VY crarri ciif 3acTocoByBaTiH MixkHapoaHy cuctemMy onuHUIb (CI).

4, ®opmynu HabupawTbes y pemaktopi ¢opmyn (Equation ado MathType) 3 BHKOpPHUCTaHHSAM
JATUHCHKUX Ta TPEUBKUX JIiTep. He 103BOIsIETHCSI BAKOPUCTOBYBATH JTITEPH KUPUITHILL, 30KpeMa, i B iHIeKcax.
Koxna dhopmya HabupaeThbes sk ogua 00’exT (full — 11 pt; subscript — 8 pt; sub- subscript/superscript — 6 pt,
symbol — 12 pt).

J1st mo3HAYEHHsI 3MiHHUX Y TEKCTi HE BUKOPUCTOBYBATH pelIakTOp GOPMYII 32 BUHATKOM BUTIAJIKIB, JIe 1Ie
HeoOXiTHO (HanmpWKIIaa, 3MiHHA 3 BEPXHIM Ta HIKHIM 1HIEKCaMu).

5. Lmroctparii mogar0ThCsi BKIIFOUEHUMH Y TeKCT cTarTi (6e3 OLE-3B’s13Ky, KOKHa 1TIOCTpalliss — OJWUH
00’€KT) TICIIS MEePIIOro MOCHIaHHS Ha HbOTO.

6. Koxxna TaOGnuiisi HOBUHHA MaTl HOMEP Ta 3arojoBOK.

[Mpuknax ohopMIIEHHS CTAaTTI MOKHA MTOJMBUTHCH HA CAMTI KypHAITY.

Pyxomucu crareit, odopmieHHX 3 TOPYUICHHSIMH 3a3HaYCHHX BHUMOT Ta MpPaBWI, 10 PO3TISAY HE
PUIAMAIOTHCS.

CynpoBigHi 10KyMeHTH

1. ABropchka foBiaka (daitn avtdov.doc).

2. JloBigka eKcHepTHOI KoMicii 100 BiACYTHOCTI B PYKONHMCI CTarTi BimoMmocTel, 3a00pOHEHUX 10
oryOiKyBaHHs y BIIKPUTOMY JPYIIi.

3. Jlna cmiBpoOitHukiB BHTY — Butar 3 mnportokosiy 3acizanHs kadeapu uu jaboparopii, 1e
BUKOHYBJIUCH JJOCITI/DKEHHsI (poToKoi Ne  Bij ), 31  CTHUCIOIO  XapaKTepPUCTHKOI  CTAaTTi  Ta
PEKOMEH/IAIlI€I0 HAYKOBOTI'O CeMiHapy LbOTr0 MiApO3AUTY (BKa3zaTh: mpoTokoi Ne Bin).



4. Jlna aBTOpiB, He cuiBpoOiTHUKIB BHTY — perensis Ha cTaTTIO 3a MiANMMCOM JTOKTOPA TEXHIYHUX HAYK
(daxiBis 3 HAIPSIMKY, BIAMOBIIHOTO A0 CTATTI).

o cratTi MOXyTh OyTH BHECEHI 3MiHM pelaKLiHOTO XapakTepy 0e3 MOroIKEeHHS 3 aBTOPOM.

I'oHOpap aBTOpaM He BUILIAYYETHCS.

OcTaroune pimeHHs mo/0 myOiKkarii crareil nmpuitMae penakmis xKypHary Ta Buena paga BHTY.

YMoBHM onsIaTH ONy0JIiKyBaHHS CTATEH.

Crarti HaykoBuiB BHTY myOnikyroTscst 6e3omnatao. CTaTTi HAyKOBIIIB 1HIIMX YCTaHOB, OpraHi3alliil Ta
MiAIPUEMCTB TyOJIKYIOTHCS Ha YMOBaxX Ha/JlaHHS TutaTHUX mociyr. [licns yxBanenns Buenoro pagoro BHTY
3MICTy HOMEPY JKypHally, CeKpeTap HaJCHJa€ aBTOpaM Ha eJIEKTPOHHY aapecy JIUCTH 3 PEKBI3UTaMH, CyMOIO
KOILTIB Ta 6a)KaHUM TEPMIHOM OILIATH.
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