AHOTALIS

l]ebnuxina O.B. TlinBuleHHS €KCIUTyaTaliiHO1 TOTOBHOCTI CUCTEM KEpYyBaHHS
PYXOM MOi3/1iB HA OCHOB1 KOHTPOJIIO (YHKIIOHATHLHUX NapaMeTpiB. — KBamidikariiina
HayKOBa Mpailsi Ha paBax PyKOMUCY.

Hucepranis Ha 37400yTTS HAayKOBOTO CTymHeHs Joktopa ¢utocodii 3a
cneuianbHicTiIO 275 — TpaHcmopTHI TeXHONOTIT — VYKpaiHChbKUU Jiep>KaBHUU
YHIBEpCUTET 3ali3HUYHOro Tpancnopty, MOH VYkpainu, Xapkis, 2020.

JlucepTanito MpUCBAYEHO NMUTAHHIO MiABUILECHHS €KCIUTyaTalllifHOI TOTOBHOCTI
cucteM kepyBaHHa pyxoMm mnoizfiB (CKPII), mo peanizoBani Ha MIKpOENEKTPOHHIM
€JIEMEHTHIN 0a31 3 MPOorpaMoBaHOIO JIOTIKOK (DYHKIIIOHYBAHHS, 3 METOIO CKOPOYEHHS
HEIMPOIYKTUBHOI'O MPOCTOI0 PyXy MOi3/1B HA JUISHKAX 3a113HULIb.

HaykoBa HOBHM3HA JucepTaliiiHOi POOOTH TMOJSATa€ Yy BHUPIIIEHHI HAYKOBO-
MPUKIIATHOTO 3aBAaHHs MiIBUIIEHHS ekcruryaTtaiiiiHoi roroBHocTi CKPII Ha ocHOBi
KOHTPOJIIO iX (DYHKIIOHAIBHUX MapaMmeTpiB, M0 3IMCHIOETHCS MUISIXOM BJIOCKOHAJICHHS
METO/IIB 1 MOJieNiel (PYHKIIIOHATBHUX BUMIPOOYBAHb 3a3HAYEHUX CHCTEM.

Bnepwe orpumano, po3po0JIeHO 1 3apOIMOHOBAHO:

— METOJAWYHUM MiIXiJ 10 BU3HAUEHHS ekciutyataiiitHoi roroBHocti CKPII, 1o
BUKOPHUCTOBYE MOJIEJIb OLIIHKY ITUOMHU KOHTPOJIIO X PYHKIIOHAIBHUX MApaMETPIB, Ka
OynyeThCs Ha O1€KTUBHUX BITHOUMIEHHSX MK (DYHKIIIOHAIbHUMU CKJIAJIOBUMHU CHUCTEM 1
iX TEXHOJIOTIYHUX 00’ €KTIB;

— cnoci0  BIATBOPEHHS TEXHOJOTIYHUX OO0’€KTIB y 3aco0ax KOHTPOJIO
¢dynkiionansaux napametpis CKPII Ha ocHOBI rpado-GyHKI[IOHATEHUX MOJEINEH, 110
BPaxoBYIOTh $IK CTaTH4YHI, TaK 1 JWHAMI4HI BJIACTHUBOCTI OO0’€KTIB KEpyBaHHS Ta
KOHTPOJIIO 13 BUKOPUCTAHHAM (PYHKIIIOHAIBHUX BEPIIIUH;

— METOJ] AaHaJllITU4YHOI iHTepnpeTalii TexHonoriyHux o060’exktiB CKPII, o
3a0e3reuye BIATBOPEHHS iX CTAaTUYHUX 1 JUHAMIYHUX BIACTUBOCTEH Yy Tpoiiect
KOHTPOJIIO (PYHKIIOHAIIBHUX TapaMeTpiB Ta 0a3yeTbcsi Ha mpeacTaBieHl rpado-
(yHKI[IOHATBHUX MOJeNied PYHKIIIOHATbHO-TOMOJIONTYHUMH MATPUIISIMU, (HOPMYBaHHS
SAKUX 3A1MCHIOETHCS. HA OCHOBI MATPUIb CYMDKHOCTI 3 JllarOHajJbHUM BiITBOPEHHSIM

HAMOBHEHHS (DYHKIIOHATBHUX BEPIIUH;



— 3aKOHOMIPHOCTI, SIKI BCTAHOBIIOIOTh 3B’S30K MDK TJIUOMHOI KOHTPOJIIO
¢dynkiionansHux napametrpiB CKPII, macmTaOHICTIO 1 CKIAHICTIO TEXHOJOTTYHUX
00’extiB CKPII Ta ix ekcruryaTaiiiiHo0 rOTOBHICTIO.

Yoockonaneno:

— MeToJl OJOYHO-IarOHAJIBHOTO CHHTE3y Mojened sl  (yHKIIOHAIbHUX
BuripoOyBanb CKPII, axuii, Ha BiAMIHY Bi ICHYIOUOTO, 0a3ye€TbCcsi HA BUKOPUCTAHHI
BUXITHUX OJOKIB (PYHKIIIOHAJILHO-TOMOJOTIYHUX MATPULb CYMIKHOCTI 3aMiCTh
MapaMeTPUIHO-TOMOJIOTIYHUX MaTPHUIlh IHITUAESHTHOCTI;

— cnoci0 OIIHKM €(EeKTUBHOCTI 3aXOMiB 13 3a0e3NedYeHHs eKCIUTyaTaliiHO1
roroBHOCTI CKPII 3a pezynbraramu (QyHKIIOHAIBHUX BUIPOOYBaHb, SKUH 0a3yeTbes
Ha BCTAHOBJIEHOMY 3aKOH1 PO3MOLTY TOMUJIOK MPOrPaMHOI0 3a0€31eUeHHS.

Habynu nooanvuoco po3eumxy:

— MIAXOIU J0 OLiHIOBaHHs Oe3neku BukopuctanHs epratuuHux CKPII, sxi
BpPaxoBYIOTh 0araTo3HAYHICTh JTOMOMDKHUX TE€XHOJOTTYHUX PEXKUMIB (PYHKIIIOHYBaHHS
CUCTEMH Ta 11 IHTEpaKTUBHUN XapaKTep B3a€MO/II1 3 IEPCOHAIOM;

— pe3yyibTaTH MPOTHO3YBAaHHS BIUIUBY JIIOACHKOTO M TEXHIYHOIO YMHHHUKIB Ha
eKcIutyaTauiiny Haaiitnicts npuctpois CKPIL

[IpakTruHi pe3ynbTaTU JUCEPTALIMHOI POOOTH MOJSATalOTh y ii NPUKIAAHIN
CIPSIMOBAHOCTI Ha MIJBHILNEHHS mapameTpiB roroBHocti Ta BimHoBieHHs CKPII y
MpoIlecl eKCIuTyaTtallii, 3MEHIIEHHS HEMpPOAYKTUBHOIO MPOCTOI0 B PycCl MOi3AIB, a
TaKOXX 3MEHIIEHHS PECYpPCOEMHOCTI Ta MiJBUILIECHHS €(EKTUBHOCTI KOHTPOIIO
¢dbynkiionansHux napamerpis CKPIL. Bukopucrtanus pe3ynbTaTiB quceprailii J03BOIsS€E
miaBuuTH  kKoedimieHT rotoBHocTi CKPII mo 18%, 301MbIIMTH IHTEHCHBHICTH
BinHoBIeHHs: CKPII g0 6-Tu pa3iB, 3MEHIIWTH HEOPOIYKTUBHI MPOCTOI PYXy MOi3/1B
10 16%, miaBUIIUTH PIBEHb IMUOUHUA KOHTPOJIO MPU (PYHKIIIOHATBHUX BUITPOOYBAHHSX
CKPII no aBox pasiB 1 3MEHIIUTU 1HPOPMAIlIKHI Ta YaCOB1 peCypcH Ha iX MIATOTOBKY
no 2-x pasiB. Kpim Toro, pesynbTaTu aucepraiiii MaiTh MEPCIEKTUBU MOJATBIIOTO
PO3BUTKY II0JI0 3aCTOCYBAHHS B TEXHOJOT1SIX €KCIUTyaTallii IHIIIUX BUA1B TPAHCIIOPTY.

3a Temow Jucepralii omyOJIKOBaHO 27 HAyKOBHX Mpalb, y TOMY 4YHCII

8 HaykoBUX cTaTell y (QaxoBux BuAaHHsX, 3arBepikeHnx MOH Vkpainu, 3 skux



1 BKiIIOYEHA 10 MDKHApOAHOI HaykoMeTpuyHOi Oa3u Scopus, 1 HaykoBa cTaTrTs B
1HO3eMHOMY BU1aHH1 Kpainu €C, 3 nonaTkoBi npaili 1 15 mpaiib anpoOaliiiiHoro xapakrepy.

VY BcTyni OOIPYHTOBAHO AaKTYyaJbHICTh TEMH JUCEPTALIAHOTO JOCHIIKEHHS,
HaBEJICHO MOro MeETy, 3aBlIaHHs, 3B’S30K 13 HAYKOBUMHM MpOrpamMaMi, IJIaHaMH 1
TeMaMu YyHiBepcutTeTy. lIpencraBieHO HAyKOBY HOBHM3HY, MPAKTUYHY 3HAUYYIIICTh
JUcepTallii Ta HaBeAEHO 1i 3arajibHy XapakTePUCTHUKY.

Y nepwiomy po3oini BukoHaHO orisa cydacHoro crtany pgirounx CKPII nHa
3aJII3HUYHOMY TPAHCTIOPTI YKpaiHU Ta piBHS iX HAJIMHOCTi, BCTAHOBIICH] TEHICHIIIT Ta
MEPCIEeKTUBHU IX PO3BUTKY, & TAKOK BU3HAUYECHI IUJISIXU BUPIMICHHS 3a7a4, OB’ I3aHUX 13
MIJBUIIIEHHSAM X €KCIUTyaTaiifHOi TOTOBHOCTI.

Texniuni 3acobu CKPII, siki yoe3neuyroTh pyX MOi3AiB 1 320€3M€UyI0Th HAJIEXKHY
NPOMYCKHY 3JaTHICTh JUISIHOK 3aJi3HHLb, 3HAXOIATBCS y MOPAIbHO 1 (DI3UUHO
3HOIIEHOMY CTaHl, MPUYOMY OCTaHHIM jgocsirae piBHA Ouneiie 60%. Ha mincrasi
npuurHHOTrO anamizy BiiMoB mpuctpoiB CKPII npotsrom 2010 — 2019 pokiB BCTaHOBIEHO
TPEH 00 3POCTaHHS BIUIMBY TEXHIYHOTO YMHHHUKA HA iX €KCIUTyaTalliHy HaJIdHICTb 1
3MEHIIIEHHS BIAMOBIAHOTO JIFOJACHKOrO YMHHMKA. [IpOrHO3yBaHHS BIUIMBY 3a3HAYEHUX
YMHHHKIB i3 KoedimieHToM netepminauii R° = 0.97 mae migctaBu CTBEpIKYBaTH, 110 3a
YMOBHU BIJICYTHOCTI KOMILJIEKCHOI MojepHizanii TexHiuHux 3aco0iB CKPII B Ykpaini 1o
2024 poky BIUIMB JIOJICBKOTO 1 TE€XHIYHOTO YMHHHKIB 3piBHAETHCA, a 10 2030 poky
TEXHIYHUN YMHHUK MEPEBUIITYBATUME JTIOJACHKUHN YBIYI.

3a3HaueHa TEHJEHIlsI Hece 3arpo3y K OesnepeOiliHiii poOOTiI 3ali3HUYHOTO
TPAHCIIOPTY, TaK 1 YOE3MEeUeHHIO pyXy MOi3/iB, 10 JOJATKOBO BUMArae BIPOBAIKEHHS
outbin cyyacHux CKPII Ha MaricTpanbHOMY 3ali3HUYHOMY TpaHcnopTi. CydacHi
BHUMOTH 1100 PO3BUTKY TEXHIKH, chOpMOBaHI B X011 UeTBepTOi CBITOBOI MPOMUCIOBO1
pesomtonii  (Industry-4.0), 0OyMOBIIOIOTH 3aNpPOBAKEHHS TMPUHIIMIIOBO HOBUX
nporpaMHo-anapatux 3aco6iB CKPII, mo 6a3yeThcs Ha npuHIMnax nudposizaiii Ta
IHTEJIEKTYallbHO-aHAITUYHOTO CYNPOBOKEHHS.

VY Takux yMoBax HaOyBalOTh aKTyaJbHOCTI IEPETJISI]T Ta KOPUTYBAHHS TPAIUIIITHIX
METOIB, MOJIeNIe Ta 3ac001B 3a0e3neueHHs exkcruryaTaniiHoi rorosHocti CKPIL. Ognum

3 HaBaXIMBIIIMX 3aX0/IB Y IbOMY HANpsIMKY € BIOCKOHAJIEHHS METOAOJIOril KOHTPOJIIO



MOKA3HUKIB MPU3HAYCHHSI, HA/IIMHOCTI Ta O€3MEKU BUKOPUCTAHHS CUCTEM, SIKHM JTOLLIBHO
BUKOHYBAaTH LUISIXOM (DYHKIIOHATBHUX BUIIPOOYBAHb.

[IpoBenenuii aHami3 pI3HOBUIIB Ta CHOCOOIB peanizaiii  (PYHKIIIOHATBHUX
BUIIPOOYBaHb, a TAKOXK MIITOTOBKU /10 HUX, JA€ MIJCTaBU BBAXKATH, IO KIIOYOBOIO
YMOBOIO iX €()EeKTUBHOCTI Ta JIOCTOBIPHOCTI € aJ€KBATHE BiITBOPEHHS TEXHOJIOTTYHUX
0o0’extiB CKPII mpu BukOHaHHI HUMU 3aaHuX GYHKUIA. EdekTuBHUM 1HCTpyMEHTOM
IILOTO BIATBOpPEHHS € rpadoaHaTITUYHE MOJICTIOBAHHS TEXHOJOTTYHUX OO0 €KTIB MpH
dbopMyBaHHI Ta BHUKOPUCTAaHHI MoAeNeld s BUNPOOYBaHb, JOCIIIKEHHIO SKOTO
MPUCBIYEHO HEMAJIO Npallb BITYUM3HAHUX 1 3apYOIKHUX HAYKOBLIIB.

AHaJi3 3a3Hadye€HUX Opalb Ta iX IHTEpHpeTamis WoA0 yMOB (PYyHKIIIOHYBaHHS
CKPII na 3anizHunsgx Ykpainu 103B0JIMB cOPMYBATU OCHOBHI IUISIXU MiABUILIEHHS
iX eKcruIyaTaliifHOi TOTOBHOCTI Ha OCHOBI BJIOCKOHAJIEHHS METOJIB, MoOjJeleil Ta
3ac0o0iB (DYHKIIOHAJIBHUX BUIMPOOYBaHb TAaKUX CHUCTEM, IO 3aMpPOBAKYIOTHCS 1
MOJIEPHI3YIOThCSA HA MPUHIHUIAX HU(POBI3aLIii.

Jlpyeuii po3oin tipucBsiyeHo ¢opmanizaii TexHojoriyaux 060’ektiB CKPIT Ta
MOKa3HUKIB €(h)eKTUBHOCTI BUMPOOYBaHb, @ TAKOXK PO3POOICHHIO MOAEI OI[IHKY MTHOWHU
KoHTponto  (yHkmioHanbHux mapameTpiB CKPII nans  momaneioro 3acTocyBaHHS
BIIMOBIIHUX PE3YJbTATIB MPU MIJIBUILIEHH] €KCIUTYaTaI[IiTHOI TOTOBHOCTI CUCTEM.

VY npoueci JOCHIIXEHHS BCTAHOBIEHO W OOIPYHTOBAHO, IO OCHOBHUMH
napaMeTrpaMmu paiioHaiizaiii ¢pynkiionansaux BunpoOyBanb CKPII € pecypcu Ha ix
MITOTOBKY 1 MPOBEACHHS Ta OOCIr BUIPOOYBaHb, IO 3BOAUTHCA [0 TIUOUHU
KOHTPOJIIO (DYHKIIOHATBHUX MapaMeTpiB cucteMm. s MIKpONpPOIIECOPHUX CHUCTEM
KepyBaHHS TJHMOWHA KOHTPOJIO  BHU3HAYAETHCS  TECTOBUM  HMOKPUTTAM, IO
3a0e3neuyeThCs (PYHKIIOHAJTbHUMU BUIPOOYBAHHSIMU.

[IIns1xoM BU3HAYEHHS BIAHOUIEHB 1 3B’SI3KIB MDK CKJIQJJOBUMH TTHOWHU KOHTPOJIIO
Ta IHIIMMH TIOKa3HUKaMHU e(EeKTUBHOCTI (PYHKIIIOHATBHUX BHUIPOOYBaHb OYIO
BCTaHOBJICHO MPOMOPIINHUHN 3B’ 30K MK TECTOBUM MOKPUTTAM Ta IHIIUMU MapamMeTpaMu
parfioHanizaili, a TakoX BH3HAYEHO, IO OOCIT TECTOBOTO MOKPUTTS € PIBHOZHAYHUM
CYMapHiil MOTY>KHOCTI MHOXHHH BC1X (DYHKIIOHAJILHUX 3B’ SI3KIB MK HOT0 CKJIAJJOBUMMU.

Ile nmamo mincraBy st (opMyBaHHS MOJENl OLIHKA TIUOUHH KOHTPOJIO

(yHKI[IOHATBHUX BUIPOOYBaHbL Ha 0a3l CHCTEMHU JIHIMHUX CHIBBIAHOIICHH MIXK



KUIbKICHUMH TIOKa3HHMKaMHM, IO 3a[al0Th 3a3HadeHl 3B sa3Kd. JlaHl IMOKa3HMKU
BU3HAYAIOTHCS K PO3B’SI30K CUCTEMHU JIHIMHUX PIBHSIHB 010 OCHOBHUX CKJIAJOBUX
rmuouan koHTpodro CKPIL. ¥V xomi gociigkeHHS BCTAHOBJICHO pPsa JOAATKOBHX
oOMexeHb monao TexHoioriyHux 00’ekTiB CKPII, cTOCOBHO SIKMX NPUIYCTUMHUM €
3aCTOCYBaHHS MOJEII.

Jlocmimkenl MOXHMOKKM Ta aJeKBAaTHICTH MOMCHI JO3BOJMIM BCTAHOBHUTH TOYHI
Jiana30Hd MPUITYCTUMOCTI 1i 3aCTOCYBAaHHS ISl PI3HUX CUCTEM KEpYBaHHS 3 TOUKU 30pYy
iX MacIITabHOCTI Ta CKJIATHOCTI, 0 B MOJANBIIOMY MPU3HAYEHO IS OI[IHKU JOIUTBHOCT1
BUKOPHUCTAHHS TUX YU IHIIUX MOJEJIeH AJis BUITPOOYBaHb 1 METOIIB iX (pOpMyBaHHS.

JlocmiJPKeHHs, BUKOHAHI B mpemboMy po30ini, NPUCBAYEHI (HOPMYBaAHHIO
MeToliB cuHTe3y Mmojenet ansa BunpoOyBanb CKPII pizHoro mpuszHaueHHs Ta ix
3B’SI3KY 13 MapaMeTpamMu €KCILTyaTaliiiHO1 TOTOBHOCTI.

3 METOI 3MEHIIECHHS PEeCYpPCOEMHOCTI Ta MIiABUIIEHHS TJIUOUHH KOHTPOIIIO
¢dynkiionansHux napametpiB CKPII, a Takox yHidikaiii MeToiB HOTo peanizalii 1is
CHUCTEM PI3HOTr0 MPU3HAYEHHS, Y PO3ALI po3pobsieHo miaxoau 10 GpopmyBaHHs rpado-
(GYHKIIIOHAIBHOT MOJEN1 TEXHOJOTTYHUX OO0 €KTIB, fKa 3aKIaJa€ThCi B OCHOBY
dbopmyBanHs moneneit ana sunpoOyBanb CKPII. Ananmituuna iHTepmnpeTalliss rpado-
(yHKI[IOHATBHUX MOJENe 3IMCHIOEThCST Ha 0a3i MaTpuilb CYMDKHOCTL, SIKI
MOIU(DIKYIOThCS A0 (PYHKIIOHATBHO-TOMOJOTTYHUX MaTpullb. Ha Biaminy Bix
HaWOIMKYOr0 aHajora — MapaMeTpUYHO-TOIMOJIOTIYHUX MATpUllb — (YHKI[IOHATBHO
TOMOJIOT1YHI MaTpHIll, 0a3ylOUNCh HA MPUHIUIIAX CYMDKHOCTI 3aJ]aHUX €JIEMEHTIB, 3a
JlarOHAJIbHUM TO3UIII0BAHHSM BiITBOPIOIOTH AUHAMIUH1 (DYHKIIOHAIX BEpIIUH rpady
Ta ONOCEPEJAKOBAHHM CIIOCOOOM 3aBlIal0Th KUIBKICHI MW BEKTOPHI XapaKTEPUCTUKU
3B’SI3KIB MK BEPIIMHAMH, 1110 MOJETIOIOTh 00’ €KTH KEpYyBaHHS Ta KOHTPOJIIO.

DYHKIIOHAJIBHO-TOMOJIOTIYHI ~ MaTpulll B  TMOBHOMY  00Csi31  3aJal0Th
KOH(]Irypalito Ta JUHAMI4H1 BJIACTHBOCTI TEXHOJOTTYHUX 00’ €KTIB CUCTEM KEpyBaHHS,
npote Oe3nmocepeaHe X BUKOPUCTAHHS YCKIIAIHIOETHCA 3HAYHOK PO3MIPHICTIO IIOJ0
TEXHOJIOTTYHUX 00’ €KTIB BEJIMKOT MAaCIITA0HOCTI.

B3sBimn 3a OCHOBY OKpeMi MPUHIMIN peaizaiii MeTOAy MNPsSMHUX CyM, IO

3aCTOCYBaBCS IJIs1 MapaMEeTPUYHO-TOMOJIOTIYHUX MAaTpHllb, 3a3HAYCHUN MeToJ] OyB



CYTTEBO TepepoOieHui 1 Moau(dIKOBaHUI y MeTOJ MOAU(DIKOBAHUX MPSIMUX CYM, IO
BIIPI3HSAETHCSI BUKOPUCTAHHSIM OINOPHUX €JIIEMEHTAapHUX JEpeB, SIKI PO3MEKOBYIOTh
rpado-QpyHKIIOHAIIBHY MOJIEJb HAa KOMIIOHEHTH, JJIsi KOXKHOI 3 AKUX (POPMYEThCSA
OKpeMuid 070K (DYHKI[I0HATEHO-TOMOIOTTYHOT MATPHILL.

BinnoBigHo 10 O1iHKKM €()EeKTUBHOCTI 3alPONOHOBAHOTO METO/ly CUHTE3Y Moeen
i BunpooyBanb CKPII nopiBHSIHO 3 HAHOIMKYMM aHATIOTOM 32 KPUTEPISIMU MIHIMI3alii
KUTBKOCTI 1H(oOpMaIlli, 1110 BBOAUTHCA M Yac CHHTE3y MOJeNi, MiHIMI3allii TpUBaJIOCTi
MIITOTOBKU 10 BUNPOOYBaHb, MIHIMI3aLlli KUTBKOCTI MOMWJIOK MPOEKTYBAJIbHUKA MOJENT]
Ta 30UIBIIIEHHS TECTOBOI'O MOKPUTTS BCTAHOBJICHO, 1110 €()EKTUBHICTD 3a MEPIIUMH TPhOMA
MOKAa3HUKAaMH, 3aJI€KHO B1JI MAacCIITAOHOCTI 00’ €kTa BUMPOOYBaHb, 30UIBLIYETHCS 10 11 ITH
pasiB, a 3a IOCSTHYTHUM T€CTOBUM MOKPUTTSIM — JI0 IBOX Pa3iB.

3a3HaueH1 mepeBaru CBiIuaTh Npo JONUIBHICTh Ta TPUMYCTUMICTh BUKOPUCTAHHS
3alpOIOHOBAHOI0 METOAY Mpu KOHTpoJi ¢pyHKkiioHanbHUX napamerpis CKPII 3 meToro
3a0€e3ne4eHHs X eKCIUTyaTaliiHOT TOTOBHOCTI.

Yemeepmuii po30in TPUCBAYEHO AaCHEKTaM MPAKTUYHOTO 3aCTOCYBAHHS
pE3yAbTATIB AUCEPTAIIHHOTO JOCTIIKEHHS.

3 ypaxyBaHHSAM 3aKOHOMIPHOCTEH MiX mapaMeTpamu e(heKTUBHOCTI pO3pOOJIEHOTO
METOJTy KOHTPOJIIO (DYHKIIIOHATBHUX MapamMeTpiB, BUBHAYCHUX Y TPETHOMY PO3LIL, MEPIII
3a BC€ IJIMOMHOIO KOHTPOJIO, 3 OAHOrO OOKy, Ta MOKa3HUKAMH EKCILTyaTallliHO1
TOTOBHOCTI, 3 IPYroro 00Ky, BCTAHOBJICHO, 1110 3aJI€KHO BiJl MACIITAOHOCTI Ta CKJIATHOCTI
TEXHOJOTTYHUX OO0 €KTIB BHKOPUCTAHHS PO3POOJIEHOIO METOAY 03BOJISIE€ 30UIBIIUTH
koedimienT roroBHocTi CKPII m0 18%, a IHTEHCHBHICTB iX BITHOBJEHHS — 1O IIECTH
pa3iB. BpaxoBylouum BCTaHOBIEHUN Yy MEPIIOMY PO3AUIL KOPEISLIMHUN 3B’S30K MIXK
excruryataniitHoro HaniiHicTio CKPII Ta 3arpuMkamu pyXy MOi3AIB JIOCSTHEHHS TaKHUX
PE3YJbTATIB 103BOJISIE 3SMEHIIIUTH KUTBKICTh HEMPOAYKTUBHUX MPOCTOIB MOi3/1B 10 16%.

VY mporieci mpakTUYHOI peanizailii pe3yibTaTiB JUCEPTALINHOTO JOCIHIIKEHHS
st CKPII pi3HOro mnpu3HayeHHs BCTAHOBJICHO, 110 HAMOBHEHHS (DYHKI[IOHATBbHHUX
BEPUIMH ISl PI3HUX TEXHOJOTTYHMX OO’€KTIB KEepyBaHHS MOXKE 3/1HCHIOBATHUCS
aHamiTuyHO, rpadiuno (y BUDNISAl BKIaAeHUX rpadiB) Ta 3MINIAHUM CIIOCOOOM.

BukopucranHs 3MIIIAHOTO cIOCO0Y 3BaXKyBaHHS (DYHKI[IOHAIBHUX BEPIIU JOCIIIKEHO



Ha mnpukiaal (GparMeHTy Mojielli s BUMPOOYBaHb I1HTENEKTYyaJlbHO-aHATITUYHOI
CUCTEMHM MIATPUMKHA TNPUUHATTA pIlIeHb JUCHETYEPChKOi IEHTpaizalii Ha
MIPOMUCIOBOMY 3alli3BHUYHOMY TPAHCHOPTi. AHAJIOTIUHI MIAXOIU 3alPONOHOBAaHI s
dbopmyBaHHs Ta KOH}Iryparlii MOJAEPHI30BAHOTO KOHTPOJIBHOTO MYHKTY aBTOMAaTUYHOT
JIOKOMOTHBHOI CUTHaJI13a11ii MOTOPBAarOHHOTO JIETIO.

Ha npuknani cucteMu MIKpOMpPOLIECOPHOT IEHTpati3ailli CTPUIOK Ta CUTHAIIB
(MIIL) po3poOieHO Ta BUKOPUCTAHO CHUCTEMY ABTOMATH30BAHOTO MPOEKTYBaHHS
(CAIIP) mogeni aJist BUIpoOyBaHb, B OCHOBY SIKO1 3aKJIaJI€HO PO3POOTIECHUN Y TPETHOMY
po3auni MeTon MoAu(ikoBaHMX NOpAMHX cyM. 3actocyBaHHs CAIIP nns cunTesy
Mozeni jisi BurnpoOyBaHb cuctemu MIIL] oxniei 31 craHui perioHanbHOT QuIli
«lliBnenno-3axinHa 3aniBHULE» AT «YKp3ani3HULS» MIATBEPAWIO KOPEKTHICTh
BUKOPHUCTAHHS METOJTY, a IIUISIXOM T€CTYBaHHSI MOJIeJ1 Ha 0a3i IITaTHUX J1IarHOCTUYHUX
3ac001B KOHTPOJIFO OOMIHY MIXK MiJICUCTEMaMU IIEHTpati3allii JOBEEHO ii aIeKBaTHICTh
MIPU BIITBOPEHHI BCiX 00’ €KTIB KEPYBaHHS Ta KOHTPOJIIO.

JlonaTkoBO B pO3LI1 JOCHIIIKEHO PE3YAbTaTh BUTPOOYBAHb 3a3HAYEHOT CUCTEMU
MIIL[, B xoAl SKMX BCTAaHOBJIEHO EKCIOHEHIIAJIbHUM 3aKOH PO3MOALTY BHSBICHUX
MMOMUJIOK MTPOTPAMHOI0 3a0€3MEUEHHS, SIKE peali3ye JOr1uH1 3aJI€XKHOCTI [IEHTpaTi3allii.

Ha ocHOBI oTpuMaHMX pe3yNibTaTiB 3aMpONOHOBAHO MOKAa3HUKH €(PEKTHUBHOCTI
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ABSTRACT

Shcheblykina O.V. Improving the operational readiness of train control systems based
on the control of functional parameters. — Qualification scientific work — manuscript.

Thesis for a Ph.D. — Doctor of Philosophy in 275 — Transport Technologies. —
Ukrainian State University of Railway Transport, Ministry of Education and Science of
Ukraine, Kharkiv, 2020.

The dissertation is devoted to the issue of increasing the operational readiness of
train control systems performed on the microelectronic elementary base with the
programmed logic of functioning with the purpose of reducing unproductive train
movement downtime at railway sections.

The scientific novelty of the dissertation is revealed in solving the scientific and
applied problem of improving the operational readiness of train control systems based
on the control of their functional parameters, which is carried out by improving the
methods and models of functional tests for the systems defined.

It is for the first time that the following has been specified, developed and proposed:

— methodological approach to determining the operational readiness of train
traffic control systems with use of the evaluation model of test coverage of functional
tests, which is based on the objective relationship between functional parameters of
systems and technological objects;

— the method of reproduction of technological objects in the control means of
train control systems functional parameters on the basis of graph-functional models,
which take into account both static and dynamic characteristics of controlled objects
using functional vertices;

— the method of analytical interpretation of technological objects of train traffic
control systems, which provides reproduction of their static and dynamic characteristics
in the process of control of functional parameters and is based on graph-functional
models presented by functional-topological matrices, which are formed on the basis of

adjacency matrices with diagonal view of functional vertices;



— regularities that establish the relationship between the level of control of the
functional parameters of train control systems, the scale and complexity of the
technological objects of train control systems and their operational readiness.

The following have been improved:

— the method of block-diagonal synthesis of models for functional tests of train
control systems, which, in contrast to the existing one, is based on the use of source
blocks of functional-topological adjacency matrices instead of parametric-topological
incidence matrices;

— the method for assessing the effectiveness of measures to ensure the
operational readiness of train control systems based on the results of functional tests,
which is based on the established law of distribution of software errors.

Further development has been given to:

— the approaches to assessing the safety of the use of ergatic train control
systems, which take into account the ambiguity of the auxiliary technological modes of
system operation and the interaction character of communication with operational,
technical and inspection personnel;

— the results of forecasting the impact of human and technical factors on the
operational reliability of devices and train control systems.

The practical results of the dissertation are revealed in the fact that the
research is applicable and is aimed at improving the parameters of readiness and
restoration of train control systems during operation, reducing unproductive
downtime of trains, as well as reducing resource consumption and improving the
control of functional parameters of train control systems. The use of practical results
of the dissertation allows, first of all, increasing the train control systems readiness
coefficient up to 18%, increasing the recovery intensity up to six times and reducing
unproductive downtime of trains up to 16%, improving depth control level at
functional tests of train control systems up to two times and reducing data and time
resources for their preparation to two times. In addition, the results of the
dissertation have prospects for further development when applied to operation

technologies of other modes of transport.



On the topic of the dissertation there have been published 27 scientific papers,
including 8 scientific articles in professional journals approved by the Ministry of
Education and Science of Ukraine, 1 out of which is included in the international
scientometric database Scopus; 1 scientific article is in a foreign publication of an EU
country; three additional works; 15 works of approbation character.

The introduction substantiates the relevance of the topic of the dissertation, its
aim, objectives, in connection with scientific programs, plans and topics of the
university. The scientific novelty, practical significance of the dissertation is presented
and its general characteristic is given.

The first section reviews the current state of existing train control systems for
railway transport of Ukraine and the level of their operational reliability, identifies
trends and prospects for their development, as well as determines the ways of
solving the problems of operation readiness improvement.

The technical means of train traffic control systems, which ensure the
movement of trains and provide for the proper through-put capacity of railway
sections, are in a morally and physically worn-out condition, the latter reaching the
level of more than 60%. The analysis of failures of train control systems for the
period of 2010 — 2019 gives ground to ascertain the formation of a trend to increase
the technical factor impact on the operational reliability and to reduce the
corresponding human factor. At the same time, predicting the impact of the defined
factors with a coefficient of determination R* = 0.97 suggests that in 2024 the impact
of human and technical factors will be equalized, and by 2030 the technical factor will
exceed twice the human.

This trend poses a threat to both the fail-safe operation of railway transport and
train safety, which further requires the introduction of more up-to-date train control
systems on the main railway transport. Modern requirements to the development of
technology, which were formed during the Fourth World Industrial Revolution
(Industry-4.0), result in the introduction of fundamentally new technology in the means
of train traffic control systems, based on the principles of digitalization and intellectual

and analytical support.



The problem of revising and correcting traditional methods, models and means of
ensuring operational readiness of train operation systems becomes more topical under
such conditions. One of the most important steps in this direction is the introduction of
the methodology of the factors of system function, reliability and safety which is to be
applied through functional tests.

The analysis of varieties and methods of functional tests, as well as preparation
for them, gives reason to believe that the key condition for their effectiveness and
reliability is the adequate reproduction of technological objects of train control systems
when performing their assigned functions. An effective tool for this reproduction is
graph-analytical modeling of technological objects in the formation and use of models
for testing, which has been studied in numerous domestic and foreign scientific works.

The analysis and interpretation of these works regarding the operating conditions
of train control systems on the railways of Ukraine allowed determining the main ways
to improve the operational suitability of train control systems based on the perfection of
methods, models and means of functional testing of such systems implemented and
modernized on digital principles.

The second section is devoted to the formalization of technological objects of
train control systems and test performance indicators, as well as the development of a
model for estimating the level of control for further application of appropriate results in
improving the operational readiness of systems.

In the course of the research it was established and substantiated that the main
parameters of rationalization of functional tests of train control systems are the
resources for their preparation and conduct, as well as the amount of tests, which is
reduced to the level of control of functional parameters. For microprocessor control
systems, the level of control is determined by the test coverage provided by the tests.

By determining the relationship between the components of the test coverage and
other indicators of the effectiveness of functional tests, a proportional relationship
between the test coverage and other parameters of rationalization was established, and
it was determined that the amount of test coverage is equivalent to the total power of all

functional relationships between its components.



This gave rise to the formation of the foundations of the model for estimating the
level of control (test coverage) of functional tests based on a system of linear
relationships between the quantitative indicators specified in these relationships. These
indicators are defined as the solution of a system of linear equations for the main
components of the test coverage. The study identified a number of additional
restrictions on the technological objects of train traffic control systems, for which the
use of the model is acceptable.

The studied errors and adequacy of the model resulted in establishing the exact
ranges of acceptability of its application for different control systems in terms of their
scale and complexity, which is further intended to assess the feasibility of using certain
models for testing and methods of their formation.

The research performed in the third section is devoted to the formation of
methods for the synthesis of models for testing train control systems for various
purposes and their relationship with the parameters of operational readiness.

With the aim of reducing power intensity and increasing the control level of
functional parameters of train control systems, as well as unification of
implementation methods for multipurpose systems, the section elaborates the
approaches to forming grapho-functional model of technological objects which is
laid at the basis of model formation for train control system tests. Analytical
interpretation of grapho-functional models is carried out on the basis of adjacency
matrices, which are modified to functional-topological matrices. In contrast to the
closest analogue — parametric-topological matrices — functionally topological
matrices, based on the principles of adjacency of given elements, diagonally
positioning reproduce the dynamic functional of the vertices of the graph and
indirectly cause quantitative and vector characteristics of the relationship between
vertices modeling control objects and control.

Functional-topological matrices fully define the configuration and dynamic
characteristics of technological objects of control systems; however, their
implementation is complicated by considerable dimensions of large-scale

technological objects.



Based on some principles of implementation of the method of direct sums used
for parametric topological matrices, this method was significantly redesigned and
modified into a method of modified direct sums, characterized by the use of reference
elementary trees that delimit the graph-functional model into components for each of
which form a block of functional-topological matrix.

According to the evaluation of the efficiency of the proposed method of model
synthesis for testing train control systems as compared to the closest analogue by the
criteria of minimizing the amount of information entered during model synthesis,
minimizing the duration of test preparation, minimizing the number of model designer
errors and increasing test coverage, it is determined that according to the first three
indicators and depending on the scale of the test object, the efficiency increases up to
five times, and according to the achieved test coverage — up to two times.

These advantages indicate the feasibility and acceptability of the use of the
proposed method in controlling the functional parameters of train control systems in
order to ensure their operational readiness.

The fourth section 1s devoted to the aspects of practical application of dissertation
research results.

Taking into account the established regularities between the parameters of
efficiency of the developed method of control of functional parameters established in
the third section, first of all — depth of control, on the one hand, and indicators of
operational readiness on the other hand, it is established that depending on scale and
complexity of technological objects, the use of the developed method allows to increase
the coefficient of readiness of train control systems to 18%, and the intensity of their
recovery — up to six times. Taking into account the correlation between the operational
reliability of control systems and train delays which was established in the first section,
such results allow to reduce the number of unproductive downtime of trains up to 16%.

In the process of practical testing of the results of the dissertation for train
control systems for different purposes, it has been found out that the filling of
functional peaks for different technological control objects can be done analytically,

graphically (in the form of nested graphs) and by a mixed method. The use of a mixed



method of weighing functional verses is investigated on the example of a fragment of
the model for testing the intellectual-analytical decision support system of centralized
traffic control on freight rail transport. Similar approaches are proposed for the
formation and configuration of modernized control point of automatic locomotive
signaling at car depot.

On the example of the system of microprocessor centralization of points and
signals, the system of automated design (CAD) of the model for tests which uses the
method of the modified direct sums developed in the third section has been elaborated
and implemented. The use of CAD for the synthesis of a model for testing the electrical
centralization system of one of the stations of the regional branch «South-Western
Railway» JSC «Ukrainian railways» confirmed the correctness of the method, and by
testing the model based on standard diagnostic tools to control the exchange between
objects of management and control, its feasibility to all the objects of control and
management is confirmed.

Additionally, the section examines the results of tests of the station centralization
system, during which the exponential law of software fault distribution is established
realizing the logical dependencies of signaling.

The results of the research give ground to propose the preparation efficiency
indicators for multichannel microprocessor interlocking systems which are based on
determining the steepness of monotonic distribution of software errors detected during tests.

These indicators will allow forecasting the operational readiness of train traffic
control systems at the stage of their production, maintenance and repair both at the
facilities and in the factory or laboratory conditions.

According to the calculation of the economic efficiency of the implementation of
the results of the dissertation, it is established that the corresponding economic effect is
about UAH 330,75 thousand a year per one technical unit with the planned volumes of
modernization of train control systems.

Keywords: train traffic control system, operational readiness, control of
functional parameters, functional tests, test method, test model, level of control, test

coverage, failure, reliability, safety of use.
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