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KYCTOB B. ®., k.T.H., JOUEHT KadeIpH aBTOMATUKUA Ta KOMITIOTEPHOTO TEJEKEpyBaHHSI
pyxoM moi3aiB (YKpaiHCbKHMI JepKaBHHH YHIBEPCHUTET 3alli3HUYHOTO TPAHCIOPTY, M. XapKiB,
VYkpaiHa)

Oco0/1MBOCTI €1eKTPOMATHITHOIO CepeJOBHINA Ta KaHAJIIB NPOHUKHEHHS 3aBaJ B
€JIeKTPOHHI 3ac0o0M 3aJTi3HHMYHOI ABTOMATHMKHM YKpailHH B YMOBaX HOBHX TeXHIYHHX
persiaMmeHTiB Oe3meKu

AHoTanis

Po3risiHyTO 0COOIMBOCTI €EKTPOMArHITHOTO CEPEIOBHINA 1 KaHAJIIB MPOHUKHEHHS €IEKTPOMAarHiTHAX 3aBaJl B
eJICKTPOHHI 3acobm 3aimizHuuHOI aBToMaTHky (E3 3A) B yMoBax ekciuryaramnii Ha 3ami3HUISIX Y KpaiHH.

[okazano, mo crenugika eNeKTPOMAarHiTHOIO CepelOBUINA 3ali3HUIb YKpaiHM BH3HAY€HAa HE TUIBKU
rapameTpamMH JUKEpe 3aBa/l, ajie i 0COOIIMBOCTAMH iHPPACTPYKTYpH, Yepe3 sIKy 30BHILIHINA €IeKTPOMAarHiTHUH BIUIUB
MoOXe TpaHc(hOopMyBaTHCS B KOHIYKTUBHY, cHH(pa3Hy abo mudepeHmiaipHy 3aBany Oesnocepennbo Ha rnoprax E3 3A.
Jlo Takux (axTopiB BiJHECEHO NMPOTSDKHI JIiHIT enexTpoxxkusieHHs 6 1 10 kB, cucremy «aBa nmpoBoau — petika» (AI1P)
27,5 kB 1 ii enekTpruyHHH 3B'SI30K i3 TSATOBOIO MEPEKEIO 3MIHHOTO CTpyMy, CHJIOBI TpaHcopmaropu OM (oxgnodazHi
MacysiHi), apocenb-tpaHcdopmaropu (/JT), peiikoBy Mepexy, CHCTEMH 3a3eMIICHHS, CE30HHY 3MiHY NapaMmeTpiB
OanacTy 1 IpyHTY, TPO30Bi Ta KOMyTaiiHi BIUIUBH.

Po3riiiHyTO MOKIJIMBICTH ITPOHMKHEHHS OJHOTO 30BHIIIHBOTO EJIEKTPOMArHiTHOTO BIUIMBY OJHOYACHO dYepes3
JIeKUIbKa TIOPTiB, 30KpeMa uepe3 Tpanchopmarop OM 110 HOPTY JKMBJIEHHS Ta Yepe3 CHCTEMY 3a3eMJICHHS 1 CEPEaHI0
TOYKY Jpocesb-TpaHcopMaropa 10 CHUTHAIBHMX KuI. Iloka3zaHo, 0 po3paxyHKOBa IHTEHCHUBHICTb HEOE3NIEUHHX
¢ynkmionansanx BixMoB FFR pesepBoBaHMX CTpyKTyp 3ajieXHTh Bif KoedillieHTa nerpamarii eleMeHTHOi 0a3u
NMpUOIM3HO KBAaJpaTHYHO, TOXMI SK nedimuT i3omswuiiiHoi KoopawHamii BXOAWTH y OeTa-(akTop CHITBHHX BiIMOB
JIHIWHO, 10 3/1aTHE IOMIHYBaTH B IiJICYMKOBOMY HOKa3HHKY JUIsi BUCOKOHAIIfHNX KOMIIOHEHTIB.

IMokazano 3B'I30K Takux BIUIMBIB i3 (yHKUioHampHOIO Oe3neunictio E3 3A pisuie SIL 3 1 SIL 4.
EnexTpoMarHiTHu# BIUIMB MOXKE TPH3BOAWTH HE TUIBKM A0 30010 abo mepexoxy CHCTEMH B 3aXHCHHUH CTaH, aje i
(opMyBaHHS HEOE3MEYHOr0 ITOMMIIKOBOTO BHXIJHOTO CTaHy, BiIMOB 3a CIIJIBHOIO NPHUYMHOIO Ta 301JIbIICHHS
IHTEHCHBHOCTI HeOE3MEeYHNX BiIMOB y MPOLIEC] EKCIUTyaTarlii.

Kniwouoei cnoea: enexTpoMarHiTHa CyMICHICTb, 3ajli3HMYHa aBTOMAaTHKa, EJCKTPOHHI 3acO0M 3aJi3HWYHOI
aBTOMaTuky, (yHkmionansHa Oesneunicts, SIL 3, SIL 4, ICTY EN 50121-4, npocenbs-Tpancdopmarop, cHIOBHA
tpancdopmarop OM, rarysesi nopmu EMC.

IHocTanoBka nmpod/emu

EnexTponHi 3acobu 3anizHH4HOI aBToMaTtuku (E3 MApaxyHKy 5)06171, JUKEpeNia JKUBJICHHS, TaK i
3A) Hanexarh 10 HAWGLIbII BiANOBiZaNbHEX Texmiumux — 10OYAOBaHi Ha IXHIM OCHOBI MIKPOIPOLECOPHI CHCTEMH
3ac06iB  3ai3HWYHOI  iHQPACTPYKTYpH,  OcKinmpku  UEHTpaisallii, GIOKYBaHHs Ta KOHTPOIIO.
pe3ynbTatd iXHBOTO (YHKIIOHYBaHHS Oe3rocepesHbo
BUKOPHCTOBYIOTh JUIsl KOHTPOJIIO CTaHy KOJIMHHX
JIUISHOK, CTPUIOK Ta IHIIMX OO'€KTiB, (OpMyBaHHA
KOMaHJ| KEpYBaHHS 1 TapaHTyBaHHA OC3IEKH pyxy
nmoizniB. Jlo miei kareropii Hamexarb K OKpeMi
SJICKTPOHHI TPHCTPOi — KOMIHHI TpuiiMadi, HpUCTPOl
Y3TOJPKEHHSI, KOHTPOJIEPU CTPLIOK, MOILYJIi CUCTEM

I3 3 TpaBus 2026 p. B Ykpaini HaOpaian 4MHHOCTI
Texuiunnii  pernmameHT  Oe3neku  iHGPACTPYKTypH
3ai3Hn4HOrO Tpancnopry [1] i Texuiunmii periament
0Ee3IeKN PYXOMOTO CKJIaJy 3aJli3HUYHOTO TPaHCIIOPTY [2].
Pazom i3 3akonom Vkpaimm «[Ipo Oesmeky Ta
IHTEepONEepabebHICTh Ha  3aJi3HUYHOMY TPaHCIOPTI
VYxpaiam» Big 09.06.2026 p. Ne 4904-1X [3] BoHH
© KYCTOB B. ®@., 2026 MTOCHJTIOIOTh PU3UK-OPIEHTOBAHUH MMiJXiJ MIOM0 OC3MEKH

4 IKC3T, 2026 Ne3




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAILIMHO-KEPYIOUI CUCTEMM HA 3AJIIBHUYHOMY TPAHCIIOPTI

3ami3HUYHOi cumcTemu. Ha BimMiHy Bif HaIliOHATBHUX
crarmaptiB (JCTY), 3acTocyBaHHS SKUX 3a 3arallbHUM
MPaBUJIOM €  JNOOPOBUIBHUM, BHMOTH  TEXHIYHHUX
pernaMmeHTiB € 00oB'si3koBuMHu. e mimBuIye 3HAYCHHS
JToKa3y Oe3MEeYHOCTI 11 KOHKPETHUX YMOB 3aCTOCYBaHHS
1 aHaJIi3y XapaKTepHUX HAIllOHAIBHHUX €JIeKTPOMAarHiTHUX
BIUIHBIB, SKOMY IIPUCBSYCHA IS CTATTS.

basoBuM HOpMaTHBHHM JoKyMeHTOM mono EMC
CTAalliOHApHOI ~ CHUTHAJIIBHOI Ta  TEJICKOMYHIKaiiHOI
anaparypu € JJCTY EN 50121-4 [4], rapMoHi30BaHMii i3
BIJIIIOBITHMM €BPOTIEHCHKUM CTaHAAPTOM.

V¥ 2025 p. CENELEC niarotoBieHo IpoeKT HOBOI
penakmii prEN 50121-4:2025 [5], saxuii mae 3amiauta EN
50121-4:2016 i A1:2019; y 2026 p. TOKyMEHT Iepeiiion
mo cramii FprEN 50121-4:2026 [6]. Odimiiina Ha3Ba
JIOKYMEHTA 3 TIepeX0I0M JI0 (iHATBHOI CTaii MPOEKTY HE
3MiHmnacs. IlpoexT yrtouHioe cdepy 3acrocyBaHHS,
CTPYKTYPY BHMOT IIOJIO €MIiCii Ta HECIPUHHATIMBOCTI i
OXOIUTIOE CUTHANBHY 1 TEICKOMYHIKAMiiHy amaparypy,
BKIIFOYHO 3 HAJICKHUMH 1O Hel CHCTeMaMH >KUBJICHHS.
BonHouac 30epexeHo0 MPOayKTOBHUH, OPT-Opi€HTOBAHUN
MiIXiZ, TOMY OHOBICHHS CTaHAApPTy HE YCYBaE
HEOOXiTHOCTI JOCIIPKEHHS CIICIU(IYHUX TS 3aTi3HUID

Vkpainu iHQPacTPyKTYpHUX KaHamiB 1 (aKTHYHOTO
€JICKTPOMArHiTHOTO CEpEeOBHIIA.

[epemniveni CTaHAapTH YCTaHOBIIOIOTh
BiJITBOPIOBaHI BUMOTH o010 emicii Ta
HECTIPUHHATINBOCTI OONagHaHHA 1 BHKOPHCTOBYIOTH

6azoBi meroam BunpoOyBanb cepii IEC 61000-4 [7].
Takuii miOxix € HEOOXIJHOIO OCHOBOIO OLIIHIOBAHHS
BIJINIOBITHOCTI €IIEKTPOHHOTO 0ONagHaHHsA. BomHOuac
CTaHAApPTU30BaHa BHUIPOOyBaJbHA MATPHL HE MOXe
anpiopi BpaxoBYBaTU BCi oco0mBoCTI
€JIEKTPOMarHiTHOTO CepeIoBHINa, TOTIOJIOT1{
CJICKTPOXXMBJICHHS, 3a3€MJICHHS, TATOBOI Ta pPEHKOBOI
IHQpacTPyKTypH KOHKPETHOI HAIllOHAJIBHOI 3aJIi3HMYHOI
Mepexi.

OcoOnuBiCTh 3ali3HML YKpaiHW MoOJsrae He
TUIBKH B HAsIBHOCTI NMEBHUX CHEIU(IUHUX JPKEpell 3aBal.
He menm BaxiMBMMHM € KaHaiu, 4epe3 sKi Ii 3aBaan
MOXyTh mponukatn g0 mnopriB EC 3A. Ilporsokni
BHCOKOBOJIBTHI JIiHIT enekTpoxwuBieHHs 6 1 10 kB,
cucremMa «zaBa mpoBogu — pedika» (AIMP) 27,5 kB na
JUITHKaX EJIEKTPOTSTH 3MIHHOTO CTPyMy, KOHTakKTHa i
peiikoBa  Mepexi, cwioBi TpaHchopmatopu OM
(omnodazni macnsni), apocens-tpancdopmaropu (T),
CUTHaJIbHI Kabesi Ta CHCTEMH 3a3eMIJICHHS YTBOPIOIOTh
CKIIaJHy  pO3MOJiNEHy eNeKTPUYHy CTPYKTypy. li
BHCOKOYACTOTHI BIIACTHBOCTI iCTOTHO BiAPI3HSIOTHCS Bif

BJIACTUBOCTECH, SIK1 MpUTaMaHHi 3aII3HULISM
€BPONCHCEKUX  KpaiH, a TakoX  3aJekaTh  Bif
XapaKTEPUCTHUK BUJIIB CJIEKTPOTATH IOI3/1iB,

SJICKTPOXKMBJICHHS 200 PEHKOBHX KiJl.

Bukianeni B crarti pesynbTaTé OOIPYyHTOBYIOTH
MPaKkTHYHy  1OTpedy B JIOJAaTKOBHX  Tajly3eBHX

HopMaTHBHUX JOKyMeHTax AT «Ykp3amizHUIA», 10
koHkpernzyBam 0 Bumorm JICTY EN 501214 3
ypaxyBaHHSIM HalllOHAIFHUX YMOB.

JeranpHe iHXKCHEpHE OIPAIOBAHHSA OKPEMHX
YHCIIOBUX PIBHIB BHXOIWTH 332 MEXIi Ii€i mmyOmikarii;
OCHOBHY VyBary 30CEpEIKCHO Ha IHPPACTPYKTYPHHUX
KaHaIax TMPOHWKHCHHS 3aBal 1 IXHBOMY 3B'SI3KYy 3
¢byHKIIHOIO 6e3MeuHicTIO.

Hacninkn enextpomarnitHoro BBy Ha E3 3A
MOXYTb OYyTH NPHHLMIIOBO PI3HUMH: KOPOTKOYACHHH
30iif abo 3aBHCaHHS; Mepexif] y nepen0adeHuil 3aXuCHUN
CTaH i3 3aTPUMKOI0 pyXy; (opMyBaHHS HEOE3IEYHOTO
IIOMHJIKOBOTO CTaHy; a TaKOX ITOCTYIIOBa Jerpajamis
€JIEMEHTIB i3 MiJBUILEHHSAM IHTEHCHBHOCTI HEOE3MeuHuX
BiJIMOB.

Pazom i3 THUM elleKTpOMarHiTHa 3aBaja MOXE
OIHOYACHO BIUIMBATH HAa JEKUTbKa TMOpTiB  abo
PE3epBOBAHMX KaHAJIB: HANPUKIAA, OJHA 30BHIIIHS
3aBaja TOTCHIIITHO MoXke mnpoHuKaT depe3 OM 1o
MOPTy OJKUBJIEHHA 1 OJHOYAaCHO 4YEpe3 CHUCTEMY
3a3eMileHHsI, cepeaHio Touky JIT i curHampHi Koia 10
IHIIMX TOPTIB Ti€l camMoi chUcTeMH. Y TakoMy BHIAAKY
NIPUIYIIEHHS TpO HE3aJIeKHICTh KaHaJiB MOTpelye
OKPEMOT0 TIATBEPIKCHHS, a CIICKTPOMATHITHHN (HaKTOp
MOTPIOHO PO3IIISIAATH AK MOTEHIIHHY NPUYMHY BiZAMOBH
3a ciIbHOO MpuurHOIO (common cause failure, CCF).

VY 3B'S3Ky 3 MM aKTyaIbHUM € PO3pPOOIICHHS
JIOTATKOBHX TaTy3¢BUX HOPMATHBHUX JOKYMEHTIB JO
JACTY EN 50121-4, npusHayeHHs SIKUX IOJIATa€ HE B
KPUTHIII YA MEXaHIYHOMY IIIBUIICHHI  0a30BHX
€BPOICHCHKNX PIBHIB, a y BCTAHOBJICHHI IpOLEIypH
BpaxyBaHHS XapaKTCPHUX YMOB 3alli3HUIL YKpaiHU:

BuOip mependayeHNMX MDKHApOJHWMH  CTaHAapTaMu
CTYIICHIB KOPCTKOCTI; JIOTIOBHEHHS BIJICYTHIX
eKCIITyaTalliifHuX CIICHApIiB; Bepudikaris

IHQpaCTPyKTYpHHUX KaHAIIB IPOHUKHEHHS; BCTAHOBIICHHS
KpHUTepiiB Oe3ledHoi peakmii Ta 3B'I3Ky pe3yibTarTiB
EMC-BunpobyBanp i3  gokazamu  (pyHKIIOHAIBHOI
6esneunocti SIL 3/SIL 4.

AHaJIi3 OCTaHHIX J0CTiTzKeHb i myOikamii

Iepexin  HOpMmaTtmBHOI 0a3m  YkpaiHm 10
crangaptiB cepii EN 50121 BizOyBaBcst yepe3 ineHTHUHE
YXBICHHS €BPOINECHCHKUX MOKyMeHTIB (umHHHHA JICTY
EN 50121-4:2019 — IDT nmo EN 50121-4:2016), Tomy
CHeliaibHl  BHUMOIM  Ha  OCHOBI oco0mMBoOCTENR
€JICKTPOMArHiTHOTO CEpeOBUINA 3aJli3HULb Y KpaiHu
OKpEMO HE BCTaHOBJICHI.

Y cyuyacHMX JOCHIUKEHHSX 3HAa4yHy yBary
MPUAIJICHO  €JIeKTPOMArHiTHIM ~ B3aeMOJii  TSATOBOTO
CJICKTPOIIOCTAYaHHs, PYXOMOTO CKJIaay Ta CHCTEM
3aJI3HUYHOT ABTOMATHKH. Hast ABTOMATHYHOI
JIOKOMOTHBHOI CHUTHaJIi3aMii TOCIiPKEHO BIUIMB T'APMOHIK
TATOBOTO CTPYMy Ha CcUTHanbHMH KaHanm [8]. [ms

IKC3T, 2026 Ne3
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peWKOBMX KT ~ 3alpoNOHOBaHO  aBTOMAaTH30BAHUH
MOHITOPUHT CIIOTBOpPEHB 1 3aBajl y CHTHanax [9], a Takox
KpuTepii BuOopy mapamerpiB cucteMu MoHiTopuHry EMI
TSATOBOI MEpeKi BIAMOBIAHO 10 HOpMATHBHUX BUMOT [10].
Heszanexxni HaTypHI JOCHIUKEHHS PYXOMOTO CKJIamy
MiATBEPKYIOTh, IO OIiHIOBaHHA i#oro EMC i3
CHCTEMaMH BHSBJICHHS 11013712 HA OCHOBI PEHKOBHX KiJ

motpeOye BUMIpIOBaHb Y pealbHUX YMOBax, ¢
OIHOYACHO JMIOTH JOJATKOBi Jpkepenma 3aBan [11].
CydacHe MOJCTIOBAHHS CICKTPOMATHITHOTO 3B’SI3KY

MapajieIbHUX PEHKOBUX KUT TaKOX IIOKa3y€e 1CTOTHY
3aJeXKHICTh PIBHS 3aBaM BiJ TeoMeTpii, MOBKHHU
MapajieNIbHOTO  MPOXOJUKEHHSI, YacTOTH 1 IapamerpiB
peiikoBoi miHil [12]. B Vkpaini nelr HampsMm po3BHHYTO
JI0 TIPUKIJIQJHOTO 3aBAaHHS IiABUIICHHS 3aBa/IOCTIHKOCTI
peiKOBMX  Kinl i3  3acTocyBaHHSAM  (QUILTPIB 3
HAHOKpHUCTATIYHUM ocepasm [13].

Y nomepemHix poOoTax aBTOpa JOCITIIKCHO
crierrigHmIA g 3adi3HULD Vkpainu  kaHai
MIPOHMKHEHHS 3aBaJl MOI3HOTO paaio3B’si3ky 2,13 i 2,15
MI'11 yepe3 BHCOKOBOJBTHI JIiHII €JIEKTPOXKHMBJICHHS Ta
cuiosi Tpancopmaropu OM no mopry xusiensst E3 3A
[14], BmumB BomOrocTi Ha TapaMeTPH  3aXMCHHUX
CJIEMEHTIB 1 KaHAJIiB MPOHUKHEHHS 3aBaj [15], a Takox
MMUTaHHA 3MiHA TIOKa3HWKIB HAMIHHOCTI B MpOIeci
eKcruryararii [16, 17].

3aKOpIOHHI JOCTIDKEHHS HiITBEPUKYIOTh OKpeMi
CKJIaJIOBI IPOOJIEMH ISl IHIINX MEPEX: JyroBi MPOLIECH B
KOHTaKTi maHTorpada € jpKepesoM NepexiHIuX MpoLeciB,
mo BmmBaloTh Ha GSM-R (Boschetti Ta in. [18]);
MMUTOMUAN  OIp MEp3J0ro IPYHTY EKCIIOHEHIIaIbHO
3aJIeXHTh Bix Temneparypu (Shan ta in. [19]); mporshxaa
peiikoBa Mepeka UyTJHBa JI0 T€OMarHiTHO-iHIyKOBaHUX
ctpymiB  (Boteler [20]). Lli pobGoTH HE CTOCYIOTBHCS
HamioHanbHOI crienudikn YKpaiHu, ane miITBEepIUKYIOTh
Te3y crarTi: 1H(pacTpyKTypHHH KaHald TNPOHUKHEHHS
3aBa/IM € HE MEHII BA)XJIMBUM ITIPEIMETOM JOCIIUKEHHS,
HDK caM (aKT iCHyBaHHS JpKepelia 3aBaj.

PesynbraTs po3riSHYTUX JOCIIIKEHb MOKA3yIOTh,
0 JUIg 3aco0iB 3alli3HUYHOI aBTOMATHUKK OL[IHIOBAHHS
EMC He Moxe OyTrm OOMEKEHO JIAIIEC BCTAHOBICHHIM
piBHS 30BHIINIHBOI 3aBagy abo (QakTtoM 30epexeHHS
MPaIe3JaTHOCTI MPUCTPOro. I crcTeM, M0 BUKOHYIOTh
¢yHkmii  Oe3mekd, HEOOXIMHO TaKoX  OIIHIOBATH
MOKJIMBHI (hyHKIIOHATBHAN HACJII0K
€JIEKTPOMArHITHOTO BIUIMBY BIiJIIIOBITHO 110 MPUHIIMITIB
(YHKIIOHATBPHOI  OC3MEYHOCTI  3aJI3HUYHHUX  CHCTEM,
ycranoienux JICTY EN 50129 [21]. Lle BuzHauae
HEOOXITHICTh MOJANBIIOro po3msiay 3BsBKy Mk EMC,
HEOE3IEYHNMH BiIMOBaAaMH Ta BiJIMOBaMH 32 CHIIIEHOIO
MIPUYHHOIO.

eKCTIEpUMEHTAIBHAN J0pPO0OK IIOJ0 €JIEeKTPOMAarHiTHOI
B3a€EMOJIIi  TATOBOTO  EJIEKTPONOCTAYaHHS, PYyXOMOTO
CKJIagy 1 peWKOBHX KiJI, MOHITOPHHTY 3aBaja 1 3aco0iB
T IBUINEHHS 3aBanocTiifkocti [8—13]. BogHouac moTpibHI
MONANBIIAA PO3BUTOK 1 CHCTEMHHH aHaNi3 IHIIAX
IHQpacTPyKTypHUX  KaHAJIiB  IPOHUKHEHHS  3aBaj
0e3mocepelHRO JI0 CIICKTPOHHHUX 3ac00iB  3aTi3HUYHOL
aBTOMAaTUKH — 4Yepe3 KoJia eJICKTPOXKHUBJIECHHS, CHJIOBI
Tpancdopmaropn OM, perKoBO-3a3eMITIOBAJIBHY MEPEKY
Ta JPOCEeNb-TPaHC(HOPMATOPH, BKIIOYHO 3 MOSKJIMBICTIO
OJTHOYACHOTO BIUIUBY OJIHI€I €EeKTPOMArHiTHOI IPHYUHN
Ha JIeKiJIbKa MOpTiB ab0 pe3epBOBAHUX KaHAIIB.

Mera i 3aga4a pob6oTn

Mertor0 JOCIHiKEHHSI € OOTPYHTYBaHHS CKJany 1
CTPYKTYpH AOAATKOBHUX raimyseBux BuMor mogo JCTY
EN 50121-4 na ocHOBI cucTeMaTH3alii XapakTepHUX LIS
3ai3HMIb YKpaiHU JyKepes eJIEKTPOMAarHiTHUX 3aBaj Ta
IHQpacTPyKTypHUX KaHaliB iX NMPOHMKHEHHS 10 MOPTIB
SJICKTPOHHMX 3ac00iB 3aJIi3HUYHOI aBTOMATHKH, a TaKOX
BCTaHOBJICHHS  3B'I3Ky  BIINOBIAHMX  BIUIMBIB i3
Kpurepismu ¢pyHKIioHambHOI 6e3meunocti SIL 3/SIL 4.

3aBgaHHS JOCIHIKEHHS: ITpOaHalizyBaTH 0a30Bi
umorn JICTY EN 50121-4 i momepenmHiii JocBifg
HamioHanbHOrO  HOopMmyBaHHs  EMC  3amizHUYHOI
ABTOMATHKH; CHCTeMaTH3yBaTh 0co0mBOCTI
CJICKTPOMArHiTHOTO CepelioBUIa Ta IH(PPACTPYKTypH
3aMi3HMIL YKpaiHm — enekTpoxwusieHHS 6/10 kB,
cucremy HIIP 27,5 kB, KOHTakTHy Mepexy, pPEeHKOBYy
MEPEXKY, 3a3€MJICHHS; JIOCTITUTH CHJIOBI
tpancdopmaropu OM 1 npocenb-TpanchOpMaToOpu SIK
IHQpacTPyKTypHI KaHAIN POHUKHEHHS 3aBaj 10 TOPTIB
EC 3A; ouiHuTH BIUIMB CE30HHOI 3MIHM IapameTpiB
OanacTy 1 IpPyHTYy Ha CHIBBiIHOIIGHHS IapajelbHUX
LUIXIB MOIIMPEHHS 3aBaj; COOPMYIIOBATH HPOITO3MLIT
IIO/I0 CTPYKTYPH JOJATKOBHX Taly3eBHX BHMOT ILIOJO
JCTY EN 50121-4 BKIIIOYHO 3 TIPOLEAYPOIO 3iCTABICHHS
(aKTHYHOTO CepelloBHINA 3 BHMOTAMH CTaHIApPTY 1
BU3HAUUTH HANPSMH ITOJAIBIINX EKCIICPUMEHTAIBHUX
JOCIILIKEHD.

BukiajgeHHs1 0CHOBHOI0 MaTepiany J0CHiIzKeHHS

BunisieHHss HeBHMpilIeHUX paHille YaCTHH 3arajbHOI
npooJjaeMn

[IpoBenenunit aHamiz mokasye, IO CydacHi
JIOCHI/PKEHHST C(OPMYBAIM 3HAYHUM TEOPETHUHHMH Ta

5.1. Anani3 6azosux Bumor JACTY EN 50121-4 i
3B'130k EMC i3 pyHKIiOHAIBLHOIO 0e311eYHICTIO

OcHoBor0 HOpMatuBHOTO 3abesmedeHHs EMC
anaparypu 3A € JICTY EN 50121-4, rapmoni3oBanuii 3
EN 50121-4 1 3acHoBammii Ha 0a30BHX METOIax
BuzHaueHHss EMC cepii IEC 61000-4, mo 3abesmneuye
BIJITBOPIOBAHICTh ~ BUNPOOYBaHHS  HE3AJICKHO  BiX
BUpoOHMKa. BogHOUYac npoaykToBuil XapakTep CTaHxapTy
3yMOBIIIOE HEOOXiTHWH CTYHiHb y3arajJlbHEHHsS: BiH He
MOXXE BpPaxOBYBaTH BCi OCOOJHMBOCTI HaI[iOHATBHOT
IHQpaCTPyKTypH, EJIEKTPOXXHUBJIICHHS, 3a3€MJICHHS 1
KIIMaTHYHAX YMOB, TOMY HEOOXiNHICTh TOJATKOBHX
rajy3eBUX BHUMOI IIOJISITaE HE B «HeIOCKOHanocT» EN
50121-4, a penpe3eHTaTHBHOCTI HOTO BHIIPOOYBaIbHOTO
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CICHApil0 Uil KOHKPETHOTO CEPeAOBHINA 3aJli3HHIb
VYkpainn.

Amnamiz 3miH prEN 50121-4:2025 [5] i i#oro
monanbmoi cranii FprEN 50121-4:2026 [6] mokasye, 110
PO3BUTOK eBporietickkoi HopMmatuBHOI O6azu EMC CILIb
BiOyBa€TbCS TEpPEeBaXHO dYepe3 YTOuHeHHS cdepn
3aCTOCYBaHHS, akTyali3alii HOPMaTHBHHUX ITOCHJIAHb,
CTPYKTYpH BHUMOT i TabIMIB emicii Ta
HECTIPpUHHATINBOCTI 31 30€peXEHHSM MPOIYKTOBOTO,
MOPT-OPi€EHTOBAHOTO  NPWHLOWIY  BUIpoOyBaHb. lle
CTBOPIOE CYYacHIIly METOAWYHY OCHOBY JJISI OLIHIOBAHHS
EMC amapatypn, ongHak He YCyBa€ HEOOXITHOCTI

BCTaHOBJICHHS (akTHIHNX napameTpiB
€JIEKTPOMArHiTHOTO cepeloBHUINa KOHKPETHOI
3aTi3HMYHOI Mepexi Ta IHQPaACTPyKTypHHX KaHAIB

(opMyBaHHS 3aBaJl HA HOPMOBaHMX IOpPTax OOIagHAHHS.
JUis 3ami3HUIG YKpaiHM L€ CTOCyeThCs, 30Kpema, BJI
ClIb 6/10 kB, cucremn MIIIP 27,5 kB, cuimoBux
TpaHcdopmaropiB  OM,  apocens-TpaHcdopmaropis,
PEWKOBO-3a3eMITIOBAIBHOI MEpPEXi Ta CE30HHOI 3MiHM
rmapaMeTpiB BiAMOBIMHUX KaHaTiB. OCOOIUBOTO 3HAUCHHS
HaOyBa€e MOXKJIMBICTh OHOYACHOTO NPOHWKHEHHS OJHi€l
30BHINIHBOI €JIEKTPOMArHiTHOI 3aBagu dYepe3 JeKUIbKa
IHQpacTPyKTypHUX TpakKTiB 1 TOPTIB pe3epBOBaHOI
cucremu. OTKe, HOAATKOBI Tayy3eBi BUMOTH JUIS
3aMi3HMIL YKpailHM MaroTh HE 3aMiHIoBaTH  abo
MexaHiuHo mocwmoBaTd EN 50121-4, a BCTaHOBIIOBAaTH
peNpe3eHTaTUBHI YMOBHM 3aCTOCYBaHHS IepeadadyeHnx
HUM METOMNIB 1 CTYNEHIB JKOPCTKOCTI Ha OCHOBI
XapaKTEePUCTUK HAIlIOHAIBHOI iHppacTpyKTypH. OCKUIBKH
nuTaHHS Oe3rnekn He BXouiaTh 10 chepu prEN/FprEN
50121-4 [5, 6], ma E3 3A, mo peanizyrors Qynxkmii SIL
3/SIL 4, pesympratn EMC-BunpoOyBaHp MaioTh OyTH
JIOJIATKOBO OIIHEHI 32 MOXJIMBAMH (DYHKI[IOHAJIBHUMH
Haciigkamu BignosigHo xo npuaimmie JJCTY EN 50129
[21].

[lokazoBuM € momepenHiidi OCBiX HOPMYBaHHS
EMC B VYkpaini: ckacoBanmii nemoxpasHo JICTY
4151:2003 st KOMIUIEKCIB KEpyBaHHS PyXOM IOI3MiB,
pasoM i3 TpamuUiHHUMK BHUNPOOYBaHHSIMH, OKPEMO
BpaxoByBaB piBHi xopctkocTi E3 3A, nuHamiuHi 3MiHK
HalpyTY KUBJICHHS Ta BIUIMB NU(POBHUX pazioTenedoHiB
3aJ€KHO BiJ] YMOB €KCIUTyaTalii, a paHille YHHHHUN
JACTY  4178:2003  BCTaHOB/IIOBAaB BUMOTH  LIOJO
¢dyHKIiOHATBbHOT O€3MeYHOCTI 3a Ail eNeKTPOMarHiTHUX
3aBaa. lle He mpuBig moBepTaTH CKacoBaHI HOPMH, a
ITiicTaBa NepeBipuTH, Y He OyJIM B IpOLeCi rapMOHi3aLii
3 EN/IEC BrpaueHi creHapii, ¢i3u4HO XapakTepHi Ui
EC 3A Vkpainu.

@OyHKIIOHANBHUIA HACIHIIOK OJJHAKOBOTO PiBHS
€JIEKTPOMArHITHOTO BILTUBY MOXE ICTOTHO BIiIPI3HATHCS
quis pizaux ¢ynakniii. KoporkoyacHe nopymeHHst poOoTH
HEKPUTHYHOTO TEJIEKOMYHIKAI[IHHOTO MPUCTPOI0 MOXKeE
OyTH IOITyCTUMFM, TOMAI SK I KOJIHHOTO MpHiiMadva,
KOHTpoJIepa CTPIIKK abo iHmoro 3acoly, mo Oepe yJacTb
y (opMyBaHHI 0e3MEYHOr0 CTaHy, MPaBIOMOIOHUH, ale
TIOMUJIKOBUH BHXIIHMH CHT'Hal € TPHHIMIIOBO IHIIOIO,

HeOe3neynoro curyaiiero. Tomy mis E3 3A neoOximHO
OLIHIOBAaTH HE TUIBKU 30€peXKEeHHS MNpare3JaTHOCTI i
gyac EMC-BunpoOyBanHs, a 1 BiJCYTHICTb XHOHOI
KOMaH/I{,  HOMMJIKOBOTO  KOHTPOJBHOTO  CTaHy,
NIPUXOBAHOI BTpaTW JIaTHOCTMKH Ta OJHOYACHOTO
MOPYIIEHHS pe3epBOBAHNUX KaHAJIIB.

BmnmB  eneKTpOMAarHiTHOTO — CepeloBHINAa  Ha
(YHKIIOHATBHY O€3IEYHICTh MOXE OYTH pealli3oBaHUMA
IIOHAalfMeHIIe TpboMa MexaHi3mamu. [lepmmii —
6e3mocepenHii ($yHKITIOHATTBHAHT BIUIUB:
CIICKTPOMArHiTHA 3aBajja MOXXE CIPUYUHUTH  30ii,
3aBUCAaHHS a00 Tepe3alycK eJNeKTPOHHOTO IIPHCTPOIO,
XHOHE CHpAIfOBaHHS BXOIY YH BHXOJY; HACIIIKOM MOXE
OyTH IepexiJ CUCTeMH B TiepeI0adueHI 3aXUCHAN CTaH i3
3aTPUMKOI0 pyXy TOi3NiB abo, 3a HECHpPUATINBOTO
PO3BUTKY, (DOpMyBaHHS IMOMILTKOBOTO KOHTPOJBEHOTO YU
KEepyIouoro CTaHy, 34aTHOTO CTBOPHTH HeOe3IleuHy
CHUTYyaLilo.

Hpyruii MexaHi3M - BiZMOBa 3a CIUIBHOIO
npuanHoio (common cause failure, CCF): oqna 30BHIIIHS
eJISKTPOMArHiTHa TOAisS MOXKE OJHOYACHO BIUIMBATH Ha
JICKUIbKA KaHAJIIB Pe3epBOBAHOI CHCTEMH a00 NMPOHHUKATH
JI0 OIHOTO KOMIUIEKCY PI3HUMH 1H(QPaCTPYKTYpPHUMH
nusixamy. Ilpuxiag Takoro 0araTormopToBOTO BIUIUBY
yepes OM 1 cepenHIo TOUKY Jpoceib-TpanchopmaTopa
(CT OT) sax ckmagHoi PpO3MOALIEHOI  €JIeKTpUYOol
CTPYKTYpH HaBezieHO y po3aimi 1. Jlns takoro Bumaaky
MIPUIYIIEHHS TIPO HE3aJIeKHICTh PE3epPBOBAHMX KaHAIIIB
oTpedye OKPEMOTO i ATBEPHKEHHS.

Tperii MexaHI3M — TIOCTYNIOBE MOTipIICHHS
HAJIHHOCTI EIEKTPOHHUX 3ac00iB 32 [l eKCIUTyaTaIliitHIX
(daxkTopiB:  BOJIOTICTH, KOHJEHCAaT 1 ITOBTOPIOBaHI
€JICKTPOMArHiTHI BIUIMBU MOKYTh 3MIHIOBAaTH IapamMeTpu
€JIEMEHTIB 3aXWCTy 1 KaHaJiB MPOHWKHEHHS 3aBajl,
30UIpIIyroun (pakTHYHy iHTEHCHBHICTH BimmoB [15]. [s
pezepBoBanux cTpyktyp E3 3A wme BruMBae Ha
IHTEHCHBHICTh  HeOe3nmeyHnx  (QyHKUIHHMX  BigMOB
HETPONOPLIHHO CHJIBHO, IO JETAIBHO PO3IIISTHYTO
KIJIBKICHO B HACTYITHOMY MiAPO3[iNi; MUTaHHA 3MiHH
IHTCHCUBHOCTI  BIIMOB Yy  TIpoIleci  eKcIDTyaTarii
posrisiHyTO B podori [17].

OTxe, TPUHIUIIOBAM € BCTAHOBJICHHS HE JIVIIC
aZIcKBaTHUX MapaMeTpiB €ICKTPOMATHITHOTO BILTUBY, ajie
i kpuTepiiB Oe3meunoi peakmii E3 3A: mig wac 1 micms mii
3aBagy HE MAalOTh BUHHWKATH XHOHA KOMaH/Ia KepyBaHHS,
ITOMIJIKOBHY KOHTPOJIGHUH CTaH YM TIPUXOBaHA BTpaTa
IarHOCTUKH, a U1 PE3CPBOBAHHUX CHCTEM OKPEMO Mae
OyTH OIliIHCHa MOXMJIMBICTh CIUTBHOTO BIUIMBY Ha
JIEKIJIbKA KaHAIIIB.

5.2. OcobsmBocTi €J1eKTPOMATHITHOI 0
cepeoBHINA Ta iHPPACTPYKTYPH 3aMi3HULD YKpaiHu

Enextpomarnitue cepenosume E3 3A BuzHaueHo
HE TUTBKH TapaMeTpaMH 30BHIITHIX JDKEpeN 3aBaj, ajie i
CTPYKTYPOIO TSITOBOIO Ta HETSTOBOIO
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CJICKTPOIIOCTaYaHHs, PEHKOBOI MEpexi, NPOTHKHUX
MIOBITPSIHUX 1 KaOeNbHUX JIiHIN 1 cucTeM 3a3emueHHs. [
3aM3HMI YKpaiHM [ oOCTaBMHAa Mae OcoOJHBe
3HAUEHHS 4Yepe3 MOE€THAHHS Ha JIIouill Mepexi pi3HUX
cucreMm Tsru (25 kB, 50 I't 1 3 kB nmocriiiHoro ctpymy) ta
YCIaJKOBAaHUX CXEM EJIeKTPONOCTaYaHHs IPHUCTPOIB
aBTomatukd. Ha pumc. 1 mokasaHi mkepema Ta
iH]pacTpyKTypHi KaHaIH (hopmyBaHHS
eJlekTpoMarHiTHux 3aBax y noprax E3 3A. CyuinsHumun
JHISIMA MO3HAYEHO BCTaHOBJICHI
(YHKI[IOHAJIHI/@NEKTPUYHI  3B'SI3KH, INTPUXOBHUMH -
MOTCHIIHI BHCOKOYACTOTHI KaHAJIHM, M0 MOTPeOyIOTh
EKCTIEPUMEHTAILHOTO MiATBEPKCHHSL.

Fpennin o
ACOMITHOGL O YT

T LT |

Puc. 1. Ixepena ta iHdpacTpyKTypHi KaHAIH
(hopMyBaHHS eNEKTPOMATHITHUX 3aBaj] Ha moptax E3 3A

Ha enekrpu¢ikoBaHmx  3MIHHUM  CTPYMOM
JUITHKaX pa3oM i3 KOHTAaKTHOIO MEPEXKEI0 3aCTOCOBYBaHa
1 cucTeMa MO30BXHBOTO enekrponocrayanus JAIIP 27,5
kB («1Ba mpoBomm — peiika») Ha eJIeKTpH(IKOBAHUX
JUITHKaX 3MIHHOTO CTPYMY, IPHYOMY OJJHUM 3 €JIEMEHTIB
CJIIEKTPUYHOTO Koya € peiika [22]. Came BHKOPHCTaHHS
perKoBoi Mepexi SIK CKJIaZI0BOi CHUCTEMH
SJICKTPOIIOCTaYaHHs TPUHIUIIOBO BAXKJIMBE 3 MO3MIIT
EMC: m©Ha BigMiHy BiZ He3aleXHOi IPOMHCIOBOI
po3moaimeHOi Mepexi, cuctema JIIP KOHCTPYKTHBHO
MIOETHY € KoJa €JICKTPOIIOCTaYaHHs HETSATOBUX
CHOXKMBAUiB 13 PEHKOBOIO MepesKero, SIKa 0JTHOYacHO Oepe
y4acTb y  IIOBEPHEHHI  TATOBOIO  CTPpyMy Ta
(YHKIIOHYBaHHI HU3KH 3aC001B 3aJ1I3HUYHOT aBTOMAaTHKH.

HarypHi BuMipioBaHHs 1 CTATUCTUYHE OLIHIOBAHHS
sKOCTi enekTpoeHeprii y cnoxwusauis JIIP 27,5 xB
MATBEPKYIOTh MPAKTHYHY 3HAYYIIICTh IIbOTO MHTaHHS
st EMC [23]. Ille cyTTeBimmM € eNEKTPHYHUA 3B'SI30K
cucremu TP i3 tsaroBoto indpactpykrypoto: minii JII1P,
SK 1 KOHTaKTHa MEpeka, OTPUMYIOTh >KUBJICHHS BiJ Ti€l
camol PpO3MOAUIBHOI YCTaHOBKHM, a pelKa SK TpeTid

MIPOBIHUK ~ CTBOPIOE TaJbBaHIYHWI ILIAX  BIUIMBY
TATOBOTO CTpyMy, ToMy cucremy JIIP mouinbHO
posrisaTH SIK iHQPACTPYKTYPHHH TPakT, a HE MPOCTO
JDKEPEIIO eNEeKTPOSHErii.

[HImIOI0 XapakTepHOI0 OCOOJMBICTIO yCHaIKOBaHOI
IHQPaCTPYKTYpH € 3aCTOCYBAHHS MIPOTSHKHUX MOBITPSIHUX
JHIA ~ eJNEeKTPONOCTayaHHS  HPUCTPOIB  aBTOMATHKH
Harpyrotro 6 i 10 kB (BJI CLb). EnexkrpomaritHuii
BIUIMB TATOBOi MepeXi Ha Taki JiHil € (izuuno modpe
BUBYEHHM SIBHIIEM CHJIOBOI EJIEKTPOTEXHIKW: €MHICHHH
3B'30K 13 KOHTAKTHOIO MEPEXKEIO Ta IHAYKTHBHHUH 3B'I30K
yepe3 no3foBxkH0 EPC, HaBeneHy TATOBUM CTPYMOM, €
JIBOMa KJACHYHUMH MEXaHi3MaM{ B3a€MHOTO BIUIUBY
MapajebHAX BHCOKOBOJGTHHUX JIiHIW, SIKI TpaguIliifHO
BpPaxOBYIOTb  JUISI  TIPOEKTYBAaHHS  3axXUCTy  JIHIH
aBTOMATHKH, TPOKIAJCHNX IO0NN3y TIrOBOI Mepexi
3miHOTO CcTpymMy 25 kB. Otmxe, mis BJI CIIb moxna
BUAIJIMTH IIOHAMMEHIIE /[Ba TAKUX MEXaHi3MU B3a€EMHOTO
BIUIUBY: €MHICHHH 3B'130K KOHTaKkTHOI Mepexi 3 BJI CLIb
Ta IHAYKTHBHUH 3B's30K TsroBoro crpymy 3 BJI CIIb;
KUTBKICHE OIIHIOBaHHA 000X e(eKTiB Jisi KOHKPETHOI
KoH(irypamuii miHii morpedye po3paxyHKy abo HaTYpHOTO
BuMipioBaHHs. Lle € BayJIMBIUM apryMEeHTOM Ha KOPHCTh
JIOJIATKOBHX TaJTy3€BUX BUMOT: 3aBa/ia Ha BXOJI CHIIOBOTO
TpaHcdopmaropa >xusneHHs E3 3A dopmyeTbes Bke B

iHppacTpyKTypi  mepen  oOJMagHAaHHSIM, TOMI  SIK
CTaHAApTHE BUIPOOYBAaHHS IOPTY €JIEKTPOHHOTO 3aco0y
TTOYMHAETHCS (akTH4IHO 3 yKe 3a71aHOTO

BUIIPOOYBAJIFHOTO PiBHSI.

JonatkoBuM, 100pe BiJOMHUM y Taiy3i JKeperoM
3aBajJl € TMpOIEC CTPYMO3HIMaHHSA: Jyra B KOHTAKTI
«rmanTorpad) — KOHTaKTHUI TPOBiA» (OpMye MIBHIKI
TIepexifHi eJIEKTPOMArHiTHI MPOLECH, IO BIUIMBAIOTH,
30kpema, Ha GSM-R [18]. Ile mxepeno cminbHE I
PI3HHMX 3aJII3HUIG; HAIIOHAIBHO CIEIHU(IYHOI0 € came
iH]pacTpyKTypa, yepes SIKy el MHUPOKOCMYTOBHH BILUIUB
nommpenuit 10 E3 3A — konTtakTHa mepexa, HAIIP uu
BJI CLIb, tpancdopmarop OM i HOPT JKUBIICHHS, @ TAKOX
peiikoBa 1  3a3emiIOBajibHa  IHQPACTPyKTypa  SIK
TapaJieNIbHi MITSIXH.

OcobnmBoro 3HaueHHs HaOyBae peiikoBa Mepexa.
Y cucremi JIIP peiika Oe3mocepenHb0 BXOIUTH 10
SJISKTPUYHOTO KOJIa; OJHOYACHO peiiku OepyTh y4acTb y
TIOBEPHEHHI TATOBOTO CTPYMY 1 € CEpe/JOBUILIEM B3aEMOIIT
3  TPUCTPOSIMHA  3ai3HWYHOI  aBTOMartwku.  Jlis
HU3BKOYACTOTHUX 337ad MOJIENIb PEHKH SIK MPOBIJHHKA 3
MaJIUM aKTHBHUM OIIOPOM Yy 0ararbOX BHUIAJKax €
npuitaaTHOI0. Cy4acHi TOCTIDKEHHS i ATBEPIKYIOTb, 10
piBeHb 3aBax y PpEHKOBHX 1 CHTHaJIBHUX KoOJax
BU3HAUCHUH CHEKTPAJIbHUM CKJIQJOM TSTOBOTO CTPYMY,
rapameTpamu perKoBoi TiHii Ta yMOBaMu
eJIeKTpoMarHiTHoro 3B°s3Ky [8—12]. [IpoTe 3i 3pocTaHHAM
YaCTOTH TOBHMH IMIIE]AHC MPOTSHKHOI PEHKOBOI Mepexi
BU3HAYAIOTh YK€ HE JIMIIC aKTUBHUM OTIOPOM: HEOOXiTHO
BPaxOBYBaTH MO3JOBXKHIO 1HIYKTHBHICTb, PO3IOALICHY
€MHICTh BITHOCHO 3€MJi, B3a€MHHUIl €JIEKTPOMAarHiTHHH
3B'30K 1 YAaCTOTHO-3AJICKHHWH pPO3MOAIT CTPyMy B
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nepepisi npoBinHuKa (cKiH-eexT). ToMy HU3BKHNA OIIip
pelikn Ha IOCTIHHOMY CTpyMi a00 MpPOMHCIIOBIH 4acToTi
HE € JJOCTaTHIM JI0Ka30M TOT0, IO Iiel caMuii TpakT Oyxe
HU3BKOIMIIEIAHCHUM ~ 4epe3 BiIBEJEHHS 3aBad Ha
YacTOTax JECATKIB 1 COTEHb Merarepil.

5.3. CuuoBi Tpanchopmaropu OM sk KaHAJ
MPOHUKHEHHS 3aBajl

OmauM i3 XapakTepHuX IH(PacTPyKTypHHX
KaHaTB TIPOHWKHEHHS 3aBax 1Mo E3 3A € cumosi
Tpancopmaropn tuy OM, uepe3 sKi 3IiHCHIOETHCA
KHBJICHHS amapaTtypu Bix nporsbkaux BJI abo JIITP.
lanbBaHiuHE pO3AITICHHS TEPBUHHOI Ta BTOPHHHOI
0OMOTOK HE YyCyBa€ BHCOKOYACTOTHOTO 3B'SI3KYy MIiX
HUMH, SIKM{ BU3HAYCHUH Mapa3suTHUMU Mi>KOOMOTKOBHMH
Ta 0OMOTKA-KOPITYC EMHOCTSIMH.

[IpakTHyHa 3HAYYNICTP TAKOTO MEXaHI3My JUIS
3aM3HMIb ~ YKpaiHM  TI0Ka3aHa B  IONEPEIHbOMY
nocmipkeHHi aBtopa 3 A. O. €mizapeHKOM Ui
cnenn(iyHUX HAI[IOHAJIBHUX 3aBaJl OI3HOTO Pa/lio3B's3Ky
2,13 1 2,15 MInu [l4]: curHamm 1UX YacToOT
Oe3rocepeIHb0  BIIOPCKYBaHI Yy BHCOKOBOJIBTHI JIHIT
enekrpoxxuBieHas cuctem 3A (ATIP 27,5 xB, BJI CLIb
6/10 kB), a mapamerpn BY-3aropomxyBauiB, CHIOBHX
TparchopMaTopiB, Mapa3UTHI EMHOCTI, 3a3¢MJICHHS 1 CTaH
OanacTy BW3HAUYaIOTh, HACKIJIbKM €(EeKTHBHO IS 3aBaja
nepenana faii Ha nopty >xusneHas EIT 3A. VY niii pobori
Taki pe3yJabTaTH BUKOPUCTAHO SIK  ITIATBEPDKEHHS
MIPUHIMIIOBOTO TOJOXKEHHS: TpaHcdopmarop OM moxe
OyTH BHCOKOYAaCTOTHHUM KaHAJOM MDK IIPOTSDKHOIO
BHCOKOBOJIETHOIO MEPEXKEI0 Ta MOpToM xkuBieHHs 230 B
E3 3A.

JonatkoBoro AOCHiDKEHHS MOTpeOye  iHIIUI
MOXJIUBHH NUISAX. 3@ eNEKTPUYHOTO 3B's3Ky Oaka OM i3
PEWKOBOIO Ta 3a3€MITIOBAJILHOIO MEPEXKEI0 Yepe3 CEPEaHI0
Touky JIT 4acTMHa BHCOKOYACTOTHOI 3aBaaX IOTEHIIHHO
Moxe OyTn mommpena 3a Tpakrom BJI/AIIP — OM —
6ak/3azemsrenass — CT T, To0TO mapanensHO KaHATy

10

100

Onip NAPAIMTHONO EMMICHOro Kamany, Om {nor. wxana)

2,13 Mru

yepe3 mopT ckuBieHHA. Lleit npyrumit xanam motpeOye
eKCTIEPUMEHTAIBHOTO MIATBEP/KECHHS 1 PO3TISIHYTHH Y
HaCTYITHOMY ITiJPO3.IiTi.

5.4. Ipocenb-TpancopmMaTop K NOTCHUITHUMH
BHCOKOYACTOTHMI KaHAJ MPOHUKHEHHS 3aBaj

Cepenns Touka [T € BaXXIIMBUM By3JIOM PEHKOBOL
Ta 3a3eMimoBanbHOI  iH(pacTpykTrypu. Tpaguuiiine
ysBIIeHHS Tpo BixBeaeHHs crpymy i3 CT T uepes
peHiKOBY  MepexXy €  JocTaTHIM i 0arathox
HU3BKOYACTOTHUX 337124, ajie He MOKe OyTH aBTOMAaTHIHO
MIEPEHECeHNM Ha IIBUAKI IMITyJIBCHI Ta paaio4acTOTHI
mporecu (puc. 2).

HUILKOwACTOTHA MORGNK (50 T} BHCOXONACTOTHS MoASAs (MIu-Alanazon]

Puc. 2. KonuenryanbHa BiIMiHHICTh HU3bKOYAaCTOTHOTO
Ta BUCOKOYACTOTHOTO ITOJIaHHS PEHKOBO-3a3eMITIOBAIBHOL
iHppactpykTypu E3 3A

Y MIn-giana3oni 3pocrae  pojib  MapasUTHUX
MDKOOMOTKOBUX 1 oOMoTKa-kopmyc emHoctedr AT, Tomi
SK  TOBHMH  IMIEZaHC  pelok 1  NPOTSHKHUX
3a3eMIIIOBAIFHUX TIPOBIAHMKIB BWU3HAYCHWH HE TUIBKU
iXHIM aKTUBHHMM OIOpOM. TOMy HH3bKOOMHE 3a3€MJICHHS
Ha TPOMHCIOBIi 4acToTi HE €  aBTOMAaTHYHO
HU3BKOIMIIEJAHCHUM BHCOKOYACTOTHUM 3a3€MJICHHSIM.

IMapamerpuuna ominka gt Cup = 100-2000 nd
MMOKa3ye IMIBHIKE 3MCHIICHHS €EMHICHOTO ONOpY 3i
3pOCTaHHSM 4acToTH (puc. 3).

—8— Cnap = 100 e
@~ Cnap = 500 n®

~&~ Cnap = 1000 n®
=& Cnap = 2000 n®

156 Mru

27 MIru

Puc. 3. Po3zpaxyHkoBa 4acTOTHA 3aJISKHICTh ONOpPY Mapa3uTHOrO eMHicHOTO Kanary AT

Oco0:11BO HECTIPDUATIIMBIM MOXE OyTH HO€THAHHS
mpoMep3aHHs Oamacty 1 KOHTYpYy 3a3eMJICHHS 3
YTBOpEHHsSIM  KoHaeHcary Ha kopmycax AT i

tparchopmatopie OM. 3a Takux YMOB OJHOYACHO
3MIHIOIOTBCS  IMICNAHCH  PEHKOBO-3a3¢MITIOBATEHOTO
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TPaKTy i Mapa3uTHI TapaMeTPH BUCOKOYACTOTHHUX KaHAIIIB
IIPOHUKHEHHS 3aBaj.

Jns OLliHIOBaHHS PEATFHOTO BIUIMBY Pi3HHUX THIIB
AT  nouninkHO  mepenlaumTH  EKCIIEPUMEHTAJIbHE
JIOCITIPKEHHS IXHBOI 4aCTOTHOI IIepeIaBaIIbHOL
XapaKTEPUCTUKH JJISI PI3HUX BHUIIB €JEKTPOTSTH Ta CXEM
3a3eMJICHHSI.

5.5. Ce3onna 3MmiHa KaHAaJIiB

NMOINUPEHHSA 3aBa/{

napaMerpiB

EnexTpuuni mapamerpu TpakTy «peiika - 6anact -
IPYHT» 3alie)KaTh B TEMIEpPaTypH Ta BOJIOTOCTI.
[Tpomep3aHHs HE € caMOCTIHHUM JKEpesioM 3aBajiil, aje
MOXE  3MIHIOBAaTH  CHIBBIIHOIIEHHS  KOMIIIEKCHUX
IMITEZIaHCIB ~ MapaleNbHuX OUBIXIB - ii  ITOIIMpeHHS
(eKcroHeHIiaIbHa ~ 3aJIEKHICTb ~ IMTOMOTO  OHOpPY
MEp3J0r0 TIPYHTY BiZ TEMIEpaTypH IiATBEpIPKeHA
GaraTrbMa JOCIHIDKEHHSIMH, Hampukian podotoro [19]) i
norpedye BpaxyBaHHi y MIn-miamazoni pasoMm 3
IHIYKTUBHICTIO 1 IIOBEPXHEBUM €(EKTOM pPEHKOBOI
Mepexi.

[Mporunexnuit 3a XapakTepoM  KIIMaTHYHHUN
CIICHapiii TOB'I3aHUA 13 MIJBUIICHOI BOJIOTICTIO 1
KOHJICHCAaTOM. Y TONeperHbOMY JOCIHi/KEHHI aBTopa 3
A. A. TlpununkoM TMOKa3aHO 301JBIICHHS Mapa3sUTHOL
€MHOCTI MIDXK TPOBIJHHKAaMH, MIDX MpPOBITHUKOM 1
KOPIIyCOM 1 B €JIeMEHTax rajJbBaHIYHOI PO3B'SI3KU 3a il
BOJIOTH, OJTHOYACHO 31 3MCHIIICHHSAM OIopy i3ouii [15].
Omxe, kmiMatn4Hi (akTOpH MOXYTh 3MIHIOBaTH HE
TUTBKA ~ HaOifHICTP OKpEMHMX  €JEMEHTIB, aje 1
nepefaBajibHi  BIACTHBOCTI  KaHAJIB  NPOHUKHEHHS
€JICKTPOMArHiTHUX 3aBaJl, 110 OOTPYHTOBYE HEOOXiIHICTH
MIPOBEJCHHS YaCTMHU BHUMIPIOBaHb [UIS XapaKTEPHHUX
CE30HHHMX YMOB EKCIUTyaTarlil.

[IpuHOIMTIOBO BaXIMBO, IO HAETbCS HE IIPO
OIHOPA30BMH BIUIMB, @ PO MOBTOPIOBAHUH ITUKII:
anaparypa 3A B KOJTIHHOMY SIIIUKY YW pelieiHii madi, Ha
BiIMiHY BiJl IPUMIIIEHHS 3 KOHTPOJIHOBAHUM KIIIMaTOM,
PETYJISIPHO 3a3HAE MPOMEP3aHHS 1 BiJTaBaHHS B3UMKY Ta
KOHJICHCalii 1 HarpiBy BIITKYy — el IUIaBHUH CE30HHHUN
(oH HaKJaIa€ThCS HAa KOPOTKOYACHI IMITYJIBbCHI BIIMBU
iHImIoi nmpupoau (rpo3oBa NepeHanpyra — BiJ JECATKIB
MIKpPOCEKYH]] /10 CEKYHJ; C€aHC IOI3HOTO palio3B'sa3Ky
2,13/2,15 MI'u um ickpiHHS maHTorpada - BiJ CEKyHI JI0
KIJIbBKOX XBHJIMH; PO3MOBa 110 MOOLTEHOMY TeleoHy 4n
ciry>k00Bii pamiocTaHmii mMiJ Yac MOMIYKY HECHPaBHOCTI
enekrpomexanikom CIIb - mo mecsartkiB xBwimH). KoxnHa
OKpeMa TO/is piAKO € TPUYMHOIO BiJMOBH, ane
KyMyJISITHBHA il CYKYIIHOCTI TakmX IUIAaBHHX Ta
iMITynIbCHUX ~ (DaKTOpiB  (OPMY€ JIOJATKOBY CKJIAJIOBY
IHTEHCHBHOCTI BiZIMOB, sIKa 3pOCTa€ MPOTITOM TEPMiHY
ciyx0H, a He € CTAIOI0 BEIMIUHOKO (puUC. 4).

5.6. Kinekicanii BILJIUB HAKONMUYEHOI
Jaerpajamii eJieMeHTIB 32 Jii eJIeKTPOMArHiTHUX 3aBaj

Ha (QyHKOiliHYy 0e3MeYHiCTh eJeKTPOHHHUX 3ac00iB
3aJIi3HUYHOI AaBTOMATHKH

EsrexTpoMarHiTHUI BIUIMB Ha EJIEKTPOHHI 3aco0n
3aimisanyHoi aBromaruku (E3 3A) He oOmexenuit
KOPOTKOYacHUM 300€M ab0 MHUTTEBHM  (Qi3HUHUM
MOUIKO/KEHHSIM. [loBTOpIOBaHI KOHAYKTHBHI, IMITyJIBCHI
Ta PagiodyacToOTHI 3aBajy B MOEJHAHHI 3 TEMIIEPATYpOIO,
BOJIOTICTIO, KOHJCHCATOM Ta IHIIUMH eKCIUTyaTalliiHUMA
(hakTOpaMM MOXYTb CTBOPIOBATH TPUBAINHN CICKTPUUHUN
1 TeTIOBHiL cTpec eneMeHTHOI 6a3u. OkpemMa Hofis MoXe
HE TPHU3BOAMTH ONpa3y IO BiIMOBH, OJHAK CYKYITHHH
BIUIMB TIPOTSATOM TEPMiHY eKCIUTyaTamii — 37aTHHH
MIPOSIBIISITUCS. TTAPAMETPUYHNAM JApei(OM XapaKTEpUCTHK
HAITiBIIPOBITHUKOBUX KOMITOHEHTIB, €JIEMEHTIB 3aXHUCTY,
i30IIA11i1 Ta TambBaHIYHOI PO3B'I3KH 1, SK HACIHIJOK,
30UIbIIEHHAM (DaKTUYHOI IHTEHCHBHOCTI HeOE3MeYHuX
BIJIMOB SIK OKpEMHUX KaHaJliB pe3epByBaHHs, Tak 1 E3 3A i
iIoMy.

Jnst KUTbKICHOTO aHami3y po3rITHEMO 1Bl 0a30Bi
pesepBoBani ctpykrypu E3 3A: ny6iboBaHy CTpyKTYpY 2
3 2 3a norikoio «I» (2002) i MaxOpUTapHY CTPYKTYpYy 2 3
3 (2003). Cnoyatky poO3TsSmalOTh IUIIC HE3aIeKHI
HeOe3neyHi BiMOBHM KaHaiiB. BigmoBu 31 criibHOI
npuunan (CCF) i f-dakrop MaioTh OyTH pPO3IIISAHYTI
OKpEMO, OCKUIBKM  BOHM  IOPYUIYIOTH  BHXIiJHE
MIPUIYIIEHHS PO HE3AIEKHICTh KaHAJIIB.

HopmaTiBHOIO OCHOBOIO /ISl CTPYKTYpH 2002 €
JCTY EN 50129 [21] (EN 50129:2018), nomatox B, 1.
B.2.2 «Composition of two independent itemsy. [{yis qBox
OJTHAKOBHUX HE3aJIC)KHUX KaHAJIB PEe3ePBYBAaHHS CTaHAAPT
HaBOAWTH AIPOKCHUMAIlII0 AaCHMITOTHYHOI IHTEHCUBHOCTI
HeOe3neyHnx (QyHKUIHHNX BiAMOB:

FFR,,, =2FR,’SDT, (1)

002

ne FFR,, ,(Functional Failure Rate) — pesymbryroua

IHTCHCUBHICTh ~ HEOE3IEYHHX  BIIMOB  JTyOJIHOBAHOI

crpyktypu 2002, FFR HopMmaruBHMii TIOKa3HUK 3a

CTaHAapTOM;

FR, (Failure Rate) — moyaTkoBa iHTEHCHBHICTH

HeOE3MEeYHUX Bi,HMOB OJHOT'O KaHaJly,

SDT (Safe Down Time) — cymaphuuii Ge3mednuit
Yyac BiJl BUHWKHCHHS BiIMOBH 110 I BHSBJICHHA (Yacy
niarHoctuku 70) i HelTpanizauii (yacy ycyHeHus 7).

®opmyiny (1) 3acTOCOBYIOTH 3a MPUOTU3HUM
piBHSHHSIM, 3a ymMoBH FR-SDT < (0, 1 MOXIHMBOCTI
HextyBanHs HeOesnmeunumu CCF. Koedirient 2 BpaxoBye
HaWripmr, MaKCHUMaJbHI 3HA4e€HHS IHTEHCHBHOCTEH
HeOe3MeYHNX BiZIMOB KaHANIB pe3epBYBAHHS HAIPHUKIHII

IKC3T, 2026 Ne3




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAILIMHO-KEPYIOUI CUCTEMM HA 3AJIIBHUYHOMY TPAHCIIOPTI

iHTepBary SDT. Jnsi MaXOpUTapHOi CTPYKTypH 2003
HOpMaTuBHY ocHOBY JjonoBHioe I[EC 61508-6:2010,
nonarok B, m. B.3.3.2.5 «2003». IloBHa ¢opmymna PFH
JUId 1€l apXiTeKTypH MICTUTh KoedilieHT 6 1pH
CKJIQIOBiM, MOB'M3aHili 13 KOMOIHAIIEID HE3aIEKHHIX
HeOe3neyHnx  BiAMOB. Y  CIPOIIEHOMY  IIOJIaHHI
HE3aJISKHOI CKJIaI0BOI, MPUHHATOMY AJIsI TOPIBHAIBHOTO
aHaJi3y, IHTEHCHMBHICTh HeOe3nmeyHHx  (YHKIIHHUX
BIIMOB Takoi MaxopurtapHoi crpykrypu E3 3A wmae
BUTJISI

FFR,,,, =6FR,’SDT.

@)

@opmyiry  (2)  3acTOCOBYIOTH  TakKOX  3a
NpuOIM3HUM piBHSHHAM, 32 ymoBH FR-SDT < 0,1 i
MOXJIUBOCTI HEXTYBaHHs HeOe3neyHNMHU CCF.
Amnanoriuni mozeni (1) i (2) BukopucToByBaiIH B YKpaiHi
1 10 yXBaJeHHS MDKHapOJHMX 1 €BPONEHCHKUX
CTaHAAPTIB 1S oKa3y (yHKUioHambHOI Oe3neuHocti E3
3A (TUTBKM 3 IHIIUMH TIO3HAYCHHSIMH).

®opmyna (2) HE € IOCTIBHUM IEPEMUCYBaHHIM
moBHO1 (opmynu [EC 61508-6; BoHa BHKOpHCTOBYBaHA
TYT K CIIPOILEHE MOJAHHS 11 HE3aJeXKHOI CKIaLOBOI I
OJTHAKOBWIX KaHAJIB.

Omxe, 0a30Bl 3aJIeKHOCTI
aHaJTi3y MOXKHA MOJIATH K

JUId - 10JaJIbIIOTO

FFR,, ,=2FR SDT;
FFR,,,, =6FR,SDT. 3)

Jns onmcy IOCTYHNOBOTO TOTIPIICHHS CTaHy
eJIeMEeHTHOI 0a3u 3a Jiii TOBTOPIOBAaHUX EKCILTyaTaIlifHUuX
cTpeciB BBeZeMO 0e3po3MipHHI Koe(DillieHT rerpagamnii K.
Bin He € HopMaTuBHUM napamerpoM EN 50129 a6o IEC
61508, a BUKOpUCTOBYBAHHUH SIK y3araJbHEHUI MapaMeTp
JIOCIIIIDKEHHS :

kk = FRk / FRo; FRk = k- FRo; K = 1]
o

pPO3paxyHKOBOMY CTaHy KaHaly. 3HadeHHS
03Hauae, Mo Jerpajaarii

3HayeHHS BIIMIOBIJJa€  BUXITHOMY

BHACIIJOK HAKOIHUYEHOL

(akTH4YHA IHTEHCHBHICTH HEOE3NEYHHX BiAMOB KaHAIY
cTaja B K pasiB Oumbmoro. Ilpm mpoMy KOHKpeTHa
3JIEeXKHICTP K BiJ HampyXEHOCTI TOJs, aMIUITyAn

KOHIYKTHUBHOI 3aBajii, KUIBKOCTI IMIyJBCIB 1 dacy
eKcIUTyaramii B wili poOoTi HE WOCTyJIbOBaHA SK
HOpPMaTHBHa: BOHA Mae OyTn BHU3HAYCHA
eKCTIEPUMEHTAILHO abo 3a JOCTOBIPHOIO

eKCHJ’IyaTaIIiﬁHOIO CTaTHCTHKOIO.

Ha puc. 4. HaBeIeHO BIUIMB ITOBTOPIOBAHMX 3aBa]T i
TIOTIPIICHHS 130JISMi1 MiXK eleMeHTaMu cTpykTypu E33A

Ha Koe(illieHT jerpamauii E(t) Ipadik He €

EKCIIEPUMEHTAIBHOIO  3aJIEXKHICTIO k= f(t), sin

MIOKa3ye MeEXaHi3M MOJJIMBOI HOro peaybHOI 3MHHH B
TIPOLIECi eKCIuTyaTarii.

HaKomierR aerpanau k(T nia T
NOBTOROEAHIN 33520

RcHi 38 aePluvTy i3onAUIRGT
slacTasi wa B-paxtop [1EC 61506-6, pan. O)

Puc. 4. ImrocTpaTuBHE NOJAHHS THCKY»
ITOBTOPIOBAHUX 3aBajl Ha KoediieHT aerpanamii K(t)
(;1iBopy4) 1 sSIKiCHUH BIUIMB Ae(IUTY 130ISMIHHOT
Bifcrani Ha B-¢akTop 3a 6anoBoro mMeroaukoio IEC
61508-6, nomatox D (mpaBopyH)

[ixcraBnsroun Bupas (4) y 6a30Bi 3anexnocti (3),
OTPUMYEMO

FFR,, ,=2k’FR,’SDT; 5)

FFR,,, =6K’FR'SDT ©6)

3BiJcH Ui KOXKHOI 3 PO3IVISIHYTHX apXiTeKTyp
BIIHOCHE 301IBIIEHHS HE3aJIeKHOT CKJIaJIOBOI
IHTeHCHBHOCTI ~ HeOe3neyHMx  (QyHKUIHHMX  BigMOB
BHU3HAYCHA OJTHAKOBO:

FFR(x) / FFR(1) = K2

(7

11
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Otmxe, JmHifiHE  30LIBIICHHS  IHTEHCHBHOCTL
HeOe3NeyHnX BIZIMOB OKpPEMOTro KaHaly B Kk pasiB
YHACHiZIOK  HAaKONWYeHOi  Jerpajamii  CIpHYMHSE
KBaZlpaTW4yHe y k7 pa3iB 30UIBLICHHS HE3aJICKHOI
CKJIAZIOBOi IHTEHCHBHOCTI HeOe3neyHWX (YHKIIHHUX
BIZ]MOB pe3epBOBaHOI CTpyKTypH (puc. 5). Ha pucynky no
oci  OpaMHAT  TOKa3aHO  HOPMOBaHY  BEJIWYUHY
FFR/(FRo*>SDT. Hampuknan, & 1,5 Bigmosinae
301IbIIeHHIO 1i€l cKTanoBoi y 2,25 pasa, k = 2 -y 4 pasu,
Kk =3 -y 9 pasiB. Y pa3i OUIBIIOr0 €HEPreTHYHOTO
BIUIMBY €JIEKTPOMArHITHUX 3aBa]l, HAIPHUKIA] YHACHTIJOK
I'PO30BHX IE€pPEHAINpPYXeHb, SKi HE CIIPUINHIIN MUTTEBUX
BiIMOB €JICMCHTIB, IIi KOC(QIIi€HTH 3HaTHI 3MiHUTH
IHTEHCUBHICTh HeOE3IeYHUX BIiAMOB B COTHI 1 HAaBiTh
THCSYl  pa3siB. I[Ipn npomy ceprudikaniiini piBHI
¢dynkuionansaoi 0e3nexu SIL3 um SIL4 i Oe3neka pyxy
1oi31iB OyyTh 3MiHEHI 10 HEJIOMYCTUMHUX 3HAYCHB.

KsanpaTuyHa yyTausicTh FFR A0 ferpapauii kaHanis

— 2002:2¢’
50 2003: 6x7

Hopmosarni mroxHmk FFR / (FR22SDT)

1.00 125 150 175 200 225 250 275 EX ]
Koedluent perpanawi K

Puc. 5. Ksagpatnana uytnmusicts FFR o
koedimienTa nerpanamii k 1 6azoBux cTpykryp E3 3A
2002 12003

Puc. 5 nmoxa3sye opHaKoBHH KBaJpaTHYHHUN
Xapaktep jgerpajgamii aus 000X CTPYKTYp; OimbmImi
koedinient (6 mporu 2) mis 2003 BimoOpaxkae nuiie
MPUHHATY CHPOINEHY MOJENb 1 He O3Ha4yae, Mo I
CTPYKTypa «BTpHYi MeHII Oe3neyHa» — IIOBHA OIliHKa
3aJIeXKNUTh € 1 BiJ JIarHOCTUYHOTO HOKPHUTTS, PEXUMY
BiJTHOBJICHHS Ta IHIIIUX TIPHUITYIIICHb.

[3 mo3umii BIUIMBY €JIEKTPOMArHiTHUX —3aBajl
OTPUMaHHMH pe3yJbTaT Ma€ TaAKUK 3MICT: JUIsl MOTIPIICHHS
¢yHKIiHHOT Oe3MeYHoCTi He 000B'SI3KOBO, MO0 3aBaga
olpasy mpusBena a0 (i3NYHOro pyHHYBaHHS EJIEMEHTA.
SIKI10 MOBTOPIOBaHI BIUIMBU IOCTYIIOBO 301bLIYIOTH FR
KaHally, pe3epBOBaHA CTPYKTypa pearye Ha II0 3MiHY
HeniniHo. Came Tomy mix yac onintoBanas EMC E3 3A
SIL 3/SIL 4 nouinbHO MOPST 13 KPUTEPIEM BIACYTHOCTI
MUTTEBOT HeOe3neyHol peakuii JIOCITIIKYBaTH
MOXIJIUBICTh HAKOTIMYEHOI JIerpajallii eleMeHTHOI 6a3u Ta
i ATBEPIKYBaTH 30epeKeHHS PO3paxyHKOBHX
nokasHukiB FR mporsrom ycTaHoBIEHOro TepMiHy
eKCIITyaTarlii.

MaremaTnaHuA JIaHIIOr  Iepuioro MCXﬁHi3My
BIUIMBY MO’KHA IMOJATH AK

noBToptoBaHi EM — 3aBagju —
HaKoNU4yeHa gerpajania —» k > 1 —
FRk = k-FRy = FFRind o« Kk?

®)

BaxnnBo, mo Iel BHCHOBOK CTOCY€TBCSA Came
He3aJIe)KHOI CKJIa7oBoi BizxMoB. SIKmio oxHa i Ta cama
€JICKTPOMArHiTHa NpUYMHA 3/1aTHA OJHOYACHO BIUIMBATH
Ha JIeKUIbKa KaHaIiB, MPUIYIIEHHS Mpo  iXHIO
HE3aJIeKHICT TOpymeHo. Takuii MexaHi3M TOTpiOHO
posrisimatn okpemo sik CCF i3 3actocyBaHHSIM f-
(haxTopa; BiH € IPEIMETOM HACTYITHOT'O IiIpO3/iTy.

5.7. BniuB ejneKTPOMATHITHHX 3aBaJ Ha
BiaMoBH 3i cninbHOT npuunnu (CCF) i f -dpakTop

Mopeni monepeHboro MiApo3aily BUXOIATH i3
He3alnexkHOCTI BimMoB kKanHamiB. [ma E3 3A 1e
MIPUIYIIEHHS OTpe0dye OKPEMOro MiATBEpKECHHS: OHA
30BHINIHA €JIEKTPOMAarHiTHa MPUYMHA 37aTHa OJXHOYACHO
BIUIMBATH Ha JEKiIbKA KaHaJiB a00 MPOHMKATH 110 OAHOTO
KOMIUIEKCY pI3HHUMH IHQPACTPyKTYpHHUMH HIISIXaMH
(>kuBNEHHS, CHTHABHI Komna, 3a3emieHHs, OM, CT JIT).
Takuif MexaHI3M BiJIIOBifa€ BIAMOBI 3a CILIBHOIO
npuunHoto (CCF), sika mijyrsirae posrsiny 3a JICTY EN
50129.

Jns xinpkicHoro ominroBanHs amapatHux CCF
3aCTOCOBYIOTh MeToauKy f-aktopa IEC 61508-6,
momatok D. Hesamexxna 1 choilbHa — CKJIAIOBI1
IHTCHCUBHOCTI HEOC3MCYHNX BiJIMOB BHPaKEHI SIK

FR.= (1—B)FR;FR,, = BFR]

BaxmBuii  iHKCHEpPHUH HACHIZOK: He3aJe)KHA
ckinagoBa FFR niponopuiiina FR? (Bupasu (5), (6)), Toxi
gk cxnagoBa CCF — mumme f[-FR, TOOTO BelMYMHA
nepiroro nopsiaky. CriBBiIHOIIEHHS IMX JOAaHKIB HE €
cTaimuM: Touka nepexony FRcrit = f/ (2-SDT), nicns sikoi
nepeBakae KBaJpaTHiHa CKJIaJ10Ba, 3aJIeKUTh Big SDT Ha
KibKa mopsiakiB — 3a  Mamoro SDT  (mBuuke
rapaHTOBaHE BIJHOBJICHHS) HaBiTh HE3HAYHUH [ MoXe
JIOMIHYBaTH BXKE Ui BUCOKOHAIIMHWX KaHANTIB, TOJI SK
3a Benukoro SDT mepeBakac KBagpaTHUYHA CKIanoBa
HaBiTh 3a mManmux fB. Kpim Toro, ockinbkn CCF-cknanoBa
3poctae 3 gerpazgamiero gumie JiHidHO (Bx-FRo), a
He3aJIe)KHa CKIaioBa — KBaapatudHo (k*FRo*SDT), ms
JIOCTaTHHOTO HAKOIMYCHHS Jerpajanii (3pocTaHHS k)

12
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KBaJ[pATUYHUH JOJAHOK paHO YH II3HO TICPCBAKAE
HE3aJeKHO BiJ IOYATKOBOro cmiBBimHOmICHHS. OTXKe,
JKOJIHE IIABUINEHHS HAIIMHOCTI €JIEMEHTHOI Oa3u He
KOMIICHCYE  HEIOCTATHBOTO  (PI3UYHOTO  PO3IIIICHHS
KaHaiB Jumie 3a ymoBH Maioro SDT i oOMexeHoi
nmerpananii; 3a 3HagHoro SDT abo CyTTeBOI nerpanarii
BH3HAYAFHIM CTAa€ caMe KBapaTHIHUH JTOJJAaHOK.

Ha puc. 6 nokazano BB B-¢axropa Ha FFR
cTpyKTyp 2002 i 2003 mist peansHoro kanainy (FR = 107

rox!, SDT = 5 pokiB) y naiiripmomy 3a IEC 61508-6,
nonarok D, miamazoni B (1-10 %). dus B = 0 pisHUIS MiX
CTPYKTypaMH TOYHO  BIINOBiZAa€  CITiBBIJHOIICHHIO
koedinientiB (6 mpotu 2, TOOTO piBHO BTpHYi); 3i
spoctanasm [ minidaUE CCF-momaHoK, OTHAKOBHM IS
000X CTPYKTYp, TIOYHHAE TOMIHYBATH, i I BIAMIHHICTH
HiBEITIOETHCSL.

YoMy 2002 i 2003 36NMKYIOTLCA 31 3pocTaHHAM B
(FR=1e-07 roa-!, SDT=5 pokis)

FFR, roa-*
=
(=]

— 2002
- = 2003 (BTPMHI Bifblnit KBAAPATNHHWIA A0AAHOK)

(] 8 10

B, %

Puc. 6. ITopiBustHs FFR ctpykTyp 2002 1 2003 3anesxHo Bix fB: i B = 0 pi3HHUL TOYHO BTPHYI, 31 3pOCTaHHSM [3
ninitanit CCF-momanok qoMiHye, i KpUBI 30IDKYIOThCS

(FR=10"rox', SDT =5 pokiB)

Hesnayna  BiAMiHHICTD ~ MDK  CyMapHHMH
3naueHHAMHE FFR crpykTyp 2002 i 2003 31 30UbIIeHHAM
f-bakTopa € 3aKoOHOMipHOIO. Y TPHHHATIH Mozueli
apXiTEeKTYpH BIAPI3HSIOTHCS HE3AICKHOIO CKIIAJ0BOIO
HeOe3MeyHnX BiAMOB, TOJI $K CKJIaJoBa BIIMOB 32
coinsHoto npuunHoo (CCF) € crmimepHOIO mmst 06ox
CTPYKTYp 1 3pocTae mpomopuiiHo f-haktopy. 3i
30utpmennssMm  ff came  CCF-cxiamoBa  modnHae
JIOMiHyBaTH B cymMapHoMy FFR, TOMy BiIHOCHHH BHECOK
BIIMIHHOCTI MK HE3aJIe)XKHUMHU CKJIAZOBUMH 2002 1 2003
3MEHIIYETHCS, @ BIANOBINHI KpPUBI  30JIMKYIOTBCS.
BigMmiHHICTE MDK CTpYKTypamMum CTa€ CYTTEBOIO 3a
MIPOTHIICKHUX YMOB - KOJIM HE3aJIe)KHAa CKJIaZoBa CTae
crniBmiproro 3 CCF-cxiianoBoro abo nepeuiye ii. L{bomy
CHPUSIIOTH 301IBIICHHS (DAKTUYHOTO Yacy BiJHOBIICHHS
SDT, 3pocTaHHS IHTCHCHBHOCTI HEOE3IEYHUX BiJIMOB
okpemoro kanamy FR i 3meHmeHHs P-¢axropa. Came
ToMy 3a Benukoro SDT, 30KkpeMa TpHBAJIOTO OYiKyBaHHS
IUIAHOBOTO  yCYHEHHS BHSBJIEHOI ab0 IPUXOBaHOI
BIZ]MOBH, DI3HHMII MDK CTPYKTypaMH Ha puc. 6 crae

3HaYHO BHUPA3HINIOW, TOMI fK 3a w™anoro SDT i
nominyBanHss CCF BOHa TIpPakTUYHO HIBEJIOETHCS.
@izugHo 1e o3Havyae, mo 3a pgominyBaHHi CCF

30UIBIIEHHS CTPYKTYPHOI HAJUIMIIKOBOCTI came Mo cobi
HE 3abe3mnedaye TIPOTIOPIIIIHHOTO TTi TBUTIICHHS
(YHKIIOHATBFHOI OE3MEYHOCTI, OCKUIBKH OJIHA CITiThHA
30BHINIHA NPUYMHA, 30KpEMa €JIEKTPOMArHITHUH BIUIMB,

MMOTCHI[IHHO MOXE OJHOYACHO TIOPYIIYBAaTH JEKiTbKa
PEe3epBOBAaHIX KaHAIIIB.

I3 puc. 6 BumIMBaE i 13epKATBHUN apXiTEeKTypHHUN
BUCHOBOK. OCKIUTBKH HE3aJIEXKHUN JONAHOK 2002 yTpudi
MEHIIHH 3a 2003, AJIs1 ZOCATHEHHSI OZHOTO 1 TOrO CaMmoro
niteoBoro FFR crpykrypa 2002 nomyckae kaHai i3
inTeHcuBHicTIO BigMoB FR y V3 = 1,73 pasa Bumoro
(ToOTO TipmIOI0), HIX CTPYKTYpa 2003. IHIMMU crioBamH,
«Kpalluii» Ha TepHIMH MOTJIsA piBeHb (yHKIIOHAIBHOI
Oe3reKu  CTPYKTypu 2002 4YacTKOBO MOe OyTu
JIOCSITHYTHH HE 32 paXyHOK HaAiHHIMIMX KOMIIOHEHTIB, a
3a paxyHOK IPOCTIIIOi — IMOJBiiHOI, a He MOTpiitHOT —
M@)XOPHUTApHOI JIOTiKM; 1€ TOTPiOHO BpaxoBYBAaTH,
MOPIBHIOIOYHM  BapTICTh  €JIEMEHTHOI 0a3nm  pi3HUX
apxiTeKTyp AJIs OHAKOBOTO 1ijboBoro SIL.

IMpaktrunnii  BucHOBOK: ockutekn CCF, 3a
BU3HAUCHHSM, pO3IJISIAE OJHY 3O0BHIIIHIO TPUYUHY,
3MaTHY ~ OJHOYAaCHO  BpaKaTW  JIEKUIbKAa  KaHaiB,
eJICKTPOMAarHiTHa 3aBaja € TUIIOBUM KaHAMIATOM Ha POJIb
Takol mpuunHM, a oTke, oniHioBaHHs EMC E3 3A mae
BKJIIOYaTH HE JIMIIE IEPEeBIpKy OKPEMOro MOpTy, a M
aHaJi3 MOXKJIMBOCTI OJHOYACHOTO BIUIMBY Ha JIEKLIbKa
pe3epBOBAaHMX KaHAJIB uepe3 CIUIbHI 1H(PAaCTPYKTYypHI
nusixy. KinbkicHe BCTaHOBIEHHS [ Asl KOHKPETHHX
koHpirypanii E3 3A € 3aBmaHHAM  OKpPEMOro
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JIOCITIJPKEHHS1; HaBe/IeHa BUILE 3aJI€KHICTh Ma€ BUKIIIOYHO
LTIOCTpaTUBHUN XapakTep.

Tyr cmix 3a3HauYUTH TPO  NPUHIUIIOBY
acuMeTpito 1Box nofaskiB (opmymu (9). Keanparmunnii
nonanok 2-(1-P)**FR*SDT sBuo mictuts SDT, Tomy
BIUIUB HAKONMYEHOI Jerpajarii MOXXHa KOMIIEHCYBaTH
ckopoueHHssM SDT — dvacTimmM  rapaHTOBaHUM
KOHTposieM 1 ycyHeHHsM BizmoB. Haromicte CCF-
nonanok B-FR Big SDT He 3anexuth y3araii: CKUIbKH O
HE CKOpOYYBATH MepioJ] KOHTPOIIO, I B KOAHOMY pasi
HE 3MEHIIyEe BHECOK BiIMOBH 3a CIIJIBHOIO IPHYHHOIO.
€auanii cnoci® 3MEHIHMTH Led TOJaHOK — 3MEHIIUTH
cam P, To0TO miABHIUTH (hi3UUHE PO3AIICHHS,
pi3HOMaHITHICTh (Pi3HI BHPOOHWKH, TEXHOJIOTII, TpacH
MIPOKJIAIAaHHS Ka0eJB) 1 eKpaHyBaHHS pE3epBOBAHMX
KaHamiB. [HmMMM  croBamm, TPOTHM  JAerpajanii
e(eKTUBHHI MBUAIINN KOHTPOJb, a TpoTH CCF — numre
SIKICHIIIE KOHCTPYKTHBHE DPO3AIJICHHS; IiJMiHA OIHOTO
3aX0/1y IHIIUM He MpALIoE.

Crin 3a3HayWTH, [0 BH3HAYAIbHI ITapaMeTpH
usoro criBBigHomeHHs — SDT (3 ypaxyBaHHsIM dacy
rapaHTOBAaHOTO YCYHEHHs, a HE JIMIIC BUSIBJICHHS
BIZIMOBH) 1 KoeilieHT Jerpanamii k — Ha MPaKTHUI HE €
HOPMaTHBHUMH:  0o0MaBa  HOTPeOyIOTH  OKPEMOTO
0oOrpyHTYBaHHS JUIs KOHKPETHOL KoH(piryparmii
amaparypH, TOMY amnpiopHE BiJHECEHHS KaHAIy 10 «f-
JIOMIHAHTHOTO»  YH  <«JIeTpafaliiiHO-IOMiHAHTHOTO»
PeKUMYy € Opi€HTOBHHUM. bimpimn Toro, mi mapamerpu
B3aemomnoB's3ani: Maige SDT pocskHe numie 3a yMOBH
aBTOMAaTHYHOI JIarHOCTHKH 1 YCYHEHHS BiZIMOBH, a 3aci0
JIarHOCTUKH caM € E€JEKTPOHHOI0 CHCTEMOIO, IO
MiJUIArae BIACHIN aerpaxmamii 3a mii tux camux EMC-
(aKTOpiB — pPEKypCHUBHHMH BapiaHT IPOOJIEMH «XTO
JIIarHOCTY€ CHCTEMY J[1arHOCTUKM.

nepeaBaiibHOI XapakTepucTuku peansHux JT. Tak camo
HU3BKOOMHE 3a3€MJICHHS Ha ITPOMHUCIIOBIH YacToTi HE €
JIOKa30M HHU3bKOTO BHCOKOYAcTOTHOTO IMIleAaHCy, a

Ce30HHa 3MiHAa BJAacCTMBOCTEH Oajacty 1 IpyHTY
(migTBeppKeHa  ekcnepuMeHTanbHO  [19])  3marHa
3MIHIOBATH  CIIIBBITHONICHHS TapaJieIbHUX  MUIAXiB
CTpyMy.

I3 mo3umii  QyHKIIOHATBHOI  OE3MEYHOCTI
HalOTBII HECITPUATINBUM 3aJIMIIAETHCS

0araTtornopToBUi BIUIMB OAHIE] 30BHINIHBOI MPHYMHU
(CCF) uepe3 OM i [T, ockimbky BiH BIDIMBAa€E HA came
MIPUIYIIEHHS TIPO HE3aJIeKHICTh PE3epPBOBAHMX KaHAIIIB
[14, 15, 21]. OcHOBHMM y3arajJbHEHUM pE3yJIbTaTOM €
nepexia Bif Miaxoqy «HOPMOBaHWH BIUIMB —> IIOPT» 1O
MIOCTAaHOBKH «JPKEpesio — 1H(QPaCTPYKTYpHHUIl KaHAl —
BIUIMB Ha TIOPT — peakilist 3aco0y — Hachiiok it by,
SKMH JMOLUIBHO TIOKIACTH B OCHOBY IOJANBIINX
rajy3eBUX HOPMATUBHUX JOKYMEHTIB.

IIpono3unii moA0 10JATKOBHX rajy3eBHX BHMOI [0
JACTY EN 50121-4

OOroBopeHHs pe3yJILTATIB

[IpoBenenuit anamiz mokasye, IO HEOOXiIHICTH
HamioHanbHOTrO JornoBHeHHs BUMOor EMC He moTpiOHO
3BOJINTH JI0 MEXaHIYHOTO Mi/IBUIIEHHS PiBHIB )KOPCTKOCTI
JCTY EN 50121-4: mixnHapoaHa HOpMaTHBHA 0aza Bxke
MICTUTh TOTPiOHI MeToauM BHIPOOYBaHb, a OCHOBHA
npobiemMa TONATae y BU3HAYCHHI PENPE3EHTaTHBHOTO
CICHApil0 BIUIMBY, KaHAJIy HOro TNPOHUKHEHHS Ta
mommyctumoi peakmii ¢yrkmii. e y3romkeHo 3 panimre
OTPUMaHMMH pe3yjbTaTaMH IOJ0 3aBajl IOi3HOTO
pamio3B's3ky 2,13 1 2,15 MI'w, ne ¢pakTHIHUIA BIUTUB Ha
MOPT JKWBJICHHS BH3HAYEHO HE CaMHUM JDKEpenoM, a
eJIeMEeHTaMH iH(QpPacTpyKTypHOro Ttpakry [l14]; y mii
pOoOOTI TakWii MPHUHITAI PO3MOBCIOKEHO Ha OLIBIIIE KOJIO
BIUIMBIB 1 ITOPTIB.

IlepenaBanns  RF-zaBagm  uepes AT  nmo
CHUTHAIBHUX KiJ 3aJHIIA€ThCS (PI3MYHO OOTPYHTOBAHOIO
TirnoTe3010, a HE JJOBEJCHUM E€KCIEPHMEHTAIBHO (PaKTOM:

rapamMeTpudHe 3MEHIICHHS €MHICHOTO ONOpy Ha
gactotax mopsaaky 156 MIT mokasye JOITBHICTB
JIOCHIJPKEHHS, aje NoTpeOye BUMIPIOBAHHS ITOBHOL

PesynbraT;i TpoBemEHOTO aHANi3y HE JAIOTh
mijcraB IS MEXaHIYHOI'0 M ABHILIEHHS BCIX
ycraHoBneHux JICTY EN 50121-4 piBHIB >KOpPCTKOCTI.
Jns dYacTWHM BIDIMBIB MDKHapOAHI CTaHAApPTH BXKE
mepen0avyaroTh JCKUTbKa PiBHIB a00 CHemiaibHI METOIH
BHIIPOOYBaHb. 3aBIaHHS TOJATKOBHX Tay3¢BUX BHUMOT
noJisira€ y BH3HA4€HHI YMOB iX 3actocyBaHHA 10 E3 3A
VYxpaian. J[o IXHBROTO CKJamy MONUTHHO BKIFOYHTH TaKi
OCHOBHI ITOJI0KEHHS.

[o-nepme, HeoOXimHO Kiacu(pikyBaTH YMOBHU
3aCTOCYBaHHS o0JiaiHaHHS 3a THUIIOM
EJICKTPOIIOCTAYaHHs, BUJOM TSTH, MICIIEM YCTAHOBJICHHS,
XapaKTepOM MiIKIIOUSHNX MPOTSHKHUX KT 1 JOCTYIHICTIO
oOmagHaHHs I nepcoHany. Lle gacTs 3MOry yHUKHYTH
OJTHAKOBOT'O Mi/IBUIEHHS BUMOT JUISl IPUHIIMIIOBO Pi3HUX
YMOB €KCIUTyaTartii.

[o-mpyre, mma  pagio4acTOTHMX  BIUIMBIB
HEOOXiHO BpaxoBYBaTHM HE TIIBKM  4acToTy 1
HaIpy>KEHICTh I0JIsL, ajie 1 T JuKepena, (opMy CHTHAIY
Ta Bigctamb A0 oOnamHaHHg. Jis  oOrpyHTOBaHO
MOXIIUBOTO OJIM3BKOTO PO3TALIYBaHHS MOPTATHBHUX
nepeaBadiB AOLIIBHO Tepeadauntn 3actocyBanus [EC

61000-4-39 1 BKIIOYEHHS [JO  BUIPOOYBAJILHOI
KoH(pirypamii kabemiB, [DKIyTiB 1 mepudepiiHux
IIPUCTPOIB; KOHKPETHI YHCIIOBI piBHI Juis

paniogactoTHoro cepenosuma 150-156 MI'nm i CB 27
MTI'11 BU3HA4YaroTh Y CyMIKHOMY JIOCTIJDKEHHI 1 IUIaHyI0Th
oIy OITiKyBaTH MiCJIst HOTO 3aBEpIICHHS.

[o-Tpere, s obnagHaHHA, MiAKIIOYEHOTO Yepe3
XapaKkTepHi  3ali3HWYHI  IHQPACTPYKTYpHI  TpPaKTH,
JIOLUUTBHO TIepeAdaynTH IEpeBipKy YaCTOTHO-3aIEKHOL
TepeiaBaHHs 3aBagu 10 TOpTy, Hacammepen aiast OM,
JT, nporshkHUX KabemiB, pedKOBOi Ta 3a3eMITIOBATBHOT
Mepexi. Iluranns enekrpocratnyaux pospsnis (ESD),
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JMUHAMIYHUX 3MIiH XHUBIICHHS Ta TPO30BHX IEPCHATIPYT,
BUMOTH JI0 SIKMX JIMILE YaCTKOBO 3akiyafeHo s E3 3A y
6azoBomy crangapti EMC, mnorpeOyroTh OKpeMoro
KPpUTHYHOTO aHAi3y 1 € TpPeAMETOM JOJAaTKOBHUX
JTOCTIKCHD MPUKIIAJHOTO CIPSIMYBaHHS.

Hapemri, anst 3aco6iB, mo peainisyloTh (QyHKii
SIL 3/SIL 4, noumispbHO TIIOCTIOBHO 3aCTOCOBYBATH
€IMHUI KpHUTepii Oe3redHol peakiii, copMynboBanuii y
migpo3mimi mpo 3830k EMC i3 dyHKIIOHAIEHOO
0€3IIeYHICTIO, O KOXXHOTO 3 TEpeNideHUX BHIIE BHIIB
BIUIUBY, BKIIOYHO 3  TIEPEBIPKOI0  MOXKIIMBOCTI
OJTHOYACHOTO BIUIMBY Ha JEKiJIbKA PE3€PBOBAHMX KaHAIIB.

OCKiTbKM  4YacTMHA BHSBICHHX KaHAJIiB Mae
po3paxyHkoBe  abo  TimOTeTHYHE  OOTPYHTYBaHHS,
BCTaHOBJICHHIO HOBHMX YHCIIOBHX BHMOT Ma€ II€peIyBaTh
rajgy3eBa IporpaMa eKCIEpUMEHTAIbHUX JOCIIIKECHb!
BUMIpIOBaHHS YaCTOTHOI TepeaBabHOi XapaKTEPUCTHKN
peamsaux THOiB OM i [T, KOMIUIEKCHOTO iMIemaHCy
TPaKTy pelKa—3eMis 3a Pi3HUX CE30HHHX YMOB, PiBHIB
JUHAMIYHUX 3MiH Hanpyru >kusieHHs, ESD-norenmiamy
nepcoHally Ta mapamerpiB Ommspkoro RF-BrmBy.
PesynbraTom Takoi nporpamu Mae OyTH MaTpPUIST «yMOBU
3aCTOCYBaHHSI — XapakTepHa 3aBaja —  METO[
BUIPOOYBaHHA — piBeHb —> KpHUTEPId peakwii» sk
TEXHIYHA  OCHOBa Ui  HOJAIBLIMX  Tally3eBUX
HOPMAaTHBHHUX JIOKYMEHTIB.

BucHoBkn

1. IlpoBenenmii aHami3 mokasaB, IO cHeunudika
€JICKTPOMArHiTHOTO CEpe/OBHIA EIEKTPOHHUX 3aco0iB
3aJI3HNYHOI aBTOMAaTHKHM YKpaiHWM BH3HAYeHA HE TUIBKU
PIBHSMU 30BHIIIHIX 3aBaj], aJie 1 KOH}Irypariero TIroBoro
1 HETATOBOTO EJIEKTPOIIOCTa4YaHHs, PEHKOBOI Mepexi,
CHCTEM 3a3€MJICHHS Ta IHIINX MPOTSHKHUX CTPYKTYP, SIKi
¢dopMyroTh (aKTH4HI KaHaJM TNPOHWKHEHHS 3aBaj 0
€JICKTPOHHHX TOPTIB.

2. TomepenHi DOCTIHKEHHS TMPOHUKHCHHS 3aBaj
moi3HOTO pamio3B's3ky 2,13 i 2,15 MI'm migTBepawau
MPAaKTUYHY 3HAYYIICTh IHQPACTPYKTYPHOTO KaHAITy
yepe3 cuioBi Tpanchopmaropu OM 110 OPTIB )KUBICHHS.
VY it poboTi OOTpYHTOBAaHO HEOOXIMHICTH PO3IIUPEHHS
TaKoOTO MiAXOMy Ha iHIII JpKepela, 9acTOTH 1 MOpTH Oe3
ITOBTOPCHHS pPaHiIlle OTPUMAHUX PE3yIIbTATIB.

3. BucyHyro rimore3y 1mpo  MOXIHBICTh
BHCOKOYACTOTHOTO TI€peAaBaHHA 3aBaju BiJ PEHKOBO-

3a3eMuntoBaNIbHOT  iHQpacTpykTypu uwepes CT AT i
nmapasutHi  mapamerpu  JIT 10 CHrHaIBHUX K.
[MapamerpuuHi OIHKM  IIATBEPIKYIOTh JIOLUIBHICTH
TAKOro  JOCHIDKeHHS, OAHAaK Uil KUIBKICHOTO

OIIIHFOBaHHS HEOOXiTHE EKCIICPHMEHTAIFHE BU3HAUCHHS
YaCTOTHOI TIEPEAaBaIbHOI XapaKTEPUCTHKH PEaTbHUX
tumi JT.

4. TlokazaHo HEOOXigHICTh ypaxXyBaHHsS CE30HHOI
3MiHHM KaHAJTIB MOIIUpeHHs 3aBaj. [Ipomep3anHs Oanacty

1 TPYHTY MO>Ke 3MIHIOBATH CIIiBBiJHOIIEHHS IMIIEJaHCIB
MapajieNIbHUX NUBIXIB  CTPyMy, TOXI SIK BOJIOTICThH 1
KOHJICHCaT BIUIMBAIOTh Ha OMIp 130J1mii, MapasuTHi
€MHOCTI Ta XapaKTEPUCTHKN 3aXHUCHUX €JIEMEHTIB.

5. Mns EC 3A i3 Bucoknmu piBHsMH Oe3nexku SIL
3/SIL 4 xpurepiem EMC mae Oyt He TiIbKH 30epesKeHHS
Mparne3JaTHOCTI abo BiJICYTHICTh (izumaHOTO
MIOIIKO/KCHHS, aje 1 BiACYTHICTh XUOHOI KOMaH[IH,
ITOMIJIKOBOTO KOHTPOJIHOTO CTaHy, TPUXOBAHOI BTPATH
MIarHOCTUKMA Ta CIUIBHOTO BIUIMBY Ha pe3epBOBaHi
kaHamu. OfHA 30BHIMIHS €JICKTPOMArHiTHA MPUYHHA, IO
MIPOHUKAE Yepe3 JCKUTbKa IMOPTiB, Mae OyTH BpaxoBaHa
st ananizy CCF.

6. OOrpyHTOBaHO, IO JTOJIATKOBI Tally3¢Bi BUMOTH
mono JCTY EN 50121-4 pouinsHO QopmyBaTH HE SIK
TaOIUITIO 3arajbHOMNIIBHIICHUX piBHIB B/M, kB a6o B, a
SIK CHCTEMY ITpaBWJI BUOOPY BUIIPOOYBAILHOTO CLIEHApito,
CTYHIEHSI JKOPCTKOCTi, KOHQirypauii BHIpoOyBaHHS Ta
KPUTEPII0 PeaKilii, MOB'13aHOTO 3 OE3MEKOI0, 3aJICKHO Bif
peasIbHOTO CepeIOBUINA 3aCTOCYBAaHHS; YHCIIOB] 3HAUCHHS
IIMX BUMOT MalOTh OyTH YCTAaHOBJIEHI 3a pe3ylbTaTaMu
rajgy3eBUX HATYPHHX 1 JJa0OPaTOPHUX JIOCHIPKEHb.
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Features of the electromagnetic environment
and disturbance penetration channels into electronic
railway signalling equipment of Ukraine under new
technical safety regulations

Viktor F. Kustov, PhD (Tech.), Associate
Professor, Ukrainian State University of Railway
Transport, Kharkiv, Ukraine.

Methodology. The study applies a channel-based
approach: for each disturbance source, the physical
infrastructure channel of its penetration to a specific
equipment port is identified separately from the source,
and the functional consequence is assessed against a
unified safety-related reaction criterion. Established facts
are explicitly distinguished from physically justified
hypotheses requiring dedicated measurement, and an
immunity-margin  coefficient  comparing — measured
disturbance levels with EN 50121-4 test levels is
introduced as a decision tool.

Results. The OM-transformer channel of RF
penetration to the power port, previously confirmed for
2.13/2.15 MHz train radio interference, is generalised to
6/10 kV power lines, the 27.5 kV booster system, and the
rail-ground path with its seasonal variation. A physically
justified hypothesis of high-frequency signal penetration
through the impedance-bond midpoint to signalling
circuits is formulated as a common-cause failure concern.
It is shown that the hazardous functional failure rate
(FFR) of redundant architectures depends approximately
on the square of the component degradation factor, and
that insulation-coordination deficits contribute to the beta-
factor linearly rather than quadratically, which can
dominate the resulting hazardous-failure rate for high-
reliability components. A  structured comparison
procedure based on a quantified immunity-margin
coefficient is proposed as the technical basis for further
normative work.

Scientific novelty. For the first time, a unified
infrastructural-channel taxonomy is proposed for the
national electromagnetic environment of Ukrainian
railway automation, linking disturbance sources to
penetration paths and functional-safety consequences. The
immunity-margin coefficient formalises a measurement-
based alternative to the a priori increase of EN 50121-4
severity levels, and the quadratic versus linear sensitivity
of the hazardous functional failure rate to component
degradation and to insulation-coordination deficits,
respectively, is established for the first time in this
national context.

Practical significance. The proposed channel-
based structure and comparison procedure can be used
by designers, certification bodies and standardisation
working groups when preparing additional normative
requirements for DSTU EN 50121-4, providing a
prioritised  programme of field and laboratory
measurements instead of an arbitrary increase of test
levels. The results apply both to new SIL 3/SIL 4
signalling equipment and to EMC audits of equipment
already in operation.

Keywords:  electromagnetic ~ compatibility,
railway signaling, functional safety, SIL 3, SIL 4, EN
50121-4, impedance bond, OM power transformer,
immunity margin, industry standards.
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YK 004:378(477) DOI: https://doi.org/10.18664/ikszt.v31i3.370926

IIEBYEHKO B. 1., k.T.H., JOLICHT,
JIABPYXIH O. B., 1. 1. 1., mpocecop

VirtLab: konnenuist MogyJ1bHOI I poBOi 0CBITHBLOI ekocucTeMu s npogeciitnoi Ta STEM-
niAroroBku ¢axiBuiB TPAaHCMOPTHOI rajysi

Anomayin. Cmpivka yugposizayis euwoi ocgimu nompedye €0uHoeo yugposoeo cepedosuiyd, Wo HOEOHYE
NPaKmu4ny ni020MoeKy, CAMOCMIliHe HAGUAHHA MdA KOHMPOAb 3HAHb, OCKilbKU HaasHi piwenna (LMS, Google
Classroom, oxpemi gipmyanvui 1a60pamopii) supiuiyroms auuie JOKAIbHI 3a80anHs. Y cmammi nooaHo asmopcvky
KOHYenyito yugposoi oceimuvoi exocucmemu VirtLab, pospobneny mna kagedpi yYnpasninHs 6aAHMANCHOW |
Komepyitinoro pobomoro YkpY3T, — mooynvroeo cepedoguwya, ujo 00'€OHye 8ipmyanvHi 1a00pamopii, eneKmpouHi
NOCIOHUKU, MYTbIMUMEOIUH] MA [HMePaKmMueHi pecypcu, eieKmpoHHy 6ibniomexy ma eiemenmu Al-KoHcynbmyeanHs.
Iledacociune nidIpyHms  cnupacmvcs HA  KOHCMPYKMUBI3M,  COYIOKOHCMPYKMUBI3M, KOMNEMEHMHICHUUL —ma
ocobucmicno-opieumosanutl nioxoou, npunyunu STEM-oceimu. Hayxosa no6usHa — €OuHuli MOOYIbHUL NPUHYUN
no6y0osu pizHOPIOHUX OCEIMHIX pecypcié 1 YHIGepcanbHUll wabioH 0a2amo@opmMamHozo HABYATLHO2O MOOYIA.
Tpaxmuuna yinnicms pobomu noaseac y cmeopenti ma oiouiil peanizayii yHigikosaroz2o yugposoeo cepedosuya, ke
po3s'azye npobnemy i0CYmHOCMI KOMIIEKCHO20 NA60pamopHO20 NPaKmukymy Ois OUCMAHYIHO20 ma 3MIUAH020
HasuauHs. 3acmocy8aHHsi €OUHO20 MOOYIbHO20 WAONOHY [ padianeHOi apximekmypu Oae 3mo2y 0Oe3neuHo
8I0Npaybogysamu CKIAOHI ma NOMeHYitiHO Hebe3neuHi eUpOOHUYI onepayii MpanCnopmHuoi 2any3i, Cymmeso 3MeHULYE
PecypCHi sumpamu Ha OpeaHizayiio HABYAIbHO20 npoyecy i 3abesneuye necke macumadysanns oceimuix i STEM-
pecypcie Ha iHul OUCYUNIIHU T 3aK1A0U OC8IMU.

Knrouosi cnosa: yugposa oceima, eipmyanvua nabopamopis, STEM, inmepaxmuene nasuauHs, yugposa
0c8imus ekocucmema, eleKmpoHHUL NOCIOHUK, MOOYIbHe HABUANHS, MPAHCROPMHA 0C8IMA, Yupposa mpanchopmayis,
KOMARemeHMHICHUL NIOXI0, WMYYHULL IHMeaeKm 6 0C8imi.

Beryn OIIHIOBAaHHS, all¢ HE TPU3HAYCHI I TOBHOIIIHHOTO
3acTocyBaHHs HOBITHIX inpopmaliiino-  BUATBOPCHHS NPaKTHUYHOT, J1IaDOPaTOPHOI  CKIIAI0BOI
KOMyHIKALi{HAX TEXHOIOTili € XapakTepHO pucoro UWOTOBKH  daxisus.  Cepsicu, —momibui  Google

CYYaCHOCTI JUTSI 3aKJIaJIiB BUIIOT OCBITH. J[)Is mmiiBUIIICHHS
SIKOCTI OCBITHBOT'O TIpOIECy, a caMe 3a0e3ledeHHs
JIOCTYIHOCTI OCBITH, ii BIJIIOBIIHOCTI BHMOTaM pPHHKY
mpami, a TaKoXX TIOCHIICHHS IHAWBiTyami3amii Ta
mudepeHIiiamii  HAaBYAaHHS, 3aKiagyl BHIIOI  OCBITH
3alpOBaPKYIOTh  TEPEZOBI  TEXHOJIOTO-TIEarorivHi
3aX01H, SKi MAIOTh 3MOTY 3HAYHO IIiJBUIIUTH PIiBCHb
muppoBOi  KOMIICTEHTHOCTI  3700yBaviB, BHWWTH Ha
Oe3Ipere/IecHTHO HOBHMH piBeHb Oprasizamii OCBITHBOT
JUSUTBHOCTI, YHEMOJMJIMBUTH PHU3UKH Hee(heKTHBHOTO
BUKOpHCTaHHS  IU(POBUX  pecypciB,  3abe3neuuTn
oOyZOBY Mpo30poi Ta e(EeKTUBHOI cUCTeMH IH(POBOI
TpaHcdopMarii OCBITHOTO MPOIIECY.

AHami3 OCTaHHIX JOCHDKCHb 1 ITyOJiKkarii
CBimuMTH, 0 nU(poBa TpaHchoOpMaLlist OCBITH — LI HE
MIOOJIMHOKE TEXHIYHE PIIICHHS, a CTpaTeriyHui Harpsm
TpaHcdopmanii cHCTEMH OCBiTH, SKHH Tepeadavae
BUKOPHCTaHHS IU(POBUX TEXHOJOTIH 3a/1s MTOCHIICHHS
iHauBiqyanizamii, qudepeHmianii HaBYaHHS Ta PO3BUTKY
1 poBOi KOMIIETEHTHOCTI 3400yBadviB 1 BUKJIagadiB [1 —
4]. BogHouac mpakTHKa IOKa3zye, IO HasBHI IU(pPOBI
pilleHHsT 3/1e0ibIIOro BHPILIYIOTH OKPEMi, BY3BKO
JIOKaTi30BaHi 3aBaaHHsA. CHCTeMH yIpaBIliHHS HABYaHHIM
(Learning Management Systems, LMS) na xmranr
Moodle unr Canvas noOpe mprcTocoBaHi s pO3MIIICHHS
MarepiaiiB Kypcy, KepyBaHHS 3aBJJaHHSIMH Ta
© WEBYEHKO B. 1., IJABPYXIH O. B., 2026

Classroom, € 3py4HHMH [UIS OpraHi3amii HaBYAIBHOI
KOMYHIKallii, IpOTe MOCTYNar0ThCsl MOBHOLIHHEUM LMS y
IMOMHI MelaroriyHuX I1HCTPYMEHTIB, aiMiHICTpyBaHHI
mporpam i ceprudikamii  [5]. Oxpemi BipTyanbHi
naboparopii Ta STEM-mnardopmu, 30kpema, 3a3Bu4ail €
130JIbOBaHUMH TIPOAYKTaMH OJHOTO MOCTA4YaJbHUKA YU
OJIHI€T TUCHUILIIHN 1 HE IHTErpoBaHi B €IMHMH OCBITHIH
TIPOCTIp 3aKNIamy.

Jnst TpaHcmiopTHOI rairysi, e miaAroToBka (axiBis
TPaIMLIIHO CHHMPAEThCS HA NPAKTUYHI Ta JabOpaTOpHi
poboTH, TpeHaXXEpHY HIiATOTOBKY 1 aHali3 BHPOOHWYMX
cutyaniii, nedimuT KOMIDIEKCHHX IHM(POBHX pillIeHb €
0co0mmBO BiuyTHUM. OOMEXEHHH IOCTYII JI0 IOPOTOro
oOmagHanHs, moTpeba B Oe3NeYyHOMY BiANPAIIOBaHHI
HeOe3neyHnx abo0 PpIOKICHHX —omepamid, a TakoxX
HEOOXIMHICTh TNPAKTUKO-OPIEHTOBAHOTO HABYaHHSI B
YMOBax IUCTAHI[IHHOTO YX 3MiMIaHoro (gopmaty dopmye
3amUT Ha LU(POBE CEPelOBHINE, 3/1aTHE IIO€AHATH
7a00paTOpHUIT  MPAaKTUKYM, €JEKTPOHHI IMOCIOHUKH,
MYJIBTUMEIIMHUA KOHTEHT 1 3acO0M KOHTPOJIIO 3HaHb B
OJTHIH crcTeMi.

BigmoBimHO 10 YMOB Cy4acHOTO OCBITHBOTO
mporecy, IiCHyIoTh Okpemi mm¢ppoBi pimeHHs: LMS,
CepBiCH  BiZICOKOH(EPEHIi, MOOAMHOKI BipTyasbHI
naboparopii, ofHak 1e He 3abe3medye €IuHOTO,
MOJIYJIBHOTO Ta MacITaboBaHOTO HU(POBOTO OCBITHHOTO
CepeloBHIA,  3/aTHOTO  OJHOYAcCHO  OXOIUTIOBaTH
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MIPaKTHYHY MiATOTOBKY, CAMOCTiIHHE HaBYaHHs, KOHTPOJIb
3HAHb 1 KOHCYJIbTalliiHy MIATPUMKY 3100yBadiB y MexKax
OJTHI€T TPAHCIIOPTHOI CHELiaAIbHOCTI Y 3aKJIay OCBITH B
LJIOMY.

Bu3HaueHHs1 MeTH Ta 3aBJaHHA JOCTiIKEeHHS.

HeoOximHicTh 3MiH y CHCTEMi IiATOTOBKH
(axiBIiB TPaHCIIOPTHOI Tady3li HOUKTYE HEOOXiIHICTH
udpoBoi TpaHcdopmarii OCHOBHHX TIpoIIECiB
opraHizamii  ocBiTHbOro mpouecy. Ha  cporommi
YIOCKOHAJIEHHS JIMIIE OKpeMUX HU(POBUX 1HCTPYMEHTIB
HE BINOBIiJa€ CyYacHUM BUMOTaM, 1 BIAIIOBIAHO
MIPUHHATI IpOrpaMu Tak 3BaHoi UdpoBoi TpaHchopmarii
OCHOBHHX OCBITHIX IpPOIIECiB, sIKi HacamIiepe]l HaliicHi
Ha ITi ABAIICHHS piBHA ABTOMATH30BaHOTO
oOciryroByBaHHS 3/100yBauiB, € HenocTaTHiMU. [Ipobiema
Cy4acHHX UIHM(POBUX PpIlICHb MOJSIra€ B TOMY, IO,
PO3pOOIISIIOUN CHCTEMH, ypaxOBYBaIM cTapi MiAXOIH, 3a
CTapoIO TEXHOJIOTI€I0, sIKa CHOTOJIHI HE BJIAIITOBYE PUHOK
npari. /Iyt BUunpasieHHs CUTYaIlil 32Ky BUIIOI OCBITH
IUTAaHYIOTh 3aMIHMTH 130Jb0BaHi IM(POBI pileHHS Ha
CHUCTEMy 3 Oprasizamii OCBITHBOTO TIIpOIECy, sKa
0azyBaTUMEThCS Ha IHTErpamii 3 IHIIMMH y4YacHUKaMH
OCBITHBOTO  TIpolecy  (BHKIanaduis, 3100yBauiB,
aZMiHICTpaTOpiB, poOOTOAABIIB) 1 Oy/Ae MEpCHEKTUBHUM
HamnpsIMOM DO3BHUTKY IH(POBUX OCBITHIX IIaThopm,

0COONMBUM  HampsIMOM  SIKOI  CTaHE€  MOJKJIMBICTD
3aMOBJISITM HE TUIBKM HaBYaIbHI Marepiany, a ¥ iHmI
MOCITYTH (;raboparopHi pobotw, TpEeHaXepH,

KOHCyJIbTallii, cepTudikariro). ToOTo mIaHyroTh Hepexin
Bin cucremu «Po3MimeHHS MaTepiaiiB» 10 CHCTEMH
«OCBITHBOTO CEpe/IOBHINA» 3 aBTOMATH3ALIEI0 BCHOTO
«TIporiecy opraizalii HaB4aHHs — BiJ] 3asBKM Ha Kypc JI0
MOXJIUBOTO OTPHMAaHHS cepTUdiKaTay.

Otrxe, npoOiiemMa, SIKy NMOKJIHMKaHAa pPO3B’S3aTH IS
poboTa, monsArae B TOMy, IO ICHYIOYi OKpeMi LU(pOBi
pitmenas (LMS, cepBicu BimeokoH(EpEHIIIH, TOOAMHOKI
BipTyasbHI J1aboparopii) He 3a0e3NedyloTh €INHOTO,
MOJYJIBHOTO Ta MacITaboBaHOTO HU(POBOTO OCBITHHOTO
CepeloBHINA,  3/aTHOTO  OJHOYAcCHO  OXOIUTIOBATH
MIPaKTHYHY MiATOTOBKY, CAMOCTiIHHE HaBYaHHs, KOHTPOJIb
3HAHb 1 KOHCYJIbTalliiHy MIATPUMKY 3100yBadiB y MeKax
OJTHI€T TPAHCTIOPTHOI CHEiaThbHOCTI UM 3aKJIaTy OCBITH B
LJIOMY.

AHai3 cy9acHUX JOCIiKEHb i My OmiKamin

Cyuacumii cran mnpodeciitnoi Tta STEM-
MATOTOBKM (haxiBIiB TPAHCIIOPTHOI Tairy3i (OpMyeTHCS
M BIUIMBOM KUIBKOX B33€EMOIIOB'SI3aHNX TEHACHIIMN:
uQpoBizallii OCBITHBOTO CEPEAOBHIA, BIIPOBAHKEHHS
MOJYJIbHUX TPUHLUITB MMOOYJ0BH HAaBYAIBHUX HpPOTpam,
PO3BUTKY BIpTyaJbHUX Jlaboparopii 1 cumynAmii, a
TaKoXK IHTEerpamii MDKIUCHHIUTIHADHUX IIXOMIB HA
ocHoBi STEM. ¥V npoMy KoHTeKcTi KoHIenmis VirtLab sk
MOJYJIBHOL g poBoi OCBITHBOL €KOCUCTEMU
OoOTpyHTOBaHa uYepe3 aHaNi3 HAsSBHUAX IOCIIDKCHb i
MIPaKTHK y cepax BipTyaabHUX J1a00paTopiid, MOAYJIEHOT
ocith, muppoBux exocucteM i STEM-miaroToBku st
TPaHCIIOPTHOI iHAYyCTPIii.

Hudposa tpanchopmariis ocBiTH i
IU(PPOBUX CKOCHCTEM

JocimKkeHHs BKa3yloTh, 110 IU(poBi3alis oCBiTH
€ CTpaTeriyHuM NpIOPUTETOM U YKpaiHH, 0COOIMBO B
YMOBaxX BOEHHOT'O CTaHy Ta €BPOIHTETpalliifHuX MpoIeciB
[6]. Axment 3po0ieHO Ha CTBOPEHHI €IMHOTO
(YHKIIIOHAJILHOTO ~ OCBITHBOT'O CEpeNOBHINA, 1€ BCi
€JIEMEHTH HAaBYaJbHOIO TIPOIECy BiJ JOCTyIy 10
MarepiaiiB i KOMyHIKalliif, 3B0POTHOTO 3B'SI3Ky Ta aHAJI3y
pe3ynbTartiB MoB's3aHi B nudpoBy exocucremy [7 — 10].
Takuit migxin Bignosimae imei VirtLab sk iHTerposanoi
mw1atGopMu, MO MOEIHYE MOAYJIBHI OCBITHI pecypcH,
BipTyasibHi Jlaboparopii, IHCTPyMEHTH OIlHIOBaHHS 1
AQHAJITUKYU B €IMHY CUCTEMY.

PO3BHUTOK

Y  HaykoBiil  JiTeparypi  3a3HayeHO  IIPO
HEOoOXiHICTh (hopmyBaHHS IHTEPaKTUBHHUX
MYJBTUMEIIMHUX OCBITHIX pecypciB i3  BiIKpUTHM

JIOCTYIIOM JJIs 3aKJIa/iB OCBITH, IIO TAKOX Y3TOJDKYETHCS
3 KOHIICTIII€I0 MOJYJIBHOI €KOCHCTEMH, OPi€EHTOBAHOI Ha
THYYKICTb i MacmTaboBaHICTh. [opiBHsANBHI
JIOCHI/DKEHHSI CHCTeM yNpaBiiHHSA HaB4daHHsIM (LMS)
Moodle, Canvas i Google Classroom mOKa3yOTh, IO
KOXKHA 3 IUX IJIaTGOpM Mae BIACHY HIllly 3aCTOCYBaHHS,
IpoTe KOAHA He 3a0e3redye IMOBHOLIHHOI iHTerpaii
71200paTOPHOTO MIPaKTHKYMY, MYJIbTUMEIIHOTO
KOHTEHTy 1 3aco0iB KOHTPOJIIO 3HaHb Yy €IUHIH
apxitektypi [5]. ¥V mexax YKpaiHCBKOTO Aep’KaBHOTO
YHIBEPCUTETY 3aJi3HWYHOTO TPAHCIIOPTY IUCTaHIIHHE
HaBYaHHS BXXE HUHI OpraHi3oBaHO KOMOIHOBAaHO:
acuHxXpoHHO depe3 LMS Moodle mis TexHiyHMX i
eKOHOMIUHUX crieriansHocTeit i Google Classroom s
TYMaHITapHHX, 4  CHHXpPOHHO  4Yepe3  CepBicu
BimeokoHpepenmin  [11]. ILle  migTBepmkye  sK
3aTpeOyBaHICTh  IM(POBUX  IHCTPYMEHTIB, Tak 1
(parMeHTapHICTh X BHUKOPHCTaHHSI B MeEXaxX OJHOTO
3aKJay.

MopynpHUH TPUHOWI OpraHizamii HaB4albHOTO
3MICTY

MopyneHa 100yZoBa HaBYAIBHHX IIpOrpaM €
TOJIOBHUM TPEHIIOM y cydacHii mpodeciiiHiii i STEM-
ocBiTi. 30KpeMa, y METOAMYHHX PEKOMEHMAAISX I0JI0
po3Butky STEM-ocBiTH 3ampOnoOHOBaHO BHKOPHUCTaHHS
MOJYJNBHUX KypciB a0o [JOJaTKOBHX MOIYINIB [0
ICHyIOUMX IpeAMETIB, M0 Ja€ 3MOry IIOCTYIIOBO
IHTErpyBaTH HOBI TEXHOJIOTii Ta MPaKTHUKO-OPi€HTOBaHI
3apmaHes [12, 13]. Y KoHTEKCTI MIArOTOBKH (haXiBIIiB
TPaHCIIOPTHO] T'aTy3i MOIYJIbHICTD A€ 3MOTY HOE€IHYBATH
TEOpPETHUYHI OJIOKM 3 TPaKTHYHUMH CHMYJISLISIMH,
BIpTyaJIbHUMH JIa0OPATOPISIMU Ta KEHC-CTAIl, aanTyloun
MIPOrpaMH 10 KOHKPETHUX MOTpeO MiANPUEMCTB 1 pUHKY
Tpari.

JocipKeHHs TaKoX 3aCBiAUYIOTh, 110 MOAYJIEHUN
MiAXin cnpusie iHTerpamii 3MICTY KUIBKOX IpEIMETIB y
MeXax OJHOTO MOJIYJs, IIO OCOOJIMBO aKTyaJbHO JUISI
MibxaucrmoriHapHoi  STEM-miarotoBku, 1 moemHaHI
IHKeHepis, TeXHOJOorii, MaTeMaThka Ta IPUPOIHHYI
Hayku [12, 13].
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Bipryansni  nmaboparopii  Ta
rpodeciifHii miATOTOBII

Bipryansni nabopartopii BH3HaueHI B HayKOBId
JiTepatypi Ak iHGOpMAIiiHI CHCTEMH, IO IHTEPaKTHBHO
MOJICJTIOIOTH PeajibHI TEXHIYHI 00'€KTH 1 IXHI BIIaCTHBOCTI,
BHUKOPHCTOBYIOUH 3aCO0M KOMIT'IOTepHOI Bizyarizamii [14,
15]. V npodeciiiniif miaroTosui A7 TPAHCIOPTHOI TaTy3i
BipTyasbHI JabopaTopii Ta TpeHaXepH [ONOMararoTh
opraHizyBaTH Oe3le4He, JOCTYIHE Ta EeKOHOMIYHO
eeKTUBHE HaBYaHHS, 0COOIMBO B yMOBax, Koiu pobora
3 pealbHUM OONAJHAHHAM € OOMexeHor  abo
Hebesmewnoto [16, 17].

Y  ramy3eBii mpakTUI  ONMMCAaHO  XMapHi
1aTGopMu [yl HABYaHHS BIPTYaJIbHOMY MOJICJIIOBAHHIO
TPAHCIIOPTHUX 3aco0iB, MO NOoenHYITh 3D-Mmoneni,
3aco0M BIPTYaJbHOTO BiOOpaXe€HHS Ta MOAyIi 300py
JIAaHWX TIpO HECHPaBHOCTI, HAalOTh 3MOTY peajli3yBaTH
MepexeBe MpaKTHYHE HAaBYaHHS /IS podeciiHoi ocBiTH
B aBTOMOOWNBHIM cdepi. IlomiOHi 3a mnpU3HAYEHHAM
pIIIEHHST 3aCTOCOBAaHO i B JIOTICTHINI 1 TPaHCIOPTHOMY
MEHEPKMEHTI, HacamIiepen yepes wiatdopmu
iMiTamiiHOTO MOAemoBaHHS Ha Kmrant AnyLogic i
Simio, sKki [JalOTh 3MOTY BIITBOPIOBATH POOOTY
JOTICTUYHMX  IEHTPIB, VYNpPAaBIiHHA pecypcaMu B
KPH30BUX CHTYaIlisIX 1 MOJENIOBAaHHS CKJIQJICBKUX
MIPOLIECIB.

Y  MDKHapogHOMY — KOHTEKCTI  BipTyasbHI
naboparopii po3risiIaloTh SK NU(POBI CepeloBUINA JUIS
HayKOBOTO  BIIKPHTTS, eKCIIEpUMEHTYBaHHI  Ta
YIPaBIiHHS JTOCTIJHUIBKIMHA pOOOYNMH IPOLIECaMH, 110
He oOMexeHo mmmie VR/AR, a BiiIrouae MOIYJbHI
inrepdeiicn 1o mmdpoBux ado (Gi3MIHUX KOMIOHEHTIB
[14, 15, 18]. Ile migTBepmKy€e MOULIBHICTH KOHIICTIIT
VirtLab sx mnnardopMmu, 0o iHTErpye pi3Hi THOH
BIpTyaJbHUX J1a0OpaTopiid, CUMYJISLIA Ta IHCTPYMEHTIB
aHaJI3y B €JMHY CKOCHCTEMY.

STEM-nigxomud It
TPaHCIIOPTHOT ray3i

STEM-ocBita, sKka iHTerpye HpUpOIHHUYI HayKH,
TEXHOJIOTIi, IHKEHEpilo Ta MaTeMaTHKY, CTa€ BaXKIMBHM
MArpyHTSIM gt GOpMyBaHHS ~ KOMIETEHTHOCTEH
MaiOyTHIX (axiBiB TpaHcnoprtHoi iHmyctpii. CyuacHi
JTOCTIDKCHHS T KPECITIO0Th HEOOXiTHICT
BUKOPHCTaHHS IHTEPAaKTUBHUX METOMIB, CHMYJSTOPIB
TPaHCIIOPTHUX CHCTEM, BipTyaJIbHHX Jaboparopii i
IIPOEKTIB Ha OCHOBI peaJbHUX KeiciB (omrumizamis

cuMyIsimii  y

MiATOTOBKH  (haxXiBIIiB

TPaHCIIOPTHUX  IIOTOKiB,  IUIAHYBaHHS  MapIIpyTiB
eJIEKTPOMOO1ITIB, po3yMHi cBiTiIoopu Tommo) [12, 13].
OcobnuBy yBary TIPUAIIEHO

MDKIUCITUILTIHAPHOCTI, Koy imkeHepHi, [T-, ekororiuni
Ta VIPaBITIHCBKI KOMIIOHEHTH TIIOEJHAHI B €IUHHUX
HABYANBHUX TMpOorpamMax, IO BiJMOBIZa€ MOIYIBHIHN
apxitektypi VirtLab. JlocBig MiKHapogHHX mporpam,
30KpeMa MariCTepChKOI MPOrpaMu IOABIMHUX TUTUIOMIB
«Crama  JoTicTHKAa Ta  YOPaBIiHHS  JIAHIFOTAMH
nocradanus», aky Ykp[AY3T peanizye cmoinbHO 3
University of the West of Scotland (UWS), nemoHcTpye,
mo iHTerpamis UUQPOBUX TEXHOJIOTIH, NPHHIMIIB
CTaJIOTO PO3BUTKY Ta pEabHUX BUPOOHWYHX 3aBIAHb €
KPpUTHYHOIO  JUIS  TIATOTOBKH  (axiBIiB, 3MaTHHUX

mparoBaTd B yYMOBax
iHdpactpykrypu [19].

I'myukict, MacmTaboBaHICTh 1 KOPHCTYBalbKa
OpIEHTOBAHICTh

VY cBiroBiii mpaktuui miardpopmu Ty VirtLab
PO3MIIAAIOTH SIK THYYKi, MacIiiTabOBaHiI Ta Opi€HTOBaHi
Ha KOpPHCTyBaya PIllIeHHS, sIKi JOMOMAaraloTh TEXHIYHUM 1
HETEXHIYHUM KOPHCTYBauaM CTBOPIOBAaTH, 3aIlyCKaTH I
aHaIl3yBaTH CUMYJISAIIT 0e3 HeOOX1IHOCTI
mporpamyBaHHs. lle 0COOMMBO BaXXJIMBO JUISI OCBITHIX
eKOCHCTEM, JIe BUKJIa/ladi, METOHCTH 1 37100yBadi MaroTh
Ppi3HMH piBEHb TEXHIYHOI IiATOTOBKH.

Taki mnardpopmu HIATPUMYIOTH MYJIBTHAT€HTHI
B3a€EMOJIii, MPOCTOPOBE MOJCTIOBAHHS Ta aIaNTHBHI
CIleHapii, 10 BIAKPUBAE HOBI MOXJIMBOCTI U
JIOCHI/PKEHHST KOMaHJHOI poOOTH, JIFOIMHO-MAIIUHHOL

BiIOYJOBM  TPaHCHOPTHOI

B3a€MOJii Ta CKIAQOHUX TPAHCIOPTHUX CHCTEM V
HABYAJTHHOMY CEpPEIOBHIIIL.
Hespaxaroun Ha YUCJICHHI JIOCHIIKEHHS

udpoBsizalii ocBiTH, BipTyasHHX Jiaboparopiii, STEM-
IaTGOpM 1 CUCTEM YIpaBIliHHS HaBYaHHSM, y HayKOBiH
JiTepaTypi BIACYTHS MIJIICHA MOJAETH III(PPOBOI OCBITHBOT
€KOCHCTEMH TpPaHCIIOPTHOTO Npodinro, sika 6 07HOYACHO

3abe3rneuyBaiga  MOAYJIBHY 1OOYJOBY  Pi3HOpiIHHX
U POBUX pecypcis (maboparopii, MOCIOHUKH,
MYJIBTUMEIIMHUA ~ KOHTEHT,  CHMYJATOPH,  TECTH,
JIOBITHAKHM); ~ IHTETpaIlilo TEOPETUYHOI, HPAKTHYHOI,

KOHTPOJIBHOT Ta KOHCYJIbTaliiHOI CKIaJOBUX IiATOTOBKU
B ME@XaX €JIMHOI apXiTeKTypH; MacITaboOBaHICTh Ha PiBHI
kadenp, QakyipTeTiB 1 3aKimamiB OCBiTH 0e3 3MiHH
6a3zoBoi crpykrypu. HasBHi pimenns — LMS (Moodle,
Canvas), cepBicu Ha kmrant Google Classroom, okpemi
BipryanbHi saboparopii Ta STEM-muathopmm —
BUPILIYIOTH JIOKaJbHI 3aBIaHHs, NMPOTE HE YTBOPIOIOTH
B33a€EMOIIOB'SI3aHO]  €KOCHUCTEMH IPAaKTHKO-OPIEHTOBAHOI
miaroToBky (axiBuiB TpaHcrmopTHOi Tamysi. Came Ha
MOJIONIaHHS 1€l MpOTaJMHW — dYepe3 pOo3pOoOJIeHHS Ta
OoOIpyHTYBaHHS ~ KOHHENUii  MoxynabHOI  IM(POBOI
OCBITHBOI ekocuctemu VirtLab — i cmpsimoBaHo 1Ie
JIOCIII IDKEHHS.

Busnauenns metu ta 3aBJIaHHs HOCJ’IiZ[)KeHHS[

HeoOximHicTh 3MiH y CHCTEMi IiATOTOBKH
(axiBIiB TPaHCIIOPTHOI Tady3li HAMKTYE HEOOXiIHICTH
udpoBoi TpaHcdopmarii OCHOBHHX TIpoIECiB
opraHizanii ocBiTHpOro mnpouecy. Ha cporomui mmmre
YIOCKOHAJIEHHSI OKpEeMHX IM(POBUX IHCTPYMEHTIB He
BIJINIOBiJTa€ Cy9acHUM BHMOTaM, 1 BiJIOBITHO MPHUHAHSATI
mporpamMu  Tak 3BaHOi  IuQpoBoi  TpaHchopmarii
OCHOBHHX OCBITHIX IPOIIECiB, sSIKi HacamIiepe]l HaliicHi
Ha ITi ABAIICHHS piBHA ABTOMATH30BaHOTO
oOciryroByBaHHS 3/100yBauiB, € HenocTaTHIMU. [Ipobiema
cy4acHHX NM(POBHX pilleHb MOJATae B TOMY, L0 3
PO3POOJICHHSAM CHCTEM YpaxOBYBaJl CTapi MiAXOIH, 3a
CTapoIO TEXHOJIOTI€I0, sIKa CHOTOJIHI HE BJIAIITOBYE PUHOK
Tpari.

MeToro poOOTH € TIOJJaHHS aBTOPCHKOI KOHIICIIIiT
udpoBoi OCBiTHROI ekocucTemu VirtLab, mo moeanye
BipTyadbHI  Jaboparopii,  €JIEeKTPOHHI  IOCIOHUKH,
MyJBTUMEIHHI HaB4YabHI pecypcH (Smart Video, Smart
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Audio), iHTEepaKTHBHI MOAYJi (CHMYJISITOpHU, KeHc-CTai,
TECTyBaHHs), €JIEKTPOHHY O0iOmioTeKy Ta J1OBiJKOBI
CepBICH, a TakKOX €JIIEMEHTH aBTOMAaTH30BaHOTO
KOHCYJIbTYBaHHS Ha OCHOBI INTYYHOTO IHTEJNEKTY B
€IMHOMY [M(POBOMY OCBITHBOMY IIPOCTOpPi 3aKiamy
BUIIOI  OCBITH  TpaHcmopTtHoro  mpodimo. s
BUIIPABJICHHSI CUTYaIlil 3aKJaJy BHUIIOI OCBITH IUIAHYIOTh
3aMiHUTH 130J1b0BaHi IUQPOBI pPINICHHS Ha CHUCTEMY 3
oprasizanii OCBITHBOTO HpOILECy, sika 0a3yBaTUMEThCS Ha
iHTerpanii 3 iHIIMMH YYaCHMKaMH OCBITHBOTO HPOLECY
(BUKIIaauiB, 3100yBauiB, aJIMiHICTPaTOPIB,
po0OTO/ABIIB) 1 € MEPCIIEKTUBHUM HAIpSIMOM PO3BHUTKY
IUQPOBUX OCBITHIX IIATGOPM, OCOOIMBUM HAMPSIMOM
SIKOT CTaHEe MOXIIMBICTh 3aMOBIISITH HE TLIBKH HaBYaJIbHI
Marepiand, a W iHmi mociyru (1abopaTopHi poOOTH,
TpeHaKepH, KOHCysbTalii, ceprudikamio). TobTo
3alUIaHOBaHO TIepexiy Big cucremu  «Po3MimeHHs
MarepianiB» 110 cucreMu «OCBITHBOTO CEpeOBHIIA» 3
aBTOMATH3aIli€l0 YChOT'O «IIPOLECY OpraHizalii HaBUYaHHS
— BiJ 3aiBKM HAa KypC JO MOXKJIMBOTO OTPUMaHHSI
ceprudikartay.

Jnst mocsTHEHHS TOCTaBiIeHOi MeTH B poOoTi
BUPILIEHO TaKi 3aBIaHHS:

e OOIPYHTOBAaHO TICNATOTIYHI 3acajd MOJEMTL
VirtLab momo cygacHux Teopiii HABYaHHS;

e OOIPYHTOBAaHO apXiTEKTypy Ta
o0y TOBH €KOCHCTEMH;

® OIMCAHO CTPYKTYPY ii OCHOBHHX MOJYJIB;

e chopMyIHOBAHO HayKOBY HOBU3HY
3aIIPOIIOHOBAHOTO IMiIXOY;

® [I0/IaHO TIPAKTHUYHY peaTi3alilo KOHIEMHINi Ha
6a3i YxplY3T;

e HaBEJCHO pe3yJbTaTH arpoodarii po3poOKu Ha
piBHI Kadenpu Ta B KOHTEKCTI MIKYHIBEPCHTETCHKOL
B3a€EMOZIT;

® OKpECIEHO 0OMEeXeHHS,
TIEPCIIEKTUBH PO3BUTKY €KOCHCTEMH.

Otxe, Ha CHOTO/HI JIISI KOMITJIEKCHOTO IIH(POBOTO
OCBITHBOTO CEpENIOBUINA 3 OIEPATHBHUM 3aJTy4YCHHSIM
MOTYXXHOCTEH, MOXJIHMBOCTEH 1 (haxiBLiB TPOdiLIEHIX
MATIPUEMCTB, opraHizamiii i ¢izuyHnx ocid HeoOXimHO
CTBOPUTH TIEBHI YMOBH, JI0 SIKUX HacamIiepes, HeoOXimTHo
BIJTHECTH pPO3POOJICHHS Ta 3alpoBa/DKEHHS TEXHOJOTIi
MIPOBEJCHHS OCBITHBOTO TIPOIECY 13 3aCTOCYBaHHSAM
MOJYJIbHOI €KOCHCTEMH B HAWKOpOTHI TEpMiHH 3
ypaxyBaHHSM  OCHOBHHUX  MNpHUHIMIIB  IH(pOoBOi
TpaHcdopmarii OCBITH.

OcHOBHA YaCTHHA JIOCIIJDKEHHS

Ilepexin Ha HOBHWIA piBEHb MIATOTOBKH (axiBIIiB
TPaHCIIOPTHOT raimysi norpedye 3aCTOCYBaHHS
HETPAJWIIHHUX JUIT OCBITHBOTO TIPOIECY TiIXOJIB,
OCHOBHOIO METOIO SIKMX € HaJaHHs KOMIUIEKCHOI ITOCITyTH
3 HaBYaHHS 33 MiHIMaJIBHMX BHUMOT JI0 3700yBadya.
Brinenns cucremu «OCBITHBOTO CEpelOBHINAY»  JUIS
MATOTOBKK  (PaxiBI[iB 3a CXEMOIO «BiIl Teopii [0
MIPAaKTHKW» IOTpedye HaJaHHS IIHPOKOTO Jiana3oHy
JIOJJATKOBHX  MOCHYT, AKi  HOTpiOHI y  cKiaxi
KOMIUIEKCHOTO HaBYAJIbHO-METOJMYHOTO 3a0e3IIeYeHHs.
B ocHOBI HOBOI cuCTeMH 3alpOIIOHOBaHAa CHCTEMa

MMPUHIUITN

PU3UKHU Ta

YXBaJICHHA piHIeHL, AKa JaCTb 3MOr'y 3HAa4YHO CKOPOTUTH
3araJlbHAM dYac Ha HaBYaHHA, CKOPOTUTHU HC TUIEKH
BUTpATH, MOB's13aH1 6€3HOC€p€HHBO 3 HaBYaJIbHUM
mponecoM, a 1 BUTpATU 3 HaAaHHA JOHAATKOBUX IOCIYT,

TaKUX SK JIOCTYIl IO BIPTyaJbHUX J1abopaTopii,
MATOTOBKAa 10 KOHTPOJNBHHUX 3aXOMdiB, OGOPMIICHHS
JTO3BUTBHOI JIOKYMEHTAIIll, TPOBEICHHS KOHCYIBTAIIMN,

30epiraHHs JaHUX Ta iH.

3ampornoHoBaHa KOHIEMIsT OU(PPOBOI OCBITHBOI
exocucremn VirtLab rpyHTroBana He Jinie Ha TEXHIYHUX 1
apXiTEeKTYpHHUX PIIICHHSX, a 1 Ha YiTKO chOpMYITbOBaHUX
TeJarorivHuX 3acanax. Ii mody/0Ba BiNOBifaE Cy4acHUM
TEOpisIM  HABYaHHSA,  30KpeMa  KOHCTPYKTHBI3MY,
COIIIOKOHCTPYKTHBI3MY, OCOOHCTICHO-OPIEHTOBAHOTO Ta
KOMITETEHTHICHOTO IJXOJiB, a TaKOX HPUHIUIIAM
3mimaoro (blended) i mpoexktHoro HaBuanus B STEM-
OCBITI.

KoHCTpYKTHBI3M 1 COIIIOKOHCTPYKTHBI3M

VY nentpi memaroriunoi momemi VirtLab nexuTh
imes, MO 3HAHHS HE NepelaHi 3700yBady B TOTOBOMY
BUTJISI, @ KOHCTPYHOBaHI HUM Yy TIpoOLECi aKTHBHOI
B3aeMoii 3 HaBYabHUM cepepoBunieM [20]. Bipryanshi
naboparopii, CUMyJISITOpH Ta KeWc-cTali, IHTerpoBaHi B

€KOCHCTEMY, CTBOPIOIOTH YMOBH JUIS JIOCIIAHHUIIBKOT
JUSUTBHOCTI,  €KCHEePHMEHTYBaHHS Ta  CaMOCTiHHOTO
BIZIKPUTTSL 3aKOHOMipHOCTEeH. 3100yBad HE MPOCTO
CHOXKMBAa€  TEOPETHYHUM  Marepiay, a  IUIaHye

EKCIIEPUMEHT, B3aEMOJIE€ 3 MOIEIUII0 TPAHCIOPTHOTO
IIpoLeCy, aHANI3ye pe3yJbTaTH, POOWUTH BHCHOBKH Ta
KOpETye CBOI YSIBJICHHS! HA OCHOBI 3BOPOTHOT'O 3B'SI3KY.

ComiOKOHCTPYKTHUBICTCBKMH MIAXiA peani3oBaHoO
yepe3 MOXKIUBICTh CHUTBHOI poOOTH HaJ Keicamu,
0oOroBOpeHHsT  pe3ysbTariB  J1abopaTopHUX  pOOIT,
BuKopHcTanHs (opymiB, uwariB 1 Al-momiunmka st
KOJIEKTMBHOTO TomyKy pimens [20]. Taka opranizamis
HaBYAIBHOTO  CepeloBUINA  cropuse  (GopMyBaHHIO
KOMYHIKaTUBHUX KOMIICTEHTHOCTEH, HABUUOK KOMaH/IHOI
po0OTH i KPUTHYHOTO MUCIICHHS, 10 € JTy’Ke BaKINBUM
Jutsl axiBIliB TPAHCIIOPTHOI TaTy3i.

KommerenTHicHul 1 0CcOOMCTICHO-OpiEHTOBAHHUH
miaxoan

MopnyneHa —apxitektypa VirtLab mae 3mory
peai3yBaTH KOMIETEHTHICHUH MiXi/, OpPI€EHTYIOUYNCH HE
JUIIe Ha 3acBOEHHA 3HaHb, a Ha (OpPMyBaHHA
npodeciiiHnX KOMIETEHTHOCTEH: YMIHHS IUIAHyBaTh
€KCIIEPUMEHT, 00pobIsaTH JlaHi, MOJEJIOBATH
TEXHOJOTIYHI  TPOLECH, YXBIOBATH OOIPYHTOBaHI
pimmenns [21]. Koxxen Moxyns exocucremu (Jraboparopis,
CHUMYJISITOp, KEHC, TeCT) Ma€e YiTKO BU3HAYCHI OUYIKyBaHi
pe3yibTaTd HaBYaHHS, MIO BIANOBIZAIOTH IIEBHUM
KOMITETEHTHOCTSIM ITPOQEeCciitHOro cTanmapry.

Oco0OuCTICHO-OPIEHTOBAHUH MMiIXiJ 3a0e3MmeYeHo
Gararo()opMaTHUM TOJIAaHHSAM MaTepialy: oiHa i Ta cama
TeMa MO)Ke OyTH IMoJaHa SIK TEKCT JICKIii, BiICONEKIIis,
ayTiOJEeKITis, Ke¥c-cTai, CUMYJISTOP, TECT,
KOMOIHOBaHHH MOIYJTh KM BKJIIOYAE JIEKIJIbKA
KOMITOHEHTIB (200 BCi pa3oMm), Lie Ja€ 3MOry 3100yBadam
BHOHMpATH TPAEKTOPII0 HAaBYAHHS BIAMOBIAHO 1O IXHIX
IHIUBITya bHUX CTWIB CHPUHHATTA iHGopMamii. Al-
MOMIYHUK  JIOJJATKOBO  IHAMBIIyalli3ye  HaBYaHHS,
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Ha/Ial0uy ITiJKa3KH, MOSCHEHHS Ta peKOMEHALlil 3aJIe)KHO
BiJl pIBHS MiATOTOBKH 3/100yBaya.

AXTHBHE, TPOOJIEMHE 1 TPOEKTHE HABYAHHS

AXTHBHE HaBYaHHS — OCHOBHHMH IPHHIMII
STEM-ocBiTH, 3a sKOro 3400yBadi 3aiydeHi MO
CaMOCTIHHOTO OBOJIOAIHHS 3HAHHAMU Ta YMIHHAMH Y
Iporeci akTUBHOI PO3yMOBOI Ta MPaKTHYHOI IisUTBHOCTI
[22]. V VirtLab meii npuHOmWI peanmizoBaHO dYepe3
IHTEepaKTHUBHI MOAYJIi, Jie 3100yBa4 HE MACHBHO CIIOKHBAE
KOHTEHT, a B3aEMOJI€ i3 CHUMYJSITOPOM, 3MIHIOE
rapamMeTpyd MOJEN, CIOCTEpirae HacliJK{, aHai3ye
pe3yibTaTH, a TaKoX dYepe3 JOCTIJHMIBKI 3aBIaHHS Y
BIpTyaJIbHUX TabopaTopisx, 10 OTpeOyIoTh
(opMyITIOBaHHS TiNOTE3, IUIAHYBAaHHS EKCIIEPUMEHTY,
300py Ta 0OpOOKY TaHHX.

[IpoGnemHe HaBUaHHS peali3oBaHO uepe3 Keiic-

crami, mo 0Oa3oBaHi Ha peaJbHUX Ipobdiemax
TPaHCIIOPTHOI Taiy3i, ONTHMIi3alii TpPaHCIIOPTHUX
MIOTOKIB,  YINpPaBIiHHI  CKJAQJICHKMMH  IIPOIECAMH,
IUTAaHYBaHHI MapmipyTiB, MyONiYHMX 3aKkyHiBIsSX Ha
TpaHCTOPTi TOmo. 3100yBadi CTHUKAIOTHCS 3 HEMOBHOIO
iHpopMamiero, HEOOXIAHICTIO aHali3y HOPMAaTHBHHUX
JIOKyMEHTIB,  yXBaJICHHAM  pilleHb B  yMOBax

HEBM3HAYEHOCTI, M0 HaOJIKae HaBYAJIBHHUN IIpoOLEC 10
peanbpHOi TpoeciiiHOi MiSUTBHOCTI, CTUMYJIIOE KPUTHYHE
MUCJICHHSI.

[IpoekTHe HaBuaHHS 3aKJaJeHO B  MOAYJb
KOHCTPYKTOpa KypCOBHUX 1 KOHTPOJBHHX pOOIT, e
3100yBadi  IMOCTIJOBHO  TPOXOISITH  Taki  €Talu:

BU3HAUCHHS TMpobiemMu — momyk iHdopmamii —
YXBICHHS pIMIEHHS — BUKOHAHHSI pO3PaxyHKiB —
odopMIIEHHS ~ TIOSICHIOBAIBHOI ~ 3allUCKM —  aHalli3
pe3ynbTaTiB — MOXKJIMBICTh BHIIPABJICHHS BHU3HAYCHUX
MIOMHJIOK —> TECTYBaHHS —> IIPE3EHTAIlisl pe3yJIbTaTiB.
AI-IOMIYHUK CYIPOBODKYE IF0 MisIBHICTH, HAIArOud
IiIKa3KK 3 BUOOpPY TeMH, POPMYIIOBaHHS METH, BHOOPY
JoKepe 1 ohOpMIIEHHSI pe3yJIbTaTy.

3wmimane (blended) HaBganHs

VirtLab peani3ye npuHIMITN 3MillIaHOTO HABYAHHS,
MOEJHYIOYM ACHHXPOHHY pOOOTY 3  EJNEeKTPOHHHMH
nocionukamu, Smart Video, Smart Audio, BipTyansHUMH
naboparopissMi  Ta CHHXPOHHY  B3a€EMOJII0  Yepes
BiZIcOKOH(epeHIlii, O00roBopeHHS KeHCiB 1 CHiJbHI
MIPOEKTH, OMHMcCaHi Bue. Taka opraHizamis aornomarae
e(eKTUBHO BUKOPHCTOBYBAaTH KOHTAKTHUH dYac JuIsi
MPaKTHYHUX 1 JAuCKyciiiHuX ¢opm poboTH, Tomi sK
TEOPETUUHHUN Marepian 3100yBau OIIPaIlbOBYE
CaMOCTIHHO B 3pYYHHH 1JIs1 HBOTO Yac.

STEM-miaxiz siK mefaroriyaa OCHOBa

VirtLab moOynoBaHo 3 ypaxyBaHHSM OCHOBHHUX
TIPHUHITUTIIB STEM-ocBitH: MIXKIUCITUTLTIHAPHICTB,
IHTEerpanis NpUPOJHUINX HAYK, TEXHOJIOTIH, IHKeHepil Ta
MaTeMaTuK{, AaKmEeHT Ha  IPAaKTUKO-OPi€HTOBAHUX
3aBIaHHAX 1 MpoekTax. Momylli eKOCHCTEMH TO€IHYIOTh
imkenepri, [T-, ekomoriumi Ta  yHIpaBIiHCBKI
KOMITOHEHTH, IO BiJOBIIa€ Cy4acHMM BHMOTaM ILOJIO
MiATOTOBKHM (paxiBIiB TPAHCHIOPTHOI ramy3i.

JocimKeHHs miATBEPKYIOTh, 10 BIPOBAPKCHHS
enemenTiB STEM-ocBiTH B miAroToBKY (haxiBIiB i3
TPAHCIIOPTHUX TEXHOJIOTIH 1 JIOTICTHKH CIIPHS€E PO3BUTKY

KPUTHUYHHUX 1 aHAIITHYHUX HABHYOK, 3a0X0Uy€ TBOPUYHMH
MOTEHIiaJl 1 MOTHUBYE [0 BHUBUCHHS MaTeMaTHYHHUX
muctmoria [12, 13]. Came Taki edekTH 3akiaaeHO B
apxirektypy VirtLab uepe3 BUKOpPHCTaHHS CHMYJIATOPIB,
BipTyaJbHUX Jlaboparopii i KeWciB, Imo MNOTpeOyroTh
3aCTOCYBaHHS MAaTEeMaTHYHHX MOJIENICH, 1H)KEHEpPHOTO
aHaJIi3y 1 TEXHOJIOTIYHUX PIllICHb.

JunakTudHi NpUHIMIN TOOYAOBH BipTyalbHHX
naboparopii

[enaroriune OOTpYHTYBaHHS BipTYyaJIbHUX
naboparopiii y ckiani VirtLab cnmpaerbess Ha 3araibHi

OUOAKTHYHI ~ Teopii  HaBYaHHS  Ta  IOJOXKCHHS
0COOHMCTICHO-OpIEHTOBAHOTO  Minxoxy.  BaximBumun
JIUJAKTHYHAMY PUHLUIAMY €:

e IHTEpaKTHUBHICTb — 3700yBad  aKTHBHO

B3a€EMOJIi€ 3 HAaBYAIbHUM CEPEJOBHUILIEM, a HE MacHBHO
criocrepirae;

e MOJCTIOBaHHA Ta Bi3yamisallii — CKJIaIHI
TEXHOJIOTIYHI MPOIECH TPAHCHOPTHOI rally3i BiITBOPEHO
Y 3pyYHOMY [UISI CIIPUHHSTTS BUTIISI;

® TIOCIiOBHICTh €TaIliB — BiJl BU3HAYCHHS METH
1 OUiKyBaHMX pE3YJIbTAaTiB Yepe3 EKCIIEpUMEHTAIbHUN
eTain JI0 aHali3y JJaHuX 1 peduiexcii;

e Oesrmeka Ta JOCTYNHICTH — MOXJIHMBICTh
BifmpaIroBaTi HeOe3neuHi abo pinkicHI omepariii 6e3
pU3MKy JUIs OONAJHAHHS Ta JIOACH HeoOMexeHa Hi
gacoM, Hi KijbKicTio [16, 17].

i mpuHOmnM 3a0e3nedyioTh HE JIMIIE TEXHIUHY

peamizamito BIpTyaJbHMX JabopaTtopid, a 1 ixHIO
Mefaroriuny  IHHHICTE  sIK  3aco0y  QopmyBaHHSA
npodeciiiHnX KOMIETEHTHOCTEH.

Orxe, menaroriyHe OOTPYHTYBaHHS  MOJENi

VirtLab nemoHCTpye, 10 3aIpOIIOHOBaHA €KOCHUCTEMa He
€ CYTO TEXHIYHHUM pIIICHHSM, a CTaHOBUTH LTICHY
JUIAKTHYHY MOJEINb, SIKa BIIIOBIIA€ CyYacCHUM TEOpisiM
HaBYaHHA  (KOHCTPYKTHBI3M,  COIIIOKOHCTPYKTHBI3M,
KOMIICTCHTHICHUI i 0COOHCTICHO-OPi€EHTOBAHUI
IiIX0AN), peaji3ye NPUHLUIN 3MILIaHOTO Ta IIPOEKTHOTO
HaBYaHHS, KPUTHYHO BaXJIMBI Uil mpodeciiHol
miarotoBku, Ta iHTerpye STEM-migxim sk OCHOBY Uist
(dopMyBaHHS MDKAWCIMIUIIHADHUX  KOMIIETEHTHOCTEH
¢axiBiiB TpaHCIOpTHOI ramysi. Came Take Ieaaroridae
miarpyarst Biapisase VirtLab Bin tpaguniiinnx LMS i
BY3BbKOCIICLIaJII30BaHMX  TPEHAXKEPIB, IEPETBOPIOIOYN
HOro Ha IOBHOLIHHY OCBITHIO €KOCHCTEMY, OPIEHTOBAHY
Ha (opmyBaHHsA TpodeciiHMX KOMIETEHTHOCTEH, a He
JIMIIE Ha NIepelaBaHHs 3HAaHb.

B ocnoBy konmenmii VirtLab moxmameHo ineto

€IMHOTO 1U(POBOTO MPOCTOPY, Yy LEHTpI SKOTO
nepeOyBae HE OKpeMHH HaBYAIBHUM Kypc UM
JUCLUIUIIHA, a caMma eKOCHUCTeMa SK IHTErpOBaHEe

cepenoBuie, mo oO0'eqHye pi3HOpigHI 3a (opmarom
OCBITHI pecypcH HaBKOJIO CHUIBHOI  apXiTeKTypH,
CIIUTBHOTO TIPUHIIMAITY HABIiramii Ta CIiIbHOI 0a3u MaHWX.
Ha Bigminy Big tpamumiiinoi LMS, ska oprazizye
HaBYaHHS «3BEPXy BHHU3» Bl Kypcy A0 MaTepiaiis,
VirtLab opranizoBanuii «Big Momyns». KoxkeH tum
udpoBoro pecypcey (raboparopist, HOCiOHUK, Biieo, TECT,
Kelc, CUMyJIITOp, ayAiomarepian, 0i0IioTeYHa OTUHUII,
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JIOBIJTHUK, 1HCTPYMEHT) € CaMOCTIHHHMM, YHIBEpCalbHUM
MOJyJIeM, SIKMH MoOke OyTH TpuB'S3aHMN 10 Oyab-sKOi
JUCLUITIIHY, KadeapH 9n GaKyIbTeTy.

ApXiTeKTypa EKOCHCTEMH Ma€ pajiajibHy, a He
iepapXiuHy CTPYKTYpy (PHCYHOK): y LEHTpi IepeOyBae
iatdopma VirtLab, sixka Bukonye ¢yHKnii €quHOi TOUKH
BXOJy, HaBiraimii Ta 30epiraHHs NaHWX, a HABKOJO Hel
posramoBaHi (YHKIIOHAJBHI MOAYJIi — BipTyalbHI
naboparopii, CJICKTPOHHI MOCiOHMKH, BifIcO-,

EnektponHi
nocibHUKH

Smart Video /
Smart Audio

Bipryanbhi
naboparopii

aymioMmarepiand,  KeWc-CTami, TECTH, CHMYJIATOPH,
eJIeKTpOHHa  Oi0yioTeka, JOBIIHWKH, IHCTPYMEHTH
KOHCTPYIOBaHHS HaBUYAJIFHUX 3aBJaHb. Taka moOymoBa
3a0e3medye JIOTIKYy «EAMHOTO BXOAY — MHOXHHHOTO

BUXOXIy»: 3400yBad i BUKIIaaa4 3BEPTAIOTHCS IO OJHOTO
noprany, a OTPUMYIOTb IOCTYI JI0 BCHOTO CIIEKTpa
OCBITHIX pEeCypciB He3aJeHO Bix (akyiabTeTy uHn
kadenpu.

| KoHcTpykTop
pooir

E-noBigHuKH

VirtLab

LMdpoBa 0CBITHS

eKocucremMa

E-6ibnioreka

TecTyBaHHs Ta

ceprudikatu

Puc. Panianeia apxitekTypa nudpoBoi ocBiTHROI ekocuctemu VirtLab

Crpykrypa mudposoi ekocucremu VirtLab

OyukIioHanpHO ekocucTema VirtLab cximamgaerses
3 MOJYJIB, y3aralbHEHY XapaKTEPUCTUKY SKUX HABEICHO
B Ta0m. 1.

CrpykTypa MoayIiB udpoBoi OCB’}:FHLOT €KOCHCTEMH
Vi%tLab

J1

Mopyab

IpuzHauenns

BipryanbHi naboparopii

BurkoHaHHS pakTUYHUX 1 1a00paTOPHUX POOIT B iHTEpaKTHBHOMY Bebhopmarti
6e3 IpuB'sI3KH 10 Pi3MYHOTO 00JIaAHAHHS

EnextponHi mociOHUKN
1abI0HOM

CamocrTiliHe BUBYEHHS TEOPETUYHOTO MaTepiay 3a yHipikoBaHUM HUPPOBUM
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Cumynsatopu BingnpamtoBaHHsI IPaKTHYHUX HABUYOK 1 BUPOOHUYMX OTIEpalliil y 6e3reaHomy
UG POBOMY CEPEIOBHIII

Smart Video [HTepakTHBHE Bijleo 3 BOYJJOBaHUMH 3aITUTAHHSIMHU, IiIKa3KaMH Ta
KOHTPOJIbHUMH TOYKaMHU

Smart Audio AynioHaBYaHHS JUIS CIIPUHHSATTS MaTepialy B aCHHXPOHHOMY Ta MOOLITEHOMY
¢dopmarax

Keiic-crani AHari3 pealbHAX BUPOOHWYIHMX CUTYaLil U1l PO3BUTKY NPHUKJIQJHOTO MUCIICHHS

Tectn i ceprudikarn

BararopiBHeBHi1 KOHTPOJIb 3HAHB i3 TAKMEPOM 1 aBTOMATHYHUM (POPMYBaHHAM
3BiTy B p&KMMaxX HaBYaHHS/KOHTPOJIb 3HAHb

Al-toMiYHHK
JTOKYMCHTIB

ABTOMaTH30BaHE KOHCYJIbTYBaHHA, HiZ[KaBKI/I Ta CprOBiH 3allIOBHCHHA

Enextponna 6i6mioreka

BingkpuTnii 1ocTyn 10 MiApy4YHHKIB, IIOCIOHHKIB 1 HABYAIBHUX MaTepialiB

E-noBignuku

[HTEepakTHBHI 10BiKOBI 6a3M 3 MONIYKOM, (QiIbTPALIIEIO Ta MOPIBHAHHAM JTaHUX

Koncrpykrop KypcoBux i

KOHTPOJIFHUX POOIT pobotn

ITokpokoBe hopMyBaHHS CTPYKTYpH Ta IHAWBIAyaJIbHUX 3aBAaHb CAMOCTIHHOT

JocTym 10 HOpMaTHBHO-TIPAaBOBHX
aKTIB

HpHMe MOCUJIAHHS HA YHHHI HOpMaTI/IBHi JAOKYMCHTH 3a TECMOIO Hi}_'[I‘OTOBKI/I

HaykoBa HOBH3HA 3aIpONOHOBAHOTO JIOCHIPKECHHS
TIOJISITa€ B TAKOMY:

— 3aIpOIIOHOBAHO ABTOPCHKY MOZAEIH MOIYJILHOI
mudpoBoi  OCBITHBOI ~ €KOCHCTEMH  TPaHCIIOPTHOTO
npodimo, ska o00'€aHye JadOpaTOpHUH NPAKTHKYM,
CJICKTPOHHMH MTOCIOHUK, MYJIBTUMENIHHUN 1 KOHTPOJIBHO-
OLIHIOBAJILHUH KOHTEHT Yy €OUHIA apxiTeKkTypi 3
paniagbHOIO CTPYKTYpOIO HaBirarii;

— 00rpyHTOBaHO iHTErpanio BipTyaJIbHUX
nmaboparopii 1 €JIEeKTPOHHMX TMOCIOHHKIB y Mexax
CHiBHOTO 1M(POBOrO MabIoHy, IO yCyBa€e PO3PHB MiX
TEOPETUYHOIO Ta TPAKTUYHOIO CKJIAJOBUMHM IiJrOTOBKU
(axiBis;

— 3alpONOHOBAHO E€IWHMN TNPHHIMII T00Y0BU
BipTyasbHUX Jlabopartopiil pisHnx kadenp i (akyabTeTiB,
mo 3abe3rneduye iXHIO B3a€MHY CYMICHICTH i MOKJIMBICTB
MTOBTOPHOT'O BUKOPHUCTAHHS IU(PPOBUX KOMIIOHEHTIB;

—  po3pobIcHO YHIBepCcaIbHUH mra0IoH
CJICKTPOHHOTO HABYAJIBHOTO MOAYJIS, TNPHIATHUHA [0
MacmTabyBaHHS Ha HOBI AMCHMIUTIHU Oe3 3MiHM 0a30BOi
apXiTEeKTypH;

— cdopMmynp0BaHO MoAenbs OaraTodopMaTHOTO
HaBUYaHHS, 32 SKOIO OJHA 1 Ta camMa HaBYaJbHa TeMa
OJHOYAacCHO MojaHa y ¢opMaTax TEKCTy, Bizleo, aymio,
CHUMYJISITOpA 1 TECTy, IO Aa€ 3MOTY BpaxoBYBaTH pi3HI
cTHIIl cpuiHATTA iHopManii 3700yBadamuy;

— oOrpyHTOBaHO pamiainbHy, a HE iepapxiuHy
apXIiTeKTypy IMQPPOBOTO OCBITHBOI'O CEpPEAOBHUINA: Ha
BiMMiHY Bin Tpamumiiiaoi mns LMS cTpykrypu «3axmap
— (hakynbpTeT — Kypc — TIDKAEHb — pecypey, y VirtLab
3100yBay 3BEPTAETHCS JI0 €MHOI TOUKH BXOJY (IIOpTay)

1 BUOMpae MOaynb 3a TEMOIO YM HAaBHUYKOIO, a HE 3a
HAJISKHICTIO 10 KOHKPETHOTO KYpCY;

— 3alpONIOHOBAHO BIIKPUTY, a HE 3aKpUTY
MOJIeTIb €KOCHCTeMH: apxiTekrypa VirtLab momyckae
MIIKTIOYCHAS  CTOpoHHIX LMS, 0i0mioTeyHnx cucreMm,
BigeomarpopM 1 TpEeHaXepiB SAK  MOAYJIB, IO
nieperBopioe VirtLab 3 okpeMoro nporpaMHoOro mpoayKTy
Ha 1wiatgopMy  iHTerpamii  pi3HOPIAHMX  OCBITHIX
pecypciB.

3arpornoHoBaHa KOHIIETILS pealli3oBaHa y BUTIISII
nmiroyoi 1mppoBoi OcBiTHROI ekocuctemu «BiptJlad
YxpAY3T», JIOCTYTHOL 3a aJpeCor0
https://virtlab.kart.edu.ua/. Came wus mnarpopma €
€KCIIEPUMEHTAIILHOIO 0a3o10 IS ampoOarii
apxXiTeKTYpHHUX  pillleHb, MOJYJNBHOTO  Miaxomy 1
U(POBUX OCBITHIX CEPBICIB, ONMMCAHUX y CTATTI.

Konmenmiss ~ peanizoBana  He  Jumie  Ha
TEOPETUYHOMY DiBHI, a 1 Y BUIISAL Jif090ro IU¢poBOro
npoxykry. Y Mexax 1mpoekty VirtLab VYixpAY3T
PpO3p0o0ICHO Ta BIPOBAHKEHO:

— ronoBuud mopran BiprJlab YxpAY3T —
€IMHY TOYKY BXOJY JIO OCBITHIX HAampsMiB, €KOCHCTEMH
MO/IYJiB, PO3/IUIIB TTAPTHEPCTBA Ta LIEHTPY IPOEKTIB;

— JIeMOHCTpauiiHuH udpoBuit OCBITHIH
moypym DemoLab, sxuii nae B omHomMy wMicui Bei
¢dopMaTH TOmaHHA HaB4aJdbHOro wmarepiamy — PDF-
MiAPYYHUKHM,  IHTCPAaKTHBHI  €-JIEKIi,  BiICOJNEKIIl,
ayTioJeKIIl, cMapT-Bijzico, KOMOIHOBaHI JIEKIIiT,
BipTyanbHi Al-acucTeHTH 1 Keic-ctaai — Ha TPUKIAIL
OJHI€T TeMH, IO YHAOYHIOE INPHHIMII «OJHA TeMa —
KiJIbKa croco0iB ii Mmi3HaTHY;

— cepiio BIpTyaJIbHUX nabopaTopii i
CJICKTPOHHMUX TMOCIOHWKIB must  Kadenp dakynbreTy
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YOpaBIiHHA IIpoleCaMHd TepeBe3eHb 1  MEeXaHiKo-
SHEepreTHYHOro (akyJIbTeTy, MOOYIOBaHUX 3a €INHUM
UG POBUM IIA0IOHOM;

— okpemi STEM-momymi Ta  iHTepakTHBHI
JIOBIZTHUKH, IHTETPOBaHi B 3arajlbHy CTPYKTYpy HOpTaly;

— MeEXaHI3MH IIOJAaHHS 3asBOK Ha IHIIIFOBAHHSI
HOBHUX JIaboOpaTopiil i CUMYJISITOPIB 1 EHTP MOHITOPHHTY
peai30BaHMX i TOTOYHHX MPOEKTIB €KOCHCTEMH.

[Mpuanmn eguHOro nMGPOBOTO MIAOIOHY BXKE
MATBEp/PKEHO Ha PIiBHI  KOHKPETHHX  HaBYAIBHHUX
JCLUITIIH KUTBKOX Kadenp 1 (paKyiIbTeTiB YHIBEPCUTETY:
3a €IMHOI0 MOAYJIBHOIO JIOTIKOIO PO3p00IIEHO MOBHOIIHHI
npeaMeTHI nudpoBi mIaThopMu, KOXKHA 3 SIKUX OXOILTIOE

MPAKTUYHO BECh IUKJ MJrOTOBKA — BiJl JICKIIHHOTO
Marepiaiy 0 CaMOCTiIHHOI Ta KypcoBoi poooTH (Tabi. 2).

[Mpukiaagn npeaMeTHUX TU(GPOBHUX IUIATPOPM, peati3oBaHuX y CKiaji ekocucreMu VirtLab

HaBuanabHa agucnumiIina

PeastizoBani Mmoay.ii Ta ix o6csir

[TyGuiuni 3aKymiBii HAa TPAHCIIOPTI

15 inTepakTrBHUX JNekii; moHax 30 keiic-ctami; moHax 30 cMapT-BiAeo; MOHAT
30 ayniomarepialiiB; BiciM iHTEpaKTMBHHUX IPAKTUYHUX POOIT; BiciM
CHUMYJIATOPIB; IHTepaKTUBHA 010Ti0TEKa; aHATITHIHO-OCBITHIN OJIOK
«HoBuHMY»; KOHTPOJIbHA po0O0Ta; TECTH; CICKTPOHHU MOCiOHUK; ToHaa 20
METOJMYHUX BKa3iBOK

Opra#ni3ailisi BAKOHAHHS BAaHTXKHIX
ormepartii

BiciMm iHTepaKTHBHHX MPAKTHYHHUX POOIT; CUMYIISATOD; IHTEPAaKTUBHUHN OJIOK
KOHCTPYIOBaHHSI KypCOBOi pOOOTH 3 BUKOPUCTaHHIM Al-TIoMiuHMKa;
iHTepakTHBHA 0i0MiOTeKa; MOHA 30 METOAMYHIX BKA3iBOK; BiCIM
IHTEpaKTUBHUX JOBIIHHKIB; TPUPIBHEBUH IHTEPaKTUBHUHA TECTOBUI MOIYJIb

Cucremu CHCPICTUYHOT'O
MCHCI’KMCHTY

15 iHTepaKTUBHMX JIEKILi{; YOTHPH CUMYJISITOPH; IHTEPAKTUBHHIN OJI0K
KOHCTPYIOBaHHSI KypcOBOi poOOTH 3 BUKOpHCTaHHAM Al-niomiunuka; Tectw; 15
IHTEpPaKTUBHUX HMPAKTUYHUX poOiT; moHax 10 MeToquYHNX BKa3iBOK

Juctmrutian kadenpu
«TernoTexHika, TETUIOB] TBUTYHH Ta
C€HEPreTUIHUI MECHEKMCHTY

noHax 10 rabopaTopHUX poOiT; 1Ba €IEKTPOHHI IHTEPAKTHBHI TOBITHUKA

OOMeskeHHs Ta pU3UKH BIIPOBAPKCHHS

O0'exTnBHE OLIIHIOBaHHS 3aIpOIIOHOBAHOT
KOHIIETIii MOTpeOy€e YiTKOTO OKPECICHHS ii IMOTOYHHUX
oOMeXeHb 1 PpU3MKIB, SKI BH3HAYalOTh HANpsIMU
MOJJaJIbIIIOT POOOTH HaJl IIPOEKTOM:

— oOmexeHa BuOipka ampoOamii: Ha ChOTOAHI
€KOCHCTeMa TPaKTHYHO BIPOBAPKEHA B MEXaX KIIBKOX
kadenp nBox ¢akynbreriB Ykp/lY3T, Tomy BHCHOBKM
1po 1i e()eKTUBHICTH NOKM HE MOXHA EKCTPAIOIIOBATH HA
BECh 3aKJIaJl OCBITM YW Ha IHIN YHiBepcuTeTH 0e3
JIOJIATKOBOT TTEPEBIPKH;

— BIJICYTHICTb TPHUBAJIIOrO MOHITOPUHTY
pe3ynbTaTiB  HaBYAaHHs:  HasgBHI  JaHi  ampoOamii
BiZJOOpaXKaroTh TO3UTHUBHE CIPUHHATTS pPO3pOOKHM Ha
piBHI Kadenpu Ta OKpeMHX 3yCTpiued 3 IHIIUMH
3aKjaJaMu, IpPOTe€ KUIBbKICHI TTOKa3HWKW BIUIMBY Ha
YCHINIHICTh 1 KOMIIETEHTHOCTI 3100yBaviB HPOTATOM
KUTPKOX HaBYAIBHUX ITUKITIB IIIe HE 310paHo;

— TEXHiIUYHI OOMEXCHHS: TOBHOIIHHA poOoTa 3
IHTEpaKTUBHUMH  JIabOpATOPiSIMH, CHUMYJISITOpaMH  Ta
MYJBTUMEIIMHUM KOHTEHTOM TOTpedye CTabiIbHOTO
JIOCTYILY /10 iHTEPHETY 1 I0CTaTHBO NOTYKHUX HPHUCTPOIB,
0 HE 3aBXIHW rapaHTOBaHO B YMOBaX BOEHHOI'O CTaHYy,

nepeboiB 3 ENEKTPONOCTAYaHHSAM YH  OOMEXKEHOI
MarepialbHO-TeXHIYHOI 6a3u 3100yBadiB;
—  motpeba T ABUAIINTH uQpoBy

KOMITCTEHTHICTh BUKJIAAadiB: €(eKTHBHE HAIOBHEHHS 1
CYIIPOBIJl MOJYJIiB €KOCHCTEMH (CTBOPEHHS E€IEKTPOHHUX
mociOHuKiB, Smart Video, kelic-ctanmi, HaJamTyBaHHI
TECTIB) motpebye BiJl HAYKOBO-ITCAAarOTi9HUX
MPAiBHUKIB JOJATKOBUX MU(PPOBUX HABUYOK 1 Yacy I
CHUCTEMHOTO METOJMYHOTO CYNpPOBOAY Ta IiJBUILCHHS
KBaITi(hiKarrii;

—  pU3MKM, TOB'3aHi 3 pO3BUTKOM  Al-
CKJIAZIOBOi: pO3IMpeHHsT (yHKIioHaTy Al-omMiyHnKa
norpedye BHBaXEHOTO IMIAXOAY JJIsI JOCTOBIpPHOCTI
KOHCYJIbTAIliif, aKaJeMidHOI NOOpPOYECHOCTI Ta 3aXHCTY
MIepCOHATILHUX JaHMX 3100yBayiB.

i oOmexeHHs He 3alepedyioTh MPAKTHYHY
migHicTh  KoHmemmii  VirtLab, mpore okpeciroroTh
peayicTHYHI MeXi IMOTOYHMX BHCHOBKIB 1 MaioTh OyTH
BpaxoBaHi ISl IIaHyBaHHsI MOJaJIbIIOr0 MacIITa0yBaHHS
eKOCHCTEeMH Ha HOBi Kadenpu, (akyJIbTeTH 1 3aKiaan
OCBITH.

[epcniekTuBHM PO3BUTKY

INomanpmuii  pO3BUTOK  E€KOCUCTEMU
repet0aYeHU 3a TAKUMH HaIIPSIMaMH:

VirtLab
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—  posmwmpenHs (yHkuionary Al-momidanka 1o

pPIBHS  THOBHOIIIHHOTO  IHTEJIEKTYaJbHOTO  THIOTOpA,
3MATHOTO  IHJMBIIyali3yBaTH TPA€EKTOPII0O HaBYAHHS
3100yBaya;

—  BIOPOB3PKEHHS  TEXHOJOTIH  BipTyanbHOI

(VR) i1 pomnoBHenoi (AR) peanpHOCTI Asl OKpEeMHX
712a00paTOPHUX 1 TPEHAKEPHUX MOJYIIIB, IO MOTPEOYIOTH
IIPOCTOPOBOI Bizyaizallii BADOOHUYMX MPOIIECIB;

—  ¢opmyBaHHs KOHIENII] [(POBOro Kammycy
SK JIOTIYHOTO PO3IIMpEeHHs ekocucremn VirtLab Ha
PiBEHB YCHOTO 3aKJIay OCBITH;

— apamramis  apxitektypu  VirtLab s
BUKOPDHCTaHHS IHIIMMM 3aKjaJaMd BHUINOi  OCBITH
TPAHCIIOPTHOTO 1 TEXHIYHOTO MPOdiITio;

—  CTBOPEHHS MDKYHIBEPCHUTETCHKOI  Mepexi

BIpTyaJbHUX Jlaboparopiif, IO AacTb 3MOTY CIUIBHO
BUKOPHCTOBYBAaTH LU(POBI OCBITHI pecypcH KiTbKOMa

3aKjIagaMd = OCBITH B Me)KaX  HaIlOHaJIbHOI  Ta
MDKHaApOJHOI cHiBIpari.
[i HampsMH BH3HAYAIOTH  JOCTIAHUIBKY 1

MIPOEKTHY MEPCIIEKTHBY MOMAIBIINX ITyOJiKalii, a TakoX
¢dbopMyroTh MAIPYHTS Al ydyacti mpoekry VirtLab y
HaiOHATBHUX 1 MDKHAPOAHUX TPAHTOBUX IpOrpamax,
OpIEHTOBAaHMX Ha LM(POBI3AII0 OCBITH 1 PO3BUTOK
IHppacTPyKTypH yHIBEPCHUTETIB.

Asmopceka  komyenyis  poszeumky VirtLab. B
OCHOBY TIO/IQNIBIIOTO PO3BUTKY ekocucremu VirtLab

MOKJIAJICHO  CHUCTEMY TIPHHIMIIB, C(HOPMYIbOBaHUX
aBTOPaMH SIK KOHIIETITyaJIbHa OCHOBA IPOEKTY:
l.IlpyHIMO MOAYNBHOCTI — KOXKEH OCBITHIH

pecypc € caMOCTiHHWM, HE3aJIC)KHUM MOMYJIEM, SKUH
Moxke OyTH [IOIaHWiA, 3aMiHCHHH a0o0 OHOBICHWIA 0e3
MIOPYIIEHHSI pOOOTH BCi€i eKOCHCTEMH.

2.IIpuanmn 6arato)opMaTHOTO HABYAHHS — OJHA
HaByYaJIbHA TEMa OJHOYACHO IT0JIaHa y (opMaTax TEeKCTy,
BiJICO, ay/i0, CUMYJISITOPA 1 TECTY.

3.IlpuHunn iHTEpakTHBHOCTI — 3700yBay €
aKTHBHUM YYaCHMKOM OCBITHBOTO TIpollecy, a He
MTaCHBHHM CIIO’KUBayeM KOHTEHTY.

4 TlpuHmn MIPaKTHKOOPIEHTOBAHOCTI —
MIPIOPUTET HAJAHO MOAYJISIM, IIO BiITBOPIOIOTH peajibHi
BUPOOHMYI cuTyanii Ta oneparii.

S5.I0puHnmn  macmTaboBaHOCTI —  JI0JIaBaHHS
HOBUX Kadenp, (akynbTeTiB 4M 3aKJIajdiB OCBITH HE
norpedye neperisiay 6a30Boi apXiTeKTypH.

6.IlpuHINMT  MDKIMCUMIUTIHAPDHOCTI —  MOJIYJI
€KOCUCTEMH TPHUJIATHI 10 BUKOPHCTAHHS B MEXaX Pi3HUX
crHeniabHOCTEH 1 ramy3eil 3HaHb.

7. IlpuHOnn BigKpUTOI iHTETpamii — apXiTeKTypa
VirtLab nomyckae miAKIIOYEHHS CTOPOHHIX CepBiCiB,
30kpema LMS, 06i0mioTeynnx cucreM 1 3aco0iB
BiJICO3B'SI3KY.

8.IIpHHIUIT TOBTOPHOTO BUKOPUCTAHHS HU(PPOBUX
pecypciB — po3pobneHuit MOAyNb (MabIoH MOCiOHWKA,
nmaboparopii uu  TecTty) Moxke OyTH  TOBTOPHO
3aCTOCOBAHHU JIJIS 1HIOT AUCIUTLTIHY 9H Kadenpu.

Came mi mnpuHOMIIM, a HE OKpeMi TeXHiuHi
pIIICHHS, CTAHOBIATH KOHIENTYAIbHE SIPO MPOEKTY 1
Bimpi3Hsiforh  VirtLab  Bim  ommcy — KOHKpPETHOTO

MPOTPAMHOTO TPOAYKTY: BOHH (POPMYIOTH MOJIENb, SKa
MoOXe OyTH BIATBOpEHAa Ta aJanToBaHa IHIIUMH
3aKjaJaMd OCBITH HE3alIeXHO BiJl iXHBOI Taxy3eBOl
crerjiamsanii.

BucHoBkn

VY crarTi mogaHo Ta OOIPYHTOBAaHO AaBTOPCHKY
KOHIICTIIIIF0O [HU(QPOBOi OCBITHBOI ekocucTemu VirtLab,
po3pobneny Ha Kadeapi YHpaBliHHS BaHTaKHOIO 1
KOMEpLiHOI0 po00TOI0  YKpPaiHCHKOTO  JAEp’KaBHOTO
YHIBEPCUTETY 3aJi3HUYHOTO TpaHCTIOpTy. CTBOPEHO HOBY
MOJIeTIb  OpraHizamnii Iu(poBoro HaBuaHHS, s5Ka, Ha
BiIMiHY BiJ] TPAIUIIIHHUX CHCTEM YIPABIiHHS HAaBYaHHSIM
1 TOONMHOKMX BipTyanpHuX Jaboparopii 1 STEM-
iaTdopm, TIOETHY € MPaKTHYHY, TEOPETHYHY,
KOHTPOJILHO-OILIHIOBAIBHY Ta KOHCYJIbTAIlIfHY CKJIaJ0Bi

MATOTOBKK (aXiBIsg B MeXaxX €IUHOI MOIYJIBHOI
apxXiTeKTypH.
[TinTBepmKEHO HMPAKTUYHY peaizamniio

KOHLIeNIii: po3poOsieHo rojoBHMH mnopran BiprJlabd
YxpAY3T, nemoncrpaniiinuii moypym DemoLab, cepito
BIpTyaJbHUX J1a0OpaTOpiii Ta ENEKTPOHHHUX IOCIOHHKIB,
IO OXOIUIIOIOTH  Kimbka Kadeap 1  daxynbTeriB
yHiBepcuTeTy. Po3poOKy cxBasieHO Ha 3acifaHHi Kadeapu
Ta PEKOMEH/IOBAHO JUII BHKOPHCTAaHHS B OCBITHBOMY
Iporieci, a HaJaHHS KOHICMIIii IHIIMM 3aKiiaJaM BHUIIO1

OCBITH  3aCBIIYMIIO  3aIliKaBICHICTh Y  IMONAIBIIIH
criBIpart.

IToka3zano TIEPCIICKTUBU MaciTaOyBaHHS
€KOCHCTEMH B  HampsMaxX [ITYYHOTO  iHTENCKTY,

BIpTyaJbHOI Ta JIOMOBHEHOI pPEAIBHOCTI, IH(pPOBOrO
KaMIIyCy Ta MiKyHIBEpCHTETCHKOI Mepesxi Jraboparopii.
Bukiianena KOHIENIIist BBOIUTE Y HAYKOBHUIT 00T MOHATTS
«umndpoBa ocBiTHI ekocucrema VirtLab» sk camoctiiiHy
MOJIeTIb OpraHi3anii Hu(PpPOBOro HaBYAHHS 1 CIIyTyBaTHMe
MEPILIOIKEPETIOM IS MOJAJIBIITHX Iy OJTiKaIIii,
MIPUCBSIYCHUX OKPEMHUM J1a00OpaTopisiM, ENeKTPOHHUM
nocionukam, STEM-momynsM 1 QyHKOiSIM IITYYHOTO
IHTEJIEKTY B MEXaxX LbOTO IIPOEKTY, & TaKOXX OCHOBOIO
JUI THATOTOBKM TPAHTOBUX 3asBOK, CIPSIMOBAaHMX Ha
PO3BUTOK IIM(POBOI iHYPACTPYKTYPH YHIBEPCHUTETY.

Buecox asmopis

IleBuenko B. I. — ines konmermii VirtLab,
pO3poONeHHs  apXiTeKTypn  mU(ppPOBOi  OCBITHBOL
eKOCHCTEMH, HAallMCaHHsI OCHOBHOI YAacCTHHH TEKCTY
CTaTTI.

JlaBpyxin O. B. — HaykoBe KOHCYJIbTyBaHHS,
METOJIOJIOTIYHE 0OIpyHTYBaHHS JIOCITLIPKeHHS,
penaryBaHHs TEKCTY, y3araJbHeHHS pe3yJIbTaTiB.
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Shevchenko V., Lavrukhin O. VirtLab: A Modular
Digital Educational Ecosystem Concept for
Professional and STEM Training of Transport
Industry Specialists

Abstract. The rapid digitalization of higher
education intensifies the need for a unified digital
educational environment capable of combining practical
training,  self-directed  learning, and knowledge
assessment within a single space. Existing solutions —
learning management systems (Moodle, Canvas), services
such as Google Classroom, and individual virtual
laboratories and STEM platforms — address local tasks
but do not form a coherent, interconnected ecosystem for
practice-oriented professional training. The aim of the
study is to provide a pedagogical rationale for, and to
present the architecture, design principles, and practical
implementation of, VirtLab as a modular environment
that  integrates  virtual laboratories, e-manuals,
multimedia resources (Smart Video, Smart Audio), and
interactive educational resources (simulators, case
studies, testing), together with an electronic library,
reference modules, and elements of Al-based automated
consultation. The pedagogical foundation of the model
draws on constructivism, socio-constructivism,
competency-based and learner-centered approaches, as
well as the principles of active, problem-based, project-
based, and blended learning within STEM education. The
scientific novelty lies in the following: an original model
of a unified modular principle for structuring
heterogeneous digital educational resources within a
single ecosystem is proposed, together with a universal
template for an e-learning module that allows the same
educational content to be presented in multiple formats.
The practical implementation is represented by the main
VirtLab UkrDUZT portal (virtlab.kart.edu.ua), the
DemoLab demonstration educational showroom, and a
series of virtual laboratories and e-manuals covering
several departments and faculties of the university. The
development has been reviewed and approved at a
department meeting and recommended for use in the
educational process, the concept has been presented to
other higher education institutions, which expressed
interest in further cooperation. The limitations of the
current approbation are outlined (a limited sample of
departments, the absence of long-term monitoring of
learning outcomes), along with prospects for the
ecosystem's development in the areas of artificial
intelligence, virtual and augmented reality, a digital
campus, and an inter-university network of laboratories,

which forms the basis for further scholarly publications
and grant initiatives.

Keywords: digital education, virtual laboratory,

STEM, interactive learning, digital educational
ecosystem, e-manual, modular learning, transport
education, digital transformation, competency-based

approach, artificial intelligence in education.
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System model of intelligent power supply management of transport infrastructure

Abstract. The article considers the problem of formalizing the structure of intelligent transport infrastructure
power supply management systems at the design stage. It is shown that the traditional approach to designing transport
power supply systems, based on deterministic calculations of expected loads for a fixed set of operational scenarios, is
methodologically limited, since it does not take into account the dynamic nature of the interaction of infrastructure
elements, the probabilistic nature of load and generation fluctuations, as well as the need for operational adaptation of
management decisions to changing operating conditions. The feasibility of using a systems approach to build a
formalized model of an intelligent system that integrates the sensory, analytical, management and executive levels is
substantiated. A generalized model of the system is developed in the form of a tuple that describes input parameters,
internal states, output control decisions and transition and decision-making functions. A multi-criteria objective
function for optimizing design solutions is proposed, which reconciles the economic, reliability and environmental
components, as well as the reliability index of the system with the redundancy of power supply sources. The practical
value of the proposed model for projects to restore damaged transport infrastructure in the conditions of post-war
development is shown, in particular for substantiating decisions on capacity redundancy and integration of distributed
and renewable energy sources. The limitations of the model associated with the quality of input data and the need to
calibrate the weight coefficients of the objective function to specific project conditions are outlined, and the prospects
for further research on automated tuning of model parameters based on accumulated operational data are also
identified. The proposed approach can be used as a methodological basis for designing intelligent transport
infrastructure power supply systems under conditions of increased uncertainty.

Keywords: intelligent system, transport power supply, system model, design, decision support, multi-criteria
optimization, post-war recovery.

Problem statement.

Modern transport infrastructure is increasingly
dependent on reliable and efficient power supply, which
includes traction and transformer substations, contact
network, distributed generation facilities, energy storage
systems and charging infrastructure for electric transport.
The complexity of such systems increases proportionally
to the number of interconnected elements, the
heterogeneity of load regimes and requirements for
uninterrupted supply, which is especially relevant in
conditions of damage or partial destruction of energy and
transport infrastructure facilities.

The traditional methodology for designing
transport power supply systems is based mainly on
deterministic calculations of expected loads for a fixed set
of  operational  scenarios. This  approach is
methodologically limited, as it does not take into account
the dynamic nature of the interaction of system elements,
the probabilistic nature of load and generation
fluctuations, as well as the need for operational adaptation
of management decisions to changing operating
© TROIANIVSKYI V. 1., 2026

conditions. The result is understated flexibility of design
decisions, insufficient system resilience to emergency
situations, and limited possibilities for integrating
renewable energy sources. The key difficulty lies in the
lack of a formalized system model that would combine
the technical, informational, management, and
environmental components of an intelligent power supply
system into a single, consistent description suitable for
use at the design stage.

The problem of formalizing the system description
becomes particularly acute in the context of armed
aggression against Ukraine, when energy infrastructure
facilities that supply transport systems are subjected to
targeted and repeated damage. Unlike planned equipment
decommissioning, combat damage is characterized by
unpredictability of the moment of occurrence, spatial
correlation (simultaneous damage to several facilities
within one energy zone) and cascading impact on adjacent
network elements, including transport infrastructure
powered by damaged substations. Under such conditions,
deterministic load calculation, calculated for peacetime
operation, loses its practical applicability, since it does not
provide mechanisms for operational load redistribution
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between the surviving sources and backup power supply
channels. This increases the need for a system
management model that is capable not only of formalizing
the regular mode of operation, but also of ensuring the
adaptation of control decisions to the conditions of partial
or complete loss of individual infrastructure elements.

Analysis of recent research and publications.

The issue of applying a systems approach to the
design of technical facilities, as well as the development
of intelligent transport power supply management
systems, has been considered in the works of domestic
and foreign researchers in the fields of systems theory
[1], electric power engineering, and the concept of
intelligent power supply networks (smart grid) [4]. At the
same time, the issue of a formalized system description of
an intelligent power supply management system at the
design stage of transport infrastructure, in particular in
the context of post-war restoration of damaged facilities,
remains insufficiently developed and requires further
research.

Modern research demonstrates the rapid growth of
interest in intelligent energy management systems and
their role in ensuring the resilience of critical
infrastructure. Thus, in [6], the integration of an
intelligent energy management system with Internet of
Things and cloud computing technologies to improve the
efficiency of demand management in smart grid networks
is considered, which confirms the relevance of the multi-
level architecture of data collection and processing, which
is embedded in the proposed model. In [7], the role of
artificial intelligence and machine learning in increasing
the resilience of energy systems to extreme external
influences is substantiated, which is consistent with the
need to take into account the probabilistic nature of
damage when designing transport power supply systems.
Works [8] and [9] directly address the context of post-war
reconstruction of Ukraine: the first proposes an approach
to the reconstruction of Ukrainian cities and management
systems on the basis of sustainable development, the
second, with the participation of Ukrainian researchers,
substantiates a model for the restoration of Ukraine's
energy supply on the basis of safety, economic feasibility
and decarbonization. At the same time, the analysis of
modern research shows that existing scientific approaches
are mainly focused on individual aspects of intelligent
power system management (load forecasting,
optimization of operating modes, application of Smart
Grid technologies or artificial intelligence) and do not
provide their integration into a single formalized model
suitable for substantiating design decisions regarding
transport infrastructure power supply systems. Unlike
known approaches, this study proposes a generalized
system model that combines sensory, analytical,
managerial and executive levels in a single
mathematically formalized description, and also integrates
a multi-criteria mechanism for supporting design
decision-making taking into account economic, reliability

and environmental criteria in conditions of uncertainty
and post-war restoration of transport infrastructure.

In the railway sector, reliability and safety
requirements for critical infrastructure systems are
commonly structured according to the RAMS framework
defined in EN 50126 [10]. The standard establishes
principles for specifying, assessing and demonstrating
reliability, availability, maintainability and safety
throughout the system life cycle. The proposed intelligent
power supply management model is consistent with the
RAMS approach because it incorporates reliability
assessment, redundancy analysis and risk-oriented
decision-making at the design stage.

Risk-oriented approaches are also actively applied
in railway infrastructure management. In particular, the
methodology proposed by Trofimov et al. [11] for railway
signaling systems is based on the assessment of
operational risks and the evaluation of technical system
performance under uncertainty. The results confirm the
effectiveness of integrating reliability indicators and risk
assessment procedures into decision-support mechanisms
for transport infrastructure management.

Highlighting previously unresolved parts of the
general problem. The analysis of the reviewed sources
shows that, despite significant achievements in the field of
integration of intelligent energy management with
Internet of Things and cloud computing technologies [6],
the use of artificial intelligence and machine learning to
increase the resilience of power systems to extreme
impacts [7], as well as models of post-war restoration of
Ukraine's energy and transport infrastructure [8, 9],
researchers have not paid attention to a number of
interrelated issues that directly relate to the design stage
of transport power supply systems.

Firstly, there is no formalized generalized system
model that would combine the sensory, analytical,
managerial and executive levels of power supply
management of transport infrastructure in a single
description suitable for use by the designer at the design
stage, and not only at the stage of operational dispatching
of an already functioning network, which is mainly the
subject of works [6, 7]. Secondly, a multi-criteria
objective function has not been developed that would
simultaneously coordinate the economic, reliability and
environmental components of the design solution for the
conditions of power supply source redundancy of
transport infrastructure damaged as a result of hostilities.
Thirdly, there is no formalized reliability indicator of the
system with source redundancy, suitable for comparing
alternative design options at the decision-making stage,
and not only for a posteriori assessment of the reliability
of the already implemented system. Fourthly, there are
models of post-war restoration of the energy sector of
Ukraine [8, 9] consider mainly macro-level aspects of
reconstruction — investment priorities, decarbonization,
sustainable urban development — and do not detail the
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micro-level methodology for formalizing management
decisions for a particular transport infrastructure facility.

Thus, the analysis of scientific sources has shown
the absence of a comprehensive methodological approach
that would ensure the formalization of the process of
designing intelligent power supply systems for transport
infrastructure while simultaneously taking into account
technical, informational, economic, reliability and
environmental factors. It is the need to eliminate the
specified scientific and methodological gap that led to the
development of a generalized system model, which forms
the basis of the conducted research.

The purpose of the research is to develop a
scientifically based generalized system model of an
intelligent transport infrastructure power supply
management system, suitable for supporting design
decision-making under conditions of uncertainty, as
well as to form a multi-criteria mechanism for
selecting the optimal system configuration taking into
account economic, reliability, and environmental
criteria.

To achieve the goal, the following tasks were
solved in the work:

1) to substantiate the methodological limitations of
the traditional deterministic approach to calculating the
loads of power supply systems of transport infrastructure;

2) to develop a generalized system model of an
intelligent power supply management system in the form
of atuple S=<X, Z, Y, F, ®>, which describes the four-
level architecture of the system;

3) to detail the functional content of the sensor,
analytical, management and executive levels of the
system, in particular the methods of data collection and
analysis and algorithmization of the decision-making
function ®@;

4) to propose a multi-criteria objective function for
optimizing design solutions and an indicator of the
reliability of the system with redundant power supply
sources;

5) to illustrate the application of the developed
model on a conditional example of comparing design
options in the conditions of post-war restoration of
damaged transport infrastructure.

Presentation of the main material of the study.

The transport infrastructure power supply system is a
complex object that combines elements that are
heterogeneous in purpose and nature of operation:
traction and transformer substations, contact network,
cable and overhead lines, distributed generation facilities
(solar and wind installations), energy storage systems, as
well as charging infrastructure for electric transport.

Each of these elements is characterized by its own
operating mode and its own sensitivity to external
influences, which determines the fundamentally
heterogeneous structure of the system as a whole.

The traditional design approach involves
determining the design load of the power supply system
by summing the nominal loads of individual consumers,
taking into account the demand coefficient:

Pload:kd'zpmted,[, i:I, e, n, (1)

where ks — demand coefficient;
Pratea, i — rated power of the i-th consumer;

Pioaa— design load of the system.

This approach is simple to apply, but does not take
into account the stochastic nature of the load over time,
the mutual influence of system elements, and the
possibility of abnormal conditions (line damage, sudden
load increases, fluctuations in renewable generation). The
calculated value of P, obtained by formula (1), is
actually a deterministic estimate for a fixed scenario and
does not ensure the adaptability of the design solution to
changing operating conditions.

Overcoming this limitation requires a transition
from a deterministic model of load calculation to a system
control model based on the principles of cybernetics and
systems theory [1]. The proposed model of an intelligent
system for managing the power supply of transport
infrastructure is formalized in the form of a tuple:

S=<XZ Y F, &>, 2

where X — set of input parameters of the system
(consumer load, meteorological

conditions, condition,

parameters);

equipment damage

Z — set of internal system states (current operating
parameters, energy storage
charge level, state of backup sources);

Y — set of output control actions (power supply
switching, activation of

reserve capacities, regulation of energy storage
loading);

F: X x Z — Z — system state transition function;
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Fig. 1. Architecture of the proposed intelligent transport infrastructure power supply management system (Source:

developed by the authors)

The presented architecture demonstrates the
interconnection between the functional levels of the
intelligent control system and ensures the implementation
of a closed loop of information processing. Unlike the
traditional approach, in which design solutions are formed
on the basis of one-time deterministic calculations, the
proposed structure provides continuous updating of
information about the state of the system, forecasting its
development and adaptive formation of control influences
depending on changes in operating conditions.

The structurally intelligent transport infrastructure
power supply management system is implemented as a
four-level architecture.

The first level — sensor (data collection level) — is
formed by a network of sensors and measuring devices
(IoT sensors of network parameters, weather stations,
equipment technical condition monitoring systems),
which ensure the formation of the input vector X in real
time.

The second level — analytical — performs primary
processing and data aggregation using SCADA systems
within the framework of the intelligent network

architecture [4], as well as load forecasting and renewable
energy generation using machine learning methods. The
result of this level is an assessment of the current and
predicted state Z of the system.

The third level — decision support — implements
the function @ by solving the problem of multi-criteria
optimization of design and operational decisions.

The fourth level executive ensures the
implementation of the formed decisions Y by means of
automated control of switching equipment, energy storage
regulators and distributed generation systems.

Detailing of the sensor and analytical levels of
the system

The sensor level forms the primary information
circuit of the system and determines the quality of all
subsequent decisions. It includes current, voltage and
power sensors on the buses of traction and transformer
substations, contact network status sensors, weather
stations for recording temperature, humidity, wind speed
and solar insolation level, as well as sensors of the
technical condition of the equipment (transformer

33

IKC3T, 2026 Ne3




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAILIMHO-KEPYIOUI CUCTEMM HA 3AJIIBHUYHOMY TPAHCIIOPTI

winding temperature, vibration, partial discharge level).
Data is transmitted using industrial communication
protocols (Modbus, IEC 61850, MQTT) with a polling
frequency from seconds for mode parameters to minutes
for meteorological and diagnostic indicators. A critical
requirement for the sensor level is not only the
completeness of measurements, but also control of their
reliability: data omissions, value outliers and sensor
desynchronization directly reduce the quality of the X
vector estimation and, as a result, the accuracy of all
subsequent @ level decisions.

The analytical level performs three interrelated
functions: filtering and aggregating primary data,
assessing the current state Z, and forecasting load and
generation for a horizon of several hours to several days.
Primary processing is carried out by means of SCADA
systems within the framework of the architecture of smart
grids [4], which ensures noise elimination and
synchronization of time series from different sources. To
forecast consumer load and energy generation from
renewable sources, it is advisable to use machine learning
methods - regression models for the short-term horizon
and recurrent neural networks (LSTM) to take into
account the daily and seasonal cyclicity of load profiles.
Since the predicted values are probabilistic, it is advisable
to form not a point, but an interval estimate of the state Z,
which allows the decision support level to take into
account the risk of deviation of the actual load from the
forecast when choosing a design solution option.

A key element of the decision support layer is a
multi-criteria objective function that reconciles the
economic, reliability, and environmental components of a
design solution:

Jx) = arC(x) + az(l — R(x)) + as3-E(x) — min , 3)
provided Xoj = 1, j >0,j=1, 2, 3,

where C(x) — normalized value of capital and operating
costs of the design solution

option x;

R(x) — reliability indicator (probability of failure-
free supply) of the option x;

E(x) — normalized value of environmental load of
option x (emissions, use of

non-renewable resources);

ai, a2 a3 — weighting coefficients of the

importance of components,

determined by expert means or by the method of
hierarchy analysis [2].

The reliability indicator R(x) for the design
solution option with source redundancy is defined as

Rx)=1-I1-r) i=1 .,m, 4)

where r: — reliability indicator of the i-th independent
source or power supply channel

(main or backup) within option x;
m —number of independent sources/channels.

Expression (4) reflects the property of systems
with redundancy: the total reliability increases with the
number of independent backup sources and approaches
unity even with a relatively low reliability of each
individual source [3].

The use of an integral objective function provides
the possibility of a comprehensive assessment of
alternative design solutions within a single optimization
procedure. Unlike approaches based on the analysis of
individual indicators, the proposed model allows for
simultaneous consideration of economic, reliability and
environmental criteria after their normalization and
weighting. This increases the validity of design decisions
in conditions of multi-criteria and uncertainty.

Algorithm for solving the multi-criteria
optimization problem. The practical implementation of
the function @ involves solving the problem (3) for a
discrete set of alternative design options x, differing in the
composition of power supply sources, the degree of
redundancy and the selected technical solutions. The
solution is performed in several stages. At the first stage,
for each option x, partial indicators C(x), R(x) and E(x)
are calculated: capital and operating costs are reduced to a
normalized form by dividing by the maximum value
among the considered options, the reliability indicator is
calculated according to formula (4), and the
environmental load is estimated through the volume of
greenhouse gas emissions and the share of non-renewable
resources in the consumption structure. At the second
stage, weight coefficients o, o2, os are determined,
reflecting the priorities of a specific project; For this
purpose, it is advisable to use the method of hierarchy
analysis [2], which allows obtaining agreed weighting
coefficients based on pairwise expert comparisons of the
importance of economic, reliability and environmental
components. At the third stage, the value of the objective
function J(x) is calculated for each option, and the best
option x* is selected using the minimum criterion.

If there are several options that are incomparable
according to certain criteria (for example, the cheaper
option has lower reliability), it is advisable to supplement
the procedure by constructing a set of Pareto-efficient
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solutions, which gives the decision-maker the opportunity
to make an informed choice among alternatives, none of
which dominates over the others according to all criteria
simultaneously. The selected option x* determines the
specific composition of control solutions Y — the list of
sources put into operation, the mode of loading the
storage devices, the backup scheme — which are
transferred to the executive level for implementation by
means of automated control of switching equipment.

To formalize the procedure for supporting design
decision-making, an algorithm for multi-criteria selection
of the optimal configuration of the transport infrastructure
power supply system has been developed. The algorithm
implements the sequence of data processing, alternative
evaluation, multi-criteria optimization, and the formation
of control influences. The general structure of the
algorithm is shown in Fig. 2.
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Fig. 2. Workflow of the proposed multi-criteria decision support algorithm for selecting the optimal power supply
system design alternative (Source: developed by the authors)

The proposed algorithm implements a full cycle of
support for making design decisions regarding the
selection of the optimal configuration of the transport
infrastructure power supply system. At the first stage,
information is collected, transmitted and pre-processed
from sensor devices and monitoring systems. After that, at
the analytical level, a current assessment of the system
state is formed and its operating modes are predicted
using SCADA tools and data mining methods.

At the decision support level, a set of permissible
design alternatives is formed, for each of which the values
of the economic C(x), reliability R(x) and environmental
E(x) criteria are determined. The weighting coefficients of
the criteria are determined using the Analytical Hierarchy
Process (AHP) method, after which the integral objective
function J(x) is calculated for each alternative. The
optimal design solution is selected under the condition of
minimizing the objective function while simultaneously
complying with the established technical and operational
constraints.

In case of non-compliance of the obtained solution
with the specified requirements, the algorithm provides

for the adjustment of the set of alternatives or weight
coefficients with subsequent repetition of the optimization
procedure. Such an iterative mechanism ensures the
adaptability of the decision-making process, allows taking
into account changes in external operating conditions and
increases the validity of the choice of design solutions in
conditions of uncertainty.

Thus, the algorithm shown in Fig. 2 is a practical
implementation of the proposed mathematical model and
ensures consistent execution of the procedures of multi-
criteria evaluation, optimization and formation of control
influences within the framework of the intelligent system
for managing the power supply of transport infrastructure.

Unlike traditional algorithms, the proposed
approach implements a closed-loop decision support
system in which the results of each iteration are used
to refine the state of the system and re-optimize design
alternatives.
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Executive level: requirements for the
implementation of  control solutions. The
implementation of the formed Y solutions at the executive
level imposes certain requirements for the speed and
reliability of control channels. Switching the power
supply circuit and introducing backup sources in
emergency modes must be performed within tens to
hundreds of milliseconds, which requires the use of
industrial real-time protocols (IEC 61850 GOOSE, IEC
60870-5-104) to transmit commands to relay protection
and automation devices. Regulation of the loading of
energy storage devices and coordination of operating
modes of distributed generation facilities, in contrast to
emergency switching, allow for a longer time horizon
(from seconds to minutes) and can be implemented by
means of SCADA dispatch control with the transmission
of settings to power regulators. An important aspect of the
executive level is to provide feedback: the result of the
control action Y is recorded by the sensor level and used
to update the assessment of the state Z in the next cycle of
the system operation, which gives model (2) the property
of a closed control loop and distinguishes it from a one-
time deterministic calculation according to formula (1).

Ilustrative example of the application of the
model. To illustrate the methodology for applying the
developed model, let us consider a conditional example of
choosing a design solution for a traction substation that
requires restoration after damage. Two options are
compared: option x; — restoration of a single external
power source without redundancy; option x> — restoration
of the main source in combination with local solar
generation and an energy storage system as backup
channels.

For option xi, we assume the reliability index of a
single source r; = 0.90, then according to formula (4)
R(x1) = r1 = 0.90. For option x:, two independent backup
sources with reliability indices 72 = 0.80 and r; = 0.75 are
additionally used; then R(xz) =1 — (1 —0.90) - (1 —0.80) -
(1-075=1-0.1"-02"-025=1-0.005 = 0.995.
Therefore, backup increases the reliability index of the
system from 0.90 to 0.995, i.e. the probability of supply
failure is reduced by 20 times.

The normalized cost values are C(x:;) = 0.40 (lower
capital costs due to the absence of backup sources) and
C(xz) = 0.85 (higher costs for the purchase and installation
of generation and storage); the normalized environmental
load values are E(x;) = 0.70 (complete dependence on an
external source without the contribution of renewable
generation) and E(x;) = 0.25 (partial replacement of
traditional generation with solar). Based on the results of
applying the hierarchy analysis method for the project in
the conditions of post-war reconstruction, the weighting
factors a; = 0.30 (economic component), a: = 0.45
(reliability component, which is given increased priority
due to the risk of repeated damage) and as = 0.25
(environmental component).

Then by the formula (3): J(x;) =0.3 - 0.40 + 0.45 -
(1-0.90) +0.25 - 0.70 = 0.12 + 0.045 + 0.175 = 0.340;
J(xz) = 0.3 - 0.85+ 045 - (1 -0.995) + 0.25 - 0.25 =
0.255 4+ 0.00225 + 0.0625 = 0.320.

Despite significantly higher capital costs, option x»
provides a smaller value of the objective function due to a
sharp increase in reliability and a decrease in
environmental load, and therefore, with the adopted
weighting factors, it is the preferred design solution. The
example given is illustrative in nature and uses
conditional input data; for practical application of the
model, the values of C(x), R(x), E(x) and weighting
factors should be determined based on the costing
documentation, equipment reliability data sheets, and the
results of expert assessment for each specific restoration
project.

In order to summarize the main features of the
developed system model and assess its differences from
the traditional approach to design, a comparative analysis
was performed according to key criteria that characterize
the methodology for making design decisions. Such
criteria include the method of load assessment,
consideration of uncertainty, adaptability to emergency
modes, the number of optimization criteria, formalization
of power supply source redundancy, and the suitability of
the model for use in post-war reconstruction. The results
of the comparison are given in Table 1.

Table 1

Comparative characteristics of traditional and proposed approaches to the design of transport infrastructure power
supply systems

Criterion

Traditional deterministic approach

Proposed system model

Load estimation

Fixed calculation according to
formula (1) for one scenario

Predicted state assessment Z taking
into account the probabilistic nature
of the load

Uncertainty Consideration

Not provided

Interval forecasts, probabilistic
reliability indices R(x)

Adaptability to emergency

Missing - requires manual

Provided with transition functions F
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modes

recalculation

and decision-making functions @ in
real time

Number of optimization criteria

Mostly one (cost)

Three - economical, reliable,
ecological (formula (3))

Source redundancy

Not formalized

Formalized by the exponent R(x)
according to formula (4)

Suitability for post-war
reconstruction

Limited

High — takes into account the risk of
damage and decentralization of
sources

As shown in Table 1, the key difference of the
proposed approach is not in the improvement of
individual calculation methods, but in the transition to a
comprehensive system model that implements a closed
loop of data collection, analysis and processing, decision
support and power supply system management. This
approach ensures the adaptation of the system to variable
operating modes, emergency situations and uncertainty
conditions, which is especially important for transport
infrastructure in modern operating conditions.

The practical value of the proposed model is
especially evident in projects to restore damaged transport
infrastructure. According to estimates of the joint damage
and needs assessment of Ukraine (RDNA3), as of the end
of 2023, direct damage to infrastructure reached
approximately 152 billion dollars. USA, and the total
need for restoration and reconstruction for the next decade
is estimated at 486 billion dollars. the USA, while the
energy and transport sectors are among the most affected
[5]. In contrast to the traditional deterministic approach,
the system model (2)—(4) allows justifying decisions
regarding capacity reservation, decentralization of power
sources, and integration of distributed generation, taking
into account the real level of damage risk and the
uncertainty of restoring centralized supply. This creates
prerequisites for the design of transport power supply
systems, resistant to violations of the standard mode of
operation, and for a more justified distribution of limited
investment resources between restoration objects.

At the same time, it is necessary to note the
limitations of the proposed model:

- firstly, the quality of the functioning of the
decision support level directly depends on the
completeness and reliability of the input data, which in
practice is limited by the state of the monitoring systems
of damaged objects;

- secondly, the weight coefficients a;, a2, as of the
objective function (3) require calibration for each specific
project taking into account its specific priorities, which
complicates the unification of the model;

- thirdly, the formalization of the transition
functions F and decision-making @ for complex objects
requires further detailing and experimental verification on
real operational data.

Research conclusions and prospects.

Based on the results of the study, a generalized
system model of an intelligent tramnsport infrastructure
power supply management system was developed, which
formalizes the system in the form of a tuple of input
parameters, internal states, control decisions, and
transition and decision-making functions. It is shown that
the traditional design approach, based on deterministic
load calculation, is methodologically limited and does not
ensure the adaptability of design solutions to changing
operating conditions and the risk of infrastructure
damage.

A multi-criteria objective function is proposed that
reconciles the economic, reliability, and environmental
components of the design solution, as well as the
reliability index of the system with power supply source
redundancy. The practical value of the model for
damaged transport infrastructure restoration projects is
substantiated, in particular for substantiating decisions on
capacity redundancy and distributed generation
integration.

A promising direction for further research is the
development of a method for automated calibration of the
weight coefficients of the objective function based on
accumulated operational data, as well as the detailing of
the system state transition functions for individual types
of transport infrastructure objects.

The practical application of the model is illustrated
by a conditional example of comparing options for
restoring a traction substation, which demonstrates that
the redundancy of power supply sources can significantly
increase the system reliability index (from 0.90 to 0.995
in the example considered) and, with an appropriate ratio
of the weight coefficients of the objective function,
compensate for higher capital costs by reducing risks and
environmental load. This confirms the practical suitability
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of the proposed approach for substantiating management
decisions at the design stage of a restored transport
infrastructure.

A promising direction for further research is the
testing of the proposed model on real transport
infrastructure facilities, integration with digital twins and
SCADA systems, as well as automatic determination of
weight coefficients of a multi-criteria model based on
operational data using machine learning methods.
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CucreMHa MoJedb iHTEJIEKTYaJbHOI0 YNPABJIiHHS
€JIeKTPONOCTAYAHHAM TPAHCIIOPTHOI iHPPAaCTPYKTYpH

Anomauin. Y  cmammi  pozensiHymo  npobiemy
dopmanizayii cmpykmypu iHMeIeKmyaibHuxX —Ccucmem
VAPAGIIHHA eNeKmponoCmayanHIMm MPAHCNOPMHOL

iHgpacmpykmypu Ha cmaodii npoexkmysanns. Iloxkazaro,
Wo mpaouyiiHul nioxio w000 NPOEKMYBAHHS CUCHEM
e1eKmMpONOCMAYanHs  MPAHCNOPMY,  3ACHOBAHUU  HA
0emepmMiHOBANHUX PO3PAXYHKAX OYIKY8AHUX HABAHMAICEHD
ons hikcosanoeo HaAGOPY eKCniIyamayiuHux cyeHapiis, €
MemOoOON02IUHO  0OMENCEHUM, OCKIIbKU He 8pax0o8ye
OUHAMIYHO20 xapakmepy 63a€MO0il  eneMeHmis
iH(pacmpykmypu,  IMOBIDHICHOI  NpupoOu  KOIUBAHb
HABAHMADICEHHsT MA 2eHepayii, a MmMakoxic nompedu 8
onepamusHiti adanmayii  YNpaeiiHCoKux pilleHb 00
BMIHHUX YM08 ekcnayamayii. ODIpYHMOBAHO 0OYINbHICHb
3ACMOCYBAHHA  CUCMEMHO20 nioxody O0as nodyoosu
dopmanizoeanoi mooeni iHmeneKmyanbHoi cucmemu, sKa
iHmezpye CEeHCOpHUU, AHAIMUYHUL, YAPAGNIHCLKUL |
sukonasyull pisui. Pospobneno ysaeanvneny modens
cucmemu 'y 6uenaldi Kopmedcy, W0 ORUCYE 6XIOHI
napamempu, 8HympiuHi CmMarnu, UXiOHi Kepyioui pilueHHs.
ma  @yHKyii  nepexody I YXBANEHHA  PIlUEHb.
3anpononosarno bazamoxpumepianrbHy Yinbogy QYHKYIO
onmumizayii  NPOEKMHUX  piuleHsb, KA  Y32000CyE
EeKOHOMIUHY, HAOIUHICHY mMA eKONO2IYHY CKIadosi, a
MAKOAC NOKA3HUK HAOIIHOCMI cUCmeMU 3 pe3epey8aHHM
ooicepen  enekmponocmayanusi.  Iloxasano npakmuumy
YIHHICMb ~ 3aNPONOHOBAHOL  MOOeni Ol NPOEKMI8

BIOHOGECHHSL NOWKOOIHCEHOT MpAHCNOPMHOI
iH(hpacmpykmypu 8 yM08ax NiCaABOEHHOI po36y00su,
30Kpema 0isi OOIPYHMYBAHHS PIUleHb U000 pe3ep8y8anHs
nomyoicHocmeti  ma  iHmeepayii  po3nooineHux i
8iOHO8II06AHUX Odicepen eHepeil. OKpeclieHo 00MedCeHHs.
MoOeni, no8's13awi 3 AKICMIO 8XIOHUX OaHUX I nompeOoio 8
Kaniopysauti 6azosux Koeghiyienmis yinbo6oi QyHKyii 00
KOHKDEMHUX VMO8 HPOEKMY, a MAKOIC GUSHAUEHO
nepcnekmusu nooanbUUX 00CIOMHCEHD w000
ABMOMAMU308AHO20 HANAULIYBAHHS NAPAMEMPIE MO0
H4 OCHOGI HAKONUYEHUX  eKCNIYaAmayiiHux  OaHUXx.
3anpononosanuii nioxio modce 6ymu GUKOPUCMAHUL K
MEemMoOuUUHa 0CHOBA OJil NPOEKMYBAHHS IHMENEKMY ANbHUX
cucmem e1eKMpPOnOCMAa1anHs MPAHCHOPMHOT
iH(hpacmpykmypu 6 ymosax nioguiyeHoi HegU3HAUEHOCHI.

Knwouosi cnoea: inmenexmyanvha — cucmema,
€1eKMPONOCMAYAHHSA MPAHCNOPIY, CUCIEMHA MOOeb,
NPOEKMYBAHHS, niOompuMKa — YX6aieHHs  piuleHb,
bacamokpumepianvha onmumizayis, nicisa80€HHe
BIOHOBIEHHL.
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Cyber-physical protection of microprocessor architectures of railway automation against
deliberate electromagnetic interferences of high power

Abstract. This paper presents the development of a cyber-physical protection system for railway microprocessor
automation architectures against intentional high-power electromagnetic interference. The relevance of the study is
determined by the increasing vulnerability of modern microprocessor interlocking systems to high-power microwave
(HPM) radiation and ultra-wideband (UWB) electromagnetic pulses capable of causing failures of electronic
components and compromising the safe control of railway traffic. The objective of the research is to develop an
intelligent protection architecture that integrates structural electromagnetic shielding with an Edge Artificial
Intelligence (Edge Al) module for rapid detection of hazardous electromagnetic events and initiation of protective
actions. Short-Time Fourier Transform (STFT) is employed to process transient electromagnetic signals and generate
phase-invariant spectrograms, while their classification is performed using a lightweight MobileNet convolutional
neural network optimized for deployment on an STM32H7 microcontroller. The proposed approach incorporates
mathematical models of electromagnetic field interaction, a Wald criterion-based decision-making algorithm, and a
fail-safe architecture that automatically transfers the system to the SIL-4 safe state in the event of either a detected
threat or an internal malfunction of the AI module. Experimental investigations conducted in a semi-anechoic chamber
using calibrated measurement equipment confirmed the effectiveness of the proposed solution under electric field
strengths up to 50 kV/m and an average detection-and-protection response time of approximately 3.1 ms. The scientific
novelty of the research lies in the integrated application of spectral signal analysis, Edge Al technologies, and
functional safety principles for protecting critical railway infrastructure against intentional electromagnetic attacks.
The practical significance of the proposed solution consists in improving the resilience, operational reliability, and
electromagnetic survivability of modern railway microprocessor interlocking systems while preserving deterministic
fail-safe operation in accordance with railway safety requirements.

Keywords: microprocessor interlocking, railway automation, intentional electromagnetic interference (IEMI),
high-power electromagnetic radiation, Edge Artificial Intelligence (Edge Al), Short-Time Fourier Transform (STFT),
convolutional neural network (CNN), functional safety, cyber-physical protection, electromagnetic compatibility
(EMC), Fail-Safe principle.

A particularly severe threat is posed by
intentional electromagnetic interference (IEMI) [3]. High-

Introduction

In modern intelligent transport infrastructures,
operational safety paradigms are shifting from traditional
passive electrical insulation toward comprehensive cyber-
physical survivability [6]. Railway automated signaling
and control networks represent prime vectors for high-
impact anthropogenic interference. Historically, railway
signaling dictates that any internal fault must revert field
assets to a restrictive state. However, sophisticated
external electromagnetic interventions can exploit this
intrinsic fail-safe logic, allowing malevolent actors to
paralyze traffic without causing observable physical
destruction [3, 6].

© SOTNYK V. 0.,2026

power microwave (HPM) radiation and ultra-wideband
(UWB) nanosecond transients can penetrate technological
apertures and non-continuous door seals of equipment
housings, altering or destroying internal semiconductor
junctions. Standard lightning arrestors, varistors, and gas-
tube suppressors are fundamentally ineffective against
sub-nanosecond IEMI waveforms due to their inherent
response latency.

HPM phenomena are high-energy, gigahertz-
range sinusoidal bursts concentrating massive radio-
frequency energy over tens to hundreds of nanoseconds.
UWB generators produce sub-nanosecond baseband
pulses with spectral signatures spanning from tens of
megahertz to several gigahertz, allowing simultaneous
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energy coupling across multiple resonant frequencies of
an internal PCB network.

When an electromagnetic wavefront interacts
with a microprocessor enclosure, it couples through cable
entries and power lines, inducing high-amplitude
electromotive forces. Under lethal exposures, current
densities trigger thermal runaway and avalanche
breakdowns in p-n junctions [1]. Under sub-lethal
exposures, coupled energy induces soft logical faults such
as single-event upsets, clock disruption, or CRC injection
errors, culminating in processor lockups [2].

Global railway leaders have explored various
shielding schemes. CRRC invests in multi-layered metal-
matrix composite shielding; Alstom enforces physical
separation and optical isolation; Deutsche Bahn focuses
on solid-state suppressors and wide-band RF monitoring
[5, 7]. However, these solutions are either completely
passive, adding structural mass, or incur high latency
exceeding tens of milliseconds, which is too slow to stop
sub-nanosecond UWB fronts.

This paper addresses these vulnerabilities by
presenting a mathematically optimized, hardware-
accelerated Edge Al framework embedded within an
'Armored Intelligent Interlocking Cabinet' [7]. A
lightweight 2D-CNN processes real-time sensor streams
via optimized STFT matrices to classify IEMI signatures
and trigger active plasma limiters within a deterministic
millisecond temporal window. Crucially, the AI model
remains strictly bounded within a defensive, non-vital
predictive loop and has no direct access to railway
signaling functions, fully preserving traditional safety
integrity [1-3, 5, 6].

tubes do not respond rapidly enough to suppress sub-
nanosecond HPM and UWB pulses. Edge Al enables data
processing directly on embedded platforms, reducing
communication latency. However, its application to
protecting railway interlocking systems against IEMI has
received very limited attention. Ukrainian scholars have
made significant contributions to functional safety and
microprocessor-based railway automation, yet
comprehensive protection against intentional high-power
electromagnetic attacks using Al technologies has not
been adequately addressed.

Therefore, existing studies mainly treat
cybersecurity, electromagnetic =~ compatibility, and
artificial intelligence as separate domains. Insufficient
attention has been paid to integrating structural shielding,
high-speed time-frequency analysis, Edge Al, and SIL-4
functional safety into a unified cyber-physical protection
architecture. Addressing this challenge constitutes the
primary objective of the present study.

Research objective and tasks

Analysis of recent research and publications

The rapid digitalization of railway transport,
accompanied by the deployment of microprocessor
interlocking systems and the Industrial Internet of Things,
has significantly improved traffic control efficiency while
increasing vulnerability to cyber-physical threats. Of
particular concern is IEMI, including HPM and UWB
pulses capable of causing both physical damage and latent
logical failures. Existing studies mainly concentrate on
protecting communication networks and information
systems, whereas countermeasures against physical
electromagnetic attacks remain insufficiently investigated.

Artificial intelligence has demonstrated high
effectiveness in anomaly detection within railway control
systems. Nevertheless, most proposed algorithms target
information-system cyberattacks and rarely address high-
power electromagnetic threats. Moreover, many Al-based
approaches rely on cloud computing and cannot satisfy
stringent real-time requirements of safety-critical railway
automation. Research in electromagnetic compatibility
has confirmed the effectiveness of shielding and surge
protection, yet conventional varistors and gas discharge

The objective of this study is to develop and
validate a cyber-physical protection framework for
railway microprocessor interlocking (MPI) systems
against intentional high-power IEMI, including HPM and
UWB pulses. The framework combines structural
electromagnetic shielding with an Edge AI module
capable of rapidly detecting hazardous events and
initiating protective actions while preserving deterministic
fail-safe behaviour required for SIL-4 signalling systems.

The research tasks are: (1) analyse vulnerability
of MPI systems to intentional electromagnetic attacks and
identify limitations of conventional passive protection; (2)
develop a  protection  architecture  integrating
electromagnetic shielding, distributed sensing, and an
embedded Edge AI module; (3) design an STFT-based
signal-processing algorithm for extracting time-frequency
features of transient disturbances; (4) implement a
lightweight convolutional neural network for real-time
deployment on an STM32H7 microcontroller; (5) develop
a fail-safe decision-making mechanism guaranteeing
automatic transition to a safe SIL-4 state upon threat
detection or Al malfunction; and (6) experimentally
evaluate detection accuracy, response latency, and
electromagnetic resilience under controlled HPM and
UWRB exposure.

The scientific significance lies in integrating
electromagnetic ~ protection, embedded  artificial
intelligence, time-frequency signal analysis, and
functional safety principles into a unified cyber-physical
framework for protecting critical railway signalling
infrastructure.

Methodology and mathematical formulation
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To implement an effective intelligent protective
barrier within the microprocessor-based centralization
architecture, the mathematical framework must solve
three distinct problems: analytical representation of the
stressor fields, real-time time-frequency feature extraction
with industrial noise rejection, and computational
optimization of deep learning models for resource-
constrained edge execution [4, 7].

2.1. Mathematical modeling of incident and
induced electromagnetic fields

The incident transient plane wave electric field
Einc(t) is analytically defined in the time domain via a
double-exponential formulation [3]:

Einc(t) = EO -k - (eN~at) — e (~pt)) -
0@), 1)

where EO represents the peak incident electric field
intensity (1 kV/m <EO0 <50 kV/m);

a and B denote the damping coefficients dictating
the pulse rise and decay trajectories;

k is a scaling normalization factor forcing the
function's global maximum to unity;

8(t) is the Heaviside step function.

The coupled inductive -electromotive force
Vind(t) entering a closed PCB loop area S via slot
aperture penetration is formulated using Faraday's law of
induction as a surface integral over the magnetic flux
density vector B(t) [3]:

Vind(t) = —d/dt s B(t) -ds = —S -
dBu(t)/dt, 2)

where Bn(t) represents the normal component of the
magnetic induction vector. Since the fiber-optic B-dot
sensors captured in this work track the time-derivative of
the magnetic field directly, the sensor output voltage Vs-
dot (t) maintains direct proportionality to the induced
electromotive force via calibrated testbed coefficients:

VB-do(t) = Kcal B - AB - uo - dH(¥)/dt, 3)

where As is the sensor's equivalent area, po is the vacuum
magnetic permeability;

H(t) is the magnetic field intensity;

Kea B 1s the empirical sensor calibration
coefficient established for the semi-anechoic test facility

[3].
2.2. Data engineering, short-time fourier
transform, and class separation

To map the 1D discretized time-domain signals
captured by high-speed field probes into descriptive 2D
time-frequency spectrogram matrices appropriate for deep
learning architectures, a discrete short-time Fourier
transform is applied [4, 5]:

X(m,k) = 2n=0..N—1 x[n] -w[n — mR] -
eN—j2xkn/N), 4)

where x[n] is the incoming discrete sensor signal
sequence;

w[n] is a predefined window function (Hann
profile) bounded by length N;

R represents the window hop size dictating
temporal frame overlap, while m and k correspond to the
time and frequency indices, respectively.

To eliminate false alarms caused by everyday
railway operating environments, the STFT window
parameters are tightly bounded at N = 128 points and a
hop size of R = 32 points [5]. The input feature matrix
representing the power spectral density P(m,k) is derived
by computing the squared magnitude of the complex
spectrogram:

P(mk) = | X(m,k)|> 5)

A crucial property of this representation is its
phase-shift invariance. A temporal translation of the
incoming wave by an arbitrary offset 10 (xt0(t) = x(t —
10)) transforms in the continuous domain to F{x(t — 10)}
= X(®) - e"(—jot0). Computing the squared magnitude
yields:

P(o) = |X(w) -e(—jwtl)]? = [X(@)|* -
|e"(—jwt0)]? = |X(w)]? = P(w). 6)

Given that |eM(—jot0)| = 1, the resulting power
spectrogram P(w) is completely invariant to the phase
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alignment or arrival time of an external IEMI event
relative to the analog-to-digital converter sampling
window.

Furthermore, this time-frequency mapping
provides a robust mathematical topology to ensure
absolute class separation, effectively filtering out regular
operational transients:

Class 0 (Nominal background / Industrial
noise): Characterized by low-frequency switching
transients, high-voltage substations, or pantograph arcing.
Its power spectral density P(m,k) reveals energy heavily
localized in the sub-megahertz bands (f < 50 MHz) with
extended temporal decay tails (At > 10 ps), or steady-state
narrow bands representing GSM-R/Wi-Fi allocations [5].

Class 1 (UWB transient event): Exhibits an
ultra-broadband spectral signature stretching uniformly
from 100 MHz up to 5 GHz within a highly compressed
temporal envelope (At < 5 ns), producing a distinct
vertical «impulse wall» in the P(m,k) matrix [3].

Class 2 (HPM burst event): Displays an
intensely concentrated energy peak localized around a
specific microwave frequency (2.45 GHz or 5.8 GHz),
forming a sharp, horizontal, high-amplitude «spectral
ridge» lasting between 10 ns and 500 ns [1].

2.3. Lightweight 2D-CNN architecture and
neural optimization on edge hardware

To facilitate high-speed inference directly on
power-constrained edge microchips embedded within the
intelligent enclosure, standard 2D convolutions are
replaced by Depthwise Separable Convolutions (the
MobileNet topology) [4].

Stage 1 (Depthwise spatial convolution): A
spatial filter K is independently evaluated across each
distinct channel of the input matrix P:

Gllolm) = Zij K(ijm) - Pllti, It m), o

where K(i,j,m) denotes the 3D convolution kernel specific
to the m-th channel.

Stage 2 (Pointwise channel convolution): A
linear channel synthesis is executed via a localized 1x1
kernel map:

G(k,Ln) = Xm G(k,[m) - KIx1(m,n), ®)

where K1x1(m,n) represents the pointwise coefficients
generating a new feature space n.

For an input spectrogram optimized to a compact
64x64x2 matrix (utilizing M = 2 tensor channels: electric
field and magnetic field data feeds) and a kernel size
DKxDK = 3x3, the number of multiply-accumulate
(MAC) operations required by standard convolution
layers is:

Cstd = Du x Dw X M x N x Dk X Dk, 9)

where N = 32 is the count of output filters. Under the
depthwise separable framework, the aggregated MAC
cost drops to:

Csw =Du X Dw X M x Dk x Dx + Du X

Dw x M x N. (10)
The theoretical computational optimization
coefficient « (approximate value derived from

architectural parameters) is formulated as [4]:

x=Csw/Cstd=1/N+ 1/Dx*=1/32 +

1/9=0.1423. an

This mathematical reduction drops the execution
processing overhead by a factor of approximately 7.03.

The deployment platform consists of an
industrial STM32H7 series microcontroller (ARM
Cortex-M7 core) dedicated to the non-vital Edge Al
protective module. This processor operates independently
from the vital railway interlocking hardware [4]. Given
this optimized computational complexity (Csw), the
microcontroller consistently finishes the 2D STFT matrix
creation and MobileNet inference path within an average
of 3.1 ms (verified across multiple benchmark executions
with low variability), safely below the maximum 5 ms
real-time budget, without causing processing core
bottlenecks or thermal dissipation issues [4].

Spatial feature compaction is enforced via Global
Average Pooling (GAP):
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GAP(m) = (I/(H*W)) Zk=1..H ZI=1.W

Gk 1m). (12)

The terminal classification layer employs a
Softmax activation to deduce posterior probabilities
mapping to three categorical operational states:

vi=e"zi/2j=0.2 e"zj, i €{0,1,2}, (13)
where z denotes the linear logit derived from the
preceding fully connected topology layer [4].

2.4. Risk-averse decision criterion and fail-
safe hardware integration

A customized Bayes decision-theoretic loss
matrix is established for this tri-class system [6]. Let Coo
= 0 (correct nominal state identification) and Ci1 = C22 =
0 (successful safety intervention triggers). The cost
penalties are defined as Cor = Co2 = Malse (false alarm
leading to unnecessary protective action) and Cio = Ca0 =
Amiss (missed IEMI detection resulting in hardware
degradation). Since absolute operational safety is
paramount in railway engineering, a missed detection
carries a catastrophic weight approaching infinity (Amiss
> Aalse) [6].

The control output command is calculated via
Wald's sequential analysis criterion:

Decision(t) = I (activate protection), if
max(y1, y2) > Ycrit; Decision(t) = 0 (sustain
nominal mode), if y0 > 1 — Ycrit.

(14)

To comply with CENELEC SIL-4 railway
standards, the critical activation threshold is constrained
to Yerit = 0.95...0.99.

ARMORED INTELLIGENT INTERLOCKING CABINET

Analog Streams Al Anomaly/

+ +ngger

\

\

\

\

\

\

HW Fault ‘
\

\

CRITICAL VITAL DISCONNECT COUPLER (Solid-state relay) ‘
\

\

|

‘ Forced Power Shedding / Interruption

Traditional station interlock Deterministic FAIL-SAFE

Fig. 1. Architectural isolation scheme showing the non-
vital protective role of the Al module

Note: Architectural isolation scheme showing the
non-vital STM32H7 Edge Al protective module,
physically and electrically separated from the vital
interlocking hardware under test (described in Section 3).

Crucially, the Edge Al processor has no direct
routing to actuate railway track switches or adjust
trackside signal heads. It functions strictly as a predictive
defensive filter. As mapped in Fig. 1, if the Edge Al
system uncovers a verified threat (Decision(t) = 1), or if
the hardware watchdog registers an internal software
execution trap, memory fault, or code desynchronization
within the STM32H7 core, the system triggers an
immediate forced power shedding / interruption across
vital solid-state disconnect couplers. This action
automatically deprives trackside relays of hold-current,
compelling all signal assets to drop back into restrictive
red aspects and forcing the entire interlocking perimeter
into a traditional, deterministic, closed Fail-Safe state [6].

3. Experimental fault injection evaluation

To empirically validate the deep learning model
and establish the baseline physical breakdown limits of
industrial railway semiconductors, a hardware-in-the-loop
testing facility was constructed inside a semi-anechoic
shielded room providing >80 dB RF attenuation up to 12
GHz [1, 3]. The experimental programme was organized
to trace each of the six research tasks formulated above
directly to a concrete stage of the test campaign, as
summarized below. An example of the configuration of a
specialized electromagnetic test rig is shown in Figure 2.
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Fiber-optic control lines

Shielded Generator Enclosure

Coaxial 50-ohm feed

UWB generator (Class 1)

Optimized TEM cell

Radiated EM field vectors

Target under test

Waveguide assembly

HPM Generator (Class 2)

Pyramidal horn ant.

Fig. 2. Schematic configuration of the specialized electromagnetic co-testing facility

The spatial layout within the semi-anechoic
laboratory chamber is tightly controlled to eliminate
boundary reflections and near-field calculation errors:

Spatial distances: The radiation aperture of the
pyramidal horn antenna for ultra-high frequencies is
located exactly 2.5 meters away from the unshielded
microprocessor-based central processing unit board under
test.

Antenna radiation characteristics:  The
pyramidal horn antenna achieves an absolute gain of G =
18 dB at the primary test frequencies (2.45 GHz and 5.8
GHz). The E-plane and H-plane —3 dB beamwidths are
calibrated precisely to @E = 22° and ®H = 25°
concentrating the electromagnetic energy directly onto the
target surface area.

Metrology array placement: The D-dot and B-
dot non-perturbing dielectric fiber-optic sensors are
positioned 0.2 meters from the edge of the object's printed
circuit board to capture local fields without distorting the
wave pattern.

To convert the analog voltages captured by high-
speed instrumentation into real-time electric field vector
values, the D-dot sensor voltage Vp.ot(t) is integrated
using specific testbed calibration constants [3]:

VD-dot(t) = KcalﬁD “Rr -Ap - €0 - dE(t)/dt, 15)

where RL = 50 Q represents the matched oscilloscope
coaxial load impedance;

Ap is the sensor's equivalent electrical area, € is
the vacuum permittivity;

Kea p is the absolute empirical calibration
scaling factor obtained via reference transverse

electromagnetic cell cross-validation procedures. These
analog streams are routed via linear optical links to a 16
GHz, 40 GS/s real-time digital oscilloscope.

The Target Under Test (TUT) consists of a
representative  industrial-tier =~ microprocessor-based
centralization processing board based on an ARM Cortex-
M4 core paired with optically isolated RS-485 transceiver
ports. This board simulates the vulnerable vital
interlocking hardware and is physically and electrically
isolated from the separate STM32H7-based Edge Al
protective module described in Section 2.3. Power bus
lines (5 V and 3.3 V) are tracked to log voltage drops
while data packets are verified continuously via remote
CRC analyzers to capture runtime failures [2].

Summary of experimental results

Across the full test campaign, the constructed
facility reproduced both nominal operating conditions and
HPM/UWB exposures up to Emax = 50 kV/m. The Edge
Al module classified incoming spectrograms correctly in
the overwhelming majority of trials, triggered the
protective disconnection whenever a genuine threat was
present, and completed the full detection-to-isolation
chain within an average of 3.1 ms, which kept the target
board within its reversible operating envelope even at
field levels that produced irreversible damage in the
unprotected configuration. Detailed threshold values and
comparative benchmarking are presented in Section 4.

Traceability of research tasks within the
experimental programme

The six research tasks formulated in the
introduction are directly reflected in the structure of this
experimental study. Task 1 (vulnerability analysis)
corresponds to the identification of the reversible and
irreversible degradation thresholds of the unprotected
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TUT (Section 4.1). Task 2 (protection architecture) is
embodied in the semi-anechoic test facility itself, which
combines the shielded armored cabinet, the distributed D-
dot/B-dot sensing array, and the physically isolated Edge
Al module described above and in Section 2. Task 3
(STFT-based feature extraction) underlies the conversion
of the D-dot/B-dot voltage records into the 64x64
spectrogram matrices (Egs. 4-6) that feed the classifier
during each trial. Task 4 (lightweight CNN deployment)
is realized through the MobileNet model executed on the
STM32H7 board under test, whose inference forms part
of the measured 3.1 ms reaction chain. Task 5 (fail-safe
decision mechanism) is exercised by the Wald-criterion
disconnection logic (Eq. 14) that governs the forced
power-shedding response observed during threat trials.
Task 6 (experimental evaluation of accuracy, latency, and
resilience) is fulfilled by the field-intensity sweep up to
50 kV/m, the latency measurements, and the threshold
characterization reported in Section 4.

4. Discussion of results and Al intervention
performance

By incrementally scaling the incident field
intensity within the testing chamber up to a maximum
peak of Emax = 50 kV/m, two distinct degradation
thresholds were documented for the microprocessor
interlocking element base [1].

4.1. Characterization of vulnerability
thresholds

Threshold A (Reversible logical single event
upsets): Documented at field intensities within the range
of E = 12...18 kV/m. This manifests as volatile Bit-Flip
anomalies inside the microchip's internal SRAM arrays
and Flash memory registers, corrupting configuration bits
and halting the safety «Heartbeat» data frames [2]. This
degradation  state is  entirely reversible; the

Table 1

microcontroller recovers normal state execution following
a hard hardware reset initiated by an external watchdog
timer.

Threshold B (Irreversible structural
breakdown): Documented at high-intensity field levels of
E > 35 kV/m when the target lacks active mitigation
assets [1]. This state is characterized by severe thermal
destruction and catastrophic dielectric breakdown across
input silicon channels and galvanic optocouplers on the
I/O interface PCBs. The input impedance of linear line
ports drops directly to zero (@ — 0), indicating
permanent substrate melting caused by the induced
overvoltage transients [1, 2].

4.2. Performance of the Edge AI mitigation
framework and global benchmark

Deploying the proposed Edge AI hardware
framework successfully prevented structural hardware
destruction at Threshold B exposures. By offloading the
MobileNet-derived deep learning network to the
optimized STM32H7 edge processing chip, the entire
processing chain - comprising raw data acquisition,
64x64 STFT computation, and network inference -
executes within a total latency budget of 3.1 ms, safely
below the strict <5 ms threshold [4].

Upon meeting Wald's critical verification
criterion (max (y1, y2) > 0.95), the edge module issues an
instantaneous hardware pulse to trigger sub-nanosecond
gas-plasma deflection limiters. This diverts the induced
overvoltage wave to the cabinet's grounding circuit before
the transient energy has a chance to reach the printed
circuit board conductors. This intervention limits the
residual voltage to a safe level, eliminating the risk of
unauthorized switch movement or signal readings being
altered, and ensuring compliance with the strict
requirements of the railway's «Fail-Safe» principle [6].

Comparative analysis of industrial EMI mitigation strategies and the proposed intelligent protection framework

Performance metric Passive shielding solutions
(typical CRRC rolling

stock practice)

Distributed monitoring
architectures (Alstom / DB
signalling practice)

Proposed intelligent
armored cabinet (2D-
STFT + Lightweight CNN
+ Fail-safe)

Primary protection principle | Electromagnetic attenuation
using conductive shielding

and cabinet design [8, 9]

Distributed sensing, Real-time spectral

condition monitoring and recognition of EMI
centralized decision logic signatures using STFT and
complying with EN Lightweight CNN

50126/50129 [10-12]

Passive (no event
classification)

Response mechanism

Local edge-Al inference
with autonomous hardware
1solation

Active monitoring with
communication and
supervisory processing
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Passive shielding solutions
(typical CRRC rolling
stock practice)

Performance metric

Distributed monitoring
architectures (Alstom / DB
signalling practice)

Proposed intelligent
armored cabinet (2D-
STFT + Lightweight CNN
+ Fail-safe)

Reaction latency Not applicable (passive Not publicly disclosed by 3.1 ms (experimentally
protection) manufacturers; depends on | measured, Section 3)
signalling architecture and
communication topology
[10-12]
False alarm resilience Not applicable Depends on sensor Near-zero during validation

thresholds and supervisory
algorithms

owing to phase-invariant
2D-STFT spectral

fingerprinting
Additional hardware Increased cabinet mass and | Dedicated distributed Implemented on existing
requirements shielding materials monitoring equipment and | STM32H7 embedded
communication controller
infrastructure
Integration complexity Low High Moderate
Functional safety concept Hardware protection only EN 50126 / EN 50129 Al isolated from the SIL-4
compliant safety vital path through
architecture independent fail-safe

disconnection logic

Main advantage Robust against radiated

interference

Continuous infrastructure
monitoring

Fast local detection and
autonomous isolation of
conducted and radiated EMI

Main limitation Cannot identify transient

EMI events or predict

System latency depends on
network architecture and

Requires Al model training
and validation

failures communication hierarchy
3.1 ms (experimentally validated across trials) at an
extremely low implementation cost [4, 7].
Note: Publicly available technical

documentation issued by Alstom, CRRC and Deutsche
Bahn describes system architecture, safety concepts and
EMC compliance but does not disclose universal end-to-
end reaction latency values for proprietary industrial
implementations. Therefore, latency comparison is
provided only for the experimentally validated proposed
system.

As evaluated in Table 1, traditional passive
defense frameworks (such as those by CRRC) add
significant weight and cost without preventing localized
line induction from track circuits. Wide-area monitoring
stations (such as those trialed by Alstom and DB) suffer
from severe latency overhead (>15 ms) and high cost.
The proposed 2D-STFT MobileNet architecture handles
localized multi-channel transients within an average of

Conclusions and future research directions

This  study
methodology  for

establishes  an
securing

advanced

railway  signaling

architectures against severe high-power electromagnetic

transients [6, 7]. The primary academic contribution lies
in the conceptualization and validation of the «Armored
intelligent interlocking cabinet», which integrates
traditional electromagnetic shielding topologies with
intelligent edge diagnostics.

Practical experimental verification confirms
that this hybrid protection scheme successfully insulates
industrial microelectronics under intense fields up to 50
kV/m. By deploying an optimized MobileNet
architecture onto an industrial STM32H7 microchip,
real-time feature extraction and classification are
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achieved within 3.1 ms, outperforming global
benchmarking alternatives [4]. Crucially, the non-vital
protective configuration ensures that any software or
processor fault automatically isolates critical paths,
forcing a deterministic SIL-4 Fail-Safe state [6].

Future research will focus on scaling this edge
artificial intelligence framework to onboard automated
train protection assets and driverless locomotive
modules configured for GoA3 and GoA4 operations.
These systems must maintain high reliability under
intense wideband industrial noise and radiofrequency
crowding. Additionally, efforts will explore the
orchestration  of  distributed trackside cabinet
intelligence into a wunified national cyber-physical
railway diagnostic monitoring framework [7].
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Cortnuk B. O.

Ki6eppizmunnii 3aXHCT MiKpONpoOnecOpHUX

apxiTekTyp 3aJIi3HUYHOI ABTOMATHKH Bin

HABMHCHHX €JICKTPOMATHITHHX IepeIKox BHCOKOI
NMOTYHOCTI

Anomauyin. CTarTiIO  TPUCBIYCHO  PO3POOIICHHIO
KiOep(i3MUHOI CHUCTEMH 3aXHCTy MIKPOIPOLECOPHUX
apxiTeKTyp 3aJi3HUYHOI aBTOMATHKU BiJI HAaBMHCHHX
CJICKTPOMArHiTHUX BIUIMBIB  BHCOKOI  IOTYXHOCTI.
AKTyanbHICTh JOCII/DKEHHSI 0OyMOBIJICHAa 3POCTaHHIM
3arpo3 Uil Cy4acHMX MIKpPOIIPOIIECOPHUX CHUCTEM
LEeHTpami3alii,  CIPUYNHEHUX  BHUCOKOINOTY>KHUMH
MikpoxBwisoBuMu (HPM) 1 HammmpoKocMyroBUMHU
(UWB) enekTpoMartiTHUMHU IMITyJIbCaMH, 3/aTHUMH
BUKJIMKAaTH BIIMOBH EJIEKTPOHHHX KOMIIOHEHTIB i
MOpYIICHHST OE3MEeYHOro KEepyBaHHS PyXOM IOi3/iB.
Meroro poOOTH € CTBOPEHHS  IHTEJIEKTYyaJbHOI
apxiTeKTYpH 3axXHCTy, IO IIOEJHYE KOHCTPYKTHBHE
eJIEKTpPOMarHiTHe eKpaHyBaHHS i3 MOJyJIeM
nepudepiiiHoro mryuHoro intenekry Edge Al mns
OTIEPaTHBHOTO BUSIBJICHHS HEOE3NEYHUX BIUIMBIB Ta
IHIIIFOBaHHS 3aXHCHHUX I, Jonst aHalizy
€JICKTPOMArHiTHUX CUTHAJIB BUKOPHCTAHO
KOpoTKouyacHe repeTBopeHHs Pyp'e, mo 3abesneuye
¢dopmyBaHHs (a30BO-iHBapiaHTHHX CIIEKTpOrpaMm, a
ixHI0O KiacuQikamilo peari3oBaHO 3a  JIONOMOTOI0
ToJIeTIIeHo1 3ropTKoBOI HelipoHHOT Mepexxi MobileNet,
ONTHMI30BaHOi JUIi BUKOHAHHS Ha MIKPOKOHTpOJepi
STM32H7. 3anpomoHOBaHO MaTeMaTH4YHI MOJENi
CJICKTPOMArHiTHOTO BIUIUBY, aJTOPUTM YXBaJCHHS
pieHb Ha ocHOBI Kpurepito Bampma 1 Fail-Safe
apxiTeKTypy, sIKa 3abe3neuye aBTOMAaTHUYHE
nepeBeieHHs] cucTteMu B Oesneunuii cran SIL-4 y pasi
BUSIBJICHHS 3arpo3u a0o0 BiIMOBM MOJIYJS IUTYYHOTO
iHTeNeKTY. EXCTIeprMeHTaNBHI HOCIIKEHHS, BUKOHAH1
B  HamiBOe3exoBi  Kamepi 13  3aCTOCYBaHHSIM
KaTiOpoBaHMX BHMIPIOBAIFHUX 3aC00iB, IiITBEPIUIN
Mpale3aTHICTh  3allpOIIOHOBAHOTO  MiAXomy  3a
HampyxeHocTi moist 1o 50 kB/M i cepemHboMmy daci
BUSIBJICHHS 1 CHpAIfOBaHHs 3axucTy Oym3pko 3,1 Mc.
HaykoBa HOBH3HA TOJISITa€ B KOMIUIEKCHOMY HO€THaHH1

METOJIB  CIEKTPAJIbHOTO  aHamily, NepudepiitHoro
IITyYHOTO 1HTENEKTy 1 NPHHIMMIB (yHKIIOHAIBHOT
Oe3reKkH Al 3aXWUCTy  KPUTHYHOI  3aJi3HWYHOL

iHQpacTpyKTypH BiJ HAaBMHCHHMX EJIEKTPOMAarHITHHUX
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VYKpaiHChKUI Iep:KaBHUH YHIBEPCUTET 3a1i3HUYHOTO TPAHCIOPTY

Mertpoaoriyne 3a0e3nedeHHs] KOHTPOJII IeOMeTPHYHHMX NapaMeTpiB MOPHUCTHX MaTepiajis
HA OCHOBI aHAJI3y QUIBTPALIHHUX XaPAKTePUCTHK

Anomayin. Y cmammi eupiuieHo aKmyaibHy HAYKOBO-NPAKMUYHY 3a0ayy po3poOnenHs IHGopmauiiHo-
BUMIPIOBATILHOZ0 MEMOOY HENPAMOZ0 HEPYUHIBHO20 KORMPOIIIO IHMEZPANbHUX 2e0MEMPULHUX NAPAMEMPIE ROPUCIUX
mamepianig. Memoo 6azyemvcst Ha ananizi 2i0po2a300UHAMIYHUX XAPAKMEPUCIUK DIIbmpayiiiHo20 NnepeHeceHHs
mecmoeoeo cepedoguwa Kpizb ROpucmy cmpykmypy o0ocniodcyeanozo 06'ckma. Cghopmosano KoHyenmyaibHy
BUMIDIOBATIHY MOOEb, WO BCIMAHOBIIOE B3AEMO38'I30K Midic De3n0CepeOnbo BUMIPIOGAHUMY DIZUUHUMU BETUYUHAMU
(06'emnoro eumpamoio 2azy ma nepenaoomM MUCKY HA 3pasKy) I WYKAHUMU 2eOMEMPUYHUMU NaApAMempamu
(echexmusnum Oiamempom nop ma ixX BPocmoposoiw KoHyenmpayicr). OOIPYHMOBAHO 68e0eHHI MEMPONOSIYHUX
nonpaeox y eueisidi KoepiyicHmie YMOBHOI NPOHUKHOCMI MA eeKMUSHOCMI NPOHUKHEHHS O/ KOMAeHCayil
MemOoOUYHUX NOXUOOK, 3YMOGNIEHUX GUKOPUCMAHHAM i0eanizosanoi Kkaninapuoi modeni. Ilposedeno OdemanvHuii
MempONO2IYHULL AHANI3 YYMIUBOCHI GUMIPIOBANbHUX KAHANIE [ PO3PAXOBAHO CYMAPHY CMAHOAPMHY HEGU3HAYEHICMb
HenpaAMux 8uUMIproeans 6ionosiono 0o eumoz 1SO JCGM. Cknadeno 6100dcem He8UHAUEHOCMI, d MAKONIC BUKOHAHO
sanidayiio 3anponoHO8aH020 Memooy 3a koegiyicumom En.

Knrouosi cnosa: inopmayitino-eumipiosaivHa cucmema; HepyUHIGHUL KOHMPOTLb, NOPUCMULL Mamepia,

2EOMEMPUYHI  napamempu nop, 2A30NPOHUKHICIb,  HENpAMi  GUMIDIOBAHHA,  HEGU3HAYEHICMb  BUMIDIOBAHb;
Memponoziune 3a0e3neyueHHsi.
1 TIOPIBHSIHO HEBHUCOKY TEIUIOCTIHKICTb.
IHocTanoBka nmpoGiemu.
Po3Burok  cywdacHoro mpuianoOyyBaHHS, 2. Kowmipuacra Ge3 criedeHoro kapkaca —

chepuyHi TMOPU OTOUYCHI TOPHUCTUMH ITEPEMUYKAMHU.
XapakTepu3yeThCsl HIDKYOI0 MEXaHIYHOI MIIHICTIO,
KpalMMH{ TEIUIOI30JISAIifHIME BIACTUBOCTAMH Ta 3a
cBO€I0 OyJOBOIO € KOMITO3UTOM i3 Oe3nepepBHOIO
TBEPJIOIO 1 IEPEPUBUACTOIO TA30BOIO (hazaMu.

MalMHOOYIyBaHHS, TPAaHCIIOPTHOI raiy3i, 30KpeMa
3aJTI3HMYHOTO TPAHCIOPTY, a TaKOX XiMi4HOi Ta
€KOJIOTIYHOT TIPOMHCIIOBOCTI CYIIPOBOIKYETHCS
IIMPOKUM 3aCTOCYBAHHSIM BHCOKOIOPHCTHX MaTepiajiB
i3 KOHTPOJNLOBAaHHMH  CTPYKTYPHO-T€OMETPHIHUMH

napamerpamu. Taki MaTepiaii 3HaXOAITh 3aCTOCYBAHHS 3. 3epuucra 3 KapkacoMm — yTBOpEHA

qK diTbTpyBaIBHI elTeMenTH, KataizaTopy, YACTHHKAMH HAIOBHIOBAYa, CKPIIUICHUMH KEPaMidHOIO
o . . '

MEePKOJIALINAHI TATYAKH, [IYMOIMOTIIMHAIbHI EIEMEHTH abo  MeTaneBOl0  3B'A3KOI0.  XapaKTepPH3YeEThCs

Ta YyTJHUBI €IEMEHTH BHMIPIOBAIFHHUX MEPETBOPIOBAUiB
BOJIOTOCTI, THCKY W KOHIIEHTpAIlii ra3is [1, 2].

Brnactusocri MOPUCTUX MarepiaiiB
BU3HAYAIOTHCS XIMIYHMM CKJIaJ0M 1 CTpyKTypoto. Ilig
CTPYKTYpPOIO PO3YMIIOTh XapakTep T'€OMETPUYHOTO
posmoiny Ta B32€EMHOTO po3TalryBaHHs
MIKpPOCTPYKTYPHHX €JIEMEHTIB ITOPHCTOTO TiJIa — 3€pEH,
MDK3EPEHHHX MEX, KOHTAaKTiB MK 3€pHaMH Ta IIOD.
Crpykrypa MIOPUCTUX BHpPOOIB (dopmyeThCs
TEXHOJIOTIEI0 iX BHUTOTOBJIEHHS. 3a OCOOIMBOCTSIMHU
CTPYKTYPH PO3PI3HSIOTH TPH OCHOBHI THUIH ITOPHCTHX
MarepiaiB:

1. Kowmipuacra 3i crieueHHM KapKacoM —
YTBOpEHA CIIEYEHUMH OE3IOPUCTUMH TEPEMHYKAMH Ta
chepuuyHUMH TOpaMH. XapaKTEepU3YeThCS BHCOKOIO
MEXaHIYHOIO MIL[HICTIO, TPOTE Ma€ HU3bKY IPOHUKHICTH

MIepeBaYKHO BIJKPUTHMH ITOpaMU HEPETyJsipHOi (opmu,
BHCOKOIO ITPOHMKHICTIO Ta BUCOKOIO TETIOCTIHKICTIO 1 €
KOMITO3UTOM i3  Oe3lepepBHOI0  Ta30BOI0  Ta
MIepepUBYACTOIO TBEPIOIO (hazaMu.

Konrpons CTPYKTYPHO-T€OMETPHUIHHUX
rapaMmeTpiB IOPUCTUX MartepiamiB y mpomeci ix
BUTOTOBJICHHSI Ta EKCIUTyaTalii € OJHHUM i3 KIIIOYOBHX
3aBIaHb. TpaguiiiiHi METOAN KOHTPOJIIO T€OMETPUIHHUX
rapameTpiB IOPUCTUX CTPYKTYp IOAUIAIOTH Ha JBi
OCHOBHI I'pyTIH:

— py¥HiBHI MeToau (MeTanorpadiyHuil aHawi3,
peHTreHorpadiqHnit aHai3 3pi3iB, pTyTHa
mopo3uMeTpist). BoHM 3a0e3meuyroTh BUCOKY TOYHICTH
BU3HAUCHHS IApaMETpPiB ITOPUCTOI CTPYKTYypH, HpOTE
YHEMOXITUBITIOIOTH TTO/IAJIbIIIE BUKOPHCTaHHS BUPOOy, €
TPYZIOMICTKIMH Ta MOXYTh CTAHOBUTH €KOJIOT1UHY
HEOEe3IeKY;

©I'EBOPKJSIH E.C., KOMAPOBA I'.JI., BOJIOLIINHA JI.B., BOJIOIIINH /.1., THMO®EEBA JI.A.,2026
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— HepyHHIBHI MeToM (ONITHYHI Ta aKyCTHYHI).
Ix 3acTocyBaHHs € 06OMEKEHUM: ONTHYHI METOH JAKOTh
iH(pOpMaiio JIMIIe Mpo MOBEPXHEBUH Mmap BUPoOY 1 He
JIO3BOJISIIOTH OLIHUTH BHYTPILIHIO CTPYKTYPY IOPOBOTO
IPOCTOPY, TOII K aKyCTHYHI METOoAN
XapaKTepU3yIOThCS HEJIOCTaTHBOIO PO3ITBEHOIO
3patHicTIoO [3] mig wyac KOHTPOJIO ApiOHOMOPHCTHX
CTPYKTYD. CyuacHi HepyHHIBHI migxoan
PO3LIMPIOIOTECST 32 PaxyHOK EJICKTPOMArHITHUX Ta
CHEKTPOCKOMIIYHMX METOMIB, 30KpeMa TeparepuoBoi
CHEKTPOCKOMIi, IO J]a€ 3MOTY OLIHIOBaTH MOPHUCTICTh
KepaMiuHUX MaTepiaiiB Oe3 pyiiHyBaHHS 3pa3Ka [4]

V 3B'S13Ky 3 IIM aKTyaJIbHUM € PO3pOOJICHHS Ta
METpOJIOTiuHe OOTpYHTYBaHHS HETPSIMUAX
iHpOpManiHHO-BUMIPIOBAIEHIX METOJIB HEPYHHIBHOTO
KOHTpOJIIO, 3aCHOBAHMX HA OLIHIOBaHHI 1HTETPAILHOTO
TiIPOIMHAMIYHOTO OIOPY MOPHCTOTO Tija TIiJ dYac
IIPOXOJPKEHHSI MOTOKY TecToBoro rasy. Lle mae 3mory
orepaTuBHO, 0e3 pyHHYBaHHS BHPOOY, OJEp)KyBaTH
iHTerpanbpHy iH(OpMaLilo mpo BHYTPIIHIO CTPYKTYPY
o0'ekTa BHMIpDIOBaHHA 3a JIOTIOMOTOIO  BIJHOCHO
MIPOCTHUX Yy pealtizallii BUMipIOBAILHUX KaHAIIB THCKY Ta
BHTpATH [5, 6].

AHaJni3 ocTaHHIX AoCTiKeHb i myOJikairiii.

Jocnimkenns, MIPUCBSYCHI KOHTPOJIIO
CTPYKTYpPHO-TCOMETPUYHUX  MapaMeTpiB  MOPHCTHX
MarepiaiiB, yIPOAOBXK OCTAHHIX POKIB PO3BHBAIOTHCA Y
JIBOX B3a€MOIIOB'SI3aHUX HalpsiMax. Iepmmii
MOB'SI3aHUN 3 YIOCKOHAIEHHSIM EKCIEPUMEHTAIBHUX
METO/IIB IOCIIDKEHHS IOPUCTOT CTPYKTYpH, APYTUH — 13
PO3BUTKOM iH(pOpManifHO-BUMIPIOBAIEHUX TEXHOJIOTIH
HEeNpsIMOTO ~ BHM3HAUEHHS ii  XapaKTEpUCTHK  Ta
MaTeMaTH4IHUX Mojenen BUMIpIOBAJILHOTO
nepeTBopeHHs [35, 6].

TeopeTn4yHi OCHOBHM TIPOILECIB IEPEHECCHHS
piauH i ra3iB y MOPHCTHX CEPEAOBHIIAX CHOPMOBAHO Y
(yHAaMEHTAIPHAX Tpalsgx 3 MeXaHiKd QuIbTparii,
rigponuHamiku Ta ¢isukn mopucrtux Tin [7, 8.
Iomanpmuii  pO3BUTOK LUX TIOJNOXKEHb 3HANIIOB
BiZIOOpaXkeHHS Y poO0TaxX, NPUCBIYCHNX MOJICIIOBAHHIO
MIPOLIECIB TEPEHECEHHsI B IOPUCTUX CEpPEeNOBHINAX Ta
B3a€EMO3B'SI3KYy MIKPOCTPYKTYpH Marepialy 3 Horo
(hi3uKO-MeXaHIIHUMHU 51 eKCILTyaTallitHuMH
BIACTHBOCTSIMHU [9]. 3aKOHOMIPHOCTI KaIUIIPHOTO PYXy
piamH, 10 JIeKaTh B OCHOBI 0ararbOX HEIPIMHUX
METO/IiB OLIHIOBaHHS MOPHUCTOCTI, OIMCaH] y KJIAaCHYHIN
poboti E. B. Bombepna [10]. AHamiTiHuHMiA pO3BUTOK
piBasiHHS Lucas—Washburn, 30kpema 3 ypaxyBaHHSIM
¢bi3naHIX napameTpiB npouecy KaIJIsipHOTO
MIPOHUKHEHHS, HaBeIeHO ¥ pob6oTi [11]. 3acTocoBHICTH
piBasHHES Lucas—Washburn mns ommcy KamisipHOTO
migiioMy B HaHOIOpax oOTpuUMajia IiATBEP/UKECHHS B
MOJIEKYJISIPHO-ANHAMIYHUX JOCITIIPKeHHSX, o
CBIUUTH TIPO (i3MYHY OOTPYHTOBAHICTH KaiJIsPHOI

MOJENl HaBiTh Ul MaJOMaclITaOHUX MOPOBHX
cTpyktyp [12].
OcTaHHIMH ~ pOKaMM  3HayHa  KUIBKICTB

,HOCJ'Ii,H)KeHI) CIIpAMOBaHa Ha BJOCKOHAJCHHA MeTOHiB

BU3HAYUCHHSA T'COMCTPUYHHUX XaAPAKTCPUCTHUK IMOPUCTUX

MmarepiamiB.  HaiiGinpmoro  mommpeHHs — HaOymu
PeHTIeHIBCbKa KOMI'TOTepHA ToMorpadisi, CKaHyBaJlbHa
CJICKTPOHHA ~ MIKPOCKOIIiSl, PTyTHa MOPO3UMETPis,

ra30a7copOIliifHi METOAM, HHU3BKOIIOJHOBHU SICPHUN
MarHiTHUHM pe30HaHC, METOIU T'a30BOT0 PO3IIUPEHHS Ta
mudpoBoro aHamizy 3o00paxens [13, 14]. Amnani3
CyYacHHX IIAXOMIB CBIIUNTB, 10 KOXKEH 13 3a3HaYECHUX
METOJiB Ma€ BJIACHHUH [ialla30H BU3HAYEHHS PO3MipiB
op, TiepeBaru Ta 0OOMEXXEHHs, a HAHOUTBII TOCTOBIpHI
pe3yibTaTh  JOCATAlOThCS [UIIXOM  KOMITJIEKCHOTO
BUKOPHCTaHHS  JIEKUIBKOX  B3a€MOJIOTIOBHIOBAIBHIX
MeTomiB mocmimkeHHas [15, 16]. ExcnepumeHTanbHi
JIOCII/DKEHHSI  TTOPHCTOI  KepaMiKM  IiATBEPDKYIOTh
OesrocepesiHiii  B3a€EMO3B'SI30K MK ~ po3MipoM i
MOPQOJIOTI€IO TTOp Ta Ta30MPOHMKHICTIO MaTepiaiy [17]
Taxox, eKCTIepUMEHTAIIbHI JIOCITI/PKCHHS
ra30IpPOHUKHOCTI I30TPOMHUX MOPHUCTHX MaTepiajis
MOKa3yI0Th, IO KOE(DILliEHT MPOHUKHOCTI MOXe OyTH
OLIHEHWH 3a pe3yiabTaTaMH BHMIPIOBAaHHS Ta30BOI
BUTpaTH Ta TIEpenagy THCKY, a XapaKTepUCTHUKU
(UTBTpaifHOTO MEPEeHECeHHs 3AJIeKaTh Bil CTPYKTYPH
mopucToro cepenopuia [18].

IMopsim i3 pO3BUTKOM EKCIICPUMEHTAIBHUX
METOMIB aKTHUBHO pO3BHBAIOTHCS YHCIOBI METOIU
JIOCII/PKEHHST TIpoleciB (inpTpanii i3 3acTOCYBaHHIM
obuncmoBaneHoi  TigpoguHamiku  (CFD), nmdposux
MoJIeJiel TIOPOBOT0 MPOCTOPY Ta KOHLENMii 11ppoBoro
nBifiHnka. Taki MiAXOAM JIO3BOJISIIOTH IPOTHO3YBAaTH
MIPOHUKHICTH, OI[IHIOBAaTH BIUIMB T€OMETpii HOp Ha
¢ubTpamiiHl  XapakTepUCTHKH Ta  ONTHMI3yBaTH
CTPYKTYpY MaTepiaiy Ie Ha craiii mpoektyBaHHs [1].
BonmHO"ac 1OCTOBIpHICTB pe3ynbTaTiB MOJEIIOBAHHS
0e3mocepeIHEO 3JIEKUTh BiJl TOYHOCTI
eKCTIEPUMEHTAIBHAX JAaHUX Ta PiBHSI METPOJIOTIYHOTO
3a0e3re4yeHHsT BUMIPIOBaHb.

Oxpemuii HampsiM CydYaCHHUX JOCIHIIKEHb
MOB'si3aHUKA 13 pO3poOJIeHHAM  iHpOpMamiiHO-
BUMIPIOBAIBHUX CHCTEM HEPYHHIBHOTO KOHTPOIIIO

MMOPUCTHX MaTepiamiB. Y Takux CHCTeMax Jaejali
IIWPIIIE 3aCTOCOBYIOTHCS HEMPSMi METOIW OIiHIOBAHHS

CTPYKTYpHHX  XapakTepHCTHK 32  pe3yJbTaTaMu
BUMIpIOBaHHS  (i3UYHMX  TapaMeTpiB  IpPOLECIB
TIepECHECCHHS, aKyCTHYHHX, TETIIIOBUX abo
ra30/IMHAMIYHUX XapaKTEPUCTUK O00'€KTa KOHTPOJIIO.
Bukopucranns ~ HempsMux ~— MeToAiB  3abe3meuye
MOXJIMBICT aBTOMAaTH3allii KOHTPOJIO, CKOPOYECHHS
yacy BHUMIpIOBaHHS Ta peajizauii 0Oe3nepepBHOTO

MOHITOPUHTY TEXHOJIOTIYHHX TIPOIeciB 0e3 pyHHyBaHHS
BHpOOIB [3].

Oco0nmBoro 3HaueHHs HAaOyBalOTh IHUTaHHS
METPOJIOTIHHOTO 3abe3nedeHHs iHpOopManiiHO-
BUMIpPIOBAIBHUX CHCTEM. Y CydYacHii Merposorii
OCHOBHA yBara MpUAIISIETbCS MOOYA0BI MaTeMaTHIHUX
MoJieJiel  BHUMIPIOBAJBHOTO IIEPETBOPEHHS, aHANI3y
YyTJIUBOCTI BUMIPIOBAJIBHUX KaHATIB, OLIHIOBAHHIO
CyMapHOi HEBHM3HAUEHOCTI PE3yJbTaTiB HENPSIMHX
BUMIpIOBaHb Ta 3a0€3MEUEHHI0 X METPOJIOTidHOT
MPOCTEKYBAHOCTI  BIAMOBIMHO 70  MDKHAPOTHHX
pexomenmanin  ISO  JCGM  [19].  IIpobiuemu
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aZIcKBaTHOTO TIPEICTABICHHS TEOMETPii Ta TOIOJIOTIi
IIOPOBOTO  TPOCTOPY Tixg dYac HOro  HEmpsaMmoi
XapaKTEPUCTHKH, a TaKOX OOMEKEHHS CIPOIICHIX
MoJieNiell TIOPHUCTOI CTPYKTYPH PO3TISHYTO y POOOTI
[20]. TIpakTiuHi acreKTH OLIHIOBAaHHS HEBH3HAYCHOCTI
ITiJ] Yac BU3HAYCHHS MOPUCTOCTI METAJICBUX MaTepiamiB
mochmimkero y [21], e mpoaHamizoBaHO BHECKH
OKpEeMHUX CKIIQJIOBUX HEBU3HAUCHOCTI Ta BH3HAYCHO
JoMiHytoui jokepena ii ¢opMmyBaHHS. 3acTOCYBaHHS
HEBHU3HAYEHOCTI I 4Yac OLIHIOBAaHHS BIAIIOBIAHOCTI

BCTaHOBJICHUM BHUMOTraM pErIaMeHTOBaHO
PEKOMEHIAIIIMA [22]. 3aranabHi BUMOTH  JIO
3a0e3neueHHs KOMIIETEHTHOCTI i Jac
MDKJIa00paTOpHUX BUNIPOOYBaHb BH3HAUCHI

MDXKHAPOIHUM CTaHAapToM [23].

CyTTeBHH BHECOK Yy PO3BUTOK TEXHOJOTIH
BUTOTOBJICHHSI BHCOKOMILHMX IOPHCTHX KEpaMidHHX
Marepiaiis, JIOCITIPKCHHS 3aKOHOMIpHOCTEH
¢dopMyBaHHS X CTPYKTYpu Ta (Pi3MKO-MEXaHIYHHX
BJIACTHBOCTEH 3poOiieHO y mparsix [24-26]. Y mmx
poboTtax  mocmijpkeHOo — ocobnmBocTi  (popMyBaHHS
MOPHUCTOI CTPYKTYPH, MPOLIECH €JIEKTPOKOHCOMiaLil,
(a30Bi TEPETBOPEHHS Ta MEPCIEKTUBH MPAKTHYHOTO
3aCTOCYBaHHS IOPHCTHUX KepaMidyHHX Marepialib.
BomgHouac  muTaHHA ~— moOOymOBM  iH(OpMAIiHHO-
BUMIpIOBAIBHUX cucTeM JUIst OTIEpPaTHBHOTO
HEpYHHIBHOTO KOHTPOJIO iHTETPalbHUX T'€OMETPHUYHHUX
rapameTpiB TaKUX MmarepiaiiB 3aIUIIAIOTHCS
HEJIOCTaTHHO BUCBITICHUMH.

BujisieHHs1 HeBHpilIeHUX paHillle YACTHH 3arajJbHOI
npooJieMu.

He3Baxaroun Ha 3HAYHY KTBKICTH TOCTIIKCHD
y rairy3i KOHTPOJIO MOPUCTHX MaTepialliB, HEAOCTATHRO

PpO3pobIeHNMH 3aIUIIAIOTHCS iHpopManiiHO-
BUMIPIOBJIbHI ~ METOAM  HENpSMOrO  HEPYHHIBHOTO
KOHTPOJTIO, K1 3a0e3reuyroTh BU3HAYCHHS
IHTErpaJbHUX TEOMETPUYHHX MapaMeTpiB IOPUCTOL
CTPYKTYpH 3a pe3ynbraramMmu BHUMIpIOBaHHS
TiIPONMHAMIYHUX  XapaKTepPUCTHK  (UIBTpamifHOTO
nepeHeceHHs. [IpakTMYHO  BiJCYTHI MaTeMaTH4Hi

MOJIEJTi BUMIPIOBAIIEHOTO TIEPETBOPCHHS, 110 OJHOYACHO
noB'si3yBaiu O Oe3nocepeHbO BUMIPIOBAaHI BEIMYMHHU
(BuTpaTy Ta mepeman TUCKY) 13 TEOMETPHYHUMHU
mapaMeTpaMy ITOPUCTOTO CEPEOBHINA, BPAXOBYBAIIA
METOJIMYHI MOXUOKH CIPOMICHUX KaNUIAPHUX MOJEIeH
Ta 3a0e3medyyBald ITOBHE METPOJIOTIUHE OIiHFOBaHHS
pe3yIbTaTiB HEMPSIMHUX BUMIPIOBaHb BiIOBITHO [0
pexomenmaniin  ISO JCGM [20, 22]. Came Ha
pO3B'sI3aHHS  IIi€i HAYKOBO-TIPAKTHYHOI  MpoOIeMH
CIIPSIMOBAHE JAaHE JOCIIKECHHSL.

®opMy1I0BAHHS METH.

Po3pobiniennst Ta MeTposIoriyHe 00TIpyHTYBaHHS
iHpOpManiHHO-BUMIPIOBAIEHOTO METOJy HENPsIMOTO
HEpYHHIBHOTO KOHTPOJIIO TEOMETPHYHHX I1apaMeTpiB
MIOPHUCTHX MaTepiaiiB Ha OCHOBI aHaJi3y (GiIbTpamiiHIX
XapaKTEPUCTUK TEPEHECEHHS TECTOBOrO Tasy, IO
3a0e3nevye OILHIOBAaHHS HEBM3HAYEHOCTI BHMIpIOBaHb
BiJITIOBiTHO O BUMOT MDXHAPOJHOTO KepiBHUITBA [SO
JCGM.

I[J'IH JOCATHCHHA MCTH 6yJ'IO IIOCTaBJICHO TaKi
3aBJIaHHA:

1. Po3pobutn  QyHKIiOHAIBHY —CcXeMy
iH(pOpManiHHO-BUMIPIOBAITBHOT CUCTEMU JUIs
MPaKTHYHOI ~ peamizalii 3alpOIIOHOBAHOIO  METOAY

HETIPSIMOTO HEPYHHIBHOTO KOHTPOJIIO T'€OMETPHUYHHX
rapameTpiB MOPUCTUX MaTepiais.

2. Po3pobutn TEOMETPUUHY Ta
MaTeMaTuyHy  MOJENb  HENpsSMOro  KOHTPOJIIO
TEOMETPUYHHUX IIapaMeTpiB IOPUCTUX MarepianiB Ha
OCHOBI KaIJIsipHOTO migxomy Ta 3aKOHIB
larena—Ilyaseituns, Bambopna i CTokca, amantoBaHy 10
BUKOPHCTaHHS CTHCJIIMBHX  Ta30BHX  TECTOBHX
CepeIoBHII.

3. 3anponoHyBaTu ¢izuko-

TEOMETPUYHUNA TiIXiZ JO OLIHIOBAaHHS IPOIYCKHOT
3IATHOCTI TOPHCTOTO MaTepialy, SKHH BCTAHOBIIIOE
B33a€MO3B'SI30K MK MaKPOCKOIIIYHOIO NPOHHUKHICTIO Ta
MIKPOCTPYKTYPHUMH T€OMETPHYHHMH  I1apaMeTpaMu
TIOPHUCTOTO CEPEIOBHUINIA.

4. OOrpyHTYBaTH BBEJCHHS
6e3po3MipHIX MOAENbHUX Koe(ilieHTiB — KoedirienTa
YMOBHOI TIPOHMKHOCTI Ta KoeQillieHTa NpPOHUKAIOYOi
e(eKTUBHOCTI — JUIi KOMIIGHCAIlil CHCTEMaTHYHHUX
METOIMYHUX ITOXHOOK, 3YMOBIICHHX BHKOPHCTaHHSIM
CIIPOIIIEHO KaIIIPHOI MOJIEIT.

5. IIposectu €KCIEPUMEHTAIbHY
anpoOamilo  3aIpOIIOHOBAHOTO  METOJY, BHKOHATH
METPOJIOTIYHUM aHalli3 YyTJIUBOCTI BHUMIPIOBAILHHUX
KaHAIB, OIIHUTH OIOPKET HEBU3HAYCHOCTI BUMIPIOBaHb
BigmoBigHo mo Bumor ISO JCGM Ta 3ailiCHUTH
BaiJallilo METOAY 3a KoedirieHToM En.

Bukiag ocHOBHOr0 MaTepiany 10CHiIsKeHHS.

diznyna CYTHICTh 3aIpPOIIOHOBAHOTO
iHpOpManiHHO-BUMIPIOBAIFHOTO METOJy HENPSIMOTO
HEpYHHIBHOTO KOHTPOJIIO TEOMETPHYHHX I1apaMeTpiB
MOPUCTHX  MaTepiajiB  Mojsirac y  IPOITyCKaHHI
TECTOBOTO CYXOI'O OYMIICHOTO CTHCHEHOTO IOBITPS
Yyepe3 MOpHUCTE TiJI0 BU3HAYCHOI I€OMETPUYHOI (hOpMH.
Jnis  mpakTH4HOI —pearmizailii METOIy pPO3pOOIICHO
(GyHKIIOHATIBHY cXeMy iH(pOpMAaIiifHO-BUMIPIOBAIBHOL
cUcTeMH, sika 3a0e3neuye GpopMyBaHHS, PEECTpaLiio Ta
00po0IIeHHsT BUMIPIOBaJILHOT iH(OpMAIIii.

Jo cxmagy iHpOpMaumiiHO-BUMIpIOBAIBHOT
CHUCTEMH BXOJISITh TaKi OCHOBHI KOMITOHEHTH:

1. Biox MATOTOBKH ra3oBoro
CepeIOBHINA: JHKEPETIO CTUCHEHOTO razy (KOMIIpecop),
pecuBep Al 3TN KYBaHHS IyJbcamid THCKY, (GUIBTp
OYHMIMICHHS TTOBITPS Ta BOJIOTOBIIIITIOBAY.

2. [epBunHi BUMIpIOBaJIbHI
MIepeTBOPIOBaYi:

- MIEpeTBOPIOBaY  aOCOIIOTHOTO THCKY
Ha BXO[Ii 10 po00Y0i KOMipKH;

- MIEPEeTBOPIOBAY  TIEperamy
(mdepeHniiinuil MaHOMETp) Ha 3pa3Ky;

- TEIJIOBUA MacoBHH BHUTpaTOMIp rasy
Ha BHXOJli 3 p00040i KOMIpKH.

TUCKY

3. O06uHCTIOBATEHUI 0JI0K:
OaraToKkaHAJIFHUIA aHAIOTOBO-IIU(POBHIA IEPETBOPIOBAY
(AL, MIKpOTPOIECOPHUI KOHTpOIEp abo
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MepCOHAJIbHUIT  KOMITIOTEp 31  CIemiani3oBaHuM
MporpaMHAM  3a0e3MeueHHsIM  UIsl  O0O0poOieHHS
BHMIPIOBAJIEHUX CHUTHAJIB Ta 00UHUCIIeHHS
KOHTPOJILOBAHHX IapaMeTPiB 3a PIBHIHHAMH HEHPSMHUX
BUMIpIOBaHb.

BaxnmuBolo  CKJIaZOBOIO  METPOJIOTIYHOTO
3abe3rneuyeHHss €  KamiOpyBaHHS  iH(pOpMamiiHO-

BUMIpIOBJIHOT CHUCTEMH 13 3aCTOCYBaHHSIM 3aco0iB
BUMIpIOBAJILHOT TEXHIKH, 10 3a0e3neuyroTh

METPOJIOTIYHY TPOCTEXKYBAHICTh JI0O MDKHApOIHHUX
eranmoniB SI. Ile mae 3mory 3a0e3mednTH €IHICTH
BUMIpIOBaHb Ta JOCTOBIPHICTh PE3yNbTATIB BU3HAYCHHS

TiIpOIMHAMIYHIX XapaKTEePUCTHK TIOPHUCTOTO
Marepiany.
OyHKIIOHATBHY cXeMy B3a€EMOII|

KOMITOHEHTIB iH(OpManiifHO-BUMIpIOBAIEHOI CHCTEMH
HaBEJICHO Ha PUCYHKY 1.

| [>xepeno TecToBoro rasy (Komnpecop) |

| Pecusep Ta 6nok chinbTpauii nositps |
¥

4|

CrabinisaTop-perynsitop TUCKy I—
4

Y | PoBoua komipka | Y

| Oatumk Tueky P1 |

Y

I [atyuk Tucky P2 I

| DocninHwit 3pasok |

Y

| [vchepeHLiiHi MaHOMETp (BUMIpIOBAHHS AP = P1-P2) |

v

| Macogui BuTpaToMmip rasy (BuMiptoBaHHs Q) |

v

I AHanoroso-uugposui nepersoptoBad (ALM) |

v

MikponpouecopHui o64ncnioBanbHU 6nok
(Po3paxyHok d, N Ta HeBU3Ha4eHOCTi)

Puc. 1. dyHKIiOHATBHO-CTPYKTYpHA cXeMa iH(opMamiitHO-BUMIPIOBAJILHOT CHCTEMH KOHTPOJIIO TTapaMeTpiB

MTOPUCTOCTI
Jnst BU3HAYEHHS TIPOHUKHOCTI CKOPHCTAEMOCS
Marematuuna MOJIEJNIb iHpOpMamiiHO- KJacuyHuUM  Bu3HaueHHsM E.  Bamoopna [10],
BUMIpIOBAJILHOTO NIEPETBOPEHHSI. BIJMOBIMHO /10 SKOTO HPOHUKHICTH  Pperm  (M/C)

Jns mobynoBH aieKBaTHOI BHMIipIOBAIBHOI
MOJIeTli  BUKOPHCTaHO  KOHICIIIO  EKBiBAJICHTHHX
KaHaJliB QinbTpanii. PeansHe mopucte Ti10 31 CKIaJHOIO
TOTIOJIOTI€I0 MIDKYaCTHHKOBUX MOpP TPEICTaBIISETHCS Y
BUTJLSINI  €KBIBAICHTHOI ~ CHUCTEMHM  TapalielbHUX
OWTHIPUYHAX KaIiIpiB OJHAKOBOTO JiaMeTpa, IIo
MIPOHU3YIOTH 3PA30K I10 BCiH HOTro JOBXKHHI.

Ba3osi rigpoanHamiuni cmiBBiTHOIIEHHST Ta
y3araJbHeHHs JJIs ra3iB.

Bei mopu, mo MoXyTte OyTH B NPOHHKHHX
TBEPIAUX TiNIax, MOIUISIIOTH Ha 3aKpUTI,
KaHAJIOyTBOpIOIOUi  (BigkpuTi 3 000X KIHIIB) Ta
TyNUKOBI. [301160BaHi 3aKpuTi MOpH OKpyTIIoi popmu He
OepyTh yuacti y mpouecax ¢inprpanii. Tynukosi nopu
3allOBHIOIOTHCST  (UIIOiZOM,  30UTBIIYIOUM  3HAYCHHS
BIZIKPUTOI MOPHCTOCTI IIPU CTATHYHUX BUMIPIOBaHHSIX,
aje He BIUIMBAIOTh HA AWHAMIYHY NPOHMKHICTH. [lopw,
BIZIKpUTI 3 000X KIHIIIB, 3a3BUYail MalOTh PO3IIMPEHHS
(TOpOXXHMHM) Ta 3BYXCHHS (TOpJIOBHHH), HaOyBarO4yH
ckiamHoi ToisImkonoaioHoi dopmu [25, 28]. Tloposi
KaHalM B peaJlbHOMY Marepialli IpOHU3YIOTh BUPIO y
BCIX HampsMKaX, MEPeIuliTaloYuch MiX Cc000I0, MI0
3MymIye (Iroin mepeTikaTh 3 OJJHOTO KaIiyisipa B iHIIHA,
IIyKalOYl HAHKOPOTHIMHM IIISX.

BU3HAYAETHCS SIK INBUJKICTb, 3 SIKOIO TIIO JIO3BOJISIE
¢uToimy MpOTIKATH BiJ OHIET CTOPOHU 70 1HIIOT

Prem-5h ()
ne Qi — o0'eM razy abo piaumHH, IO MPOXOAUTH KPi3b
MONEPEYHHUHA Tepepi3 MOPUCTOrO TiJia B OJUHUIIIO Yacy
(M%/c);

S — oA HomnepevHoro nepepizy mopUcTOro
Tina (m2).

Omnwc Teuil B TOHKMX Kamijspax 0a3yeTbcsl Ha
3akoHi  [arema-Ilyazeiins [2]. [Hdns  ommoro
OWTHIPUIHOTO KaIijisipa JOBXHHOIO 1 Ta miamerpom d
00'eMHa BUTpaTa PiAVHU (i JOPIBHIOE

mdtAP

AP
—_— cdt - —
128-u-l

prop 1

Qi~

)

ne AP = P;— P> —mnepenan TicKy Ha Kamnursipi (I1a);
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{4 — JWHaMigyHa  B'SI3KiCTh
cepenosumia (I1a-c);
Kprop — XoedimieHT mpomopIiifHOCTI, MmO 3a

BruBOIoM CToKCa [2] HOopiBHIOE
ki3

TECTOBOI'O

3)

]{pmp_lzel"‘t .

Bukopucrannst piBHSHHS 3akoHy [lyaseitns
OesrocepelHbO  UIST  PO3PAaXyHKY TIPOTIKaHHS Ta3iB
oOMeKeHe yepe3 Te, 10 Ta3H € CTUCIMBUMH (UIIoiTaMu
W 3MIHIOIOTh CBi 00'eM 3amexxHo Bix Tucky. s
BpaxyBaHHS CTHCJIMBOCTI BHMKOPHUCTAEMO PIBHSIHHS
cTaHy izeansHoro rasy Kianetipona [§]

P -V =const (mpu T = const) . @)

Toxmi y 3arasibHOMY BHIAAKy Ul Ta3iB IpH
nocTiiHill Temneparypi piBHsHHs [lyaseitns naOyBae
YTOYHEHOTO BHWIJISIy 3 ypaxyBaHHAM 3MiHH 00'eMy
B3JIOBX KaHAITy

Qe md*PAP | (5)
& H28-ul-Poul

= _ PytP,
ne |P =214

2
Por — ThHck Ha  Buxomi  (3a3BMuaid

aTMoc(epHHif), IpH SKOMY KOHTPOIIOETHCS BUXITHUHN
00'em rasy.

3a yMOBM MajMX TIE€penajiB THCKIB, KON
BUKOHY€THCSI HEPIBHICTD

ET—
L2 ~ 1 s (6)
2-Pout
CTaHAapTHE piBHﬂHHf{ 3aKOHY Hyasei/'mﬂ CcTae

MPaKTHYHO TOYHMM 1 Juii ra3iB. 3a 1ii€i ymoBH,
NIPUIYCKAalOYM, IO BCi TOPH € HACKPI3HUMH 3
OJTHAKOBHM KpyroBUM TmepepizoM JiamerpoMm d,
3arajbHa BHUTpaTa 4epe3 3pa3oK i3 KUIBbKICTIO HOp n
3aIUIIETHCS K

r-d4-AP
Or=nqi=n .
128 -l

()

BBenemMo moOBepXHEeBY WIUIBHICTH IOp Ha
OMHHMIIO TwIONT moBepxHi Tina N=n/ S (1/m?)

_et p| patap
Pperm* S N 12800 . (8)

Jus  ommcy  ¢inbTpamiiHUX —HpoLECiB Y
MOPUCTOMY MaTepiajli Ha MakKpOCKOIIYHOMY piBHI
JIOLUUTBHO TIEPEHTH BiI JIOKAJBHOTO OMKCY MOPOBOI
CTPYKTYpH /10 KOHTHHYaJIbHOI MOJENi IOPHCTOTrO
CepelOBHIIA, BPAaXOBYIOUH, 110 OKPEMi F€OMETpHYHI Ta

TOIOJIOTIYHI ~ XapaKTePUCTUKH IOPOBOTO  MPOCTOPY
MaloTh pi3HMI BILUIMB Ha pyx ¢umoiny [8, 29, 30].
[IpencraBEMO NPOHUKHICTH y BUMIAAI IHTEPabHOTO
piBastHES dinbrpanii Hapcei 8, 31]

Pperm :Kf 5 (9)

ne Ky — KoedimieHT NPOHUKHOCTI MOPHUCTOTO Tijla
TECTOBMM  CEpEJOBHUIEM  BH3HAYCHOI  BS3KOCTI
(M*/TTa-c). TlopiBHIOIOUM BUPa3H, OTPUMYEMO

Ky =

(10)

ne  Kaps — aGCOMOTHUIN KOE(IIIEHT TPOHUKHOCTI (M?),
SKMH  3aJIeKATh BHUKIIOYHO BiJl TEOMETPUYHHUX
XapaKTEPUCTHK TIOPUCTOTO KapKaca.

AbGcomoTHHIT  KOeQilieHT TNPOHMKHOCTI €
CTaJIOK)  XapaKTEPUCTUKOK KOHKPETHOTO ITOPUCTOTO
Tima. 3 1Or0 BUILIMBAE BHMCHOBOK, IO 3HAYCHHS
KoedillieHTa TPOHUKHOCTI, BU3HAYCHI IS OJHOTO M
TOTO CaMOTO 3pa3Ka i3 3aCTOCYBAHHSAM Pi3HUX TECTOBUX
CepelOBHI, MaloTh OOCpPHEHY  3aleXHICTh  BiJ
JMUHAMIYHOI B’SI3KOCTI IIMX CEPEIOBHII]

K1 Ha
==\ 11
K2 m (11)

VY 3araspHOMY BHIIQJIKy BiJHOIIEHHS IUIOMII
BCIX TOP Spores O TOBHOI IUIOIII OJWHHUII ITOBEPXHi
3pa3ka S BU3HAYA€ BiJKPUTY IOBEPXHEBY IMOPHUCTICTh
P, open

Popen _l\/]:| , (12)

IiICTaBISIIOYN 1I€ CHIBBIIHOIIEGHHS y (QOPMYIy i
abCOoIOTHOTO KoedillieHTa MPOHUKHOCTI, OTPIMAEMO

Kaps :Popen . E

, (13)

Ta JuIs Koe(ilieHTa NIPOHUKHOCTI CEpeOBUILIEM

Kf :Popen . (14)

OyHKIIS TOBEPXHEBOI  MOPHUCTOCTI  Popen
BuzHaueHa B iHTepBami (0; 1), nme HIWKHA Mexa
BIJINIOBiJIa€ CYyHMITbHOMY Oe3noprucTtoMy mMatepiaiy (Popen
— 0), a BepxHS — TpPaHWYHOMY BHIIAJIKy ITOBHOI
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MOPHUCTOCTI, KOJIM MaTepialbHUi KapKac NPaKTHIHO
BincyTHIN (Popen — 0), OCKiNBKM peanbHi IOPHUCTI
Marepiainy HOBUHHI 30epirati MeXaHi4Hy LUTICHICTB, Y
MeXax  3allpONOHOBAHOI  MOJENi  MOPHUCTE  TLIO
PO3IIISAAETECS SIK IIUIBHOYIIAKOBaHa MAaTpHLs MOp-
TpyOOK KPYTIIOTO Tepepi3y 3 MDKIOPOBUMH CTIHKAMH,
TOBIIMHA SIKHX Yy TPaHUYHOMY BHIIAAKYy INPIMYE 0
Hyiast. CxemaTmdHe IIpeACTaBICHHS Takoi Mojeni
HaBEJICHO Ha PUCYHKY 2.

d d
<>

J¢_ 2
0’6

a21 o oo : .

Puc. 2. Cxema yMOBHOI MaTpuIi IIUIEHOYTIAKOBAHUX
m X n mop-Tpyoox:

1 — meepoominvuuili kapkac, 2 — Micmku Kapkaca,
HECKIHYEeHHO MOHKI Y MiCYsax 2paHutdHo20 HAOIUNCEHMS
CYCIOHIX nop YMOBHOI MATpuui, dj — eremeHmapHuil
Kaniusap

Jns  Takoi IIUTPHOYMAKOBAaHOI —KBaJpaTHOT
MaTpUIll KamuIApiB TpaHWYHE TCOMETPUYHE 3HAYCHHS
ITOPUCTOCTI OOMEKEHE BiHOIICHHSM TUTOIII BIIUCAHOTO
KOJIa 10 TUTOMII KBajiparta i TOpiBHIOE

max _| A~
Poyen = 11~0,7854 .
Hns reKcaroHanbHOI (HalIIBHIIION)

YIaKOBKH KaHiJ’IHpiB g rpaHuld CTAHOBUTH

~0,9069.

3 ypaxyBaHHSAM LUX OOMEXeHb, 00JIaCTh
icHyBaHHS KOe(]ILli€HTIB NPOHUKHOCTI Ui peajlbHUX
TBEP/MX TiJI 3aIUIIETHCS Y BUIIISAI HEpiBHOCTEH

0 < Kaps < (1 KBaIPaTHOI TPATKH)

1284

VY pasi Buxony 3a Ii MEXi Marepiayl BTpadae

0<Kr<

CTPYKTYpPHY  CTIHKICTP 1  TICPETBOPIOETBECS  Ha
HE3B’sI3aHUI MOPOLIOK.
3HaYeHHA abCOIOTHOTO koedirienTta

MIPOHUKHOCTI Kubs XapaKTEpPU3y€e 3IATHICTH MOPHCTOTO
CepeIoBHIIa MponycKaT (IIHOiN 1 Mae po3MipHiCTh M
(abo Hapci, 1 Hapci 1,02 - 102 m?) [7]. Cam no co6i
LI TOKa3HUK HE JI03BOJISIE B SIBHOMY BWIJIS/II OLIHUTH
CTYIiHb BUKOPDHCTAaHHS TIOTEHHialy IPOHUKHOCTI
Marepiany. Jina BupimenHs i€l 3ajadi 3anpornoHOBaHO
BUKOPHCTOBYBATH JiBa O€3pO3MipHI KpUTEPii:

1. KoedimieHT yMOBHOI MPOHUKHOCTI 775
— 0e3po3MipHHN KOEQIIIEHT, IO BH3HAYAETHCS 5K
BIZTHOIICHHS (PaKTUIHOI aOCONIIOTHOI MPOHUKHOCTI Kabs
JI0 T TEOPETHYHO MaKCHMaJIbHO MOXIIMBOTO 3HAUCHHS
JUIs i7eani3oBaHOi KBaJpaTHOI CXEMH pO3TallyBaHHS
IIOp OJTHAKOBOT'O JliaMeTpa

s =
Kads N m-d*/128 2
=————=Nd% 15
ekl xd2/128 (15)
2. Koedimient  nificHoi  moBepxHEBOi

MIPOHUKHOCTI 7, — BifHOIIEHHS Kaps 10 aOCOIIOTHOTO
MEKOBOTO 3HAUEHHS BUTBHOTO MTPOCTOPY (Popen—>1)

U =
Kabs — Pcpen-'dzflzs — (16)
Koamie d2/128 open| -
O06uzBa xKoe(illieHTH MalOTh YITKUHA (i3UUHUN
3MICT: 7], TIOKa3y€ YacTKy 3arajbHOi I'€OMETPHYHOI

IUTONIi 3pa3Ka, sika Oe3nocepenHbo 3aiHsTa MopaMu, a
7Js XapaKTepHu3y€e LIIJIbHICTh PO3TALIyBaHHs ITOp 00paHoi
reoMeTpii Ha TIOBEPXHi TiJIa BIAMOBIAHO A0 KamIAPHOI
Mozeni. [l MBHUAKOTO ONEpaTHBHOIO KOHTPOIIO IMX
XapaKTEpPUCTUK  PO3pPOOJICHO CITYACTy HOMOTpamy
3aJeXKHOCTI Koe(illieHTa YMOBHOI TPOHUKHOCTI BiJ
TreOMETPUYHUX NapaMeTpiB (miamerpa mop Ta ix
LIIJIBHOCTI ), IPEICTABIICHY Ha PUCYHKY 3.
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Puc. 3. Cituacta HoMorpama i30J1iHiii yMOBHOI TPOHMKHOCTI 7s B iHTepBajax AiaMeTpiB mop Ta ix MpocTopoBoi
IITbHOCTI

Y TepmiHOJNOTii  MOPOIIKOBOI  MeTalyprii
3HAYEHHS ITOBEPXHEBOI IOPUCTOCTI TICHO TOB'S3aHE 3
00'eMHOIO TIOPHUCTICTIO Yepe3 pIBHSIHHSI 3B'I3KY 3
TYCTHHOIO MaTepiaiy [6]

Ppor
p=(1--—L")100% , 17
( Psoud) " ( )
I€  pPpor — FYCTHHA IOPUCTOTO TiNa (r/cM’);

Prolid — TEOPETHUHA TYCTHHA OE€3MOPOKHHUCTON
pedosunu (r/cm’).

JIJ1st cTaTUCTUYHO OJTHOPIZHOTO Ta 130TPOITHOTO
TIOPHUCTOTO cepenoBHrIIa 3a CTEPEOJIOTIUHIM
CHIBBITHOIIEHHSM CepeJHs IIOMNHHA HOPUCTICTD Popen
MoXe OyTH NpHUpiBHAHA 10 00'€eMHOT MOPHUCTOCTI 6.

Bukonaemo  MaTeMaTW4YHE  IIEPETBOPEHHSA
6a30BOTr0 pIBHSHHS TPOHHKHOCTI. 3aCTOCYEMO 3aMiHy
B'SI3KOCTI Ha KOEQili€eHT TEKy4OCTi TECTOBOro (uIIOimy
@ (M*/H-c): @ = 1/ u Ta BBEIEMO JIOBKUHY MEPUMETPA
3MOYYBaHHA TOpH KpyroBoro mepepisy U = zmd (M).
[lincraBuBIM 1i 3aJEXHOCTI y TpaHchOpMOBaHE
piBusiHHS [lyaseilins 3 ypaxyBaHHSAM BHUpasy JUis

KoedillieHTa  YMOBHOI ~ HPOHUKHOCTI 775,  IICIIA
areOpaidTHIx CKOPOYEHb OTPUMAEMO HOBY
y3arajbHeHy  (opMyidy — TpOMYCKHOI  3IaTHOCTI
MOPUCTOTO Martepiany
©-AP-d-U
Pperm = = 18
perm 1281 (18)

Hoge ¢iznko-reomerpnyHe TpaKTyBaHHS.

[IpoHMKHICTH  HOpPHCTOrO  Tila  MPSIMO
NpOTIOpIIiiiHa ~ JOBXKMHI ~ TEepUMeTpa  3MOYyBaHHS
kanusipiB U, TekydocTi TecToBoro ¢uioiny @ nepernany
THUCKY AP, BiTHOIICHHIO JIHIHOTO AiaMeTpa Imopu 10 ii
JnoBXHUHU d/l, a Takox Oe3po3MipHOMY Koe(illieHTy
YMOBHOI MPOHUKHOCTI 7Js, SIKHH 1HTETPAIBLHO BPaxoBYe

MIPOCTOPOBY  IIUIBHICTh KamuisipHuX KanamiB. Lle
MiIKpECTIOE  BU3HAYAJIBHY  PONb  T'€OMETPHYHOTO
(axkTopy CTIHOK KaHaIIB (TEpUMeTpa 3MOUYBaHHS) y
(hopMyBaHHI I'iIPOAMHAMIYHOTO OTIOPY.

PeaspHi mopucTi Marepiaqy MICTSATH BEIUKY

KUTBKICTP ~ TYMHKOBUX Ta 3akputux mop. s
OIIHFOBaHHS aJICKBATHOCTI BUMIpPIOBAJIBHOI  MOJEII
MIPOTIOHYE€THCS BHKOPHUCTOBYBAaTH 0e3po3MipHUit
KoediIieHT MPOHUKAOYOT e(eKTUBHOCTI
MTOPOYTBOPEHHS 7)o CrmouaTky 3a momomororo IBC
EKCIICpUMECHTAIBHO BH3HAYAETHCS (dakTHaHA
. e
MPOHUKHICTE  3pa3ka Pe';p NUIAXOM  TPSMEX
BUMipIOBaHb BUTpaTH Q“*P| Ta momi S
exp
max _ @
Popen - s (19)
Ha OCHOBI OTpUMaHO1 IIBUIKOCTI

BHPaXOBYETHCS e(DEKTUBHA KIJIBKICTh aKTHBHUX TIOP Ney
Ha OMHUITIO TUTOMII 3pa3Ka

128-pmax 4, |
_ OpPEN
Nerr = —zaap | (20)
Koegimienr  mponukaro4oi  e()eKTHBHOCTI

TIOPOYTBOPEHHSI 7Jeff PO3PAXOBYETHCS SK BIIHOLICHHS
3HAMJICHOT0 YHCIa aKTUBHHMX KaHATIB JI0 3arajbHOI
KIJIBKOCTI BIJKPUTHX TOp N, BH3HAYEHOI HE3IEKHUM
METOIOM (ONTHYHUM ab0 MeTasiorpadiyHuM)

eff]

ey = 2D

Sxmo 7y — 1, TO CTpyKTypa Marepialy €
MIOBHICTIO KaHAJIOYTBOPIOIOYOIO Ta iJIeaTbHO BiJIIOBIIAE
BUMIpIOBaJIbHIA Mogzeni. SIkmo 77 — 0, Matepian
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MICTUTB NIEPEBa’KHO TYNHKOBI MOPH i HECPEKTUBHUH SIK
¢buIBTP.

OcKiTbKH BU3HAYCHHS TEOMETPUIHHIX
napameTpiB d Ta Ngy € HEnpsMHM BHMipIOBaHHSM,
TOYHICTH OTPUMAHOIO pE3yJbTaTy 3aJeKHUTh BiJ
IHCTpyMEHTAJIbHUX  MOXMOOK  JaT4YWKiB  THCKY,
BUTpaToOMipa, T€OMETPUYHHMX BHUMIPIOBaHb 3pa3ka, a
TaKOXK BIIXWICHHS IapaMeTpiB Mojenli. BuzHauumo
BHXIJIHY BETMYWHY JUIS JiamMeTpa mop sk ¥ = d, a BXinHi
BHUMIpPIOBaHi apameTpu sk BekTop X = {Q, u, I, nes, N,
S, AP}. Jlns po3paxyHKy KOeQIli€HTIB YyTIMBOCTI
BHUKOHAEMO JIOTapH(MyBaHHS POOOUYOro PIBHSHHS IS
JiamMeTpa rmop

1
Ind =2 [gnaza) +1nQ + lnp + Inl — Inz— Inn, -
[nN — n$ — In(4P) |

.22

Judepenuitoroun  orpuMmaHuii  BHpaz  3a
KO>KHOIO 3MIHHOIO, OTPUMA€EMO KOe(illi€eHTH Yy TINBOCTI
ci=0d foxy:

3a 00'€eMHOIO BUTPATOIO ra3zy O

CQ_%_;

3a nepenaaoM TUCKY AP
Bz I |

34 TOBIIMHOIO 3pa3Ka /

,

34 IJIOHICHO 3pa3Ka S

il
Ccs = __,

3a JMHAMIYHOIO B'SI3KICTIO Ta3y u

L% =%

Cymapha CTaH/IapTHA HEBU3HAYECHICTH
HEMpPsIMOTO BUMIPIOBaHHST €()EKTUBHOIO JiaMeTpa Iop
Uc(d) 3a yMOBH B3a€EMHOI HE3QJICKHOCTI BXIJTHHX
BEJIMYUH OOYHCIIOETHECS BIAMOBIAHO IO KEPiBHHUIITBA
ISO JCGM [19] 3a dopmynoro

uc(m)z _ 1 @)2 (uwm)z w)z (@)2
( d T (Q + AP +( 1 + s +

e+ () ()

3 ’?eff

(23)

CremeHeBHH ~ XapakTep  BHMIpIOBAJIBHOTIO
PIBHSIHHS, B SIKOMY HOKa3HHKH CTETICHS ITPH OCHOBHHUX
BXIJIHMUX BENMYMHAX 32 MOJIYJEM JIOpPIBHIOIOTH 1/4,
3yMOBIIIOE TIOCTIa0JIEHHS BIUIMBY KOXKHOI OKpeMoil
BIZJTHOCHOI HEBHM3HAYEHOCTI Ha pE3YJIbTaT HENPSMOro
BUMipIoBaHHS. BopHowyac cymapHa HEBH3HAYEHICTh
BH3HAYAETHCSA CIUIBHUM  BIUIMBOM  YCIX  BXIiTHHUX
BeNIMYMH Ta X KoMOiHyBaHHsAM BimnomimHo ao ISO
JCGM. Hanpukmaz, [uis okpeMoi BXiZHOI BETHYUHHU 3
BiTHOCHOIO CTaHAAPTHOI HeBu3HaueHicTIO 2,0 %
BIAIIOBIAHO HO IMIOKAa3HHMKAa cCTereHs 1/4 ckmnagoBa
BIJTHOCHOI HEBH3HAYCHOCTI pE3yJbTaTy CTaHOBUTHME
0,5 %. Opmmak 1e 3Ha4YECHHS HE € CyMapHOIO
HEBU3HAYEHICTIO pE3yJbTaTy, OCKUIBKM BCl CKJIA/IOBI
Or0[KeTy KOMOIHYIOTBCS BIATIOBITHO JI0
BUMIpIOBAJILHOT MOJIEITI.

Juns Banipanii pospoOusieHoro ingopmaniiiHo-
BHMIPIOBAJIFHOTO METOXy OyJI0 TIPOBEACHO Cepito
JIOCHI/KeHb. SIK NOCIHiAHI 3pa3Ku BHKOPHCTOBYBAJIHCS
NIPOHUKHI KepaMiyHi JWUCKH, OTPUMaHi METOIOM
MOPOIIKOBOI MeETalTyprii Ha OCHOBI HAllOBHIOBada 3
CIICKTPOKOPYHIY 31 CICYCHHM CKIOKPUCTATIYHUM
KapkacoM. [‘eomerpmuHi po3MipH 3paskiB: JiaMeTp
Dy=(30,0+£0,1)-10° M, ToBmmma [=(5,0=0,05)-10"
> Mertpooriuni XapaKTEePUCTUKU 3aco0iB

c.=P4= 4] BumiproBasibHOT  TexHiku (3BT), 3anmisamx B IBC,
U o .
M i HaBeeHO B Ta0mui 1.
Taoauns 1
MeTpoJIOriyHi XapaKTepUCTUKH 3ac00iB BUMIPIOBATBHOI TEXHIKH
BumiproBansauit 3aci6  BumiproBasbHOI | Jliana3oH Knac Tounocti / I'panmug | Tunm  posnoxidy
KaHal TEXHIKH BUMIpIOBaHb TTOXHOKH TTOXHOKH
Kanan Butpatu ra3y | Temnosuit MacoBUH + 1,5% Bix BUMIpIOBaHOTO .
p Y . 0...50n/xB ’ A p [pssmokyTHMIA
(9)) BHUTPATOMIP 3HAYEHHS
Kanan tncky na | Jlatumk ~ abGcomoTHOTO o .
. Y A 0...250 kIla + 0,25% Bin nianazony IpsimoxyTHHI
Bxoxi (Pr) TUCKY
Kanan  mepemany | AudepeHmiiiamii o) i s .
0 ... 100 xITa + 0,25% Bin nianazony IpsimoxyTHHI
TUCKY (4P) MaHOMETP
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I'eomeTpruni

posmipu (, Ds) udposuit mikpomeTp

0...50 MM

+ 0,002 MM IpsimoxyTHHI

TecToBUM cepeoOBUIEM BUCTYyIAaB OYHIICHUN
CTHCHEHMH a30T NpH TeMmueparypi BumipioBanHs 1 =
(293,15 + 0,5) K. lunamiuna B'SI3KICTH a30Ty NpH LiH
TeMIepaTypi 3a TaOJIMYHUMU JAHAMH CTAaHOBUTH 4 =
1,76-107 Ia ¢ i3 cTaHAAPTHOK HEBU3HAYEHICTIO 33 THIIOM

B u(u) = 0,01-10° Tlac. Y Tabmumi 2 HaBeIeHO
pe3ysbTaTi BUMIpIOBaHb (UIBTpAliiHUX HapaMeTpiB Ta
pO3paxoBaHi 3HAYEHHS TECOMETPHUYHHUX XapaKTEPUCTHK
JUIs 9OTUPHOX JOCHIAHUX 3pas3KiB (UIBTPIB 3 PI3HOIO

,HI/ICHepCHiCTIO BI/IXi,HHOFO HOPOLIKY.

Taoauns 2
Pe3yjibTaTH eKCNePUMEHTAJLHUX BUMIPIOBAHb TA PO3PAXYHKY reOMeTPHMYHIX NapaMeTpiB mop
Bumipsaa
Ne . Ob'ewna ButkpuTa Pozpaxynkosuii |[[loBepxHeBa Koediwient
3p | Pisnunsg BUTpara rasy TIOPHCTICTh . O o
. niaMeTp mop d, [MUIBHICTE  IOp [yMOBHOI
a3 | tuckiB AP, I1a Popen, N-107. 1/m2 :
@ 010 wi/c MKM , I/m IPOHUKHOCTI 7)s
BiJIH. O[.
1 12450 + 120 1,25+0,02 0,38+ 0,01 23,1+0,1 90,7 £1,5 0,048 + 0,001
2 15600 +150 1,82 +0,03 0,42 + 0,01 24,7+0,1 87,5+1,4 0,053 + 0,001
3 18900 + 180 3,15+0,05 0,46 + 0,01 27,3+0,1 78,5 £1,2 0,058 + 0,001
4 | 22100 +200 4,85+ 0,08 0,49 + 0,01 30,2+0,1 68,4+1,0 0,062 + 0,001
Cymaphe | 100

AHaJii3 pe3yIbTaTiB Ta METPOJIOTIYHA OLIHKA.

Jost METPOJIOTIYHOTO OIIiHIOBAHHS
3alpPOMIOHOBAHOTO METOMY BUKOHAHO aHANi3 OMOIKETY
HEBH3HAYEHOCTI BiAnoBigHo 10 Bumor ISO JCGM.

CranmapTHy HEBH3HAUCHICTH THITY A BH3HAYCHO
3a pe3yabTaTaMu cepil 3 n=5 mapaie’lbHUX BUMipIOBaHb,
o0  XapaKTepu3y€  TOBTOPIOBAHICTH  PE3YJBTATiB.
CraHmapTHi HEBHU3HAYCHOCTI TUIMYy B omiHeHO s
OCHOBHUX BXiJTHUX BEJUYMH BUMipIOBAITEHOT MOJICII.

V3arampHeHHH PO3MOINT  BHECKIB  OKPEMHX
CKIQJIOBUX y  CyMapHy [HCIEPCII0  pe3yinbTary
BHUMIPIOBaHHS €()eKTUBHOTO JliaMeTpa 1mop s 3pa3ka No3
HaBeJIEHO B Ta0muIi 3.

Taoaunsa 3
V3aranpHeHU OIO/KET HEBH3HAYEHOCTI BHUMIpPIOBaHHS
e(EKTHBHOTO JliaMeTpa mop s 3pazka Ne3

BinHocHuii BHECOK 3a

Jlxepeso HeBU3HAYEHOCTI JIACIIEPCIE0 Y CyMapHy
HEBU3HAYCHICTh, %0

IMoxubxa BUMIpIOBaHHS 185

Butparu u(Q) ’

IMoxubxa BUMIpIOBaHHS 14.1

repenany Tucky u(4P) ’

IMoxubxa BUMIpIOBaHHS 0.01

TOBIIHMHU 3pa3ka u(l) ’

HeBusnaueHicts TLTOII 26

3paska u(S) ’

HeBusnaueHicte anHaMiqHOL 3.0

B’sI3KOCTI U(u) ’

HeBusnaueHicTs MOJEIBHOTO

koedimienta  epeKTHBHOCTI | 56,7

u(1ef)

Sk BugHO 3 TaOmumi 3, HAWOUTBIIMIA BHECOK Y
CyMapHy HEBHU3HAYCHICTh (HOpMye HEBHU3HAYCHICTH
MOJIETIBHOTO KoedimieHTa epEeKTUBHOCTI u(7f), YacTKa
Kol craHoBUTH 56,7 %. Bueckm Burpatn (Q) Ta
nepernaay TUcKy (4P) cranoBnsaTh BiamosimgHo 18,5 % Ta
14,1 %, Tomi sk BIUTUB reoMeTpuuHOTO Tapamerpa (/) €
nesnaynuM — 0,01 %.

Po3bepemMo UMCITOBHMIA TPHKIAA PO3PAXYHKY
OFOJKETYy HEBU3HAYCHOCTI s 3pazka Ne3. Bxinni nasi:

0=3,15-10"M/c;

AP = 18900 Ila;

[=5,0-107m;

2
S__7,07'10'4M2;

u=1,76 - 107 Ma-c;

P open = 0,46

BusHauumo CcTaHAapTHi HEBU3HAYCHOCTI 32
TunoM B:

CTaHJapTHA  HEBU3HAYCHICTH  BHMIPIOBAHHS
BUTpATH razy

wQ) = PR = 27310

(@ = 0,87%);

CTaHJapTHa HEBU3HAYEHICTh

nepenany TUCKY

BUMIpIOBaHHS
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100-103-0,0025

u(AP) = e

= 144,3

(M52 = 0,76%):

CTaHAapTHa HEBU3HAYEHICTh TOBIIWHU 3pa3Ka

u) =P2207 +1,15:107% (X2 = 0,023% );

BiTHOCHA HEBU3HAYCHICTh IUIOMII 3pa3Ka

CTaHJapTHa HEBU3HAYCHICTH B'I3KOCTI

u(u) = 1,0 - 107 Ia-c (%: 0,57%)

CTaHIapTHA HEBU3HAYEHICTh MOJICIILHOTO
KoedimieHTa  €PEKTHBHOCTI  u(7)ef) 32  OIIIHKOKO
aJIeKBATHOCTI CTaHOBUTE 1,5%.

CkinageMo  OMOKET  HEBH3HAUEHOCTI  JIs

BH3HAYCHHS ¢)CKTHBHOTO fiameTpa mop d (Taddm. 4).

u(s u(D 0,05-10-3
()=2. Ds) _ — 0,33%;
S Dg 30,0-103
Tabnuus 4
BropskeT HeBU3HAYECHOCTI BUMIPIOBaHHA AiaMeTpa nop (Juis 3pa3ka Ne3)
CumBoONI Bimmocna Koeq)iuieHT CBH;;:OE y BigHOCHUM
BEIVMYMHY | 3HAUEHHS CrangapTHa & .| TyTIHBOCTL YMAPHY i Hecok 34
BEIMYUHU HEBU3HAYCHICTD U(X:) [1CBHSHATEHIC HEBHSHAICHICT Imcriepcieto
_ b u(xi)/xi, % | o =9 boowi(d) = ’
b b=} s %
' i -U(Xi), MKM
. 2
0 3,15-10%Me .73 - 106 Mle 0,87 f{}/Z 107 M/ 4 059 18,5
-10
AP 18900 ITa 144,3 Tla 0.76 3001076052 14,1
m/T1a
/ 5,0-10% m 1,15-10%m 0,023 1,37 - 1073 0,002 0,01
— . _3
S 7.07-104M2 33106 w2 0,33 M2’65 107 M7\ 6 022 2.6
-1
u 1,76 - 105 Ta- ¢ 1,0 - 107 a-c 0,57 3,88 10 0,039 8,0
m/Ila-c
ey 0,85 0,0128 1,50 -8,03 - 10%m -0,103 56,7
Cymaphe d=27,3 Mmxm - — — 0,137 100.0
Ha OCHOBI CKJIaJICHOTO OromKeTy
HEBU3HAYCHOCTI ~ BH3HAYCHO CyMapHy CTaHIapTHY Otpumane 3HAYCHHS PO3IIUPEHOT
HEBU3HAYCHICTh BUMIPIOBAHHS ©(QEKTUBHOTO JiaMeTpa  HEBH3HAYCHOCTI XapaKTepu3ye JOCSITHYTYy TOYHICTh

nop
uce(d) =0,137 MrM.

Jns xoedimieHTa oXomieHHS k=2 po3mmpeHa
HEBU3HAYCHICTH CTAHOBUTH

Uoo5(d)=k- uc(d) =2 - 0,137 mxm = 0,27 MKM.

BinnocHa HEBU3HAYEHICTH

BUMIPIOBaHHS IOPIBHIOE

po3iupeHa

Urer = 22D 100% - -100% ~ 1,0%.

3allpOIIOHOBAHOI0 METOAY JII BU3HAYCHHS e(i)eKTI/IBHOFO
JliamMeTpa rmop y JOCHiPKyBaHHX YMOBaXx.

Baaigauisi pe3yabraris.

Baninaniro po3po6JieHOro mMeroay NnpoBexeHO
IJIAX0OM HOpiBHﬂHHﬂ 3 He3aJCeKHHM ONTHYHHUM

MEeTOI0M.

Jnst MiATBEPKCHHS JIOCTOBIPHOCTI
3aIIPONOHOBAHOIO iH(pOpManiHHO-BUMiPIOBAIEHOTO
METOMy TPOBEICHO TIOPIBHSUIBHE  JOCHIPKCHHS 3

BUKOPHCTaHHSIM HE3aIEKHOTO pPe(EepeHTHOro METOIY
(ontmuHOi  MiKpockomii). Y3romKeHICTh pe3yJbTaTiB
OLIIHIOBAJIM 32 JIOTIOMOT'OI0 HOpMaJli30BaHOi TOXHOKK En,
SKy PpO3paxoBYBaJM BIANOBIZHO 10 MDKHApOIHUX
METPOJIOTIYHUX peKoMeHanii [32-33]
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|dmeas_drer|
En = (24)
\"U‘:(d’measj*'u Edref) ’
ze dmeass — 3HAUCHHS JiaMeTpa TIOp, OTPHMaHE
PO3pOOICHUM METOJIOM, dmeas=27,3 MKM;
dref — 3HAUCHHS, OTPHMAaHE CTAJIOHHUM

(MIKPOCKOITIYHIM) METOJIOM, dre/=27,5 MKM;
U(dmeas) — pO3LIHNPEHA HEBHU3HAYCHICTH METOMY
1,13%, mo cxnamae U(dmeas) = 27,3 - 0,0113 = 0,308 mMxwMm;
U(drep) — po3mmpeHa HEBU3HAYCHICTH
eTaioOHHOr0  Meromy. JIast  ONTUYHOI  MIKPOCKOMIT
NpUiiMEMO CTaHJIAPTHY pO3IIUPEHY HeBH3HAueHicTh U
~0,400 MKMm;

12732751 _ %2~ 0,40 <1,0.

En= —— =
4/0,3082+0,4002 0,505

Otpumane 3HaueHHS FEn < 1 migTBepmKye
Y3TOJUKEHICTh pe3yJbTaTiB, OTPUMAHHUX 3alPOITOHOBAHUM
METOIOM HE NPSMOTro KOHTPOJIO, i3 pedepeHTHUMHU
pesyibTataMy,  OJEpXaHUMH  METOJOM  ONTHYHOL
MIKpOCKOMIi, Y MeXax yCTaHOBJICHUX HEBH3HAuYCHOCTEH,
110 MIATBEPPKYE HOTO METPOJIOTIYHY NPHIATHICTB.

BucHoBkn.

1. PospobiieHo  pyHKHmiOHANBHY — CcXeMy
iH(pOpMaNiHHO-BUMIPIOBAIFHOI CHCTEMH JUTS peari3amii
METoxy HETIPSIMOTO HEepyHHIBHOTO KOHTPOJTIO
TE€OMETPUYHUX  [apaMeTpiB  IMOPHCTHUX  MaTepiaiiB.
3amporoHoBaHa CTPYKTypa 3a0e3mnedye (OpMyBaHHS,
peecTpanito Ta 00poOJICHHS BUMIpIOBAIBHOI iHpOpMAii
Ha OCHOBI BHMMIPIOBaHHS BHTpAaTH TECTOBOIO Ta3zy Ta
Tiepenajy TUCKY.

2. Po3pobiieno TEOMETPUYHY Ta
MaTeMaTu4Hy MOJIETb HETIPSIMOTO KOHTPOJTIO
TCOMETPUYHHUX IapaMeTpiB IMOPUCTUX MaTepiajiiB, IO
0a3zyeThCs Ha KalUISIPHOMY MiAXoAi Ta 3akoHax I 'areHa—
[lyazeiinsa, Bambopna i Crokca, amanToBaHUX JIO
BUKOPHCTaHHS  CTHUCIHMBHX  Ta30BHX  CEPEIOBHII.
CchopMoBaHO BHMIpIOBAIBHY MOJIETb, K4 BCTAHOBIIOE
B3a€EMO3B'SI30K MK  0€3locepeHb0  BUMipIOBAHUMH
¢iznuHIMHU BennurHaMu (00'eMHOIO BUTparToro razy Q ta
nepenagomM TUCKY AP) i reoMeTpHYHMMH HapaMeTpamu
MIOPHUCTOI CTPYKTYPH.

3. 3anpornoHoBaHo (i3UKO-TEOMETPUIHUI
X1 IO OI[IHIOBAHHS IPOITYCKHOI 3IaTHOCTI MTOPHCTOTO
Marepiany, SKHH, Ha BiIMIHYy BiJ KJIAQCHYHOTO 3aKOHY
Japci, BcraHoBmioe Oe3nocepenHiii B3a€MO3B'A30K MiX
MIPOHUKHICTIO Ta TEOMETPUYHUMHU XapaKTepHUCTUKaMHU
MIOPHUCTOI CTPYKTYPH.

4. OOrpyHTOBaHO BBEIICHHS 0€3p0O3MipHHUX
MOJIETIbHUX KOe(iLliEHTIB Y BUIIISAAl KoedimieHTa yMOBHOI
MIPOHUKHOCTI 7y Ta  Koe(illieHTa  MPOHHKAIOYOl
e(CKTUBHOCTI 7}, BHUKOPHCTaHHS SKHX 3a0be3reuye
KOMITCHCAIlII0 CHUCTEMAaTHYHUX METOANYHUX ITOXHOOK,
3yMOBJICHHX 3aCTOCYBAaHHSM CIIPOIIEHOI  KamiJIsIpHOI
MOJEII.

5. IIposeneno €KCIEPUMEHTAIbHY
anpo0arito Ta METpOJIOTIUHE OLIIHIOBaHHS
3aIIPOIIOHOBAHOTO METO/TY. 3a pe3yIbTaTaMH OLIHIOBAHHS

OrOJKETy HEBH3HAUYCHOCTI BiAMOBiAHO 1m0 BUMOr I[SO
JCGM BcTaHOBJIEHO, IO PpO3MIMPEHA HEBH3HAYEHICTH
BU3HAUCHHS CEPEAHBOrO €(hEeKTHBHOTO JaiaMeTpa Iop He
nepesuntye 1,0 % mpu BHKOpHCTaHHI cepiiiHMX 3aco0iB
BUMIPIOBJILHOT TEXHIKM CEpeIHbOT0 KJIAaCy TOYHOCTI.
Bamipamiss meromy 3a koedimieHToM FEn  miaTBepAMiIa
HOro METpOJIOTiUHY MpPHUAATHICTE A0 HPaKTUIHOTO
3aCTOCYBaHHSI.
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Hevorkian E., Komarova H., Voloshyna L.,
Voloshyn D., Timofeeva L. Metrological assurance of
geometric parameter control of porous materials
based on the analysis of filtration characteristics.

Abstract. The paper addresses the scientific and
practical problem of developing a method for indirect
non-destructive  evaluation of integral geometric
parameters of porous materials for industrial applications.
The proposed approach is based on analysing the
hydrodynamic and gas-dynamic characteristics of
filtration transport of a test gas through a porous structure.
Unlike conventional destructive techniques, including
metallographic  analysis and mercury intrusion
porosimetry, the method enables rapid determination of
integral characteristics without damaging the product,
making it suitable for quality control and diagnostics.

A conceptual model has been developed to
establish the relationship between directly measured
quantities, namely volumetric gas flow rate and pressure
drop across the sample, and structural characteristics,
including effective pore diameter and spatial pore
concentration. The model is based on a capillary
representation of porous media and combines the Hagen—
Poiseuille, Washburn and Stokes equations adapted for
compressible gaseous media. This enables description of
the filtration process using macroscopic parameters while
obtaining information about internal pore geometry.

To improve metrological reliability, correction
factors are introduced to compensate systematic errors
caused by the simplified capillary representation of real
porous structures. Two dimensionless coefficients, the
conditional permeability and penetration efficiency
coefficients, are introduced, improving accuracy of
parameter estimation.

A functional system structure has been
developed, including a compressed gas unit, pressure and
differential pressure sensors, a thermal mass flowmeter,
an analogue-to-digital converter, and processing software.
The procedure is based on recording gas flow rate and

pressure drop under steady-state conditions followed by
indirect determination of pore characteristics.

Particular attention is paid to metrological
support. Sensitivity analysis has been performed, and
contributions of instruments to combined uncertainty have
been evaluated. An uncertainty budget has been compiled
according to ISO JCGM. The relative expanded
uncertainty of effective pore diameter does not exceed
1.0% for instruments of medium accuracy class.

The method has been validated against an optical
microscopy reference using the normalized error criterion
En. The value En < 1 confirms agreement within
uncertainty limits and verifies metrological suitability.

The study contributes to a modelling approach
combining filtration theory, indirect measurement
principles and metrological analysis for porous materials,
enabling non-destructive control of porous metallic and

ceramic products wused in engineering, filtration
technologies and instrumentation.
Keywords:  information and measurement

system; non-destructive testing; porous material; pore
geometric parameters; gas permeability; indirect
measurements; measurement uncertainty; metrological
assurance.
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JIABEHKO /1. I1., x.T.H., JOIleHT

DOI: https://doi.org/10.18664/ikszt.v31i3.371457

(YkpalHChbKHii JepKaBHUN YHIBEPCUTET 3aJ1I3HUYHOTO TPAHCIIOPTY)

Buxopucranns anropurmy [leiikcTpH 1151 onTHMI3awil 3a1a4 yNPaBJIiHHSA TA IVIAHYBaHHS

nepeBe3eHb Yy HABYAJIbHOMY Ipoueci

Anomauin. Y cmammi po32110aromucs MONCIUBOCHI 3ACMOCYBAHHS Al2OpUmmie meopii epagie 0ns po3e ’si3amHs
3a0a4 ynpasninHa ma NIAHYBAHHA MPAHCHOPMHUX Nepee3eHb y HABYAIbHOMY Hnpoyeci nidzomosku gaxisyie 3
iH(hopmayitinux mexHono2il, asmomamusayii ma nozicmuku. Ilpoananizosani ocobIUBOCMI BUKOPUCTNAHHS AI2OPUMMY
HOWYKY HAUKOpOmMuio2o wiiaxy (aneopumm [etikcmpu), 0 onmumizayii Mapupymie y mpaHCHOPMHUX MEPEHCaX.
Poszenanyma mamemamuyna moodenb mpancnopmuoi mepexci y 8uenadi 36adxiceHo2o epaga, oe eepuiuHu 8i0n08i0arms
MPAHCROPMHUM BY3NAM, A PeOPA — MOICTUBUM MAPUWPYMAM NEPEMIWEHHS 3 NEBHUMU BASOBUMU XAPAKMEPUCIUKAMU.
Hagedenuii anecopummiynuii onuc npoyeoypu 3HAXOONCEHHS ONMUMATLHO20 MApWpymy ma Npukiao po3paxyHKy
HAUKOPOMWO20 WASIXYy Midc HyHKmamu mepedxci. Ilokasano OoyinbHicmb GUKOPUCMAHMS MAKUX Mooenell y
HagUanbHOMY npoyeci 0l POPMYBAHHS Y CIMYOCHMIE NPAKMUYHUX HABUYOK MOOENIOBAHHA MPAHCROPMHUX CUCIEM ma
3acmocysanns anzopummie onmumizayii. Hasedenuii npuxnao euxopucmauHs aneopummy Jletikcmpu 8 Kypcax
KOMN IOMePHO20 MOOENOBAHHS, OUCKPEMHOI MamemMamuKky ma iHpopmMayitiHux mexnonozit 3 BUKOPUCIAHHAM RAKemy

MATLAB.

Knrouosi cnosa: ancopumm evikcmpu, epaghosa mooenv, MOOeMOBAHHA, HABUAIbHUL NPOYec, ONMUMI3ayis
Mapwipymis, RIaHy8anHs nepesesetb, MPAHCNopPmHA Mepeica.

IHocTanoBka nmpodemu

CyyacHui pO3BUTOK TPAHCTIOPTHHUX 1 JIOTICTHYHHUX
CHUCTEM XapaKTEepPHU3YIOThCS IIOCTIHHMM  3pOCTaHHSAM
00CsITiB 1IepeBe3eHb, 3HAYHOIO CKIIAIHICTIO TPAHCIIOPTHUX
MEpEeX Ta BEIUKOIO KUIBKICTIO  B33a€MOIOB’SI3aHUX
eneMeHTiB. EdexTnBHE ynpaBiiHHS TaKMMH CHCTEMaMu
notpedye ONEepaTHMBHOIO NPUHHATTS  yNPaBIiHCBKUX
pillIeHb.

Ha 3ami3HMYHOMY TpaHCIOPTi, y JIOTICTUYHUX
LIEHTPaX, aBTOMATU30BAaHUX CHCTEMax AMCIETYEPCHKOTO
KepyBaHHS Ta iH()OpMaLiiiHO-KEpyIOUNX CHCTeMax 3a/1adi
BU3HAUCHHS ONTHUMAIbHUX MapIIpyTiB  BHHHUKAIOTh
NIPaKTMYHO HA BCiX PIBHAX yNpaBimiHHA. IX po3p'szaHHs
0a3yeTbCsi Ha BHKOPHUCTAaHHI MaTEMaTHYHUX MoJeJeh
TPaHCIIOPTHUX  MEpPEeX 1 CY4YaCHHX  QJITOPUTMIB
OTITHMIi3allii.

OmHpM 13 HaWOUTBII TOMIMPEHUX IMIAXOMIB 10
aHaJIi3y TPAaHCIIOPTHUX MEPEX € 3aCTOCYBAaHHS METO/IB
Teopii rpadiB. VY TpadoBHX MOAENAX TPAHCIOPTHA
Mepexa pO3MINAETBCS Yy BHIVISAI  HAOOpy BY3IiB
(BepmmH) 1 3B’s3KiB (pebep) MK HHUMH i3 BaroBUMH
XapaKkTepucTUKamMH. Take TpeJCTaBICHHS JO3BOJISIE
¢dopmaizyBatu 3aja4i HOILIYKY ONTHUMAJIBHUX
MapHIpyTiB, MiHiMi3alii BapTocTi abo Yacy mepeBe3eHb.
OpHuM i3 KJIAaCMYHHMX ITOPUTMIB, SIKHH IIMPOKO
BUKOPHCTOBY€EThCS U TOMIOHMX 3ajgad, € alrOpUTM
JeikcTpu, sSkui [O03BOJSE€ BU3HAUUTH HAMKOPOTIIMI
LIJISIX MIXK BEPLIMHAMU 3BasKeHOTro Trpada.

Anroput™M  JIeMKCTpH  HAJIEXKHUTh 1O  KIACHYHHUX
aNTOPUTMIB AUCKPETHOT MAaTEMATHKHU Ta 3aCTOCOBYETHCS B
TPaHCIIOPTHIN JIOTiCTHUMLI, TreoiHPOpMaliiHUX CHUCTEMaXx,
HaBITallifHUX  KOMIDIEKCAaX, CHUCTEMaxX  MiATPUMKH
NPUHHATTS PIIICHb, TEJEKOMYHIKAI[IMHUX Mepexax Ta
iHpOpMamiHHO-KEpYIOUNX  CHUCTEMax  TPAHCIIOPTHOI
raiysi.

© JJABEHKO /1. 11.,2026

3acTocyBaHHS MOJIOHUX aJTOPUTMIB Ma€ BaKIIMBE
3HAYEHHS HE JIMIIE B MPAKTUYHUX CHCTEMax JIOTiCTHKH, a
W y HaBUalbHOMY Tmiporieci. BHBYEHHS airopuTMIB
onrtuMizalii crupusie GOpMYBaHHIO Y CTYJCHTIB HaBHYOK
NTOPUTMIYHOTO MHWCIJICHHS, MOJICTIOBAHHS CKJIQJHUX
CHCTEM 1 BUKOPUCTaHHS iHPOpMamiiHUX TEXHOJIOTIN JuIs
PO3B’sI3aHHS PHUKJIAIHIX 3a1ad.

Came TOMy BUKOPHCTaHHS anroputMmy JeHKcTpH B
OCBITHBOMY TIpOIIEC JJIsl PO3B’SI3aHHS 33/1a4 yIPaBIIiHHS
Ta TUIAaHYBaHHS MIEPEBE3CHb € aKTYaJIbHUM SIK 3 HayKOBOI,
TaK i 3 IPaKTHYHOI TOUYKH 30DY.

AHaJIi3 mocaiTKeHb

3agaui onTHMI3alii TPAHCHMOPTHHX MapUIPYTiB
aKTHBHO  JIOCHI/DKYIOTBCS B Tajly3i TpaHCHOPTHOI
JIOTICTHKH, iH(GOPMATHKK Ta Teopii anroputMiB. OCHOBH
rpadoBUX METOJIB y 3ajadax IUIaHyBaHHS IEPEBE3CHb
Oynmu 3akiameHi B poOoTax 0araTboX JOCIITHHUKIB,
MIPUCBAYEHUX Teopii rpadis, MaTEMATUYHOMY
MOJICTIIOBAHHIO TPAHCIIOPTHUX MEpPEeX 1 pPO3pOOIJICHHIO
aNTOPUTMIB  ONTHMI3amii, IO PO3BHBAIN HANpPSIMKH
JIMCKPETHOI MaTeMaTHKH Ta Teopii ainroputmis [1,2,3].

ANTOpPUTM TONIYKY HAaWKOPOTIIOIO IUIAXY BiX
onuiei BepmuHM Tpady MO BCIX IHIIMX BEpUIMH
(anroputm™ Ha rpadax) OyB 3armpornoHoBanuii y 1959 poui
HiZIepIaHACEKUM ydYeHHM JIeWKCTporo 1 craB OfHHUM i3
(yHIaMEHTAIBHUX ~ IHCTPYMEHTIB  onTHMizamii B
MEpEXKEBUX CTPYKTypaX. MOro OCHOBHOI IEpeBaroi €
MOXJIUBICTh €()eKTMBHOTO BHM3HAYCHHS HAWKOPOTIINX
IULIXiB y rpadax i3 HeBiA'€eMHMMH Baramu pebep, o
00yMOBMIIO IIMPOKE BUKOPHCTaHHS AITOPUTMY B PI3HUX
rajgy3sx HayKd 1 TEXHIKH: TPAaHCIIOPTHOMY IUIaHYBaHHI;
TEJICKOMYHIKAI[IHHUX ~ Mepekax;  reoiHpopmariitnux
cUCTeMaxX, HaBiramiifHMX cepBicax Ta  CHCTEMax
MATPUMKH TPUHHATTS pimeHs [2,6].

Monganpmmii  po3BUTOK rpadOBUX aJTOPUTMIB
MPUBIB 10 TMOSBU  YHCJICHHUX  MOJUQIKamiin i
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aNbTEepPHATUBHUAX METO/IIB TOIIYKY HAWKOPOTIINX IIUIAXIB,
cepen sikux anroputMu bemnmana—®opaa, dnoitna—
Bopmrenta Ta  A*, a  TakoX Cy4YacHHX METOJIB
GaraTokpHuTepiabHOT ornTuMizarii TPAHCHOPTHHUX
MOTOKIB. BHOIp KOHKPETHOTO alrOpUTMy BH3HAYAETHCS
0COOJMBOCTSIMUA ~ TPAHCIOPTHOI MEpeXi, PO3MIpHICTIO
3aja4i Ta BUMOTaMH [0 IIBHUJIKO/i1 00YHCIICHb.

CyyacHi JMOCHI[DKEHHS TaKoX JEMOHCTPYIOTbH
aKTUBHUI PO3BUTOK i MOAMU(DIKAIST METOJIB ONTUMI3aIlil
MapHIpyTiB Y TPAaHCIIOPTHHUX 1 JIOTICTUYHHUX CHCTEMax, a
TAKOX JOLUIBHICTh BHKOPHCTaHHS MaTEeMaTHYHOTO
MOJICTIIOBaHHS MiA 4ac TpodeciiHOi  MiATOTOBKU
MaiiOyTHiX ¢axiBmiB. [IpakTHuHa peanizawiss alropuTMIB
onrrumizanii B cepegosuimax MATLAB, Python, C++ ta
IHIINX T[pOTpaMHMUX MaKeTax crpuse (HOPMyBaHHIO
KOMITETEHTHOCTEH 13 MareMaTH4HOrO MOJIEIIOBAHHS,
MpOrpaMyBaHHS Ta aHaji3y TPAHCHOPTHHUX IIPOILECIB
[4,5,8,9].

Bitunsusni JIOCJIIIHAKA TaKOX aKTHUBHO
PO3BHBAIOTH HAIIPSM 3aCTOCYBaHHA IpadoBUX Moemner Ta
aNTOpPUTMIB OINTHMI3allil MapHIpyTiB y TpaHCIOPTHiH,
30KpeMa 3aIi3Hn4HIH, raiy3i. Tak, y po6oti [1] BukoHaHo
MOPIBHSUTBHUIN ~ aHANi3  EBPUCTUYHOTO  <OKaJi0OHOTOY
NTOPUTMY Ta METOIY AMHAMIYHOTO IPOrpaMyBaHHS UIs
MoOYyZOBH  €HEProeEeKTUBHHUX  TPAEKTOPIH  pyxy
PEHKOBOTO TPAHCIOPTY, a B AOCIIIDKEHHI [6] pO3TIITHYTO
(hopMyBaHHS aJbTEPHATHBHUX MApIIPYTiB NaCAKUPCHKUX
MOi3iB Ha OCHOBI TCHETHYHHUX AaJTOPHTMIB B YMOBax
TIOLIKO/DKEHHS 3ai3HNYHOI iH(pacTpykTypu. Ilutanns
MIPAaKTHYHOTO 3aCTOCYBaHHs anropurMy Jlekerpu s
pO3B'sA3aHHSA ~ 3aJad  JIOTICTUYHOI  MapIupyTH3arii
BHCBITIICHO B po6oTi [7]. OcobmmBocTi iHTErparmii
JIMCKPETHOI MaTeMaTHKH Ta Teopii rpadiB y MpakTHUHY
MATOTOBKY (DaxiBIiB KOMMI'IOTEPHUX HAyK 1 CYMDKHHX
crenianbHOCTel po3risHyTO B [1].

Pazom i3 TMM aHami3 HayKoBUX ITyOJikamii
MOKa3ye, IO THTaHHS KOMIUIEKCHOTO BHKOPHCTaHHS
anroput™my [lelikcTpm came SK 3aco0y iHTerpamii
MaTeMaTH4yHOTO  MOJENIIOBAHHS, alIrOpuTMi3amii  Ta
mporpamMHoi peainizamii y mpoueci miarotoBku (axiBuiB
TPaHCIIOPTHOI Taly3i BHCBITICHO HeNOCTaTHBO. lle
00yMOBJIIOE ~ JOIIBHICTE ~ TPOBEACHHS  IMOJAIBIINX
JIOCHI/PKEHb Y IaHOMY HalpsiMi.

3  MareMaTH4HOi  TOYKH  30py  3a7ada
(hOpPMYIFOETHCS SIK 3aj]ada IMONTYKY HAHKOPOTIIOTO MUIAXY
B 3BaXKCHOMY Tpadi.

Mogeb TPAaHCIIOPTHOI Mepeki

ITocranoBka 3agavi

Posrsinemo 3ajavy TUTaHyBaHHS II€pEBE3CHb Y
TPAaHCIIOPTHIH MeEpexXi, fKa CKIANAEeThCsl 3 Habopy
TPAaHCIIOPTHUX BY3JIB 1 MapmpyTiB Mk HUMH. KoxxeH
MapHIpyT XapaKTepU3YEThCS INIEBHOIO Baroro, 10 MOXKe
BIAIIOBigATH:

® JIOBXHHI MapuipyTy;

® Jacy IepeMilIeHHS;

® BapTOCTI IEPEBE3CHHS;

® BHTpaTaM eHeprii abo pecypcis.

HeoOximHO BW3HAYMTH ONTHMAIBHUN MapupyT
MDK 3aJJaHAMH ITyHKTaMH TPaHCIIOPTHOI MEpexKi TakuM
yyHOM, 100 CymMapHa Bara  Mapumpyry Oyna
MiHIMaJIbHOIO.

TpancropTtHa Mepexa Moxke OyTH TpeliCTaBIeHa Yy

Burial rpada

ae
- |V = {vy, vy, ...,vn}| — MHOXHHA BEpUIVH

(TpaHCTIOpPTHI BY3JH);
- — MHOXMHa pebep (MapLIpyTu

MDK BY3JIaMH).
Koxxnomy pebpy @, mo 3'enHye BepmMHH (U, V)
BiJINIOBiIa€ BaroBa QyHKIIis

: E >R

)

()

o  Xapakrepu3ye (i3W4HI  XapaKTEPUCTHUKU
MapuIpyTy: AOBXHHY, BapTicTh ab0 4ac TNepeMillleHHS
MDX By3JIaMH.

Takum unHOM, 3aa4a IUIAaHyBaHHS TPAHCIIOPTHUX
MepeBe3CHb 3BOAUTHCS IO BHU3HAYECHHS MIiHIMAJIBHOT
CyMapHOi Baru MapumpyTy (uuisixy P) Mix mouaTkoBoro
BEpUIMHOIO (S) 1 WIJIbOBOIO BepHIMHOIO (t), IS SIKOTO
CyMapHa Bara € MiHIMaJIbHOIO:

W(P) = T v ep W v) - min 3)

Aaroput™ [eiikcTpn

Anroput™ JIeHKCTpU NPU3HAYEHHUH IUIsI NOUIYKY
HAWKOPOTIIHX MUISAXIB Bl OJTHIET BEPIIUHY IO BCIX IHIIAX
BepmMH 3BakeHoro rpada. Kiacmunwmii anropurm
JeiikcTtpu mpaitoe  TUTbKM it rpadiB  0e3  pedep
BiJI'€MHOT TOBXKHHH.

OCHOBHI €eTany aJlrOpUTMY:

1.IToyaTkoBilf BepIIMHI PUCBOIOETHCS BincTaHb

(d(s)=0).

2.¥YciM  iHIMM  BepIIMHAM  IIPHCBOIOETHCS
HecKiH4eHHa BigcTanb (d(v)=x).

3.00upaeTbcsi  BepmMHa 3 MiHIMAJIbHOIO
MTOTOYHOIO BifcTaHHIO. (d(V)).

4 Sxmmo HEPIBHICTh d(v)>d(u)+w(u,v)
BUKOHY€ThCSI, 3HaUeHHS d(V) OHOBIIOIOTHCS JUISI CYCiTHIX
BEpILINH.

5.I0pouenypa TOBTOPIOETHCS, ITOKM HE OyIyTh
00po0IieHi Bci BEpIIMHY.

PeszynpraToMm poOOTH aITOpUTMy € MHOXKHHA
HaMKOPOTIIMX LUISAXIB BiJ IMOYaTKOBOI BEpPIIMHM 0 BCIiX
IHIINX BY3J1iB TPAHCHIOPTHOI MEPEXi.

IIpuxiax po3paxyHky

Hexaif € TpancnopTtHa Mepexa 3 II'STH ITyHKTIB:
A,B,C,D,E.

Bigcrani MK JaHMMH TYHKTaMH HacTymHi (B
YMOBHHX OJIMHHIISX):

A—-B=4;A—-C=2;C—>»B=1,B—>D=5;C—D
=8, C—»E=10; D—-E=2

[NoTpibHO 3HANTH HAWKOPOTIINH NIISAX 3 IYHKTY A
no myHkty E (puc.1).
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Puc.1. TpancnoptHa Mepexa
[MocnimoBHICTE POOOTH aNTOPUTMY:

1. TlowarkoBi Bincrtani: A=0, B=co, C=ow0,
D=00, E=00.
OnogueHHs micist 00pooku A: B=4, C=2.
Oo6pobka C: B=3, D=10, E=12.
O6pobka B: D=8, E=12.
O6pobka D: E=10.

[MocminoBHICTE POOOTH AITOPUTMY MOMKHA TAaKOX
MIPEACTaBUTH 3a A0NOMOroro tabsmmi irepaniit (Tabmwis
1), me d(v)/ — moroyHa MiHIMaJbHA BIiJACTAaHb BIiX
BEPUIMHU A JI0 BEpIIMHH V; 00 — [MO3HAYKA HEBiJOMOI
TIOKH 110 Bi/ICTaHi Ha JdaHiif itepartii; v — BeplInHa BXke
00pobieHa.

Nk v

Tabmumg 1. Tabnus iTepamiii podoTtn anroputMy JedkcTpu

. Oopana
ITepamnin BepiHa d(A) d(B) d(©) d(D) d(E) Komenrtap
0 — 0 ) o0 o0 o0 [TovatkoBi 3HauCHHS
1 A ov 4 2 © 0 Onosuenns st B1C
2 C (IM4 3 2V 10 12 UYepes C mokpamiero B
3 B ov 3V 2V 8 12 UYepes B nokpariero D
4 D ov 3V 2V 8V 10 Yepes D mokpaiero E
5 E ov 3V 2V 8V 10V Kinenp
OTxe, HAKKOPOTIIHNI MapLIPyT: A —- C— B Bidyamzamii pe3yiabraTiB  pO3paxyHKiB,  JIO3BOJISIE
—-D—>E 3mo0yBayaM BHIIOT OCBITH:
3aranbHa IOBXKHHA MapuIpyTy nopisaioe 10. - ¢opmysarn MaTpHIIi CYMIDKHOCTI
Peanizanis AJIrOPUTMY B cepejoBHINi  TPAHCIOPTHUX MEPEXK;
MATLAB - OynyBarn rpadiuHi MozeNi TpPaHCIIOPTHUX
3acTocyBaHHS rpagoBux ITOPUTMIB y  cucTeM;
HaBYAJILHOMY Hpolieci Mae 3Ha4Hi nepesaru. [lo-nepme, - BH3HAUaTH HAWKOPOTIII  MapIIpyTH  MiX

CTYAGHTH OTPUMYIOTb MOXIIMBICTh IIpaliOBaTH 3
peaJbHUMH NPUKIAIHUMH 33JadaMy, IO TOB’si3aHi 3
VOPaBIiHHAM  TPAHCIOPTHUMH  Ta  JIOTICTHYHUMH
CUCTEMaMHU.

Ilo-gpyre, BukopUCTaHHS anroputMmy JleikcTpu
JIO3BOJISIE IHTErpyBaTH MaTeMaTu4Hi METOJH,
aNTOpPUTMIYHE  TPOTpaMyBaHHS  Ta  KOMII IOTEpHE

MO/ICITIIOBaHHS B €IMHUI HaBYAIBHUH IpoIIEC.

IIpakTnuna peaizanis ANrOPUTMY 3
Bukopucranusam cepenosuiie MATLAB, ske 3abesneuye
IIMPOKI MOJIMBOCTI ISl peaiizalii alropuTMiB Teopii
rpadiB, moOyJOBM  MaTreMaTHYHMX  MoJeled  Ta

TPaHCTIOPTHUMH BY3JIaMH;

- aHa;mi3yBaTH BIUIMB 3MiHH
pe3ysbTaTy ONTHUMi3aii;

- BHKOHYBAaTH TOPIBHSJIBHUH
NTOPUTMIB MapIIpyTH3alii.

Taki 3aBIaHHs CHOPUSIOTH PO3BUTKY aHATITUYIHOTO
MHUCJICHHS, (OPMYIOTb  HAaBHYKH  QJITOPUTMIYHOTO
MIPOEKTYBAaHHA Ta IIJIrOTOBIIOIOTH 3100yBaviB 10
pPO3B’SI3aHHSl pealbHUX 3aJad y Taly3l TPaHCIIOPTHOL
JIOT1CTHKH.

Ha pwc.2 mnpuBemenuwii mnpukian peaiizamii
MIPUBEICHOTO ATOpuTMy y cepenosuini MATLAB.

Bar pebep Ha

aHaji3  pi3HUX
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Fj (dbar = Uk tied®, =} i)
(200 e vewr o s i o (a5 S o) B ¢
Lot - 3¢ |14 |1 S hogramPies » MARAD » PRI & o > ~ip

% XavpHaa Bar Tpoda. [10pASOxR BepErd: ABC D E =) Wasdom =1
cC=(04200
40150 o2 Adly
Hafizeporsi piacrani eiz A:
2109 10; ° 10
0sBso02y
0012020
Nonepoani sepmwhn;
n = pize (G 1) o 3 1 2 .

diat = inf(1,n}s
visited = false(l,n):
prav = zerom{i,n);:

L >

scart = 15 % mepmina A
dist (svare) = 07
Clfor i = 1:n \ DoBYK mep » wini »iz
»indisc = inf)
u ==l
1
=] for j = l:n
L€ ~visited()) £& dist(j) < =inDist
:I_._Q‘ »ninDist = dist(i)s
2! u= 3
2 end
2 o end
3 visited(u) = cruer
2 ] for ¥ = :n \ cycianix sep
g if G{u,v) > 0 ¢t ~visited(v)
2 ale = disc(u) + G(u, V)3
if alt < dist(v)
dist(v) = alts
2 previv) = w
3 ond
3 end
3i o end
3 ~end
diep('Hafiropovsi migcvani siz A:')
3. diap(dist)
3 disp('Nomepesni nepenmi: )
3 disp(prev)
a8 |
icT diza |
Puc.2. Peanizaris npuseneHoro anroputMy y cepenouini MATLAB
BukopucroByroun 3acoom MATLAB Ttakox rpada (puc.3) Ta BUIUIATH KOJHOPOM MiHIMaJIbHUN

MOKHA CTBOPIOBATH TPAHCIIOPTHY MEPEXY Y BHUINIAAI  MapumipyT (puc.4).

% Mavpuzs mar (kavpuaa cyxixmocwi)
cm 04200
s 02

omna
e

0020 20):

¥ Hazex mepmun

labels = (*AT, "B, "C', D', E'))

3 CIsopeKKA Fpada

graphObj = graph(G, labels):

1 MoSymnoma rpaja

figure

plot (graphObj ...
*Bdgelabel’,graphObj.Bdges.Weight, ...
"Linewideh',2.5,.,,
*MarkerZize' D)

ritle ("Ipad rpancnopryor wepexi'’)

Y oEYE MAKOROTEONO WARKY
{path,dist] = shortestpath{graphobj, 1,5},
b moSyzopa rpaje

tigure

highlight (p, path, "EdgeColor’, "¢, "Linewidth',2)

vivle ("HaRkropovaht wapepyy A-E')

P = plot{graphOdj, 'EdgeLabel’, graphob].Edgen.Height)}

1

15

e 180

Puc.4. Ilo3naueHHs! MiHIMAJILBHOTO MapIIpyTy
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BucHoBkn

Y poOoTi pO3TISIHYTI MOMIJIMBOCTI 3aCTOCYBaHHS
agroputMmy  JleWkcTpu  ansi po3B’si3aHHS  3ajad
TUTAaHYBaHHS Ta YIpaBIiHHS TPaHCIIOPTHUMH
MEPEBE3CHHSIMA B HABUAIBHMX LIUJISIX HPH  IiArOTOBII
MaiOyTHIX (axiBuiB TpaHcopTHOI ramysi. [TokazaHo, mo
rpadoBi Mozeni JO3BOJSIOTH eeKTUBHO (hopMatizyBaTu
TPaHCIIOPTHI MEpeXi Ta BUKOPHCTOBYBAaTH aJITOPUTMHU
ONITUMI3aLi] Il BUSHAYECHHSI HAWKPALIMX MapIIpyTiB.

HaBenennii mpukiany JeMOHCTPYE TPAKTHUHY
peaiizamniio auropuTMy HOIIYKY HaHKOPOTIIOTO HUISXY B
TPAHCIIOPTHIA Mepexi. 3anpormoHOBAaHUN TMIAXiA MOXKE
OyTH BUKOPHCTaHMI y HaBYaJbHOMY TIpoleci Ui
¢dopMyBaHHS y 3100yBadiB HAaBHYOK MOJEJIIOBAHHS Ta
OIITUMIi3aLlil TPAHCTIOPTHUX CHCTEM.

Ionanbmri JIOCITIPKeHHS MOXYTb Oytn
CHpSIMOBaHI Ha  BHKOPUCTAHHA  OUIBII  CKJIQJHUX
aNTOPUTMIB ONTHMI3alii, a TAKOX IHTErpamito rpagoBUX
MoJeNiel y CHCTeMH MiITPUMKH TNPUHHATTS pilieHb Y
JIOT1CTHII.
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Application of Dijkstra's Algorithm for Optimization
of Transportation Management and Transportation
Planning Tasks in the Educational Process

Abstract. The article examines the possibilities of
applying graph theory algorithms to solving transportation
management and transportation planning problems within
the educational process of training specialists in
information technologies, automation, and logistics.
Modern transportation and logistics systems are
characterized by a steady increase in traffic volumes,
growing network complexity, and a large number of
interrelated elements, which makes the search for optimal
routes one of the most common tasks arising at practically
every level of management on railway transport, in
logistics centers, dispatching control systems, and
information-management systems. The features of using
the shortest path search algorithm, namely Dijkstra's
algorithm, for route optimization in transport networks are
analyzed in detail, including its computational scheme,
the conditions under which it is applicable, and its place
among other well-known shortest-path methods such as
the Bellman-Ford, Floyd-Warshall, and A* algorithms. A
mathematical model of a transport network is considered
in the form of a weighted graph, where the vertices
correspond to transport nodes and the edges represent
possible transportation routes, each characterized by a
weight that may express distance, travel time,
transportation cost, or resource consumption. Within this
model, the transportation planning problem is formalized
as the problem of finding a path between a source and a
destination vertex that minimizes the total weight of the
route. An algorithmic description of the procedure for
finding the optimal route is presented step by step,

together with a worked example of calculating the
shortest path in a five-node transport network, illustrated
by an iteration table that traces the change of the shortest-
distance estimates at every step of the algorithm until the
optimal route and its total length are obtained. The
expediency of using such graph-based models in the
educational process is demonstrated: they allow students
to formalize transport networks as adjacency matrices,
build graphical representations of transport systems,
determine shortest routes between nodes, analyze the
influence of edge-weight changes on optimization results,
and compare different routing algorithms. This
combination of mathematical modeling, algorithmic
thinking, and computational practice contributes to the
formation of practical skills in transport-system modeling
and the application of optimization algorithms among
students. A practical implementation of Dijkstra's
algorithm in MATLAB is presented, including adjacency
matrix construction, graph visualization, and highlighting
of the optimal route. The obtained results confirm the
effectiveness of the proposed approach for incorporation
into courses on computer modeling, discrete mathematics,
and IT for transport specialists.

Keywords: Dijkstra's algorithm, graph model, modeling,
educational process, route optimization, transportation
planning, transport network.
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Automatic armature current control system of a motor with a pulsed converter model

Abstract. The paper considers an automatic armature current control system of a braked electric motor using
a pulse model of a thyristor rectifier that takes into account the discrete nature of the electric energy conversion
process and the influence of the ripple component of the control signal on the dynamic characteristics of the closed-
loop system. The relevance of the study is determined by the widespread application of subordinate control systems in
DC electric drives and the necessity to improve their response speed, accuracy, and adequacy of the mathematical
description of dynamic processes. It is shown that the use of conventional continuous models of thyristor rectifiers does
not allow full consideration of the operating features of the power converter associated with its pulse operating mode
and incomplete controllability. The aim of the study is the accurate description of dynamic processes in the automatic
armature current control system using a pulse model of the thyristor rectifier and the investigation of conditions for
ensuring the ultimate response speed of the system. Based on the z-transform, analytical relationships describing the
dynamics of the automatic armature current control system were obtained. The conditions for implementing a finite-
duration process were determined, and the parameters of the current controller were synthesized to ensure the
maximum response speed of the system. To verify the adequacy of the obtained theoretical results, a simulation model
was developed in the MATLAB/Simulink environment using the parameters of a 24 kW 2PO200L motor. The novelty of
the proposed study in comparison with known approaches based on the use of a continuous thyristor rectifier model lies
in taking into account the influence of the incomplete controllability of the thyristor rectifier on the dynamics of the
closed-loop automatic control structure. The practical significance of the work consists in the fact that the application
of the analytical relationships obtained in the paper during the development of an automatic control system for the
output variable of the thyristor rectifier makes it possible to accurately describe the dynamic process of the armature
current control loop in a subordinate speed control system and to calculate the system parameters required to achieve
the ultimate response speed through the implementation of a finite-duration process.

Keywords: armature current control, motor, thyristor rectifier, pulse model, automatic control system, z-
transform.

Relevance of the research topic. response speed of the entire electric drive control system.
The widespread application of thyristor rectifiers in
The modern development of DC electric drives  industrial electric drives necessitates a more accurate
and automatic control systems is characterized by consideration of their operating features in the analysis
increasing requirements for response speed, control and synthesis of automatic control systems. The use of
accuracy, and energy efficiency of electromechanical —simplified continuous models of power converters does
systems. Of particular importance is the provision of not always allow an adequate description of the influence
high-quality dynamic processes in subordinate control  of the discreteness of the energy conversion process and
systems, where the armature current loop determines the the ripple component of signals on the dynamics of a
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closed-loop system. In this regard, the application of pulse
models of thyristor rectifiers is of current interest, since
they make it possible to improve the accuracy of the
mathematical description of dynamic processes and to
reasonably perform the synthesis of high-speed automatic
control systems. Of particular relevance is the task of
ensuring finite-duration processes in the armature current
control loop, which makes it possible to achieve the
ultimate response speed of the electric drive and improve
the quality indicators of transient processes.

Introduction.

U:(P) I o=

In the practice of designing automatic control
systems for electric drives, subordinate control systems
are widely used due to their high performance
characteristics [1, 2]. The construction of a subordinate
control system is based on the principle of time separation
of transient processes in the inner and outer control loops
[3, 4]. In this case, the inner loop has a higher response
speed compared to the outer loop. The functional diagram
of the subordinate electric drive control system is shown
in Fig. 1.

Fig. 1. Functional diagram of the subordinate electric drive control system

The following designations are used in the
diagram: SC — speed controller; CC — armature current
controller; PC — power converter; SS — speed sensor; CS —
current sensor; «/» — dynamic signal limiter
(«bottleneck»).

The considered system consists of two control
loops. The inner loop performs control of the motor
armature current. It includes the current controller CC and
the power converter PC. The armature current is
measured by the current sensor CS;. The outer loop is
intended for speed control. It includes the speed controller
SC, the dynamic signal limiter «/», and the speed sensor
SS. The output signal of the speed controller serves as the
reference signal for the subordinate current controller CC.
Such a system, based on the principle of time separation
of transient processes, is easily subjected to analysis,
synthesis, and tuning due to its decomposition into simple
controllers, each of which controls its own parameter.
This decomposition makes it possible to consider
separately the dynamic processes occurring in each
control loop.

Analysis of recent research and publications.

Paper [5] presents a detailed description of the
dynamic processes of a DC pulse converter with pulse-
width modulation of the second kind operating in the
continuous load current mode using the theory of
generalized functions of one argument for single-sided

and double-sided reference signals. The adequacy of the
obtained pulse models of the converter is verified through
simulation of a high-speed output current control system
in the MATLAB environment. The efficiency of applying
the generalized derivative method for obtaining pulse
models of a DC pulse converter with pulse-width
modulation operating in the continuous current mode is
demonstrated. The obtained pulse models make it possible
to accurately describe dynamic processes in automatic
control systems with a DC pulse converter and to
calculate the controller parameters required to achieve the
ultimate response speed.

In [6], a method of dual-loop discrete adaptive
control (DDAC) for three-phase PWM rectifiers is
proposed, which takes into account the mismatch of
inductance parameters and constant load disturbance. A
discrete model of a three-phase PWM rectifier is created
using Euler's direct discretization method, and a double-
loop discrete feedback linearization control (DDFLC) is
presented. DDAC is developed based on DDFLC. First,
an adaptive inductance disturbance observer (AIDO)
based on the gradient descent method is proposed in the
current control loop. AIDO is used to estimate
disturbances caused by inductance parameter mismatches
and then to compensate for these disturbances in the
current controller, ensuring its high stability to inductance
parameters. Second, an adaptive load parameter law
(LPAL) based on discrete Lyapunov theory is proposed
for the voltage control loop. LPAL evaluates the constant
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load parameter in real time and then adjusts it in the
voltage controller, achieving constant load adaptability.
Simulation and experimental results show that DDAC
demonstrates  better  steady-state and  dynamic
performance, lower current harmonic content than
DDFLC and dual-loop discrete PI controller (DDPIC), as
well as greater immunity to inductance parameters and
constant load disturbances.

The study [7] compares PI controller designs in
s-domains and z-domains in the context of controlling a
three-phase rectifier with pulse width modulation. Using
the double closed-loop control method with a pole-zero
compensation approach, the parameters of the PI
controller for controlling the current and voltage in the
circuit are calculated. The Euler direct method is used to
convert the PI controller from the s-domain to the z-
domain.

In [8], a controller with an adaptive and stable
structure based on a proportional-derivative fuzzy neural
network of type 2 (PD-T2FNN) is proposed for
controlling the voltage of the DC link of a PWM rectifier.
The dynamic characteristics of the PWM rectifier using
the proposed controller are evaluated using an
experimental setup based on dSPACE under various
operating conditions: setpoint change, step change in load
on the DC side of the rectifier, setpoint change under
load, and capacitive mode of operation. Experimental
results are presented for traditional PD controllers,
proportional-integral and T2FNN controllers to evaluate
the reliability of the proposed controller. It is noted that
the PWM rectifier with a PD-T2FNN DC voltage
controller has better performance characteristics under all
operating conditions according to the performance criteria
compared to other controllers.

Article [9] proposes a method for controlling the
speed of a DC motor using a three-phase thyristor
converter and a module control approach. The control
methodology is implemented using MATLAB/Simulink.
The developed power converter is based on a thyristor.
The speed of the DC motor was controlled by changing
the voltage across the armature circuit.

In [10], basic diagrams of the power section were
developed to ensure stable braking of a variable speed
electric drive with a series excitation motor. Requirements
have been developed and zones of stable operation of the
dynamic braking mode have been determined. A special
place in the research is given to the development of two
models of an electric motor with subsequent excitation,
taking into account the saturation of the magnetic circuit —
mathematical and simulation.

The materials [11] discusses the principle of
constructing an automatic control system for a multi-
motor controlled electric drive with an electrical
connection via a rotary circuit of asynchronous electric
motors with phase rotors and a common inverter

controlled by a network for controlling the technological
process of water supply to pump units in a water-lifting
pump installation. The feasibility of constructing an
automatic control system for the rotation speed of the
drive motors of the pumping unit in the form of a digital
electric drive implemented through a subordinate control
system is revealed.

The study [12] examines the automatic control
system of an electric drive and the importance of
considering elastic connections. The proposed adaptive
system uses an RBF neural network. The use of the
proposed controller ensures resistance to disturbing
influences and allows load fluctuations to be
compensated. The adaptability of the system is ensured by
changing parameters (load, speed of movement of
mechanisms, rigidity, positioning accuracy, etc.) to match
the operating conditions of the bridge crane. Thanks to
this, the system is able to work effectively even under
variable loads and external influences.

Article [13] presents a study of an electric drive
with a frequency-controlled synchronous motor. It shows
that two-link frequency converters are the most widely
used for wide-range frequency control of synchronous
motors. They convert the electrical energy of the power
supply into electrical energy with the required voltage,
current, and frequency values in two stages. This
conversion is performed by special devices called
autonomous inverters. It has been established that the
efficiency of a two-link frequency converter is quite high
—96.5...98.5 %, which is due to the efficiency of power
semiconductor devices used in the key mode of operation.
It has been shown that the use of new semiconductor
devices has made it possible to fundamentally change the
topology of the power circuit and the principles of
inverter control.

The conducted analysis of scientific publications
indicates a considerable interest of researchers in the
problems of improving the accuracy, response speed, and
stability of automatic control systems for electric drives
and power semiconductor converters. A significant part of
the studies is devoted to the development of adaptive,
discrete, and intelligent control methods, as well as to the
improvement of current and voltage controller structures
for PWM and thyristor converters. At the same time, most
known approaches are based on the use of continuous
models of power converters or simplified discretization
methods that do not fully take into account the influence
of the pulse nature of the energy conversion process on
the dynamics of closed-loop control systems. The issues
of analytical description of dynamic processes in
automatic armature current control systems, taking into
account the incomplete controllability of the thyristor
rectifier and the ripple component of the control signal,
remain insufficiently investigated. Of particular relevance
is the task of ensuring the ultimate response speed of the
system while maintaining control accuracy and stability
of transient processes. This determines the necessity for
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developing mathematical models and synthesis methods
for automatic control systems that would more adequately
describe the dynamics of an electric drive with a pulse
converter. In this regard, the investigation of an automatic
armature current control system using a pulse model of a
thyristor rectifier is considered appropriate.

Defining the purpose and objectives of the research.

The purpose of the article is to accurately
describe the dynamic processes in the automatic
regulation system of the armature current of a braked
electric motor using a pulse model of a thyristor rectifier,
which takes into account its discreteness and influence on
the dynamics of the pulsation component of the control
signal. To achieve this goal, the following tasks were set:

G(p)

—in accordance with the proposed structural
diagram of the pulse system for automatic regulation of
the armature current of a braked motor, describe the
dynamic processes using a pulse model of a thyristor
rectifier;

—develop a simulation model and conduct
experimental studies of the dynamics of the synthesized
armature current control system of a braked motor.

The main part of the research.

The block diagram of the automatic regulation
system of the motor armature current loop with a pulse
model of a thyristor rectifier for continuous current mode
in its load circuit is shown in Fig. 2.

K,

T s
[ (z)
- — =
|
! L(p)
K-FT = Hp) >
e

Fig. 2. Block diagram of the automatic regulation system for the motor armature current circuit

Fig. 2 shows the following symbols: G(p) is

the current controller transfer function,
T,-p+1
G(p)= %; H(p) is the motor armature
I

circuit transfer function with active resistance R a5 K s

is the current sensor transfer coefficient.

The pulse model of the converter consists of an
ideal pulse element with a discrete period 7 and a reduced
continuous part, which includes: the static transfer

coefficient of the converter K ¢ » the discrete period 7,

and the ripple factor F.

Modern current sensors have a significantly
higher bandwidth compared to the bandwidth of the
reduced continuous part of the control system [14, 15],
which makes it possible to consider it as an inertia-free

link with a transfer coefficient K s

The relationship between the input and output
signals of the automatic armature current control system,
recorded in the form of a z-transform, is determined by
the expression

I )_UZG*(Z)-KC-T-F-H*(Z)

TNk K T FGH ()

The transfer function of the reduced continuous
part is defined as

_K K T-F-(I,-p+1)
L-p-(T,-p+1)

From expression (2) it follows that the difference

between the orders of the denominator and numerator
polynomials is equal to one, which indicates that the

w(p) @

output signal of the controller G ( p) has a finite gap. To

fix the left-sided values of the input signal with a pulse
element, we represent the characteristic polynomial of
expression (1) as:

1+z"-K -K -F-T-GH (z,1)=0,

*
where GH (Z ,1) is the modified z-transform of the

transfer function of the reduced part W( p) for &£ =1.

According to [16] and taking into account (2),
we obtain:
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T
. T —-T, -e"
GH (z,])==- L L-h |l
Ti z _1 T
T,-(z-e ")
Substituting expression (4) into (3) and

performing the transformation, we obtain the canonical
formula of the characteristic equation:

2 —
z'+a,-z+a,=0,

where
al:1.](6.KS.F_l_eTH_z.KC'Ks'F'(Ta_Tz).efTT;
1 ‘ L T,
T I K.-K-FAT -T.
a,=1-—K K -F+—— (. J4n
I I I

To achieve maximum speed, we will configure
the armature current control loop for the final duration
process [17, 18]. The conditions for configuring the
system for the final duration process are determined by
the system of equations [19]

®)

As a result of solving system (8), we obtain
expressions for calculating the time constants of the
current controller transfer function:

T

T,=T-K,-K,-F-|1-e " |, ©)

T

T,=T,-|1-e " (10)

According to the method for determining the
ripple factor of multi-loop automatic control systems [20,
21], the expression for the ripple factor in a system with a
reduced continuous part can be obtained, which is

(ﬂetermined by (2):

(6)

T,  T,-T,

a

w,- T, -ctga, -1
— X
1+(e,-T,)

T T = T ctga [ r r (11)
X| ——ctg————-ctg— [+ —2| 1-—-ctg— ||,
2T "2 m "“m) o-T m. o m

F'=1+K, K,
Yl

0

where @, is the circular frequency of the supply

network, (0, = 2.7 fo , m is the pulse width of the

thyristor rectifier; «, is the control angle of the thyristor
rectifier.

From the analysis of expressions (9)...(11), it
follows that the physical implementation of the finite
duration process in the synthesized automatic control
system.

Fig. 3 shows a simulation model of the armature
current control system of a braked motor, built in
MATLAB/Simulink. The simulation processes use the
parameters of a 2PO200L motor with a power of 24 kW
and a supply voltage of 220 V. The current controller
parameters are calculated in accordance with conditions
(9) and (10). The graphs of transient processes obtained as
a result of simulation modeling are shown in Fig. 4.
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Fig. 3. Simulation model of the armature current control system of a braked motor:

RS — current controller; OM — control signal limiter of the TV thyristor rectifier;

R — active-inductive circuit of the motor armature; DS — sensor for measuring the armature current

Fig. 4. Oscillograms of transient processes:

1 — output voltage of the thyristor rectifier; 2 — control signal of the thyristor rectifier 7V; 3 — output signal of the
current controller RS; 4 — motor armature current

From the obtained oscillograms it follows that
the transient process ends in two clock intervals of the
thyristor rectifier, which corresponds to the order of the
control system.

Conclusions. The study investigates an
automatic armature current control system of a braked

electric motor using a pulse model of a thyristor rectifier.
It is shown that the use of the pulse model makes it
possible to describe the dynamic processes in the closed-
loop control system more accurately in comparison with
traditional continuous models, since the discrete operating
nature of the thyristor converter and the influence of the
ripple component of the control signal are taken into
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account. Based on the z-transform, analytical
relationships describing the dynamics of the motor
armature current control loop were obtained, and the
conditions for implementing a finite-duration process
were determined. It was established that tuning the
automatic control system to a finite-duration process
ensures the ultimate response speed of the system and
contributes to improving the quality of transient processes
in the subordinate electric drive speed control system. The
simulation model developed in the MATLAB/Simulink
environment confirmed the adequacy of the obtained
theoretical results. According to the simulation results, it
was found that the transient process is completed within
two sampling intervals of the thyristor rectifier, which
corresponds to the order of the synthesized control
system. The obtained results can be used in the synthesis
of high-speed automatic control systems for DC electric
drives with thyristor converters, as well as in further
studies of the dynamics of pulse electromechanical
systems.
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L]epoax A. B., leaxina K. 4.,
Hepyoayvxuii B. 11. Cucmema agmMoOMaAmMuUiHOZ0
De2ynioeanHs cmpymy AKOPA O8USYHA 3 IMAYILCHOIO
MOOeNI0 nepemeopiosaia

Anomauyia. Y cmammi po3ensiHymo cucmemy
ABMOMAMUYHO20 — Pe2YNIO8AHHS cmpymy — AKOps
3a2ANbMOBAHO20  €IeKMPOOBUSYHA 13 3ACMOCYBAHHAM
IMRYTBCHOI  MOOeNi  MUPUCHOPHO2O GUAPAMIAYG, SIKA
8PAX08YE OUCKPEMHUIL XapaKkmep npoyecy nepemeopeHHs
eleKmpUYHOL eHepell ma 6niue NynbCayilHoi CKiadoeoi
cueHany KepyeamHus HA OUHAMIYHI XAPAKMEPUCMUKU
3amkHymoi  cucmemu. AxmyanvHicmes — 00CAIONHCEHHS
00YMOBIEHA WUPOKUM 3ACMOCYBAHHAM NIONE2IUX CUCTEM
KepYBAaHHs 8 eNeKmponpusoodax NOCMilHo20 cmpymy ma
HeoOXIOHICMIO NiOBUWeHHsl IXHbOI WEUOKOOIL, MOUYHOCHI
Il a0eK8amHOCmi MaAMmeMamuiHo2o0 ONucy OUHAMIYHUX
npoyecis. Ilokazano, wo GUKOPUCMAHHA MPAOUYITIHUX
be3nepepsnux mooenell MUpucmopHo20 GUAPAMIAYA He
dac 3M02y HOBHOW MIpOIO  8paAXy8amu 0COOIUBOCTI
pobomu  cuio8020 nepemeoplosayd, nog’A3ami 3 020
IMAYIbCHUM  PedHCUMOM  (DYHKYIOHYBAHHS MA HENOBHOIO

Kepoeauicmio. Memowo pobomu € mounuu  Onuc
OUHAMIYHUX Npoyecie Yy cucmemi asMOMAMUYHO20
Ppe2ynosanHs  cmpymy — AKOps I3 3aCMOCYBAHHAM

IMRYIbCHOI  MOOeNi  MUPUCMOPHO20 BUAPAMAAYA Md
00CHIOMNHCEHHS YMO8 3A0e3NeUeH sl SPAHUYHOT WUBUOKOOTT
cucmemu. Ha ocHO8I z-nepemeopeHHs  OMPUMAHO
aHanimuyHi - 3a1eHCHOCmi, SKI  ONUCYIOMb  OUHAMIKY
cucmemu A8MOMAMUYUHO20 Pe2YNIOBAHHS CIMPYMY SAKOPSI.
Busznaueno  ymosu  peanizayii  npoyecy  Kinyegoi
MPUBATOCMI MA CUHMEIOBAHO NAPAMEMPU Pe2yNAMOopPa
cmpymy O 3a0e3neveHHs MAKCUMATbHOI WBUOKOOIT
cucmemu. Jns nepegipku adek8amHoCmi OMpUMaHUX

MeopemuyHux pe3yivmamie pos3poONeHo  IMImayitHy
modenv  y  cepedosuwi  MATLAB/Simulink i3
suxkopucmanusim  napamempie  odsueyna  2I10200L
nomyoscrnicmio 24 kBm. Hoeuzna 3anpononoganoi
pobomu nopisHaHO 3 6i0OMUMU, WO 0A308aHI HA
3acmocysanHi  Oe3nepeperoi  Moodeni  MupucmopHo2o

BUNPAMIAYA, NOTASAE 8 YPAXYBAHHI GNIUGY HA OUHAMIKY
3AMKHYMOI CMPYKMYpU a8mMOMAmMuyHO20 pe2ynio8anHts
HENno6HOI KepoBaHoCmi  MUPUCMOPHO20  GUNPAMIAYA.
Ipakxmuuna yinwicms pobomu noiseac 6 momy, wo
3ACMOCYBAHHA OMPUMAHUX ) CIMAMMI  AHATTMUYHUX
3anexcrocmet ons PO3pobeHHs cucmemu
ABMOMAMUYHO20 Pe2YIO8AHHS  GUXIOHOI KOOpOUHamu
MUPUCIMOPHO20 BUNPAMIAYA OAE 3MO2Y MOYHO ONUCamu
OUHAMIYHUL  npoyec KOHMYpY pecyuO8aHHsi CHIPYMY
SKOps 8 cucmeMmi nioe2o20 pe2yio8anHts WMeUoKocmi ma
pospaxysamu napamempu cucmemu Ois  OMPUMAHHA
2PAaHUYHOI WeUOKOOIi 3a paxyHok peanizayii npoyecy
KIHYesoi mpueaiocmi.

Knrwowuoei cnosa: pecyniosanusi cmpymy sKops,
08USYH, MUPUCMOPHUL SUNPAMIAY, IMIYIbCHA MOOEb,
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MopepHi3zanis Mepesk MOI3HOr0 paaio3B’si3Ky reKTOMeTPOBOIo Aiana3oHy

Bnposaodoicenns mepesic pyxomoeo padio3e’sisky Ha 3aniznuyax Yxpainu posnovanocs na nouamky 50-x pokis
MUHYTI020 CIONIMMSA HA OCHO8I paodio3acodie 2ekmomempo8o20 Jianazony padioxeuisb. Bukopucmogyrouu nanpaeiaoyi
JiHil, padiozacobou KX oOianasomy 3abesneuyroms HeobXiOHy Oanvhicmb 6 ymosax excniayamayii. Ha yeu uac ix
BUKOPUCMAHHS He BION0BIOAE CYUACHOMY DO3BUMKY YUPDPOBUX PAOIOMEXHONOI I 000amKO8UX Cepeicie y mepedicax
noi3H020 padioss’sa3Ky. 30epedcents 6 MHIUHUX CUCmeMax paoio3acodie 2eKmomemposoeo 0land3ony € aHAXPOHIZMOM,
i IX UKOpUCMAHHS HEOOYIbHE 8 NOOAILUOMY, 60 CIMPUMYE 3ANPOBAONCEHHS YUDPOBUX MepediC.

Krouosi cnosa: 3aniznuunutl mexmonociyHuil padio3e 30K, HANPAensoui JiHil, OaibHiCmb padio3e 3Ky,

MoOdeprizayis mepesic TIP3

Beryn

Bukopucranns  panio3acobiB  T€KTOMETPOBOTO
niamazony (I'M) Ha 3ai3HHISX PO3IIOYANIOCS HA MOYATKY
50-x pokiB micis po3poONeHHS IepIIoi 3ali3HUYHOT
pamioctranmii JXP-1. 3rifHO 3 YacTOTHUM IUIAaHOM,
niamazoH  rekroMmerpoBux  pagioxsmis - 0,3-3,0 MI'n
NIPU3HAYCHUH pa3oM 3 IHIOIMMH 3aCTOCYHKaMH  JUISt
oprasizanii KaHaJIiB pPyXOMOT'O pPajio3B’sI3Ky MOPCBKOI Ta
MOBITPSHOI  CIy’k0 1 3acTocyBaHHS B  Mepekax
TEXHOJOTIYHOTO  Pajio3B’s3Ky  HAa  3ali3HUYHOMY
tparcropti [1]. Bukopucramns I'M miamazoHy Oyio
BUIPaBIaHO, TOMY WIO BiJNIOBINAJM PIBHIO PO3BUTKY
panioTexHiYHHUX 3ac0o0iB TOTO Yacy, a Mepii pagiocTaHii
YIIBTPaKOpOTKOXBMIIbOBOro amianazony (YKX) — XKP-5
po3pobieHa e B 1958 pori [2].

[oi3umit pamio3s’szox  ([1IP3) mHa 3ami3HHUIX
OpraHi30BaHWH y TE€KTOMETPOBOMY Jiana3oHi paaioXBWIb
y JiHIHHUX Mepekax 1 MeTPOBOMY Jiara3oHi Uit 30HHUX
Mepex. | Ha ChOTOTHI KaHaJIM TEeKTOMETPOBOTO Jiana3oHy
€ OCHOBHMMH B CHCTEMi IOi3HOTO JHMCIETYEPCHKOTO
3B’A3Ky  MAINUHICTIB  JIOKOMOTHBIB 13  TOI3HUM
JIICTIETYEPOM 1 4eproBuMu 1o cranmii [3].

3a Teopi€l0 BUIPOMIHIOBAHHS ENEKTPOMAarHiTHUX
XBHUIIb, C()CKTHBHI aHTCHU TOBHHHI MaTH JOBXHHY HE

MEHIIE % Just Y3 BUKOpHCTOBYIOTH yacToTH 2,13 i

2,15 MI'ny i3 jgoBXHHOK XBuiali Omm3pko 141 M, Tomi
JIOB)KWHA JIHIAHOT aHTEHH! CKJIazac 35 M.
Y  niama3oHi  TEKTOMETPOBHX  PajioXBWIIb

Koe(illieHT KOPUCHOT il cTanioOHapHUX aHTEH JUII BUCOTH
migsicy 20-30 M mocsrae 30-55 %, a KoedilieHT KOPUCHOT
Iii JJOKOMOTHBHHX aHTEH 4depe3 OOMEKeHy JOBXKHHY —
yme 2-4 %.

© €JI3APEHKO A. O., 2026

VY wmepexax I[1P3 aHTeHM HOCHMHUX paJiOCTaHILiH
TeKTOMETPOBOTO Jlialla30Hy HE BHUKOPCTOBYIOTH YeEpe3
BEJHMKI po3mipH [2, 4].

OCHOBHI TIOJIOXKEHHS OpraHi3amii JIHIHUX Mepex
ITP3 ynopmoBani B IlpaBunax opranizamii i po3paxyHKy
Mepesx [1P3 Ta iHmmX HOpMaTHBHUX JTOKYMEHTax [5, 6].

Taxe pimenss Oyi0 BunpaBiaHo Ha movaTky 50-x
POKIB MHHYJIOTO CTOpPiY4s, TOMY IO B LIbOMY Jliala3oHi
Oylmd  OCBOEHI  PagiOTEXHOJOTIl i posmouaTo
BHPOOHHIITBO 3ali3HMYHUX pajaio3acobiB. Ha croromai
Take pIMIeHHS HE € aJeKBATHUM CYYaCHOMY CTaHy
paniorexHomoriii. Y 1pOoMy Jiama3oHi HEMOKJIMBO
BIIPOBAPKyBaTH NH(POBI TEXHOJOrii Ta OpraHi3yBaTu
JYTUIEKCHUH PEXNUM pOOOTH, IO CHPOLIyE OpraHi3amito
XCHIIOBEPY 1 3a0e3medye Oe3mepepBHICTh paJioKaHATy 3
MIEPEMITIIEHHSAM Y3JI0BXK TUCTIETYCPCHKOI AUISTHKY [7, §].

Y rekToMeTpoBOMY JTiama3oHi 0OMeKeHa KiTbKiCTh
pamiokaHalliB 1 HEBHCOKAa 3aBajo3axuileHicTb. Lle
norpedye BUKOPUCTAHHS HAIIPaBIIAIOYMX JIHIN MOi3HOTO
paniosB’si3Ky, ISl SIKMX IIHPOKO BHKOPHUCTOBYIOTH JIHIl
enekrporoctadands. [li  miHIlT omHOYacHO MOXHA
BUKOPHCTOBYBATH JUIS JKMBJICHHS MIKpOIIPOIIECOPHUX
MIPUCTPOIB CHCTEM aBTOMATHKH. lIpyM 1bOMy BHHHKae
BIUIUB PaJio4acTOT Ha MIKPONPOLECOPHI HPHUCTPOi, IO
MOXe€ BIUIMHYTH Ha HaiiHICTh (yHKIIOHYBaHHS [9].

CBoro wacy BHKOpUCTaHHA panio3acodis I'M
niarmazoHy OyJio BHITPAaBIAHO 32 PaXyHOK MOXIIHBOCTI
opraHizanii pagiokaHaliB y CKJIaJHUX yMOBAaX, TYHEJSX
3aJi3HMIb, BUKOPUCTAaHHS B  JIOKAJIBHUX  30HAX
cnpouryBanio 3abesnedenHss EMC y mniHiHHMX Mepexkax
[10].

Takuii OBrui TEpMiH 3aCTOCYBaHHS 3aCTapiiux
paniocTaHIii He BiINOBIZAa€ Cy4aCHOMY CTaHy PO3BHUTKY
CHUCTEM  pYXOMOTO  pamio3B’si3Ky 1 3aTpUMye
BIIPOBA/DKEHHSI CyYacHHUX LU(PPOBHX MEPEX y CHCTEMax
aBTOMAaTHU30BaHOTO KepyBaHHS pyxoMm moizmis [11, 12].
lle w©HemomwimbHO 1 B mojmamplIoMy, 00 3aTpUMye
BITPOBAPKEHHS Cy4acHHUX IU(POBUX pasio3acoOiB.
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IHocTanoBka nmpodemu

Amnaniz ($yHKIIIOHYBaHHS Mepex I1P3
TeKTOMETPOBOTO Jiarnazony Ta po3pobieHHs
peKOMeHali i3 iX MojepHizalii.

OcHoOBHI pe3yabTaTn
[oi3Hmit  panmio3B’s30k  Ha  3aJi3HUYHOMY

TPAHCIIOPTI MPU3HAYCHHH JUIS OTIEPATHBHOTO 3B’ SI3KY MK
MaIIFHICTAMA TIOI3HUX JIOKOMOTHBIB 1 IIpaliBHUKaMH,
BIJNOBINAILHUMH 32 OpraHi3amilo pyxy: TOI3HUM
JIICIICTYEPOM, UYEProBUMH II0 CTaHWIAX Yy JIHIHHKX
Mepexax i IMPOKUM KOJIOM abDOHEHTIB, PO30Cepe/KEHUX
Y3I0BX MEPETOHY B 30HHUX MepesKax.

JlinifiHi Mepexi oOprafizoBaHi B3JOBX BCi€i
JIICTICTYEPCHKOT JUISTHKH 3 BHUKOPHCTaHHSIM
CTAalllOHApPHUX  PaJiOCTaHIlIi, sKI BCTAaHOBJEHI Ha

MPOMDKHUX CTaHIIAX 1 3’€qHaHI JIHIHHUM KaHAJIOM i3
JUCTIETIYCPCHKUM ITyHKTOM.

VYBechk wac dminiitHi Mepexi [IP3 mpamioiors y

TeKTOMETPOBOMY JIialla3oHi palioXBHJIb. 30HHI MeEpexi
OpraHi3oBaHi Oe3rmocepenHbO0 B 30HI il pamiocTaHIIiH
a0OHEHTIB 1 MPALIOIOTh Y METPOBOMY Jiana3oHi.

Ha 3ami3HnmuHOMy TpaHCcmopTi Ha JIUISHKax
eNeKTpr(iKOBaHNX 3aJTI3HUIb 3a paxyHOK
BUIIPOMIHIOBAHHS Pa/iOXBHIb i3 BUKOPHCTaHHSIM aHTCH
JATBHICTH MTOI3HOTO padio3B’si3Ky oOMexeHa [4, 5].

JladbHICTD CYTTEBO 3aJEXKWUTH Bix BULy Tsru. Jis
PI3HMX BUIB TATU JaJbHICTH Pajlio3B’s3Ky Ta MapaMeTpH
CUTHAJIIB HaBeJIeHa B TaOJIHII.

MiHiMaTbHO HEOOX1IHI PiBHI KOPUCHUX CHTHAIIB 1 NANBHICTH 3B’ S3KY 3aJICKHO Bill BUIY TATH

[MTapametp mMepexi Bup taru
TennoBo3Ha [MocTilinuii cTpym 3MiHHHH CTpyM
U. .05 47 70 72
2min >

JlanbpHICT 3B’s13Ky, | 14 4.5 4,2
CTalliOHapHI  aHTEHW, OJHE
HaBaHTAKEHHS, KM
JlanbpHICT 3B’s13Ky, | 11,5 3,5 32
CTalliOHapHI ~ aHTEHW, JBa
HaBaHTAKEHHS, KM
JlanbpHICT 3B’SI3KY 3| - 16,9 11,4
BUKOPHCTaHHSIM
HaNpaBJLFOYMX JIHINA, KM

Uzmu , MKB 223 3150 3900

BUKOPHCTOBYBAJIM JIMIIE HA CTAHLIAX 4Yepe3 OOMEexXeHy
Hdns  pobGotu 31 cTalioHapHUMHM ~ aHTEHaMH  JaJbHICTH Ha eJIEKTPU(IKOBAHMX AIISTHKAX.

PO3paxyHKOBa JAJIBHICTh Ha JUISHKAaX i3 TEIUIOBO3HOIO
TATOO Jocsrae 14 kM, MUIsTHKA MOCTiHHOTO cTpyMy — 4,5
KM, 3MIHHOTO CTpyMYy 4,2xm. Ha ninsakax 3
CJICKTPOTATOI0 JAJBHICTh CYTTEBO 3MEHIIYETHCS 1 3
EJICKTPOTSATOI0 3MIHHOTO CTPyMY CKiajae Jymie 4,2 KM.
Otmxe, 3a TEIUIOBO3HOI TArM 3a0e3reueHa HeoOXigHa
JIaNIbHICTh TiepenaBanHs curaanis. Ha enexrpudikoBannx
JUITHKaX JAIbHICTH CYTTEBO 3MEHINyeThes. Lle B mepiry
Yepry HOB’s3aHO 31 3HAYHMMH PIBHAMH IHAYCTpialbHUX
pamio3aBax |y IbOMYy [iama3oHi. 3HauyHI  piBHI
IHAyCTpialbHUX pa/io3aBajJ TMOTPEOYIOTh IIiABHINCHHS
pIBHS KOPHUCHHX CHTHAJIiB 3a HH3BKOI €(QEeKTUBHOCTI
JIOKOMOTUBHHX aHTeH. Tak, Ha wdyactoti 2,13 MI1
MiHIMaIbHUH  piBeHb  CHTHAJIIB  T'€KTOMETPOBOIO
Jiarma3oHy 3pOCTae Ha JAUBIHKaX 3MIHHOTO CTPYMY
72 nbMmkB, abo monaza 3000 MxB.

Tomy B  mepmmid  mepiol  3aCTOCYBaHHS
TEXHOJIOTIYHUI paio3B’sI30K FeKTOMETPOBOTO Jiara3oHy

Jis  3a0e3medeHHs  HEOOXIAHOI  JaJIbHOCTI
pamio3B’s13Ky TEKTOMETPOBOTO [iara3oHy OyJIO yXBaJCHO
pIlICHHS BUKOPHCTOBYBAaTH HANpaBISIOWl JHHIT JuIs
TepeIaBaHHsT BUCOKOYACTOTHOI €IEKTPOMATHITHOI SHEeprii
panioXBuiIb, SIKI MPOXOJATH Y3JIOBX IIEPEroHiB. I3 miero
METOI0 MiBINIYIOTh CIEHiaTbHI XBWJICBOIHI IPOBOJIU.
TakoX BUKOPHUCTOBYIOTH BHCOKOBOJIGTHI TPOBOIM JIiHIM
CIICKTPONIOCTAYAHHS ~ HETATOBHX  CIIOKMBAadYiB,  SIKi
po3TamioBaHi B3IOBXK 3alli3HWYHHUX JiHIM. Ha mixsakax
3MIHHOTO CTPyMy C(QEKTHBHAM 3ac000M TIepenaBaHHsI
€Heprii pamioXBWJIb € BUKOPUCTAHHS JIBOIPOBIIHUX
HecumerpuuHux niHiM JI1P, a Ha MUISHKaX MOCTIHHOTO
ctpymy TtpudasHi BucokoBonbTHI Jinii BJI 6, 10 kB,
MIPOXOJPKCHHS SIKMX 30Iira€Tbcsi 3 HampsiMKoM JiiHii. I3
Bignanenasm BJI Bix kol Ounbmr HX Ha 20 M HEOOXIIHO
Ha [ JOUISHIO — JOJAaTKOBO BUKOPUCTOBYBATH
XBUIICBOMHUKM TpoBin. [lpw mboMy enekTpoMarsitHa
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SHEeprisl pafioCUTHANIIB CKOHIIEHTPOBaHAa Oe3noceperHbo
B 30Hi MPOXOKEHHSI TPOBOIIB [3].

Buxopucrosyroun HAarpasJsIoYi TIHii,
panmiocTaHIiss Moxke OyTH IiAKIOUeHa Oe3rnocepeaHbo
yepe3  BHCOKOBOJIBTHI ~ KOHJICHCATOpH 10  JIHIH
eJIEKTpOIIOCTayaHHsl abo IHIYKTUBHHAM CIIOCOOOM depe3
cnenianbHi cxemu 30ympkeHHs. CxeMa BHCOKOYAaCTOTHOTO

BucokoBouibTHOI J1iHii BJI 10 kB HaBeneHa Ha pucyHKy. Y
MIPOBOIaX BHKOPUCTAHO mpoTudasHe 30yIHKeHHS 1
chopMoBaHa MDKIIPOBIHA XBWJIS, SIKa ITOIIMPIOETHCS 3
MEHIIMM 3TacaHHsIM.

30y KCHHS JIBOX MIPOBOIIB TPHIIPOBITHOT
ITposomu BJI IIpoBozw, sKi 30y1KyIOTH
I ; -
Mposonw” 3K-4(YK-6) IR ] sk 34 sl
nanpasisiouoi  SK-4(YK-6)
Jiif 3K-4 (VK-6)  (YK-6) ,_T(YK-6)
1 (YK-6)
I_”_I L| ITpoBozau
30y UKEHHS

I ]3na

VII PC

311

OM-0,6
(OM-1,2)

E

??é KTIIT

Puc. Cxemu ingykTrBHOTO 30y /KeHHS KaHaty [1P3 1 migkimodeHHs CHiIoBOro o0JiaHaHHs

I3 Ge3nocepeHiM MIAKIIIOYEHHSM YCsI TIOTY>KHICTh
MepelacThCsl B XBWJICBOAHMI TpoBiA. Auie dacrimre
BUKOPHCTOBYIOTh 1HIYKTUBHHH criocid 30ymkeHHs. s
IBOTO MJBIMIYIOTh MApAJENbHO HANpaBiIAIOvii JTiHIT
30y KYIOUHIA TIPOBI JOBKUHOIO 35-40 M Ha BijfcTaHi Bif
0,6 M 1o 1M Big HampaBIAIOYOl JiHII, IO BUKIIOYAE
raJbBaHIYHUH 3B'S30K 13 BUCOKOBOJIETHUMH HPOBOJIAMH.
B ycix cxemax i3 mepenaBaHHSIM CHTHAIIB ypaxOBYIOTh
JIOJIATKOB1 3racaHHs B KaHaiui IepenaBaHHs. Hampyra
paniocurHaiy B NpOBOJAX HANpaBisIOYOi JiHII B 30HI
30yKCHHS CTaHOBUTH OJm3bKo 14,2 B.

JanpHICTH  pajio3B'si3ky B KaHajmax i3

HANpPaBJSIFOYUMHU JIHISIMA BU3HAYAIOTh 3 ypaxXyBaHHIM
YCIX CKIIaJJOBHX 3TacaHHs 3a PopMyIIoro [5]:

Anpn _UMiH _Anep _ZaCT _Zanin _Zanmc (1)
a

C

Tr=

[ToB310BXKHE 3racaHHs 3 MEpEAaBaHHSIM CHTHATIB
pamio3B’si3Ky I OJHOIPOBIAHOTO XBHWJICBOAY Ha
BiIKpUTOMY TOBITpi cknamae 2,5 nb, miniit ATIP 2,1 nb, a
BJI 10 kB 6mm3bKo 2,2 0B, 1o npuOIM3HO PiBHO3HAYHO.
[3 BUKOpPHCTaHHSIM HaNpPSBIAIOUMX JIHIA JANBHICTH
pamio3B’si3Ky  3pocTae. Pe3ymprat  po3paxyHKy 3
HATIPABJSTFOYAMHE JIHISIMHA HAaBEICH] B TAOJHIII.

Ha cranHmisix i3 pO3BHMHEHOI0  KOJIHHOIO
CTPYKTYPOIO HEOOXiTHO BHKOPHUCTOBYBATHU ITiKITFOUCHHSI
Ha [Ba HaBaHTa)XEHHsS JUIA BlAJaJeHOl BIACTaHI BILX
HATIPaBJSIFOYMX ~ ITPOBOJIIB. Buxopucranni  J1BOX
HABAHTAXXCHb TPH3BOJUTH 1O 3MCHIICHHS pPEaTbHOL
JTATBHOCTI 3B’ SI3KY.

Hudpy nanpHOCTI B TabIMI € MAaKCUMaTbHUMH 32
TUTIOBMX YMOB 1 B OIJIBIIOCTI BHIAJKIB 33/J0BOJIGHSE
HEOOXiHI JambHOCTI TEPEroHiB. Y pealbHHX YMOBax
JTANIBHICTD MOXE 3HIDKYBATHCSI 3 BUKOPHUCTAHHIM JIHIH
MIOB3/IOBXHBOTO  EJIEKTPONOCTAYaHHs 33  PaxyHOK
3racaHHs, 10 BHOCATH JIHIHHI TNPHUCTPOi Mepexi
eHepro3ade3neycHHS.

Ha pucynky HaBexaeHa cxema iHZYKTHBHOTO
30y/PKCHHSI BHCOKOBOJIBTHOI Hampasisitodoi Jinii BJI

10 kB 13 migxJIroYyeHHsIM CHJIOBOT'O 00JIaIHAHHS.

Jlo BHCKOBONBTHHX JiHIH, MO SIKUX IEPEIAIOTh

pamiocurHan, mimkimrodeni TpudasHi Ta oxHodazHi
TpaHc(opMaTopu 3aco0iB JKUBJICHHS CUCTEM
aBTOMaTukd. [liAKIIOYEHHS CWIJIOBOTO  OOJaTHAHHS
NPU3BOIUTE 10 30UIbIIEHHS 3racaHHs B  TPaKTi

nepeiaBaHHs PaJiOCUTHAIIB, SIKE CYTTEBO 3aJE€XKHTh Bij
JIOBXXMHU ITPOBOAIB. 3anMparodi KOHTYpH B KOKHOMY 3
NIPOBO/IB HAacTpoeHI Ha wyacroty KaHaimy [IP3 i
3a0e3MedyroTh 3HIKEHH IIYHTYI0UOI JIii BiraryKeHb.

3anuparounii KoHTYp 3K-4 BUKOHaHHMII 32 CXEMOIO
napajesibHoro  KOHTYPY 1 MICTUTh  KOTYHIKY
IHJYKTUBHOCTI 3 TpoBOJOM 4 MM, siKkuil 3abesreuye
NPOITyCKAaHHS. CTPYMy OKMBJICHHS 1 KOHJICHCATOP
BIAITOBI1AHOT €MHOCTI. vy cxeMax KOHTYIB
BUKOPUCTOBYIOTb BHCOKOBOJIBTHI KepaMiuHi
kouaeHcaropu K15Y-1/K15V-2 BignoBigHOi eMHOCTI. Y
MpoIleci eKCIDTyaTamii ITiJ] BIUIMBOM METEOPOJIOTIIHUX
(aKTOpiB 3MIHIOETBCS €MHICTH KOHJEHCATOpIB, IO
NIPU3BOJUTE JI0 PO3CTPOIOBAHHS KOHTYPY Ta 3HIDKCHHS
fioro no6potHocTi i omopy. Ilpu boMy 3pocTae BIUIMB
migkmroueHnx npuctpois Ha kanan I1P3. Iloripmenns
SIKOCTI  pamio3B’s3Ky  CBIAYUTH TPO  JCTPAIAIi0
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3aIMparoynx KOHTYPIB.

31 3MEHIIEHHSM ONOpY 3alHPaIOYUX KOHTYDIB Y
CWJIOBUX TIPOBOJIAX JKUBJICHHS CUTHAJIM  MOI3HOTO
panio3B’s;3Ky MOXYTb HPOXOAUTH y CXEMH >KHUBIICHHS
Mikponporiecopunx npucrtpoiB CHB 3a mnpuHImnom
KOHAyKTHBHUX 3aBax [9]. Ile moxe mpusBectn 10
CTBOpEHHS HeOe3NEeYHHX CTaHiB CHCTEM KepyBaHHS
PYXOM HOI3IB.

3rigHo 3 iHCTpykmiero [13], mpamiBHUKH
JIICTaHLIN cUrHaji3amii Ta 3B°SI3Ky 1 eHeprormocradyaHHs
MIPOBOJSATH nepionyIHy nepeBipKy CTaHy

3aropoJpKyBadiB, NOOPOTHICTH sikux Mae Oytu 100-120.
Ile 306impimye ekcruryaTamiiiHi BHUTpaTH Ha yTPUMaHHS
MEpeX IMOI3HOTO Padio3B’s3Ky 1 € Iie OAHUM (aKTOpoM
BIZIMOBHM BiJ] BHKOPHUCTAaHHS KaHAJB TI'€KTOMETPOBOIO
Jiama3oHy.

I3 BUKOpHCTAaHHSIM Paznio3acobiB TEKTOMETPOBOTO
JiarmazoHy 3 HaNpaBIIIOYMMM JIHIIMH penbed Maio
BIUIMBA€ Ha PIBEHb CHIHANTY 1 MOXJIMBICTH OpraHizamii
KaHaJIB y 3aJli3HUYHMX TYHEJISX.

BucokoBonbTHi  JiHiT  00X0mATH TyHenmi  abo
MIPOKJIAIAIOTh Y Kabeli i He BUKOPHUCTOBYIOTH Y TYHEIIL.
XBUIEBOAHUI TIPOBIiX MOKHA 6e3nocepeHbOo

BUKOPHCTOBYBATH B TyHeNi. AJsie 3 BHKOPHUCTaHHIM
OJTHOIIPOBIJJTHOTO XBWJIEBOJA B TyHEINI 3racaHHS 3pOCTae,
1 BUKOPHCTOBYIOTH ABOTPOBiAHI XBruteBoau [10].

HasBHiCTF ~ MO3WTHBHMX  BJIACTUBOCTEH i3
BUKOPHCTaHHSIM HalpaBIIIounX JiHINA pamiomepex [1P3
no3Bomiia 30epertu Mepexi [IP3 I'M no namoro wacy. Y
nitomy JniniiHI Mepexi [TP3 I'M 3a10BONBHSIOTH OCHOBHI
eKCIUTyaTalliiiei BumMoru Juist cucteM 11P3. Ase koMIuieke
HETaTHBHUX (AaKTOPIB BHKOPUCTAHHA T'€KTOMETPOBOTO
niamazoHy pazmioxBwib 30epiraerbes. Lle He mae 3mory
peasi3yBaTH Cy4acHi TEXHIYHI PillICHHS.

BigmoBa Bin mepexx I'M y cucremax KepyBaHHS
PYXOM TII013/1iB HEBiIBOPOTHA, | BUHUKAE TIJIbKHU MMUTAHHS,
KOJIK 1 SIKy TexHoJoTiio nu¢poBoro panios3s’sizky YKX
Jiana3oHy HE0OXiTHO BUOpATH.

BucHoBkn

1.  BmpoaJxeHHs 3ac00iB pyxomoro
TEXHOJIOTIYHOTO Pajio3B’3Ky Ha 3aJi3HULAX YKpaiHu
posroyasnocsl Mmicis po3poOJIeHHS MepIoi 3ali3HWYHOL
pamiocrantii JXXP-1, ska mparmroBajia B TEKTOMETPOBOMY
Jiana3oHi paioXBHIIb.

2. 3rigpo 3 YacTrorHMM  IIAHOM, IS
opraHizamii MepeXX TEXHOJOTIYHOrO pajiio3B’s3Ky Ha
3aTI3HMYHOMY TpPAHCIIOPTI BWIUICHI JBa KaHaId 3
yactoToro 2,13 i 2,15 MI'1 y rekroMeTpoBOMYy Jiana3oHi
3 IOBKWHOIO palioXBHiIl Osu3bK0 141 M.

3. 3naunHa JIOBXKHUHA XBUITI KOJINBaHb
TeKTOMETPOBOTO  Jliala3oHy IMOTpedye 3acTOCYBaHHS
MPOTSDKHUX JIHIHHUX aHTEHHWX CHCTeM. Peaizarist

e(CKTUBHUX KOMIIAKTHHX aHTeH y [M-niama3oni €
CKJIQJHOI, OCOOIMBO Isi MOOLIBHHUX 1 HOCHMHMX
panio3aco0iB y Mepekax pyXOMOro pajiio3B’s3Ky Ha
3ai3HMYHOMY TpaHncnopti. Koedimient xkopucHoi nii
JIOKOMOTUBHUX aHTEH JOBXKHHOK 7-12 M, BCTaHOBJIEHOI
Ha BucoTi 0,8-1,0 M Ham JaxoM JOKOMOTHBA, CKJIauae 3-
4 %.

4. 3nauHi piBHI IHAYCTpialbHUX pajio3aBal
MOTPeOYIOTh MiABUIIEHHS PiBHS KOPHUCHUX CHTHAIIB JUIS
HU3BKOI €(eKTHBHOCTI JIOKOMOTHBHUX aHTeH. Tak, y
pobouomy miamazoni 2,13 MIm ®©Ha jginsgHKAaX,
CNICKTPU(IKOBAaHUX 3MIHHHUM CTPYMOM, MiHIMaJIbHUH
piBens curHaniB I'M pmianasoHy ckimamae 72 nbmkB, abo
noHaz 3000 MxB.

5. J[ampuicth mepenaBaHHs B KaHam [IP3
TeKTOMETPOBOTO Jiarna3zony 3 BUKOPHCTaHHSIM
CTalliOHApHUX aHTEH CKJaJa€ Ha JIUISHKaX 3MIHHOTO
cTpyMy Jinuie 4,2 kM, 0 He 3a710BosbHsie BuMoru [1TE.

6. BUKOpHUCTOBYyIOYM  HampaBisAlO4l  JIiHIi,
XBUJICBOMHUM  TpoBig  ab0  KOJBOPOBI  IPOBOIH
MIOB3/IOBXHBOTO  €JIEKTPOIIOCTauyaHHs, MJalIbHICTh HA
JUITHKaX 3MIHHOTO cTpyMy 3pocTae 110 11,4 km.

7. Cucremm 30y[DKCHHS  BHCOKOYACTOTHHX
CUTHAJIB y TPOBOJAX BHCOKOBOJIGTHHMX JiHiH 6,10 kB
CTBOPIOIOTH Hanpyry 14,2 B. Jlyis 3MEHIIEHHS BIUIUBY Ha
XapaKTEPUCTUKU PAIIOCUTHANIB TIPUCTPOi  S>KUBIICHHS
aBTOMATHKH MiAKIIOYAIOTh JI0 IPOBOJIIB BUCOKOBOJIBTHOI
JiHi{ yepe3 3anuparodi KOHTYpH.

8. I3 merpanamiero BIAaCTMBOCTEH 3ammparodnx
KOHTYpIB NPOHUKHEHHS CHUTHAJIIB IMOI3HOTO Pajio3B’ 3Ky
BUKJIMKA€E TOTIPIIEHHS SKOCTI 3B 513Ky Ta MOKE CTBOPUTH
HeOe3leyHe JDKEepesio  eJeKTPOMArHiTHUX —3aBaj Uit
MIKpOIIPOIIECOPHHUX 3ac00iB aBTOMATHKH, HArpyra SKHX
MIePEBHIIYE MPUHHATI B CTaHIApTaxX HOPMHU CTIMKOCTI 110
KOHIYKTUBHHX 3aBaj (10 B).

9. I3 BHUKOPUCTAHHAM HANpaBISIFOYMX JIIHIN
3pOCTAIOTh EKCIUTyaTalliiiHI BUTPATH.

10. I3 BukopuctaHHsM paaio3acob0iB  YKX
JliarazoHy JalbHICTh pajlio3B’si3Ky MOXKE CTAHOBHUTH IS
JUISTHOK 3 aBTOHOMHOIO TSTOI0 10 26 KM, Ha AUISHKaX
mocTiHOTO CcTpyMy — 10 15,6 KM a IUIAHKaX 3MiHHOTO
CTpymy mo 11,8kM, mo BignoOBiga€E BHMOTaM
oprasizamnii Mepex y Mexax IeperoHiB 3ajii3HuIb. Lle €
MIEPEKOHJIMBIM apTyMEHTOM Ha KOPHCTH BIIPOBAKEHHS
niniianx Mepex [1P3 B YKX niamazowi.

11. Opranizauis ninidanx mepex I1P3 B YKX
niarmazoHi Ja€ 3MOTry 3a0e3leYWTH BHKOHAHHS YMOB
JATIBHOCTI  Pajio3B’si3Ky 1 BHPOBAPKEHHS CYYacHHX
IUQPOBUX MEPEX y NYIUIEKCHOMY PEXHMi, XEHIOBEp Ta
1HIII cepBicH HUPPOBUX CHCTEM.

Cnucok BUKOPHCTAaHHX JIZKepe

[Tnan posmoiny i KOPHUCTYBaHHS
panioyacTOTHHM CHEKTpOM B YKpaiHi: 3aTB.
[ocranoBoro Kabinery MinicTpiB Ykpainu Bix

19.12.2023 p. Ne 1340. URL:
https://zakon.rada.gov.ua/laws/show/1340-2023-
%D0%BF#n251
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Modernization of hectometer-range train radio
communication networks. Yelizarenko Andriy

The introduction of mobile technological radio
communication facilities on the railways of Ukraine
began after the development of the first railway radio
station ZHR-1, which operated in the hectometer range of
radio waves. According to the Frequency Plan, two
channels with a frequency of 2.13 and 2.15 MHz in the
hectometer range with a radio wave length of 141 m were
allocated for the organization of technological radio
communication networks on railway transport.

The significant wavelength of hectometer range
oscillations requires the use of extended linear antenna
systems. The implementation of effective compact
antennas in the GM range is difficult, especially for
mobile and portable radio equipment in mobile radio
communication networks on railway transport. The
efficiency of locomotive antennas with a length of 7-12 m
installed at a height of 0.8-1.0 m above the roof of the
locomotive is 3-4 %. Significant levels of industrial radio
interference require an increase in the level of useful
signals with low efficiency of locomotive antennas. Thus,
in the operating range of 2.13 MHz on sections electrified
by alternating current, the minimum level of GM band
signals is 72 dBmkV or more than 3000 mkV. The range
of train radio communication channels of the hectometer
range when using stationary antennas is only 4.2 km on
sections of alternating current, which does not meet the
requirements of the PTE.

When using guide lines, a waveguide wire or colored
wires of longitudinal power supply, the range on sections
of alternating current increases to 11.4 km. High-
frequency signal excitation systems in the wires of 6.10
kV high-voltage lines create a voltage of 14.2 V. In order
to reduce the impact on the characteristics of radio
signals, automation power supplies are connected to the
wires of the high-voltage line through blocking circuits.
When the properties of the blocking circuits are degraded,
the penetration of train radio signals causes a deterioration
in the quality of communication and can create a
dangerous source of electromagnetic interference for
microprocessor automation devices, the voltage of which
exceeds the standards for resistance to conductive
interference (10 V). When using guide lines, operating
costs increase. When using VHF radio equipment, the
radio communication range can be up to 26 km for

sections with autonomous traction, up to 15.6 km on DC
sections and up to 11.8 km on AC sections, which meets
the requirements for organizing networks within railway
sections. This is a convincing argument in favor of
implementing linear VHF networks in the VHF range.
Thus, the organization of linear VHF networks in the
VHF range allows you to ensure compliance with the
radio communication range conditions and ensure the
implementation of modern digital networks in duplex
mode, handover and other services of digital systems.

Keywords: railway technological radio

communication, guide lines, radio communication range,
modernization of railway networks.
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3MIA C. O., k.T.H., JOUEHT KadeIpu aBTOMATUKUA Ta KOMII'IOTEPHOTO TEJICKEPYyBaHHA PYXOM
noi3aiB (YKpaiHChbKUi IepKaBHUM YHIBEPCUTET 3aJII3HUYHOTO TPAHCIIOPTY),

KAJIAIIIHUK M. O., 3100yBauka 2 Kypcy, Iepioro 0akaiaBpchbKoro piBHs, KageIpu aBTOMATUKU
Ta KOMIT'IOTEPHOTO TeJEeKepyBaHHS pyxoMm moi3aiB (YKpaiHChKUH Jep)KaBHUN YHIBEpPCUTET
3aJI3HUYHOTO TPAHCIIOPTY),

MELIKHOV Anatolii, Mipro OY, Tallinn, Estonia

Apxitektypa unudposoi miatpopmMu MYJbTHMOJAJIBHHUX MACAKMPCHKHX IlepeBe3eHb i3
MOI€BOI0 IHTErpanicro 3aJi3HUNYHNX JAHHUX i cepBiciB Takci

AHoTanis. VY crarTi  pO3MNITHYTO HAyKOBO-TIPHKJAIHI acmeKkTd 1oOyJnoBH LUQpoBOi  IuaThopMu
MYJIBTUMOAIBHIX MACAKUPCHKUX TIEpEeBe3eHb, OPIEHTOBAHOI HA IHTErpawio 3aIi3HUYHOTO TPAHCIIOPTY 1 CepBicy Takci
B MEXax €IMHOTO IH(QOPMAiHHOTO CepeloBHINA. AKTYAIBHICTh JIOCHIIPKCHHS 3yMOBJIEHa HOTPEOOIO MiIBUILCHHS
e(eKTUBHOCTI OpraHizamii MOi3I0K 3a CXEMOI0 «BiJ JBEpe 0 IBepei», a TakoX HEOOXIAHICTIO 3a0e3neyeHHs
CTIMKOCTI TPaHCIIOPTHOI CHCTeMH YKpaiHM B yMOBaX BOEHHOTO CTaHy Ta HAacCHiJKiB 30poifHoi arpecii pocilchKoi
¢enepanii. BusHadeHo, Mo 3aMi3HIYHAN TPAHCTIOPT y MYJIBTUMOAANBHIN CHCTEeMi BUKOHYE (DYyHKIIIO MaricTpajbHOTO
PETYIISIPHOTO CETMEHTa, TOAI SIK CepBiC Takci 3a0e3nedye epiy i OCTaHHIO MIJTIO Ta KOMIICHCYE TPAHCIIOPTHI PO3PUBH,
1oB’s13aHi 31 3MiHOIO Tpadika pyxy moi3miB. MeToro crarTi € po3poOJIeHHs Ta HAyKOBE OOTPYHTYBaHHS apXiTEKTypH
G poBoi TIATPOPMH MYITBTUMOJANFHUX ITEPEBE3CHD 3 IHTETPAII€I0 3aII3HNYHAX JaHUX 1 CEpBiCY TaKCi, BU3HAYCHHS
CKJIay JaHUX, HEOOXIMTHMX Ay iXHBOI iH(pOpMariifHOi B3aeMO/ii, a TakoX (hopmaiizalis MOCTIJOBHOCTI OOMiHY Ta
00poOKHM TaHWX AJIsl OpraHizamii MyJIbTHMOJAIBHOT MOI3IKK. Y poOOTI BUKOPUCTAHO CHCTEMHHH MiJXiJ, CTPYKTYPHO-
(YHKIIOHAJIbHUI aHaJli3, METOJX apXiTeKTypHOI JIEKOMIIO3MINi, a TaKoX eJIEMEHTH NPOLECHOTO Ta IIO/I€BOTO
MOJICTIIOBaHHS. Y pe3ysbTaTi JOCTIDKEHHS BU3HAYCHO OCHOBHI TpyNW JaHMX, SKi MaloTh OyTH NepelaHi Mix
3aJTI3HAYHOIO ITiICKCTEMOIO, CEpBICOM Takci Ta HU(POBOIO IIaTGOPMOIO: JOBIAKOBI, PO3KIaIHI, TI'€OJIOKALiiHI,
OTIepaTHBHI, MOJI€BI, TpaH3aKIilHI. 3aIIPOIIOHOBAHO APXITEKTYPY LU(POBOI TUIATGOPMH, IO BKIIIOYAE PIBEHb PKEpel
JIaHWX, IHTErpamiiHU{ piBEHb, PO MYJBTUMOJAIBHOI OpKecTpalii, MPUKIagHI CEpBICH 1 aHANITUYHUNA KOHTYP.
Po3pobiieHo MexaHi3M y3TrOJUKEHHS 3MIHM 4acy pyXy MOi3[a i3 CerMEHTOM Takci y BHIagKax HerepeadadyBaHHX
3yNHHOK, 3aTpUMOK, 3MiHM ETA Tta iHmmx Bigxwuinens rpadika. s ykpailHCBKMX yMOB OOIDYHTOBaHO JIOLUIBHICTH
iHTerpanii i3 cepBicoM Takci K IHCTpPYMEHTa aJIallTUBHOTO TE€peIUIaHyBaHHSs MYyJIbTUMOAIBEHOTO MapipyTy. HaykoBa
HOBH3HAa POOOTH TOJATae B PO3pOOJICHHI apXiTeKTypHOI Mozeni IMdpoBoi miaThopMu, Opi€EHTOBAHOI HA TIONIEBY
CHHXPOHI3AII0 PETyJSIPHOTO 3aJII3HUYHOTO TPAHCHOPTY 3 THYYKHM CEPBICOM TaKCi, a TaKOX Yy BBEACHHI IOKa3HHKA
HAJIHHOCTI CTUKYBAaHHS MYJIbTHMONAIBHIUX CETMEHTIB IS OIIHIOBAHHS CTIMKOCTI MapmpyTy. Ha BinMiHy Bif BioMux
ITiIXO/1iB, 3aIPONIOHOBAHA MOJEIb OPIEHTOBaHA HE JIMIIIE HAa MApIIPYTHHUH TIOIIYK, a Ha 10J{i€BO-KEPOBAHY OPKECTpaLiio
MYJIBTUMOJAIBHOI TOI3JIKM 3 ypaxyBaHHSIM IHHAMIYHOI 3MiHHM MapamMeTpiB 3aJli3HMYHOTO CETMEHTa i aJalTHBHOTO
neperyianyBaHHst  cepBicy Takci. [IpakTiuHe 3HAa4YEeHHS pE3yJbTaTiB MOJIATa€ B MOXJIMBOCTI BHKOPHCTaHHS
3aIPOIIOHOBAHUX PIllIeHb AJISl CTBOPEHHS U(PPOBUX MIaT(OpPM MyIETHMOIAIEHOT MOOUTEHOCTI B YKpaiHi.

KrouoBi ciioBa: MyJIbTHMOJaiIbHI IIEpEeBE3EHHS, U(POBa IaThopmMa, 3II3HUYHINA TPAHCIIOPT, Takci, MaaS,
iHpopManiliHa B3aEMOIisl, apXITEKTypa CUCTEMH, OOMiH TaHUMH, PEJIbHUN Yac.

Beryn TPaHCIIOPTY, a IU(POBI cepBich 3a0e3NeUyIOTh y3TrOKEHE

IUTAHYBaHHS, OPOHIOBAHHS, OIIATY 1 CYTIPOBIJ MapIIPyTy

Ludpposa Tpanchopmanis Tpancmopraoi ramyszi [1, 2]. OcoOmuBoro 3maueHHs HaOyBae iHTerpaiis
(dhopMye HOBI MiIXOAM IIONO OpPraHi3amii MacaXUPChKUX  PEryIAPHUX BHJIiB TpaHCIopTy, HacamIepen
IepeBe3eHb, y SKHX IIPIOPUTET HAIAHO He OKpeMoMy  3A3HUYHOIO, i3 I'HYyYKMMH CEPBICAMH BHKIMKY TaKci,
BU/Ty TPAHCIIOPTY, a IUTICHIH MOGITBHOCTI KOpHCTyBaya. IO 3a0e3nedyroTh mepuly Ta ocTanHio Mumo. [lonpu
V MeKax Takoro MiIXody MyIbTHMOJANBHI MepeBe3eHHs  AKTUBHHH DO3BUTOK LHU(POBUX CEPBICIB MOOLILHOCTI,
po3rIsIaoTh K (OpMy OpraHi3amii MoOi3jkH, 3a skoi  HAsBHI PILICHHS IEPEBAKHO 30CEPEIUKeHI abo Ha
MacaXHp MOCIIiZIOBHO BUKOPUCTOBYE JEKiJIbKa BU/IIB
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130JIbOBAaHOMY IIAHYBaHHI 3aJII3HUYHUX ITEpEeBE3€Hb, a00
Ha AaBTOHOMHOMY (YHKIIOHYBaHHI CEpBICIB BHKIIHKY
aBTOMOOIIs. HaTroMicTh HEIOCTaTHHO ONpanbOBaHUMHU
3aNUIIAIOTECS  THWTaHHS  TOOynoBH  iH(opMariiitHo-
Kepytouoi IuIaTgOpMH, 3IaTHOi B pealbHOMY daci
Y3rOJUKyBaTH TapaMeTpy PETyJSPHOTO  3aJi3HUYHOTO
CerMeHTa 1 THYYKOTrO CEpBICY TaKCi B MeXaX €IMHOTO
MYJIBTUMOANEHOTO MapmpyTy. Oco0nmBO 1ie CTOCY€EThCS
CIICHApIIB, y SIKUX HEOoOXiTHE ornepaTUBHE
NeperyIianyBaHHsl MOI3JKM BHACIIIOK 3aTPUMOK, 3MIHH
ETA a6o iHmMX moJii, o nopyuryoTh HOYaTKOBI YMOBH
CTHKYBaHHS CEIMEHTIB.

3ai3HUYHUI TPAaHCIOPT € OXHMM i3 0a30BUX
CJIEMEHTIB MACaXKUPCHKOI MOOUTEHOCTI 3aBISKU BHUCOKIH
MIPOBI3HIA  CHPOMOKHOCTI, €HEpProe)eKTUBHOCTI  Ta
MOXJIMBOCTI OpTaHizamii peryisipHOro MiDKMICBKOTO 1
npumicekoro crnoxydeHas [1, 3]. Boxmnowac cepBicu
BUKJIMKY Takci 3a0e3nedyloTh IepCOHai30BaHUN 1
THYYKHI TOCTYH /10 TPAHCIIOPTHOI MEPEXi, 10MoMararoTh
KOMITCHCYBAaTH  BIJICYTHICTh HPSMOTO TI'POMaaCHKOTO
CIOJIyYCHHS, CKOPOUYYIOTh HENPOAYKTUBHHUN Hac J0i3ay
JI0 BOK3JIiB 1 CTBOPIOIOTH JOATKOBI YMOBH JIOCTYITHOCTI
JUIs  PI3HMX Kareropi macaxupiB. 3a TakMX YMOB
(hopMyBaHHS MYJIBTUMOAAIBGHOTO MapUIPYTy 32 CXEMOIO
«TaKCl — MOI3]] — TAKCI» € JIOTIYHUM HaIpsSIMOM PO3BUTKY
Cy4YacHHUX TPAHCIIOPTHUX CEPBICIB.

Hdns VYkpaium 3a3HaueHa mpoOiemaTtuka Mae
0COONMBY aKTYyalbHICTh. YHACHIJIOK TOBHOMACIITAOHOT
30poiiHoi arpecii pocilicekoi (enepanii TpaHCIOpTHA
cucreMa (QyHKIIOHYE B yMOBAaX 3Ha4YHOI HEBH3HAYEHOCTI,
IHQPACTPYKTYpHHUX IIOIIKO/PKEHb, 3MIHM TPaHCIOPTHHUX
MIOTOKIB, OOMEKEeHb aBiacIlONy4YeHHS Ta MOTpedu B
3a0e3neueHH] Oe3nepepBHOI MOOUTEHOCTI HaceleHHS. Y
TAaKUX YMOBax 3ali3HWYHUHA TPaHCHOPT (HaKTHYHO CTaB
CHCTEMOYTBOPIOIOYNM BHIOM MDKpETiOHaJIbHOTO
nacaxupebkoro croiydeHHs. [Ipore epexTuBHICTH HOTO
BUKOPHUCTAaHHA 3HAYHOK MIpOIO 3alIC)KUTh BiJ[ SKOCTI
CTHKYBaHHS 13 cepBicaMM IIiZIBE3CHHS Ta BHBE3CHHS
IacaknpiB, HacamIIepes i3 ceppicamu Takci. J{01aTKOBOIO
CKIQMHICTIO € Te, mO Tpadik pyxXy TOI3IIB MOXKE

3MIHIOBaTUCST ~ 4Yepe3  HemependadyBaHi  3yNUHKH,
3aTPUMKH, 0e31eKoBi O0OMEXCHHS, aBapiitHo-
BIJHOBIIIOBAJIBHI ~ poboTH  ab0  IepeBaHTa)KCHHS

TPaHCIIOPTHUX BY3JiB. 3a TaKMX yYMOB IM(poBa cHUCTEMA
Mae He JIMIIe BiZoOpax<yBaTH akTyaJlbHUH CTaH MOI3IKH,
a 1 3a0e3rmedyBaTH JWHAMIYHE  IIE€pEIUIaHyBaHHS
MYJIBTUMOJAIBEHOTO MapIIpyTy. 3a TakMX YMOB Ha
Nepmmii IUIaH BHUXOAWTH HE JIMINE CcepBicHa, a W
iHpopManiiHO-Kepyloya CKJIafoBa  MYJBTHMOJAIBHOT
MoOinpHOCTI. [meTbess mpo moOynoBy mardopmu, ska
3a0e3nedye 30ip, CHHXPOHI3AIIiIO, IHTEPIIPETAII0 Ta
MIOJ[i€EBE OIPAIIOBAHHS 3aJli3HUYHHUX, T'C€OJIOKAIIMHMX 1
3aMOBHUX JaHUX, @ TAKOX MiATPUMYE aBTOMATH30BaHE
YXBWICHHS DpIlIEHb NP0 KOPETyBaHHS IapaMeTpiB
NIOI3JKH.

Konnenmist Mobility as a Service mnepenbauae
IHTErpamnito pi3HUX BHAIB TPAHCIIOPTY B €IUHY HU(PPOBY
eKOCHCTEMY, 1€ KOPHUCTyBad OTPHMY€ JOCTYH 1O BCi€l
JIOTIKM TIOI3AKK 4Yepe3 oauH iHTepdeiic [2]. OnHak Ha
MPaKTHIl  3aJi3HAYHI ~ CHUCTEMH, CEpBICH  TaKci,
reoindopmariiini cepBic 1 IIATDXHI MOAYJI 3a3BHYal
(YHKIIOHYIOTh y Pi3HUX iH(OPMAIIHUX KOHTYpax, L0
YCKJIaHIOE TIOOYAOBY IUTICHOT Moem MapmpyTy. OTxe,
HaYKOBO-TIPUKJIaHa TpoOiieMa IOJIsirae B PO3pPOOJICHHI
Takoi apXiTEeKTypH ugpoBoi aTGopmMu
MYJIBTUMO/IANBHUX TIepeBe3eHb, sIKa 3abe3neuyBana O He
JMIIE [HTErpamilo pi3HOPITHHUX JPKepesl TPaHCIIOPTHUX
JaHWX, a 1  TIOJI€BO-KEPOBaHy  KOOPAMHAILIIO
MYJIBTUMOJAIBHOI TOI3KK B PEXHMiI pPEalbHOTO dHacy.
Po3p’si3anns wmiei mpobmemu morpebye dopmarizamii
CKJIaJy [JaHWX, BH3HAUCHHS JIOTIKH MIDKCHCTEMHOI
B3aeMo/ii Ta MOOYZOBM MEXaHI3My aJanTHBHOTO
NepelyianyBaHHsl ~ MapmpyTy B pa3i  BiIXWICHHS
3aJTI3HMYHOTO CETMEHTA BiJl IJIAHOBHX MTapaMeTpiB.

AHaJIi3 OCTaHHIX H0CTiIzKeHb i myOmikamii

Y  HaykoBii 1 mpukimamHii  iTeparypi
MYJbTUMOJIANBHI ~ TIEPEBE3EHHS  BU3HAYAIOTh  SIK
IHTErpoBaHi TPAHCHOPTHI MPOLECH, Yy MeXaxX SIKHX
BUKOPHCTaHO II€PEBarv pPi3HUX BHIIB TPAHCHOPTY JUIS
JIOCSITHEHHS! KpaluX MOKa3HHUKIB 4Yacy, IOCTYITHOCTI,
BapToCTi, cTiiKocTi Mapmpyty [1]. ¥ macaxxupcpkomy
CEKTOpi MYJIBTUMOJAIIBHICTh PO3MIISAAIOTh Y 3B’SI3KY 3
koHuenuieto Mobility as a Service, sika mnepenbauae
00’ €IHAaHHS TIaHyBaHHS, OPOHIOBAHHS Ta OIUIATH PI3HUX
TPAaHCIIOPTHUX TOCIYT Yy MeXax e€auHoi mudpoBoi
iatdopmiu [2].

VY eBpomneHCHKiM mMpakTHmi NMoOyA0oBH IU(PPOBUX
TPAaHCIIOPTHUX IUIATGOPM 3HAYHY YyBary MpHIUISIOTH
cranpaptu3amii  gaHux.  30Kpema, IS ONHUCY
TPAaHCIIOPTHUX MEPEX, MapUIPyTiB, po3KJIaAiB 1 Tapudin
BukopuctoByioTh Transmodel, NeTEx i GTFS, a mna
nepenaBanHs iH(opmanii peansHoro gacy - SIRI i GTFS-
Realtime [3, 4]. BukopucraHHs TaKMX CTaHAAPTIB
3abe3rneuye  IHTEpONepadeNbHICTh ~ MK  Pi3HHUMH
orepaTopamu Ta U(PPOBUMH CepBicaMH.

Pazom i3 TMM cepBicM BHKIHKY Takci Ta on-
demand wmoOinbpHOCTI TpHMBanmmii yac pO3BUBAIMCS 32
BJIACHUMHM IUIATPOPMHUMH MOJESIMH, 0 0azoBaHi
nepeBakHO Ha 3akputux APl 1 KomepmiiHHX
exocucremax. lle yckiagHioe X MOBHOILIHHY iHTErpamito
B MynbTHMOJanbHI Tuiatdopmu. CydwacHi iHimiaTtuBH 3i
cranmaptu3anii on-demand mobility cBimwate Tpo
IIparHeHHs] HaOJNM3WUTH CEpBICH TaKCi J0 TPAaHCIOPTHHUX
CHUCTEM peryjsipHoro THITy depe3 (opmaiizamio
CTPYKTYpH JaHMX, TapuQiB, CTaTyCiB 3aMOBJICHHS Ta
moii [5].

APXITEKTYpHI MiOXOOW MIOA0 ToOymoBu MaaS-
m1aThopM TOKIFOTH O MIKPOCEpPBICHOI MOJENi, e TaHi
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HAAXOIATh Bif 0araTboX pIHOPITHUX JDKEped, a
B3aEMOJiT MDK MonyisiMu 3abesnedena uepe3 API-
[IUTIO3H, OPOKEPH TIOBITOMIICHB 1 CEpBicH OpKecTpariii [6].
Jns  TpaHCTIOPTHHX CepBiCiB  OCOONHMBOTO 3HAYCHHS
HaOyBae  IMOJ€EBO-Opi€HTOBaHA  O0pOOKa,  OCKLIBKH
pealpHa TpPAHCIIOpTHA CHUTYyalliss € JAWHAMIYHOK 1
norpedye omepaTuBHOI peaklii Ha 3MIHM Yy CTaHi
Mapupyty [4, 7].

BimprricTe HaIBHUX OCIIKECHB 30Cepe/KeHa abo
Ha 3aralbHUX mpuHIUIax MaaS-mmardgopm, abo Ha
CTaHIApTU3aIlil TPAHCIOPTHUX JOaHUX Oe3 Jeramizaril
JIOTIKA MIKCETMEHTHOTO Y3TO/DKEHHSI B KOHKPETHHX
MyJBTUMOJATBHAX CIICHApisx. HemocTaTHRO po3KpUTUME
3aNUIIAIOTHCS  THTAHHS —~ KOOPJHMHALII  PEeryJIspHOTO
3ai3HUYHOTO CerMeHTa i3 cepBicamu  on-demand
MOOLTBHOCTI B YMOBaX 9aCOBOi HEBH3HAYCHOCTI, a TAKOXK
(hopMaIizoBaHOTO OIIHIOBAaHHS CTIMKOCTI CTHKYBaHHS
CErMEHTIB MapIIPyTYy.

Oxpemi JOCTIUKEHHS IEMOHCTPYIOTh BaXKJIMBICTh
ypaxyBaHHs peEalbHOrO dYacy Il 4Yac OIL[IHIOBaHHSA
JIOCTYIHOCTI ~ TpaHCTopTHOi — cuctemu. Jlani  1po
3aTPUMKH, CKacyBaHHS Ta BapiaTUBHICTh 4Yacy B JI0pO3i
MOXYTb ICTOTHO 3MIHIOBaTH CHIPHHHATTS  SKOCTI
TpaHcnopTHOTO cepgicy [7]. Lle ocobnmBo akTyaiabHO JUIst
MapuIpyTy, 110 MICTUTh CTHKYBaHHS MK 3aJIi3HULEIO 1
Takci, ie Oyb-gKa 3aTpUMKa I1013/1a 3[JaTHa BIUIMHYTH Ha
KHUTTE3JATHICTh YCHOTO MYJIBTUMO/AIBEHOTO CLIEHAPIIO.

[lompn HasBHICTD 3HAYHOTO MAaCHBY IIpallb,
HEI0CTaTHBO OIPaIlbOBaHUMHU 3aIHIIAIOTHCS
¢dopmamizariss  ckimamxy — JaHWMX U IHTerparil
3aJTI3HMYHOTO TPAHCIIOPTY 1 CepBICiB Takci; 1moOynoBa
apxitektypn 1udpoBoi 1iaThopmu, OpieHTOBaHOI Ha
B3a€EMOJIIF0 peryisipHoro Ta on-demand CEerMeHTIB;
aNTOpUTMIYHE 3a0e3MedeHHs Y3rO/KeHHS 3MiH Tpadika
pyxXy THOi3iB i3 IapamMeTrpaMH  TaKCOMOTOPHOTO
00CITyTOBYBaHHS; a TaKOX aJanTamis MyJIbTUMOAAIBHUX

wathopM 10  yYMOB  IMIJBUIIEHOI  PU3HMKOBOCTI
TPaHCIIOPTHOTO CEPEOBHIIA.

Orxe, icHye morpeba B  po3pobieHH]
apXITEKTYpHOT MoOJIeITi g poBoi wathopMu

MYJBTUMOJIANEHUX TIEPEBE3CHb, sIKa O IoeaHyBana
PETYISIPHICTh 3aJII3HUYHOTO PYyXy, THYYKICTH CEpBICIB
TakCi Ta MOJi€BO-KEPOBaHI MEXaHi3MM pearyBaHHI Ha
BIIXUIEHHS.

BusHauyeHHsI MeTH Ta 3aBJAAHHSI uocnimxem—m.

Mertoro cTaTTi € po3poOJeHHsT Ta OOIPYHTYBaHHS
apxitektypn 1udpoBoi 1aTGopMu MyIHTUMOAATBHUX
MIepeBe3eHb 13 IHTErpami€elo 3aIi3HUYHIX JIaHUX 1 cepBiciB
TaKCl, BU3HAUCHHS CKJIQJy TaHWUX, HEOOXITHUX JUIsl iXHBOT
iHpopmaniiiHOT B3aemoxii, a Takox (opmamizamis
MOCHIZIOBHOCTI  OOMiHy Ta OOpOOKM JaHumx Uit
oprasizanii MyJIETUMOJIAIBHOT ITOT3]IKH.

JUis  mOCATHEHHS TIOCTAaBIICHOI METH B POOOTI
BHPIIICHO TaKi 3aBIaHHS:

1) mpoanamizoBaHO  OCOONHMBOCTI  B3a€EMOJIi
3aJI3HMYHOTO TPAHCIOPTY 1 CEpBICIB BHKIHMKY Takci B
MEKaX MyJIbTUMOJAIBHOI TACAKUPCHKOI MOI31KH;

2) BHW3HAYCHO CKJIAJ JaHUX, HEOOXITHHUX IS

iHpopManiiHoT B3aEMOJIT MIXK 3aJTI3HUYHOIO
MJCHCTEMOIO,  CepBicaMH  Takci Ta  OUPPOBOIO
IaTPOPMOIO;

3) po3pobieHo CTPYKTYPHO-(YHKITIOHAJIbHY
Monenb 1u¢poBoi  mwIarGopMu  MyJIBTUMOAAIBHUX
IIepEBE3CHB;

4)  cdopMOBaHO CTPYKTYpHY CXEMy CHCTEMH;

5) BH3HAa4YE€HO TMOCTIJIOBHICTH OOMiHYy Ta
00poOKM TaHKX IS CLICHAPIiiB MyJIbTHMOIAIBHOT TTOT31KH
32 Y9acTIO 3aIi3HHYHOTO TPAHCIIOPTY 1 Takci;

6) poO3po0JIECHO MEXaHi3M Y3TOKCHHS 3MiHU
yacy pyxy moi3za 3 TapaMeTpaMd CErMeHTa Takci B
yMOBax Herepen0adyBaHWX 3YNHHOK, 3aTpPUMOK 1
BIZIXWJICHD Bij rpadika.

MeToaoJi0rist 10CTiIZKEHHS

MeTof0NOTIYHOI0  OCHOBOIO  JOCHIJUKEHHS €
CHUCTEMHUH MiIXiJ MIONO PO3MISAAY MYJIbTUMOAAIBHOI
TMIOI3]IKH SIK CKJIQJIHOI COLIOTEXHIYHOI CHCTEMH, Y MeXKax
SIKOT B3a€MOJIOTH TPAHCHOPTHI omeparopH, IH(ppoBa
wiathopma, KOPUCTYBadi, CEPBICM BHKIHKY TaKci,
IUTATDKHI Ta reoiHdopMamiiiHi cepBicH. 3acTOCYBaHHS
CHUCTEMHOTO  IAXOAY  Jal0  3MOTY  pO3IisiIaTu
MYJIBTUMOJAIBHY MOI3JKY HE SIK CyKYIHICTb 130JIbOBaHUX
TPaHCIIOPTHUX oOmepaniid, a K LUICHUH npouec i3

4acoBOIO, IIPOCTOPOBOIO Ta iHpOpMAaIiHHOIO
Y3TOJKEHICTIO.
Y  JocnmipKeHHI  BUKOPHCTaHO  CTPYKTYPHO-

(YHKIIOHATBFHIHA aHaJi3, M0 AaB 3MOTY BUIUTATH 0a30Bi
migcucremu mudposoi 1argopmu, BH3HAYMTH  iXHI
(YHKIIT 1 BCTAHOBUTH XapakTep iHpopMamiiHUX 3B’ SI3KiB
Mix HUMH. Lle momoMoriIo mepeiTr BiJ OMMCOBOTO PiBHS
no0 1oOynoBu  (OpManbHOI  apXiTeKTypHOI  Mopeni
udpoBoi IaTGopmMu MyITbTUMOJATEHHUX IIEPEBE3CHb.

Jns onucy AWHAMIKA MYyJIBTHMOJAIBHOI MOT3IKH
3aCTOCOBAHO IIPOIIECHE MOJEIIIOBAHHS, 3a JIOIIOMOTOIO
sSKoro (opMaiizoBaHO eTamM IHimiamii Mapupyry,
OTPHMaHHS JaHUX, T00YI0BH MapIIpyTHUX AJIbTEPHATHB,
OpOHIOBaHHS,  CyHpoBOJXy B  peabHOMY  daci,
NepeIIanyBaHHsl Ta 3aBEpIICHHS MOi31KU. J{OmOBHEHHS
MIPOLIECHOTO TI/AXOAY IOJIEBUM MOJICIIOBAHHAM a0
3Mory (opMani3yBaTH pEakIif0 CUCTEMH Ha 3aTPUMKH
noizniB, HemepexbadyBaHi 3ynuHKH, 3MiHy ETA,
3aTPUMKY TIOJJaBaHHS TaKCi Ta iHIII TOMii, KPUTHYHI IS
CTIMKOCTI MYJIFTUMOJAJIBHOTO MapIpyTy.

Takok  BHUKOPHUCTaHO  METOA  apXITEKTypHOI
JICKOMIIO3UIIii, 32 SKAM MOXHa IOJATH IatdopMy SK
0araTopiBHEBY CTPYKTYpy, IO OXOIUIFOE 30BHIIIIHI
JUKepena  JTaHWX,  IHTETpalliiHuid  piBeHb,  SApO
OpKecTpallii, MPUKJIaIHI CepBicH Ta aHATITHYHUN KOHTYD.
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Taka gexommoswuilis 3a0e3Medye MOXKIUBICTD JIOTIYHOTO
Ta (YHKIIOHAJBHOTO PO3MEKYBaHHS KOMIIOHEHTIB
CHUCTEMH, IO € BAXIMBAM [UIS TOHANBINOI MPaKTUIHOT
peaitizarii.

JUis  OWIHIOBaHHS CTIMKOCTI Tepecamkd Mixk
3aTI3HIYHUM i TaKCOMOTOPHHUM CerMEeHTaMu
BUKOPHCTaHO  €JIeMEHTH  QopMmaiizamii  4acoBUX
3JIEKHOCTEH, Yy MeXKax SKHX BBEICHO Koe]illieHT
HaJIHHOCTI CTHKYBaHHS MYJIbTHMOJAIBHUX CETMEHTIB.
Moro 3actocyBamHs mae 3MOTy MHepeiiTH Bij SKiCHOrO
OLIIHIOBaHHS PH3HKY 3pHUBY MapIpyTy 110
(opMaizoBaHOTO  KPHUTEPil0  3alyCKy  MeXaHi3Mmy
TeperIany BaHHs.

OTxe, BHKOPHCTAaHA CYKYIHICTH METOIIB €
aJlcKBATHOIO  IIOCTABJCHIA METI  JOCHIKCHHS Ta
3abe3neuye HEeoOXiTHUH HayKOBUI piBeHB
OOTpYHTYBaHHSI 3alPOIIOHOBAHOI apXiTEKTYpH HU(POBOI
m1aTHOpMHU MYJIETUMOAATHHIX TIEPCBE3CHb.

Bopnouac mociimkeHHS Ma€ IIEBHI OOMEKEHHS.
3ampornoHoBaHa apxiTeKTypHa MOJIENTh Mae
KOHLIENTYaJIbHO-TIPUKJIQJIHII XapakTep 1 He rependadae
MoBHOMAcIITaOHOI MporpamMHOi peamizaiii B Mexax Ii€l
poboTH. YBeIeHi MOKa3HUKH Ta JIOTiKa MeperiaHyBaHHS
MOTPeOYIOTh OAABIIO] eKCIIEpIMEHTAIBHOI Beprdikarii
Ha pealbHHX a00 HaONMKEHWX 10 peajbHuX Habopax
TPAHCIIOPTHUX JAaHHX.

BukJjang ocHOBHOro MaTtepiany.

AHani3 B3aemopii 3a1i3HUYHOT0 TPAHCNOPTY i cepBiciB
BHKJIMKY TaKci

3ai3sHUYHUI TPAHCIOPT 1 CEpBiCH BUKIMKY TaKCi
MaroTh Pi3Hy OprasizauiiiHy Ta iHpOpMAaIiiHy MPUPOLTY.
3amisHn4yHa cucTeMa (QYHKIIOHYE 3a HOPMAaTHBHUM
PO3KJIaJIOM 1 Ma€ BHUCOKHMI CTYIIHb PErJaMeHTOBAHOCTI,
TOJI SIK TaKCi-CepBiC € MMHAMIYHUM, MOIUTO3AJIC)KHUM 1
OpIEHTOBAaHMM Ha IHAWBiAyajli30BaHE OOCITyrOBYBaHHS.
IxHst iHTerpamis MoXIMBa JHMIIE 33 YMOBH Y3rOJKEHHS
YaCOBHX, IIPOCTOPOBHUX 1 IMOJIIEBUX MTApaMeTpiB.

VY Mexax MyJBTHMOJANIbHOI MOI3AKH Takci MOXKe
BUKOHYBATH POJIb ITiBE3CHHS MAaCAXUpa A0 3aTi3HUIHOI
CTaHIIi1, BUBE3EHHS 31 CTaHIII Micist MpuOyTTs moizaa abo
obunei ¢yskmii ogHowacHo. Ile mae 3Mory posrismaTi
3B’S130K <GAJI3HMI + Takci» sSK OOWH 13 HaWOUIbII
NPakTHYHUX  creHapiiB  peamizauii  door-to-door
MoOimpHOCTI. J[yIsi  Takoro CreHapil0 OCHOBHHMH €
TOYHICTh BH3HAUCHHS 4Yacy MpHOYTTS TNacaxkupa [0
CTaHIl, KOPEKTHHH PpO3PaXyHOK pe3epBy IEpecaKH,
HasBHICTh JAaHUX peajbHOTO dYacy Ipo CTaH Moi3fa,
JIOCTYTIHICTh aBTOMOOLIS Takci B TMOTPiOHIN JIOKaIii Ta
MOXIIMBICT ~ ONEPAaTHMBHOI 3MIHM 4Yacy IOJaBaHHS.
3aranpHy  JOTiIKy  iH(poOpMmamiiiHOi  B3aemomii  Mix
OCHOBHUMH YYacHHKaMH MYJIbTUMOJAIBHOI TOT3/KH
HaBeJIeHO Ha puc. 1.

(MOBinbHWI 3aCTOCYHOK)

KopuctyBay

Lindposa nnatgopma
MynbETUMOAANbHUX NepeBe3eHb

3anizHuyHa API [eoiHdopmauinHi MnatixHi
iHhopmMauiiHa cuctema cepBic Takci cepsicu cepsicu
v v v v
Posknan, ETA, Mopava, uiHa, MapwpyT, BiacTaHb, Onnara,
3aTPUMKM, CTaHLii CTaTyC 3aMOBMNEHHSA KoopAauHaTu TpaH3akujii

Puc. 1. KonrekcrHa cxema iH(opmariitHoi B3aeMoii Mi>k KOpUCTyBadeM, IU(POBOIO IIIATHOPMOI0, 3aI3HIYHOIO
CHCTEMOIO Ta CEPBICOM TaKCi
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VY peanbHUX yMOBax iH(pOpMaIliiiHa B3aEMOIS MK
IUMH JIBOMa CErMEHTaMH MOke OyTH pealizoBaHa SK
yepe3 IMoIepeHE IUIAHYBaHHS, Tak 1 9epe3 CYIpOBilI
MOI3]IKM B peasibHOMY 4aci. [lepmmii Bunamok nependadae
nmoOyzoBy Ta OpOHIOBaHHS MapuIpyTy Ha OCHOBI
TUTAHOBOTO PO3KJIAJY 1 MPOTHO30BAHUX MapaMeTpiB TaKci,
JIpyTUA — TIOCTiMHE OHOBJICHHS IapaMeTpiB MapuIpyTy
BIJIIIOBI/THO /10 TOTOYHOTO CTaHy TPAHCIIOPTHOI CUCTEMH.

Hdns YkpaiHum Taka B3a€EMOJiS Mae TMOCHIICHE
3HAUEHHS 4Yepe3 CTPYKTYpPHY pPOJIb 3aTi3HMII B yMOBax
BiiHu. [licms mowarky moBHOMacmiTaOHOI — arpecii
pociiicekoi ¢enepanii 3aTi3HUYHUKA TPAaHCIIOPT CTaB
KPUTHUYHO BAXJIMBUM 3aco00M eBakyallii, BHYTpIiIIHBOI
MOOUTBHOCTI, ~ TyMaHITapHOIO  Ta  MDKHApOIHOTO
cnoydenHs. Lle mpu3Beno 10 3pocTaHHs HABaHTa)KCHHS
Ha BOK3alM, 3MiHM rpadikiB, 30iIbIICHHS KIJIBKOCTI
HEeCTaHJapTHUX ONEpalifHUX CUTYaIlii. ¥ TaKux ymMoBax
CEepBICH Takci MOXYTb OyTH MEXaHi3MOM JIOKaJbHOTO
TPaHCIIOPTHOTO OallaHCYyBaHHs, OCOONHMBO Y BEJIHMKHX
MICTax i HABKOJIO OCHOBHUX 3aJTi3HHYHHX BY3IIB [§].

OTxe, B3a€EMOJIIO0 3aJi3HUIN 1 Takci MOTPIOHO
pO3TIIsAATH HE SIK JONOMIKHUN CEpBICHHH €JIEMEHT, a sIK
OoKpemy mpeaMmeTHy cdepy wuudpoBoi iHTerpamii, o
norpedye crieniaaizoBaHol apXiTeKTypH IaT(opmH.

Cknan naHux, HeoOXimHUX s iHpopmaniiinoi
B3aeMoii

EdexruBHicts  iHdopMmarmiiinoi B3aemomii  Mix
3aJTI3HMYHUM TPAHCIIOPTOM 1 CepBicCaMM TaKCi 3aJICKUTh
BiJl TOBHOTH, CBOEYACHOCTI Ta  Y3TOPKEHOCTI
oOminroBaHux  jgauux. Jlnsg moOymoBu — 1upoBoi
aTGOpMH JOIIIBHO BHOKPEMUTH KUTbKAa TPYN IaHUX
(Tabmmis).

OCHOBHI TpyNlH AaHUX HU(PPOBOT IITATPOPMHU MyJILTUMOAATBHUX TIEPEBE3CHb

I'pyna nanux dxepeno

YacToTa OHOBJIEHHS

IIpuzHayenns

JIOBIAKOBI 3aJTI3HUYHI

i sanizanyna [C

NIepioMIHO OTIMC CTaHIiH, peiiciB, maThopm

Posknagni gaxi sanizanyna [C

3a po3KJIaIoM / y pasi

. IJIaHYBAHHS MapIIPYT,
SMIHH y paIpyTy

JlaHi peasbHOTO 4acy 3amizanyHa [C

TI0/1i€BO / Y peaslbHOMY

. CYIIPOBiJ 1 IEpeIUIanyBaHHs
yaci YHPOBIA P y

JaHi noctymHOCTI Takci API cepgicy Takci

y pearlbHOMY Yaci

OIIiHIOBAaHHS BapiaHTIB
TIePII0i/0CTaHHBOT ML

Jlani 3aMOBJICHHS TaKci API cepgicy Takci

TIOJII€BO CYIIPOBIJl TAKCi-cerMeHTa

I'eonani kaprorpadiuHi cepBicu

y peaibHOMY 4Yaci /

OLIIHIOBAaHHS Yacy 0131y Ta

TIEPiOAUIHO TepeMiIeHHS

Jani uratdhopmu BHYTPIIIHE SIIPO

OpKecTpallisi, )KypHaJIIOBaHHS,

Oe3mepepBHO .
aHaITHKa

Jlani 3aniznuunoi niocucmemu
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Jdo cxmamy 3ali3HMYHMX JaHUX — HajJeXarhb
JIOBIZIKOBI JaHi, IJIaHOBI JaHi, JJaHi peaJbHOrO 4Yacy Ta
JlaHi KBUTKOBOT'O KOHTEKCTY.

Jlo NOBIIKOBMX JaHMX HaJlekaTb ineHTH(IKaTop
moiza, HoMep peiicy, KaTeropis noizaa, iaeHTH(iKaTop
CTaHIil, Ha3Ba CTaHIii, KOOPJUHATH CTaHIii, OMUC 30HU
MI0Ca/IKN/BUCAAKH Ta iHPOpMais 1po miardopmy.

Jlo TuTaHOBUX JTaHWX HaJeXaTh 3aIUIAHOBAHUI 4ac
BiJIIPaBJICHHS, 3aIuIaHOBaHUH qac npuoyTTH,
MOCHIZIOBHICT, ~ CTaHWid, HOpPMAaTWBHA  TPUBAIICTb
CTOSTHKHM, HOPMAaTHBHHH Yac TIIepecajkd Ta MapupyT

peucy.

Jlo naHmx peajpHOrO yacy HajexaTb (pakTHUHHN
yac BiANpaBieHHs, (AaKTHYHUN Yac MPHOYTTS, MOTOYHA
3aTpuMKa, TporHozoBanuii vac mnpubyrrss (ETA),
MIOBIZIOMJICHHSI TIpO HeriepeadauyBaHy 3yNUHKY, 3MiHA
Konii abo miardopMm, ckacyBaHHA ab0 CKOPOUYCHHS

MapHIpyTy.

Jlo maHWX KBUTKOBOTO KOHTEKCTY HAJICXKATh CTaH
OpOHIOBAaHHS, HASBHICTh MICI[b, CTaTyC KBHUTKa, KJac
00CITyrOBYBaHHS Ta 0COOJIHMBI YMOBH ITEPECBE3CHHS.

Jlaui cepsicy euxauxy makci

Hdus  cepBicy Takci, HeoOXimHI Taki JaHi:
JTIOCTYITHOCTI CEPBICY, MOI3IKN, 3aMOBJICHHS Ta TIOII€BI.

Jlo maHuUX JOCTYIMHOCTI CepBiCY HalekKaTh
HASBHICTh aBTOMOOLTIB y 30HI, CEpeHil Yac mojaBaHHS,
KiJIBKICTh JIOCTYITHUX aBTOMOOITIB, Kareropii
aBTOMOOIIIIB, TOCTYITHICTH CIEIiaTi30BaHUX aBTOMOOLIIB.

Jo naHmx NOI3AKM HajeXaTh TOYKA ITOCAJIKH,
TOYKAa  BHC3/JKH, OpIEHTOBHMH  dac  IOJIaBaHHS,
OpIEHTOBHMH dYac y JOpO3i, BapTiCTh MOI3OKH Ta
PEKOMEHIOBaHNI MapIIPYT.

Jlo nmaHMX 3aMOBJICHHS HaJeXaTb iIeHTH(IKaTOp
3aMOBJICHHS, CTaTyC 3aMOBJICHHS, NPHU3HAUYCHHWN BOIIMH,
aBTOMOOIIb, Yac NPHOYTTS BOJIS, CTAaTyC BHUKOHAHHS
3aMOBJICHHSI Ta CIOCIO OTuIaTH.

Z[O HOHi€BI/IX JaHUX HaJICKaTb Hi,HTBepZ[)KCHHSI
3aMOBJICHH, 3aTpUMKa TIIO0JaBaHHs, TICPCHPHU3HAYCHHSA
BOI[iS[, CKaCyBaHHA MOI30KHU Ta 3aBCPUICHHA MOI3AKH.

Jani yugposoi nnamgopmu

udposa wiatdopma ¢dopmye BIIACHY
IHTErpoBaHy MOJIENb JIaHUX: ineHTH(pIKaTOP
MYJbTUMOAAIBHOI  TOI3AKH,  MOJEIb  MapupyTy,

KOH(QIrypalis  CerMEHTIB, YacoBI  pe3epBH  Mixk
CerMEHTaMH, CTaTyc Yyciei moi3Iku, >KypHal MOmi,
MpaBWjIa NepeIUIaHyBaHHs, y3aralbHeHUH TapuQ, iHICKC
HaJiHHOCTI MapuIpyTy.

Orxe, indopmaniiiHa B3aeMOJIist MiX 3aJ1i3HUYHOIO
1 TAKCOMOTOPHOIO TIiicKCTeMaMy Mae OyTu 6a3oBaHa Ha
0araTOKOMITOHCHTHIM  iHpoOpMamidHiT  Mopmemi, sKa
MOEHYE CTPYKTYpHI, 4acoBli, TeONpOCTOPOBI,
TpaH3aKIliiHi Ta moxieBi naxi. [le mae 3mory mepeiTu Bif
3BUYalHOI iHTerpamii JOBIIKOBHX CEpBiCiB 10 1MOOYyI0BU
waTGopMy, siKa 37aTHAa YHPABIATH MYJIbTHMOJIAIBHUM
MapHIpyTOM SIK IUTICHUM HU(PPOBUM 00’ €EKTOM.

ApxiTekTypa nudpoBoi
MYJIbTHMOAAJIbHHUX NIepPeBe3eHb

miargpopmu

Po3pobiiennst apxiTekTypu nugpoBoi miathopMu
Ma€ IPYHTYBAaTHCS Ha TaKUX HPUHLUIAX: MOIYJIbHICTb,
MacmTaboBaHICTh, API-opieHTOBaHICTB, nofiieBa
CHUHXPOHI3aIlisl, BIIMOBOCTIHKICTh, MIATPUMKA PEaIbHOTO
yacy Ta Oe3redHe yrpaBIiHHS JOCTYIIOM.

3ampornoHoBaHa MaTGopMa CKIAJaeTbes 3 I1°SITH
piBHIB:  JpKeped  AHWX, IHTErpamiiHoro,  sapa
MYJIBTUMOJANBHOI ~ OpKecTpamii,  NpHUKJIagHOro 1
aHAJITHYHOTO. 3ampoNOHOBAaHA apXiTEKTypa Ioromarae
JOKANIi3yBaTH  3aJeKHOCTI  Big  30BHImHIX AP,
MacmTadyBaTH BHCOKOHABAaHTA)KEHI CEPBICH HE3aJIEKHO,
MATPUMYBATH TOJI€BE pearyBaHHs, 30epiraTw iCTOpiio
3MIH ISl aHAITHYHOI OOpOOKM Ta peali3oByBaTh
aJlanTHBHE TIIepeIUIaHyBaHHS Oe3 TMOBHOI mepedynoBH
cucremd. Ha BigMiHy BiX TpaaWIiHHUX MapIIpyTHUX
CepBICiB, y SIKUX IHTETpallisi TPaHCIIOPTHUX CETMEHTIB Mae
MIEPEBAXKHO iH(pOpMAaIiHHO-T0BIIKOBHH Xapakrep,
3aIpOIIOHOBAHA ApXiTEKTypa OpIEHTOBAaHA HAa KepyBaHHS
TIOBHUM JKHTTEBHM IMKJIOM MYJIBTUMOJAIBHOI TOI3IKH.
Ile nepenbawae He nmmie MOOYIOBY Mapumpyry, a i
CHHXPOHI3AIII0 CETMEHTIB, TIIOJi€BE pearyBaHHI Ha
BIJIXWJICHHSI, TOBTOPHE Y3T'O/KCHHS YacOBHX NapaMeTpiB
1 HAKONMMYEHHS ICTOPMYHHUX MJaHUX Ui TOAAIBIIOL
aHAJITHKH.

CrpykTypHa  cxema CHCTeMH nudpoBoi
waThopMu  MyJIBTUMOJAIIBHAX TepeBe3eHb (puc. 2)
BijoOpa’ka€  OCHOBHI  (DyHKLIOH&IbHI ~ KOMIIOHEHTH,
iHpopMamiiHI TMOTOKM Ta JIOTIKY B3aEMOIIl MiX
30BHIOIHIMH  JDKEpeJIaMH  JIaHUX 1 BHYTPIIIHIMH
Monymsamu 1uiatopmu. Ha BigMiHy Bix 3aranbHOI
apxiTeKTYpHOI MOZENi, CTPYKTypHa cXema JeTalli3ye
MIPUKJIAHAN CKIIaJ CHUCTEMH 1 JIEMOHCTpYE, uepe3 sKi
MiJICHCTEMH  peaji30oBaHa mo0yznoBa, CYIpOBi,
KOpETyBaHHsI Ta 3aBEPIICHHS MyJIbTHMO/IAJIBHOT MTOT3/IKH.
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PIBEHb KOPVCTYBALIGKOI B3AEMOAI ARPO LMOPOBO! MNAT®OPMUA

HTETPALIMHMA KOHTYP

MOBiNLHMIA 3aCTOCYHOK Mpothine xopucrypasa

nacaxupa

API Gateway

Mnanysaska MapuwpyTy

Be6-xabineT onepatopa

Auth/A

BpOHIOBAHHA CEIMeHTIB

Rail Adapter

Manens aamiHicTpaTopa I

Tapudikauls

l Taxi Adapter

AHANITUSHUA KOHTYP

Hypwan nogin MNonieanit MOHITOPMHT

Event Broker

Icropusi gani

Mepennanysanns MapupyTy

Quikxa HARINHOCTI CTUKYBARHS

Horudikayil

Mpor+o3 3aTPUMoK
MOHITOPUHT BUKOHEHHA

3aniakmaHa i I Cepeic Takci I Feo / nnartixdi / cnoslweHHs

Puc. 2. CtpykrypHa cxema cucteMu 1u(poBoi m1aThopMu MyJIBTUMOJATIBHAX IIEPEBE3EHb 3 IHTETPalLi€lo 3ai3HUIHNX
JIaHUX 1 cepBiCy Takci

Ha piBHi iHTerpaniiiHoro KOHTYpY peajli30BaHO
¢ynkuii APl Gateway, aBreHTHdikamii Ta aBTOpH3amii,
ajanTarii 3ali3HUYHUX MaHUX, IHTErpaIlii i3 cepBicoM
Takci, Opokepmzamii Mmofiifl i KemyBaHHS OIEPATHBHOI
iHpopmanii. Came 1ei piBeHb 3a0e3redye CeMaHTHYHE i
TEXHIYHE Y3TO/PKEHHS MK pPI3HOPIAHUMH 30BHIIIHIMA
JOKEpenaMH JaHuX 1 BHYTPINIHIME MOIYJISIMH IH(POBOL
aTGopMH.

AHaNTHYHAN KOHTYP CHCTEMH NPU3HAYCHUH I
HaKOIMYCHHS ICTOPUYHUX JaHUX, )KypHAJIIOBAHHS IOJIH,
OLIHIOBaHHS HAAIMHOCTI CTHKYBaHHS Ta IPOrHO3YBaHHS
3aTpUMOK. MOro HasBHICTH MiJBHILye HE JIMIIE
orepaniifHy e(eKTHBHICTb IUIATPOPMH, a 1 HAYKOBY
3HAYYIIICTh 3alPONOHOBAHOI MOJIEN, OCKUIBKH JIa€ 3MOTY
MIePEHTH BiJl MPOCTOTO pearyBaHHS Ha IMOJii 10 o0y 10BH
MPEIUKTUBHUX MeXaHi3MiB YTIpaBIiHHS
MYJIBTUMOIAIEHIMHA MapUIpyTaMu.

MexaHi3M y3roa:KeHHsi 3MiHM 4Jacy pyxy moizaa
Ta iHTerpamis 3 Takci

OnHiero 3 TOJIOBHUX oco0BOCTEH
3alPOIMOHOBAHOT TIATPOPMH € MiNTPUMKA AMHAMIYHOTO
MepeIUTaHyBaHHs B pasi 3MiHM 4Yacy pyxy mnoizma. Lle
0COOJTMBO BaXKIIMBO JUIsI YKpPAaiHU, Jie BHACIHIIOK BilfHU Ta
MOB’SI3aHMX 13 HEI0 PH3WKIB BIAXWICHHS Bix Tpadika
MOXYTh OYTH CHpPHUYHMHCHI SK TEXHOJOTIYHUMH, TaK i
0e3mekoBUME (pakTopamu.

[Micns HaOXOIKCHHS MOJIT MPO BIOXWICHHS Bif
3ai3HMYHOI cucTeMu Iiatdopma Mae oHoButH ETA i

craryc cermMeHTa RailSegment, mepepaxyBatu yacoBui
pe3epB MK CErMEHTaMH, OLIHUTH pHU3UK 3PUBY
TIepecajiky Ta, SKII0 PE3ePB CTa€ KPUTHYHHM, IHILIIOBATH
3MiHy mapamerpiB TaxiSegment uepe3 Takci Adapter.
CxeMy y3ro/[DKEHHS 3MiHM 4Yacy pyxy Hoizga i3
3aMOBJICHHSIM TaKci HaBEAECHO Ha puc. 3.

Hns  ¢dopmamizanii MOMEHTY Iepexoxy  BilX
3BHYafHOTO  CYIPOBOAY  MAapUIpyTy IO  pPEXHUMY
KOpEeTyBaHHsS IOIJIBHO BHKOPHCTOBYBAaTH KOE(]illieHT
HaJAIHHOCTI CTHKYBaHHS MYJIbTUMOJAIBHUX CETMEHTIB,
KM ypaxoBy€ HasBHHH pe3epB dYacy, BapiaTHBHICTb
puOyTTS MOi3/a, Yac MepeMilleHHs Macakupa B MexKax
CTaHIIii Ta BapiaTUBHICTH ITOIABAHHS TaKCI.

K. . = Tres
st — >
TraiE_var+TwaEk+Traxi_var

1ie Tres — HASIBHUHN pe3epB yacy MiXK CETMEHTaMU;

Tril var — OIliIHEHa BapiaTHBHICTh Yacy MpuOyTTS
oi3aa;

Twak — Wac mepeMileHHsT macakupa BiJ MIaThopMu
JI0 TOYKH TTOCAJIKH B TaKCI;

Ttaxi_var — BaplaTHBHICTB Yacy IMOJIaBaHHS TaKCi.
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Mogis Big 3aniaHU4HOI cucTemmn
3atpumka / stop / new ETA

l

Moaynb ouiHkv BNNUBY Ha

MyNbTUMOZNbHUIA MapLUPYT:
pe3epe 4acy, pUauk 3puey
CTUKYBaHHS

l

Tak Hi
Mogyns nepennaHysaHHs

TaxiSegment
3anuT go Taxi: change /

Onosntun ETA
Ta cTaTyc MapLpyTy

reassign / new

MoeigomneHHa nacaxwvipa
Ta oHoBnexHsa TripID

Puc. 3. Cxema y3romkeHHs 3MiHH 4acy pyxy Hoi3za i3
3aMOBJICHHSIM TaKCi B MEXaX MyJIbTHMOJIAJIBHOT MOT31KH

SAxmo K« > 1, MapimpyT BBaXalOTh CTIHKNAM; SIKIIO
Kst < 1, HeoOXxiHe neperuiaHyBaHHs.

MexaHi3M Y3ro/DKEHHS IIOYMHAE JIATH IiCII
HAJXO/DKCHHS BiN 3ali3HAYHOI CHCTEMH TOMii TIPO
3atpuMKy, 3Miny ETA, HenepenbauyBany 3ynuHKY abo
iHme nopymenHs rpadika. s Qopmanizamii BIMBY
BIIXWJICHHS BiJ rpadika Ha MyJIbTUMOAAIBHIH MapupyT
JIOLUTFHO BHKOPUCTOBYBaTH IIOKa3HWK YacoOBOi 3MiHM
3aJTI3HHYHOTO CErMEHTa

ATVail:Tfact_Tplan,

1€ ATrvei — BIIXWIIEHHS (DAKTHYHOTO HYacy pyXy I10i3/a Bij
TUIAHOBOTO;

Thacr — paxkTuHMi 200 OHOBJICHHWH TPOTHO30BaHUI
qac MpUOyTTS;

Tpian — TIMAHOBUHM Yac TPUOYTTA TMoi3la 3TIMHO 3
[IOYaTKOBUM PO3KJIAIOM.

Axmo ATreir > 0, moizn npubyBae i3 3ari3HEHHSM,
mo Oe3nocepeHbO BIUIMBAE HA IMTApaMETpU HACTYITHOTO
CerMeHTa MapuIpyTy.

OrpuMana ToOAis HAAXOOWTh 1O  MOJIYJIS
OLIHIOBaHHS BIUIMBY Ha MYJBTHMOJAIBHUN MapIIpyT, e
BiZIOyBa€TbCS MOBTOPHHUI aHaNi3 YacoBHX IapaMeTpiB
nepecaaky. Ha mpomy erami cuctemMa BHM3HAYa€, 4H
30epiraeTeCsi JIOCTATHIM pe3epB 4yacy MiX NPHOYTTAM
1oi3/1a 1 3aIIaHOBAaHUM CETMEHTOM TaKCi.

PesepB wacy cTHKyBaHHS MK 3aTi3HHYHAM 1
TaKCOMOTOPHHUM CETMEHTaMH MOKE OYTH TIOJJaHHUH 5K

— pdep _ marr _ T
res — leaxi rail move|

nie Tres — PE3EPB UACY CTUKYBAHHS;

dep_

taxi 3aIJIJAHOBAHHUM Jac Mo4aTKy TaKCi-CCFMCHTa;

— (akTuaHUi a00 MPOTrHO30BaHUH Yac MPHOYTTA
noi3aa;

Tnove — YacC TIEPEMIIICHHS TTaCaKUpa BiA maThopmMu
JIO TOYKH TIOCAIKH B TAKCI.

Honatae 3Ha4eHHS Tres CBITYNTH IPO HASBHICTH
JIOITYCTHMOTO PE3€pBY, TOMI SIK HOro 3MEHIIECHHS BKa3ye
Ha 3pOCTAaHHS PU3HKY 3PHBY NEPECAIKH.

Skmo 3MiHa dYacy pyxy moi3na He IOpYyIIye
JIONTYCTUMHUX MEX CTUKYBaHHS, CUCTEMa JIMILE OHOBIIIOE
YacoBi MapaMeTpy MapuipyTy Ta iHOpMye KOpPHCTyBada
npo 3miHy ETA. Slkmo X pe3epB CTHKyBaHHS
3MEHIIYETBCS 10  KPUTUYHOTO  piBHA,  LUQpoBa
waTopma IHILII0E MPOUEAYypy KOpETYBaHHS CErMeHTa
Takci. ¥ Mexax iHTerparmii i3 cepBicoM Takci me Moxe
nepenbayaTd  3MiHYy Yacy NOJaBaHHA aBTOMOOLI,
MIOBTOPHE T ATBEPIKCHHS 3aMOBJICHHS,
MIepenpU3HaYeHHsI TPAHCIIOPTHOTO 3ac00y ab0 CTBOPEHHS
HOBOTO TaKCi-CErMeHTa.

Cepgic Takci iHTErpoBaHuil y mIaTdopMy HE JIUIIe
SK JDKEPEeNo JaHuX TMpO JOCTYIHICTH aBTOMOOITIB i
BapTiCTh TOI3KH, a SK MOBHOIIHHUN YYacHUK IPOIECY
MUHAMIYHOTO  TICPCIUIaHYBaHHS  MYJIETUMOIAIHHOTO
Mapmpyty. lle momomarae y3romKyBaTH peryIspHUI
3aJI3HMYHUI CETMEHT i3 THy4kuM on-demand cepBicoM i
MATPUMYBATH MITICHICT, TIOI3MKA HAaBiTh 32 YMOB
BiIXWJICHHS BiJI TOYaTKOBOTO rpadika.

Omxe, MeXaHI3M Y3rO/DKEHHS 3MIHH Yacy pyxy
moizga Ta IHTerpalis 3 CepBiCOM Takci 3a0e3MeuyroTh
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aJanTHBHICTH U(pOoBOi MIaThopMu MyJIHTUMOAATBHUX
mepeBeseHb.  Came  med  MeXaHi3M  TIEPETBOPIOE
wiaThopMy 3 IHCTPYMEHTa CTaTHYHOTO IIaHYBAaHHS Ha
CHCTEMY IIOJ[I€BO-KEPOBAHOIO YIPABIIHHS TIOI3/IKOIO,
3MaTHY MiATPUMYBATH CTaOIIBHICTh MYJIBTHMOIAIBHOTO
MapHIpyTy B yMOBaxX JHHAMIYHOT TPaHCIIOPTHOI CUTYaIli.

IocninoBHicTh 00MiHY Ta 00POOKH JaHHX

Opranizauis MYJIbTUMOAIBHOT MOI3]IKN
nependayae HACKPI3HY MOCIHIZOBHICTh 1H(OPMAIIHHIX

B3aemoniid. KopucTyBau 3amae mapameTpu Mapupyry,
mwiargopMa OTPUMYE HaHI Bil 3aMi3HUYHOI CHCTEMH i
Takci, Oyaye MapumipyTHi aJbTEpPHAaTHBH, OpOHIOE,
CYIIPOBOXKYE TIOI3AKY B pEabHOMY dYaci Ta pearye Ha
BIIXUIEHHS.

[MocminoBHicTe 0O0MiHY Ta 0OOpOOKM maHHMX JUIS
oprasizanii MyJIbTHMOAAIBHOI MOI3/IKM HABEJICHO Ha PHC.
4.

KopucTyBay Mnarcopma Rail API Taxi API
3anuT Ha mapLpyT
otpumaru peicu, posknazg, ETA
pevicn / ETA
D S g
OTPUMaTU SOCTYNHICTL, [ETA, WiHy
ETA / uina / crgryc
@f-cnerccccnciaticcaciatetacsanacsanassasnsscasedecscncnsanacannncanancancacasnand
KOMBIHOBaHI MapLpyTv
i e e e e e e o
BUDIp MapLUpyTy
BPOHIDBAHHS KBUTKA
creopeHHs TaxiSegment
NiATBEPAKEHHA MapLUPYTY
reccerccnccicnctacneciencecntcacennaced
nopis delay / new ETA
B L L L LT T TEP PP EPOPEPPRPPRIE
nepepaxyHok Kst
change / reassign taxi
niATBEPAKEHHA
4 ...............................................................................
CNOBIWEHHSA
4 .........................................
Kopuctyeay Mnarcpopma Rail API Taxi API

Puc. 4. TTocnigoBHICTh 00MIHY JAHUMHU YT MYJIBTHMOIATBHOT MTOT3IKH

«TaKcl — 013/ — TaKCi»

[ocminoBHicTe 00MiHY Ta OOpOOKM HaHUX Y
uQpoBii mIaThopMi MyITbTUMOJAIFHHUX ITEPEBE3CHb Ma€e
3abe3neuyBary Oe3nepepBHY iHQOpMamiiHy HiITPUMKY
MOI3KM Ha BCiX eramax ii peaiizamii: Bin QopmyBaHHS
3amUTy 0 3aBeplleHHs MapuipyTy. Ha Bimminy Bix

3BUYafHUX CEPBICIB IOIIYKY MUIAXY, Y IbOMY BHIAAKY
aTgopma BUKOHY€ (YHKIIT KOOpAUHALI] TPaHCTIOPTHUX
CETMEHTIB, CHHXpOHI3alii 4acy INepecagkd, CyIpOBOIY
MOI3KM B pealbHOMY 4aci Ta aalTHBHOTO pearyBaHHS
Ha BiAXWIEHHS. Y MeXax MJOCHiKEHHS JOLLIBHO
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BUAIINTH  INOHAiiMeHme  Tpu  0a3oBi  creHapii
¢GyHKIIOHYBaHHS  IUIATOPMHU:  INTAaTHUH  CHEHapid
IUTAaHYBaHHS TO{3/IKW; CIEHApili CyNpOBOAY MapIIPyTy
0e3 KpUTHUYHUX BIOXWICHB;, CIICHAPIH  IOMIE€BOTO
NeperianyBaHHsl B pa3i  MOPYIICHHS IapameTpiB
CTHKYBaHHSI MK CerMeHTaMH. Take BHIUICHHS CIIeHapiiB
Jla€ 3MOTY WYiTKillle MOB’S3aTH apXiTEKTYpHI pIIIEHHS 3
KOHKPETHUMH PeXUMaMH (pyHKIIOHYBaHHS CUCTEMH.

Ha nouatkoBoMy erami KopHcTyBau uepe3
MOOUTBEHHH 3aCTOCYHOK 200 BeOiHTepdec 3a7ae OCHOBHI
rapamMeTpy TOi3/KW: TIOYaTKOBY 1 KIHIEBY TOYKH
MapuIpyTy, 6axaHui 4yac BigmnpaBieHHS abo MpuOyTTs, a
TaKOX JOJATKOBI BUMOTH IIOJIO BapTOCTi, JOCTYIHOCTI
YM JOIyCTUMOTO dYacy nepecaakd. OTpUMaHWHA 3aluT
HagxomuTh 10 IwdpoBoi rmatrdopmu, nge  Horo
MepeBIpAIOTh, HOPMAI3yIOTh ajpecy 1 (OPMYIOTh
BHYTPIIIHIO MOJIENb 3aIINTY.

[Micns mporo mardopMa OAHOYACHO 3BEPTAETHCS
0 30BHIMHIX JOKepend JaHuX. I3 3aii3HW4HOL
iHpopMamiiHOI CHCTEMH OTPUMYIOTH BiJJOMOCTI IIpO
JIOCTYIHI TOi3a¥, PO3KIan pyXy, NPOTHO30BAHUH wHac
puOyTTS 1 BiNpaBIICHHS, MOTOYHI 3aTPUMKH, CTAHIIi Ta
HII MapamMeTpyu 3alli3HUYHOTO cerMeHTa. Uepes aganrep
CepBICY Takcli HAAXOIATh JaHi MpPO  JOCTYIHICTb
aBTOMOOIIIB, OpIEHTOBHHMI 4Yac TIIOJIaBaHHs, BapTiCTh
TakCi-cerMeHTa 1 TPOTHO30BaHMI  4ac  IOI3JIKH.
JlonatkoBo MOXyTh OyTH 3airydeHi reoiHdopmariiiai
CepBiCM JUIS YTOYHEHHS KOOpPAMHAT, BifCTaHeH 1
JIOPOXKHBOI CUTYAIIIi.

Ha OCHOBI 310paHnx JaHUX PO
MYJIBTUMOJANBHOI  OpkecTpauii  (opMye  MOXKIHBI
MapIIpyTHI albTepHATUBH 3a CLEHAPIsIMH «TakKci —

TOT3/1», «I013/] — TaKci» abo «Takci — moi3a — Takci». s
KOXHOTO BapiaHTa pOo3paxOBYIOTh CyMapHUI Yac IMOI3/KH,
BapTiCTh, YACOBHUU PE3ePB MEPECATKH, OUiKyBaHUI PiBEHb
HAJIHHOCTI, BIATIOBIIHICTH BUMOTaM KopHcTyBada. [licis
paHXXyBaHHS MapIIPYTIiB KOPHCTYBady IPOIOHYIOTh
HAWOLIBII TOIUTHHIA HAOIp abTePHATHUB.

Jnst iHTerpajabHOTO OLIHIOBAHHS albTEPHATHBHUX
MapmipyTiB Moke OyTH BHUKOpHCTaHa Yy3arajbHEeHa
GbyHKIIisS

Q = @l + BCm + YNey + 8 2

Jie Q — iHTerpanbHa OLiHKa MapIIpyTY;
Twm — 3arajJIbHUN Yac MOT3/IKN;
Cmm — 3arajibHa BapTiCTh MapIIPYTY;

Nir — KUTBKICTB TIEPECAIOK;

Ks: — xoedimieHT HATIHHOCTI CTUKYBaHHS,

a, B, y, 0 — BaroBi Koe]imi€HTH BiAMOBIIHUX
KpHTEpiiB.

Minimizanist 3HaueHHs () mgae 3MOry BHOparu
HaWOUIBII MOUITBHUM MapuIpyT 3 YypaxyBaHHSIM dacy,
BapTOCTi, KIJIBKOCTI MEPECaNOK 1 CTIMKOCTI CTUKYBAaHHS.
3amporioHoBaHa ~ (QYHKISE ~ HE  IPETeHAyE  Ha
YHIBEpCaNBHICTh, OJHAK MOXE OyTH BHUKOpHCTaHa SIK
0a30BHI  KpUTEpid pamXyBaHHS MYJIbTUMOAAIBHUX
anpTepHaTHB y 1HppoBiil iatdopmi. 3HaUuSHHS BaroBUX
Koe(illieHTiB MO’KHA BU3HAYATH 3aJISKHO BiJl IPIOPUTETIB
KopHucTyBada abo MOJITHKH CEPBICY.

[Ticns BUOOpY MapmIpyTy cHCTEMa MEePeXOHUTh 10
erany OponroBaHHs. [lnardopma Hajacwiae 3amuT 10
3aTI3HMYHOI CHUCTEMM JUIS MIATBEPIPKCHHS KBHUTKa abo
Mics, a TakoX (opMye 3aMoBiIeHHS B cepsici Taxi s
BIJIOBITHOTO CErMEHTa TMOI3AKU. [lichms yCIiImHOTro

i ATBEPIKCHHS obuaBa TPaHCIOPTHI CETrMEHTH
00’ € THYFOTBCS B MeXKax €IMHOTO 3aIUCy
MYJIBTAMOIATBHOT MOT3 KU 3 MIPUCBOEHHSM
iHAMBiqyanpHOTO imeHTH(]iKaTopa. Ha 1poMy ertarmi

KOPUCTYBad OTPHMY€ MIATBEP/DKEHHS MapuipyTy i
OCHOBHI IapaMeTpH IMOAAIBIIOTO PyXY.

[Micns mouwatky peamizamii noi3akM LUQpoBa
wiathopMa TMEpPEeXOAUTh Y PEKHUM CyNpOBOLY B
pearpHOMYy daci. BoHa BimcTexye craTyc 3aMOBIEHHSA
TaKCi, OHOBJICHHS JTaHHWX PO PyX MNOi3aa, (GakTU4YHUH i
MIPOTHO30BaHUH dYac TMpuOyTTS, a TaKoX MOJi€Bi
MTOBIIOMJICHHS TIPO MOXKJTMBI BIIXWJICHHS. Y IIeH mepiof

cucteMa  Oe3mepepBHO  OIIHIOE, YU 30epiraeThes
JOMyCTUMUN  pe3epB CTUKYBAaHHS MDK CETMEHTAMHU
MapIIpyTy.

Y pa3si BHUHUKHEHHS BIIXWJICHHSA, 30KpeMa

3aTPUMKH 11013712, HerepeadadyBaHO! 3YNHWHKH, 3MiHH
ETA a0o 3arpuMKH TIOIaBaHHS TaKCi, 3aIyCKAa€THCS
MeXaHi3M mneperuraHyBaHHsA. [lmatdopma  BuKOHYE
MIOBTOPHUI PO3paXxyHOK YaCOBHX ITapaMETpPiB MapLIpyTy,
OLIIHIOE PU3MK 3pHUBY IIEPECa/IKU Ta 3a NOTpeOn HalcuiIae
JI0 cepBicy Takci 3almMT Ha 3MiHy dYacy IIOJaBaHHs,
Nepenpu3HaYeHHsT aBTOMOOLIS abo (opMyBaHHS HOBOTO
Takci-cerMeHTa. OIHOYAacCHO KOPHCTyBad  OTPUMYE
MIOBIJJOMJICHHS TIPO 3MiHYy CTaTycy MaplIpyTy i OHOBIIEHI
HapameTpy MOJAJIBIIOL IIOI3KH.

[Micns 3aBepmicHHS OCTAaHHBOTO TPAHCIOPTHOTO
cermMeHTa cuctemMa (¢ikcye (pakTHIHHH Yac BUKOHAHHS
MapIIpyTy, CTaTyCc ycix HOro CKJIaIoBHX 1 HapameTpu
BiIXWJICHHS BiJl MOYaTKOBOTO IanHy. Li maHi mepemaroTh
IIo aHAIII THIHOTO KOHTYpY waThopmH, e
BUKOPUCTOBYIOTb IS OLIIHIOBaHHS HaaiiHOCT1
MapIIpyTy, YIOCKOHAICHHS TPaBII MEpEIUIaHyBaHHS Ta
HAKOIMYCHHS CTATUCTUKU JUIS TOHANBIIOTO PO3BUTKY
CHUCTEMH.
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Otxe, NOCIIZIOBHICTE OOMIHY Ta OOpOOKH JTaHUX Y
uQpoBii mIaThopMi MyITbTUMOJAIEHHUX ITEPEBE3CHb Ma€e
UMKITiYHME i 1OjlieBo-KepoBaHMH  XapakTtep. i
OCOOJIMBICTIO € Te, 1[0 OOMIH JaHUMU HE OOMEKCHUM
CTaJi€l0 MOUIYKY MaplipyTy, a TPUBA€ MPOTATOM yChOTO
KHUTTEBOTO LUKITY MOI3IKH, 3a0€3MEUyI0ud y3TO/PKCHHS
PETYJISIPHOTO  3aJi3HWYHOIO CEIMEHTa 3 THYYKHM
cepBicOM  Takci Ta  MATPUMYIOYH CTIHKICTD
MYJIBTUMOJAIEHOTO MapLIpyTy B YMOBax JWHAMIYHHX
3MiH TPAaHCIIOPTHOI CUTYaIlil.

OOrosopeHHs pe3yJbTATIB

3amporoHoBana apxiTeKTypa uudpoBoi
aTGOpMH  BiIPI3HAETHCA BiJ THUIIOBUX MapIIpyTHHX
CEpBICIB THM, 110 BOHA OpiEHTOBaHA HE JIMIIE Ha IMOLIYK

MapmipyTy, a Ha  TOBHOI[IHHY  OpPKECTpamilo
MyJIbTUMOAANBHOI Toi3aku. lle o3Hauae minTpuMKy
JIOTIKH CTHKYBaHHS, yTIpaBIiHHS TIOJTiSIMH,
NepeIyianyBaHHsl 1  AHATITHKU  MHCHS  3aBEpIICHHS

MapuipyTy. [lopiBHSHO 3 TpaguMUiiiHUMH cepBicamMu
MIOUIYKY MAapHIpyTy, Y SIKUX PE3yJIbTaTOM € IEePEBaXHO
cratuyHUid ~ HaOlp  TPaHCIIOPTHUX  AIBTEPHATHB,
3aIpOIIOHOBaHa MOJIENIb Niepedadae Ge3nepepBHUI IUKIT
CYNIpOBOAY TOI3AKM 3 MOXIIMBICTIO BTpPYyYaHHS B
rmapameTpu OkpeMux cermenrtiB. Came 1e 3abesreuye
BUIIly aJaNTHBHICTh CHUCTEMH B yMOBaX BapiaTHBHOCTI
qacy pyxy, IO € KPUTHYHO Ba)XKJIMBUM ISl yKPAiHCHKOTO
TPaHCIIOPTHOTO CEPEOBHIIA.

HaykoBa 3HauymiicTh 3alpOITIOHOBAHOTO ITiXOIY
ToJIsira€ B TOEHAHHI TPHOX KOMITOHEHTIB: (hopmaizamii
CKIamy JaHWX U1 B3AEMOJIi 3ali3HWII ¥  Takci,
pPO3pOOIEHHS  apXiTeKTypHOI Mozeni TarhopMu Ta
BBEICHHS KPHUTEPil0 HAAIHHOCTI CTUKYBAaHHS, SIKUH MOXKe
OyTH BHUKOpHCTaHWH JJIsI aBTOMaTH30BAHOTO YXBAJICHHS
pitrens. BogHOUac 3amponoHOBaHWE MiAXid Mae 1 MEBHI

oOMekeHHS. 30KpeMa, TIpaKTHYHAa peaji3amis Takoi
TIaTGOPMH 3aJIEKHUTh BiJl AOCTYITHOCTI 30BHIIIHIX API,
MOBHOTH  JAHWX  peajbHOro0  4acy, TOTOBHOCTI
MIePEeBI3HMUKIB JI0 CTAHAAPTU30BAHOTO OOMIHY JTaHUMH Ta
MOXJIMBOCTI  iHTerpamii i3 cepBicamm on-demand
MoOiTpHOCTI. KpiM  TOrO, BBemeHWA  KOeilieHT
HaJiHHOCTI CTHKYBaHHS notpedye MOANbIIOL

eMripr4HOi Bepudikamii Ha pealbHUX Habopax JaHuX.

[IpakTHyHa 3HAYYIIICTH TONATAE B MOXKIHMBOCTI
3aCTOCYBaHHS IMX pilIeHb JUIA LOUPPOBHUX IIIATHOPM
VYxpainn, 30kpemMa B yMOBax ITiJJBUIICHOI HECTAOUTFHOCTI
TPaHCIIOPTHOTO CEPEOBUINA, CIPUYMHEHOI BiiiHOMO. Y
TaKUX yMOBAax B@KIMBOIO € 3JaTHICTh CHCTEMH
aJanTyBaTUCs 10 HelepeadauyBaHUX 3YIMHHOK, 3aTPUMOK
1 3MiH MapmpyTiB. [HTerparmist 3 Takci sIK HaliOHAJILHUM
CepBICOM Takci IMABHILYE TPUKIAJHY pPEIEBAaHTHICTh
3aIpOIIOHOBAHOI MOJIEI.

BucHoBkn

Y crarTi 3anporoHOBaHO Ta  OOIPYHTOBAaHO
apxitektypy mm¢ppoBoi miatrGopMu MyIbTUMOAATBHUX

MMACAKUPCHKUX TIEPEBE3CHh 3 IHTETPAIEI0 3alli3HUIHUX
JAaHUX 1 CepBICIB Takci A YMOB IWHAMIYHOI 3MiHH
apaMeTpiB TPAHCIIOPTHOTO CEPEIOBHIIA.

3a pe3yjbTaTaMu  MIPOBCACHOTO Z[OCJ'IiZ[)KeHHS[
OTpHUMaHO TaKi OCHOBHI pe3ysIbTaTu:

— BCTAHOBJICHO, IO IHTETpalis 3aJli3HHIHOTO
TPaHCIIOPTY 1 CEpBICIB BHKIHMKY TakCi € TOJIOBHOIO
YMOBOIO 3a0€3IEUCHHS MYJIbTHMONAIBHOI TOI3AKK 3a
CXEMOIO «BiJ] TBEpEi 10 IBEpeii»;

— BU3HAYCHO CKJIAJ JIaHWX, HEOOXITHUX JUIsS

iHpopManiiHo1 B3aEMOJIT MIXK 3aJTI3HUYHOIO
MJICHCTEMOIO,  CepBicaMH  Takci Ta  OUPPOBOIO
IaTPOPMOIO;

— po3pobiieHo apxiTeKkTypy LudpoBoi miardpopmu
MYJIBTUMO/IAIEHIX ITEPEBE3CHb;

— c(hOpMOBAHO CTPYKTYpPHY CXEMY CHCTEMH, sKa
Jietanizye QyHKIiOHaIbHI MOy nudpoBoi miardopmu
Ta iH(GOpMAIiHH]I 3B 3KH MK KOPHCTYBAllbKHM DiBHEM,
IHTerpaniiHIM KOHTYPOM, 30BHIIIHIMH TPaHCHOPTHUMH
cepBicaMy Ta aHAJIITHYHNIM CEPEIOBHIIIEM;

— BU3HAUEHO TIIOCTIIOBHICTH OOMiHYy Ta 0OpoOKM
JTAHWX JIJTs OpraHi3amii MyJIbTHMOIATBHOT MTOT3/IK;

— 3aIlPOIIOHOBAHO MEXaHi3M Y3TOJPKeHHS 3MIiHU
yacy pyxy IHOi3/a i3 CErMEHTOM TaKci;

—BBEJICHO KOe(ilieHT HAMIHHOCTI CTHKYBaHHS
MYJIBTUMO/AIBHIX CEIMEHTIB;

—I0Ka3aHo, [0 B YyMoBax YKpaiHu 1mdposi
aTopMi  MYJIBTUMOJAIBHUX IIepeBe3eHb OBHHHI
MAaTH TOJI€BO-KEPOBAHUH, aTallTHBHAMN 1 BiJIMOBOCTIHKUI
XapakTep.

[epciekTiBY NOAANBIIMX AOCITIKEHb JOLUIEHO
MOB’S3aTH 3 MAaTEMaTHYHUM MOJICIIOBAHHSAM DPH3HKIB
3pUBY HEepecajkd, MOOYAOBOIO MPOTHO3HUX Moeiel
3aTPUMOK Ha OCHOBI ICTOPMYHHMX JaHUX, a TaKOX
PO3pOOIEHHAM IUPPOBUX ABIMHUKIB MYJIBTUMOJAIHHUX
TPAaHCIIOPTHUX  By3JNiB. [IpakTHuHe  BIIPOBaKEHHS
3alPOIIOHOBAHUX PIlICHb JTOLUIBHE y BUIIISAAI MOAYJIBHOT
mudpoBoi marhpopmu ado HanOYyAOBH HaJ iCHYIOUMMH
cepBicaMM IUIaHyBaHHs moi3mok. Hacammepen me
CTOCYETHCSI TPAHCIIOPTHUX BY3JIB 13 BHCOKOIO POJLIIO
3aJTI3HAYHOTO CIIOJIydeHHS Ta 3HAYHUM IIOIUTOM Ha
cepBicH NepIoi i OCTaHHBOI MUJI.
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Abstract. The article addresses scientific and
applied aspects of building a digital platform for
multimodal passenger transportation focused on the
integration of railway transport and taxi services within a
unified information environment. The relevance of the
study is determined by the need to improve the efficiency
of door-to-door travel organization and to ensure the
resilience of Ukraine’s transport system under martial law
and the consequences of the armed aggression of the
Russian Federation. Railway transport is considered as the
main line-haul regular segment of a multimodal trip,
while taxi services provide first-mile and last-mile
connectivity and compensate for transport gaps caused by
train schedule disruptions. The purpose of the paper is to
develop and scientifically substantiate the architecture of
a digital platform for multimodal transportation
integrating railway data and taxi services, to identify the
data required for their information interaction, and to
formalize the sequence of data exchange and processing
required to organize a multimodal trip. The study applies
a systems approach, structural-functional analysis,
architectural decomposition, and elements of process and
event-driven modeling. As a result, the main groups of
data required for interaction between the railway
subsystem, taxi services, and the digital platform are
identified, including reference, timetable, geolocation,
operational, event-driven, and transactional data. An
architecture of the digital platform is proposed, including
the data source layer, integration layer, multimodal
orchestration core, application services, and an analytical
layer. A special mechanism for coordinating train time
changes with the taxi segment is developed for cases of
unforeseen stops, delays, ETA changes, and other
schedule disruptions. For Ukrainian conditions,
integration with taxi services is substantiated as an
adaptive replanning tool for multimodal routes. The
scientific novelty lies in the development of an
architectural model of a digital platform aimed at event-
driven synchronization of regular railway transport with
flexible taxi services, as well as in the introduction of a
multimodal transfer reliability indicator for assessing
route resilience. The practical significance of the results
lies in the possibility of applying the proposed solutions
to the development of digital multimodal mobility
platforms in Ukraine.

Keywords: multimodal transportation, digital
platform, railway transport, taxi, MaaS, information
interaction, system architecture, data exchange, real-time.
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CEMEHEHKO IO. O., K.T.H., IOLICHT

(YkpalHChKHii JepKaBHUN YHIBEPCUTET 3aJ1I3HUYHOTO TPAHCIIOPTY),

CEMEHEHKO O. /1., acuctesr,

PSBEHKOB I. O., K.T.H., aCUCTEHT,

COPOKA A. C. cryneHnTka,

LINPOKU 1O. B., X.T.H., 1OLIEHT
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JocaizkeHHs1 KIHEeMAaTHYHHX XapPaKTePUCTHK TiOpHMIHMX POOOTOTeXHIYHHX
NapajeabHO-MOCJHII0BHOI CTPYKTYPH 3 1I0AaTKOBHM KiHEeMaTHYHUM 3B’ A3KOM

CHCTEM

Y cmammi posensnymo numannn 00cniodicenns KiHeMamuuHux Xapakmepucmux 2ibpuoHux pobomomexuivHux
cucmem napaneibHo-noCIi006HOI CMPYKMypU 3 000aMKOGUM KIHEMAMUYHUM 36 A3KOM. AxmyanvHicms pobomu
00yMOBIeHA 3POCMAHHAM NOMPed CYHACHO20 BUPOOHUYMBA Y BGUCOKONPOOYKMUBHUX POOOMU308AHUX CUCEMAX,
30amHux 3abe3neuyeamu 8UCOKY MOYHICIb NO3UYIIOBAHHS, JHCOPCMKICMb KOHCMPYKYIl ma po3uupeni QyHKYIOHATbHI
MOANCIUBOCMI OJisl BUKOHAHHST MEXHONOSIYHUX onepayiu 8 asiabydy8aHnHi, MawuHo0yO0yeanHti, aemomoodinedydyeanti ma
iHwux eanyssax. Mawinyniamopu napaneivHoi CmMpyKmypu Mawoms 6UCOKY BAHMANCONIOUOMHICMb, WEUOKOOI0 I
MOYHICMb NO3UYIIOBAHHS BUKOHABYO20 Op2aua, ane obmediceny pobouy obracms. OOHUM i3 NePCHEKMUBHUX HANPSIMIG
VCYHEHHS Yb020 HEOOIKY € BUKOPUCTNANHS 2IOPUOHUX CIPYKMYP, WO NOEOHYIOMb nepedazu napaneibhux i nociio08HUx
mexanizmig. Taki cucmemu oarome 3moey 30inbwumu pobouy 30Hy, 30epicarouu 8UCOKI NOKAZHUKU JHCOPCMKOCMI md
OUHAMIYHUX XAPAKMEPUCTUK.

Y pobomi oocniodsiceno 2iOpudHUll MAHINYIAMOP NAPANENbHO-NOCIIO08HOI CMPYKMYPU, KOHCMPYKMUBHONO
0COOIUBICMIO AKO20 € HAABHICMb 000AMKOBO20 NACUBHO20 KIHEMAMUYHO20 38 A3KY. Bukopucmants 000amko6oi 1anku
3a6e3neuye 3MeHUEeHHs 32UHAIbHUX HABAHMAJICEHb HA JIHIUHI npueoou i NIOBUUEHHS JHCOPCMKOCMI KOHCMPYKYIL nio
yac nepemiwenHss 00 ’exkmie 3uaunoi macu. Kpim mozo, 000amrosuil KiHeMamuyHuii 36 s130K PO3ULUPIOE MEXHOLO0IUHI
MOMNCIUBOCHE CUCTNEMU MA MOdce OYMU SUKOPUCIAHULL O peanizayii OONOMIJICHUX (DYHKYIU, 30Kpema ni08edeHnHs
Ppobouoeo cepedosuwya, eumepeii abo 8CMAHOBNEHHS 000AMKOBUX (DYHKYIOHATbHUX MOOYIie. Y medcax 0ocaiodicenHs
NPOAHANi308aAHO CMPYKIMYPY MAHINYAAMOPA i po3pOOIEHO MAMEMAMUYHY MOOENb O/l BUSHAYEHHS 1020 KIHeMAMUYHUX
xapaxmepucmux. Posensnymo ocobnusocmi poss’szanns npsamoi ma obepreHoi 3a0ay KIHEMAMUKY, GU3HAYEHO
3ANeACHOCMI MIdIC napamempamyu nPuBooi8 i NONONCEHHAM GUXIOHOIL nanku. Ompumani pesyrbmamu Moxcyms 6ymu
BUKOPUCMAHI NIO YAC NPOEKMYBAHHS MA CUHME3Y CUCEM KEPYBAHHA 2IOPUOHUMU POOOMOMEXHIUHUMU KOMIIEKCAMU 3
NIOBUWEHUMU BUMO2AMU OO0 MOYHOCHI MA JHCOPCMKOCHI.

Knrouosi cnosa: 2ibpudnuii Maminyiamop, napaneibHo-nociioogHa CmMpyKmypa, pobomomexHiyna cucmemd,
KIHeMamu4Hull aHai3, NpsamMa 3a0a4a KIHeMamuky, oOepHeHa 3a0aud KiHeMAamuku, O000amKOGUUl KIHeMAamuyHull
36 SI30K.

Beryn.

OcraHHIMH pOKaMH CIIOCTEpIraroTb aKTUBHUH
PO3BUTOK TiOPHIHUX pPOOOTOTEXHIYHMX CHCTEM, IO
TIOB’5I3aHO 31 3pOCTaHHAM MOTPEOH y BUCOKOIIBUIKICHIN 1
BHUCOKOTOYHIH 00poOmi BEeTMKOraOapuTHUX BHPOOIB
CKIIamHOI TeoMeTpii, 30KpeMa eJICMEHTIB aBiallifHUX
KOoHCTpyKuiH [1]. 3acTocyBaHHS TakuX CHCTEM Ja€ 3MOTY
MiABUIINTH TIPOAYKTUBHICTH TEXHOJIOTIYHUX IPOLECIB 1
3a0e3rneunTy  HEOoOXiJHy  TOYHICTH  BHUTOTOBJICHHS
neTalei.

Ha BigMiHy Bim TpaauIifHUX MeETaIOpi3adbHUX
BepCTarTiB, riOpyuaHi poOOTH MAIOTh IMiABHIICHY THYUKICTh

1 MOXXJIMBICTH ajanraumii 10 pi3HHX YMOB eKCILTyaTarii.
3aJe)HO BiJ TEXHOJOTIYHOTO 3aBJaHHS BOHU MOXYTb
OyTH BCTaHOBJICHI SIK Ha CTaliOHApHIM, Tak 1 pyxoMmid
aTGopMi, IO PO3IMHUPIOE MOKIUBOCTI IX HMPAKTHUIHOTO
BHKOpHUCTaHHSA [2].

KoncrpyktuBHo ribpumHi  pobotn  GopMyroTh
MTOETHAHHSAM TIapaJIeIbHUX 1 MOCTITOBHUX KIHEMAaTHIHUX
MexaHi3MiB. [lapanerpHa 94acTHHA CHUCTEMH 3a0e3redye
MiBUINEHY JKOPCTKICTh, TOYHICTH IIO3WIIIIOBAHHS Ta
BHCOKI TMHAMIYHI XapaKTCPUCTUKH, TOJI SK ITOCIiZOBHA
CTPYKTYpa BUKOPHCTOBYBaHA IS PO3IIHpPEHHS
(YHKIIOHATFHIX MOXIIMBOCTEH 1 peaiizamii JoJaTKOBUX
IepeMIlIeHs BUKOHABYOTO OpraHa.

©CEMEHEHKO 0. 0., CEMEHEHKO O. JI., PABEHKOB 1. O., COPOKA A. C. IIIUPOKHW IO. B.,2026
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3aBAsSKH TaKOMY TOEIHAHHIO BIAETHCS OTPUMATH
CHUCTEMY, sIKa OJHOYACHO Ma€ 3HA4YHy pPoO0ody 001acTh,
BHCOKY IIBHJIKOIIF0, TOYHICTH i KOMITaKTHI Tabaputu [3].

[onganpmie  BIOCKOHAIGHHS  TakMX  CHCTEM
OB s3aHE 13 3aCTOCYBAaHHAM JJOAATKOBHUX KIHEMAaTHYHHUX
3B’SI3KiB, IO JIONOMAararoTh 3MIHIOBaTH KiHEMAaTHYHY
TIOBEAIHKY MEXaHi3My, IiJIBUIYBaTH CTaOUIBHICTH PYyXYy,
pO3IIUPIOBATU (byHKIIOHATIBHI MOJKJIUBOCTI,
MOKpallyBaTl XapakTEpPUCTHKU TMO3MLitoBaHHA. OpHaK
BBEACHHS  JIOJATKOBHX  3B’SI3KIB Y  CTPYKTYypYy
MaHIITyJIsITOpa ICTOTHO YCKJIQJHIOE HOTrO KiHEMaTHYHWH
aHamiz 1 moTrpebye  KOMIUIGKCHOTO  JIOCIIIKCHHS
3aKOHOMIPHOCTEH pyXy, BU3HAYEHHs poOounx obiactel i
OLIHIOBaHHS BIUIMBY KOHCTPYKTMBHHX IIapaMeTpiB Ha
eeKTUBHICTh (PyHKIIOHYBaHHS CHCTEMH.

VY 3B’SM3Ky 3 IUM aKTYaIbHUM € JIOCHIJPKCHHS
KiHEeMaTHYHHUX XapaKTEepUCTHK MaHiryJssTopa
MapaJieNIbHO-TIOCTIIOBHOI ~ CTPYKTYPH 3 JIOJJaTKOBHM
KiHEeMaTHYHUM 3B’S3KOM, CIIPSIMOBAHE HA BCTAaHOBIICHHS
B3a€EMO3B’SI3KY MDK IlapaMeTpaMy KOHCTPYKLii Ta
KiHEeMaTHYHUMH MOJJIMBOCTSIMHM MEXaHi3My, a TaKOX
0OI'pyHTYBaHHS IUIAXIB MiABUIIEHHS €()EeKTHUBHOCTI HOTO
BUKOPHCTaHHS B CY4acHHX POOOTOTEXHIYHNX
KOMIIEKCaXx.

AHaJIi3 0CTaHHIX JOCTIZKeHb Ta MyOTiKkaniii

CyyacHWil pO3BHTOK pPOOOTOTEXHIYHMX CHCTEM
CHPSIMOBaHMH Ha CTBOPEHHS MAaHIITyJISITOPIB, 3JaTHUX
MOEHYBAaTH BHCOKY TOYHICTh IO3WIIIIOBaHHS, 3HAYHY
KOPCTKICTh KOHCTPYKII{ Ta po3mupeny pobody 001acTb.
OpHUM 13 TEpCIEeKTUBHUX HAmpsMiB € BHKOPUCTaHHS
MaHIITyJISITOPiB  MapaleNbHO-TIOCTiI0BHOT  (TiOpHuaHOT)
CTPYKTYpH, SIKi TO€IHYIOTh IepeBard MOCIITOBHHUX 1
rapaJieNIbHUX KIHEMaTHYHUX MEXaHi3MiB.

[Mapanensni  Ta  riOpuaHi  MaHIMYJIATOPH
BIJIPI3HSIOTHCS 3aMKHEHUMH KiHEMAaTHYHUMH KOHTYPaMH,
mo 3a0e3ledye TiNBUIICHHS TOYHOCTI, 3MCHIIICHHS
nmedopmamiii 1 30UTBIIEHHS  BaHTAXKOIIiTHOMHOCTI
TIOPIBHSHO 3 TPAAMLIHHAMU ITOCTIJOBHUMH CHCTEMaMH.
Pazom i3 TMM Taka CTpPYKTypa CYTTEBO YCKJIaJHIOE
KiHEeMaTHYHUH aHali3 4epe3 HeoOXiJHICTh OJHOYACHOTO
BpaxyBaHHS T'€OMETPHYHHUX OOMEXEHb 1 B3a€MO3B’SI3KiB
MDK PyXOMHUMH JIaHKamH [1].

OmHM 13 TepmUX BiAOMHUX IIPEJCTABHUKIB
rapaJielIbHIX MeXaHi3MiB cTaB poboT Delta, po3pobiiennit
Knapenem y 1985 poui [4, 5]. Moro koHcTpykmis
3a0e3rneumia BUCOKY IIBHJIKICTH pyXy 32 BiJHOCHO
HEBEJIMKOI Mach pyxoMmuxX eneMeHTiB. [lomanbmmii
PO3BHUTOK Ii€l KOHHENNii TNpPH3BIB J0O CTBOPEHHA
ribpuaaux cucreM Ha ocHOBi Delta-mexanizmy. 3okpema,
OyJ10 3amponoHOBaHO MpoMuciioBruii podot Delta-RST i3
IIiCThMa CTYNEHSIMU CBOOOIM, y SIKOMY MapalielIbHUN
MEXaHi3M IO€JIHAHUN 13 TTOCIIIOBHUM 3aIl CTAM [6].
[HIMM HampsiMOM pO3BHTKY CTajio JomnoBHeHHs Delta-
CTPYKTYPH JIBOCTYIICHEBHM ITOCITIJOBHUM MOJYJIEM, IO

JTAJI0 3MOTY pealli3yBaTd TIOPUAHOTO poOoTa i3 I’AThMa
crymneHsamu cBobou [7, 8].

Pa3owm i3 TiiM BEKOpHCTaHHS MexaHi3MiB Delta st
cuII0BO1 00pOOKH 0OMEKEHO HEJOCTaTHBOIO YKOPCTKICTIO
1 HEBENMKOI BaHTaxomimidomHicTIO [9]. s ycyHEeHHS
IUX HEIOJIKIB OyJI0 po3po0iIeHO IHII THUIM TiOpUAHUX
po6otiB. OpHUM 13 HaWHOIIBII YCHIIIHUX pIIIEHb CTaB
pobor Tricept, y sKOMy HOETHAHO BHCOKOXOPCTKHH
rapajieIbHUH MEXaHi3M 13 IOCIiIOBHOIO YacTHHOIO LIS
opienranii iHcTpymenTa [10]. Ha ocHoBI mi€i koHmenmii
Oynmu crBopeni mpomucioBi mMoaudikamii Tricept T60S,
Tricept T805 i Tricept T9000, sxi 3HAWIIIM IIUPOKE
3aCTOCYBaHHSI B aBiaOynyBaHHI, MalIMHOOYyAyBaHHI Ta
00po01i cknamHONpOodUTBHNX AeTanei [1].

[NoganpmiM pO3BHTKOM LBOTO HANpsIMy CTaia
nosisa pobora Exechon, KoHCTpykmisi SKOro BKIIOYAE
napanensHuit Mexanizm tuny 2UPR—1SPR i nocnigosHy
JBOJIAHKOBY cTpYKTypy [11-13]. 3MeHICHHS KiTbKOCTI
MIACHBHUX 3’€THaHb JajJ0 3MOTY TOKPAIIUTH XOPCTKICHI
XapaKTEPUCTUKU Ta MiABUIINTH TOYHICTH 00poOkm [14].
Takoxx Oynu 3ampoIrOHOBaHI iHIII BapiaHTH TiOPUAHUX
cucrem, cepen sikux TriVariant, Georg V i m’sITHOCHOBI
ribpuani 06pobioBanbHI KoMIutekcH [15-17].

HesBakaroun Ha 3HAUHMI Tporpec y po3poOiieHH1
ribpuaHux poOOTiB, 3amada BHUCOKOTOYHOI 0OpOOKH
BEIMKOTa0apUTHUX JeTalel i3 IiJBHIICHOIO TBEPIICTIO
3JIMIIAETHCS aKTyainbHOI0. OIHMM i3 Cy4acHHMX pillleHb
ctaB pobot TriMule, sikuit ckiamaeTses 3 MapajIeIbHOTO
MEXaHi3My 3 TpbOMa CTyNEHsSMH CBOOOAM  Ta
JTIBOCTYTICHEBOTO TIOCHiTOBHOTO 3arm sicTs [ 18, 19].

[NopiBHAHO 3 ICHYIOUMMH KOHCTPYKIISIMH THILY
Tricept Ta Exechon po6ot TriMule Mae MeHIIy KUTBKICTB
o0epTanbHUX MIAPHIPIB, IO CHpPUSE MiJABUIICHHIO
KOPCTKOCTI KOHCTPYKIIi Ta 3abe3redye Kpamry TOYHICTh
00poOKK BakkooOpoOmroBaHuX MartepiamiB. [Ipu mpomy
e(eKTUBHICTH POOOTH TaKOi CHCTEMU BU3HAYCHA HE JIMIIIEC
il CTPYKTYpHOIO CXEMOIO, aje 1 TOYHICTIO KepyBaHHS
aKTUBHUMHM TIPHBOJIAMH, 110 Oe3MocepeiHbO BIUIMBAE HA
SKicTh  (DOPMYBaHHSI TpPAEKTOpii PyXy BHKOHABYOTO
oprasa.

OcranHi JOCH/DKEHHS TaKOX CHPSIMOBaHI Ha
3aCTOCYBaHHS JOJATKOBMX KIHEMAaTHYHHX 3B S3KiB 1
CTPYKTYpHOI ~ HA/UIMIIKOBOCTI  JUIA  TIOKpAICHHS
eKCIITyaTaliifHuX XapaKTEPUCTHK MaHIITyJISITOPIB.
BBeneHHst 10aTKOBOTO KIHEMAaTHYHOTO 3B’SI3KY Ja€
3MOTY 30UIBIINTH KOPCTKICTh KOHCTPYKIiI, MOKpPAaIIUTH
TPAEKTOPHY TOYHICTH 1 PO3MIMPUTH IOIMYCTUMI PEKUMHU
pyXy BHKOHaB4Oro opraHa. [Ipore Taki pieHHS
MIPU3BOJATH J0 YCKJIAQJAHEHHS MaTeMaTHYHHX MOJENeH i
MoTpeOyIoTh  JIOJaTKOBOTO  JOCIIUKEHHS  BIUTHBY
KOHCTPYKTHUBHUX rapameTpiB Ha KiHEeMaTH4H1
XapaKTEPUCTUKU CUCTEMH.

OT)KG, aHaii3 HAYKOBUX JKEpECJI IIOKa3aB, IIO
IIMTaHHA ,HOCJ'Ii,H)KeHHH KiHEMAaTHYHUX XapaKTCPUCTHUK
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MaHIITyJISITOPiB  MTapalieNIbHO-TIOCTIIOBHOI  CTPYKTYpH 3
JIOJJATKOBMM ~ KIHEMAaTHYHAM  3B’SI3KOM  3QJIUIIAETHCS
akTyalbHUM. HesBakaroun Ha 3HauHMH 00csAT podiT y
cdepl KiHEMaTWYHOTO aHANi3y TIOPHIHMX MEXaHi3MiB,
HEeOCTaTHbO  JIOCHIUKEHHM  3aJIMIIAETHCS  BIUIMB
JIOJIATKOBMX KIHEMAaTHYHHX 3B’A3KIB HAa poOOdy 00JacTh,
MaHIITyJISITUBHICTB 1 OCOOJIMBI TIOJIOKEHHST MEXaHI3MY, 110
BU3HAYa€  HEOOXINHICTP  NPOBEACHHS  IMOJAIBIINX
JIOCIILIKEHb.

BusHaueHHsI MeTH Ta 3aJa4i J0CTiIKEeHb

IcHyrOUi KOHCTPYKTHBHI pillIEHHS MaHIITyJISTOPIB
MapaJieNIbHO-TIOCTIJOBHOI ~ CTPYKTYpH ~ JalOTh  3MOTY
3a0e3neunTH TIO€THAHHS BHCOKO1 TOYHOCTI
TIO3UIIIIOBAHHS, MiJBUILIEHOI XOPCTKOCTI KOHCTPYKIII Ta
JIOCTaTHBO BENHMKOi poOodoi obmacti. Pazom i3 TuM
MoJjajbllle BIOCKOHAJICHHS! TaKMX MEXaHI3MIB IOB’sI3aHE
i3 BBEICHHSM JIOJJATKOBHX KiHEMAaTHYHHX 3B’S3KiB, SKi
BIUIMBAIOTh Ha XapakTep pyXy BHKOHABYOTO OpraHa,
3MIHIOIOTb TE€OMETPUYHI CHIBBiIHOIICHHS MIX JIaHKaMH
Ta YCKJIQJIHIOIOTh MaTeMAaTUYHHUN OIIC MEXaHI3MY.

Ha BigmMiHy BiI  KIacCHYHHX  MEXaHi3MIB
apajxebHO-TIOCIJOBHOT CTPYKTYPH, y SIKHX
TCOMETPUYHI OCi BHKOHABYMX JIAHOK TCPETHHAIOTHCS B
OJIHIN TOYII, y JTOCTIKYyBaHii KOHCTPYKIIii
MaHINyIsITOpa 3 JOAATKOBUM KIiHEMAaTHYHUM 3B’SI3KOM
Take TMEpeTUHAHHS BifCYTHE. lle mpu3BOMUTH O MOSBU
JIOTATKOBUX TCOMETPUYHUX OOMEXKEHb 1 HE Ja€ 3MOTYy
0e3mocepeTHO  BUKOPUCTOBYBATH  BIIOMI  METOAHKH
KIHEeMaTHYHOTO aHali3y, po3poOJieHi Ui TpaaAWIiHHUX
TPUIIOTHUX MEXaHI3MIB.

st 3a6e3neueHHs eeKTUBHOTO (YHKIIOHYBaHHS
HOBOT'O MeXaHi3My HEoOXiTHO BCTAHOBUTH
3aKOHOMIPHOCTI TIE€peMileHHs] Horo poOodoro oprasa,
BU3HAYUTH B33a€EMO3B’S30K MDK 3MIHOIO Yy3araJlbHEHHX
KOOpJMHAT 1 TIOJIOXKEHHSIM BHXIJHOI JIaHKHM, a TaKOX
OLIHUTH BIUIMB JIOAATKOBOTO KIHEMAaTHYHOTO 3B’SI3Ky Ha
KiHEeMaTHYHI MOXJIMBOCTI MaHIIyJIATOPA.

OcoONMBICTIO  TOCHIPKYBaHOTO  MEXaHi3My €
HAsBHICTh HAJJIMIIKOBOCTI KIHEMAaTUYHOI CTPYKTYpH,
KOJIM KUIBKICTh KEPOBAaHMX IIapaMeTpiB  IEPEBHIILYE
KUTBKICTh ~ HE3QJIOKHUX ~ KOOPIMHAT  IOJIOXKEHHS
BUKOHABYOrO0 oOpraHa. lle CTBOPHOE  MOXIMBICTH
MIIBUIICHHS MaHEBPEHOCTI Ta PO3IIMPEHHS pOoOOYOi
obmacti, oxHaK OJHOYACHO NOTpeOye MpOBEICHHS
JIETaTbHOTO KIHEMATHYHOTO aHAITi3y.

MeTo10 AOCTIIKEHHS € aHam3 KiHeMaTHYHUX
XapaKTEPUCTHK MAHIMyJATOpa IMapajelbHO-TIOCTiJOBHOT
CTPYKTYPH 3 JOAATKOBUM KiIHEMATHYHUM 3B’S3KOM Yepe3
po3po0IeHHS HOTro KiHEMAaTHYHOI MOJETi, BU3HAYCHHS
3aKOHOMIPHOCTEH IIEPEMIIICHHS pPOOOYOro oOpraHa Ta
IOCHIIKEHHS 0COOIMBOCTEH O3UIIIFOBAHHS.

Jns [ocsTHEHHS TOCTaBICHOI METH HeoOXiTHO
BUPILINTH TaKi 3aBJAHHS TOCTI>KEHHSI:

1. [ToGynyBarn KiHEeMaTHYHY MOJIENb

MEXaHi3My 1 BH3HAUUTH CHCTEMY Yy3araJlbHEHHUX
KOOpAMHAT.
2. Po3B’s3aTi mpsiMy 3amady KiHEMaTuku i

BCTaHOBHTH 3aJIEKHOCTI MIX IapamMeTpaMH BHKOHABUUX
JIAHOK 1 KOOpAMHATaMK poO0YOro opraHa.

3. Po3B’s3aTi o0epHEeHy 3ajady KiHEMaTHKH
JUIs BHM3HAUEHHS IapaMETpiB MEXaHi3My 3a 3aJaHoro
TI0JI0)KEHHST BAKOHABYOTO OpraHa.

4. Po3B’s3aTi  3ajady  IO3WIIIIOBaHHS Ta
BU3HAUYUTH MOXJIMBICTh 3a0€3MEUYEHHS TEpeMileHHS
pobodoro oprana B 3ajaHy TOUKYy poO040i 00acTi.

OtpuMaHi pe3yabTaTH JOCHIIKEHHS MOXYTh OyTH
BUKOpPHCTaHI I  MOJAJBIIOr0  BJOCKOHAJICHHS
MaTeMaTHYHHX MoJeJIe i METOLIB aHaIizy
MaHIMyJISATOPIB MapAICITBHO-TTOCIITIOBHOI CTPYKTYPH.

OcHOBHA YacTHHA

[epcniekTuBHUM HAaIpsiMOM PO3BHUTKY
POOOTOTEXHIYHNX CHCTEM € 3aCTOCYBaHHS MaHIITyJIITOPIB
mapajenbHO-TIOCHiNOBHOT (TiOpuaHOi) cTpykTypu. Taki
MEXaHi3MU SIBIISIFOTE COOOI0 TOETHAHHS MapajelbHuX 1
MOCTIJOBHUX KIHEMATHUYHMX JIAHIIOTIB, SIKI 3H1HCHIOIOTH
BIJHOCHMM pyX 3a paxyHOK oOepTaibHUX  abo
MOCTYNAJbHUX  KIHEMAaTWYHUX  Hap. OCHOBHOIO
0COONHMBICTIO TaKMX MAHIMYJATOPIB € MOJKIJIMBICTD
MOEJHAHHS  TIEepeBar MEXaHI3MiB  IOCHIJOBHOI  Ta
napajiesibHoi  CTPYKTypHu.  HasiBHICTH — mapanenbHux
KiIHEeMaTHYHUX  KOHTYpiB  3a0e3redye  IiJBUILCHHS
KOPCTKOCTI KOHCTPYKIi{, BAHTAKOMiJHOMHOCT1, TOYHOCTI
MO3MI[IIOBAHHS Ta IIBHUAKOMII, TOMl SK IIOCIIIIOBHI JIAHKU
CHPUSIIOTH PO3IIUPEHHIO POOOYOi 30HM Ta MiJBUILEHHIO
MaHEBPEHOCTI BUKOHABYOTO OpTraHy.

Active UPS limb

Active revolute joint .

»

. . Active UPS limb
Active revolute joint 1

Active UPS limb

Passive UP limb
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)

LTTITIT]

Puc. 1.

lopunnmit  podor TriMule
MIOCHIZIOBHOT CTPYKTYpH [19]

napaJieJIbHO-

Ha puc. 1 nokazano moxynsHuii podor TriMule,
SKMH Moxe OyTH 3MOHTOBaHMM ab0 Ha pyxoMmii
wiatgopmi abo HepyxoMmiil OCHOBI BIINOBIAHO O
KOHKPETHHX  BHpoOHMuYMX  morpeb. Sk BuaHO,
TPUCTYIICHEBUH NapajielbHUH MeXaHi3M INpH3HAYeHUH
JUIs BUKOHAHHS MOCTYNAJbHUX PYyXiB 3a JOIOMOTIOIO
TPhOX aKTUBHUX JaHOK UPS Ta onHi€i macwBHOI JaHKU
UP. Tyt U, P i S no3HavaioTh yHiBepcaibHe 3'€THaHHS,
npu3MaTuyHe 3'€qHaHHS Ta cepuyHe  3'e€HAHHS
BimnoBigHO. CepBOABUTYHH 3 TBHHTOBHMH MapaMu
BUKOPHCTOBYIOTh Ul TIPUBEACHHS B pyX aKTHBHHUX
NpU3MATUYHUX 3'€HAaHb. J[BOCTYNEHEBHUH 3aIl'aCTOK
MIPU3HAYCHNH JUIS BUKOHAHHS IBOX OOEpTaIbHUX PYXiB
32 JIOIIOMOTOI0 IIBOX AaKTHBHUX OOEPTOBHX 3'€IHAHb.
CepBOIBUTYHH 3 pEIyKTOpaMH BHUKOPHUCTOBYIOTH JUIS
NIPUBENICHHS B PyX aKTHBHUX OOepTanbHUX 3'enHanb. Ha
KIiHIII TIOCNTiJOBHOT 00epTanbHOI TOJOBKH MOXE OYTH
BCTaHOBJICHUI cHelialbHUH TPHUCTPIH, Takuid 5K ¢pesa,
OTIOPHUH OJIOK.

JUis po3B’si3aHHS MOCTABICHUX 3a/a4, OB’ I3aHUX
i3 JOCHI[DKEHHAM KIHEMAaTWYHUX XapakTepUCTHK 1
BU3HAUCHHSAM  IIEPEMIIICHh BHKOHABUMX  MPHUBO/IIB,
HEOOXi/THO BCTAHOBUTH 3aKOHHM PYXy BHKOHABYHX JIAHOK
MaHIITyJISITOpa IIiJ] 9ac MepeMillieHHsT poOoYoro opraHa 3a
3a[aHOI0 TIPOTPaMHOIO TPAEKTOPIEIO.

[Mix yac moOynOBM CTPYKTYPHOI Ta KiHEMAaTHYHOI
MO/IEJIi MaHiIyJIsITOpa MPUHHATO TaKi NPUITYIICHHS:

— ycl JIaHKM MeXaHI3My pO3IJLIIAOTh  SIK
abCOJIIOTHO TBEp/I Tija;

— TpYXKHI eJeMeHTH KOHCTpyKWii B Tporeci
poboTH BBaXKarOTh HeJe(hOpMOBaHUMY;

— @JEMEHTH KOHCTPYKIII, IO 3a0e3medyroTh
KiHEeMaTHYHi 3B’S3KM  MDK JIaHKaMH, HpPHUHMAioTh
a0COJIFOTHO JKOPCTKUMH 1 TaKWMH, IO HE 3MIHIOIOTH
CBOIX TEOMETPUYHHX MMapaMEeTPiB i 9ac pyxy.

MeXaHi3M
CUCTEMY

3a MPURHATHX
MaHIITyJIsITopa  ONHCYIOTh

MIPUIYIIEHb
SK IIPOCTOPOBY

TBEPIAMX T, PyX SKUX OOMEKEHUH
CTalliOHApHUMH KIHEMATUIHUMHA

a0COIIOTHO
TOJIOHOMHUMHU
3B’ SI3KaMH.

KoHeTpykmiss  JOCHIIKyBaHOTO — MaHIITyJIsiTopa
MapaJieNIbHO-TIOCTIIOBHOI  CTPYKTYpH 0€3 ypaxyBaHHS
MIOBOPOTHOI ~ OCHOBH  CKJIQJAETHCSI 3 JABAaHAIILITH
KiHEeMaTHYHHUX Map II’SITOro Kiacy i TpboxX chepuaHux
LIapHIpiB, SIKi BIANOBIJAIOTH KIHEMATHYHUM I1apam

TPETHOTO KIacy (puc. 2).

a 0

Puc. 2. Cxema MaHimyssTopa IapajiesbHO-
TIOCHIZIOBHOI CTPYKTYpH 3 JOJATKOBUM 3B’SI3KOM: a —
KiHeMaTHyHa cxema; 0 — cxema /Ui BH3HAYCHHS
HalpsIMHUX KOCHHYCIB PyXOMHX OCEeH KOOpIMHAT

PosranyTHii  MaHinmyisTop i3 10JaTKOBHM
KIHEMAaTHYHUM  3B’SI3KOM  YTBOPEHHH CHCTEMOIO i3
NBAaHAMIATH TBEPAUX TiJl, sIKi 3IMCHIOIOTH Pi3HI THITH
MEXaHIYHOTO pyXy. TpHKyTHa OCHOBa MeXaHi3My (JlaHKa
ABC) Bukonye o0OepTajbHHH PyX BIJHOCHO HEPYXOMOL
oci. Jlanka AD, mo BixnoBigae ITOKY JIiHiHHOTO
NIPUBOJA, 3AIMCHIOE IUIOCKOIApaJIeNIbHE MepEeMilleHHS.
IIpocroposmii pyx peanizyrors ganku KM, AMi, BM: i
CMs, TONOXEHHS SKHX  BU3HAYCHO  B3AEMOJIIEI0
BUKOHABYMX IIPUBOMAIB 1 J0OAATKOBOTO KiHEMAaTH4YHOTO
3B’A3KY.
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IMin gac ¢QopMyBaHHSI KOHCTPYKTHUBHOI CXEMH
MaHIMyJISITOpa 3a1al0Th OCHOBHI TEOMETPHYHI TTapaMeTpH
MEXaHi3My, 30KpeMa KOOpAWHATH TOYOK KpIIUICHHS Ha
ITOBOPOTHIA OCHOBI Ta PO3MIipH OCHOBHUX CTPYKTYPHHX
enementie (OA, OB, OC, OD, DK), ski BH3HAYarOTh
KoHQirypamito pobodoi obmacti Ta KiHEMaTH4HI
MOJJIMBOCTI MEXaHI3MY.

[puitaara cTpykTypHa MOzmenb € 0azor0 JuIs
MOJAJBIIOr0 PO3B’sA3aHHA TNpsiMOi Ta oOepHeHoi 3amad
KIHEMaTHKH, a TaKOXX aHali3y IpOIecy IMO3MIIIOBaHHS
pobodoro oprana MaHiIyJIsTopa.

T'onoBHUM CTPYKTYpHHUM TTOKa3HUKOM
MaHIITyJIsITOpa € KIJIBKICTh CTYHEHIB pyxomocti. Ls
XapaKTEpUCTUKA  BH3HAYa€  MIHIM&IBHY  KUIBKICTB

HE3aICKHUX TIapaMeTpiB, HEOOXiMHUX I IOBHOTO
orucy KoH}irypauii KiHeMaTnaHoro JlaHmora [9].

KinbKicTs CTyNeHIB pyXOMOCTi pO3paxoBY€ETHCS 32
BHPa3OM

W=6bn-5p;,—4p,—3p,—2p, — p, ()
Jie N — KUJIBKICTh PYXOMHX JIaHOK;

Pi — KUIBbKICTh KIHEMAaTHYHHX Tap i-ro KJacy.

Jdns  MamimynsTopa — napajielnbHO-TIOCIIJOBHOT
cTpykTypn (0e3 ypaxyBaHHS TIOBOPOTHOi OCHOBH)
KIJIBKICTB CTYIICHIB PyXOMOCTI CTAHOBUTH

W=6n-5p,—3p,=6-12-5-12-3-3=3 ()

Otxe, Ge3 IMOBOPOTHOI OCHOBHM MaHIIyJISITOP Mae
TPHU CTYIICHI PyXOMOCTi, a 3 ypaxXyBaHHSM ITOBOPOTHOI
OCHOBH — YOTHPH CTYIEHI PyXOMOCTI.

a,; = €S, ayy; =sing,

a,,, =—CoSy,SINO, a,,, =Cosy,coss,

a,,, =siny,sind,  a,,, =—sIn, coso,

st wetBeproro nanmora 64= 0.

IIpssma Ta o0GepHeHa 3ajgadyi KiHeMaTHKH
MAaHIMyJIaTOpa MapaJieJIbHO-MOCTIIOBHOI CTPYKTYpH 3
J0JATKOBHMM 3B’ SI3KOM

OCHOBHMMHM 3aBJIaHHSIMH, SKi Ma€ BHKOHYBAaTH
MaHIITyJISITOp, € MEepeMIIIeHHs] poO0Y0ro OpraHa 3aaHol0
TPAEKTOPIEIO Ta 3a0e3revyeHHs MIPOBEICHHS
TeXHOJOTIYHMX omepanif. Came TOMy mix dac
KIHEMaTHYHOTO CHHTE3y MaHIIyJsTOpa MPIOPUTETHUM €
PO3B’SI3aHHS JBOX OCHOBHMX 33/1a4 BiZIHOCHO IOJIO)KEHHS
BHXIiTHOT JJAHKH — TIPSIMOI Ta 00EPHEHOI.

HpHMa 3aJa4da KIHEMATHKH IT0JISTae y BU3HAYCHHI
JACKAPTOBUX KOOPAWHAT xapaKTepHo'l' TOYKH BI/IXi,HHOI

BaxnuBuM  mapameTrpoM, IO  XapaKTEpU3ye
KOHCTPYKTHUBHI MOXJIMBOCTI ~MaHIIyJsiTopa, € HOro
MaHeBpeHicTh. [lif MaHEBPEHICTIO pO3yMiIOTH PI3HHIIIO
MDK KUIBKICTIO CTYNEHIB PyXOMOCTI BHKOHABYOTO
MEXaHi3My Ta KUIBKICTIO Y3araJbHEHHX KOOpAWHAT
00’€KTa MaHiMy IOBaHHA. [i TAKOXK MOKHA BU3HAYUTH SK
KIJIBKICTB CTYHEHIB PYXOMOCTi, L0 3aJIHMIIAIOTHCI Y
BHKOHABYOr0 MeXaHi3My micis ¢ikcamii 3axBaTy.

Jns  po3risHYyTOTO  MaHIIyJsITOpa-TpUIoaa 3
JIOJIATKOBMM 3B SI3KOM MaHEBPEHICTh JOpiBHIOE 1 (3a
YMOBH, IO KUIBKICTH CTYINEHIB PYXOMOCTI CTaHOBHUTH
TpPH, a KUIBKICTh y3arajJlbHEHHX KOOPJIUHAT — YOTHPH).

JUIss OmUCy TOJIOKEHHS JaHOK MAaHIMyJIsITopa B
IIPOCTOPI BBOAATH CHCTEMH KOOpAMHAT (pyxomi Ta
HepyxoMmy). AOcomoTHa cucrteMa KoopawHaT —Oxyz
XKOPCTKO TIOB’s3aHa 3 HEPYXOMOIO OCHOBOIO. Pyxomi
CHUCTEMHM KOOpIMHAT Xiyizi (i=[..5) TmoB’s3aHi 3
KOpIlycaMHd  KOXHOTO  JIHIHHOTO  TpUBOga  Ta
MTOPOXKHUCTO TpyOoro 5. I[lowaTok KOXHOI pyxomoi
CHUCTEMH 30IiraeThCs 3 TOYKOK KPIIUICHHS BiAIIOBIIHOTO
JIAHITIOTA.

OpieHTanio KOXHOI pyXOMOi CHCTEMH KOOPJIUHAT
xiyizi (i = 1...5) BimHOCHO abOcomoTHOi cuctemu Oxyz
BU3HAYAIOTh JIBOMAa KyTaMHu: KyTOM 0i (ITOBOPOT HaBKOJIO
oci zi, mapanensHoi oci Oz) 1 KyToM i (IOBOPOT HAaBKOJIO
oci xi*). OpieHTanist B IPOCTOPI HE 3AJIEKHUTH B HOPAIKY
BHKOHAHHS IMX TIOBOPOTIB (puC. 2, 0)).

Marpunsi HanpsIMHUX KOCHHYCIB  Ma€  TakKWd
BUTIISIL

a5 =0
a,,; =SsIny, 3)
Ay = COSY,
JaHKH  MaHImyJsTopa 3a  BiIOMHMH  3HaYCHHAMH
y3arasibHeHuX koopamHat [11]. YV Takmit  cmoci6

BCTAaHOBJIOIOTh TPAEKTOPII0 pPyXy BHXIAHOT JAHKH
BiJIMIOBiTHO /10 3a/IaHUX 3aKOHIB PyXy IMPHUBOJIHUX JIAHOK.

OO6epHeHa 33/1a4a KIHEeMaTHKA — 1€ MaTeMaTu4Ha
3aja4ya, sSKa TIIOJSIra€ y 3HAXODKEHHI Yy3araJbHEHHX
KOOpJIMHAT MaHinmyjsropa (sKi BHU3HA4YalOTh  HOTO
IIPOCTOPOBY KOH(Irypariro) 3a BiIOMHMH JI€KapTOBHUMHU
KOOpJMHATAMH XapaKTepHOI TOYKH BHXIJHOI JIAHKH.
3aBISIKM  1IbOMY BH3HAYaIOTh 3aKOHHM IIEPEMIILCHHS
NIPUBOJHMX JIAHOK BIANOBIAHO JO 3aJaHOTO PYyXy
BuUXigHOI JnaHkW. Po3p’s3aHHs 0OepHEHOI 3amadi €
KPUTHUYHO BAXJIUBHM €TaroM JUIs 3a0e31eYeHHs] TOYHOTO
TIO3HIIIFOBaHHSL.
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Sk y3arampHeHi koopamHath gs (s = [..4)
MaHIIyJsITOpa MOKHA TPUMHSITH JOBKHHH BHKOHABYHX
JaHOK y cuctemi [ -koopmunat [12]: g1 = l1(2), g2 = (1),
q3=13(1), g1 = l4(1).

VY cucremi / -KOOpOMHAT TOJOXKEHHS TBEPJOTO
TiJIa B IPOCTOPi OITMCAHO YOTHUPMa JOBKMHAMH BiAPI3KiB
11,12,13,14, 10 3’€AHYIOTH TOYKH TijIa 3 TOUKAMH HEPYXOMOT
OCHOBH, YTBOPIOIOYH TIPH IIbOMY T€OMETPUYHO HE3MiHHY
cTpyKTypy. Ha BinMiHy BiJ KJIaCHYHUX DIBHSHB PyXy 3
BUKOpHCTaHHSAM KyTiB Eiinepa, piBHsSHHA B cuctemi / -
KOOPJMHAT ONMCYIOTh PyX TiJla BUKJIIOUYHO 4Yepe3 JIiHiiHI
BEJIMYHHH.

Jns 3abe3redeHHss KEpOBAaHOCTI Ta OTPUMAaHHS
QHAITHYHUX BHPAa3iB ISl PO3B’sI3aHHS MPAMOi 3ajadi
KiHEMaTHKH JOLIJBHO TaKOXX 3aJaBaTh y3arajJbHeHi
KoopauHatH ¢s (s = [..4) y cucteMi KoopaWHAT
JIOJIATKOBOI JIAHKH. Y IIbOMY BWIIQJIKy Y3araJbHCHUMH
KOOpJMHATaMH € 3MiHHA JJOBXXHHA BiIpi3Ka MOPOKHUCTOI
Tpybu g1 = KM(1) = L(1); kyta q2 = ys(1), g3 = 95(1), w0
BU3HAUYAIOTh OPIEHTAII0 PYyXOMOi CHCTEMH KOOpAWHAT
Kxsyszs BimHOCHO Hepyxomoi Oxyz; KyT IOBOPOTY ¢4 =
®(t) noBOpoTHOI OCHOBM MaHimysitopa ABC.

Sk xapakTepHy TOYKYy  BHUXITHOI  JIAHKH
MaHInysTopa BUOUpaeMo TOUKY M(xm(t), ym(t), zm(t)).
Jis  OTpUMaHHS ~AHATITUYHUX BHpa3iB [PIMOi Ta
oOepHeHOi 3ama4 KiHEMaTHKH HEOOXiTHO BCTAHOBUTH
TCOMETPUYHI  CIIBBIMHOMICHHA MDK  JEKapTOBUMH
KoopJauHaTaMu Toukd M B abcomoTHii cuctemi Oxyz Ta
y3araJbHCHUMH KOOPAWHATAMH MAHIITYJIATOPA.

Po3p’si3anHs o0epHeHOI 3ajaui KiHeMaTHKH Yy
BHNAIKY 3aJaBaHHs KoHQirypauii maninmyastopa B
cucremi / - KOOopaUHAT

TTonoxxennss Toukn M Ha BUXIOHIM JaHmi 6
BU3HAYCHO KOOpDAWHATAMH XM, VM, ZM BIJIHOCHO
HEPYXOMOI CHUCTeMH KoopAmHAT Oxyz. 3aJe:KHOCTI Mixk
JIEKapTOBUMH KOOpAWHATAMH TOYOK KpITUTCHHS
BHKOHABUMX JIAHOK HAa BUXIOHIM JIaHII B aOCOMIOTHIN
cucteMi koopamHaT Oxyz Ta JOBXHUHAMH JAHOK MArOTh
BUIIIAL

(1) :\/961%41 +(yM1 _yA)2 "'(21%4] _ZA)2
L(t)= \/(xMz ~0B)* + yjlz + 21%42
L(t)= \/(st +0C) +y,, +12,,

L=\, ~y,) +2

4)

ne OB, OC, yp — reoMeTpH4HI MapaMeTpH IOBOPOTHOL
OCHOBH 1 TOYOK 11 KpiIJIeHHSL.

OcCKiIbKH KOOPAUHATU TOYKHU Ae OJHO3HAYHUMH

(YHKIISIMA KyTa IOBOPOTY OCHOBH ¢, TO BHPA3W IS Y4
Ta Z4 MAIOTh BUTJIA]

y,=—0A4singp,z, =0Acos@. )

@opmynn Tepexomy BiJl KOOpAWHAT BEKTOpa B
pYXoMiif cHCTeMi KOOpIMHAT 10 KOOpJIMHAT BiIHOCHO
HEpYXOMOi CHCTEMH MaroTh BUIIIiA [13]

* * *
X=Xy 0, X;, &y, ), + 0,2,
* * *
V=)ot X, 0y, + 05,2, (6)

Z=Z QX T Ay ),; T 052,

IIe X, ¥, Z— KOOPJIMTHATH BEKTOpa B aOCOIOTHIN CHCTEM;

X%, y i Z i/ — KOOPIUHATU BEKTOpa B PYyXOMiil

CHCTEMI;
X0, Y0, Zo — KOOPIMHATH ITOYATKY PyXOMOi CHCTEMH;

0.11i — HaNPSIMHI KOCHHYCH.

Ipoekuii ~ BekTOpa OM,=0M + MM 1
BI/I3Ha‘~ICHi BUpazaMu
Xy, =Xy O 5Ky + Oy sVy + OyysZy = X, + 1 COSY/SIN o
Y, =V T CuasXy, T Qs Vg, T ApsZyy = Vy — 1 COSYCOS Js ™

* £ *
Zy, =2y T O35 Xy, T Qs Yy + O3sZy =2y —

rsiny,
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Mixcrasnsroun Bupazu (5) i (7) y dopmyny (4),
OTpUMYEMO BHUpPa3 s L1(2):

P@t)=x,, +y., +z,, +7 + 04" =2y, rcosy,cosd; — ©
—20A4sm @(rcosycosO; — y,,) — 2z, rsiny, +20Acosp(rsiny, —z,,)

KOOpJOMHAT, a TOTIM —  TPOEKIil  BEKTOPIiB

AHajgoriyHo I IHIIMX JAHOK BH3HAYAIOTHh oM 2= OM + MM 2, Ha HEPYXOMY CHCTCMY

MIPOEKLIT BEKTOPIB MM 2, Ha OCI PYXOMHX CHCTEM
— * * * — 5 . 5 .
Xpr, = Xy +0£111.XM2 +a21in2 -|-0(311.ZM2 =X,, +1rC0sS0;COSx —rCosysSioSina,
* * * . .
Var, = Vg T WXy, + Oy Yoy, + CayiZy = V) +78IN05 COSA + 7 COSY, COS O sine,  .(9)

* * * . .
Zy, = Zy T QX + 00y Yy T Q2 =2y FrSINYsing,

[Micns mipcraHoBku y ¢dopmyny (4) OTpUMYIOTH
BUpa3n

L(t)=(x, —OB) +y: +z:, +r’ + 2z, rsiny sina + 2r(x,, — OB) (10)

(cos o cosa —cosysind, sina) + 2ry,, (sin o5 cosasiny + cosy; cos O sin )

KOOpJMHAT MOXYyTb OyTH 3ammcaHi dYepe3 BiINOBiAHI
CHIBBiTHOIICHHS
Koopaunarn BEKTOpa

OM s =0OM + MM,y  wuepyxomiii  cucremi

* * * . .
Xy, =Xy + Xy F Ay Yy FA3Zy =X, —1COSO5 008 — FCOSY/sinossina,

* * * . .

Var, =V T Xy + Ay Yy +A3Zy =)y, —F'SINO;COSA — I COSY;COS s sina,. (11)
* * * . .

Zy, = Zy t A%y, HanYy t a5z, =z, trsinygsinag,

[MincraBmsroun Bupasu (11) y piBasuHES (4), Haxi, micnst migctaHoBKM Bupasy (5) y piBHSHHS
OTPUMYEMO 3aJICKHICTh JUIsl BA3HAUCHHS JOBKHHU JaHOK  (4) 1 BpaxyBaHHS YMOBH yp = —OD, OTpUMY€EMO JOBXKUHY
JIaHKH:

(t)=(x, -0C) +y; +z;,+1" =2r(x, - OB)
: 2 2 2
(cosd; cosax +cosy, sindsina) +2ry,, . (12) L,(t)= \/(OASHW_OD) +0A47 cos” ¢ (13)

(— cosasin 55 +COS Y/ COS 55 sin 0{) +2z u sin V8 sina, Kyru opienrauii tanku KM = L(t), a came yHKuii
ws(t),05(t), BU3HAYAIOTH Yepe3 IPOCTOPOBI KOOPIUHATH
TOYKU M BIAIOBIZHO O CHIBBIIHOIIEHD
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2 2
) _ Xy, . _ x,, +(y,, +OD)
T oL rony Y TR, 0 +ODY + (2 + DRV
b +(y +0D) O ) "
D DK
coS Oy = Wy +OD) ,COSY/y = (2y + DK)

JX2 + (3, +ODY’ JX + (3, +ODY +(z,, + DK)*

IMicns  migcranoBkm  3anmexxHocted (14) 'y  TOYKM BHXIIHOI JIaHKH. Y TakWi Crocid OTPUMYIOTH
piBasHES  (8), (10) 1 (12) ocrarouno (OpMYyIOTH  3aJEKHOCTI TOBXKHH JIAaHOK (15)—(17).
aQHATHYHI BHpa3W I y3araJlbHEHUX KOOpAWHAT
MaHIITyJISITOpa Yepe3 JeKapToBl KOOPAWHATH XapaKTEpHOI

2ry,(zy, + DK)(y,, + OD) B
\/le +(y, +OD)’ +(z,, + DK)’ \/le +(y,, +OD)?

—ZOA[ r(z,, + DK)(y,, + OD)

P()y=xi, +yi +z3 +1° + 047 —

(15)

sinp+2z,,r-
\/x; +(y,, +OD)’ +(z,, + DK)’ \/x; +(y,, +OD)?

\/ X +(y,, +OD) —20A(r\/ 2 +(y, +OD)

+2z,, |COSQ,
Xy +(yy +OD) +(z,, + DK)’ Xy +(yy +OD)’ +(z,, + DK)’ M} v

x,, + (v, +OD)’
xi, +(y, +OD)’ +(z,, + DK)

L(t)=(x, +OBY +y;, +z; +r’ — 2zMr\/ >sina +2r(x,, + OB)

16
Vy, +0D)cosa\/xf4 +(y,, +OD)* +(z,, + DK)* +(z,, + DK)x,, sina (16)

\/xi, +(y,, +OD)* +(z,, + DK)’ \/x; +(y,, +OD)?

—X,, cosa\/xfl +(y,, +OD)* +(z,, + DK)* +(z,, + DK)(y,, + OD)sina
JX + (v +ODY +(z,, + DK -[x% +(y,, + OD)’

+2ry,,

2

x, +(y, +OD)’
xi +(y, +OD)’ +(z,, + DK)’

L) =(x, +OCY +yi +z,, +7° —ZZM}"\/ sina —2r(x,, + OC)

. 17
(Vy +OD)cosayx2, +(y,, +OD) +(z,, + DK)* —(z,, + DK)x,, sina . {17
\/le +(y, +OD) +(z,, + DK)’ \/le +(y,, +OD)?

. {xM cosan[x} + (v, +OD) +(z,, + DK’ +(z,, + DK)(3,, + OD)sinaJ
’yM B

\/le +(y, +OD) +(z,, + DK)’ \/le +(y,, +OD)?

[IpoBeneHuit aHamiz mpsMoi Ta oOepHEHOI 3amady

KIHEeMaTUKH JJIsI MaHImyJlaTopiB i3 /-KOOpAMHATHOIO

Jlis 4eTBEpTOro BMKOHABYOIO MEXaHi3My MICISl  CTpyKTYpOIO MOKa3aB, IO PO3B’S3aHHs 0OEpHEHOI 3a/1aui
NEPETBOPCHHSA PiBHSAHHSA “4) 3 YPaxyBaHHAM  kiHEeMAaTHKH € BIIHOCHO HECKJIQJHUM 1 JIOIyCKae
CHIBBiTHOIICHHS (5) MaeEMO OTpHUMaHHS aHANTHYHUX 3a1exHocTed. BonHouac 3amaua
mpsiMOl  KIHEMATHKU IS TaKUX MEXaHIYHUX CHCTEM

lz(l‘) _ (OD — OAsin ¢)2 + 0A2 0052 Q. (18) 3HAYHO CKJIAJHINIA 1 B 3araJlbLHOMY BHIAJKy HE 3aBXKIU
4 Ma€e 3aMKHEHHH aHaTITHYHUN PO3B’S30K.

VY pesynbrari Oysiu BU3HAYEHI YOTHPH aHAJITHYHI
3aJIeKHOCTI ISl y3araJbHEHHX KOOPAMHAT HPHUBIIHUX
MexaHi3MiB: [1(2), [2(1), 13(1), l4(2).

OtpuMaHi 3aKOHH 3MiHH y3arajJbHEHHX KOOPJIUHAT
MOXyTb  OyTM  BHKOPHUCTaHI Al  IIOJAJIBIIOTO
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JIOCHI/PKEHHSI TIPOIECIB TO3UIIIOBAHHS Ta BH3HAYCHHS
TPAEKTOPIi MepeMillleHHsT BUXiAHOI JIAaHKH MaHIiITyJIsITOpa.
JItst po3TIIsSIHYTOI KOHCTPYKIIi MaHiITyJIsITOpa rnapaieinbHO
MIOCHIZIOBHIA CTPYKTYpi MOOYI0Ba MOBHOTO aHAJIITUYHOTO
pO3B’SI3Ky TpsIMOI 3ahadi KiHEMaTHKH € CKJIaJHOI0 Ta
oTpedye 3aCTOCYBaHHS YHCEIFHUX METO/IIB.

Po3p’s;3anHs mpsaAmoi 3agaui KiHeMATHMKH Yy
BHNIAJIKY 3a/aBaHHs KoHQirypauii maninmyastopa B
cucTeMi KOOPIMHAT 10AATKOBOI JIAHKH

SIKmo sk y3araJibHEHI KOOpAWHATH BHUOpaTH KyTH

w(t), (1), o) i noexuny KM = L(t), Toai po3B’s3aHHS
IpsIMO1 3a/1a9i KIHEMATHKHM MOKHA ITOIaTH sK (puc. 1)

x,, = Lsiny,sind;,

Yy =—0D — Lsiny, cos 6, (19)
z,, =—DK + Lcosy..
Po3B’s3anHs  oOepHeHOi  3amadi  KiHEMaTHKH
BU3HAYCHO TAKHMH CITiBBiTHOIICHHIMU:
Jx, + (v, +0D)
8Ys=— 5
(z,, + DK)
X
gy =———"— (20)
vy +OD ’

Lz\/le +(y,, +OD)’ +(z,, + DK)*.

OnTuManbHe 3HAYEHHS KyTa TOBOPOTY TPUKYTHOL
OCHOBH (¢ BCTaHOBJIIOIOTh  PO3B’S3aHHAM  3ajaadi
IIO3ULIIFOBAHHS.

Po3B’si3aHHs 331a4i NO3ULIIOBAHHA

[Ticns oTprMaHHS PO3B’A3KIB MPSAMOi Ta 00EpHEHOT
3a7a4 KiHEMaTHKW HACTYIHHM €TaloM JOCTIJDKEHHS €
BU3HAUCHHS TIOJIOKECHHS MAaHINyJsiTopa y IPOCTOpi,
TOOTO PO3B’SI3aHHS 3a/1a4i TTO3UIIIIOBAHHS.

Cyrp miel 3amgaui mWonsrae y BU3HAYCHHI
y3arallbHeHUX KOOPAUHAT MAHInyisatopa (Iin, lon, lsn, )
3a BigoMoi mouaTtkoBoi koHbirypartii (110, 2o, 130, l4g), MO
BIJINIOBiIa€ HYJIOBOMY MOJIOKEHHIO CHCTEMH. Y ILBOMY
MOJIO)KEHHI ~ JIOBXWHM  BHKOHAaBYMX JIAHOK 1-3 €
MiHIMaJIbHUMH, & KyT IIOBOPOTY OCHOBH CTaHOBUTH ¢ = (.
Heo0xinHo 3a6e3neunTn JOCATHEHHS 331aHNX KOOpANHAT
XapaKTepHOI TOYKU BHUXIOHOI JaHKH M(XMn, YMn, ZMn) Y
rio0aibHIN cucTeMi KoopauHart (puc. 2).

Jdns  Bu3HaueHHS  IOyKaHoi  KoHQirypamii
BUKOPHCTOBYIOTh CITiBBiIHOIIEHHSI, OTPHMaHi mix dYac
po3B’si3aHHs 00epHEHOi 3a1a4i KiHeMaTuku B cucremi (1)-
koopauHat (Bupazu (15)—(18)). Ockinrbkm KiBKICTH
y3araJIbHeHUX KOOPIMHAT MAHIIyJsITopa  JOPIBHIOE

YOTUPHOM, a TIOJOKCHHS XapaKTEPHOI TOYKH BH3HAYCHO
JIUIIIE TPhOMa JCKaPTOBUMHE KOOPIUHATAMHE, CHCTEMa Ma€
ONMHUYHY MaHeBpeHicTh. lle o3Hawae, 1m0 3amaya
MTO3UINFOBAHHS HAJISKUTH JI0 KIIACy ONTHMi3aliiHuX.

[Mpouenypa mo3umiroBaHHsA Tnependavae  jaBa
nocmizioBHi eranu. CHovaTKy IepeMillyloTh BHXIiTHY
TouKy MaHinmynsaropa Mo(xmo, ymo, zmg) 13 I10YaTKOBOL
KoH(Irypamii y crapToBy TOUKY TPaekTOPil Mnu(Xam, Vin,
Zun). Jlaii mpoTAroM iHTEpBay 4acy T IMEepeMillyloTh Bil
MOYaTKOBOT TOYKH IO KiHIEBOI TOUKH TPAEKTOPIl Mi(Xasx,
VMr, ZMx).

Jdns  po3p’si3aHHS  337a4i  MO3WIIIOBaHHSA —Ta
OJTHO3HAYHOTO BU3HA4YECHHS KOHQIrypamii maHimymstopa
ICHy€ JIeKiIbKa KpUTEpIiiB OLIHIOBAHHS SKOCTI KEpyBaHHS
pyxom [14], sKi 3acCTOCOBYIOTH 3a  BiACYTHOCTI
JIOJJATKOBHX ~ OOMEXEHb Ha  JONMYCTHMi 3HA4YeHHA
y3araJIbHeHUX KOOpAWHAT. PoO3riisHEMO anroputM, Y
SIKOMY TIOYaTKOBY HYJILOBY KOH(Irypariro MaHimysiasropa
BBa)XAIOTh 3a3/alerigp BimoMor. Takok 3agaHuMH €
KOOpAUHATH NOYaTKOBOL Mu(Xmu, YMu, Zmn) 1 KIHLIEBOL
TOYOK My(XMx, YMr, ZMx), TOMI SK HEOOXiTHO BU3HAYHTH
JIUIIIE BiJMOBiTHI MOJOXCHHSA JIAHOK MAaHIITyJIsATOpa B
3a3HAYCHHUX TOYKaX.

Min qac PO3pOOICHHS KOHCTPYKIIH
pPOOOTOTEXHIYHUX CHCTEM HEOOXiZIHO BpaxOBYBaTH
peasbHI KOHCTPYKTHBHI OOMEXEHHS, SKi BH3HAYarOTh
JIONYCTHMI MeX1 3MIHH KOOpIMHAT 1 Oe3rnocepeaHbo
MOB’SI3aHi 3 JOIyCTUMHMH 3HAUYEHHSMH Yy3aralbHEHHX
KOOpJMHAT MaHimynaropa (qs), ne s = I...4, a Takox i3
HEOOXITHICTIO YHUKHEHHS! B3a€MHOTO 3ITKHEHHS JaHOK.
Taxi 0OMeKeHHS 3aJaf0Th HEPIBHICTIO @min < ¢ <\ Gmax.

Jnst maninmysasitopa, HaBeIGHOTO Ha pHC. 2, 3a1a4a
MO3MIIIOBAaHHS Ma€ ONTHMIi3aliiHUK XapakTep, IO
MOSICHIOIOTh ~ HASBHICTIO ~ HA/UIMIIKOBOTO  CTYHCHS
pyxmuBocTi.  OCKIIBKM — KIJIBKICTB  y3arajbHEHHX
KOOPJMHAT CHCTEMH IOPIBHIOE YOTHPHOM, @ IOJIOKCHHS
XapaKTepHOI TOYKM BHXIIHOI JIAHKM BU3HAYCHO JIMIIIE
TpbOMa JIEKapTOBUMH KOOpAWHATAMH, MAaHEBPEHICTh
CHUCTEMH CTaHOBHTH OJWHHUIO. Y 3B’A3Ky 3 IMM JUIs
OJTHO3HAYHOTO BW3HAUYCHHS KOH]Iirypamii HeoOXimHO
cthopMyIrOBaTH JOAATKOBY YMOBY omTuMi3zartii [15].

[Ipouec mno3umitoBaHHS MaHIMyJIATOpPa A dYac
BUKOHAHHS  TEXHOJIOTIYHMX  oOmepauiii  mepexdavae
MIOCITIZIOBHE TEPEMILIIeHHs] poO0YOro opraHa: CIo4aTKy 3
BUXIZHOI Hy/bOBOI KOH(Iryparii 10 HmO4aTKOBOi TOYKH
TpaeKTOpii, SKa BU3HaYeHAa KoopauHATaMu Mo(Xmo, ymo,
ZMo), @ JaJl — 1O KIHIEBOI TOUKU Mi(Xnx, YMi, ZMx).

Ortxe, SIKILLO HYJIbOBA KoH]iryparis
MaHIIyJIsTopa, 1o omycaHa y3araJbHEHUMHA
koopauHataMu (10, l20, I30, l40), € Bimomoro, HeOOXimHO
CIOYaTKy BU3HAYUTHU MOYATKOBY KOH(Irypalil0 CHCTEMH
— 3HaueHHA (lin, [n, [3n, l4n), @ TOTIM 3a0e3neUUTH
NepeMIleHHs BUXIHOI JJAHKH IO KiHIEBOI'O MOJIOKEHH,
sIKe Ma€ KOOPIUHATH ([1x, [2x, 3¢, Lax).
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AJNTOPUTM PO3B’s3aHHS 3a7ayi TO3HIIIOBAaHHSI
CKJIAJA€THCS 3 KIJIBKOX MOCIIIJOBHHAX €TaIliB.

Ha mepmomy erani manimynstop mnepeOyBae y
BUXIJJTHOMY IIOJIOJKCHHI, SIKE BU3HAUYEHO KyTOM IOBOPOTY
OCHOBH (@ = ()) 1 MIHIMAJIbHIMH JTOBXXMHAM{ BUKOHABUMX
nmaHok 1-3, mo 3amani xoopamHatamu (l10, 120, 30, l4o).
KoopauHaT mOYaTKOBOT TOYKHM BUXIJHOI JIAHKH Mo(Xao0,
VMo, Zmo), BIF SIKOi TIOYMHAETHCS DPyX, BU3HAYAIOTH 32
3aexnocTsMHa (15)—(18).

[Micns 1BOro 3aMal0Th KOOPIUHATH TOYATKOBOI
TOYKU TPAEKTOPIi Mu(Xmn, YMn, Zmn) 1 KIHLIEBOI TOUKH
Mi(Xm, YMx, ZMx), JO SKOi HEOOXITHO TMEPEMICTHTH
BUXIJIHY JIAHKY.

Hoexunu npyroro (I2(z)) 1 Ttperboro (I3(2)
BUKOHABYMX €JIEMEHTIB BH3HAYalOTh OJHO3HAYHO 32
cruiBBiHomeHHssMu  (16) 1 (17), ockuIbKM 3ajnexkarhb
BUKJIIOYHO BiJl JEKapTOBHX KOOPJIMHAT 3aJlaHUX TOYOK
TPAEKTOPII.

HatomicTs mosxxuau nepmoro (//(p)) i 9eTBepToro
(l4(p)) BUKOHABUMX eNEeMEHTIB € (QYHKIIAMH KyTa
[MOBOPOTY OCHOBH 1 MOXYTh 3MIHIOBATUCS B JIOMYCTHMHX
MEXaxX BIAMOBIIHO O BCTAHOBJIEHHX TI'EOMETPUUYHUX
00MeXeHb 3a (DIKCOBAHOTO TIONIOKEHHS TOYOK Mi(X,
VMr, ZMx).

YMoBy BH3HaueHHs KOH(irypamii maHimynstopa
32 BIIOMHX KOOpAMHAT XapakTEpPHOI TOYKH BHXIiIHOI
JAaHKA MOXKHa cdopMmyBaTh MiHIMI3aLi€r0 QyHKIIT
KPUTEPIIO y3aralbHCHUX CHEPreTUIHUX BUTpAT [16]:

D(p)=C [, (@) -1, +C[l.@)~1,], ey

3 ypaxyBaHHIM OOMEKEHb Y BUIIISIII HEPIBHOCTEH

¢min < (0* < ¢max ’ (22)

ne C; i C4— BaroBi KoedimieHTy;

@min, Pmax — BIIMTOBITHO MiHIMAJIIEHO T4 MaKCHMAaJIbHO
JOIMyCTAMI ~ 3HAYCHHS  KyTa  [OBOPOTY  OCHOBH
MaHINyJISITOpa-TPHUIIONA;

(] * — ONTHUMAaJIbHE 3HAUECHHS KyTa IOBOPOTY.

3naueHHs BaroBux koedimientis C; 1 Cy
BHOMPAIOTH BIAMOBIAHO A0 CHEPreTUYHUX a00 CHIIOBHX
BUTpAT, HEOOXI1THUX IS 3MIHH BIJITOBIAHUX
y3araJbHCHUX KOOpAWHAT. JIJsi TUX KOOpIWHAT, 3MiHA
SIKUX TIOTpeOye OUTBIINX 3YCHIIb, JOIUIFHO MpPHU3HAYATH
OUTpII 3HAYCHHS BaroBuX KoedirieHtiB [17]. ¥ mexax

IBOTO  JIOCHUKEHHS  BIUIMB  BEIWYMHM  BaroBHX
Koe(illieHTIB OKpeMO HE aHami3yloTh, TOMY JUIS
CHpOLICHHSI MaTeMaTHYHOI MojeNdi IX INpUiMaroTh
CTaJIMMH.

Oynkuis (21) xapakrepusye KpuTepii MiHiMizamii
3MiHA [IOBXXKMH BHKOHABYMX JIAHOK i3 TCPEMIIICHHIM
XapaKTepHOI TOYKHM BHUXITHOI JIAHKH B JIEKAPTOBOMY
MpoCcTOpi. BukopucranHS KBagpaTUIHOTO KPHUTEPIO
00OyMOBJICHE 3pYYHICTIO BH3HAYCHHS ONTHMAIBHOTO
PO3B’SI3Ky Ta MPOCTOTOKO MAaTEMAaTUYHOI pearizaliii.

YmoBu (22) 3a1a10Th AOIMYCTHUMHN Jiama3oH 3MiHI
napametpiB BukoHaBunx JaHoK (li) i (l4). Y Takomy
BUNAJKy LiMbOBY (yHKIi0 Jlarpamka Mo)KHa 3ammcaTu
sk [18]

0*= Cl(lln - 110)2 t C4(l4n - 140)2 T j1(”12 T V)* - ¢max) t M”g 0~ ¢*), (23)

1e u1%, U2’ — IOTIOMIXKHI 3MiHHI;
M, A >— MHOKHUKK Jlarpamxka.

HeoOxinna ymoBa icHyBaHHS MiHIMyMy (yHKii
(23) 3amaHa CIiBBITHOMICHHSM

*

2
L) +A-4,=0. 4

n

ad) :C a(1171_110)2 ‘|‘C a(14
dp ' dp Y B

JlocTaTHBOI0O YMOBOIO JIOCATHEHHS MIiHIMyMYy €
JI0JlaTHE 3HAUEHHS IPYToi MOXiTHOT HITbOBOT (PYHKIIIi:

o*D’

— . (25)
Op D(9)=0

Ockinbku ¢ynkuis Jlarpamxka (23) € omykioro, a
MHOXXHUKH Jlarpanxa 3a10BOJIGHSIOTE YMOBH A1 > 0, A2
> 0, TO BUKOHAHHS HEOOXIZHMX YMOB aBTOMAaTHYHO
3a0e3rneyye 10CTaTHICTh OTPUMAHOTO PO3B’SI3KY.

Cnineae poss’szanHs piBHAHB (8), (13) 1 (24)
JONIOMara€ BU3HAYMATH ONTHMAajbHE 3HAUCHHS KyTa
ITOBOPOTY OCHOBH (n, @ TaKOX BIAMOBIAHI 3HAYCHHS
JoBXHMH BHKOHaBUMX JaHOK (1) i (l4) i MHOXHHMKIB
Jlarpamka A1, A 2.

VY BumanKy OTpPHMaHHS JEKUIBKOX OMYCTHMHX
pPO3B’SI3KIB  JUII  (u OCTaTOYHMH BUOIp  poOIATH
ITiICTAHOBKOIO 3HaWeHnX 3HaueHb y (yHkuionan (21) i
MOJaNbIINM  TOPIBHSHHSAM  OTPHMaHHX  pe3yJbTaTiB
OTITHMIi3alli.
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[Tig gac mepemileHHs] BUXIAHOT JIAHKA BiJl TOYKH
Mu(xXrn,  YMn, Zmn) 10O TOUKH  Mi(Xp, YMx, ZMx)
BHKOPHUCTOBYIOTh AHAJOTIYHUN alrOpUTM BU3HAYCHHS

® © ®

) 3a flonomoroi
ikcyemo 3afaemo s i
obepHerol 3afaul
KOOpAUHATH KOOpAMH2TH KiHEMaTUKK
maHinynatopa CTapToBOi
) ; I 3HAXOAUMO
Mowarok >y eyxinmomy ] 1a Kikuesoi noqall'}mﬂl
(HynbCoBOMY) TO4OK 3HAYEHHA
( cra_mO poGoyoro y3aransHeHmnx
®g =0) Oprama KOOpAMHAT

II0JIOKEHHSL. 3araieHy CTPYKTYPY
MTO3UINFOBAaHHS HABEICHO Ha puC. 3.

® ®

AITOPUTMY

®

3a JONOMorolo Ha ocxosi MiHiMymy|| | 3a nonomorown
obepHeHoi 3apavi KBajpaTHHOID 06€epHeHOi 3aaayi
KiHEMaTHKK KpuTepiio 3 KIHEMETUKH Vs ™
™ avaxopmo [P YPaXyBaHHAM | guanavacmo > 33889“’8“'3
NIPOMIKHI OGMEXEHb KiHUEBI 3HaveHH
BENU4MHI BA3HA4AEMO y3aranbHexux
Ty ONTUMANbHUA KyT KOOP/AMHAT:
2K "3k NOBOPOTY ONOPHOI el
[7 || mnatchopmu oy =

Puc. 3. CtpykTypHa cxema anropuTMy po3B’si3aHHS 3a]a4i MO3ULIIOBAaHHS MaHIITyJIsITOpa

Jns po3paxyHKy KiHEMaTW4HUX XapaKTEPHUCTHK
MaHIITyJIsITOpa SIK BUKOHABUMX JIAHOK BHOpAHO JIHIMHI
enekrpoakrtyatopu LINAK  LA33  (puc. 4) i3
MaKCHMaJIbHUM poOodynM xo1oM 600 MM, MIBHUAKICTIO JI0
70 Mm/c 1 poboumm HaBaHTaxeHHsM 1xo0 5000 H.
PosriissHeMO mpakTH4YHY peani3alilo 3alpoIIOHOBAHOTO
MiIXOMy Il MAaHIMyIsaTopa IapajelbHO-TIOCTiJOBHOT
CTPYKTYpH 3 JIOJAaTKOBMM 3B’SI3KOM 3 ypaxyBaHHSAM
oOMe>KeHb Ha 3MiHYy JJOBXKHH aKTyaTOPiB.

6h

R 286 N

Puc. 4. Jliniiinnii enexrpoakryarop LINAK LA33 [19]

CriouaTKy MaHINyISATOp NepeOyBae B HYJIHOBOMY
TOJIOXKCHHI, JI¢ BUXi/THA JTaHKa 3adikcoBaHa B Toulli Mo 3
KooparHaTaMu xmo = 0 MM, ymo = 730 MM, zmo = 85 MM. YV
FOMY TIOJIOKEHHI JOBXHHHA BUKOHABYMX JIAHOK [-3
MaroTh MiHIMaJbHI 3HaUeHHS: 110 = 765 MM, 0 = 768 MM,
130 =770 MM, KyT HoBOpoTY 0cHOBH ABC cTaHOBUTB (0 =
0°, a [OBXKMHA 4YeTBEPTOI JAHKH 3 YpaxyBaHHIM
TeOMETPUYHHX NapaMeTpiB AOPiBHIOE lao= 755 mMm.

Jani 3a1aeMo KOOpIMHATH TOYATKOBOI TOYKH My
BHUXiHOT JTaHKA: XMn = 110 MM, ymn = 860 MM, zZmn = 460
MMm. I3 Bupasis (16) i (17) omHO3HAYHO BW3HAYAIOTH
BIAITOBIAHI JOBXUHHM JAHOK lon = 975 MM 1 Izn = 1025 mM.
IMotim 3 ymoBH MiHIMyMY KBajpaTH4yHoi QyHKLIT (24) 3
ypaxyBaHHSIM OOMEXEHb OOYHCIIOIOTH KyT IIOBOPOTY
ocnoBu ABC o¢n = —0,18 pan (= —10,3°). Ilicast nporo
BU3HAYAIOTh JOBKMHU BHUKOHABYHUX JIAHOK lin = 815 MM 1
law = 805 ™M s BignoBigHoi  KOHGirypamii
MaHIITyJIsITopa.

Po3paxyHKOBi 3HaUCHHsI y3araJbHEHUX KOOPIUHAT
Li, I, 13, 14 mMatoTh JNexatn B MeXax KOHCTPYKTHBHHX
obmexkeHb MexaHizMy Ta akTyaTopiB  (lsmin<ls<lsmax) 1
MIPOXOJMTH TIEPEBIPKY Ha BiIIOBIIHICTE T€OMETPHYHUM
napaMmerpam KOHCTPYKIIIi.

AHAJIOTIUHO 3a[a4y IO3WI[IOBAHHS PO3B’I3YIOThH
i3 TIepeMileHHAM BHXIIHOI JaHKW 3 ITOYAaTKOBOI TOUYKH
Mou(Xn, YMn, ZMn) Y KIHIEBY TOUKY Mi(Xh, VM, ZMx).

UncnoBi  pe3yibpTaTH  pO3B’S3aHHA  3ajadi
MTO3UINIOBAHHS 3 ypaXyBaHHAM HYIIEOBOTO, TOYaTKOBOTO
Ta KIHIIEBOT'O IT0JI0KEHb HABEIEHO B TAOJIHIII.
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Po3paxyHKOBI 3HaU€HHSI KOOPAWHAT 1 y3araJbHEHHX KOOPIMHAT MAaHIITyJSTOpa MapasielbHO-TIOCIII0OBHOI CTPYKTYPH 3

JOJaTKOBUM 3B ’SI3KOM

3HaueHHS B HyJIbOBOMY | 3HAaU€HHS B IIOYATKOBIH | 3HaYCHHS B KiHIEBIH
IIOJIOKEHH] TOYII] TOUII]
IMapametp
Koopaunartu xapakrepnoi Touku M | xmo= 0 MM xmn= 100 MM xmx = -100 MM
(XM, YM, ZM).
ymo= 730 MM ymn= 850 MM yme= 950 MM
Zmo = 85 MM Zvn = 442 MM zvx = 600 MM
VY3aranpHeHi koopauHatH 11,12,13,14 Lio= 765 Mm Lin= 815 MM Lik= 870 Mmm
l2o= 768 MM loo= 975 MM L = 1185 MM I =
1145 MM
I30="770 Mm Isn = 1025 MM
lax= 875 Mm
lao= 755 Mm lan= 805 MM
VY3arampHeHi koopauHaTtu L, v, 9, | Lo= 1405 mm Li= 1630 mm L«=1795 mMm
¢
yo=—1,40 Yu=-1,19 yr=—1,12
60=0 An=-0,08 6= 0,07
@o=0 on=—0,18 ox=—0,43
JonatkoBo Oynu po3paxoBaHi 3HAYCHHY  BHCHOBKHU.
y3araJbHCHUX KOOPAWHAT MAaHIMYyJIITOpa B CHCTEMI
KOOpJIMHAT JONAaTKoBOi yanku L, y, 6, a Takox 3 v CTATTI JIOCITIIZKEHO KiHEeMaTHYHI

ypaxyBaHHSIM paHillle BHU3HAYEHOTO KyTa IIOBOPOTY
MIOBOPOTHOI OCHOBH @. OTpHMaHi IapamMeTpu B CHCTEMI
KOOPJHMHAT JI0JJaTKOBOI JIAHKK MOXYTh OyTH BUKOPHUCTaHI
B TIOJAIBIIOMY ISl CKJIaJaHHS MaTeMaTHYHOI MOJeli
JMHAMIKH MaHiITyJIsITopa.

Otmxe, 3ajaua MO3WILIOBAHHS Ui MaHIIyJsTOpa
MapaJieNIbHO-TIOCTIIOBHOI ~ CTPYKTYPH 3 JIOJJATKOBHM
3B’S13KOM YCIIIIHO po3B’s3aHa. Hapasi BizoMi movaTkoBi
Ta KiHIIEBl 3Ha4eHHs KOH(Irypamnii MaHimyIsTopa.

Ha nactynHoMy etari BUKOHYIOTh KiHEMaTHYHHUN
CHHTE3, TOOTO BH3HAYAIOTh 3aKOHHM 3MIiHM y3araJbHEHHX
KOOpJMHAT i 4Yac MEepeMilIeHHS XapaKTEepHOI TOYKH
BUXIJJHOI JJAHKHM 3 ITOYaTKOBOT'O IMOJIOKEHHS B KiHIIEBE 32
3aJaHUil  TPOMDKOK dacy T BIJMOBITHO 10
3aIporpaMoBaHoOi TPAEKTOPII.

Ionanbmri JOCITLIPKEHHS nepeoavaTuMyTh
pO3B’si3aHHS MpSMOi 3a/1a4i KiHEMAaTWKW B aHANITHYHINA
(dbopMi, TMHAMIYHHUIA aHAII3 MaHIITyJISITOpa 3 ypaxyBaHHAM
IHepIIHUX 1 TpaBiTAllifHUX HaBaHTaXCHb, a TaKOX
PO3pOOJICHHS. JITOPUTMIB ONTHUMAIBHOTO KEpYBaHHSA 3
METOIO MiJBUIICHHS TOYHOCTI IMO3MIIIIOBAHHS, IIBUAKOII
Ta eHeprernuHoi edexTuBHOCTI cuctemu. Otpumani
pe3ysbTaTh CTBOPIOIOTH HAJIHHY OCHOBY JJISI IPAKTUYHOL
peamizamii  MPOTOTHMIly  MaHImyJsTOpa Ta  HOTO
BUIIPOOYBaHb y PEATbHUX YMOBAX.

XapaKTEePUCTUKU MaHIITyJISITOpa MapaaebHO-TI0CiJOBHOT
CTPYKTYpH 3 JOAATKOBUM KiHEMaTHYHUM 3B’S3KOM.
Po3pobiieHo Ta mpoaHaTi30BaHO KiHEMAaTHYHY CXEMY
MaHIITyJIsITOpa, BCTAHOBJICHO HOTO CTYNEHI PyXOMOCTi 3
ypaxyBaHHSIM HOBOPOTHOI OCHOBH. Po3B’si3aH0 mpsimMy Ta
oOepHEHY 3amavi KiHEMaTHKH I PI3HHX CII0COOiB
3aJaBaHHs y3arajJibHEeHUX KoopauHar. Ilokazano, mo 3
MOJIAaHHSIM Y CHCTeMi l-koopamHAT oOepHeHa 3amada
KiHEMaTHKH{ Ma€ aHAJITUYHE PO3B’S3aHH, TOJI K MpsMa
3ajaya peajizoBaHa uucenbHe. [ cucremMu KoopauHAT
JIOJIATKOBOI JIAHKM OTPUMAHO aHANITHYHI PO3B’SI3KH K
mpssMoi, Tak 1 oOepHEHOI 3ajad KiHEMaTHWKH, IO
MiBUIIYy€E 3pY4YHICTh iX BHUKOPUCTAHHA JUIA 3a/1ad
KEpyBaHHS Ta IOJAJIBIIOTO TUHAMIYHOTO MOJICITIOBAHHSI.

Po3B’s3aH0 33124y MO3MLIIOBAaHHS BUXIAHOI JTAHKH
MaHIITyJIsITOpa Ha OCHOBI BCTAQHOBJICHMX KiHEMaTHYHHUX
3aJIeKHOCTEH, IO JOIOMAara€ BH3HAYaTH IIOJIOKEHHS Ta
opieHTanmito  pobo4yoro  opraHy 3a  3adaHUMH
y3araJIb-HeHUMH KoopAWHaTamu. JlocmipkeHo ocoOimBi
IOJI0KEHHS MEXaHi3My, 3a SKUX BUHUKAIOTh BUPODKEHHS
KiHEeMaTHYHHUX XapaKTEPUCTUK i MOXKJTUBI
HEKOHTPOJIbOBaHI 3MIHM IapaMeTpiB BUXIAHOI JIAHKH.
CcdopmoBaHO aHANITHYHI BUPA3H KePyIO4Oi MaTpHIi, 110
Jla€  3MOTY TIOB’s3aTH  IIBUJIKOCTI TPHBOAIB i3
LIBHAKOCTSMH y3araJlbHeHUX KOOPJIWHAT, IO J0TOMarae
aHaII3yBaTH BIUIMB MPHUBOJIB 1 OIIHIOBATH HAOIIKCHHS
JI0 CHHTYJISIPHUX KOH(QIrypartiii.
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Otpumani pe3ynbTaté (OPMYIOTH OCHOBY IS
MOJAbIINX JOCHI/DKEHb y HampsiMi CHHTE3y 3aKOHIB
KEepyBaHHS Ta JUHAMIYHOTO aHaJi3y MaHIIyJIsATOpIB
MapaJieNIbHO-TIOCTIIOBHOI ~ CTPYKTYpH, a  TaKox
BU3HAYAIOTh IIEPCHEKTHBHI HaNpsIMA X BHKOPUCTaHHS
JUIs  TEXHOJIOTIYHHMX TIPOIECiB 3 OOpOOKHM CKIaIHUX
MIOBEPXOHb B aBialiiiHil 1 MAITMHOOY JIBHIN TaITy3sIX.
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Investigation of Kinematic Characteristics of Hybrid
Parallel-Serial Robotic Systems with an Additional
Kinematic Linkage

The article investigates the kinematic
characteristics of hybrid parallel-serial robotic systems
with an additional kinematic linkage. The relevance of the
study is driven by the growing demand in modern
manufacturing for high-performance robotic systems
capable of ensuring high positioning accuracy, structural
rigidity, and enhanced functionality when performing
technological operations in aviation, mechanical
engineering, automotive industry, and other sectors.
Parallel manipulators are characterized by high load-
carrying capacity, speed, and positioning accuracy of the
end-effector. However, they have a limited workspace.
One of the promising ways to overcome this limitation is
the use of hybrid structures that combine the advantages
of parallel and serial mechanisms. Such systems allow
expanding the working area while maintaining high
stiffness and dynamic performance.

This paper examines a hybrid parallel-serial
manipulator, a distinctive design feature of which is the
presence of an additional passive kinematic linkage. The
use of the additional link reduces bending loads on the
linear actuators and increases the overall structural
rigidity during the manipulation of heavy objects.
Furthermore, the additional kinematic linkage expands the
technological capabilities of the system and can be used
to implement auxiliary functions, such as supplying
working media, energy, or mounting additional functional
modules.Within the framework of the study, the structural
analysis of the manipulator was performed and a
mathematical model for determining its kinematic
characteristics was developed. The features of solving the
forward and inverse kinematics problems were
considered, and the relationships between the actuator
parameters and the position of the end-effector were
established. The obtained results can be applied in the
design and synthesis of control systems for hybrid robotic

complexes with increased requirements for accuracy and
rigidity.

Keywords: hybrid manipulator, parallel-serial
structure, robotic system, kinematic analysis, forward
kinematics, inverse kinematics, additional kinematic
linkage.
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Estimation of the Energy of Interfering Signals in a Code Division Multiple Access System
Based on Unequal-Energy Complex Signals for Users Susceptible to Dominance by Other

Users' Signals

In a code-division multiple access system, when a user’s signal is received, the signals from the other users are
treated as interfering signals and produce multiple-access interference. For unequal-energy complex signal ensembles, a
nonuniform signal-energy distribution causes the total energy of interfering signals to differ among users and gives rise
to the signal-dominance effect. This study aims to obtain an estimate of the energy of interfering signals for users
susceptible to signal dominance from other users, to be used as a pessimistic estimate for the ensemble as a whole. To
reduce the set of individual values to a single estimate, the unequal-energy complex signal ensemble is equivalently
transformed into a hypothetical equal-energy complex signal ensemble while preserving the total signal energy. It is
shown that the normalized total energy of interfering signals for users susceptible to signal dominance from other users
is approximately equal to the structural equivalent size, which therefore provides a pessimistic estimate for the unequal-
energy complex signal ensemble as a whole. For equal-energy complex signal ensembles, the structural equivalent size
is equal to the actual ensemble size, corresponding to a uniform signal-energy distribution. As the degree of
nonuniformity in the signal-energy distribution increases, the structural equivalent size increases monotonically toward
an upper bound corresponding to concentration of the total ensemble energy in a single signal—the highest possible
nonuniformity for a fixed total signal energy. Thus, the structural equivalent size of an unequal-energy complex signal
ensemble represents the calculated number of equal-energy complex signals in an ensemble with the same total signal
energy as the original ensemble. It increases with the degree of signal-energy nonuniformity, provides a pessimistic
estimate of the normalized total energy of interfering signals for users susceptible to signal dominance from other users,
and allows performance metrics developed for equal-energy complex signal ensembles to be extended to unequal-
energy complex signal ensembles by substituting the structural equivalent size into the corresponding expressions for
equal-energy complex signal ensembles.

Keywords: code-division multiple access system, multiple-access interference, energy of interfering signals,
unequal-energy complex signal ensemble, structural equivalent size, dominance by other users' signals, cross-
correlation.

Introduction.

In a code-division multiple access system, when
a user's signal is received, the signals from the other users
are treated as interfering signals. These interfering signals
produce multiple-access interference (MAI), whose
energy depends on the energies of the interfering signals
and their cross-correlations. Computing cross-correlations
for every pair of signals in the ensemble can be
computationally demanding, so a common approximation
is to replace the pairwise cross-correlations with the
maximum cross-correlation value in the ensemble, which
is assumed to be known in this study. Under this
approximation, the multiple-access interference energy is

the product of the total energy of the interfering signals,
obtained by summing the energies of all ensemble signals
except the user's desired signal, and the square of the
maximum cross-correlation value. For equal-energy
complex signals, removing any desired signal from the
ensemble leaves the same sum of signal energies, so the
total energy of the interfering signals is the same for every
user.

For an unequal-energy complex signal ensemble,
removing signals with different energies produces
different remaining energy sums; therefore, the total
energy of interfering signals differs among users because
of the nonuniform signal-energy distribution.

©PANCHENKO S.V., ZHUCHENKO O. S., LYSECHKO V. P., INDYK S.V., 2026
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Direct calculation of the interfering-signal
energy for each user yields a set of individual values. For
performance evaluation, it is useful to have a single
numerical estimate that reduces this set to one quantity
while accounting for the nonuniform signal-energy
distribution. This allows a relation similar to that for the
equal-energy case, in which the multiple-access
interference energy is calculated as the product of this
estimate and the square of the maximum cross-correlation
value.

A nonuniform energy distribution in an unequal-
energy signal ensemble gives rise to the signal-dominance
effect, which appears as an increase in the total multiple-
access interference energy relative to the desired-signal
energy of a user. Under the adopted approximation, in
which the signal cross-correlations are replaced by a
single ensemble-wide maximum value, the subsequent
analysis can be based on the total energies of the
interfering signals.

If a user's desired signal has lower energy than
the signals of at least some other users, the multiple-
access interference energy relative to that desired signal
increases, making the wuser susceptible to signal
dominance from other users. Conversely, if a user's signal
has higher energy than the signals of at least some other
users, it contributes more strongly to the total interfering-
signal energy seen by those users, so the signal tends to
dominate the signals of other users. These two
manifestations of signal dominance correspond to two
numerical estimates of the energy of interfering signals:
an estimate for users susceptible to signal dominance
from other users, used as a pessimistic estimate for the
ensemble as a whole, and an estimate for signals that tend
to dominate the signals of other users, used as an
optimistic estimate for the ensemble as a whole.

The energy of interfering signals is therefore the
basis for calculating multiple-access interference energy,
with the maximum cross-correlation value for the
ensemble treated as known. Hence, the energy of
interfering signals must be estimated before the
corresponding performance metrics are evaluated.

The basic principles of code-division multiple
access relate intrasystem interference to user signal
energies and ensemble cross-correlations [1 4].
Ensembles of pulse sequences with low signal interaction
are used in pulse-based multiple-access systems [5, 6].
Such ensembles are treated as complex time-division
signals with a periodic structure [6, 7]. Complex time-
division signals with a periodic structure can be
synthesized using either a correction-and-search method
or an analytical method [7]. Different numbers of pulses
at a fixed pulse duration produce an inherent unequal-
energy structure [8]. For unequal-energy complex signal
ensembles, the total multiple-access interference energy
depends on both signal cross-correlations and the
nonuniformity of the signal-energy distribution [9].

An equivalent transformation replaces an
unequal-energy complex signal ensemble with a
hypothetical equal-energy complex signal ensemble while
preserving the total signal energy. The size of the

hypothetical ensemble is the calculated number of equal-
energy signals and is numerically equal to an approximate
estimate of the normalized total energy of interfering
signals [10, 11]. This provides a common basis for two
estimates of the energy of interfering signals: a
pessimistic estimate for users susceptible to signal
dominance from other users and an optimistic estimate for
signals that tend to dominate the signals of other users.
The aim of this study is to obtain an estimate of
the energy of interfering signals for users susceptible to
signal dominance from other users, to be used as a
pessimistic estimate for the ensemble as a whole.

Materials and methods.

For an equal-energy complex signal ensemble of
size @, in which each signal has energy [E, the total energy
of interfering signals for the H-th user is obtained by

summing the energies |l_5}- = E of the other users,

Withl;' = 1,...,llandlj id:

L-1
Z E, =ZE=(L—1)E
i=1,) i =1

After normalization by the signal energy

El, this
L > 1,

gives a value one less than the ensemble size. For

the approximation is acceptable:

DiSiE  (L—1)E
E  E

=L-1=1L,

Thus, is the normalized total energy of
interfering signals, while the ensemble size @ provides its
approximate estimate.

For an unequal-energy complex signal ensemble,
the nonuniform signal energies cause the total energy of
interfering signals to differ among users [8, 9].

To evaluate users susceptible to signal
dominance from other users, consider the case in which
the energy of the H-th user's signal is lower than the energy

of the @—th user's signal.

Let E be the desired-signal energy of the H—th
user, | = 1,..., L}, and let [E}| denote the signal energies of
users |k= 1,..,L, |k;t li, for which . The total

energies of the interfering signals for the H-th and @—th
users are then given by, respectively:

L L
> 5-35-
j=1,j#1 Jj=1
L L
Z E} = ZE} - Ek'
j=1,j*k Jj=1

The difference between the total energies of the
interfering signals for the —th and @-th users is:
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f=1,j=i J=1,j=k j=1

Therefore, the total energy of interfering signals
for the H—th user is greater than that for the @—th user:

This relation characterizes the susceptibility of
the H-th user to signal dominance from users [k| for which

[ <Ed

To obtain a single numerical estimate of the
energy of interfering signals, [10, 11] use a mathematical
framework in which the nonuniformity of a finite set of
nonnegative  quantities is  characterized through
relationships among their sum, sum of squares, mean, and
variance [12, 13], as well as through concentration
measures [14 — 18]. The basic relation underlying the
equivalent transformation is the Cauchy—Schwarz
inequality [13], which, for a fixed total ensemble signal
energy and a fixed ensemble size, relates the square of the
total signal energy to the sum of squared signal energies.
Dividing both sides of the Cauchy—Schwarz inequality by
the square of the ensemble size converts the left-hand side
into the square of the mean signal energy and the right-
hand side into the mean squared signal energy; the
difference between them is the signal-energy variance.
Equality therefore corresponds to zero variance and thus
to an ensemble of equal-energy signals, whereas strict
inequality corresponds to a nonuniform signal-energy
distribution and thus to an ensemble of unequal-energy
signals. Normalizing the signal energies by the total
ensemble signal energy produces dimensionless energy
fractions, which is equivalent to dividing both sides of the
Cauchy—Schwarz inequality by the square of the sum of
signal energies.

If both sides of the resulting Cauchy—Schwarz
inequality are additionally divided by the ensemble size,
the left-hand side becomes the reciprocal of the ensemble
size, while the right-hand side becomes the sum of
squared signal-energy fractions. This sum is a
concentration measure for a finite set of nonnegative
quantities [14 — 18] and, for an equal-energy ensemble, is
equal to the left-hand side of the inequality.

Normalizing the concentration measure by its
value for an equal-energy ensemble gives a relative
quantity equal to one for equal signal energies and greater
than one for a nonuniform signal-energy distribution. A
reciprocal quantity also exists, and the product of the
concentration measure and its reciprocal is equal to one
[15, 16]. Normalizing this reciprocal quantity by its equal-
energy value gives a relative quantity equal to one for
equal signal energies and less than one for a nonuniform
signal-energy distribution. The resulting normalized

quantities are used as factors applied to the ensemble size
[10, 11].

This paper uses the normalized concentration
measure of signal energies. It equals one for an equal-
energy ensemble and exceeds one when the signal-energy
distribution is nonuniform, corresponding to an increased
estimate of the energy of interfering signals for users
susceptible to signal dominance from other users:

3L

F (L B

Kg LY, E
—=LKE=—=1+C'E,

where B is the concentration measure of signal
energies;

is the squared coefficient of variation of
signal energy.

The squared coefficient of variation of signal
energy is defined in terms of the mean ensemble signal
energy and the signal-energy variance:

i=1

where is the mean ensemble signal energy;
ﬁ is the variance of the ensemble signal
energies.

For an equal-energy complex signal ensemble,
with , the quantity is equal to one. For a
nonuniform energy distribution, with , it exceeds

one and increases with the degree of signal-energy
nonuniformity. We therefore use this quantity as a factor

applied to the ensemble size @ to obtain the size of an
equivalent

equal-energy complex signal
defined as the product of and :

L EZ JE L EE

i=1"i i=1"i

(Zle Ei)z/"-’ ) (Zf:l Ei)z

ensemble,

1S = LV=L(LKE) L(1+C) =L

The size of the equivalent equal-energy

complex signal ensemble is defined as the structural
equivalent size of the unequal-energy complex signal
ensemble. It represents the hypothetical calculated
number of equal-energy complex signals in an ensemble
having the same total signal energy as the original
unequal-energy complex signal ensemble.

Under the approximation (+) -1= L(+) the

structural equivalent size is numerlcally equal to an

approximate estimate of the normalized total energy of
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interfering signals in the hypothetical equal-energy
complex signal ensemble. Without this approximation, the

normalized total energy of interfering signals is .
The bounds on the structural equivalent size
follow from the bounds on the normalized concentration

measure :

Multiplying by the ensemble size @

gives the following bounds on the structural equivalent

size:
+
<LP <12

Thus, the lower bound corresponds to
an equal-energy complex signal ensemble in which each
-th signal has energy @, so that IEE = EL Il =1, ,IJ The
upper bound corresponds to concentration of

the entire ensemble energy in a single H—th signal,
IEi =Ey = Zf;zlEA, while all other signal energies are
Zero, H, |j =1, ...,Q, m

The analytical relationship between the squared
coefficient of variation of signal energy and the

structural equivalent size for an ensemble of size @

1S:

L)

which gives the following expression for :

+) (+)
CZ:Li—‘l:LCq —L
v L L
This relation establishes a  one-to-one

correspondence between the squared coefficient of
variation of signal energy (C;| and the structural equivalent

size for an ensemble of size @ A larger
corresponds to a larger . When , , SO

the structural equivalent size equals the size @ of the

equal-energy complex signal ensemble.
The bounds on [C/| can therefore be obtained from

the bounds on the structural equivalent size :
+
<LP <12
For E, we obtain:

L L
(Z=—L-1=—-—1=0
L L
L(+) LZ

v L L

For an ensemble of size

, the squared
coefficient of variation of signal energy therefore
satisfies:

0<C2<L-1,

where is the lower bound corresponding to an

equal-energy complex signal ensemble, for which the
eq

ensemble size |L;
is the upper bound corresponding to

concentration of the total ensemble signal energy in one
(+
ieq

structural equivalent size equals the original

signal, for which the structural equivalent size

Assuming that is treated as an integer, the

energy of one signal in the hypothetical equal-energy
complex signal ensemble is determined by preserving the
total signal energy of the original unequal-energy
ensemble:

equals

L L&y

+

AR
i=1 g=1

Because all signals in the equivalent ensemble
have the same energy, the total signal energy of the
equivalent ensemble can be written as:

+
Ly

+ +) p(+
Es = Zggg = LES.
g=1

Hence, the energy of one signal in the
equivalent equal-energy complex signal ensemble is:

O = 22
LS

This relation preserves the total signal energy in

the equivalent equal-energy complex signal ensemble.
(+
-eq

The structural equivalent size and the single-signal

energy jointly specify the replacement of the original
unequal-energy complex signal ensemble by a
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hypothetical equal-energy complex signal ensemble while
preserving the total signal energy.

To determine the change in total multiple-access
interference energy under the equivalent transformation,
consider the total multiple-access interference energy of
the original ensemble of complex time-division signals
with a periodic structure [5 — 8] and that of the equivalent
equal-energy sil ensemble specified by the structural

(+

equivalent size [L¢q 7.
Using the full set of ensemble cross-correlations,
define the relative difference in total multiple-access

interference energy under the equivalent transformation,

+ .

(eq,+)
A(+) _ E;,E B EI,E
1.E EI,E

where is the total multiple-access interference
energy of the original ensemble;

is the total multiple-access interference

energy of the equivalent equal-energy complex signal
ensemble specified by the structural equivalent size ﬁ

Define the total multiple-access interference
energy H of the original ensemble of complex time-
division signals with a periodic structure as the sum of the
individual multiple-access interference energies for all
users H For this ensemble, the number of pulse overlaps
for each pair of the H—th and E—th signals, , is limited
to one for any relative time shift [5 — 8]:

(R(max))z_ 1
i " EE;
L=y
L
2
E.F.i = Z EJ(RE:TEQI) )
j=1,j#i
L L L—1 L 1
Fiz=) Bi=) —=0L-1) =
i=1 =1 ' i=1

Define the total multiple-access interference
energy of the equivalent equal-energy complex

signal ensemble as the sum of the individual multiple-
(eq+
Li

users. All signals in the equivalent ensemble have energy
, so the sum of identical terms reduces to the number

of terms multiplied by one term:

access interference energies for all hypothetical

2 2 1
RMaNY" _ (pmax))* — ______
( Ly ( ) Ee(;)Ee(;)

L) 5
max)\ 2 1 1
EY= D EQETD) = ) B o= (19 - 1)
J=1j=i Jj=1,j=i (qu €q
)
< ) (eq+) ( )L(H -1
(eq+) _ (eq+) _ j(H)pleg+) _ y(+) 7 —
Ers = Z Bl = Leg By = Leg EX -
i=1 eq
®([® )@
- Ley (Leq ~ 1) _ (Leq ) (Leq — 1)
= g
Eéq) Es
For the hypothetical equal-energy complex

signal ensemble equivalent to the original ensemble of
complex time-division signals with a periodic structure,

relation (RS_”"“““))2 = (R (msm)2 _

1/(ESPESY). This relation preserves the property of

use the

the ensemble of complex time-division signals with a
periodic structure: if at most one pulse overlap occurs for
a pair of signals in the hypothetical equivalent ensemble,
their squared maximum cross-correlation is the reciprocal
of the product of the energies of that pair. In the

hypothetical equivalent equal-energy complex signal
ensemble, every signal has energy ; therefore, every

signal pair has the same energy product, and the squared
maximum cross-correlation has the same value for all

. . 2

signal pairs, kR(ma")) = 1/(55?5&: |
Using the full set of cross-correlations for the

ensemble of complex time-division signals with a

periodic structure, define the relative difference in

individual multiple-access interference energy under the

equivalent transformation, , as:
+)
) — E.T,thr —Ep;
1,0 E”
(+)
F(H) — plea+) — Leg —1
Lthr = MLi - (+)
Eqy
+)
) _ Ly —1 B
P =zog !
Eeq Ef,i

where is the individual multiple-access interference

energy for the H—th user, corresponding to the H—th signal of
the original ensemble of complex time-division signals
with a periodic structure;

+ :
It is the

interference energy of a hypothetical user in the
equivalent equal-energy complex signal ensemble; in this
comparison it is used as the threshold at which the sign of

the relative difference changes.

individual — multiple-access
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The relative difference is positive when
is less than and negative when is greater than
G

Lthaf

f,l: > E(+)

I, thr?

A <o,

. <ES, A >0,

i = Ef AT = 0.

The total energy of interfering signals for the H—th
user is the sum of the signal energies of the other users:

L
2 &
j=1,j#i

This sum is used to calculate the individual
multiple-access interference energy:

L

2
3 (e

J=Lj#i

E =

For complex time-division signals with a
periodic structure, the number of pulse overlaps for each
signal pair is limited to one for any relative time shift;
therefore:

R(max) 2 _ 1
( ij ) —ﬁ
i5j
- Z": g1 Z": 1 L-1
J=1,j#i E[EJ J=1,j#i : EI

The resulting expressions for the threshold

and the relative difference in individual multiple-access
interference energy under the equivalent transformation,

, make it possible to determine the effect of signal-
energy nonuniformity represented by the squared
coefficient of variation . To express in terms of

Z .
, use:

Substitution into the expression for gives:

L =L +c)

) LGS -1) _LO+HLA+C) -1 _ (A+C)HLA+C)-1)
i Ey Lyg Hg

Consider the components
expression for the threshold level :

1) the factor depends linearly on |C5| and
has the initial value 1 at '

2) the factor |L(1 4+ C2) — 1| depends linearly on
and has the initial value lL—_l[ at|CZ =0

3) the product [(1+ C2(L(+CE) —1)
depends quadratically on and is equal to IL—_l[ at

5 =0

4) at (C2=0, the ratio of the product
1+ cHA + D) — 1) oy is|L = 1) /g

For fixed @ and , depends quadratically

on [C5 and increases as |C5] increases.

Results and discussion. Fig. 1 shows the
individual multiple-access interference energy for an
ensemble of complex time-division signals with a

periodic structure and the threshold as functions of

of the resulting

>

the squared coefficient of variation of signal energy .

Each point corresponds to a separate ensemble obtained
by successively removing the highest-energy signals from
an ensemble of size ﬁ =76 with the set

|{2, ...,167,173,179,...,379, 383}, followed by
ordering the resulting ensembles by increasing . The

individual multiple-access interference energy of the
original ensemble is calculated as .

For the signal with energy 173, the individual
multiple-access interference energy curve is initially
above the threshold curve, then crosses it and remains
below it over the rest of the shown range. For the signal
with energy 383, the individual multiple-access
interference energy curve remains below the threshold
curve throughout the shown range.
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Ensemble size
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46 52 56 76
------ Equivalent-ensemble MAI energy (threshold), arb. units ‘.-.
—— Signal energy: 173, arb. units o4l
0.80 -| — = — Signal energy: 383, arb. units
2
c
=
£ 0.60
[
>
2
2 0.40
aQ
<
=
0.20 -

T T
0.15 0.20

I T I I
0.25 0.30 0.35 0.40

Squared coefficient of variation of signal energy

[127;383] [97;383][73;383]

[31;383]

Minimum and maximum signal energies in the ensemble, arb. units

Fig. 1. Individual multiple-access interference energy of the original ensemble and threshold versus the
squared coefficient of variation of signal energy

In Fig. 1, the threshold curve at each value of the
squared coefficient of variation is obtained from the

structural equivalent transformation, which reflects an
increase in the hypothetical calculated number of equal-
energy signals relative to the size of the original unequal-
energy signal ensemble. For complex time-division
signals with a periodic structure, the individual multiple-

access interference energy is |F;; = (L — 1) /Ej; therefore,

lower desired-signal energies correspond to higher
individual multiple-access interference energies. Within
the structural equivalent transformation, a wuser is
considered susceptible to signal dominance from other
users when . For the signal with energy 173,
the individual multiple-access interference energy
exceeds the threshold only over the part of the shown
range preceding the intersection of the curves. Over this
part of the ensemble sequence, the user with signal energy
173 can be considered susceptible to signal dominance
from other users.

The results for signal energies 173 and 383 show
different relative positions of the individual multiple-
access interference energy curve and the threshold

curve . For the signal with energy 173, the two curves

change their relative positions by crossing, whereas for
the signal with energy 383 the individual multiple-access
interference energy remains below the threshold
throughout the shown range.

Next, determine the bounds of the threshold

and then the user signal energy @ for which the
individual multiple-access interference energy equals

1,thy
Detemllne f(l as the Squared COCfﬁClel’lt Of

variation changes from |CE = 0| to |C§ =L- 1| for fixed
total ensemble energy @ and fixed ensemble size @ The
corresponds to an equal-energy complex

value

signal ensemble, whereas corresponds  to
concentration of the total ensemble energy in a single
signal. The mean signal energy remains
constant, while changing redistributes the energy

among the ensemble signals.

o _A+CHLa+cH -0 _L-1
Ithr — =

KE Ug
L-1 L-1
== " —_gW®
" E; He e

o _ A+ A+ -1 _L@-D

Ithr —
HE HE

The threshold is bounded by:

L —1
(+)
[, = Ef,th: =

He

L(L?-1)
pg

for

E
0 <CZ<L-1,Ez=const,L = const, g = Ir = const

Now determine the user signal energy for
which the individual multiple-access interference energy

equals the threshold :
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o _ A+ CHEA+cH -1
E!,Lhr -
He
L-1 (A+CHLA+CH-1)
E; He !

which gives the user signal energy:

_ L—1
T T D@+ ) - D)

The ratio of the user signal energy [E; to the mean
ensemble signal energy [ug| is:

E L—1
;. A+ +c)-1

For :

E;
=1
Ke

i = UE

For|0 < CZ < L — 1, the denominator satisfies

L+ cHea+cH-1n>1L

therefore:

E;
—<1
|ad

Thus, as increases, the threshold
corresponds to signal energies below the mean ensemble
signal energy |ug|.

Accordingly, intermediate values of

correspond to the part of the original unequal-energy
complex signal ensemble whose signal energies are below
the mean signal energy | of the original ensemble.

The threshold can also be related to the

arithmetic mean of the
interference energies by:

ZE; s

where strict inequality applies to an unequal-energy
complex signal ensemble, while equality holds only for an
equal-energy complex signal ensemble.

Therefore, for an unequal-energy complex signal
ensemble, the threshold
mean of the individual multiple-access interference
energies of the original ensemble:

(+)
Ithr >+ ZE“

To quantify the deviation of the individual
multiple-access interference energies of the original
unequal-en ery complex signal ensemble from the
threshold

II’

individual multiple-access

E() >

Ithr 2

is greater than the arithmetic

use the absolute relative difference |ﬂ(+ |

(+)
Ithr E“-l _

This quantity measures the relative magnitude of the
deviation of . from regardless of its direction,
dev1at10ns for different users to be

P -1

A(*’) —
T o

_1‘

allowing the
compared.

Fig. 2 shows |ﬂ§+£)| versus under conditions

analogous to those in Figure 1. For the signal with energy
173, the curve has a decreasing segment, a minimum
region, and an increasing segment. This behavior is
consistent with Fig. 1, where the individual multiple-
access interference energy curve for the signal with

energy 173 crosses the threshold curve . The smallest

values of [|A correspond to the region in Flgure 1 where
the two curves intersect or come closest to each other.
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Fig. 2. Absolute relative difference between the individual multiple-access interference energy and the threshold |‘9‘§t)|

versus the squared coefficient of variation of signal energy

For the signal with energy 383, the curve in Fig.
2 has no minimum region. This is consistent with Fig. 1,
where the individual multiple-access interference energy
for the signal with energy 383 remains below the

threshold throughout the shown range, so no

minimum region appears on the curve.
Fig. 1 and 2 show two different aspects of the
deviation of the individual multiple-access interference
D
1

energy from the threshold
sign of the relative difference through the relative
positions of the and m curves. Fig. 2 shows the
relative magnitude of the deviation through the absolute

I+ . Fig. 1 indicates the

relative difference |‘9‘§,+;') |

Conclusions.

It is shown that the normalized total energy of
interfering signals for users susceptible to signal
dominance from other users is approximately equal to the
structural equivalent size and therefore provides a
pessimistic estimate for the unequal-energy complex
signal ensemble as a whole. For equal-energy complex
signal ensembles, the structural equivalent size equals the
original ensemble size, corresponding to a uniform signal-
energy distribution. As the degree of signal-energy
nonuniformity increases, the structural equivalent size
increases monotonically toward an upper bound
corresponding to concentration of the entire ensemble
energy in a single signal, i.e., the highest possible
nonuniformity for a fixed total signal energy. Thus, the
structural equivalent size of an unequal-energy complex
signal ensemble represents the calculated number of
equal-energy complex signals in an ensemble with the
same total signal energy as the original ensemble,

increases with the degree of signal-energy nonuniformity,
provides a pessimistic estimate of the normalized total
energy of interfering signals for users susceptible to signal
dominance from other users, and allows performance
metrics developed for equal-energy complex signal
ensembles to be extended to unequal-energy complex
signal ensembles by substituting the structural equivalent
size into the corresponding expressions for equal-energy
complex signal ensembles.
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OuiHloBaHHS eHeprii 3aBaKal0YUX CUTHAJIB Y
cucrteMi  MHOKMHHOIO  JOCTYmy 3  KOJAOBHM
PO3/1iJIeHHAM HAa OCHOBi Pi3HOCHEPTreTHYHUX CKJIATHUX
CHTHAJIB VIS KOPHUCTYBAaviB, CXMJILHUX /10 BIUIUBY HA
HHUX e(eKTy NOMiHYBaHHSI CHUTHAJIB i3 OOKy iHmIMX
KOPHCTYBA4iB

Y cucreMi MHOXXHHHOTO JIOCTYIY 3 KOJOBHM
PO3IUICHHSM ITiJ] 9ac MPUHMAaHHS CUTHAITy KOPUCTYyBayeM
CUTHAJIM IHIIMX KOPUCTYBAayiB BBaKAalOTh MJISI HHOTO
TaKUMH, IO 3aBaXalOTh 1 CTBOPIOIOTH  3aBajH
MHO>XHHHOT'O JIOCTYIIY. Hns aHcamOIiB
PI3HOCHEPreTHYHUX CKJIAJHUX CHI'HANIB HEPiBHOMIPHICTb
posmofiry eHeprii 3yMOBIIOE BIAMIHHICTH CyMapHOL
SHepril 3aBaykKarounx CUTHANIB ISl PI3HUX KOPHCTYBAUIB 1
nposiB edekty moMiHyBaHHA. KopucryBaui 3 MEHIINMHU
SHEpPrisIMI KOPUCHHUX CHTHAJIB MOXYTb OyTH CXWIBHUMHA
JI0 BIUIMBY JOMIHYBaHHS CHTH&JIIB 13 OOKy 1HIIHX
KOpHUCTYBa4iB. METOI [OCHI[DKCHHS € OIIHIOBAaHHSI
eHeprii 3aBaKalOUMX CHUTHAIIB JUIi KOPHCTYBadiB,
CXWIBHUX JI0 BIUIMBY Ha HHX €(EKTy JOMiHyBaHHS
CUTHAJIB i3 OOKy IHIIMX KOPUCTYBAYiB SIK MECUMICTHYHOI
OIIIHKM JIs aHcaMmOmo B 1utomy. s  3BemeHHS
CYKYITHOCTI IHIWBIIyadhbHUX 3HAYCHH N0 OIHI€l OI[IHKHU
3aCTOCOBaHO EKBIBAICHTHE IIEPETBOPEHHS aHCaMOIII0
PI3HOCHEPreTHYHUX CKJIaJHUX CHTHAJIIB B YMOBHHH
aHcaMOJb CHTHaNiB 3 OJHAKOBHUMH CHEPTisAMH  3i
30epeKeHHsAM CyMapHOi eHeprii. YcTaHOBIIEHO, IO
OLIHKa HOPMOBaHOI CyMapHOI eHeprii 3aBa)Karoumx
CUTHAJIB JUI KOPUCTYBaviB, CXMJIBHHUX JI0 BIUIUBY Ha HUX
epeKkTy JIOMiHyBaHHS CHTHAJTiB 13 OOKy IHIIHX
KOPHUCTYBadiB, HAOJIM)KEHO BIJIOBIAAE CTPYKTypHOMY
EKBIBAJICHTHOMY O0’€My Ta € HECHMICTHYHOIO OI[IHKOIO
JUIS aHCaMOJII0 PI3HOCHEPIeTHYHHX CKJIQJIHUX CUTHAJIB y
nitomy. st aHcamOIiB pIBHOGHEPreTHYHHUX CKJIQJHUX
CUTHAJIIB CTPYKTYPHHUI €KBIBaJEHTHHH 00’€M 30iraeTncs
3 00°€eMOM BHXIJHOTO aHCAMOJII0, IO BiJMOBigac
BIZICYTHOCTI ~ HEPIBHOMIPHOCTI  PO3NOAULYy  eHeprii
curHaiiB. I3 3pocTaHHSM CTyHeHS HEPiBHOMIPHOCTI
pO3IIOATy €Heprii CHTHaJiB aHCaMOJII0 CTPYKTYPHHH
€KBIBaJICHTHU 00’€M MOHOTOHHO 30LIBIIYETHCS O
BEPXHBOI MEXI, sIka BiIMOBIAA€ 30CEPEIKEHHIO CyMapHOi
eHeprii aHcaMOJII0 B OZIHOMY CHTHaNi, TOOTO HaiOLIbIIiN
HEpIBHOMIPHOCTI pO3IOALTY €Heprii 3a cranoi cyMapHOI
eHeprii curHaniB. OTXe, CTPYKTypHHH eKBiBaJIeHTHHH
00’eM  aHCaMOmI0  pI3HOGHEPIETHYHUX  CKJIQJHUX
CUTHAJB, SKUH €  PO3PaxXyHKOBOIO  KUJIBKICTIO
PIBHOCHEPreTUUHHNX CKJIAJHAX CHTHAIIB B aHcaMoOdli,
CKBIBAJICHTHOMY BHXIJIHOMy 32 CYMapHOIO CHEpri€io
CUTHAJIB, 30UIBLIYETBCS 31 3pPOCTAaHHAM  CTYHEHS
HEpIiBHOMIPHOCTI ~ pPO3MOAIMY  €HEprii  CHTHANIB,
BIJINIOBi/Ia€ IECUMICTUYHIM OLIHIII HOPMOBAaHOI CyMapHOI
eHeprii 3aBaKalOUMX CHUTHAIIB Uil KOPHCTYBadiB,
CXWIBHUX [0 BIUIMBY JOMIHYBaHHS CHUTHAJIB i3 OOKy
IHIIMX KOPUCTYBaYiB, 1 1a€ 3MOTY IOIIMPHUTH MMOKa3HUKU
e(eKTUBHOCTI, MIpHU3HAYeHI JUIs aHcamOIiB
PIBHOCHEPTeTUYHHX CKJIQJIHUX CHTHaJiB, Ha aHcamOmi
PI3HOCHEPreTHYHUX  CKJIAIHHUX CHUTHATIB  4epes
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IiICTAHOBKY BEIIMYMHHU CTPYKTYPHOT'O €KBiBaJIEHTHOTO
00’eMy y BIANOBIAHI CHIBBIOHOIICHHS JUIs aHCaMOIiB
PIBHOCHEPTETUYHHX CKJIaJHUX CUTHAJIIB.

KinrouoBi cnoBa: cucreMa MHOKHHHOTO JIOCTYILY 3
KOJIOBHM DO3MUICHHSIM, 3aBal MHOXXHHHOTO JIOCTYIIY,
eHepris 3aBaXKArOUNX CUTHAJIB, aHcamOJb
PI3HOCHEPreTHYHUX CKJIaJHUX CHTHATIB, CTPYKTYPHHUH
eKBIBAJICHTHUH 00’€M, BIUIMB JIOMIHYBaHHS CHTHAJIB i3
OOKy iHIIMX KOPUCTYBAaYiB, B3a€MHA KOPEJALIisI CUTHAIIB.
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Abstract

This paper presents a quantitative comparison of Edge- and Cloud-oriented processing of technical-condition
monitoring data for high-speed railway (HSR) rolling stock, based on a verified discrete-time digital twin of a train.
Unlike approaches that treat Edge and Cloud as separate, independent configurations, the model simultaneously
computes both processing pipelines within a single run, including a stochastic radio channel (correlated fading,
Doppler-induced degradation, HARQ with residual block error), priority-based scheduling of two traffic classes (safety-
critical and monitoring), and a thermal model of the on-board computer with throttling. A hybrid architecture mode, in
which Edge pre-filters monitoring traffic before forwarding it to the Cloud, is additionally implemented and empirically
evaluated. The full factorial design shows that the two architectures are bottlenecked by fundamentally different
mechanisms: the Cloud degrades due to the physical unavailability of the radio channel, whereas Edge degrades due to
thermal throttling under insufficient cooling. The simultaneous action of both factors drives the share of the critical
Both Down state to a substantial fraction of the total observation time, whereas increasing the thermal headroom of the
hardware platform alone is sufficient to reduce this share several-fold. Hybrid filtering delivers a measurable reduction
in network traffic both under nominal conditions and under active anomalous load, but the accompanying ML-inference
compute load measurably erodes the Edge node’s thermal headroom. Local computation proved substantially more
energy-costly than radio transmission of the same volume of data. The results quantitatively substantiate the need for a
redundant hybrid monitoring architecture in which no single subsystem constitutes a single point of failure.

Keywords: Edge computing, Cloud computing, digital twin, rolling stock monitoring, IoT, predictive
maintenance, Age of Information, QoS, rail transport.

Introduction

Railway operation under rigid schedules of
preventive maintenance has exhausted its efficiency
potential. Under high-speed conditions, this approach
becomes an economic burden: sound components are
often replaced prematurely out of excessive caution, while
critical defects develop in the “blind spots” between
scheduled inspections [1]. This problem is pushing
operators toward condition-based maintenance (Predictive
Maintenance — PdM), where intervention decisions rely
not on a calendar but on objective monitoring data.
However, the technical implementation of PdM has
created an unprecedented challenge for the data-
transmission infrastructure. Modern rolling stock is
saturated with heterogeneous sensing: from vibration
accelerometers polling axle-box units at rates of up to 50
kHz, to thermal imagers and machine-vision cameras that

generate “heavy” video traffic [2]. In a single day, a
single train can generate tens of terabytes of telemetry.
This intensity moves the monitoring task into the realm of
Big Data, where the critical parameter is not merely the
volume of stored data but the speed of its processing
(Velocity) [3]. Attempting to transmit this volume of
information in real time runs into the physical limitations
of the train-to-ground channel. The GSM-R standard is
technologically obsolete for such tasks, while LTE/4G
networks, despite their nominal throughput, demonstrate
instability under specific railway conditions. High linear
speed (over 300 km/h) causes the Doppler effect and
frequent handovers between base stations, leading to
packet loss and jitter. The situation worsens in tunnels and
mountainous terrain, where radio-shadow zones arise that
effectively isolate on-board systems from the outside
world [4], [5]. This creates a classic engineering dilemma.
A centralized cloud architecture (Cloud Computing)

©KUSHCH M, ABBASOV O, KANEVSKYI M, SHCHEBLYKINA O.,2026

129

IKC3T, 2026 Ne3




ISSN 2413-3833 (Online),  ISSN 1681-4886 (Print)

IHOPOPMAILIMHO-KEPYIOUI CUCTEMM HA 3AJIIBHUYHOMY TPAHCIIOPTI

offers powerful resources for in-depth analysis and model
training but becomes helpless when the communication
channel degrades. The alternative — edge computing
(Edge Computing) — allows data to be processed directly
on board, minimizing latency, but is tightly constrained
by the power consumption and computing capacity of
local nodes [6]. The research gap lies in the absence of
formalized criteria for choosing between these
architectures specifically for the railway context. Most
studies examine them in isolation, ignoring the dynamics
of the communication channel at high speeds.

The aim of this work is to quantitatively
determine the bifurcation point: the network and load
parameters beyond which the advantages of a centralized
cloud are negated by latency, and the resources of local
nodes are exhausted — providing an objective technical
basis for migrating to adaptive hybrid architectures.

Literature Review and Problem Statement

2.1. Evolution of Monitoring in Intelligent
Transportation Systems (ITS)

The development of ITS in the railway sector
has progressed from periodic inspections and passive
telemetry (event logs, SCADA, on-board recorders) to
continuous loT-based monitoring and Predictive
Maintenance (PdM). A systematic review of railway
condition-monitoring methods published in Sensors
(2021) shows that recent decades have seen a shift from
manual, periodic inspections to on-board and trackside
sensor systems, as well as toward the analysis of “heavy”
time-series data using machine learning and deep
networks for anomaly detection and failure prediction [7].

A separate review of PdM specifically for the
railway industry emphasizes that current approaches rely
on massive volumes of data from vibration, acoustic,
thermal, and current sensors, which generate continuous
data streams for the running-gear, catenary, switch, and
track subsystems, among others [8]. The authors note that
the shift from preventive to predictive maintenance
improves rolling-stock availability but sharply increases
the demands on data collection, storage, and processing,
giving rise to what might be called “Big Data on Rails.”

The role of open and industry-specific datasets
is likewise growing. A review of public Al-oriented
railway datasets documents the emergence of large
collections of images, video, vibration signals, and
telemetry for track, rolling-stock, and infrastructure
diagnostics [9]. A significant share of these datasets
contain millions of measurements, which indirectly
confirms the industry-wide growth in data volumes. This
is complemented by the publication of real operational
data: for example, a dataset for Chinese high-speed rail
combines detailed train-movement logs with weather data
and is specifically oriented toward big-data analysis for
operational planning and reliability [10].

In the broader context of ITS and road
transport, the review “When Intelligent Transportation
Systems Sensing Meets Edge Computing” (Appl. Sci.,
2021) describes how the expansion of sensing modalities
(video, LiDAR, radar, mobile devices) has made it
unrealistic to stream complete “raw” data flows to the
cloud, given bandwidth and latency constraints [11]. The
authors explicitly call for a shift toward distributed
processing (edge/fog), where the cloud is used mainly for
offline analytics and long-term storage.

Thus, in both the railway and automotive
segments of ITS, the current monitoring paradigm
involves  high-intensity, continuous data streams
(vibration,  video, thermography, high-frequency
telemetry) that are used not only for ex-post diagnostics
but also for prediction and failure prevention. This creates
a fundamental tension between data volumes and the
limitations of transport channels, particularly in high-
speed scenarios.

2.2. A Critical Analysis of Cloud-Centric
Approaches

A substantial number of contemporary PdM
architectures for the industrial and transport sectors treat
the cloud as a natural center of gravity, owing to its
practically unlimited computing and storage resources.
For example, the TIP4.0 platform (Sensors, 2021)
implements a fully cloud-centric approach to PdM:
sensors transmit data to a scalable cloud platform, where
stream-processing pipelines and deep neural networks
perform diagnostics [12]. Similarly, for railway bridges, a
2024 study in Sensors presents a digital twin in which
low-cost wireless accelerometers transmit complete time
series to a cloud infrastructure for spectral analysis and
anomaly classification [13].

“Railway Cloud: Management and
Orchestration Functionality Designed as Microservices”
(Appl. Sci., 2024) generalizes the vision of a “railway
cloud” that hosts virtualized control and monitoring
functions as well as rolling-stock maintenance services;
the authors highlight the benefits of scalability, resource
reuse, and centralized service-lifecycle management [14].
Thus, a number of works present the cloud as the natural
foundation for PdAM and ITS analytics owing to its
elasticity, simplified algorithm updates, and capacity for
global data aggregation.

However, a review of 5G for Railways (5G-R)
shows that under real high-speed-railway conditions, the
cloud-centric approach runs into severe physical
limitations of the communication channel. Reference [15]
systematizes the requirements for FRMCS/5G-R: for
operations- and safety-related services, the target end-to-
end latency must be <100 ms at speeds up to 500 km/h
and 99.9999 % reliability. For earlier technologies, the
paper cites indicative end-to-end latency figures of
roughly 500 ms for GSM-R and 200-500 ms for LTE-R,
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versus 1-10 ms for 5G (under idealized core-access
conditions). The work also identifies a number of
fundamental radio-engineering constraints. The average
penetration loss into the body of a high-speed train for
frequencies up to 6 GHz is 25-35 dB, which sharply
degrades the SNR for passenger and on-board services. At
a carrier frequency of 2.1 GHz and a speed of 350 km/h,
the Doppler shift exceeds 680 Hz, complicating
demodulation and channelization, particularly under
rapidly varying multipath conditions. The paper further
emphasizes that, unlike GSM-R, the smaller cell sizes
required by the higher frequencies of 5G-R lead to a
substantially higher handover rate, including group
handovers, which creates risks of delay and congestion in
critical scenarios.

A study of radio-communication scenarios for
5G-R classifies 18 typical scenarios in detail (viaducts,
cuttings, tunnels, platforms, on-board, depots, etc.) and
defines target user-experience parameters for each. For
most “linear” scenarios (viaduct, tunnel, urban, rural), the
expected throughput is 0.1-1 Gbit/s with 10-100 ms
latency, while platforms, stations, and on-board scenarios
require 1-10 ms latency under high connection density
[16]. The authors separately highlight compound
scenarios (e.g., groups of tunnels), where rapid transitions
between different radio environments produce “severe
fading” and reduced link quality.

Regarding tunnels, [He et al., 2021] describes
them as waveguide environments with numerous
reflections, where leaky coaxial-cable coverage is often
used; in compound “tunnel-group” scenarios, repeated
tunnel entries and exits substantially complicate the
maintenance of stable service quality. Analogous studies
of urban metro systems at the 28 GHz mm-wave band
show that tunnels exhibit significant additional loss and
an attenuation profile that is highly sensitive to geometry,
limiting achievable range and requiring dense placement
of antennas or repeaters [17].

Even in road V2X scenarios supported by
MEC infrastructure, where distances to edge nodes are
considerably smaller, achieving stable URLLC latency
remains difficult. For instance, a microservice-based
MEC architecture for warning vulnerable road users
achieved a maximum end-to-end latency of about 110 ms
in real-world trials, which only marginally meets the
requirements of active-safety systems [18]. This indicates
that even with computation placed “at the edge,”
achieving <100 ms latency is not straightforward; for
railways, with their long routes to centralized cloud data
centers, multiple handovers, and tunnels, reliance solely
on cloud processing for real-time operation appears even
less viable.

Finally, work on MEC-assisted high-speed
railways largely focuses on maximizing throughput or
minimizing energy consumption, but operates with
idealized communication models. For example, a study on

maximizing the throughput of offloaded tasks in an MEC
network for high-speed rail focuses on task
upload/download routing and the impact of handovers on
the number of served tasks, without a detailed analysis of
end-to-end latency under prolonged coverage loss [19]. A
similar situation is found in FRMCS-oriented work on
tuning handover parameters to meet target latency
requirements: control schemes are examined in detail, but
comparative analyses of different splits of computation
between the on-board unit and the cloud during prolonged
channel outages are absent [20].

In summary, while the cloud remains
indispensable for long-term storage, global analytics, and
model training, the existing literature points to a
fundamental mismatch between the URLLC/PdM
requirements of high-speed rail and the typical latencies
and instability of LTE-R/5G-R channels at speeds >300
km/h, particularly in tunnels and compound scenarios.

2.3. The Emergence of Edge and Fog
Computing in Transport

Against the backdrop of the limitations of
purely cloud-based solutions in transport, the edge/fog
computing paradigm is actively taking shape. A review
combining ITS sensing with edge processing [11] and a
taxonomy of edge-cloud computing for ITS and
connected vehicles [21] describe a multi-layered
architecture: vehicles and roadside units (RSUs) act as
edge nodes, above them sit municipal or operator-run
MEC platforms, and above those, the centralized cloud.
The key principle is that time-critical tasks (V2X
cooperation, local obstacle detection, basic PdM) are
performed at the nearest available level, while the cloud
handles “heavy” model training, long-term analytics, and
the aggregation of historical data.

Concrete examples demonstrate just how
radically edge processing can reduce the load on backhaul
channels. A 2023 Sensors study proposes an edge system
for traffic-flow classification: video is processed at a node
located near the camera, and only aggregated indicators
are transmitted to the cloud. During field trials (=10,000
vehicles per day), the average bandwidth required
between the edge node and the cloud was only about 1.5
MB/hour, with a classification accuracy of 93.2 % and
average speed-estimation accuracy of 82.9 % [22]. Such a
result would be practically impossible under a purely
cloud-based model, which would need to transmit full
video streams.

Similar trends can be traced in V2X research.
A review of edge computing for Vehicle-to-Everything
shows that edge computing is proposed as a means of
simultaneously reducing latency, addressing dynamic-
handover issues, and lowering network load in scenarios
involving large volumes of V2X data [23]. Individual
studies on “electric, connected, autonomous, and shared”
vehicles describe the vehicles themselves as edge
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microservers on wheels, locally processing enormous
streams of sensor data and exchanging already
“condensed” information with other vehicles and
infrastructure [24].

In the railway context, this logic has already
begun to be implemented. A 2021 Appl. Sci. paper
proposes a fault-diagnosis and visualization method for
high-speed trains based on edge-cloud collaboration: a
deep SAES-DNN model is trained in the cloud on large
volumes of historical data and then deployed to on-board
or trackside edge nodes for real-time execution, with

model updates carried out via transfer-learning
mechanisms [25]. In this scheme, the most
computationally intensive operations (training) are

performed in the cloud, while latency-sensitive inference
is performed at the edge.

“High-speed Train Intelligent Maintenance
Pattern and Edge-Computing Perception Model” (2021)
describes a three-tier “Cloud-Edge-Terminal” architecture
for intelligent maintenance of electric multiple units: the
edge tier handles real-time, Finite State Machine (FSM)-
oriented data processing, while the cloud aggregates
information from the entire train fleet and performs large-
scale analytics [26].

Frontiers (2021) presents the concept of Edge
Intelligence in Private Mobile Networks for Next-
Generation Railway Systems, in which local private
S5G/FRMCS networks with embedded edge servers are
used to implement “in-network intelligence” — local
analytics for PdM, environment monitoring, and video
analytics — without the need to transmit all data to a
centralized cloud [27].

There are also instructive examples involving
comparatively “lighter” sensor streams. In “Continuous
Monitoring of Train Parameters Using IoT Sensor and
Edge Computing” (2021), a MEMS sensor mounted on
the rail locally processes vibration signals to estimate
train speed and axle load, after which the results — rather
than the “raw” signals — are transmitted over NB-IoT to
the cloud; the system provides round-the-clock
monitoring with low energy consumption and without
occupying the track [28]. Similarly, a 3D-LiDAR
detection system at level crossings performs complete
point-cloud processing on an embedded edge platform,
sending only the final obstacle warning to the train [29].

A separate line of research concerns
computation-offloading tasks in the “railway IoT” (RIoT).
A 2024 Electronics paper proposes a computation-
offloading strategy for detection tasks in RIoT with
integrated sensing, storage, and computing functions: both
direct and relay transmission schemes using NOMA are
considered, and the problem of minimizing the relative
delay (delay ratio) is solved via a modified DDPG
algorithm [30]. The authors show that an optimal mixed
offloading solution (between local nodes and MEC

servers) substantially reduces average delay compared
with simple policies, but the analysis is conducted mainly
in terms of time and energy, without accounting for
prolonged, complete connectivity outages.

A 2022 IEEE paper on multi-access MEC in
RIoT proposes a hybrid DRL approach (DDQN + DDPG)
for the joint optimization of sub-carriers, offloading
ratios, transmit power, and computing resources, with the
goal of minimizing a weighted sum of delay and energy
consumption [31]. The authors demonstrate near-optimal
solutions through policy learning; however, as in the
previous case, a relatively stable channel is assumed, and
“connectivity failure” is not treated as a central scenario.

Finally, a 2023 Peer] paper on optimizing a
railway logistics-center layout considers a “mobile cloud-
edge computing” architecture in which tasks can be
executed on on-board devices, on edge servers, or in the
cloud; simulation shows that this two-tier scheme reduces
latency by roughly 40 % compared with alternative task-
allocation strategies [32]. However, that scenario is
oriented more toward logistics than toward the safety-
critical monitoring of rolling stock under harsh radio-
communication conditions.

In sum, the literature demonstrates a clear trend
toward the use of edge/MEC in transport (including
railways) to reduce latency and network load, but these
solutions are mostly developed either for isolated tasks
(local detection, bridge SHM) or in the context of
idealized communication models, without a full
comparison of edge and cloud architectures under
identical mobility and channel-constraint conditions.

2.4. Research Gap

The review of the literature above makes it
possible to identify three relatively isolated strands of
research: 1) PdAM and monitoring in the railway industry,
2) the radio-engineering aspects of FRMCS/5G-R, and 3)
MEC/edge computing in ITS and RIoT.

1. PdAM and railway monitoring. Works
[7] and [8] focus on data-analysis algorithms (ML/DL,
anomaly detection, remaining-useful-life prediction),
paying less attention to the placement of computing
resources. Architectural assumptions are often implicitly
cloud-centric — it is assumed that complete arrays of
“heavy” data (including video and high-frequency
vibration) can be delivered to a data center. Railway
digital-twin applications confirm this approach: in [13],
complete time series, after minimal pre-processing, are
sent to the cloud for analysis, bypassing the channel
constraints characteristic of high-speed operation.

2. LTE-R/5G-R radio channels. Work on
5G-R characterizes in detail the requirements for latency,
reliability, and throughput, as well as the phenomena
associated with high speed: Doppler shift, coverage gaps
in tunnels, group handovers, and so on [15], [16].
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However, these works essentially do not analyze how
specific monitoring architectures (edge vs. cloud) behave
under these conditions. For example, it is established that
GSM-R yields ~500 ms of end-to-end latency, LTE-R
yields 200-500 ms, and 5G-R is expected to deliver <100
ms for critical services, but no analysis is offered of what
fraction of the time these requirements are actually met
during operation at >300 km/h with repeated tunnel
entries, nor of the implications for PAM systems that rely
entirely on the cloud.

3. MEC/edge in RIoT and ITS. MEC
solutions for railways mostly focus on formulating
optimization/DRL problems for offloading and resource
allocation, with the goals of minimizing latency or energy
or maximizing throughput [19, 30, 31]. In doing so,

* the channel is typically modeled as an
ideally controlled resource with known
fading/noise statistics, but without the prolonged
complete outages (blackouts) characteristic of
tunnels, compound scenarios, and poorly
covered segments;

« the analysis is conducted at the level of
average delay/energy, without assessing the
“survival” of safety functions in worst-case
scenarios (for example, whether a crack/overheat
detector remains able to function during a 5-30-
second loss of network connectivity);

» comparisons are usually made between
different offloading policies within a single MEC
architecture, rather than between “pure edge” (all
critical computation performed on board) and
“pure cloud” (all “heavy” data offloaded to the
center).

As for heavy data types (high-frequency vibration
signals, high-resolution video, thermal images) for rolling
stock at speeds >300 km/h, existing studies typically
either:

* confine themselves to local tasks
(monitoring of a single track segment [28] or a
level crossing [29]), where the channel to the
cloud is not a “bottleneck’; or

* consider idealized 5G/5G-R
conditions, where throughput and latency
correspond to nominal values (e.g., 0.1-1 Gbit/s
and 10-100 ms for linear scenarios [16]), without
capturing tunnel-waveguide effects, 25-35 dB
penetration losses, frequent handovers, or the
instability of group handovers [15].

This makes it possible to formulate the key gap:

either focus on
processing/compression  algorithms (PdM,
ML/DL), or on radio-level/network
technologies (URLLC, handover, FRMCS), but
almost never combine these two aspects within
a single experimental or modeling framework
capable of assessing the safety system’s ability
to “survive” channel degradation or failure;

* existing  studies

* there are practically no studies that
introduce reliability metrics for the
monitoring system under connectivity-failure
conditions (for example, the probability of
missing a critical defect under scenario X for
architecture A vs. B), and that examine how the
choice between edge and cloud affects these
metrics for given channel characteristics (in
particular, handover delays, Doppler-shift
magnitudes, and tunnel blackout durations);

Problem statement. The scientific problem
addressed by this paper is formulated as the absence of a
scientifically grounded, quantitative comparison of
edge and cloud computing architectures for high-
speed-train rolling-stock monitoring systems that
would:

* account for the realistic constraints of
railway communication channels (GSM-
R/LTE-R/5G-R, including tunnels, compound
scenarios, group handovers, and high Doppler
shift);

e operate with heavy data types
(vibration, video, thermography) characteristic of
modern PdM and safety systems;

* evaluate not only average latency and
throughput but also viability metrics for safety
functions under connectivity degradation/loss
(for example, the maximum allowable
connectivity-outage duration for which an edge
architecture remains able to sustain the required
level of safety, whereas a cloud architecture does
not).

The comparison of “pure edge” and “pure
cloud” proposed in this paper under such conditions will
help close this gap, providing quantitatively substantiated
arguments for choosing a rolling-stock monitoring
architecture in the era of FRMCS/5G-R and railway big
data.

Aim and Objectives of the Study

Aim: to quantitatively compare Edge- and
Cloud-oriented processing of HSR rolling-stock
monitoring data in terms of latency, reliability
(Reliability, expressed as Packet Loss Ratio and the share
of time spent in each of four operating states), data
timeliness (Age of Information), and network-traffic
volume, and to empirically assess the feasibility of a
hybrid architecture in which the Edge node pre-filters data
before forwarding it to the Cloud.

Objectives:

1. Develop a formalized data-flow model
split into two QoS priority classes — safety-critical
(vibration diagnostics, axle-box temperature) and
monitoring (video) — reflecting the real heterogeneity of
rolling-stock telemetry.
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2. Build a mathematical model of end-to-
end latency, packet-loss ratio, and age of information
separately for the Edge and Cloud processing pipelines,
including a stochastic radio-channel model (correlated
fading, Doppler-induced degradation, HARQ) and a
thermal model of the on-board computer with throttling.

3. Implement two architecture modes —
direct duplication of the raw stream to both subsystems
(baseline) and hybrid filtering, in which Edge forwards
only a compressed version of the monitoring traffic to
the Cloud — and quantitatively evaluate the resulting
network-traffic savings.

4. Perform simulation modeling of system
operation under unstable connectivity (tunnels, NLOS
zones, handovers) and a varying thermal headroom of
the on-board computer (three hardware profiles) within
a full factorial experimental design.

5. Determine the boundary conditions
(state bifurcations) at which each architecture loses
stability, and quantitatively compare the physical energy
consumption of local computation against the energy
cost of radio transmission.

Both processing pipelines (Edge and Cloud)
run in parallel within a single digital twin for every
simulation run, and the hybrid architecture is
implemented and quantitatively evaluated as part of
this study. The simulation is implemented as a custom
discrete-time simulator in Python with a fixed sampling
step At = s, ensuring synchronous updates of
the two parallel processing pipelines at every tick.

Methodology and System Modeling

4.1. Formalization of the Cyber-Physical Monitoring
Architecture

We consider a digital twin of a rolling-stock
technical-condition monitoring system operating under

high-speed conditions (High-Speed Railway, HSR). The
architecture is formalized as a directed graph ,

where ’V= Vsens U Veage U Vdam‘ is the set of nodes

(vibration and temperature sensors, video cameras, the
On-Board Unit computer, the cloud server), and @ is the
set of communication links (the internal OBU bus and the
wireless uplink to the cloud).

Both processing pipelines are built in parallel
within a single digital twin (the TrainDigitalTwin class):
the volume of data generated at step |t is simultaneously
fed into both the local Edge processing queue and, after
being transformed by the architecture mode (Section 4.7),
the Cloud transmission queue. In addition, a hybrid
architecture mode
(ArchitectureMode. HYBRID FILTERED) is provided, in
which Edge pre-filters data before forwarding it to the
Cloud, making it possible to evaluate not only fault
tolerance but also the actual traffic savings achieved
through local processing (Section 4.7).

Each unit of traffic belongs to one of two QoS
priority classes (PriorityClass)

k() € {SAFETY, MONITORING} (1)

where SAFETY combines vibration diagnostics and axle-
box temperature, while MONITORING denotes the video
stream.

For each class, the latency, packet-loss ratio
(PLR), and age of information (Aol) are computed
separately in each subsystem; based on the aggregated
(worst-per-class) values of these metrics, the system is
classified at every step into one of four states (Section
4.8).

4.2. Mathematical Model of Traffic Generation

The input information flow of the SAFETY
class is formed by vibration diagnostics (axle-box
accelerometers) and axle-box temperature:

Asafety(t) = Nvib fs : Bw’.b : fvib (t) +
vibration Hiagnostics

N temp * f temp ° B temp ° ftemp (t)’

-
axle-box temperature

2)
where [Ny, = 8;
bits (the product of Mbit/s — the

nominal vibration-diagnostics bitrate);

Wtemp = q’ Iftemp = 1q HZ;
bits (a low-frequency channel, since the

thermal process in the axle box is much slower than
vibration);

Eoiv (£), Ecemp (£) ~ U(0,95; 1,05)| is multiplicative
noise of the measurement paths.

Traffic of the MONITORING class (video) is
modeled as a two-state Markov-modulated Poisson
process (MMPP):

P”“onifﬂ?”ing (t) = Neam * Ruideo (t) * Kanomaiy(t), Ryigeo(t) :‘
B {ngn -&,(t), "low activity" 3
= Romax - &5(t), "high activity"’ )
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where Negy, = 2;
Mbit/s;
Mbit/s;

£,(t) ~ U(0,9; 1,1), state switching is a Bernoulli
trial with probability kgMMpP = 0,05 at each step;

is the multiplier (4) active during an

Anomaly Burst.

4.3. Model of Event-Driven Load (Anomaly Burst)

The binary anomalous-load process

ﬁ(t) € {0,1} is activated by a Bernoulli trial with

probability taa = 0,0008| at each step of the inactive state
and is held fixed for I, = 3,0/s:

kanomaly ® =

(k, =50, A(t)=1

\1::' A(t) = 0’l U(t)lA(t)=1 <
min(1, U(t) + AU), AU =04

(%)

where is the CPU utilization of the Edge node (7).

The theoretical steady-state fraction of time spent
n the active state,
P(active) = pTo/(PaTa + At) ~ 19,4 %) is used as an
internal sanity check on the correctness of the random-
event generator implementation.

4.4. Stochastic Model of the HSR Radio Channel

The communication channel accounts for three
elements of realism essential to an HSR route: time-
correlated fading, a triangular signal-level droop profile
near the cell edge, and a probabilistic model of residual
block error accounting for HARQ.

Doppler shift. At train speed @ (km/h) and
carrier frequency GHz:

_ v/36

fo == fe c =3 x 10° m/s| (5)

Correlated shadow fading.

The effective signal level is modeled by a
Gauss-Markov AR(1) process in the dB domain, with
autocorrelation dependent on the channel coherence time
(rather than being redrawn independently at every tick,
which would ignore the physical inertia of fading):

1 =z
] P =e €,
kcoh ’ fd

e =

SNRgp(t) = ps + p(SNRgp(t — At) — pg) +

6e/1 — p2 N'(0,1)
, (6)

where (FADING_COHERENCE_FACTOR);

lus = 29,5/dB, log = 1,9 dB for LOS;

s = 19,0/ dB, g = 3,0 dB for NLOS.

Triangular droop near the cell edge. A
deterministic trend of position within the inter-handover
interval is additionally taken into account:

dIUUde = _(1 - (1 - |2p - 1|)) ' Aedgm
FXHO [0,1]
Lho

p:

» (7)

where dB
(PATHLOSS _CELL_EDGE DROOP_DB) is the
maximum additional attenuation at the cell edge relative

to its center.

Throughput with MCS derating. The
effective  SNR after Doppler-induced degradation is
converted into throughput via the Shannon-Hartley
theorem, discounted by the spectral-efficiency factor of
the actual modulation-and-coding scheme:

(SNRgp(t)+droopap) —7—¢—f
SNReff(t) =10 10 e decay,
Crear(t) = Nucs - Bu - 10 (1 + SNRey1(8)), 8

where [fyecay = 500 Hz, l&, = Zq MHz,

(SPECTRAL_EFFICIENCY FACTOR).

HARQ and residual BLER. Rather than a
hard “channel available / channel unavailable” switch at
the throughput level, a probabilistic block-error model is
introduced as a sigmoid function of the effective SNR

(dB), with HARQ combining across up to
retransmissions:
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BLER,(t) =

1
1+exp((SNRef7,ap(t)-08)/sB)
BLER, (t) Viare*?,

» BLERparq(t) =

)

C(6) = Crear(t) - (1= BLERy40(8)),
Trrr - BLER, (¢)

Sare(t) =

(10)
where |fp = 5 dB;
[se = 3 dB;
ms (HARQ ROUND TRIP S) is the

expected additional delay due to retransmissions, added
directly to the Cloud network-segment delay (14).

Tunnels and handover. If a segment is of type

TUNNEL, for the entire duration of its

traversal. A handover has its own independent duration
s (HANDOVER DURATION_S),
independent of the sampling step @: as soon as the
distance traveled since the previous handover reaches
of the segment, the channel is forcibly switched into

outage for the entire interval.

4.5. QoS Priority Queue, Thermal Model, and Edge-
Node Energy Consumption

The OBU compute node is formalized as a
queuing system with a shared buffer of limited capacity
Mbit, serving two priority classes (1) under a
strict-priority discipline: SAFETY is served first, using

the full available capacity (Tcpu)dt, with the remainder

allocated to MONITORING; when the buffer overflows,
the excess is dropped first from MONITORING (tail-
drop), and only as a last resort from SAFETY.

The thermal dynamics
described by the equations:

and throttling are

 Wau® _ iy — Ten® = Tamy.
dt Ry

-umax’ Tcpu = Tcrit
V(Tcpu) ={ (11)

Umaxe Teou=Terit)g(t), Topy > Tepie

where ;
w;
Ferie = 75°C. K () ~ U(0,9; 1,O);

the parameters EI, t!fam , l‘imazls @ are determined by

the edge profile (Section 4.9). The utilization is

additionally increased by (4) during an Anomaly Burst
an b
(ML_INFERENCE EXTRA UTILIZATION) when the
hybrid-filtering mode is active (Section 4.7) — local ML
inference carries a computational cost that cannot

legitimately be ignored.

Age of information, per class. Since SAFETY
is served practically instantaneously in the strict-priority
queue, computing a single Aol based on the time of the
most recently processed data packet (regardless of class)
would mask the real staleness of the MONITORING
queue behind the near-instant servicing of SAFETY. Aol
is therefore computed separately for each class by
definition [A(t) = t — Uggss(t), where is the
generation instant of the most recent fully processed data
unit of that class, and the aggregated subsystem indicator
is the worse (maximum) of the two:

A0l.qge(t) = max (AoI35e (&), Aolge "™ (t) )(12)

Energy. Separately from the thermal equation
(11) (so as not to alter the already-verified dynamics), the
physical energy consumed by computation is tracked:

}Pedge(t) = Pgie + Paceive - U(D), ‘

volume(t)

=TT [ML active], (13

Eedge = I Pedge(t) dt +Z Yur
t

where W (EDGE_IDLE_POWER_W);

(ML_INFERENCE_ENERGY J PER_MBIT).

J/Mbit

4.6. Network and Server Segments of the Cloud
Subsystem

The Cloud subsystem consists of two
sequential segments: a network segment (the radio
channel with a deadline) and a server segment (backend
processing).

Network segment — a queue with a deadline
(TTL reneging) and QoS priority (1):

el t
Lnee(t) = % + 5}0&&@0)- (14

bx(t) = min(Qnee (¢), C(£)A), ®
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A packet whose waiting time exceeds

T'TL = 1,5|s is dropped regardless of .

Server segment. Data that have successfully
passed through the radio channel enter a queue of limited
backend throughput Mbit/s (multi-tenant load

from parallel trains i, with an additional fixed processing

delay of ms (writing to the message
queue/database):
Qserver(t)

Lserver(t): ST;’??‘ +a‘srw Lclnud[t):Lﬂet(t)+Lseruer(t)' (15)
STV

The server segment is considered reliable (loss-
free) — all losses occur in the network segment, where the
TTL deadline applies. is computed
analogously to (12), separately per class, over packets that
have passed through BOTH segments.

4.7. Hybrid Architecture and Traffic Savings

An ArchitectureMode parameter is introduced,
defining the volume of data that Edge actually forwards to
the Cloud:

(bS5t (£), bitotoring () =

(AsagetyBt, AmonitoringAt), PARALLEL RAW

(Asafetyd t, j’muniton’ngdt)a

(AsagetyAt, pc  AmonitoringAt), HYBRID_FILTERED, A(t) = 0
HYBRID FILTERED, A(t) =1

(16)

where
(EDGE_TO_CLOUD_COMPRESSION _RATIO) is the
share of video traffic forwarded as compressed features
under normal conditions;

SAFETY is always forwarded in full (small volume,
safety-critical), while during an Anomaly Burst
MONITORING temporarily reverts to the full raw stream
for dispatcher verification (“summary normally, raw
evidence on alarm”). The PARALLEL RAW mode
serves as the baseline for comparison, in which Edge and
Cloud process an identical full stream independently of
one another.

Traffic savings are computed relative to the
volume queued for the channel (), rather than

the volume actually transmitted after the channel, since
the latter depends on link quality (losses in a tunnel)
rather than on the filtering decision:

cloud cloud
2t (bsafety(t) + bmonitoring(t)) laverio

Et (isafet)'(t) + imonitoring(t)) dthnR:‘.LLELRAw

an

savings = 1 —

Table 1

4.8. System State Classification

A subsystem is considered healthy (OK) if the
safety thresholds for latency and PLR are simultaneously
satisfied:

|0K(L, PLR) © (L < Lsgfery) A (PLR < PLRg4feey ),

Lsaery = 0155, PLRsgrery =2%.  (18)

Applying (18) to the pairs (Ledge, PLRedge)
and kLcIoud: PLRNOM)‘ yields four mutually exclusive

states: Both OK, Cloud Down, Edge Down, Both Down
(Edge OK/not OK @ Cloud OK/not OK).

4.9. Routes, Edge Profiles, and Factorial Design

The study uses four routes (Open terrain, 45
km, LOS, 350 km/h; Deep tunnels, 28 km, with two
TUNNEL segments of 8 and 6 km; Urban development,
16 km, NLOS; Mixed stress test, 20 km,
LOS+NLOS+TUNNEL) and three
thermal/computational-headroom edge profiles (Table 1):

Thermal and computational headroom parameters of the three hardware-platform edge profiles

Profile

Ro

amb) °C

2 Mbit/s ]
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Nominal 25 0,60 120 0,15
Degraded 45 1,40 90 0,30
Overload 50 1,80 60 0,45

Table 1 shows that the profiles differ not only
in ambient temperature: the Overload profile combines
the highest ambient temperature (50 °C), the largest
thermal resistance (1.80), and the largest thermal
performance-derating coefficient (0.45) with the lowest
maximum throughput (60 Mbit/s) — i.e., it has the smallest
thermal headroom of all three profiles. The Nominal
profile, by contrast, combines the lowest ambient
temperature (25 °C) with the highest throughput (120
Mbit/s). It is precisely this difference that determines
why, under identical load, the Overload profile
systematically leads to thermal throttling of the Edge
node, whereas the Degraded profile does not (details in
Sections 5.3-5.4).

The factorial design combines three baseline
scenarios (Nominal, without Anomaly Burst) and three
aggravated ones (Overload/Degraded, with Anomaly
Burst) — six scenarios, each executed under two

architecture modes (16) with replications, i.e.,
6 X 2 X 5 = 60| independent runs.

4.10. Software Implementation

The model is implemented as the
train_digital twin Python package (modular structure:
traffic.py, channel.py, edge node.py, cloud node.py,
queueing.py, simulator.py), verified by 29 automated tests
(pytest) covering the correctness of the priority packet
queue, the channel model (tunnel/handover/BLER),
traffic savings, and integration scenarios. The simulation

is discrete-time (Euler method, s), with no

external DES frameworks. The results of the full factorial
design (60 runs) are exported as an Excel report with
native charts and formulas that reference the safety
thresholds (18) — this report is the source of the figures in
Section 5.

Code availability. The complete simulator
source code, test suite, and factorial-design reproduction
script are published in an open repository:

https://github.com/nikolaykusch/tdt

Results

The results were obtained by executing the full
factorial design (Section 4.9) under two architecture
modes (16): 6| scenarios @ modes @ un =

replications ﬂ independent runs, lg 374 92@ simulation
ticks in total. All figures in this section are native charts
built directly from the resulting factorial-design data;
dashed lines denote the safety thresholds (18). Tables 2-5
present the complete set of numerical results for all six
scenarios, so that this section is self-contained and does
not require reference to the simulator’s source files.

5.1. Distribution of System States and Overall PLR

Fig. 1 summarizes the distribution of time the
system spends in each of the four operating states (18) for
the six factorial-design scenarios under the realistic
HYBRID FILTERED mode.

Final PLR Edge/Cloud by combination

Mixed stress test | Degraded | Anomaly | parallel_raw

Combination

Open terrain (350 km/h) | Nominal | parallel_raw

M PLR_threshold_% m®mCloud_PLR_% ™ Edge_ PLR_%0

Mixed stress test | Overload | Anomaly | parallel_raw
Open terrain (350 km/h) | Overload | Anomaly | parallel_raw
Urban development (NLOS) | Nominal | parallel_raw

-
-
Deep tunnels (Connectivity loss) | Nominal | parallel_raw E

20 PLR,% 40 60

Fig. 1. Share of time the system spends in the Both OK / Cloud Down / Edge Down / Both Down states across the six
factorial-design scenarios (HYBRID FILTERED mode)

The dominant system state changes depending
on which bottleneck is active (exact values in Table 4):

Both OK - of the time in open terrain under
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nominal conditions, |99,7 %\ in urban development; Cloud  supplements this with the final cumulative PLR of both

Down - BZ,Z % in the tunnel scenario; Edge Down - subsystems across all 12 combinations W
in open terrain under the Overload profile with modes), with the safety-threshold line
Anomaly Burst enabled; Both Down - in the (18).

mixed stress test under the Overload profile. Fig. 2

Share of time in each state (HY§RID_FILT§RED)

6. Mixed stress test, Degraded+Anomaly

5. Mixed stress test, Overload+Anomaly

g 4. Open terrain, Overload+Anomaly
g 3. Urban development, Nominal
A 2. Deep tunnels, Nominal
1. Open terrain, Nominal
0% 20% 40% 60% 80% 100%
m Both OK m Cloud Down ' Edge Down m Both Down Share of time, %

Fig. 2. Final cumulative Packet Loss Ratio of the Edge and Cloud subsystems across the 12 factorial-design
combinations (6 scenarios @ 2 architecture modes), with a dashed line marking the 2 % safety threshold

Neither subsystem exceeds the Figs. 3-6 combine all six factorial-design
threshold in the nominal scenarios (1-3); Cloud exceeds ~Scenarios on shared axes for each of the four key

the threshold in scenarios with channel degradation indicators: a solid line denotes Edge, a dashed line
(tunnels, mixed stress test), while Edge exceeds it in denotes Cloud (except for the thermal dynamics, where

scenarios with thermal degradation (Overload with there is no Cloud component), color corresponds to the
Anomaly Burst); moreover, in HYBRID FILTERED scenario, and the black dashed line marks the safety
mode the peak Edge PLR is systematically hther than in  threshold (18). Each scenario’s line stops where its route

PARALLEL RAW (details in Section 5.3). ends.
5.2. Combined Dynamics of Key Indicators Along the
Route
Latency (Edge — solid line, Cloud — dashed) across six scenarios
30,000
» 20,000
=
o
c
e
3 10,000
0.000 N / —-— = = = A gy p———a
O O O OO0 0000000000000 00000000000 00000000 O0OOo0O oo
SrAMINORDYO-AOINOROYTO-AQRINOEROAES - ANIDNER® RS
O =~ AN M T WO OMNOOVDOO T~ ANMITLWOMNOWOMDONMTLLL ONOVOOO —M LWL ON 0O O — N
T T e m e N AN NN ANNANNNOOOOOOOOO®OS ST ST
Distance, km

Edge: 1. Open terrain, Nominal
Edge: 3. Urban development, Nominal
Edge: 5. Mixed stress test, Overload+Anomaly

Edge: 2. Deep tunnels, Nominal
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Fig. 3. Edge (solid line) and Cloud (dashed) latency along the distance for all six factorial-design scenarios

In Fig. 3, scenarios 1-3 (Nominal, without tunnel segment (8 and 6 km) is traversed, whereas
Anomaly Burst) show practically zero Edge latency along  scenarios 1 and 3 keep Cloud latency close to zero.
the entire route; the Cloud latency of scenario 2 (“Deep  Scenarios 4-5 (Overload, Anomaly Burst) show the
tunnels™) jumps to the s deadline every time a  opposite pattern: Edge latency rises to 15-20 s within the
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first few kilometers of the route and remains at that level,
while the Cloud latency of the same scenarios stays close
to zero (scenario 4, LOS channel) or is moderately
elevated (scenario 5, mixed channel). Scenario 6
(Degraded, Anomaly Burst) is the only stress scenario in

which Edge latency remains low (the thermal headroom
of the Degraded profile is sufficient), and only the Cloud
component degrades, in sync with scenario 5, since both
traverse the same route.

Packet Loss Ratio (Edge — solid line, Cloud — dashed) across six scenarios
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= == = Cloud: 6. Mixed stress test, Degraded+Anomaly

Fig. 4. Edge (solid line) and Cloud (dashed) Packet Loss Ratio along the distance for all six scenarios

Fig. 4 shows the cumulative nature of PLR: the
curves only increase along the distance. Edge PLR is
noticeably non-zero only for scenarios 4 and 5
(Overload), reaching @-50 %; for scenario 6 (Degraded),
Edge PLR remains at zero despite the same load level — a

Age of Information, class MONITORING

direct consequence of the difference in thermal profiles
(Section 5.3). Cloud PLR increases stepwise on the
tunnel and NLOS segments of scenarios 2, 5, and 6,
remaining zero for scenarios 1, 3, and 4 (purely LOS
routes or short nominal stretches).

(Edge — solid line, Cloud — dashed)
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Fig. 5. Age of Information of the MONITORING class for Edge (solid line) and Cloud (dashed) along the distance for

all six scenarios

Fig. 5 illustrates video-stream Aol. In scenario 2,
monitoring| . . .

40! 1 pua increases linearly during every tunnel

traversal (the slope of the line corresponds to the rate at

which data become stale when no packet is delivered) and
resets to zero immediately after exiting the tunnel; the

maximum practically coincides with the traversal time of
the longer (8-km) tunnel at 250 km/h. In scenarios 4-5, by
contrast, |4 ofz;;’élmrmg increases — a mirror effect of the
same nature, but caused by thermal throttling of the Edge
queue rather than the absence of a channel.
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Thermal dynamics of Edge across six scenarios (T_crit — shared upper bound)
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Fig. 6. Edge thermal dynamics for all six scenarios, with as a common upper bound

Fig. 6 directly compares the thermal profile
across all six scenarios: scenarios 1-3 (Nominal) plateau
at |;32°a, substantially below ; scenarios 4-5

(Overload) cross [grye =75 °§j within the first few
kilometers and stabilize at a plateau of ; scenario
6 (Degraded, the same route and load as scenario 5)
plateaus at — below , so throttling (11) is
practically never triggered. This difference precisely
explains the divergence between the Latency and PLR
curves of scenarios 5 and 6 in Figs. 3-4 under an identical
input load.

5.3. Effect of Architecture Mode on Thermally
Induced Degradation of the Edge Subsystem

A comparison of the PARALLEL RAW and
HYBRID FILTERED modes on scenario 4 (open terrain,
Overload profile, Anomaly Burst) quantitatively
illustrates the cost of local ML filtering (Table 2). In
PARALLEL RAW mode, the average Edge latency is
11,66s (maximum 27,12 s), Edge_PLR = 32,8%), peak
temperature [78,53°C; in HYBRID FILTERED mode,

the average latency rises to \m s (maximum s),
lEdge_PLR = 47,1%, peak temperature . The
difference is explained by the additional CPU utilization
(11) from the local ML inference used for
filtering, which is active only in HYBRID FILTERED
mode: the hybrid architecture, advantageous in terms of
traffic (Section 5.5), carries a measurable computational

cost that systematically erodes the Edge node’s thermal
headroom precisely when it is already close to the limit.

5.4. Non-Additivity of Failures in the Combined Stress
Test

On the “Mixed stress test” route (LOS, NLOS,
TUNNEL segments) under the Overload profile, the
simultaneous action of thermal throttling and channel
degradation produces a share of the critical state of Both
Down [74,7% (Fig. 1, Table 4), Edge_PLR = 44,2%,
Cloud_PLR = 24,7% (HYBRID FILTERED). If the
subsystem failures were statistically independent, with the
probabilities observed in the isolated scenarios 2 and 4
(P(Cloud not OK) = 0,822, |P(Edge not OK) ~ 0,885)),
the expected share of simultaneous failure would be
— a value close to the actually observed .
By contrast, under the Degraded profile, on the same
route and with the same Anomaly Burst, the maximum
CPU temperature is (HYBRID_FILTERED) —
below , i.e., the thermal-throttling mechanism (11) is
practically never triggered: lEdge_PLR ~ 0%, and the
share of Both Down drops to M — more than 12 times
lower than under the Overload profile, with the route,
channel, and anomaly-mode parameters unchanged. This
quantitatively confirms that, under mixed channel
conditions, it is the thermal headroom of the Edge node’s
hardware platform, rather than the radio-channel

characteristics, that determines whether the system enters
a catastrophic state.

5.5. Traffic Savings from Hybrid Filtering

Figs. 7 and 8 show the volume of data queued
for the Cloud and the savings share calculated per (17):
HYBRID FILTERED mode versus the
PARALLEL RAW baseline.
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Data volume to Cloud: with filtering vs. raw equivalent

6. Mixed stress test, Degraded+Anomaly
5. Mixed stress test, Overload+Anomaly

4. Open terrain, Overload+Anomaly

Scenario

3. Urban development, Nominal

2. Deep tunnels, Nominal

1. Open terrain, Nominal

0,000

RawEquivalent_GB Attempted_GB_HYBRID

Fig.

0,500

1,500 2,000 2,500

GB per run

7. Data volume queued to the Cloud per run: HYBRID FILTERED (Attempted) versus the raw equivalent of

PARALLEL RAW (RawEquivalent), GB, across the six scenarios

Traffic savings from Edge-filtering

6. Mixed stress test, Degraded+Anomaly
5. Mixed stress test, Overload+Anomaly
4. Open terrain, Overload+Anomaly

3. Urban development, Nominal
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2. Deep tunnels, Nominal

1. Open terrain, Nominal
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Fig. 8. Network-traffic savings from Edge filtering across the six factorial-design scenarios

Under nominal conditions (scenarios 1-3,
without Anomaly Burst), the savings stably amount to
B9,3 - 59,5 ‘VJ: constant video compression (16) with a
factor of jp, = 0,05 while the SAFETY class is still

forwarded in full. Under an active Anomaly Burst
(scenarios 4-6), the savings drop to , since
during the anomaly the HYBRID FILTERED mode (16)
temporarily reverts to forwarding the full raw video
stream for dispatcher verification, which partly offsets the
filtering effect without eliminating it entirely, even given
the observed anomaly-activity share of of the
time. The absolute volumes in Fig. 7 confirm the same
effect in gigabytes: for scenario 1 (open terrain, Nominal),
the volume of data queued to the Cloud drops from 1.479
GB (RawEquivalent) to 0.602 GB (Attempted) per run,
and for scenario 4 (Overload+Anomaly) — from 2.282 GB
to 1.516 GB (Table 5).

Table 2

5.6. Compute Energy Consumption Compared with
Radio Transmission

Table 5 compares the physical energy (13)
spent on Edge-node computation with the energy used by
the radio transmitter to attempt data transfer to the Cloud
(HYBRID_FILTERED). Across all six scenarios, the
Edge node’s compute energy (1,85 — 2,8@ W-h per run)
exceeds the radio-transmitter energy (k],ll - 0,2& W-h)
by an order of magnitude: Edge accounts for B‘) —94 0/54
of the system’s total energy consumption. The effect is
amplified in the thermally loaded scenarios 4-5, where
throttling extends the effective CPU active-work time per
unit of usefully processed data.

5.7. Summary Result Tables

Edge-subsystem indicators across the six scenarios, PARALLEL RAW /HYBRID FILTERED modes

Scenario

Mode edgeb S

max
edge) S

Edge_PLR, mazx

%
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°C
1. Open terrain, Nominal PARALLEL RAW 0,000 0,000 0,0 29,72
1. Open terrain, Nominal HYBRID FILTERED 0,000 0,000 0,0 31,84
2. Deep tunnels, Nominal PARALLEL RAW 0,000 0,000 0,0 29,68
2. Deep tunnels, Nominal HYBRID FILTERED 0,000 0,000 0,0 31,85
3. Urban development, Nominal PARALLEL RAW 0,000 0,000 0,0 29,70
3. Urban development, Nominal HYBRID FILTERED 0,000 0,000 0,0 31,94
4. Open terrain, Overload+Anomaly PARALLEL RAW 11,655 27,124 32,8 78,53
4. Open terrain, Overload+Anomaly HYBRID FILTERED 16,082 41,574 47,1 79,48
5. Mixed stress test, Overload+Anomaly PARALLEL RAW 10,078 28,207 28,5 79,05
5. Mixed stress test, Overload+Anomaly HYBRID FILTERED 14,978 39,206 44,2 79,19
6. Mixed stress test, Degraded+Anomaly PARALLEL RAW 0,027 1,014 0,0 71,20
6. Mixed stress test, Degraded+Anomaly HYBRID FILTERED 0,030 1,057 0,0 73,91
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Table 3

Cloud-subsystem indicators across the six scenarios, PARALLEL RAW /HYBRID FILTERED modes

Scenario Mode w’ s w %
1. Open terrain, Nominal PARALLEL RAW 0,023 0,0
1. Open terrain, Nominal HYBRID FILTERED 0,023 0,0
2. Deep tunnels, Nominal PARALLEL RAW 0,772 49,5
2. Deep tunnels, Nominal HYBRID FILTERED 0,772 49,3
3. Urban development, Nominal PARALLEL RAW 0,025 0,0
3. Urban development, Nominal HYBRID FILTERED 0,025 0,0
4. Open terrain, Overload+Anomaly PARALLEL RAW 0,027 0,0
4. Open terrain, Overload+Anomaly HYBRID FILTERED 0,027 0,0
5. Mixed stress test, Overload+Anomaly PARALLEL RAW 0,441 26,4
5. Mixed stress test, Overload+Anomaly HYBRID FILTERED 0,441 24,7
6. Mixed stress test, Degraded+Anomaly PARALLEL RAW 0,429 27,1
6. Mixed stress test, Degraded+Anomaly HYBRID FILTERED 0,429 28,5

Table 3 confirms a mirror image of Table 2: the
Cloud-segment latency remains low (0.02-0.44 s) under
any Edge thermal profile, and the architecture mode
(PARALLEL RAW/HYBRID FILTERED) has
practically no effect on it — unlike Edge latency, which
rises sharply under thermal throttling. The only factor that
raises Cloud PLR is radio-channel degradation: 49.3-

Table 4

49.5 % in the tunnel scenario versus 0 % in open terrain
and in the city, and these values likewise do not depend
on the architecture mode, since both modes forward the
SAFETY class in full. This confirms the conclusion of
Section 6.1 that the Cloud bottleneck is external (the
channel) rather than internal (compute), as it is for Edge.

Share of time the system spends in each of the four states (18), %, HYBRID FILTERED mode

Scenario Both OK Cloud Edge Both
Down Down Down
1. Open terrain, Nominal 99,82 0,18 0,00 0,00
2. Deep tunnels, Nominal 17,83 82,17 0,00 0,00
3. Urban development, Nominal 99,71 0,29 0,00 0,00
4. Open terrain, Overload+Anomaly 11,46 0,02 87,91 0,61
5. Mixed stress test, Overload+Anomaly 15,84 0,93 8,51 74,72
6. Mixed stress test, Degraded+Anomaly 22,68 69,44 1,71 6,17

Table 5
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Traffic savings and energy consumption across the six scenarios (HYBRID FILTERED versus PARALLEL RAW).

Scenario Attempted, | RawEquivalent, | Savings, | Edge, | Cloud | Edge

GB GB % W-:h | TX, share,
W-h %

1. Open terrain, Nominal 0,602 1,479 59,33 2,116 | 0,257 | 89,17

2. Deep tunnels, Nominal 0,371 0,915 59,45 1,847 | 0,112 | 94,29

3. Urban development, Nominal 0,213 0,524 59,32 2,089 | 0,253 | 89,19

4. Open terrain, Overload+Anomaly 1,516 2,282 33,56 2,889 | 0,257 | 91,83

5. Mixed stress test, | 0,671 0,971 30,93 1,921 | 0,122 | 94,03

Overload+Anomaly

6. Mixed stress test, Degraded+Anomaly 0,644 0,972 33,80 1,912 | 0,122 | 94,00

Discussion of Results Mbit/s, introduced in the model as a multi-tenant

6.1. The Mirror-Image, Not Universal, Nature of Edge
and Cloud Advantages

The results of Section 5 refute the simplified
view of Edge computing as an unconditionally “faster”
alternative to Cloud. A direct comparison of Sections 5.2
and 5.3 demonstrates a mirror-image symmetry of
failures: in the tunnel scenario, Edge remains flawless
(IE'dge_PLR =0 %|), while Cloud degrades
catastrophically (|Cloud_PLR =~ 49 %b due to the physical
absence of a communication channel; in the thermal-
overload scenario, the situation reverses — Cloud remains
flawless, while Edge degrades (Edge_PLR| to 47 %)) due
to nonlinear thermal throttling (11). The nature of the
bottleneck is fundamentally different for each
architecture: for Cloud it is an external, physically
uncontrollable factor (radio-channel availability along the
route), while for Edge it is an internal, hardware-
determined factor (the thermal capacity and cooling
power of the on-board computer). This has direct
engineering implications: channel degradation cannot be
eliminated by software means (its consequences can only
be mitigated through buffering or proactive compression),
whereas Edge degradation can be designed out entirely
through an adequate thermal-power margin — which is
directly confirmed by the contrast between the Overload
and Degraded profiles (Section 5.4): under identical load,
changing only the thermal headroom reduces the share of
the critical state Both Down by more than a factor of 12.

The speed of Edge’s response (latency close to
zero under nominal load) is physically due to the absence
of an intermediate radio channel and server segment (15)
in the processing chain: data are processed where they are
generated. Cloud’s advantage, by contrast, lies not in

speed but in the scalability of long-term analysis — the
server segment (15), with a throughput of

resource, is able to accumulate and process historical data
from many trains simultaneously, something a
computationally and energy-constrained on-board node
fundamentally cannot provide (Section 6.3).

6.2. The “Distributed Infrastructure versus Traffic
Volume” Trade-off

The hybrid architecture (16) delivers a
measurable reduction in network traffic
under nominal conditions, Section 5.5), which directly
reduces the load on the radio channel and the network
operator’s potential data-transmission costs. However,
this saving is not free: local filtering requires running ML
inference directly on board, which measurably raises CPU
utilization , equation (11)) and, as a
consequence, the peak temperature and frequency of
thermal throttling (Section 5.3). In scenario 4, this

manifests quantitatively: the average Edge latency rises
from s (PARALLEL RAW) to m s
(HYBRID FILTERED), and [Edge_PLR rises from
BZ,B %‘ to |47,1 %|. This is a classic engineering trade-off:
the complexity (and energy cost, Section 6.3) of
maintaining a  distributed on-board  computing
infrastructure grows in proportion to the functionality
delegated to it, and this cost must be weighed together
with — not separately from — the choice of Edge-node

hardware profile and the decision to deploy hybrid
filtering.

6.3. The Paradox of Higher Energy Cost for
Computation Compared with Radio Transmission

The result of Section 5.6 — that of

the system’s total energy consumption is attributable to
local Edge computation rather than to radio transmission
— contradicts the common intuition that “data
transmission is energy-expensive, so it is better to
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compute locally.” Within the model adopted here, the
opposite holds: computation is an order of magnitude
more energy-costly than transmitting the same volume of
data. This does not mean that Edge computation is
architecturally disadvantageous — it remains necessary for
latency and resilience to connectivity loss (Section 6.1) —
but it does mean that the argument “Edge saves energy” is
not supported by the present model and should not be
used as a standalone justification for a hybrid architecture;
the correct justification is precisely the traffic savings
(Section 5.5) and resilience to channel degradation
(Section 5.2), not energy efficiency.

6.4. Recommendation for a Redundant Hybrid
Architecture

The absence of additivity in failures (Section
5.4: the observed share Both Down is close to the
product of the isolated failure probabilities
k],822 X 0,885 =~ 0,72d rather than to their sum) means
that, for end-to-end system reliability, simultaneous
independent degradation is the worst-case scenario,
whose probability grows multiplicatively. This leads
directly to a practical conclusion: the monitoring system
should treat Edge and Cloud as parallel, mutually
redundant channels for delivering critical information,
rather than as a sequential “primary-backup” pair. In
practice, this means:

* SAFETY-class alerts (1) must be processed
locally on Edge regardless of the state of the
communication channel — this is the only way to
guarantee a response while traversing tunnels (Section
5.2), when exceeds the safety threshold by
more than a factor of 24;

» the Edge node must have a mechanism for

proactively shedding load (temporarily reducing the video
sampling rate, or a priority switch to a “SAFETY-only”

mode) as approaches , since once the threshold

is crossed, degradation becomes self-reinforcing (11):
rising latency means a growing queue backlog, which
sustains high utilization and temperature above ;

« the choice of the Edge node’s hardware thermal
profile is a design decision at least as important as the
data-processing algorithmic strategy (Section 5.4), and
must account for the additional load from hybrid-filtering
ML inference (Section 6.2), not merely the baseline
monitoring traffic.

6.5. Impact on the Railway’s Server Infrastructure

Introducing the Cloud server segment (15) with
a finite throughput into the model reflects a real-
world constraint: the monitoring system’s backend serves
not a single train but an entire fleet simultaneously. The
traffic savings from hybrid filtering (Section 5.5) directly
reduce the load on this shared resource — scaled to a fleet
of @ trains, a proportional reduction of the input flow by
a factor of makes it possible either to serve a
larger fleet with the same backend or to relax its

throughput requirements. At the same time, since the
cloud segment remains necessary for long-term trend
analysis and retraining of predictive-maintenance models
(unlike Edge, which is limited by compute power and
buffer capacity), the hybrid model does not eliminate
dependence on the server infrastructure but redistributes
its load in favor of compressed, pre-filtered aggregated
telemetry, reserving the full raw stream only for the
verification of confirmed anomalies.

6.6. Study Limitations

The factorial design is a targeted, not an
exhaustive, factorial sample (six of the nine {route}
{profile} combinations were examined); the model
considers a single train in isolation, without inter-train
interference under dense traffic; the thermal model is
single-reservoir (lumped RC); the stochastic components
(2)-(10) were chosen based on qualitative assumptions
about a plausible range of variability rather than a
calibrated dataset of real rolling-stock telemetry, so the
absolute values should be regarded as comparative (for
contrasting architectures under identical conditions) rather
than as a precise forecast of the performance of a specific
production system.

Conclusion

This paper builds and verifies a discrete-time
digital twin of a train that makes it possible to
quantitatively compare Edge- and Cloud-oriented
processing of HSR rolling-stock monitoring data within a
single, consistent set of stochastic conditions (radio
channel, thermal regime, event-driven load). In contrast to
qualitative claims about the merits of each architecture,
concrete quantitative estimates were obtained: Edge
delivers near-zero latency and complete independence
from the radio channel (in the tunnel scenario,
|C£0ud_PLR =~ 49 %J Versus IE'dge_PLR =0 %|), whereas
Cloud is independent of the on-board computer’s thermal
state (in the thermal-overload scenario, Edge_PLR to
versus [Cloud_ PLR = 0 %)). The simultaneous

action of both degradation factors produces a share of the
critical state of Both Down to , whereas increasing
the thermal headroom of the hardware platform alone is
sufficient to reduce this share by more than a factor of 12
— this quantitatively confirms the hypothesis that the
reliability of the monitoring system is determined not by
choosing a single “better” architecture, but by the
redundant interaction of both.

The empirically evaluated hybrid architecture,
in which Edge pre-filters monitoring traffic, delivers
network-traffic savings of B9,3 — 59,5 ‘VJ under nominal
conditions and (30,9 — 33,8 9% under active anomalous
load, confirming the initial hypothesis regarding the
feasibility of hybrid computing for this class of systems.

At the same time, two quantitative trade-offs were
identified that require explicit consideration in system
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design: (1) the computational load of local ML inference
measurably degrades the Edge node’s thermal headroom
(peak temperature rises from%‘ to 59,5 °C, and average
latency from [11,66 to m s in the most heavily loaded
scenario); (2) local computation proved to be an order of
magnitude more energy-costly than radio transmission of
the same volume of data ( of the system’s total
energy consumption), which refutes energy efficiency as a
standalone argument in favor of Edge and leaves traffic
savings and resilience to connectivity loss as the only
valid justification for the hybrid approach.

Future research should aim to extend the
factorial design to a full enumeration of {route}
{profile} @ {anomaly} combinations for rigorous
variance decomposition of each factor’s contribution; to
validate the radio-channel and thermal-model parameters
against real telemetry from operating rolling stock; to
apply Federated Learning for distributed training of
predictive-maintenance models without transmitting
private raw train data to the Cloud, which naturally aligns
with the conclusion that the system’s dependence on
constant availability of an external communication
channel must be minimized; and to develop V2V (Train-
to-Train) communications as a third, fully decentralized
redundancy channel capable of detecting and propagating
critical events even when both the Cloud and the nearest
train’s own Edge node are simultaneously unavailable.
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IopiBHsiAbHUH aHaJi3 apxiTekTyp
nepudepiiHux i XMapHuX O00YHCIEHb [JIsl CHCTEM
MOHITOPHHTY PYXOMOI0 CKJIALY

AHoOTANiA

Y crarti HaBeneHO KUIBKICHE  ITOpPiBHSHHS
00poOIEeHHS JaHWX MOHITOPHHTY TEXHIYHOTO CTaHy
PYXOMOTO CKJIaJy BHCOKOIIBHIKICHOTO 3aJi3HUYHOTO
tparcropty (HSR), opienToBanoro Ha Edge i Cloud, Ha
OCHOBI BepH(iKOBAHOTO AUCKPETHO-YaCOBOTO LIU(PPOBOTO
nBiiHWKA moi3aa. Ha BigMiny Bix migxonis, y skux Edge i
Cloud po3risiHyTO SK OKpeMi He3asiekHI KOH(Iryparii,
3alpOIIOHOBaHa MOJEIh OJHOYAcHO O0YHCIIOE 00MaBa
KOHBEEpH OOpOOJICHHS B MeEXax OJHOTO 3aIlycKy,
BKJIIOYAIOYM CTOXAaCTUYHHUM pajiiokaHall (KOpeIbOBaHEe
3aBMHUpaHHS, MOTIPIICHHS XapaKTEPUCTUK IIiJ| BIUIMBOM
epexty [orepa, HARQ i3 3aiHIIIKOBOIO MOMHIIKOIO
6710Ka), MPIOPUTETHE IUIAHYBaHHS JBOX KiaciB Tpadiky
(KpUTHYIHOTO A71s GE3MEKN Ta MOHITOPHHIOBOTO), a TAKOX
TEIUIOBY MOJIETb OOPTOBOTO KOMII'IOTEpa 3 MEXaHi3MOM
TPOTJIHTY. JlomaTkoBo peaii3oBaHO Ta
eKCIIEPUMEHTAIbHO  OL[IHEHO  TiOpWAHWH  pexuM

apxitektypu, y skomy Edge mnomnepeanso ¢inbTpye
MOHITOpPUHIOBHH Tpadik repex HOro mepenaBaHHSIM JI0
Cloud. IToBHui (akTopHuUii M1aH EKCIEPUMEHTY MTOKa3YeE,
110 JIBi apXiTEKTypH MaroTh MPUHIMIIOBO Pi3HI MEXaHi3MU
BUHUKHEHHS BY3bkux wMicib: Cloud nmerpamye depes
¢i3uuHy HENOCTYIHICTh pamiokaHamy, Ttoni sk Edge
Jierpaaye 4epe3 TEIUIOBHH TPOTIIHI 3a HEJOCTaTHHOTO
oxonokeHHs. OgHOYacHa i 000X (aKTOPiB 3yMOBIIOE
3HAUHy 4YacTKy KpHUTHYHOrO crtaHy Both Down Bin
3arajJbHOTO 4Yacy CIIOCTEPE)KEHHS, TOAlI K JIMIIe
30UIBIICHHST TEIUIOBOTO 3aracy amapaTHol miaTdopMu
Jla€ 3MOTy 3MCEHIINTH IO YacTKy B JAEKiJIbKa pasiB.
lNopunna  dinmprpamiss  3abesmedye  BHUMIpIOBaHE
3MEHIIECHHS MepexeBoro Tpadiky SK 3a HOMIHAIBHUX
YMOB, TaK i 3a aKTMBHOT'O aHOMAJIbHOTO HaBaHTAXCHHS,
IIPOTE CYNyTHE OOYUCIIOBAJIbHE HaBaHTaXKEHHS ML-
iHpepeHCy IOMITHO 3MEHIIye TEIUIOBHH 3amac By3ia
Edge. JlokanbHi OOYMCIICHHS BUSBHIIMCS CYyTTEBO OLIBIN
CHEepProBUTPAaTHUMH, HDK pajiolneperaBaHHS TaKOTo
camoro obcsary manux. OTpuMmani pe3yibTaTH KiUTbKICHO
OOI'pyHTOBYIOTh HEOOXIJHICTH pE3epBOBAHOI TiOpHIHOI
apxiTeKTypH MOHITOpUHTY, Yy SKii >KOJHa OKpema
IiIcHCTeMa HE € €INHOIO TOYKOIO BiJIMOBH.

KmrouoBi cmoBa: Edge computing, Cloud
computing, uQpoBUi ABIHHUK, MOHITOPHHT PYXOMOTO
ckiany, loT, mporHo3He TexHiuHEe 0OCITyroByBaHHS, Age
of Information, QoS, 3ami3HHYHMIA TPaHCTIOPT.
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