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VYKpaiHChKUI Iep:KaBHUH YHIBEPCUTET 3a1i3HUYHOTO TPAHCIOPTY

YaockoHaleHHs1 aBTOMATH30BAHOI CHCTEeMM YNPABJIiHHA BAaHTAKHMMH IepeBe3eHHAMH
3aJIi3HMICI0 B YMOBaX iHTePMOJAJbHHX NepeBe3eHb MiJl YaC BOCHHOI0 CTaHy

Anomauin. 3anponoHoeana Mexwono2is 0ae 3Mo2y ONMuMizy8amu BUKOPUCHIAHHA 3ANIZHUYHOZO DYXOMO20
CKIa0y ma 3MEeHWUmMy 4ac Hnpocmol0 KOHMEUHepi@ Ha CManyiax i 6 Jjozicmuynux xabax. Yoockowanenma
ABMOMAMU308AHA CUCMEMA KEPYBAHH AHMAJICHUMU nepege3eHHAMU YKpaincokoi saniznuyi (ACK BII ¥3-€) uepes
8NPOBAOIICEHHS NPOSHO3HOI MoOeni 3abe3neyye CKOPOUeHHs Yacy ma GUmpam HA MpaHCnOpMy8aHHs 6AHMANCIE
3A605IKU PAYIOHATLHOMY PO3NOOINLY YACOBUX PeCcypCie, MEXHIYHUX NOMYMICHOCHEN | TH00CbK020 akmopa 6 cucmemi
NIOMPUMKU  YXBANIEHHS DIUEHb, d MAKONC 3HUIICEHHS PU3UKIE Ni0 4ac MpAaHCnopmysauHs eawmaoicie. Y cmammi
3anPoONOHOBAHO YOOCKOHANEHY CIMPYKMYPY A6MOMAMU3Z068AHOI CUCeMU KePYBAHHS GAHMAICHUMYU Nepede3eHHAMU 3d
83a€MOO0IT 3ANI3HUYHO20 MA MOPCbKO20 MPAHCHOpMY 3 Jlo2icmudnHum xabom. Po3paxoeano exonomiuny OOoYyinbHicmb
VYIPOBAOJICEHHS 3aNPONOHOBAHOT A8MOMAMU308AHOL MEXHOL02IT.

Kniwouosi cnosa: 3aniznuuni nepeeesenHs, KOHMeEUHepU, JNOSICMUYHI XaOu, asmMoMamu3o8ana cucmemd
KePYBaHHA BAHMANCHUMU NEPese3eHHAMU YKpaiHCcbKol 3aniznuyi, cucmema nNiOMPUMKU VXBANEHHS  pildeHb,
onmumizayis, epekmugHicmv, B0OEHHULL CIAH.

Y crarri [1] 3anpormoHOBaHO BIPOBAIPKCHHS
aBTOMaTH30BaHOI cucteMn «Han3suyaiiHa cuTyamis», mo
BIJIKpUBA€ MOXJIMBOCTI IS 3aCTOCYBaHHS  PHU3MK-
OpIEHTOBAaHMX TEXHONOTIH. Y poboTi [2] po3misaHyTO
IUTaHHS PO3pOOJIEHHS aBTOMATH30BAHOI TEXHOJOTII
opraHizamii KOHTEHHEpHHX NepeBE3CHb 3aJIZHUYHUM
TPAHCIIOPTOM B iHTEPMOJAJIBHUX JIOTICTUYHUX JIAHIIOTaX
HAa OCHOBI Teopil TOYKOBHX IIporeciB. Y poboti [3]
3aIpOIIOHOBAHO PO3LIMPEHHS (yHKITIOHATIBHUX
MoxuuBocTel  miacucremu  «e.llopran  Y3-Kapro»
aBTOMAaTHU30BaHOI CHUCTEMHM KEpyBaHHS BaHTAKHUMHU
MepeBE3CHHAMN Y KpaiHChKOI 3ali3HUI, IO JOHOMOXKE
PO3paxoByBaTH 1 aHANI3yBaTW JaHi, SKi BUHHUKAIOTH i
yac poOOTH 3 MPETEH3IsIMM Ta MO30BAMH Yy BHYTPIIIHIX
Momynsx mimcuctemMud. Y poboti [4] po3pobieHo
MIPOTHO3HY  MOJENb  HAJXO/DKEHHS  KOHTCHHEpHHX
BaHTaXIB JI0 JIOTICTUYHOTO Xaly, SKy B HOJAJIbIIOMY
3alpOIIOHOBAHO BIPOBAINTH B 1H(OPMAIIHHO-KEPYyIOdy
cucreMy. Pasom i3 TUM mnHTaHHS ajganramii TaKUX
TEXHOJOTIH 70 yMOB (YHKIIOHYBaHHS 3aJi3HHYHOTO
TPaHCIIOPTY B IIEpioA BOEHHOTO CTaHy MOTPEOYIOTh
TIOJAJIBIINX JIOCHIPKEHb.

IHocranoBka npodaemu.

B ymoBax BiifHM KO)KHA JIaHKAa PUHKY IEepEBE3ECHb
3a3HAsa CyTTeBUX 3MiH. OOcArMm Ta HOMEHKJIATypa
NepeBe3eHb PI3HUMU BUJIAMH TPAHCIOPTY Ha CHOTOMIHI
BIZIPI3HAIOTECS BiA MOBOEHHOro mepiony. Jleski Buan
IepeBe3eHb Ha TepuTopii YKpaiHM Maibke MOBHICTIO
MIPUIMHUIN CBO€E (YHKIIIOHYBaHHS, 30KpeMa HOBITPSHHUN
TpaHCTIOPT. MOpPCBKHII TPaHCIOPT YAcCTKOBO BTPAaTHB
CBOIO JI€3NATHICTh HAa IIOYATKy BIHHHW, OIHAK 3T0JOM
fioro poboty Oyino maibke moBHicTIO BigHOBIeHO. om0
3aTI3HMYHOTO TPaHCIOPTY, TO, SK 1 1HOI BuaM
IepeBe3eHb, BiH 3a3HAaB 3HAYHOI'O HETAaTUBHOTO BIUTHBY
BOEHHMX Jill. 3MIHWINCS MapUIpyTH TPaHCIIOPTYBaHHS
BaHTAXIB 1 ITacaKUpiB, TEXHOJOTii IepeBe3eHb, iXHi
00CsTH Ta HOMEHKJIaTypa.

Bonnouac OCHOBHUMH HarpsiMaM#
YIOCKOHAJIEHHS ~ TPOLECY  BAHTAKHUX  IIEPEBE3CHb
3TI3HMYHUM TPAHCIIOPTOM 3aJIMINAIOTHCS 3MEHILCHHS
yacy Ta BWTpaT Ha  TPaHCHOPTYBaHHS  depe3
panioHaNbHUNA PO3IIOALT YaCOBUX PECYpPCiB, TEXHIYHUX

MOTYXXHOCTEH 1 JIIOJICBKOTO (pakTopa B CHCTEMax
miarpumkn  yxBanenHs pimens (CIIIIP), a Ttakox
3HI)KEHHS PU3HKIB ITiJ] Yac TPAHCIIOPTYBAaHHS BaHTaXiB.

BupisienHss HeBHpimIeHMX paHille 4acTHH
3araJibHoi npodJemMu.

AHaii3 ocTaHHIX HAyKOBHX ITyOJIiKalliif i cydacHUX
TEHJICHLIH PpO3BUTKY OpraHizamii iHTEpMOIAJIBHUX
BaHTQXHUX IIEpEBE3CHb 33 YYacTi  3ali3HUYHOTO
TPAHCIIOPTY CBIMYHUTH MPO HEOOXIMHICTH yIOCKOHAJICHHS
aBTOMAaTH30BaHOI CHUCTEMHM KEpyBaHHS BaHTAKHUMHU
TIepeBE3CHHIMHU VYkpaincbkoi 3aJi3HALL 4epes
BITPOBAPKEHHS TIPOTHO3HOT MOJIEIT.

AHaJIi3 0CTaHHIX J0C/iI:KeHDb i myOJikamiii.

3a ocTaHHI pOKM TIPOBiAHI BITYM3HAHI Ta
3apyOiXHI BYEHI 3poOWIM BaroMuii BHECOK y PO3BHUTOK
aBTOMAaTHU30BaHMX CHCTEM  OpraHizamii  BaHTaXXHUX
NepeBe3eHb PI3HUMU BHJAMH TPAHCIOPTY, 30KpeMa
3aTI3HIYHUM.

O©HAPXOMEHKO JI. O., KOJIICHHUK A. B, IIITEK T. B., 2026
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[i 3acTocyBanns 3a6e3neunTh 3MEHIICHHS Yacy Ta
BUTpaT Ha TPAHCHOPTYBAaHHS 3aBISIKH palliOHAIEHOMY
PO3IIOTy YacOBHX PECYpPCiB, TEXHIYHUX MOTYXHOCTEH 1
JIIOZICBKOTO (paKkTopa B CHCTEMax IMIATPUMKH YyXBaJCHHS
pimens (CIIIP), a TakoX 3HWKEHHS PU3HUKIB IIiJ 4ac
TPaHCIIOPTYBaHHS BaHTAXIB. Y CTaTTI 3ampOIIOHOBAHO
YIOCKOHAJIEHY CTPYKTYpy aBTOMATH30BaHOI CHCTEMH
KEpyBaHHS BAaHTOKHUMH IIEPEBE3CHHSAMH 32 B3a€EMOJIi
3aJTI3HMYHOTO Ta MOPCHKOTO TPAHCIIOPTY 3 JIOTiCTHYHHUM
XxaboMm. Po3zpaxosano €KOHOMIYHYy  JIOLUIBHICTB
YIPOBA/DKCHHS  3alpONOHOBaHOI  aBTOMAaTH30BAaHOL
TEXHOJIOT1i.

®opmyaoBanns MeTH. QopMyBaHHS CTPYKTypH
B3a€EMOJIii ~ aBTOMAaTHM30BAaHOI  CHUCTEMHM  KEpyBaHHS
BaHTQXHUMH TIEPEBE3CHHSIMH YKpPaiHCHKOI 3ali3HUII 3
BUKOPHCTaHHSIM CHCTEMH MIITPUMKH YXBAJICHHS PIllICHb
Ha aBTOMAaTHU30BaHUX POOOYMX MICHAX OIEPATHBHOTO
MepCOHaly Ta aBTOMAaTH30BaHOMY poOOYOMy Micii
MEHeKepa 3 JIOTICTHKH.

BukJjiag 0CHOBHOT0 MaTepiany A0CTiIZKeHHS.

Bigomo, mo Maibke Bci  mpomecH,  SIKi
BinOyBalOThCs M Yac  opraizamii  IepeBe3eHb
3aJI3HMIEI0, 30KpeMa BaHTA)KHHUX, € aBTOMAaTH30BaHUMH.
Ha 3anisumigsix Ykpainm QyHKIIOHYye aBTOMaTH30BaHa
cUCTeMa KepyBaHHS BaHTRKHUMH TepeBeseHHIMH — ACK
BII V3-€. Jlna ontumizamii Ta  IiABHIICHHS
e(EKTUBHOCTI 3ai3HWYHUX KOHTCHHEPHHUX IIEPEBE3CHb
3aIpOIIOHOBAHO 1HTETpyBaTH HOBUM Moxyib 10 ACK BIIT
V3-€.

Leit monyns, ocnamenuii CIIIIP, 6yne noctymHuii
gepe3 APM ocHoBHEX omnepaTuBHUX mpamniBHUKIB (JJHLI,
JCII, AHIOB, JCIL)) i wMeHemkepa 3 JOTICTHKU.
Koopaunamis  morictuuHoi  iHGpacTpykTypn  (xabiB,
CTaHII}, TEepeBI3HUKIB) i3 BUKOPHCTAHHSIM CHCTEMHOI'O
iIXOAY MOTIOMOKE YHHMKHYTH HPOCTOIB BaHTaxiB. Lle
MiABAIINTG €(DEKTHBHICTH MEPEBE3CHb, 3HU3UTD 3arajbHi
BUTpaTl Ha TPAHCIOPTYBAaHHS KOHTEHHEPIB, a TaKOX
CKOPOTHTH TEPMiHM JOCTABJICHHS BAaHTaXiB.

[lepeBe3eHHs BaHTaXIB y KOHTEHHEpax 3aiMaroTh
BEIMKY 4YacTKy B 3arallbHUX 00csArax BaHTaXHUX
nepeBe3eHb. CTaTUCTUYHI JaHi 32 OCTaHHI POKH CBiYaTh
PO 3pOCTaHHS OOCSATIB KOHTEHHEPHUX II€PEBE3CHb.
3okpema, 3amizHuUICKD Oyrmo mepeBeseHo 258 185 TEU,
mo Ha 28 % Oinbie, HiK y 2023 porni. OCHOBHY 4acTHHY
LIMX TIEPEeBE3CHb CTAHOBIATH 3€pHOBI (46 %), YOpHI
metamu (20 %), makyxa (9 %), omist (8 %), myxop (4 %) i
cuaTeTn4Hi cMoi (3,7 %).

3a Bicim wmicsmiB 2025 poky KoHTeiHepHI
HIEPEBE3CHHS MIPOAEMOHCTPYBAIIN CTIHKICTB,
BCTaHOBHBIIIM HOBHH pPEKOpA 3a o0csAramMu B MOPCHKHX
noprax — mnoHany 134 Ttuc. TEU, mnompu 3arainbHe
CKOpOYEHHs ~ BaHTaXHMX TnepeBeseHb Ha 11,3%
mopiBHSHO 3 2024 poxom. BogHOowac oOcsT KOHTEHHEPIB,
MIepeBEe3CHUX 3ajli3HMICI0, 3MeHIuBCs Ha 15 %. Tomy 3
METOI0  TepeopieHTalil  BaHTAKOBIANPABHUKIB  Ha
BUKOPHCTaHHS 3aJI3HUYHOTO TPaHCIIOPTY
3aIIPOIIOHOBAHO YIOCKOHAINTH MTEPEBI3HUIN MIPOLIEC Yepes
BIpoBakeHHs HoBoro moayns B ACK BIT V3-€.

[IporonyroTh iHTErpyBaTH MPOTHO3HY MOJEINb
Haaxo/pkeHHs KoHteiHepiB g0 ACK BII V3-€ mus
aBTOMAaTHU30BaHOTO YHpaBIiHHA BaroHaMHu Ta
TIepeBE3CHHSIMHU.

Etamnu BripoBapkeHHS CKIIAIATUMYThCSL:

— 3 aHam3y [JaHWX, MmO Tnependadae 30ip
icTopuuHOi iH(opMaIil PO BaHTAXKOMOTOKH, 3aTPUMKH 1
TEPMiHH JOCTaBJICHHS KOHTCHHEPIB,;

— BH3HAUCHHS MapaMeTpiB BIUIUBY (CE30HHICTb,
THUII BaHTaXXy, MapIpyTH);

— inTerpanii nporrnosHoi mozeni 1o ACK BIT ¥3-
€ 3 MeTor0 aBTOMaTHYHOro (HOPMYBaHHS IUIaHIB POOOTH
xa0iB 1 3a0e3meveHHs B3a€MOJil 3 MOIYJISIMH PO3HOALITY
pecypciB (BaroHis, JIOKOMOTHBIB, CKJIAZICBKUX
MOTYXHOCTEH);

— TECTYBaHHS Ta ONTHMI3allii, [0 BKIIIOYAE 3aITyCK
MOJICNTi Ha OKpPEeMHUX NUISHKAaX JUIA Bajijarii TOYHOCTI
MIPOTHO3IB 1 KOPEryBaHHS AJITOPUTMIB BiJIIOBIIHO [0
OTPUMaHHX PE3yJIbTATIB.

MacmtaOyBanHst ~ CHCTEMH  MOXJIMBE — depe3
BIIPOBA/DKEHHSI TIPOTHO3HOI MOJENi JJsl BCi€l Mepexi
JIOTICTHYHHUX Xa0iB, 3amporioHoBaHOi B pooOoti [4]. Lle
JIaCTh 3MOTY MiJBUILIUTH TOYHICTh IUTAHYBAHHS, OCKIJIBKH
3aBISIKM  TIPOTHO3YBAHHIO 3MEHILIYETHCS HMOBIPHICTB
MIepeBaHTaKEHHS! a00 HEJIOCTaTHROI'O BHKOPUCTAHHS
pecypciB, a TaKOXX CKOPOTHTH 4Yac OYiKyBaHHSA
KOHTCHHEpIB 3aBISKM aBTOMAaTH30BAaHOMY pPO3HOALIY
pecypciB i TPHUCKOpPEHHIO  OOpOoOKH  BaHTaXiB.
BripoBampkeHHsT Takoi MOZEN CTaHe BarOMUM KPOKOM Y
mudpoBiit  TpaHcdopMarlii 3aTi3HHYHOI JIOTICTUKH Ta
CHPUSTUME TiJIBUIEHHIO KOHKYPEHTOCIIpOMOKHOCTI AT
«YKp3aJIi3HUL Ha PUHKY BaHTa)KHHUX IIEPEBE3CHb.

Vaockonanena crtpykrypa ACK BII V3-€ B
YMOBax IEepeBE3CHHs KOHTEHHEPIiB HaBeeHa Ha pHc. 1.

IKC3T, 2026 Nel
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Puc. 1. Ynockonanena ACK BII Y3-€ B ymoBax iHTepMOAAIBHUX I1EPEBE3CHD

3ampornoHOBaHO  BCTAHOBHUTH  yJOCKOHAJICHUH
B3aeMo3B’s130k Mixk APM JICLI, APM JICII copTyBanbHO1
Ta MPUKOPAOHHOI CTAHIIH, & TAKOX JOTICTHIHUM Xa0oM,

bi () SIKOTO HaIXOJATh KOHTEeWHepH BiJ
BaHTaXXOBiANpaBHUKIB, uepe3 cucremy ACK BII V3-€
Ui 3abe3redeHHs  iHGOpMAliiHOrO OOMiHYy  MiX

YYacCHUKAMH TIEPEBI3HOTO MPOIECy. 3 aBTOMATH30BAHMX
pobounx micup (APM JICII, APM JICII) mo 6a3u maHmX
ACK BII ¥3-€ nanxomuth iHdopMmamis mpo KUIBKICTh
HAKOIIMYCHUX KOHTCHHEPIB HA CTAHIIISAX, iX HASBHICTH,
X O3B IO CTaHIi Ta CKian moi3aiB. Ha ocHoBi
miel ingopmarii, a TakoXX NaHUX PO 3aBAHTAXKCHICTH
MEPEeBaHTAKYBATLHOTO KOMIUIEKCY Ha TPUKOPAOHHIN
CTaHIIii, KiITbKiCTh KOHTCHHEPIB Ha JIOTICTHYHOMY Xa0i Ta
3aBKH  TPAHCHOPTHO-JIOTICTUYHAX KOMIIaHIA  depe3
cucremy AC Mecnnan i miuaH (GoOpMyBaHHS BaHTXKHUX

0i3/1iB, POTPaMHUI MOJIYJb PO3B’I3y€E CKIAAHY 3a7ady
CTOXaCTHYHOI ONTHMIi3allil.

[Micns  oOpoOmenHs  Bciei  iHpopmamii  Ta
MIPOTHO3YBAaHHS ~ HAIXO/UKEHHS  KOHTEWHEpiB  BiX
BaHTAXKOBIANPaBHUKIB (13  3aCTOCYBaHHSM  METOJIB
HEHpPOHHMX MEpeX) BH3HAYAIOTh ONTHUMAJIBHUKM dYac
3aBEpUICHHS HAKOIMYCHHS KOHTCHHEpHOi mapTii Ta
paumioHanbHMKA  BapianT i1 Bignpasnenns.  CIIIIP
IHTETpOBaHO JO AaBTOMAaTH30BaHHX poOOYMX Micub
yepropux mo craHuii (APM JICII), maHeBpoBHX
mucrieryepiB (APM JICLl) npuKOpIOHHHMX CTaHIiH, a
TAKOX MPAaLiBHUKA JIOTICTHYHOTO Xaly, MiAKIIIOUYEHOTO 10

€auHOi  aBTOMATHM30BaHOI  CHCTEMH  KEpyBaHHS
BaHTXHUMH IIEPEBE3CHHSIMHU Y KP3aJTi3HHUIII.
Hani, orpumani B pe3ynbTaTi MOJENIOBAHHS,

KaHaJIaMH 3B’SI3Ky TEpelaroTh Ha MOTo/pKeHHS 10 APM

IKC3T, 2026 Nel
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JHILI Ta APM ronosHoro nucnerdepa ¥Y3. Ckoperopanuit
1 TOro/pKeHWH IUTaH TIepeBe3€Hb HAACWIAIOTh Ha
aBTOMATH30BaHI pPO0OYI MICI JIHIHHUX TiAPO3ILTIB
(cranniit). [IpamiBHMKM cTaHLif y A€Hb NPUYCIUICHHS
BaroHiB 10 moi3miB momoBimatote JIHI[ i menTpam
YIpaBiiHHA BaroHaMH ONEPaTOPCHKHX KOMIIAHIA TIpo
BUKOHAHHS IJIaHy IIEPEBE3CHb.

Tako 3anporOHOBaHO CTBOPUTH iH(OpMaLiiHUH
3B’5130K MK MeHemkepoM i3 Jorictukn Ta ACK BIT V3-
€, a TakOX 4aCTKOBO BIPOBaIuTH Ha Horo APM cucremy

MATPUMKH ~ YXBAJCHHS  pilIeHb, MO0  JOHOMOXE
BUpILIyBaTH Taki 3aBJaHHS, SK IPOTHO3YBaHHS
HAJIXO/DKEHHsI KOHTEHHEpPHMX  NapTid, OIepaTUBHE

IUTAaHYBaHHS Ta JOBEJICHHS IUIAHIB J0 BHKOHABIIIB.
MeHemxep BOJIOAITUME aKTyalbHOIO iH(OpMaLiero Tpo
MICIIE3HAXO/DKEHHST Ta HAKOIIMYEHHS KOHTEHHEpiB, a
TAKOX MpPO TOI3d, y CKIail SIKOro 3arIaHoBaHO iX
TPaHCIIOPTYBaHHSI.

baza mamux ACK BII V3-€ interpoBana 3
MIPUKOPIOHHUMH CTAHIISIMU Ta JIOTICTHYHUM XaOoM Jyist
3abe3neueHHs oOMiHy iH(popMarlli€lo, Ky HaKONUYYIOTb,
30epiraloTb i BUKOPHUCTOBYIOTH JUI IPOTHO3YBAHHS
Ha/IXOJUKEHHS KOHTEHHEPHHUX napTin Bif
BaHTaXKOBIIMTPABHUKIB.

Otxe, Ha OCHOBI C(OPMOBAHOI ABTOMATH30BaHOI
TEXHOJOTii  YJOCKOHaJIeHO  iH(opMaliiiHO-Kepyrouy
cucremy (IKC) y cxmami ACK BII VY3-€ wuepes
iHTerpamito g0 APM  omepaTMBHUX — TpaIliBHUKIB
JIOJIATKOBHX (DYHKIIOHAJIILHUX MOXITMBOCTEH.

Sk moKazanmum pe3yNbTaTH JOCIHIDKCHb, depes3
PO3ODLKHICTE aHWX PO HAAXOKCHHS TA HAKOMYCHHS
KOHTCHHEpIB Ha  TEepMIHAJIBHMUX  CTaHIsIX  abo
JIOTICTHYHMX Xa0axX, a TaKoX HEY3TO/KEHICTh iHpopMarii
B 3arajibHii CHCTEMi BHHUKAIOTH MPOCTOI KOHTEHHEPIB i
pYXOMOTO  CKJIaay.  3ampoloOHOBaHA  TEXHOJIOTiA
JIOTIOMOXE  CKOPOTUTH  TPHUBANICTh  BHUKOPHUCTAHHS
KOHTCHHEpIB 3a paxyHOK 3MCHIICHHS HENPOAYKTHBHHUX

IIPOCTOIB Ha JIOTICTHYHUX XabaX NMpHOJIM3HO Ha AK =38

%, a TAaKO Yac BUKOPUCTaHHS (DITHHrOBUX IuaTdopm Ha

A =

= 8%, IO CHOpHATHME 3HIDKEHHIO COOiBapTOCTi

TPaHCIIOPTYBaHHS KOHTCHHEpIiB 3aJTI3HULICIO B
MDKHapOJHOMY CIOJyYEeHHI.
ExoHoMiuHMIT pe3ynbTaT BiJ BIPOBAIKEHHS TaKol

TEXHOJIOTI1 CTAHOBUTHME

— K ni

E= t-e + t-e |T
100 K¢ e g Kt Tee )7 O

ne ge — cepemns KIJIBKICTh KOHTCHHEPIB, SIKi OYiKyIOTh

oreparii mojaBaHHs Ha MEPEeBaHTaKyBaIbHUM KOMIIIEKC
MIPUKOP/IOHHOI CTAaHII Ta IOYaTKy IepeBaHTAKEHHS,
npuiimaemo 20-dyToBi konreitnepu TEU;

Km— cepelHsl KUIBKICTh (DITHHTOBHX IUIaTGOpM
3aBaHTQKCHUX KOHTEHHEpaMM, IO 3HAXOIIThCS Ha
JIoTicTHYHOMY Xa0i B O4iKyBaHHI BUBAaHTAKEHHS;

83_2 — BUTpaTHA CTaBKa 3a OAHY BAroHO-TOAUHY,

e,(.e— BUTpPAaTHA CTaBKa 3a OJHY KOHTEHHEpo-

FOJIMHY MPOCTOHO [5, 6];

r -

CyMapHa TpHUBAJICTh poOOYMX 3MiH,
t=24ron.
T - 3BITHHH Mepioj] pO3paxyHKy IOKa3HHKa,
T =365 0.
Toxmi 3 ypaxyBaHHSM JAWCKOHTYBaHHS, SIKE

HeoOXimHe Ayl BpaxyBaHHS 3MIHM BapTOCTiI Tporueil i3
MIPUBE/ICHHSAM TPOIIOBOTO OLIHIOBAHHS pE3yJbTaTy [0
MEPIIOr0 POKY, SKUM NPUHHATO 3a PO3pPaxXyHKOBUIA,
CyMapHHH pe3ybTaT BU3HAYAIOTh TakK [5]:

0= aiZOi . @)
i=1

KamitanpHi BUTpaTi B NEpIINi pik BIPOBAPKCHHS
CKJIAZaloThCS 3 BapTOCTI PO3POOJIEHHS NPOrPaMHOIO
3a0e3reveH s Ta MiJrOTOBKH CHUCTEMH JI0 EKCIUTyaTarii
(TTycKOHANAro/KyBAIBHUX ~ pOOIT) 1 CTaHOBHTHMYTh

C,. = e, = 500000 y.0.

BUHHKAIOTH
TEXHIYHOL
MIPOTPaAMHOTO

IMorouyni  BuTpaTH

VHACTIZIOK  HEOOXITHOCTI  3MiHCHCHHS
M ATPAMKH Ta TIepeHANIATOKECHHS
3a0€e3MMeueHHs 1 CTaHOBJISITh

0 m = 5% ua PiK BiJ HOro BapTOCTi.

Jns BU3HAYCHHS EKOHOMIYHOTO €(QEeKTy TaKOX
HEOOXiTHO BpaxyBaTW BUTpAaTH [UIS peayizallil HMpOeKTY

[5]:
C = Z}((c’( +c,.”)a,.), 5

K .
Je Ci — KaIliTaJIbH1 BUTPATH Ha l -MYy poI11;
; — HOOTOYHI BUTPATU Ha & -MY pOIIL;

a[ — KOG(l)lIl1€HT JAUCKOHTYBAaHHA Ha l -MYy po1l;

N — xinbkicTs pokiB.

PesynbraTy 1 BUTpaTH pi3HUX POKIB NPUBOISTH 10
MEpIIOTO POKY JKUTTEBOTO LHMKIY IPOEKTY, TOOTO
BU3HAYAIOTh y  TEIepiliHiii  BapTocTi  rpomiel
JMIUCKOHTYBaHHSAM. ExoHOMiuHHMN edekT Bim peamizarmil
MIPOEKTY BU3HAYAIOTH TaK [5]:
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E= Z((O ~(cx +Cl.”))al.), @

VY Tabnuni HaBeJEHO PO3PaXyHOK EKOHOMIYHOTO
epeKTy 3a poKaMHu, a Ha pHC. 2 — JUHAMIKY 3MiHH
BUTpaT, €KOHOMIYHOTO  pe3yJbTaTy, €KOHOMIYHOIO
eeKTy i 9ac eKCIuTyaTallii aBTOMaTH30BaHOI CHCTEMH.

Po3paxyHOK eKOHOMIYHOTO epeKTy

Pix

Torancami 2025 026 027 P028 029 P030  P031 032 033|034
O,HHO‘IaCHl BI/ITpaTI/I, MJIH 0,5 0 0 0 0 0 0 0 0 0
YMOB. O/I.
5;33’““”“’ MIHCYMOB-h 14 14 P14 P14 D14 P14 D14 P14 0,14 0,14
g‘d’;‘;’qg; BHIPATH, MG 055 10,025 10,025 0,025 (0,025 0,025 0,025 (0,025 0,025 (0,025
Exonomiunuii eext, MM} c15 b 115 b5 pa1s pais R1s RI1s pa1s Rals pis
YMOB. O/I.
Koedinienr 1 0,813 (0,661 (0,538 0,437 (0,356 0,289 0,235 (0,191  [0,156
,HI/ICKOHTyBaHHSI
JluckoHTOBaHUI
eKoHOMIuHu# edekr, miH|1,62 |1,72 1,4 1,14 0,92 0,75 0,611 (0,5 0,41 0,33
YMOB. O/1.
JluckoHTOBaHUI
CKOHOMIMHMIL —  CQeKT|) o |y 34 494  I5gg 6,8  [1,55 8,16 8,66 0,07 0,4
HapOCTaIOIII/IM HIZ[CYMKOM,
MJIH YMOB. O

BHpOBaﬂ)KeHHH HOBOI'O MOHyJI?{ BI/IKOPI/ICTaHHﬂ 3aHpOHOHOBaHO.1. TCXHOJ’IOFi'l. Ha
aBTOMAaTU30BAHOI TEXHOJIOTI1 yhnpaBiiHHA — mianpueMcTBi npoTsroM 10 pokiB cranoBuTHME 9,4 MitH

BaHTA)XOIIOTOKAaMH B MIDKHApPOJHOMY CIIOJIYY€HHI JacTh
3MOTY CKOPOTUTH HEBHUPOOHHMYI MpPOCTOi KOHTEHHEpIB i

YMOB. OfI.

¢iTnaroBux ratgopm. ExoHOMmiuHMH  edekT Bix
EkoHOMiuHMIt edeKT, (MnH y.0.)
¢ [uckoHToBaHuMi edekT, (MAH y.0.)
’ HakonuuysanbHuit AUCKOHTOBaHMIA edekT, (MaH y.0.)
8F ~®" | Burpatn (many.o.)
6
S
> a4t
I
=
2
2 .
0

Puc. 2. I'padiune noganHs eKOHOMIYHOTO eeKTy BiJ BIPOBAIKCHHS 3alIpONIOHOBAHOT TEXHOJIOTI]

7
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BucHoBKHM 3 q0C/IiKeHHS | IEPCIIEKTHBH

Peamizarmiss  3amponmoHOBaHOI  aBTOMAaTH30BaHOI
TEXHOJIOTIi JacTh 3MOI'Y ONTHMI3yBaTH BHKOpPHUCTaHHS
3aJTI3HMYHOTO PYXOMOT'O CKJIaly i CKOPOTHUTH TPUBAJIICTh
IIPOCTOI0 KOHTEWHepiB Ha craHmisx. lle cnpusrtume
MiHIMI3alil 3aTPUMOK IiJ 4Yac TPAHCIIOPTYBaHHS
BaHT@XIB B YMOBaX BOEHHOTO CTaHy, NPHCKOPEHHIO
MDKHApOJHHX NepeBE3€Hb 1 3HIKEHHIO IXHBOT BAPTOCTI.

TonoBHnMH 3aBIAHHIMU 3aIpOIIOHOBAHOL
TEXHOJIOTIi € TIPOrHO3YBaHHS OOCSTIB KOHTEHHEPHUX
IIepeBE3EHb, a TAKOXX BU3HAUYCHHS ONTHMAIBHOI KIJTBKOCTI
KOHTEHHEpIB, II0 HAIXOJUTUMYTh JI0 KOHKPETHOTO
jorictigHoro xa0y B TIIE€BHMH TepioJ, Ha OCHOBI
BUKOPHCTaHHS ICTOPHYHMX JIAHUX 1 Cy4aCHUX aJITOPUTMIB
Big Data i wmammaHOro HayanHsi. Kpim TOTO,
nepenbadeHa ONTHMI3allisi MapIpyTiB 4epe3 BHOIp
HalpanioOHAIBHIMNX NUIAXIB NMEepeMilleHHs KOHTEHHEpiB
3 ypaxyBaHHSM IIPOTHO30BAHMX OOCSATIB HaJXOJDKCHHS.
Po3paxyHkn moka3zan, MO0 CKOHOMIYHHWHA €QeKT Bif
BUKOPDHCTaHHS ~ 3allpOIIOHOBAHOI  TEXHOJOrii  Ha
mianpueMcTBi npotsirom 10 poki cranoBuTiMe 9,4 MiH
YMOB. OfI.
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ASC VP UZ-E IN THE CONTEXT OF
INTERMODAL TRANSPORTATION INVOLVING
RAILWAYS DURING MARTIAL LAW
IPARKHOMENKO L. O., Doctor of Technical
Sciences, Professor,
IKOLISNYK A. V., Candidate of Technical Sciences,
Associate Professor,
ISHPEK T. V., Postgraduate Student,
!Ukrainian State University of Railway Transport
Abstract. In wartime, every link in the transport
market has undergone significant changes. The volumes
and range of transport by various modes of transport
today differ from pre-war times. Some modes of transport
have almost completely ceased to exist in Ukraine, such
as air transport. Maritime transport partially ceased to
function at the beginning of the war, then almost
completely recovered. As with other modes of transport,
military action has had an irreversible impact on rail
transport. The routes for transporting both cargo and
passengers, as well as the technologies, volumes, and
range of services, have changed. However, the main
issues in improving the process of freight transport by rail
remain the reduction of transport time and costs through
the rational allocation of time, technical capacities, and
the human factor in decision support systems (DSS), as
well as the reduction of risks during freight transport. The
proposed decision support system is integrated into the
automated workstation of the station duty officer (ARM
DSP), the shunting dispatcher (ARM DSC) at border
stations, as well as the logistics hub employee connected
to the Unified Automated Freight Transportation
Management  System of  Ukrzaliznytsia. The
implementation of this technology will optimize the use of
rolling stock and reduce container downtime at stations.
It will also help minimize cargo delays during martial
law, speeding up international shipments and reducing
their cost. The key tasks of the model are to forecast
container volumes, with the model predicting the number

of containers that will arrive at a specific hub during a
specific period, and to use historical data and modern Big
Data and machine learning algorithms. Routes will also
be optimized by ensuring the best routes for container
movement, taking into account projected arrivals. The
economic effect of using the proposed technology at the
enterprise over 10 years will amount to UAH 9.4 million.

Keywords: rail transport, containers, logistics
hubs, ASK VP UZ-E, decision support system (DSS),
optimization, efficiency, martial law.
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Opranizanis Mepe:X NOI3HOr0 pafio3B’A3Ky B yYMOBaX TipchbKOI MicHeBOCTI Ta B TYHeJSIX

3aJI3HAIL

Po3spobreno nponosuyii 3 opeanizayii ma po3paxyHKy mepesic noi3H020 padio3s a3Ky 6 2iPCbKUX patloHax pisHol

CKAAOHOCMI MA 8 MYHeNAX 3AI3HUYb.

B ymosax eipcekoi micyeeocmi cymmego yCcKaaoHeHi ymogu nowupenHs paodioxsuns YKX oianasowis, wo
npu3800ums 00 3pOCMARHS 320CAHHA CUSHAIG | NIOBUWEHHS eIUOUHY DIYKmYayill.
Kananu YKX oianasony 6 mynenax ModjicHa opeanizyeamu minibKu 3 UKOPUCIIAHHAM SUNPOMIHIOIOUUX Kabenis,

AKI He minbKu 3a6e3neuyioms NepeodeéanHs eleKmpoMAacHimHol eHepeii 630060 MyHeno, a I

cnpusioms

BUNPOMIHIOBAHHIO eNeKMPOMASHIMHOI eHepeli 8 30HI NPOKNAOAHHA. 3anpOnOHOBAHO OpP2aHI3AYID 0800IANA30HHUX
cucmem 2eKmMoMempo80o20 ma Mempogo2o OlaNda30Hi6 i3 GUKOPUCMAHHAM €OUHOT BUNPOMIHIOIOUOL MepediCi.

Knrouosi cnoea: 3anisHuyHuil mexHonro2iuHuil paoioss’si30K, Opeauizayis KaHauie y 2IPpcbKill Micyesocmi,
BUKOPUCMAHHS KAHANIE [3 GUNPOMIHIOIOUUMU KADENSAMU 8 MYHESX.

Beryn

[Muranus opramizamii 1 TPOEKTYBaHHS MeEpEx
MIOI3HOTO Pa/io3B’A3Ky B YMOBax TipchKoi MICIIEBOCTI Ha
IUISTHKAX 13 3aTi3HUYHUMH TYHCISIMH € aKTyaJbHHMHU.
3HayHa YyacTHHA  JIHIA JIbBiBCBKOT 3aJI13HULIL
posramoBaHa B KaprarcekoMy perioHi, sl SIKOTO
XapaKTepHi CKJIaJHI YMOBHM MOUIMPEHHS pPaJiOXBWIb 1
HasIBHICTh 3aJi3HUYHUX TYHEINIB 3HAYHOI IPOTSHKHOCTI.
Haii6ineimmii i3 Hux, beckuncekmii, Mae 1oBxuHYy 1765 M.
3HavyeHHs €BPOICHCHKNX KOPHIIOPIB 3pOCTAE Uepe3 TUIaH!
OymiBHHIITBA €BpoIeichKoi komii 1435 cM Ha minmsHKaX
Yon-Yxropon, JIbBiB-MocTrCchKa Ta iH.

[oi3Huit pamio3B’s30K  OpPraHi30BaHO  B3/OBXK
IUISTHOK 3alli3HUIb JUIA 3B’S3Ky MAIIWHICTIB ITOT3HUX
JIOKOMOTHUBIB 13 YEpProBUMH IO CTaHIISAX 1 MOI3HUM
mucnerdepoM. 3a IITE, Ha KOXHIA IUISHIN 3aJTi3HHAII
MaloTb OyTH  OpraHi3oBaHi  JiHIHHI  Mepexi B
TeKTOMETPOBOMY Ta 30HHI MEpesKi MOI3HOTO PajIio3B’ 3Ky
B METpPOBOMY Jiama3oHi pamioxBwib [1, 2], mpuuomy
JMHIHHUKA KaHal TOI3HOTO paio3B’sI3Ky OpraHi30BaHUH
Y3I0BXK BCiel JUCIIETYEPCHKOI JUISTHKH B
TeKTOMETPOBOMY [liara3oHi paiioXBHIIb.

Ha xanp, unaHi pekomermarii ITU-R He wmicTiTh
YITKMX PEKOMEHMAL 3 IHKEHEPHUX PO3paxyHKIB KaHaiB

TIOI3HOTO Pa/io3B’A3KY B IPCHKUX YMOBaX.

OnHa 3 ¢yHmameHTabHUX pekomermariii [TU-R

P.1546 € CcTaTHCTUYHOI  MOJAEIIO  HOIIMPEHHS
PaliOXBHIIb, sIKa po3pobinena ULt YMOB
CepeIHBONICPECiueHOI MiCIIeBOCTI. Y TOHW Jke dYac
pO3paxyHOK  TIONPAaBOK HA  pembe]  MICIEBOCTI

YCKJIaTHCHUH 1 HeOTHO3HAYHUH [3].

V¥ pexomenganii ITU-R P.1406 naBeneno pisui
(akTOpu TOIIMPEHHS pAJiOXBWIb, SKi BIUIMBAIOTH Ha
MEpexi pyXoMoro pasioss’si3ky [4].

© €JII3BAPEHKO A. O. 2026

i pexomeHaamii He MICTATh KOHKPETHHX METOIIB

3 IHKEHEPHHX pPO3paxyHKIB KaHAIB Yy TipChbKHUH
MICIICBOCTI, a JINIIIE 3arajibHi peKOMEH/AIII.
Bonmnowac  Bimomui  mpaBuiia  pO3paxyHKY

omnpanboBaHi INMOMIE 1 JOMOMararoTh pPO3paxoByBaTh
KaHa 3 YypaxyBaHHSIM pI3HHX OCOOJIMBOCTEH Tpac
TIOLIMPEHHST PafioXBUIb [5].

VY TeKTOMeTpoBOMY Jiana3oHi pajioXBHIb HU3bKa
e(eKTUBHICTh HacamIlepes JIOKOMOTHBHUX aHTEH, TOMY
JUIst Tepe1aBaHHs €JIEKTPOMArHiTHOT eHeprii
BUKOPHCTOBYIOTh HampsiIMHI  JIiHI, @O Ja€ 3MOTy
CKOHIICHTPYBATH HANPYXXEHICTh I0JI1 KOPHUCHOTO CUTHAITY
6e3rocepeIHBO B 30H1 ITPOXOKEHHS KOJIii.

Y  ripceKkili MICIEBOCTI CYTTEBO CKOpOYCHa
JMANBHICTh pamiosB’s3Ky B YKX miama3zoHi MOpiBHAHO 3
KaHaJIaM{ Ha BiIKPUTiA MicrieBOCTi. [IpakTHYHO €IUHUM
cnocobom 3abe3neuntu opranizanito YKX panmiokananis
y TYHEJSX 3aTi3HHIb € BUKOPUCTAHHS BHUIIPOMIHIOIOYIX
kaOemiB [6].

Iepmi nHaykoBi myOmikamii 3 BHKOPHCTaHHS
BUIPOMIHIOIOUMX KaOeliB y Mi3EMHHX rajiepesix 3HauHOi
MIPOTSDKHOCTI: 3aJII3HUYHUX TYHEJSIX, pYAHUKAX, [IaxTax,
3’sIBUIIMCS HA O4aTKy 70-X POKiB MHHYJIOTO CTONITTS [6,
7]. Y rmopgamblioMy TPOJOBXKWIM TEOPETHYHI Ta

eKCIICpUMCHTAIbHI JIOCIIIJDKEHHS BHITPOMIHIOIOUHX
kaOemiB [8-10].
IHocTanoBka npod/emu

YV nockoHaJIeHHS METO/IB oprasizaiii 1

MIPOEKTYBAHHS MEPEX IMOI3HOTO PaNio3B’sI3Ky B CKIIATHUAX
YMOBaX TipChKOI MIiCIIEBOCTI Ta B 3QTI3HIYHHUX TYHETISIX.

OcHOBHI pe3yabTaTn
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Ha 3ami3Hmmsgx VYkpalHM OCHOBHHM KaHAJIOM
ITOT3HOTO PaJio3B’s3KyY B JTIHIHHUX MEPEkKax 3aTUIIAETHCS
KaHaJ, SKAA OPTraHi30BaHUN y TEKTOMETPOBOMY Jiara3oHi
Ha vactoTi 2,13 MI'n [2].

Penbed micueBOoCTi Mano BMNAMBAE HA YMOBM
nepenaBaHHA e/1eKTPOMarHiTHOI eHeprii y cxemax i3
BMKOPUCTAHHAM HaNPAMHUX NiHIN.

Ons HeobxigHOI AanbHOCTI Ta AKOCTI Noi3HOro

pagfio3B'ssKy B Aianas’oHi  FEeKTOMETPOBMX  XBWJb

BUKOPUCTAHO  HANpAMHI  AiHil, WO  KaHanisywTb

€NeKTPOMarHiTHy  eHeprilo  Big,  CTalioOHapHMUX i

NIOKOMOTUBHWUX  PAZiOCTAHUiA  y340BX  3a/i3HUL,.

MNepenaBaHHA eNEKTPOMArHiTHUX CUTHaNiB y LbOMy
BMNAAKY 3AiMCHIOETbCA €NeKTPOMArHiTHAMMU  NONAMM
iHAYKLIT, 1O NOLWMpPEHi B3A,0BXK HANPAMHUX NiHIlA.

Ha enexrpudikoBanux AiNAHKAX K HANPAMHI
JiHiil BHKOPHCTOBYIOTH BHCOKOBOJbTHI IPOBOAH
NOB3/0B:KHbOI'0 €JIEKTPONOCTAYAHHA, fKi NigBilIeHi
HA ONOpax KOHTAKTHOI Mepexi a0o cmeniaJabHO
niaBileHuil XBUJIeBOAHMIT PoBix [2].

IlepenaBaHHsi BHCOKOYACTOTHOI eHeprii Big
cTallioHApHOI pajiocTaHUii B HANPAMHI INPoOBOAH
3AilCHIOETHCA MiKJII0YeHHIM nepegaBada
paaiocTaHuii 10 HAPAMHUX NPOBOAIB Yepe3 Po3aLJIOBI
KOH/JeHCcAaTOpu a00 3a [J0NOMOro 30y1KyBaJbLHOIO
nposoay (iHAyKTHMBHMII cmoci0), mo mnigBilmeHuit
napaJjejbHO HAPSIMHUM NPOBOJAM.

JampHicTh pamio3B’si3Ky BHU3HAYAIOTh 3
ypaxyBaHHSAM yCiX BTpaT B CJIEMEHTaX TPaKTy
NepelaBaHHsl CUTHAJIB Pagio3B’s3Ky Ta MiHIMaNbHO
HEOOXiTHOTO piBHS KOPHCHOT'O CUTHAITY.

Jns  po3paxyHKIB ypaxoBYIOTh MiHIMaJIbHHH
piBEHb KOPHCHOTO CHUTHay Ha BXOJl JIOKOMOTHBHOL
pamioctaHiii Bix 72 nb Ha AiNTHKAX 3MiHHOTO CTPYMY JO
50 b 3a aBTOHOMHOT TATH.

3racaHHs pI3HUX THIIB HaNpsMHUX  JHHIA
BIJIPi3HSIETBCS MaJ0 1 CKJIamae B cepeaHpomy 1,5 - 2
nb/kM, 1o 3a0e3nedye AanbHICTh pagio3B’s3Ky 10 8 KM
32 3MIHHOTO CTPyMY 3 BHUKOPHUCTAHHSM XBHJIEBIIHOTO
IIpoBOAY. 3racaHHs B JIIHIHHOMY TPaKTi 3 BAKOPUCTAHHAM
IHIIMX THIIB HAaOpSIMHUAX TIPOBOJIB Oyzae 3pocTaTH 3a
paxyHOK J0/IaTKOBUX JITHIHHUX TPUCTPOIB.

HanpsiMHi  BHCOKOBOJNBTHI  JIiHIT HE MOXHa
MPOKJIaIATH B TYHENIX  OesmocepenHbo 1 Juis
BHUKOpucTaHHs npoBoiB JI1P, ki 3 miaxomoMm 10 TyHETO
MepexosTh Ha CIemianbHi BHCOKOBOJBTHI OMOpH 1
00X0ITh TYyHENBbHY IUISHKY 3BepXy, a mpoBoau BJI B
TYHEJISIX IPOKJIA/IAl0Th BUCOKOBOJILTHUM Kabenem.

3a HagBHOCTI TYHENiB Ha  JUIAHII  JUISA
NepelaBaHHsl  CHTHANIB  Pajio3B’s3Ky  MiBINIYIOTH
OKpeMHH XBWJICBITHHMH IMPOBiA. 3a JOBXHHU TYHEIIO IO

300 M migBIIIYIOTH OJHOMIPOBIAHAN XBHJICBIM, 32 OLTBIIOL

JIOBXXMHHU TYHEJIB THIT HANpSMHOI JIiHII BU3HAYalOTh Ha
OCHOBI PO3pPaxyHKIB JIBHOCTI Pajio3B’sI3KY.

Jns  ogHONPOBiAHOTO XBWJIEBOLY B TyHeNl
3racaHHs 3pocTae 10 12 1b/kM, 10 CKOPOUYY€E MOXIIHMBY
JANIBHICTh Y TyHETl OO0 2 KM. 3racaHHsl CHTHANiB i3
BUKOPHCTaHHSIM  JIBOIPOBIJJHOTO XBHJIEBOJY CYTTEBO
MeHine i cknangae 1,7 nb/km.

Ha meperonax, ne € aBa i OUTbIIE TYHENIB, IS
3a0e3reuyeHHs BIEBHEHOTO  pajio3B’si3Ky  HEOOXiIHO
3aCTOCOBYBATH JIBOIPOBIJHHUI XBHIIEBIJ, SIKMH NPOXOANB
Ou uepe3 yci TyHemi, 100 BHKIIOYHTH OaraTopas3osi
TIEPEXOH BiJ OJHI€T HATIPSMHO] JIiHIT 10 iHIIIO].

Y  ripceKkili MICIEBOCTI CYTTEBO CKOpOYCHa
JMANBHICTh pamioss’s3ky B YKX miama3oHi MOpiBHAHO 3
KaHaJlaMHd Ha BigkpuTii micneBocti. Iloripmeni ymoBu
MIOUIMPEHHsT PaJioXBUIIb, 30UIbIIEHI BTpPAaTH B KaHami 1
3MEHIIeHA HaNpyXeHiCTh moiyst curHaimy. OKpiM TOTO,
3pocTae rIMONHA MPOCTOPOBUX (UIyKTyariil. Y mMeroamii
pO3paxyHKy KaHaJiB  TIOI3HOrO  paaio3B’si3Ky I
oco0nmmBoCTI BPaxoOBYIOTh i3 BUKOPHCTaHHSIM
BIJINOBITHHX MTONTPABKOBHUX KOEPIMi€HTIB Bpes 1 Buicy.

VY TunoBiii MeToaWIi Ul PO3paxyHKY NalbHOCTI
Iii KaHaNiB TOi3HOTrO panio3B'si3ky YKX miamazony B
yMOBax TipCbKOI MicCLIEBOCTI HEOOXiTHO J0JAaTKOBO
BpPaxoOBYBaTH, OKpiM BUJIy  CIICKTPOTSTH,
oOJamHAHHS JOKOMOTHBIB, TOJATKOBI KOCQIIIEHTH, sKi
BPaxOBYIOTh OCOOJIMBOCTI TPCHKHX Tpac.

E2 p = Uz.m‘H +g,+ z Bmliac +Z B napam + z Bl?”"“’ Ab.
(1)

BnapaM,

[MompaBkoBwii KOCPiMieHT ZBmpaC HEOOX1IHO

JTOTIOBHUTH KOEQIIIEHTOM Bpes, 10 BUOMPAIOTH 3AJICHKHO
BiJl TUIy Tpac, SKW{A BH3HAYa€E 3POCTaHHS BTPAT BiX
rapameTpiB CKJIQJHOCTI TPACH.

KoediuienT Biws BpaxoBye rambuny (iyKkTyamii
32 [IBHAKMX 1 TMOBUIBHUX IPOCTOPOBUX 3aBMHpaHb
curHaiiB i yacoBi ¢urykryauii. Ilpum mpomy koedimieHT
Buicy tTa€e 3MoOTy BpaxyBaTH 3pocTaHHS (IyKTyamii
BHACTIIOK 3MiHH peibedy MICHEBOCTI 1 3aJIeKUTH BiX
CKJIaJJHOCTI TpacH.

Tpacu panmio3B's;3Ky 3aJieXKHO Bifl  penbedy
MICIICBOCTI TOMIISAIOTh HA ITATh THIIIB. s KOXXHOTO
TUIly TpacH  BH3HA4Y€HI  BIANOBIIHI  IONPaBKOBI
Koe(iLlieHTH, SIKi BpaXOBYIOTh CKJIAIHICTh TPACH.

VYci 3a3Haueni B mpaBwiax [5] xiacudikamiiai
KpHuTepii Tpac palio3B'a3Ky BH3HAUAIOTh 3a iXHIM
npodineM, skuii HeoOXigHO OyxyBaTH 3a JaHUMH
TororpadiuHUX KapT y HAIIPSMKY 3B’ SI3KY.

Tun Tpacu BU3HAYCHO 3 YypaxXyBaHHAM TaKHUX
XapaKTepUCTHK  Tpac:  3arajlbHa  XapaKTEPHUCTHKA
MICIICBOCTI; TJIMOWHA 1 JOBXKWHA 3aKpUTTS TPAacCH;
BIJICTaHI Bif IlepeaBada i mpuiiMaya JI0 IepeIKo Iu.
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VY Tabn. 1 HaBeneHi pe3yNbTaTH PO3PaxyHKIB JUIs
pI3HMX THHIB CKJIAIHOCTI Tpac 3a OJHAKOBUX 3HAYCHb
IHIIMX TMapaMeTpiB KaHaly, IO BXOAATh IO CKJIAIy
dopmymu (1). HdinsHka enekTpu@ikoBaHA 3a CHCTEMOIO
3MIHHOTO cTpyMy. [loTy>KHicTh IepeaaBava cTamioHapHOI

pamiocTaHIil P= 10 BT, BHCOTa aHTEHU NepefaBavya
hl = 20m; Gl =4 I[B; TIOTOHHE 3racaHHs Qinepa
@, =0150B/m; 1, =20 .

Bucora

MpUHMaNBHOI AHTEHU h2 =5 M., G2 =0 I[B;

Bigomi Bumpowminroroui kabeini 3 OTBOpamMH B
30BHINIHBOMY TpOBigHUKY (BupoOHMKH RFS Kabelmetal
(Himeuunna), xopmopamis Andrew (CIIA), EUPEN
(Bemsrist)) [11]. Llle omHUM THIIOM € TpUaKCiaibHI Kabei
nu-TRAC (Times Microwave Systems). 30BHIIlIHI eKpaHn
TPHUAKCIAJILHOTO CKJIAAIOTBCS 3 ATIOMIHIEBHX CTPIYOK,
PO3/IiNIeH] MapoM AielIeKTPUKa, IO CHPOIIYE TEXHOJIOTII0
BHTOTOBJICHHS [12].

Y rabm. 2 HaBeleHI MAcCIOPTHI MapaMeTpu
BUNIpOMiHIOOUOTO ~ Kabemo ~ RMC-7/8 'EUPEN i
TpiakcuambHoro  TRC-850 nu-TRAK. BupoOnukm

BI/IHPOMiH}OIOLII/IX KabeiB HaBOJATH XAPAKTCPUCTUKU

TIOTOHHC SracaHHs binepa  kaGenis, BuMipSHMX Ha  JeNCKTPUYHMX  OINOpaXx,
Ay = 01506/ m; [, =5 m. BiJUTaJIEHUX BiJl IIOBEPXOHb.
Busnaunmo AJIBHICTD pamio3B's3Ky MK
CTAalllOHAPHOIO  DAJIiOCTaHLIEI0 1  paJioCTaHIII€I0
MAaricTpaabHOTO JJOKOMOTHBA 3 Pi3HUX THUITB CKIATHOCTI
Tpac.
T
a
6
hi}
"
I
st
OcHOBHI napaMeTPI/I KabeliB
Pesynbrati  po3paxyHKy IaIBHOCTI Paio3B’si3Ky JUIS
Tpac pi3HOI CKJIaIHOCTI
[Tapamertp Pesynbrar pospaxyHKy 3anexHO Bifl || BukopucroByBaHa RMC-7/8" TRC-850
KaHay THITY CKJIaTHOCTI Tpacu cMyra yactotu, MI'q
CxiraggicThb 1 2 3 4 5
Tpacu IMoB3noBxHe 3racanHs, 1b/km
34 0 -3,4 -6,8 -10,2
Bpen’HB ’ ’ ' ' 160 MI'n 17 18
2 3 4 5 6
Buicy: B 460 MI'q 31 33
JUTst
HMOBipHOCTI 900 MI'n 44 58
90 %
JlanbHiCTh 12,2 | 10,4 7,2 54 3.8 1900 MI' 94 -
paniosB’si3Ky,
KM 3racaHHg MK Ka0elleM 1 aHTCHOIO, JUIS HaJiHHOCTI IO

31 3poCTaHHAM CKIQIHOCTI Tpach CYTTEBO
3MEHIIYEThCA AIBHICTh Pagio3B’s3Ky Bim 12,2 kM mist
Tpacu iy 1 1o 3,8 kM [uId Tpacu Tumy 5.

Bunpowmintoroui xabeini € HaiOUIBII eQEeKTUBHUM
3aco0oM opranizanii kaHanie YKX niamazony B TyHemsx
3ai3HMI. BumnpomiHiorounit kabenb 3a0e3neuye He
TUIBKK TIEpEAaBaHHS €JIEeKTPOMAarHiTHOI eHeprii, a 1 ii
BUIIPOMIHIOBAHHS B 30HI TIPOXO/IKCHHSL.

VYnepume B YkpaiHi BUIpoMiHIOOUI Kabeni Oymun
3aCTOCOBaHI ISl TIPOEKTYBAHHS KaHANIB Pazio3B’s3Ky B
METpPONONiTeHi B M. XapKkoBi. 3apa3  HIMPOKO
3aCTOCOBYIOTh JUIS OpraHi3amlii CTUIBHHUKOBHUX CHCTEM
PYXOMOTO Pajio3B’sI3Ky B TYHENSIX METPOIOJIITEHIB.

oo 50/95 %

160 MI'n 81/89 74/94
460 MI' 79/87 80/96
900 MI'n 69/74 80/96
1900 MI'n 67/72 -

VY macnopTHHX MaHWX KaOeniB HaBEACHI 3HAUYCHHS
KOeQIIIEHTIB 3racaHHsA Ta IEPEeXiJHOTO 3racaHHs It
JEeTKAX JTUCKPETHUX 3HAYCHb YACTOT, sKi HaWdJacTime
BHKOPHUCTOBYIOTh Y MeEpekaxX MOOLTBHOTO pPajio3B's3Ky
160, 460, 900, 1900 MTI'11. ¥V TeXHIYHUX XapaKTEPHCTHUKAX
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KabeiB HaBeleHI cepelHi 3HA4YEeHHS IEepeXiHOTro
sracanss (50 %) i Ti, sxi He OyxyTh nepeBuIIeHi B 95 %
BHIIA/IKIB BHUMIipIOBaHb, TOOTO 3 iMOBipHICTIO 95 %, 110
Jla€ 3MOTy BpaxyBaTH iHTep(depeHLiiiHI Imporecu B
KaHaJlax paJiio3B’sI3Ky.

[Nepexinne 3racaHHs XapaKTepH3ye B3aEMO3B’ 30K
Kabemr0 3 HaBKOJNMWIIHIM CEepelOBHIIEM 1 CYTTEBO
3aJ€XKUTh BiA YMOB TMPOKJIQJAHHS, XapaKTEPUCTHK
TYHEJIIO, BiICTaHI BiJ CTIHOK TyHEN0. 3arajbHi BTPaTH

CKIIQNalOTh CyMy [HX [apaMeTpiB, MO0 BU3HAYAE
JANBHICTH Pajlio3B’ 3Ky .
ExcniepuMeHTanbHI  CTaTUCTHYHI  PE3YJIBTaTH

JIOCII/PKEHb TTOB3/IOBKHBOTO 3TAcaHHs Ta IEPeXiHOTO
3racaHHs OTPHMaHi B YMOBaX PEaJIbHOTO ITPOKJIAJaHHS B
XapkiBcbkoMy MeTporoiiTeHi B agianasoni 160 MI'mp i
BITEpIIIC HaBeCHI B po0oTi [13]. 3aramoM pekoMeHI0OBaHO
YCTaHOBIIIOBATU BUIIPOMIHIOIOU1 Kabei Ha
JICIEKTPUYHNX KPOHINTCHHAX Ha 3HAYHIN BiJCTaHi BiJ
3BOJIIB TYHENI0. AJle B yMOBaxX JOCII/KCHHs MapamMeTpiB
y XapKiBCbKOMY METPOIOIITeHI BUIIPOMIHIOIOUHMH Kabeib
nmiametpoM 7/8 mroiiMa BCTaHOBIIOBATM ITOONH3Y BiJ
CTIHKH TyHENmr0. Y poOOTi TOKa3aHO, IO PO3IOMLT
3HAUYeHb  NIPOCTOPOBHX  (UIyKTyamid  IepexigHoro
3racaHHs B peaJbHUX yMOBax NPOKJIaJaHHS BiAINOBiIae
Jorapu(MidHO-HOPMAJIbBHOMY ~ 3aKOHY ¢urykTyaniit
HaNpyXEHOCTI TOJIS Ul KaHaNiB i3 BHIPOMIHIOIOUHUMHU
KabeJsIMU B TYHEIsIX.

3a pe3yibTaTaMu JOCITIJDKEHb, CEPEAHE 3HAUCHHS
Anep B KaHaJ1l CcKJ1aJiae 51,4 nb 3a
CepeIHhOKBAIPATHYHOTO BiAXWICHHI ¢ = 5,96 nb Ha
BificTaHi Big kabemro 2 M. Came 11i mapaMeTpH BKJIFOUYCHI B
[IpaBuna po3paxyHKy i HPOEKTYBaHHS MEpEX MOiZHOIO
panio3B’si3Ky B TYHEISIX 3aJII3HULIb.

Bunpowmintoroui kabeili He BHUKOPHCTOBYIOTH Y
TEeKTOMETPOBOMY JIialla3oHi, 1 MACIOPTHI JaHi I [HX
9acTOT BiJICYTHI. AJie TOCIiIKEHHS MapaMeTpiB y IbOMY
niama3oHi HEOOXimHI JUIs opraHi3armii JIHIHHUX Mepex
IIP3. 3a numMM mnapaMeTpamMyd MOXKHA BU3HAUUTH
JTANIBHICT Pa/iio3B’ 13Ky B TEKTOMETPOBOMY [iana3oHi Ta
VKX jiama3oHi Ha 4YacToOTaxX, BiIBEICHHMX A
3aJi3HMYHOrO TpaHcmopTy. [lapamerpm BuMmipsHI B
peaTbHIX yMOBaX EKCIUTyaTallii MepeX TEXHOJIOTIYHOTO
pamio3B’si3ky misd kabemiB i3 miameTpom 7/8 MokHA
BHKOPHCTATH JIJISI pEaIbHOT'O IPOEKTYBaHHS Mepex [8].

I3 posramyBanHsSM pamiocTaHmii B cepenuHi
TYHEJI0O MOXHa 3a0e3mednTH HeoOXigHy JalbHICTh
panio3B’si3Ky 3a PaxyHOK BHUKOPHCTaHHS JBOIICYOBOL
CXEMH.

Ha 6a3i HaBeeHNX MAaCHOPTHHUX XapaKTEPUCTHK Y
Taba. 2 BM3HAYAIOTH CEPEAHBOKBAAPATUYHE BIIXUIICHHS
MIePEeXiTHOTO 3racaHHs Uil Pi3HUX 4acToT. Buxomsum 3
HaBEJCHWX IMapaMeTpiB, MOXHA  3a3HAYUTH, IIO
PO3paxyHKOBI 3HA4YCHHS cepeTHbOKBAIPATHYHOTO
BIIXWICHHS TPOCTOPOBHX (IIyKTyali s 4acToT
160 MI'tt cknamaroth mis kadenss RMC 7/8°° 6,2 nb. 1le
MATBEPKYE BIIIOBIAHICTD CTPYKTYPH BUIIPOMIHIOBAaHUX
moJiB y kabeysix 000X TUMIB. Y TpHakcialbHUX KaOemsix
Oinmpmie 3racaHHs, mmMOWHa QUyKTyanii Ourbmie Ta
cknagae 9,7 nb.

Busnaunmo  manbHiCTE  pamio3B’sA3Ky,  sKa
3a0e3rneueHa B KaHalax i3 MEPCIeKTMBHUMU CHCTEMaMHU
JIEIMMETPOBOTO Niama3oHy Ha dactotax 460 i 900 MIm,
BUXOJSYM 3 TAcIHOPTHUX XapakTepHCTHK KabenmiB. Ha
OiJIBIII BUCOKMX YacTOTaX CYTTEBO 30UIBIIYIOTHCS BTpaTH
3 NOMIMPEHHSM CHTHAIB y Kabeti.

Toxi pesympraTH pO3paxyHKIB JalbHOCTI 32
MeTouKO0 [8] ckimamyTh Mt gactota 160 MI' 1,7 k.

Ha 6inpmr Bucokux yacrorax 460 Mri, 900 MI'1g

CyTTEBO  3pOCTae  3racaHHs B  kabem, Xxoua
CepeHbOKBAIPATHYHE BIIXHMJICHHS KOJINBaHb
¢uryKkTyaniii  BUNPOMIHIOBaHMX TIOJIIB  Maibke He
BiJIPi3HSIETHCS.

Jus gactrotm 460 MI'TT 3a aHAJIOTIYHUX YMOB
IepelaBalHs JallbHICTh Pajio3B’s3Ky B TYHENI CKIIaje
1,1 kM, a Ha gactoTi 900 MI'y — 0,95 kMm.

Ha pucynky HaBenmeHi 3alieKHOCTI CyMapHHX
BTpaT 3B’S3KY JJISI PI3HUX YacTOT JJIsI BUIIPOMIHIOIOUOTO
kabemss RMC 7/8 EUPEN Bin Bincrani. Kpusa Lodon
BHU3HAYa€ MaKCHMAJIbHO JOIyCTHUMI BTpaTH B KaHAI 3a
OJTHAKOBHUX CHEPreTHYHHX XapaKTEpUCTUK Mepex. Touka
NepeTHHY KPUBUX BU3HAYa€ NAJBHICTD PaJio3B’sI3Ky UL
HaJIHHOCTI pa/iio3B’s3Ky 1o oo 95 %.
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Puc. Busnauenns nanpHoCTi panio3sssky it kademo RMC 7/8 EUPEN st pi3HEX yacToT

Ha OinbIn BHCOKHMX YacTOTax CyMapHi BTpaTH

3pOCTalOTh, a peaji30BaHa MJAIbHICTh Pajio3B’s3Ky
3MeHIyeTbesl. Ane HaBiTh Ha dacrtoti 900 MIn
pe3yibTaTd  CTaHOBIATH  NPHHWHATHI  3HAYEHHS 3

ypaxyBaHHSIM TOTO, IO B JBOILICYiN CXEeMi IiIKITFOYCHHS
pamioCTaHIil 0 BUIPOMIHIOIOYOTO Kabes AailbHICTh
Pamio3Bs3Ky CKIIaa€ MOABIHY BEITUUHHY.

BucHoBkn

1. Posrasuyro METOIH opraHizarii Ta
PO3paxyHKy MepeX IIO0i3HOTO paio3B’si3Ky B YMOBax
TipCHKOI MICIIEBOCTI Ta B TYHEJISIX 3aJTi3HUIIb.

2. Y TIpchKMX yMOBax 3pOCTa€ 3racaHHs
curHaimiB 1 mimbuHa ¢uiyKTyanid Ha Tpacax, IIo
TIOB’5I3aHO 31 CKJIQJHUM PEIbe(hOM MICIIEBOCTI.

3. Orpumani B poOOTi pe3ynbTaTé MOKYTh OyTH
OpiEHTHpPOM JUIsi oOpraHisamii pamioMepexk B yMOBax
TipCBhKOI MiCIIEBOCTI.

4.  Po3zpaxoBaHO JIANTBHICTh pazniosB’si3Ky
kaHanmiB YKX nmiamazoHiB y TyHemsX 3alli3HHULB 13
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Proposals have ©been developed for the
organization and calculation of train radio communication
networks in mountainous areas of varying complexity and
in railway tunnels.

In mountainous terrain, the conditions for the
propagation of radio waves in the VHF bands are
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significantly complicated, which leads to increased signal
attenuation and an increase in the depth of fluctuations.

Channels in the VHF band in tunnels can be
organized only using radiating cables. The organization of
dual-band systems in the hectometer and meter bands
using a single radiating network has been proposed.

In the hectometer range, when using guide lines in
train radio communication, the terrain has little effect on
the conditions for the transmission of electromagnetic
energy in the circuits.

In the KH range, when organizing radio
communication in railway tunnels, it is necessary to
suspend a single-wire or two-wire waveguide wire, which
provides less attenuation.

Radiating cables are the most effective means of
organizing channels in the VHF band in railway tunnels.
The radiating cable provides not only the transmission of
electromagnetic energy but also its radiation in the
passage zone.

It can be noted that the calculated values of the
root mean square deviation of spatial fluctuations at
frequencies of 160 MHz for the RMC 7/8*’ cable from
EUPEN are 6.2 dB. This indicates the similarity of the
structure of the radiated fields in the cables in both cases.
In triaxial cables, the attenuation is greater, the depth of
fluctuations is greater and is 9.7.

At higher frequencies of 460 MHz, 900 MHz, the
attenuation in the cable increases significantly, although
the root mean square deviation of the fluctuations of the
radiated fields is almost the same.

These data can be used to calculate channels in
promising railway radio communication systems in

tunnels, as a guideline in the actual design of train radio
communication networks.
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KAPT'IH A. O., n.1.H, mpodecop
KY3bMEHKO P. C., PhD crynent
(YkpalHChbKHii iepKaBHUN YHIBEPCUTET 3aJ1I3HUYHOTO TPAHCIIOPTY)

Mopenb iMOBIPHICHO-HEYITKOr0 KOHTPOJepa 3i 3MiHHOI0 CTPYKTYPOI0 B KOHTYpPi He4iTKOro
YIPaBJIiHHS ABTOHOMHHMM Po60TOM

Posnoscroooicenns Oesninomuux cucmem y pisHux cgepax, Hacamneped NpOMUCTOBOCH, MPAHCHOPMHIL I
BIUICLKOGIN 2any3i, nepeddauae Haleon0sHiuLe 3a60AHHs NIOSUWeHHs IXHbOI asmonomHocmi. Pigens asmonomnocmi yux
cucmem 6e3n0cepednbo 3anedAcUmsb 8i0 IXHbOI 30amMHOCHI YX8ATIO8AMU PIUeHHS 8 YM0O8aAX HegusHaueHocmi. Knacuuni
neuimxi noeiuni cucmemu (Fuzzy Logic System, FLS) oaiome 3mo02y ¢hopmanizyeamu yxeaieHHs piuleHb 8 YMO8aAX
HEeNoBHUX 3HAHb YU HEMOYHUX OAHUX, dle Marome nesHi oomedcenns. Ilo-nepue, nanraumysanus Hewimkoi cucmemu
MOICTUBO MINbKU 0I5t HeCKNaoHux 3ae0ans. ITlo-opyee, FLS ne marome énacmusocmi macumabosanocmi. Ilo-mpeme,
icHyrOmb 0bMedcenHs w000 peanizayii Hewimkux piwens, ompumanux FLS: eiocymuicme anapamuo peanizo8aHux
HeuimKkux akmyamopie nompebye Oegasugpikayii Heuimkux piuieHb, KOAU BCI MONCIUGI BAPIAHMU PileHHS
V3a2anbHIomy i 3600aMb 00 00HO20 HUCHA, AK HACHIOOK, Ye YHEeMONCIUBTIOE BUKOPUCTIAHHA AlbIMEPHAMUBHUX A0
«CRaOKUX» piuiensb, Wo medlc npuzeooums 00 CUMyayill, 5Ki NOPYUWYIomb AGMOHOMHICMb. Y cmammi po32isiymo
WISAXU NOOONIAHHS OCMAHHBO2O 00MediCeHHs Ha 0a3i HOBoI moldeni wimyuHoeo iHmenekmy, wo eiouysae (Feeling
Artificial Intelligence, FAI). 3anpononosano moougixosany eepcito FLS i3 modenno UMOGIPHICHO-HeUIMKO20
Koumpoaepa 3i sminnoilo cmpykmyporo (Probabilistic-Fuzzy Controller, PFC). FLS i3 modenno PFC 3a6esneuye 6ubip
ANbMEPHAMUSHUX KePYIOUUX Ofll Y HeGUSHAUEHUX YMOBAX, Pedni3yIouU YNPAGLIHHA K GUNAOKOBY EIUUUHY 3 PO3NOOIIOM
iMosipHOCmEl, WO OMPUMAHO HA OCHOBI 3HAYEHb yneeHeHocmi, wjo Oyau pospaxoeani FLS na emani axymynayii
Heuimkux npasun. Lle dac 3mo2y peanizysamu piwtenns, wo He oominyloms y mpaouyitniu FLS. I[loxkaszano nepesazu
sacmocysantsa moougixosaroi FLS i3 PFC mooOennto 015 ynpasiiHHs asmMoHOMHUM POOOMOM i HA8eOeHO NOPIGHAHH il
piutensb i3 mumu, wo ompumai 3a 0onomoeoro kiacuunoi FLS. Busnauenus nompibnoi cmpykmypu 3aKoHy YRpasiiHHs
0N BUOPAHO2O 3HAYEHHS Kepylouoeo piuienHs, wjo dodamkogo pobums PFC, d0odae adanmugHocmi tMOBIPHICHO-
HeuimKoOMY KOHMPOepy 3i 3SMIHHOIO CIPYKMYPOIO 8 KOHMYPI HEeYimKO20 YNPABAiHHA A6MOHOMHUMU CUCTMEMAaMU I € we
OO0Hi€l 11020 nepesazoio. Y cmammi HABEOEHO pe3YNbMamu pO3PAXYHKIE, MOOENO8AHHS Md eKCNePUMEHMI8, Wo
niomeepounu npakmuuny nepesacy mooeni. Hoeuti nioxio niosuwgye asmoHoMHicmb 0e3MH00HUX cucmem i
adanmueHicms YX8aieHHsi Kepyrouux piuiets.

Knrouosi cnosa: asmonomna 6esninomua cucmema, pobom, HewimKa J02iYHd cucmemd, iMOGIPHICHO-HEYImKUll
KOHMpOJep, KOHMPOeEpP 3i SMIHHOK CIPYKMYPOR, WMYYHULL IHmeneKm, o 8i04yedc.

Beryn.

Y CcBOeMy pO3BHTKY aBTOHOMHI pPOOOTH30BaHi ] ) )
cucremu (Autonomous Robotic System, ARS) mpoiimmm ABTOHOMHICTB TATPUMYIOTE Oararo KOMIIOHCHTIB
tpu eramu [1-3]. Ha nepuwomy eram mporpamoBai IARS. s crarTs 30Cepe/uKeHa Ha byHKIiT YXBaJICHHSA
ABTOMATHYHI ARS noTpebysau HoBHicTio  PilleHb.  PosrnsHeMo OCHOBHI  OCOONMMBOCTI  L[bOTO
BIIOPAZKOBAHOTO CEPEIOBMINA, TOYHOrO JOTpUMaHHs  SABIAHHA IARS:

YacOBMX IHTEpBAIIB 1 MOCHIIOBHOCTI omnepauiif. Ha 1) IARS HanekuTh 10 Ki1acy BOY/IOBaHHX CHCTEM,

JIPYroMy eTari BUMOTH BIOPSIAKYBaHHs cepemoBuiga 1O TPALIOOTE Yy pCalbHOMY Hacl Ta besnocepeaHbo
Oyinu 4acTkoBO 3HsATI, ARS Mornm BHKOHyBaTu jeski  B33€MOMAIOTH 13 NATIHKAMH  Ta  BUKOHABUMMHU
bymkmii B ymoBax  mepemkox i  wactkopoi  MexaHismamu. Tomy moxens Al Mae GyTH KOMIAKTHOIO
HeBu3HayeHocTi. IlpMKiIazaMu LBOrO € poOoTH, IO '@ eexruBHOMO [2, 3]; . . .
HAJAIOTh Pi3Hi BUaU mociyr [4]. ChOroiHi akTyalbHUMU 2) IARS BHKOPHUCTOBYE JlaHl 3 BEJTHKOI KUTBKOCTI
¢ inrenexryansai ARS (Intelligent ARS, TARS), ski, sk~ 'CTCPOTCHHUX JATIHUKIB, IO XapaKTCPU3YE CHCTCMY SIK
CIOAIBAIOTHCS, 3aMiHATh JIFOAMHY B Di3HUX chepax i ~ MYJIBTHMONANIbHY Td TCTCPOrCHHY [11]. Ifo ocobmmBicTh
nisuibHocTi  [5-10]. Ilupoke posropranast [ARS mmus ~ BPaXOBYIOTH Y GaraTbOX MiAXOHaX MIOAO IEPBHHHOL
BUDIlICHHS 3aBJAaHb BOEHHOTO 4Wacy akTyamisyBamo OOPOOKH jammx [12-14]. OnHak roioBHy BUMOTY IIOJIO

JIOCIII JIDKEHHS mpooIeMu M ABUILEHHS ixupoi ~ cMcTeMu cnpuiHATT IARS - pesynbrat  06poOKu
ABTOHOMHOCTI: 31aTHiCTh IARS BHKOHyBaTH Micito Gez ~ TC€TEPOTCHHHX JAHUX MAIOTh OyTH NMOJAHMMH OJHAKOBO -
BTpYYaHHs JO/MHH BOHH HE 3a/I0BOJIBHSIOTE;

3) TARS nmpamroe B cepenoBuii, Uit SIKOTO
XapaKTepHI HEBM3HAYEHICTh 1 MIHJIMBICTB, 3allyMJICHI

© KAPI'IH A. O.. KY3BMEHKO P. C.. 2026 ﬂaHi, a piHIeHHH YXBAJIIOKOTh B YMOBAaX HCIIOBHUX 3HAHb.
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Bin mononmaHHS BKa3aHWUX MPOOJEM 3alICKUTh
piBEHb aBTOHOMHOCTI CHCTeMH. Y po0oTi [15] Bu3HAaYCHO

OCHOBHI TNpPHWYMHH, 10 TIOPYUIyIOTh aBTOHOMHICTb
yxBateHHss pimenb [ARS, 1 mna koxHOI 3 HHX
PEKOMEHZIOBAaHO crocoOu BUpimieHHA. Jleski 3 HHX

HaBEJICHO HIDKYE!

1) yci komnonentr IARS marots Oyt 6a3oBani Ha
YHIBEpcanbHIi MOJENl CeHCy MJaHHX, OTPUMaHUX Bij
JatyukiB. Mopenb CeHCy INOBHHHAa MaTd MOXKJIMBICTB
MoJjaBaTH JaHi 3a JONOMOTOI0 IOHSATH PI3HOTO piBHS
y3araJlbHeHHSI Ta abCTpaKIIi;

2) ¢QopmambHa OCHOBa CEHCY
mo0yToBaHa Ha MOJIEITi HEUITKUX MHOXKUH;

3) 3MEHIIEeHHS! PO3MIPHOCTI MPOCTOPY YXBaJCHHS
pilleHb y peasbHOMY dYaci Mae OyTH BHKOHaHa 3a
noriomoroto texnosorii Computing With Word [16], sika
Tex 0a30BaHa Ha anaparti HeYiITKUX MHOXKHH.

Orxe, ¢opmanpHMi  amapar  Mae  OyTH
noOyzoBaHMM Ha HewiTkux Mozensx. Ha xamp, Ha
ceorozHi BiacyTHi IARS, y sKkuX cucreMH yXBaJICHHS
pitmeHs 0Oa3oBaHi Ha HEUiTKid Jorimi. ['omoBHEMHU
nepenmkojamMyu Ha nuiaxy BukopuctaHHs FLS y IARS e
taki. [lo-mepme, cepen ¢axiBIiB i3 HEYITKHX CHCTEM
ICHy€ TepeKOHaHHsI, 110 HaJAIITyBaTH PEaJbHO HEUITKY
CHUCTEMy MOXHA TUIBKM JUIi HECKIaJHHX 3aBAaHb 13
KUTBKICTIO BXiTHHUX 3MIHHHX, IO HE mepeBumrye 5-7 [16-
18]. s oOcraBuHa oOMexye Bukopuctanus FLS y ii
«UUCTOMY» BUDNIAIL At Takux cdep, SK cydacHa
pOOOTOTEXHIKA, BiMOBITHO JO OCOONMBOCTEH BKa3aHMX
BUIIIE. [o-ngpyre, FLS He Mae  BIacTUBOCTI
MacmtaboBanocTi [15, 18]: momaBaHHS HOBHX BXiTHHUX
YUCIOBHX 3MIHHMX a00 3MiHa KUIBKOCTI YU CEHCY
TEPMiHIB JIHTBICTHYHUX 3MIHHHX IIOTpeOy€e 3MiHM
icHytouoi 6a3u 3HaHb. [lo-TpeTe, iICHYIOTH OOMEKEHHS
mIofI0 pearizalii HEYITKWX pimeHb, orpuMaHux FLS:
BIZICYTHICTb anapaTHO peali30BaHUX HEYITKHX aKTyaToOpiB
(BMKOHAaBYMX MEXaHI3MiB CHCTEMH YIIPaBIiHHS) HOTpeOye
nedasudikarii HSUITKAX PIillleHb, IO TEX MPU3BOIUTH 0

Mae Oyt

cuTyalidf, $Ki TOPYHIyIoTh aBTOHOMHicTh. lmsxm
MOJIONIaHHS MEepIINX ABOX OOMEXKEHb 3alpoIloHOBaHI B
momem FAI [19-21]. Tpere oOMekeHHS, IO TTOB’sI3aHE 3
mpobnemoro aedasudikarrii, po3rasHyTO B poOOTI [22], e
BBEJCHO MOJEIb IMOBIPHICHO-HEUITKOTO KOHBEpPTOpa
(Fuzziness-to-Random Converter, F2RC), sika BinTBOpIoe
0co0IuBOCTI OIOJMOTIYHUX CHCTEM JUIA IMILIEMEHTAIl
HEUiTKOi BIIEBHEHOCTi, MOAAHOi SK piBEHb HEPBOBOTO
CUTHAJTY, B IMOBIPHICHHI PO3IIOJIUT MOJICKYJI-TiraHIiB, SIKi
aKTHBI3YIOTh M’S30Bi BOJIOKHA.

Mera  crarTi JIOCHIZIUTH  MOXKJIMBOCTI
3actocyBanHs Mogmeni F2RC  mns  immmemeHTtarii
yxBateHX FAI HewiTKuX pillleHb; 3alpONOHYBaTH JUIS
BukoprucranHs B IARS momudikoBany Bepcito FLS i3
mogemmio PFC nHa 6a3i F2RC; moxkasarm mnepeBarn
3acrocyBanHs MomudikoBanoi FLS wmogmenmi 3 PFC i
MOPIBHATH 11 pilIeHHSs 3 THUMH, 0OI0 OTPHMaHi 3a
Jonomororo kinacuyaoi FLS.

OOrosopenHs npodaemu

[Ipobnemy po3risiHEMO Ha MPUKIAAl YIpaBIiHHA
pyXoM KoxicHOro po0ora. MapmipyT, SIKHM pyXa€ThCs
KOJlicHHH poboT, 300paxkeHo Ha puc. 1. Penped Brimouae
TpU THUIM TIOBEPXHI: pPyX MPSIMOI0 TOPH30HTAIBHOIO
nisakoro (1), pyx mix mHaxminom menme 30 rpagycis (IT),
PYX HiJl BEIMKUM HaxmioM i3 KyroM Ourbire 30 rpamycis
(IIT). Cenc Touok 1, 2, ..., 9 crane 3po3yMiluM 3 aHATI3y
pillleHb, OTPUMAaHUX IIiJ1 4ac MOJENIOBAaHHA. Po3risiatoTh
KOJIICHUH pOOOT, OCHALICHWH ABHI'YHAMH IIOCTiHHOTO
ctpymy 12 B i3 peaykropamu (12 V 100RPM DC Gear
Motor) i3 moxynem Adafruit Motor Shield v2.0, mo
MATPUMYE 10 YOTHPHOX IIBUTYHIB. BoHM 3a0e3meuyrorsb
HEOOXimHMHA o0epTalbHU MOMEHT [UIi pyXy Ha
nepecideHii MicIeBOCTI 1 JaloTh 3MOTY peali3yBaTu
yHopaBiiHHA poOOTOM, a came pyx BHepen/Hazan i3
TICBHOIO MIBUAKICTIO, MIPUCKOPEHHSI/TaJIbMyBaHHS,
MOBOPOT HA 33JaHUM KyT 3aBISIKM DI3HIH IIBUAKOCTI
oOepTaHHs KOJIiC TTpaBofi 1 JIiBOT CTOpIH.

Puc. 1. Penped mMapmpyTy KomicHOTO poboTta

Cencopra cmcTteMa po0OTa BKIIOYAE OJIOMETP
(ontnunmii  enkonep KY-040 komic), Ha 06asi sikoro
IpaiiBep BHMIps€ KyTOBY Ta JIHIHHY IIBHIKICTH 1
NIPOHJCHY BIiACTaHb; YJIBTPa3BYKOBHH IaTYMK BiAcCTaHi
HC-SR04 na mnoBopoTHii mmaTdopmi; KOMOIHOBaHHH

Monyns ~ MPU-6050, 1mo  Bkimodae  TpHUBICHHMH
aKcelxepoMeTp 1 TpuBicHUH Tipockom; momyns TTP223B
i3 JarynkamMM 3iTKHEHb Ta IH(pPAYepBOHI JATYUKU
BITOWTTS NI BUSIBIICHHS HAONDKEHHS JIO MEPEIIko 0e3
JIOTHKY. Y PpI3HUX EKCIIEPUMEHTaX 3aCTOCOBAHO Pi3HUH
KoMIUIeKT ceHcopiB. s mepeBipku moxeni PFC 6yno
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3aCTOCOBAaHO KOMIUIEKT i3 JBOX MJATYMKIB: OJOMETp 1
aKCceJIepoMETp 13 TIPOCKOIIOM.

Ckiag cuCTeMH YIpaBIiHHS pyxoM poOora
HaBegeHo Ha puc. 2. lle OararopiBHeBa cucrema 3
KOHTpOJIEpiB, 10 BHUPIIIYIOTH pi3HI 3aBraHHA. B
eKCIIepUMeHTax, OOroBOpIOBaHMX y Wi crarrti, Line-
following feedback controller i Feedforward controller of
turn He Oynu 3axisHi. [lepeBipsin pyx poOoTa Ha pi3HHX
IIBUKOCTSX IO MPsMIi JiHiT o penbedy (puc. 1) 3 ropu
JI0 HU3Y.

IF sensL is close AND sensR is close
AND sensF is far
THEN speed is low AND turr

Feedforward
fuzzy
controller

ExcniepuMeHTH 3 JOCHIIKEHHS pyXy poOoTa Imo
MapImpyTy, 300pakxeHOMy Ha puc. 1, 3 ymIpaBIiHHIM
Tpanuiiitaoro FLS, mo moka3ana 4epBOHUM OJIOKOM Ha
puc.2, mnpoBommwimm B Takui cmocid. CrmodaTky B
cepenouii MATLAB Fuzzy Tools pospaxoByBann
IIBUIKICTH PYXY B PI3HUX TOYKAX MAPIIPYTY, a MOTIM TeH
peXUM pyXy TEpeBipsuId B IITyYHOMY OTOYCHHI Ha
MIPOTOTHIII BHIIE 3TaIaHOTO POOOTa.

u

;

A is the actuator (Motor shield)

S is the sensor (Odometer)

& is the setpoint of engle speed (rev/sec)
n is the actual angle speed (rev/sec)

u is the control signal

e is an error signal

Puc. 2. CtpykTypa cHCTEMH yNpaBiIiHHS KOJTICHUM pOOOTOM

Y MATLAB Fuzzy Tools O0yno ctBOpeHO
HECKJIaJIHy HEHITKY CUCTEMY 13 TPbOX BXIJIHUX YUCEITbHUX
3MIHHHX 1 OJHI€l BHUXIJHOI, 110 HaBeaeHi B Tabm. 1. Ha
IUX yHiBepcymax Oynu BU3HAa4YeHI TpH  BXiAHI
minrBictnuni 3minHi (Linguistic Variable, LV): Speed,
Angle, Acceleration, a Takox Buxigaa LV Output Speed.
3minHa Speed ommcye JiHIMHY HIBHAKICT — pyXy
KoJlicHOro pobota, 3MmiHHa Angle BiAmoBimae 3a KyT
Haxwiy po0oTa BiIHOCHO TOPH30HTAJIHHOI ITOBEpXHi, a

Acceleration  xapakTtepusye HOro NpPUCKOPEHHS Yy
mpoctopi. Buximaa LV Output Speed 3amae kepyroue
pIlICHHS PO peKOMEeHAOBaHy IIBUIAKICTh. Koxna LV
roJjana sk Habip TepMiB, HaBeAeHUX y Tabu. 1, xe mirepn
«m» 1 «p» 03HAYAIOTH BIATIOBIIHO, HA SKil MIBOCI 3HAYCHB
YHiBEpcyMiB negative uu positive BU3HaYEH] TEpMH.

Tabimus 1Busnauenns LV

JlinrBicTHYHA TepM JIIHTBICTUYHUX 3MiHHUX
3MiHHA nHigh nMedium | nLow None pLow pMedium pHigh
Trapmf trapmf trapmf trimf trapmf trapmf [+11, | trapmf [+39,
Speed [-85,-85, - | [-50,-43, [-20, -13, [-6. 0, +6] [o, +5, | +23,  +43, | +50, 485,
50,-39] -23, -11] 5,0] > +13, +20] +50] +85]
trapmf trapmf trapmf trimf trapmf trapmf trapmf
Angle [-45,-45, -25, | [-21,-18, [-12, -8, [-3.5, 0, | [0, +4, +8, | [+8, +12, | [+17,+25,
-17] -12, -8] 4, 0] 3.5] +12] +18,+21] +45, +45]
trapmf trapmf trapmf trimf trapmf trapmf trapmf [+44,
Acceleration [-120,-120, - | [-56,-48, [-32, -20, [-8. 0, +8] [0, +10, | [+20, +32,| +66, 120,
66,-44] -32,-20] 10, 0] > +20, +32] +48, +56] +20]
trapmf trapmf trapmf . trapmf trapmf [+11, | trapmf [+39,
(S)“etggt— [-85-85, - | [-50, -43,|[-20, -13, Flgn(f) o |10 S 423 | as0, 8s,
P 50,-39] 23,-11] | 5,0] >V +13,420] | +50] +85]
BukopucroByroun 1i JIHIBICTHYHI 3MiHHI Ta  sfKkoi, HEOOXigHMH Ul  TIOSICHEHb  PE3YJIBTATIB

3HAHHS €KCIEPTiB, OyJI0 CTBOpEHO 0a3y 3HaHb, (parMeHT

MOJCIIOBaHH, HABCICHO HAa pUC. 3.

1. IF (Angle is None) and (Acceleration is None) then (Output_Speed is pHigh)
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2. IF (Speed is High) and (Angle is nLow) and (Acceleration is pLow) then (Output Speed is pMedium)
3. IF (Angle is nLow) and (Acceleration is None) then (Output_Speed is pMedium)
4. IF (Speed is Medium) and (Angle is nMedium) and (Acceleration is pLow) then (Output_Speed is pLow)
5. IF (Angle is nHigh) and (Acceleration is pMedium) then (Output Speed is None)
6. IF (Speed is None) and (Angle is nHigh) and (Acceleration is None) then (Output Speed is nLow)
7. IF (Angle is nHigh) and (Acceleration is pLow) then (Output Speed is pLow)
8. IF (Speed is Low) and (Angle is nHigh) and (Acceleration is pMedium) then (Output Speed is pMedium)

Puc. 3. ®parment 6a3u 3HaHb, 110 BU3HAYAE€ PEKOMEHJOBAHY IIBHIKICTD PyXY

PesynbpraTi MozenroBaHHsS IepeMilleHHs poborta
[0 MapuIpyTy 4epe3 3a/JaHi TOYKM HaBejieHi B Tabim. 2.
Jlyist HewiTKoTO BHBEAECHHS OYyJI0 3aCTOCOBAHO JIBI MOAENI:
Mawmpani i [yxamorto.

Pesynpratn cumyssnii B cepenmoBumii  Matlab  pyxy
KoJtlicHOro pobora

Output S Output S
Howmep Ang peed
Spe Accelera | peed,
TOYKH le, . Mopenb
MADLL ed, N tion, Mognens Tsukam
Tp Pleme | P om/c? Mamdani ¢ Sukamo
yry A , cM/C N
cMm/c
1 10 0 2 64 47
2 64 0 3 64 45
3 64 -10 | 10 31 31
4 31 -15 | 14 9 9
5 9 -36 129 24 15
6 24 -36 | 29 24 15
7 24 -36 | 29 24 15
8 24 -36 | 29 24 15
9 24 -36 | 29 24 15
KomicHuit  pobor moumHae CBiif pyx 1o

TOPU3OHTANIBHINA TOBEpXHi (KyT HaXWiy JAOPIBHIOE HYIIIO,
a NpHCKOpeHHs aopiBHIOE 2 cm/c?) i B Toumi 1 mae
mBuakicts 10 cm/c (Tabi. 2). Ha ocHoBi 6a3u 3HaHb (pHC.
3) 3a [OMOMOTOK HEYITKOTO BHUBCICHHSI IO MOJEINI
Mamdani FLS pexomenye 30U1bmmTH MWBUAKICTH 10 64
cMm/c. I3 miero mMBHAKICTIO pOOOT PYXAETHCS IO TOUKH 2
(puc. 1), y saxiii FLS pexomenmye nmpogoBXuTH pyx i3
LI€I0 MIBHUJIKICTIO, TOMY IO IS AUISIHKA HE Ma€ HaxXuWiy.
Komu pobot mnoTpamsisie Ha 1OYATOK CIIyCKY B TOUKY 3,
3HAYEHHS HEraTHMBHOI'O KyTa HAXWIy IIOYMHAE OCTYIIOBO
30utbITyBaTHcs. Takuii KyT HaXWiIy NMPHU3BOIUTH JI0 TOTO,
0 PEKOMEHAOBAHO 3HIKCHHS IIBUIKOCTI (3HAYCHHS
BHUXiHOI YHCENbHOI 3MiHHOI nopiBHIOE 31 cm/c),
OCKIJIBKH aKTyasli30BaHO IpaBwio 3 Ha puc. 3. Bin Toukn
3 110 ToukH 4 poOOT PYXAETHCS B TAKOMY CAMOMY PEXKHMI,
a 3 MBOTO MICIII BiH 3aDK/DKae Ha NUIHKY (TOYkd 5-9) i3

BEIMKUM KyTOM Haxmiy, IIO JIOCSTa€ 3Ha4eHb 110 -36
rpax (puc. 4). Hamaranns KoHTposiepa HIKHBOTO DPiBHS
MATpUMYBaTH pyX Ha I JOUISHIOI 3  HOCTiIHHOIO
PEKOMEHIOBaHOIO MIBUAKICTIO MIPU3BOIUTH JI0
KOPOTKOCTPOKOBUX DI3KHX TaJbMyBaHb, 1 Takuil pyx i3
JpiOHNMH KOJIMBAaHHSIMH IIBUAKOCTI PEECTPYE CEHCOP K
npucKopeHHs, mo Tae 3Hauenns 29 cm/c?. Sk BUAHO 3
Tabna. 2, HAa BCIM OUIAHIN Bifg 5 g0 9 TOUKH 3HAYCHHS
BuxigHoi 6minHOI Output Speed nmopisaioe 24 cm/c. Lle
6a30BaHO Ma JOMYIIEH], 110 KOHTPOJIEpH 00epTiB KOJIiC 31
3BopotHIMH 3B’ s13kaMu (Feedback controller 1 1 Feedback
controllerm2 wa puc. 2) mig Yac CHycKy 3JarHi
MiATPUMYHBATH TOCTIHHO PEKOMEHJOBaHYy IIBHJAKICTH. I3
UM [OPUIYIIEHHSM TIIOB’S3aHO JBI NpOOJIeMH, IO
oOmexy1o2b 3actocyBanns FLS B IARS.

[epma 3 HUX monsirae B TOMY, IO KOHTPOJIEPH
HIDKHBOTO pIiBHS HE Ha BCHOMY Jiala3oHi 3aJarouux
(UiTPOBHMX) 3HAYEHb OJHAKOBO BHUKOHYIOTH 3aBJaHHAM
YIpaBIiHHSA, 0COOIMBO ISl MIMPOKKX [iara3oHiB, K 1€
Ma€e Mice sl po3riIsyBaHOrO NPHKIALy. SIK mokasanu
eKCIIEPUMEHTH 3 POOOTOM MPOTOTHIIOM, 3AIEKHO BiX
HaBaHTaKEHHS poOOTa 1 IIILOBOTO 3HAYEHHS IIBUAKOCTI
KOHTPOJIEPH HIKHBOTO DIBHS BTpadalyl KOHTPOJIb Hal
LIBHKICTIO 00EpTaHHA KOJIIC: 3HAYEHHS HE ITOBEPTAIOCS
JI0 337aHoro, 1 poOOT pi3ko 1 0e3nOBOPOTHO HaOWpaB
mBUAKicTh. e Moke mpusBecTH 10 aBapii, i3 axoi [ARS
CaMOCTIHHO HE CHpPOMOXHHH BHHTH, TOOTO BTpAaTUTH
aBTOHOMHICTb. Y Teopii yNpaBIiHHSA IO mpodseMy
JIOJAIOTh  3aBISIKM  3aCTOCYBAHHIO  IHTENEKTyaJIbHUX
peryisTopiB 3i 3MIHHOIO cTpyKTyporo [23]. ¥V Hamomy
BHIMAAKY JJIS PI3HUX MJUITHOK I(UTBOBOTO 3HAYCHHS
IIBHKOCTI HAJIAIITOBAHO OKPEMHI 3aKOH YIIPABITiHHS, YH
to PID perymarop, 4M TO KIACHYHUI HEUITKHHA
peryisrop. SIKIo MOBepHyTHCS 0 pUC. 2, TO 3aMICTb
oxHoro Feedback controller 1 marore OyTH, Hampukiam,
TPHU: OAWH ISl PEryTIOBaHHS IIBUAKOCTI B Jiama3oHi
Manux 3HaueHb (Low), mpyruii muis niamasoHy cepenHix
3HaueHb (Medium), TpeTii Ui BHCOKHMX 3HA4YCHb
mBuakocti (High), sixi Bkazani B Tabu. 1.

Hpyra mpobimema moB’s3aHa 3 THM, IO JUIS
BHIIAJIKIB, KOJW BXiJHA CHUTyallis (3HAYCHHS BXIiTHHUX
3MIiHHHUX) HE ayke 3MmiHtoeThes, FLS Bumae onHi 1 Te cami
3HAQUEHHA HA BUXIAHUX 3MIiHHMX. Tak, IS HaIIoro
MIPUKIIATY, KOJIM XapaKTEpPUCTHKU pyXy (UWIBHAKICTH 1
MIPUCKOPEHHsI) 1 HABKOJMIIHS CHUTyalis (KyT HaxWiy)
3aJIMIIAIOTHCS BITHOCHO HE3MIHHHMMH, LI€ TIPU3BOAUTH 10
toro, mo FLS 3HOBy i 3HOBY, KON IepepaxoBye BUXiIHY
3MIHHY BiJl TOYKH 5 10 TOYKH 9, BHmae (pEKOMEHIYE)
ONHE i T€ caMe 3HAYCHHs MIBHAKOCTI (Tabn. 2), mio, 3
omHoro OOKy, HENOraHo, aje caMe Le € IpYI'uM
0OMEKEeHHSIM 3aCTOCYBaHHsS B «4ucTOMy» BUrisiai FLS
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HA 3AJIBHUYHOMY TPAHCIOPTI

JUTSL yTIPaBIiHHS aBTOHOMHHMH CHCTEMaMH. | me Tex
HaKJIama€e OOMEXCHHS Ha PIBCHb aBTOHOMHOCTI.
[osicHIMO Taky CHUTYyaIlif0 Ha JaHUX, HABEJCHUX Ha PUC.
4. I3 pucyHKa BUIHO, IO CUTYAaIlisl MAa€ HEBU3HAYCHICTH, 1
ToMy Tpu pi3HEx mpaBwia (5, 7 1 8) i3 pi3HOIO
BIICBHECHICTIO PEKOMEHIYIOTh Pi3HI 3HAYCHHS IIBUAKOCTI
Uit Takoi curyamii. II’saTe mpaBmIO  peKOMEHIye
3YIMUHHUTHUCS, CHOME TPABHIIO PEKOMEHIYE PyXaTHCS 3
HU3BKOIO IIBUJAKICTIO, a BOCBME B3araji PEKOMEHIYE
cepenHI0 MBHUAKICTE. TuMm He MeHm, FLS Ha eramax
akyMyJioBaHHS Ta aedasudikanii y3araapHIOE I
PIIIEHHS 1 OOYHUCITIOE KOXKEH pa3 OJHE 1 T¢ 3HAYCHHS, SKE
HE € NMPUHHATHUM JUIS HaBEAEHOI Ha puc. 2 cutyamii. Sk
yke Oylo CKa3aHO, KOHTPOJEPH HIDKHBOIO piBHS B L

cUTyalii He 3aBX/IW CIPaBILUTHCS 31 CBOIM 3aBIaHHSM, 1
poOOT BTpauyaB KOHTPOJNb HaJ MIBHAKICTIO: PIi3KO 1
0e3moBOpOTHO HaOMpaB MBUAKICTE. Le € aBapiero, i3 sikoi
IARS camocTiiiHO HEe MOXe BHHTH, TOOTO BTpara
aBTOHOMHOCTI. Y TakMX HENOBHICTIO BH3HAYEHUX
cuTyauisx kpamie 0yio 0, sskOM pillleHHs, peKOMEHI0BaHi
pI3HMMHM TIpaBHJIaMH, HE Y3araJbHIOBAJIM, a Ha Pi3HUX
TaKTax HEYITKOTO BHUBEJCHHS HAJaBAIM MOKINBICTH
cnpoOyBaTH pilIeHHS IHIIOTO NpaBWia: BHIIAJKOBO
peani3yBaTH pilIeHHS pI3HUX TNPaBWI 3 IMOBIPHICTIO,
MIPOTIOPIIIHOI0 3HAYEHHIO BIIEBHEHOCTi, OTPUMAaHOI 3
HEUiTKHM BUBEICHSIM.

n Rule Viewer: RobotSimulationUpdatedRulesV13 = a X |
File Edit View Options |
Speed =9 Angle =-36 Acceleration = 29 Output_peed = 24.4 |
o I I B | L] L]
[ [ 1 A7 [ [
4 ! ‘w ! l‘ I— R ‘
s 1 | |
o 1 ] A |
7 i -
; [ A] [_&]
-85 85 -45 45 -120 120 l
-éS 85
|lnput: [13-36 29] "P'd points: [ 101 IMwe: feft | right | down| wp |
Opened system RobotSimulationUpdatedRulesV13, 8 rules Help | Close |

Puc. 4. Pe3ynbraTi MOJEIIIOBaHHS ISl TOUOK 5-9 MapupyTy

[I’ste 1 BochMe mpaBWiIa 3  OJHAKOBOIO
BrieBHeHicTIO (.71 pekomeHayroTh KOH(IIKTHI Kepyrodi
pitmenHs. | skOum B Oymp-sKid TOYIll TPEThOI MUITHKA
MapuIpyTy, HampuKIaa, To4lmi 7, BUMNAIO O pilIeHHS
3YIUHHUTHUCS, TO TMOYMHAIOYHN 3 IIi€l CUTyaii Bxke Oymm 0
3aisHI 30BCIM iHIN mpaBuiaa 0a3W 3HAHb, 1 BOHH O
pPEKOMEHIyBaJll  30BCIM IHIIy TOBEAIHKY poOoTa,
HalpHKJIaJ BIANOBIIHO 10 IIOCTOrO NpaBHia IOBUTBHHUN
pyX Hazazg y ropy. Mose He 30BCiM epeKTHBHE pillleHHS,
OIHaK [e pilleHHs He Tpu3Bero O 10 BTpatu
aBTOHOMHOCTI po0oTa.

Hocaimkennss mopesi iiMoBipHicHO-HeuiTKOrO
KOHTpoJiepa

OO6uznBi  mpobmemu, mo Oynu  oOroBopeHi,
oOmexytoTh 3actocyBanHs FLS B ympaminai [ARS.
OpnHak 1 mpobieMuM MOXKHA — IIOOJIAaTH  3aBJSKH
BUKOPHCTaHHIO HMOBIPHICHO-HEYITKOTO KOHTpOJIEpa B
Mou(iKOBaHIH Mozeni HEYITKOrO BUBCJIICHHS.
Moudikarris MOAeni HEUYITKOTO BHUBEACHHS IIOJSTAE B
TOMY, IO TIEPIIi TPU €Taly KIACHIHOT MOJIEI, BiTOMI SIK
¢dasudikamis, arperamist 1 axTyajizamis, 3aIHIIAIOTHCS
HE3MIHHUMH, a YCTBEPTHH 1 ITSTHHA eTanmu MOAewi -
akyMyJioBaHHS 1 Jedasudikamiss - 3amiHIOBaHI Ha
MpoLEeaypy, BUKOHYBaHy 3a Mojeuio kouBepropa F2RC.
30epiraHHs TOTOKHMMH THEpIIi TpW eTamu Uit 000X
MoJieJiell HEeUiTKOTO BHBEICHHS JIa€ 3MOTY IHOpIBHIOBaTH
pe3ynbTatd  ynpaBiiHHA ~ poOOTOM, OTpHMaHi 3
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BukopucranusiM  F2RC, i3 TumMum, mo  Oymm
IpoaHallizoBaHi paHime. ToMy B IMOJAIBIINX BHKJIAIKaxX
Y CTaTTi BUKOPUCTAHO OJHY 1 Ty caMy HEUiTKy CHUCTEMY 3

TUMH CaMHMM BXIJHHMU 1 BUXIJHUMHU 3MIHHUMH,
3HaYeHHAMU LV 1 623010 mpaBwi, IO pO3TIISHYTO BHUIIIE.

Ha puc. 5 300paxena cTpykrypa mMoan¢ikoBaHOi
HEYITKOT CHCTEMHU.

FLS (Truncated version) Probabilistic-Fuzzy Controller
Uy Fwd pHigh|
| 1. IF (Angle is None) and (Acceleration is None) Ir— '\Ij " FBC 11
2. IF(Speed is High) and (Angle is nLow) and M d pMedium| - pape
(Acceleration is pLow) Us; _L— I 1 FBC 12
3. IF (Angle is nLow) and (Acceleration is None) Fwd pLow FBC 13
T I,[ o
4. IF (Speed is Medium) and (Angle is mMedium) / B : :> Phy5|cal
and (Acceleration is pLow) / FBC 21 Actuator
5. IF (Angle is nHigh) and (Acceleration is pMedium) Hs F2RC
- N N FBC 22
6. IF (Speed is None) and (Angle is nHigh) and Ug ‘ 2
(Acceleration is None) t— @ EBC 23
| 7. IF (Angle is nHigh) and (Acceleration is pLow) \
None
8. IF (Speed is Low) and (Angle is nHigh) and Usg e— F2RC3 | FBC3 E>
(Acceleration is pMedium)
L

Puc. 5. CtpykTypa HEUITKOI CHCTEMH 3 iIMOBIpHICHO-HEUITKUM KOHTPOJIEPOM

Pesynpratt 00poOKM Tmicisl eTamy axTyatisamii
KOXKHOTO i-TO TIpaBWJIa TI0/IaHi SK 3HAUYEHHS BIEBHEHOCTI
ui. 1li 3Ha4YeHHA TMOJAaHO Ha j-H BXiA IMOBIPHICHO-
HediTKkOoro  koHTpoiepa. Crpykrypa BxomiB PFC
BIOBiIae CTPYKTypi BuxinHOi LV Tpaanmiiinoi HediTKOi
CHCTEMH, a camMe KOXHOMy TepMy LV mocraBieHo
BimnoBigauii BXinm PFC. Bimkm Toro, MHOXXHHY BXOMiB
PFC monimeno Mk Ttphoma koHBepropamu F2RC 1,
F2RC 2 i F2RC 3. Konseprop F2RC 1 006’ennye Taxi
TepMH BHXiJTHOI miHTBicTHYHOI 3MiHHOI Output Speed
(tabn. 1), sx pHigh, pMedium, pLow. Bxogn F2RC 2
BimnoBigaroTh TepmMaM nHigh, nMedium, nLow i€l sx LV
Output_Speed. Bxin F2RC 3 Bixnosigae ogHomMy Tepmy
None, mo MojaenrOe 3yNMUHEHHS pyXy ab0 MHUTTEBE
rajJbMyBaHHS. [3 KOXKHMM KOHBEPTOPOM IIOB’S3aHO
nekieka  KoHtposepiB  FBC, HamamToBanmx  Ha
YOpaBiiHHA B THX Jiana3oHax 3a/alouuX 3HAueHb
(yHiBepcyMmy), sKi BKazaHi y BW3HA4YeHHI BiJIOBIIHUX
TepMmiB BuxinHOi LV. Tak, Ha puc. 5 xonseprop F2RC 1
Mae Tpu Bxoaum s Tprox TepmiB pHigh, pMedium,
pLow. Kontponep FBC 11 (oauH i3 TppOX KOHTPOJIEPIB
«Feedback controller 1» nHa puc. 2) HanamroBaHHi Ha
YIpaBIiHHA IIBUAKICTIO B Jiala30HI MITHOBUX 3HAYCHB
[+39, +85], sxuii BkazaHo B Ta0Ona. 1 I BU3HAYCHHS
tepmy pHigh. Konrpomepu FBC 12 i FBC 13
HaJIAIITOBaHI Ha Jialla30HM, IO 3aJaHi Ul BU3HAYCHHS
tepmiB pMedium i pLow Bimnosizno. Buxim PFC
OB ’si3aHUH 13 BXomoM (ismuHoro akryaTtopa (Physical
Actuator Ha puc. 5).

Sk BUIHO 3 pHUC. 5, 3HAYCHHS BICBHEHOCTI i ,
oTpuMaHi Tmicisi OOpoOKM Ha eTami akTHBi3alii i-ro

mpaBwia, moaarTs Ha Tod BXixg PFC, skuii BimmoBimae
tepmy B momi TOJI mporo mpapmima. SKImo Aekigbka
npaBwi MatoTh y noi TOJI oxmH i TO# camuii TepM, TO
3HAYEHHS BIEBHEHOCTI IIUX MPABHJI aKyMYJIIOIOTb.

OTtxe, TexHONOTIA 00poOKHM BXimaMX maHux PFC
Taka.

Ha mepmomy kpomi Ui KOXHOTO BXOIY
BUKOHYBaHa aKyMyJillii 3HAueHb HAJICKHOCTI i,
OTpUMaHMX Ticas OOpOOKM Ha erami akTuBi3amii BCix
mpaBWiI, SKi NOB’s3aHi 3 M BxogoM PFC, anamoriuxo
TOMY, SIK 1Ie 3po0JieHo B Mozieni MamaHi:
u*=MAX©ius, vruz, ..., vicpk), (1)

K - KUIBKICTh TPaBWII SKi IOCWJIAIOTH HA TEPM, IO
nonxano sk Bxig PFC.

Otpumani 3HAYEeHHS BIICBHEHOCTI p*
MIEPETBOPIOIOTECS. B HEUITKUH (HakTOp BIIEBHEHOCTI -
I1<o<+1 [23] 3a hopmyItoro

a*ZZ'y*B 1

Ha npyromy kpomi po3paxoByIOTb BHXOAN
koHBepTopiB. PosrmsHemo 1ie Ha mpuknami F2RC 1, sxuit
Mae Tpu Bxoaum (puc. 5). Koueprop meperBoproe
3HaueHHA (akTopa BIEBHEHOCTI o* Ha BXOIi B
peaiizanito BUMaakoBoro yuciaa. CeHc 1pOro Yucia - 1ie
KIJIBKICTh €JIEMEHTapHHUX aKTyaTopiB, IO aKTHBYIOTbH
BIMOBiHY nito (ympaBmiHHS). Mozenp IbOTo eTamy
HaBeJeHO B pobOoti [22]. Ha puc. 6 mokazana cTpykTypa
kouBepropa Ha mpukiagi F2RC 1. Konseprop imitye

@)
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MpoIeC aKTHBi3amii M’s3iB JKUBUX 1CTOT, J¢ 3HAYCHHS
BIICBHEHOCTI, TOJaHE SIK piBEHb IOTEHIially HeipoHa,
MIEPETBOPIOETECSI B KUIBKICTh  JIITAHAIB-IOHIB, IO
BUIIPOMIHIOIOTECSL 1  PO3MOBCIOKYIOTECS B IIPOCTOPI
cepen eIEeMEHTapHHX aKTyaTopiB, SKHMH € BOJIOKHA
M’s3iB  (pi3muHmMi  aktyarop). KimbkicTe  iranaiB
IIpoTIopIIiiiHa MoTeHIiay HelpoHa. JliraHau BHIAAKOBO
3yCTpiHalOThCSl 3  €JIEMEHTapHUMH  aKTyaTropaMu 3
IMOBIpHICTIO, TIponopuiiiHii IXHIH Kinbkocti. Ha puc. 6
Halip ™00y MOJENIOE IyYKH M'S30BHX BOJIOKOH
(KJIITHH), WO CKJIagaloTh OKpeMHH M's3  ((i3uuHul
aktyatop). KokHa riobyiia - 11e my4oK, [0 CKJIaJaeThes 3
HaOopy M's30BHX BOJIOKOH. Ha prucyHKy M's30Bi BOJIOKHA
300paXeHI TPUKYTHUKaMH YOPHOTO Ta YEPBOHOTO
KOJILOPIB 1 Ha3BaHi eIeMEHTapHUMH aKTyaropamu. € Tpu
TUNHM  TJ700yJI, TIOKa3aHi  PI3HUMH  KOJbOPAMH:

In1[] In2

[IOMapaH4YeBUM, 3€JICHHM 1 CHHIM, JUIi 300paskeHHS
pi3HMX criocoOiB peaizarii aii. 100y TOPKAIOTHCS Kil
TAKOI'0 CaMoro KOJIbOpY, SIKI MOJEIIOIOTH B3a€MOJII0
MyYKiB i3 PyXOBUMHM HEHPOHAMH COMAaTHYHOI HEPBOBOI
cucteMd. Mojenb M'SI30BHX IYYKIB MOKE peaii3yBaTu
IIiF0 TpbOMa CIIoco0aMu, 3aJICKHO BiJl TOTO, SIKUH BXiTHUAN
CHUTHaJl OTPUMYy€ AaKTHMBAIll0 y BHIVISAI 3HAYCHHS
¢axropiB BmeBHeHocTi. Omxe, wmoxmens F2RC, mo
rpadiuyHo nogaHa Ha puc. 6, opMaIFHO 331aHa HAOOPOM
napamerpiB /, gj, j = 1, ..,[) r, ne [ - KUIbKICTh BXOJiB
KOHBEPTOpa, ¢;j - KUIBKICTH TJ00YJI, MOB’S3aHUX 13 j-M
BXO/IOM, 7 - KIUJIBKICTh €JIEMEHTApHUX aKTyaTOpiB OIHIi€l
riobu. 3arajibHa KUIBKICTH €JIEMEHTAapHUX aKTyaTopiB,
OB SI3aHUX 13 j-M BX0oJ0M, N; = ¢j*r, 3araibHa KUIbKICTb
€JIIEMEHTApHHUX aKTyaToOpiB, IIOB’S3aHUX Yy MLIJIOMYy 3
KoHBepTOpoM, N=N;+ N>+ ... + N.
In3 ]

F2RC

Puc. 6. Crpykrypa kouBepropa F2RC

KonBeprop peanisye Takuil anropuT™ 0OYHCIICHB.
Criouatky Ha BXizn III koHBepTOpa MojaHa 1mMociI0BHICTh
(omr*, anr®, ..., am™) JOBKUHOIO m, IO CKJIAJEHA 3 OJHIET
1 Tiei camoi kimbkocTi o™ ((pakTop BIEBHEHOCTI
3Haiinennit Ha nepmomy kpoui st 11 Bxony). dns miei
mocuimoBHOcTi F2RC Mopenmioe WMOBIpHICHUIA TpoIiec
aKTHBI3allii eJIeMEeHTapHUX aKTyaTopiB i, SIK HaCIiJOK,
BHIa€ 4yucio nutoro tamy 0 < n; < Nj, 1€ nj € KiIbKICTh
€JIIEMEHTApHHX aKTYaTOPIB, SIKi 3HAXOIATHCS B aKTHBHOMY
cTaHl 1 HaJNIeXaTh BciM g rnolyiam. IloTiM mpouenypa
BUKOHYBaHa Uit Bxoxy I, BXigHi 3Ha4eHHS ou™* SKOTO
posmoBciomkeni 1 Ha Bxim III (puc. 6), TimbkM B
MOJICITFOBaHHI 3a/IisTHI HE BCi €IIEMCHTAPHI aKTyaToOpH, 1110
Hanexatb Bxoay 111, a Ti, o He Oynu B akTMBHOMY CTaHi
Ha KiHempb MojemoBaHHsA Bxomy III. Omxe, Ha Bxig II
nofano maket (o™, our’®, ..., on™®) MOBXHUHOIO M (HaKTOPIB
BIICBHEHOCTI, 1 MiJPaxoBYyIOTh KIUIBKICTh €JIeMEHTapHUX
aKTyaTOpiB B aKTHBHOMY CTaHi: ni2 1 nm2, A€ ni2 - 1e
KIJIBKICTP aKTUBHHMX €JIEMEHTapHHX aKTyaTopiB, IO
Hanexxatb rioOyiaam Bxoay III cepen Tux, mo Opamm

ydacTb y MozemoBaHHi Bxomy II.  Amnamoriuxo
MoJeNo0Th BXia I momano mnaket (ar*, ar®, ..., or*) Ha
BCI TP  BXOAW, TNONEPEIHHO  BHUKIIOUMBINM 3
MOJICTIIOBAHHS E€JIEMEHTAPHI AaKTyaTOPH B AaKTHBHOMY
cTaHi, mo HaimexaTh Bxomy Il i MHOXUHI BimiOpaHHx
paninre Bxoxy III. Pesymprar mMopemoBaHHS MOAAHO SIK
HAOIp YHCEI 1123, 23 1 N3, A€ N123 - TI€ KUTBKICTh aKTHBHUAX
eleMeHTapHuX akTyaropiB Bxoxmy III cepexm Tmx, mio
Opaym ygacte y MojemoBanHi Bxoxy [. Ha ocHoBi mux
JITAaHUX CIIOYaTKy pO3paxoBYIOTh IMIEPEMOXKIS i * cepen] BCiX
/ Bxonis F2RC:

h = ni/Nix= MAX(ni1/N1, n2/Nz, ..., ni/Ni), (3)

a MOTIM OCTaTOYHE 3HAYECHHS Ha BI/IXOHi KOHBCKTOpaA AK

3arajbHy KUIBKICTH ~ €JIEMEHTapHHX akTyaTropiB B
aKTHBHOMY CTaHI, [0 Oyja aKTHBOBaHAa BXOJOM-
TIePEMOJKIIEM:

d= (ni* + nixeg + .0 v ix2.00). @)

23

IKC3T, 2026 Nel




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

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

Otxe, pe3ynbTaTd IpYroro KpoKy OOYHCIEHb
nofano Ak mapy uucen (3) i (4) it BCix k KOHBEpTOpiB
KOHTpoJIepa:

{hi, di}i=1k. 5)

Ha tperpromy kporui Bu3Ha4aoTh KoHTpoiep FBC
(puc. 5), skuii OyJge akTHBOBAaHMM, 1 LIbOBE 3HAUCHHS
KEpYyIUoro CHTHATY JUIS CUTyalii, y sIKiii 3HaXOXWUTHCS
po6ort. [y mboro Temep 3HaXOASTh MEPEMOXKI i * cepen
KOHBepTOpiB (5), BU3HAUaIOTh, sikoMy aianazony {Ui, U,
..., Ug} HamexuTh HOTO BUXITHWHA CHTHAIT di+ , 1
akTuBYIOTh KoHTpoiep FBC., sxuii minrpumye ue
LIUILOBE 3HAYEHHS di*.

hix=MAX(hi1, h2, ..., ), D = di* Yy e Um,
(6)

ne ¥ - MacmTaObHui KOe(illieHT mnepepaxyHKy Bij
yHiBepcyMy, Ha sikomy Bu3HadeHi Buxomu F2RC, no
YHiBEpcyMy, Ha SIkOMy Bu3Ha4aroTh Bxoau FBC.
PosrsiHemMo  3acTocyBaHHS — OIMCAaHOI  BHINE
Mo u(ikoBaHOI HEYITKOI CHCTEeMH Ul yIPaBJiHHS

poboroM Ha TpHUKIAAi, OO OyB HaBEACHWUH s
tpaguuiitnoi FLS: nmepemimenns pobGora Bix Toukn 5 10
Touku 9 (puc. 1) 3a ynpasmninas PFC.

PesynpraT  po3paxyHKiB ~ IIEpIIOTO  KPOKY
NTOpPUTMY HaBEIEHI y JpyroMy CTOBIYHMKY TaoOm. 3.
PospaxyHkn BHKOHyBaIM JUIS THX CaMHX 3HA4YeHb
BIICBHEHOCTI 4, sIKi Oynu OTpuMaHi micis ertamy
aKTUBI3aIlii TpaBWI 1 3acTocoBaHi i Tpaaumiii FLS, a
came ur = 0.0, u2 = 0.0, u3 = 0.0, us = 0.0, us = 0.72, us
=0.0, u7=028 us=0.71.

Po3paxyHKkH  KiTBKOCTI ~ aKTHUBHHX  CIIEMCHTapHUX
aKkTyaTopiB Jis To4ok Ne 5, 6,7, 8,9

. darcrop Mapamerp F2RC nKlm,mcn, AKTHBHHUX eJIEeMEHTAPHUX aAKTYaTOPiB 1./m12/M123,
Bxin . 2M23, N3
F2RC BIIEBHEHOCTi

a* m r q N Touxa 5 Touxa 6 Touxa 7 Touxa 8 Touxa 9

1 2 3 4 5 6 7 8 9 10 11
pHigh -1.0 45 9 11 99 0 0 0 0 0
pMed 0.42 45 9 11 99 40/0 33/0 31/0 39/0 28/0
pLow -0.44 45 9 11 99 1/38/0 0/32/0 0/33/0 0/40/0 0/33/0
nHigh -1.0 45 9 11 99 0 0 0 0 0
nMed -1.0 45 9 11 99 0/0 0/0 0/0 0/0 0/0
nLow -1.0 45 9 11 99 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0
None 0.42 45 9 11 99 38 34 36 36 43

I3 Tabmuui BUIHO, IO KOHTPOJIEP CKIAIAETHCS 3
TPbOX KOHBEPTOPIB, BiANOBiNHO 10 puc. 5. [lapamerpn
KOHBEpTOpiB, MmO rpadiuHo 300paxeHi Ha puc. 6,
HaBeJIeHI y cTOBOIAX 3-6 Tabim. 3. PesynbraTn 009ucieHs
Ha APYroMy Kpolli aJTOpUTMY BKa3aHi B CTOBMIX 7-11
Tabn. 3. Ha ocHOBI 1mx pJaHMX OOYMCIICHHS 3a
¢dopmynamu (3) i (4) naroTeh OCTaTOYHI pe3yibTaTH
JIpyroro KpokKy oOuncieHb y BUDIAAL Bupasy (5) mwis
TOYKH 5.

hi = MAX(0/99, 40/99, ..., 1/99)=0.4; d; =
(40+39) = (79);

h2 = MAX(0/99, 0/99, ..., 0/99) = 0.0; d> =
0.0,

h3 = MAX(38/99) = 0.38; ds = 0.0. (7

[Ticns obumcneHs Ha TPETHOMY KpOIl HAa OCHOBI
nmannx (7) BusHauwatoth KoHTposep FBC 1 minboBe
3HAYCHHS IMBUAKOCTI HA WOro BXOMi, SKy BIiH Mae
3abe3nevyBary.

h1 = MAX(0.4, 0.0, 0.38) = 0.4,y = 85/297 = 0.29, D; =
79:0.29 =229,

D, c[11,50], FBC 12.

Pesynpratit  po3paxyHKiB I IHIOMX TOYOK
MapHIpyTy HaBeseHi B Ta0i. 4.

Tabnuns 4

Po3paxyHkrn peKOMEHOBAaHOI IMIBHIKOCTI i BHU3HAUCHHS
cTpykTypu koHTposepa FBC mns towox 5, 6, 7, §, 9.
Momudikosana FLS momens
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Tep | FB | dianma | Homep ToO4oK MapmpyTy
M C 30H 5 6 7 8 9
nHi EB -85, -
gh 1 39]
am | FB ] s, -
ed ¢ 11]
22
nLo FB [-20,
w ¢ 0]
23
Non | FB | [-6, 2.06 | 2.18 2.6
e C3 | +6] /3 /3 /3
plo | & | IO,
w 13 +20]
pM EB [+11, | 22.9/ 22.9/
ed |, |+50] |12 12
pHi EB [+39,
gh 1 +85]

PospaxyHkn qiga Todok 5-9 mpoBommnm s
3Ha4eHb (pakTopa BEBHEHOCTI a* BixnoBigHO 110 Tabm. 3.
Haramaemo, 1o 1i 3Ha4eHHS BiJIOBiAIOTH ITapaMeTpam
PYXY, SKi 3aCTOCOBYBAJIM JIJIsI MOJICIIIOBAHHS YIPaBIiHHS
knmacwyHOi FLS, mo Bka3ani B Ta0i. 2 y cToBOISIX Speed,
Angle i Acceleration. Tak, y i’ stii Touni mapmpyty PFC
PEKOMEHAyE MBHUIKICTh 22.9 cM/c 1 BHOMpAaE CTPYKTYpy
koHTposiepa FBC 12, mio maibke cmiBmagae 3 THM, IO
pexomeHayBaB kiacuuHuid FLS xoHTpomep 24 cwm/c
(Tabm. 2). Ane MO/IENIOBaHHS IPOJOBXKYBAJIH ISl TOUKHU 6
31 3HAYEHHSIM BXIAHOI MIBHAKOCTI 24 cM/c, 110 BKa3aHE B
Tabn. 2. Jns niel curyanii PFC BubOpaB 3HaueHHA
mBuakocti 2.06 cM/c i cTpykTypy koHTposepa FBC 3
(rabn. 4). Ile ympaBmiHHS BXe  KapJHHAIBHO
BIIPI3HSIETBCA BiJ TOro, IO Oylno peani3oBaHO
knacnaauM FLS konTponepom 24 cm/c (Tadm. 2). Sk Oyno
3a3HAUEHO paHime, 3yNMWHKa 4¥ pyX poboTa 3 Masoro
mBuakictio 2.06 cm/c (pexomenmauiss PFC) mnosHicTio
BiJINIOBITAIOTh CUTYAIlii O€3aBapiifHOTO 3aBEPIICHHS PYXY,
HDK TpPOJOBXKEHHS pyxXy 31 mBuakictio 24 cwm/c
(pexomenpamis  kinacmunoro FLS  kowtpomepa). B
eKCTIEPUMEHTI MO/ICTIIOBaHHS TIPOBOAMIIN 3
MIPUIYIIEHHSM, IO PyX y Toukax 7-9 BigOyBaBcs HE 3
pexomenaoBanoto PFC mBumkicTio, a 3 Ti€ro, mo Oyna B
eKCIepUMeHTaX i3 KracnaHuM FLS koHTpoiepoM, ToOTO
24 cm/c, i3 MeTO10 HocTimuTH, sikoto Mipoto PFC 3nartHuit
3amo0irTu aBapiiHiil curyamii. [3 Tabn. 4 BUAHO, MO B
TOouKax 7 1 9 KOHTpoJIep PEKOMEHAY€E MaiKe 3yIHHUTHUCS.
ToOTo Ha TpakTHUIl, AIHCHO, i3 BEIMKOK WMOBIPHICTIO
poOOT Ha IMUISHIN Bif 5 10 9 TOYKHM 3MIHHB OM PEXUM
pYXy, 4yoro He 31aTHa pekoMmeHyBat FLS i3 knacnanum
JedaznuikaTopom.

BucHoBkn

PFC, na BiaMiHy BiJg ICHYIOUMX HEYITKHX
KOHTpOJIEpiB, Ha erami Aedasudikanii HEUITKUX pillIeHb
3HAXOJMUTh  YHCENbHE 3HAUEHHS  YNPaBIiHHA  SIK

peaiizaniio BUMAJKOBOTO YHCIA, IMOBIPHICHUI po3moin
SIKOTO BIJNOBiZa€ HEYITKIH BIEBHEHOCTi, OTpUMaHili Ha
erami aktuBizauwii mpaBwia. Lle BiIKpHBae MOMIIMBICTBH
peanizanii KOMaHAW, siKa He Oyjla MEpHIOI0 y CIUCKY
npiopureTiB, i B TpaauuiiHiii FLS He orpumana Ou
repeBary cepell ycix MoTeHLIHHO MOXKIMBUX KoMaHA. L{s
0COOJMBICTD € BaXKJIMBOIO JUISi BUKOHABYMX MEXaHI3MiB,
110 BUKOPUCTOBYIOTh B aBTOHOMHHX cucTeMax. B ymoBax
HEBM3HAYEHOCTI, KOJIM aBTOHOMHA CHCTEMa OITUHSIETHCS B
He3HaloMill cuTyamii, yci iCHyI04l NMpPOTOTHIIM peaxmii
MaroTh Majy BIIEBHEHICTb. Y TAaKHX BHUIIAJKaX BaXIJIUBO
cnpoOyBaTH pi3HI BapiaHTH yNpaBiliHHS, a HE JIMIIE TOMH,
IO € YCEepemHEHHUM cepel YCiX, SK Ile Mae Micue 3a
Tpaguuiitnoi  nedasudikanii y FLS. Bwusnauenns
MOTPiOHOT CTPYKTYpPH 3aKOHY YHPaBIIIHHS JUIsi BHOPaHOTO
3HAYEHHS YIIPaBIiHHA, M0 noAaTtkoBo poouts PFC, me €
11e ofHiero Horo nepesaroto. ExcriepuMenTH, HaBeieH] B

pobori, M ATBEpANIN MOXJIUBICTh peaizanii
3aIpOIIOHOBAHOI MOJIEI.
Y  Mail0yTHbOMY  3aIUIaHOBAHO  JIOCTIJUTH

yHiBepcanbHy Mozens PFC i po3pobutn pexomenzmamii 3
il BUKOPHUCTAHHS B PI3HUX J0AaTKaX M'SKOTO YHpaBIiHHS
B aBTOHOMHHUX CHCTEMaXx.
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Anatolii Kargin, Roman Kuzmenko. A model of a
probabilistic-fuzzy controller with a variable structure
in the fuzzy control loop of an autonomous robot

The widespread adoption of unmanned systems across
various domains, primarily in industry, transportation, and
the military sector, brings to the forefront the challenge of
increasing their level of autonomy. The autonomy level of
such systems directly depends on their ability to make
decisions under conditions of uncertainty. Classical Fuzzy
Logic Systems (FLS) enable the formalization of
decision-making in situations involving incomplete
knowledge or imprecise data; however, they have several
limitations. First, the tuning of a fuzzy system is feasible
only for relatively simple tasks. Second, FLS lacks
scalability. Third, there are limitations in implementing
fuzzy decisions produced by FLS: the absence of
hardware-implemented fuzzy actuators necessitates
defuzzification, which aggregates all possible decision
alternatives into a single crisp value. As a consequence,
the use of alternative or «weak» decisions becomes
impossible, which in turn leads to situations that limit
system autonomy. This paper explores approaches to
overcoming the latter limitation using a new artificial
intelligence model, referred to as Feeling Artificial
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Intelligence (FAI). A modified version of the FLS is
proposed, incorporating a Probabilistic-Fuzzy Controller
(PFC) with a variable structure. PFC provides a choice of
alternative control actions under uncertain conditions,
implementing control as a random variable with a
probability distribution, which is defined based on the
value of fuzzy certainty of the rule computed by FLS at
the accumulation stage of fuzzy inference. This enables
the implementation of solutions that do not dominate in
traditional FLS. The advantages of using a modified FLS
with a PFC model for controlling an autonomous robot
are demonstrated, and its solutions are compared with
those obtained with a classical FLS. Determining the
required structure of the control law for the selected
control solution, which also implements PFC, adds
adaptability to the probabilistic-fuzzy controller with a
variable structure in the fuzzy control circuit of
autonomous systems, and is another of its advantages.
The article presents the results of computations,
modeling, and experiments that confirmed the practical
advantage of the model. The new approach increases the
autonomy of unmanned systems and the adaptability of
making control decisions.

Keywords: autonomous unmanned system, robot, fuzzy
logic system, probabilistic-fuzzy controller, variable-
structure controller, Feeling Artificial Intelligence.
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IlinBuieHHs e)eKTHBHOCTI B3a€MO/il 00’ €KTiB NPUIOPTOBOI CTAHILII TA MOPCHKOI0 MOPTY

Anomayin. Y cmammi npoananizo8aso Cy4acHuti cmat i yMoeu QYHKYiOHY8aHHS NPUROPMOBOL BAHMAIICHOT
cmanyii 3 nozuyii egpexmusHocmi il 63aEMO0ii 3 MOPCLKUM HOPMOM Olsi 0OPOOKU 8A2OHONOMOKIE 3 eKCHOPMHUMU
sanmadcamu. Buxonano ¢hopmanizayiro npoyecy o6poOKu eKCnOpmHUX 8A20HONOMOKI8 HA CMAHYIL 3 YPAXYBAHHAM
MIHIMYMY 4acy npocmor 6a20Hi6 8 OuiKy8aHHi mexHonoziunux onepayit. Chopmosana mamemamuyna mooenv 0ae
3M02y 8paxogysamu GUNAOKOGICMb NOOABANHHSA MICYEBUX BA20MIE 3 eKCHOPMHUMU BAHMAICAMU Y NOPM, OYIHIO8AMU
eghekmusHicmb GUKOPUCMAHHA 00 €KmMi6 CMAHYIUHOT ma nopmosoi iHGpacmpykmypu, npocHO3y8amu cepeoHili yac

Nnpocmoro Micyesux 6a2oHis.

Knrouosi cnoea: npunopmosi cmanyii, noOAGaHHS 6A20HIE, NPOCMIL MICYesUX B6A2OHIB, eKCNOPMHI
8G20HONOMOKU.

IHocTanoBka npodaemu.

Y Cy4acHOMy CEPEIOBHIL, JUIsl SKOTO XapaKTepHi OO6cayroByBaHHS KIIIEHTIB 3aJ113HUYHOTO

€KOHOMIYHa HECTaOUIbHICTh Ta IHTCHCHBHA KOHKYPEHIILS
y chepi TpaHCIOPTHUX IMOCIYT, OCOOJIMBOI 3HAUYIIOCTI
HaOyBae mpoOiemMa MiJBHMINEHHS pIBHA CepBicy Ha
3aIiI3HUYHOMY  TpaHcmopTi. Peamizamis — KOHIIEMIIil,
Opi€EHTOBAaHOI Ha TOTPEOM CIIOXKHMBaya, OXOILIIOE BECh
KOMIUIEKC omepauii — Big QOpMyBaHHS IUIaHIB
MIepeBe3eHb 0 NMPaKTHYHOTO BUKOHAHHS TPAaHCIIOPTHOTO
mpomecy — 1 Mae 3a0esnedyBaTH  palliOHAJIbHE
BUKOPHCTaHHS HAsBHHUX HPOITYCKHUX MOJIJINBOCTEH
3aJTI3HNYHOI 1H(PPACTPYKTYPH Ta BUPOOHUUO] MOTYKHOCTI
crannif. Takmit minxin gae  3Mory  e(eKTHBHO
3aJ0BOJBHATH  OyAb-sIKi ~ 3a0MTH  Ha  BaHTaXHI
IepeBe3CHHS 13 3a0€3IEeYCHHAM HAMIHHOCTI, TOYHOCTI Ta
3pYYHOCTI BaHTA)KOBJIACHUKIB.

[IpoTe Ha CHOTOAHI € HEJOCTATHHO Y3TOKCHOIO
B3a€EMOJiI MK  yYaCHHKAMH PHHKY  BaHTaXHHUX
TIePeBE3CHB! oreparTopiB PyXOMOT0 CKIIamy,
BaHTAXKOBJIACHUKIB, TICPEBI3HUKIB, IO MPHU3BOIUTH JIO
MOPYIICHHS TEXHOJOTil POOOTH BaHTaKHUX CTaHIIH,
0coONIMBO  cIemiani3oBaHUX 3 OOCIYrOBYBaHHS MicCIb
He3araJibHOro KOPHUCTYBaHHS. Ha CTaHIIAX
HAKOIMYYEThCS 3HAYHA KUTBKICTH BAarOHIB, SIKi HaJCKaTh
PI3HHM BJIaCHHKaM, IO YCKIIAJHIOE BUKOHAHHS MiCIIEBOT
pobotu. Ilpu 1IbOMY 3HIKYETHCSI HAIIHICTh BAaHTAXKHIX
CTaHIIX  [UI1  BHKOHAHHSA OCHOBHHX  (DYHKIIIi:
00CITyTOBYBaHHS ~ KIIEHTIB  TOCIYT  3alli3HUYHOTO
TPAHCIIOPTY 3 BHWKOHAHHS OIEpaliid i3 MpuiiMaHHS Ta
BIIIPaBJICHHS TIOi3/1iB, IIOJIABAaHHS Ta MPHOUpPAHHI
BaroHIB 1 3aBaHTA)XEHHSA-BUBAHTAXXEHHS  BaHTaXIB
BIIITOBIAHO 0 3aBOK KJII€HTIB.

© HIEJIEXAHB I'. L., IIOI'OPEJIOB B. B., 2026

TPAHCIIOPTY 3AIHCHIOETHCS HEPIBHOMIPHO, a 3aJli3HHII
3a3HAIOTh 30MTKIB Yepe3 MEepeBUIIEHHS poO0YOro mapky
BAaroHiB 1 IXHI HEPOAYKTHUBHI MPOCTOI Ha CTAHIISX.

AHaJIi3 OCTaHHIX 0CTiTKeHb i myOJTikamiii.

B ymoBax 3pocraHHsS TTIO0AJIBHUX JIAHIIOTIB
MOCTaYaHHS TEPUTOpI€I0 YKpaiHM Ta HapOLIyBaHHS
00CsriB  BaHTAXOIEPEBE3EHb IPHUIIOPTOBI  3aTI3HUYHI
CTaHIil YacTO CTalOTh «BY3bKMMH MICIAMH», a
epeKTUBHICT,  IXHBOI  B3aeMOZIl 3  MOPCHKHM
TpaHCIIOPTOM HaOyBa€ KPUTHYHOTO 3HAUCHHS JUIS
HaliOHAIBHOI Ta cBiTOBOI ekoHOMikHM. CydacHi HayKOBi
mpami, TMPUCBSYCHI I TPOOIeMAaTHIl, MOCIIIKYIOTh
TOJIOBHI ACIEKTH ITi ABUIIICHHS e(eKTUBHOCTI
(YHKIIIOHYBaHHS 3aTI3HIYHOL iH]pacTpyKTypH,
BKJIIOYAIOUU HOBITHI TEXHOJIOTI4HI pimenHs,
ONTHMI3AIliI0 TEXHIYHUX 1 TEXHOJOTIYHUX TIPOIECIB,
IiIBUIIEHHS TepepoOHOi CIPOMOXHOCTI Ta 3MEHIICHHS
MpocTOiB  pyxomoro ckiamy [1-4]. JocmimkxeHHS
JIEMOHCTPYIOTh KOMITIEKCHUH MiJXif 1010 pO3B’s3aHHA
npobiemu nucOanancy TOTYKHOCTEH 1 omepamiiHOl
epeKTHBHOCTI [5-7]. 3HauHA YacTHHA HAyKOBOI HOBH3HH
30cepe/pkeHa y cdepl IHTEerpoBaHOro IUIaHYBaHHS Ta
3aCTOCYBaHHS TIEPEJJOBUX MaTeMaTHYHUX METOMIB 1
MIPOrpaMHHMX pimieHs [8-9].

Tak, aBTopu po6oru [10] HaBean HOBITHIH MeTOI
onTHMI3allii PO3KIaay Ta PO3MOALTY pecypciB Ha
NPUIOPTOBUX  3ai3HMYHMX  CTaHWiAX. | oJoBHMH
pesynbrar  poOOTH — PpO3pOOJICHHS  IHTETPOBaHOL
OITHMI3ALIMHOI  MOIEl Ha  OCHOBI  3MIMIAHOTO
LTOYMCENBHOTO  JIHIHHOTO TPOTpaMyBaHHS, PpIICHHS
KOl MIHIMI3yE CYKyNHHH dYac WPOCTOI0 O3B i
MMOPOXKHIM MpOOIr MaHEBPOBHX JIOKOMOTHUBIB.  Jlist
JIOCSITHEHHSI I[bOTO aBTOPH BHUKOPHCTAIM  CyMilIEHY
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apxiTeKTypy TJIMOOKOro HaBYaHHS 3 MiaKpimeHHsM. Lle
Jla€ 3MOTY JIOCSTTH BHIIOI SKOCTI pillleHb HOPIBHSHO 3
TPAIULIHAMY €BPUCTHYHUMH ITiIXOJaMH, IiIBUILYIOUN
3arajbHy eKCIUIyaTaliifiHy eQeKTHBHICTh CTaHIii Ta
3MEHIIYIOYH IIPOCTOI PYXOMOTO CKJIAy.

VY cerMeHTi KOHTEHHEPHHX TIIEPEeBE3CHb TIpyIia
aBTopiB [11] 3ampomoHyBana MPOIECHO-IIEHTPOBAHUN
METOJ{ OILIHIOBAHHS JIOLUUILHOCTI BIPOBA/KCHHS CHCTEMHU
«ropT—cyxuii mopt». Ha Bimminy Bix TpaauuiiiHOro
JMUCTAHIIIHHO-OPIEHTOBAHOTO  MIAXOMy, Il  MeTox
BUKOPHCTOBY€E  PEIHXXHMHIPUHT  TIpoleciB i3 Horo
C€KOHOMIYHUM OIIHIOBAaHHSAM Ha OCHOBI IOTOJUHHOIO
(YHKIIIOHAJIbHO-BApTICHOTO ~ aHAJi3y. 3arpoloHOBaHE
pilleHHs, sKe Tepemdadae KOHCONINAII0 BaHTAXIB 1
TIEPEeHECeHHS! MUTHOTO O(OPMIICHHSI JI0 CYXOro MOpTY,
JIOTIOMara€  yCyHyTH TII€PEBAaHT)XEHHS MPUIIOPTOBOL
IHQpacTpyKTypu dYepe3 IOBTOpHI oreparii Ta cyTTeBO
CKOPOTHTH Yac IPOCTOIO BaroHiB.

VY naykoBux mparpsix [12, 13] 3asmageno, mo
TOJIOBHOKO TEPCIIEKTUBOIO Y3TOKEHOI POOOTH CTaHIIIN €
IUDKATATI3AINS B Opraizamii  MyJbTUMOJABHIX
mepeBe3eHb. lle moTpedye CTBOpPEHHS IHTErPOBAHOTO
iHpOpMamiHHOTO MpOCTOPY MK YCiMa y4YacCHHKaMHu
TPAHCIIOPTHO-JIOTICTHYHOTO  mporecy.  [IpoBeneHuit
KPUTHYHHIA aHaTi3 HAYKOBUX JKCPEI IaB 3MOTY BUSBUTH
HEpO3B’S3aHY YACTHHY TMPOOJIEMH, SKa TIONSTae Yy
BU3HAYEHH] IHHOBALIMHUX KOHLEMIIA IHIKATAII3AIL
JUTSL YYACHHUKIB TPAHCIIOPTHOTO PHHKY.

VY nocmimkenHi [14] 3a3HaveHo, MO iCHy€e 3HaYHA
MIpOrajarHa B HayYKOBIH JitepaTypi o0
MYJIBTUMOJANBEHIX TPAHCHOPTHUX MEpeX Ha OCHOBI
CYXHX MOpTiB. Y poboTi po3po0IICeHO MOJIENb 3MIIIAHOTO
LUTOYMCENBHOTO  HENIHIfHOTO — IporpaMmyBaHHS, — sIKa
IHTErpye IUIaHyBaHHS BiINPaBJICHHS Ta IIONHUTY BaHTaXIB,
YIOpaBIiHHSA 3amacaMHM Ta BIJICTaBaHHS, YPaXOBYIOUH
JIOCTYIHICTh BHUJIIB TPAHCIIOPTY B KOXHOMY By3mi. 11106
BpaxyBaTd Iiepe0oi BHACIHIZOK HEBU3HAYECHUX IOJiH,
TaKUX SIK EKCTPEMAJIbHI IIOTOJHI YMOBH, II0 MOJENb
pPO3IIMPEHO A0 [BOCTAITHOI CTOXAaCTHYHOI MO
nporpamyBanHsi.  CToxacTH4Ha  MOJENb  yPaxoBYe
HEBM3HAYEHICTh Y JIOCTYMHOCTI BHUJIB TPaHCIOPTY, IIO
Jla€ 3MOTY BHKOPHCTOBYBATH IPOAKTHBHI Ta aJaNnTHBHI
cTparerii.

lonoBHa npobeMa, M0 AOMIHYE B AOCHTIKCHHSX,
— Hu3bKa e(eKTUBHICTh B3a€EMOMIl 3aNi3HMYHOI Ta
MIOPTOBOI JIAaHOK, SIKa TIPOSIBISIETBCS B IEPEBaHTaKCHHI
MIPUNIOPTOBUX CTAHIIM, 3HAYHUX IPOCTOSIX PYXOMOTO
CKJIaZy Ta HEY3TO/DKCHOCTI MEepepoOHMX MOTYKHOCTEH
cTaHii i mopriB. 30kpema, B YKpaiHi msg mpobiema
3arocTpeHa 4Yepe3 HEAOCTAaTHIO €MHICTh KOJIHHOTO
PO3BUTKY Ta HEe(EKTUBHICTh MaHEBPOBHX 3aco0iB. Y

KOHTCHHEPHUX TIEPEeBE3CHHSIX JIOJATKOBI  TPYIHOIII
CTBOPIOE CKJIaJHICTh MHUTHHUX 1 BHYTPIIIHBOIIOPTOBUX
Ipoueayp, IO TPHU3BOAUTH IO HENPOIAYKTHBHOTO

NEPCBAHTAKCHHS.

I[Ipn mpoMy B myOmikamisx cyMmicHy poOoTy
BaHT)XHUX CTaHIIH 1 MicIlb HE3araJlbHOTO KOPUCTYBaHHS
pO3MIIAAAIOTh 13 TO3MLIH MaKCHMajbHOI BaHTAXHO-
BUBaHTA)XYBAJIbHOI  CIIPOMOXKHOCTI Ha  BaHTaXHHUX
IyHKTaXx. Y CydYacHHX yMOBax HEOOXiJHO BPaxOBYBaTH
MOXIIMBOCTI  iH(}pacTpyKTypr 0O0poOIIsATH 3pocTarodi
o0CsirM  BaHTaXO- Ta BaroHONOTOKIB, NPUUOMY 3
BUIIAJKOBUM XapaKTepOM HaJIXOJDKEHHS BaroHiB Ha
cTaHIil Ta 00poOKH IX Ha BAHTAKHUX ITyHKTaX.

VYcyBatoTh @i mpoOjeMu  BIIPOBADKEHHAM
IHHOBAaI[IfHMX ~ TEXHOJOTIYHMX Ta  OpraHi3amiiHuX
PpIIIICHB. Ho OCHOBHHUX METO/IB HAJICXKATh:

1) peimXHUHIPUHT MTPOLECIB i3 BIPOBAHKCHHIM KOHIICTIIIIT
«CYXWH TOpT» Il KOHCOJILAAIl BaHTaXIB 1 BUHECCHHS
MHUTHHUX TPOLEAYP; 2) 3aCTOCYBaHHS METOJIB IITYYHOTO
IHTENeKTYy JUI1  IHTErpoBaHOrO0 Ta  JIMHAMIYHOTO
TUTaHYBaHHSI MaHEBPOBUX OIEpalliif 1 po3MoIiry pecypcis,
0 € 3HAaYHUM KPOKOM BIEpe] Bif TpaauLiiiHOrO
IUTAHYyBaHHS;, 3)  IMiTamiifHE  MOJCIOBaHHSA  JUIS
OIIIHFOBaHHS TEPEPOOHOT CIPOMOXKHOCTI Ta HAIIHHOCTI
CTaHIIIi B yMOBaX CTOXaCTUYHOI'O HAJIXOJUKEHHS BaroHiB,
IO € KPUTHYHUM JUIS PaliOHAJIBHOTO BHKOPUCTAHHS
CTaHIiHHOT iHPaCTPYKTYpH; 4) MoO/JIepHi3aris
IHQpacTpyKTyp Ta 3aJIydeHHS IHBECTHLIH depe3
MEXaHi3MH JIePXKaBHO-IIPHUBATHOTO ITApTHEpPCTBA LIS
TIOJI0JIaHHS AUCOANAHCy MOTYXHOCTEH.

Bupninennss HeBupilmleHMX paHilme YacTHH
3araJibHoI Npo0/eMH.
HesBakaroum Ha 3HAYHI  yCHIXM  CBITOBHX

HAYKOBHX JIOCIIJUKEHb, HEPO3B’SI3aHUMHU IpobieMamu
3IMIIAETBCS  TOIIYK e(QeKTUBHHX (OopM  B3aeMomii

BaHTQXHUX IPUNOPTOBHX CTAaHMIH 13 MOPCHKHUMH
nopTamu, 30UTbIIEHHS OOCSTIB TEpeBaJIKM BAaHTAXIB Ha
MPUHIUIIAX ~ PaIliOHATBHOT ~ OpraHi3aimii  CTaHI[IHHIX
TPaHCIIOPTHO-TEXHOJIOTIYHHX MPOIIECIB.

Takox aKTyadpbHUM Yyce 1IIe € TIOJOJIaHHS
3aKOHOJNABUMX 1  peryiasaropHux  Oap'epiB s

MOBHOLIHHOTO (DyHKIIOHYBaHHS Ta B3AEMOJIl Pi3HUX
BUJIIB TPAHCHOPTY, MIPAKTUYHA IMITIeMeHTaIlis
PO3pOOIEHNX CHCTEM MIATPUMKH YXBaJCHHS pillleHb, iX
iHTerpamnist 3 iCHYIOUHMH AWCIETYEPCBKUMU CHCTEMaMH,
onTuMi3alisi OOpOOKM BAaHTaKOMOTOKIB B  YMOBax
GbizmaHIX 00MeEXEHD i 3HOCY CTaHIIWHOT
iHppacTpykTypu. IlepcnekTHBY MOAANBIINX JAOCIIHKEHb
MaroTh BKJIIOUaTH PO3pOOIICHHS METO/I0JIOTi OLiHIOBaHHS
IHBECTHLIHHMUX MPOEKTIB y MPUIOPTOBY 1H(PACTPYKTYPY
3 AaKIEeHTOM Ha pPO3BUTOK IHTETPOBAaHHMX IH(POBUX
waTGopM sl JOCSTHEHHS MaKCHMAJIBbHOI Y3TODKEHOT
poboTH TOPTY 1 cTaHLil 3 epeiaBaHHs BaroHiB.

DopMyTI0BAHHS METH.

Meroro poOOTH € TiJBUIIEHHS €(QEKTUBHOCTI
B3aeMO/Iii 00’€KTiB MPUIOPTOBOI CTaHMii Ta MOPCHKOTO
MOPTy Yepe3 ypaxyBaHHS piBHS BUKOPHCTaHHS 00’ €KTiB
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CTaHLil Ta MOPTy A1 OOpPOOKM BaroHiB 3 €KCIOPTHHUMH
BaHTaXXaMH.

Buxknax ocHOBHOTo MaTepiajty K0CTiTKeHHSI.

JluHaMiKa eKCIOPTHHX 3ai3HWYHUX IEepPEeBE3CHb
3a OCTaHHI M'ATh pokiB (puc. 1) IAEMOHCTpye 3HAYHI
KOJIMBaHHS, SKi BifoOpaXKarOTh BIUTUB TJIOOAIBHUX i
BHYTpIIIHIX KpHu30BHUX sBuil. [lepion mo 2022 poky — ne
BiJHOCHA  CTaOINBHICTE  O0CATIB, 13  HE3HAYHUMU
KOJMBaHHAMHU, MOB's3aHuMH 3 manaemicro COVID-19 i
CBITOBOIO KOH'IOHKTYPOIO I[iH Ha CHPOBHHHI TOBapu
(3aimi3Ha pyna, 3epHO).

Il
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Puc. 1. /luHamika eKCIIOpTY BaHTaXIB 3aJIi3HULIECIO

24 motoro 2022 poky cTaJ0 NEPEIOMHUM
MoMeHTOM. OOcsATH TepeBe3eHb PI3KO CKOPOTHIIHMCS
BHACII/IOK pyHHyBaHHS iH(pacTpyKTypH, OKymamii
TEpUTOpiH, ONOKYBaHHS OCHOBHMX MOPCBKHX IUISXIB 1
3arampHOi MoOumi3amii ekoHoMiku. Y 2022 pomi AT
«YKp3ai3HuL» Oynia 3MyIIeHa BUKOHYBAaTH HEBJIACTUBI
it ynsxmil eBaKkyamiiiHi 3axonw, 3a0e3meueHHs
BHYTPIIIHIX BIMCPKOBHX 1 TyMaHITapHHUX MOTped, M0
MO3HAYMIIOCS. Ha €()EeKTHBHOCTI BaHTAKHHUX Oreparii. ¥
2023 pormi dYepe3 amanTalliro JIOTiCTUKH CIOCTEpIraiu
Mojajnbllle  3MEHIIEHHS  EKCIIOPTHUX  IIEPEBE3CHb
3ai3HUINCI0, fKe, 3a OQIMifHUMHA JaHUMH, CKJIAJo
6m3bK0 5,8 % TOPIBHSHO 3 MONEPEIHIM POKOM, MOIpPHU
YacTKOBY crabimizamito cutyamii. e Oyio mos's3ano 3

MIOBIJIBHOIO TTEpe0y10BOIO JIOTICTUKH Ta MEPeOpieHTaIliel0
YaCTHHU BaHTAXIB Ha albTEPHATHBHI (aBTOMOOUIBHI Ta
PIYKOBI) MapIIpyTH.

VY 2024 i mporHozoBanoMy 2025 pokax 3aBASKH
HaJIarO/PKEHHIO pOOOTH  «3€PHOBOTO  KOPHIOPY» Ta
ajanTarii 0 HOBHX peallii CIIOCTepiraim YacTKOBE
BIZTHOBJICHHSI 00csriB. YacTka eKCHOpTy B 3arajbHid
CTPYKTYpl  3aJli3HMYHMX II€peBe3eHb  3pocia 0
KPUTHUYHHUX 3HAYEHb, ITiJKPECIIOI0UN TXHIO HE3aMiHHICTb.
IIpore 3aranbHUil TOHHAX EKCIIOPTHHX  BAaHTaXIB
3aJIMIIAETHCS CYTTEBO HIDKYHMM 3a JIOBOEHHHWII piBEHB, a
e(eKTHBHICTh JIOTICTUKM — HIDKYOI0 4Yepe3 YHCIICHHI
HEepo3B’s13aHi POOIIEMH.

Ha crporognui y 3B'I3ky 13 mm¢posizamiero Ta
IHTEJIeKTyai3aIiero TPaHCIIOPTHO-TEXHOJIOTTYHIX
MIPOLECIB HayKa 1 MpPaKTHKa MOAETIOBAHHS 3ali3HUYHUX
CTaHLIN 1 By3JiB INEpeXuBa€ HOBHH eTan pPO3BUTKY Ha
MPUHIHAIIAX (dhopmyBaHHS nupoBUX Mojenen
TPaHCIIOPTHUX 00'€KTIB.

Juss  3a0e3meycHHs  KOHKYPEHTOCIIPOMOXHOCTI
3ai3HMII HEOOXiAHI MJOCTaTHI pe3epBU IMPOIYCKHOI
CIIPOMOXKHOCTI SIK 3aJTI3HUYHUX AUTHHUIG, TaK i CTAHIIIH.

HepiBHOMIipHICTS HaXO/PKEHHSI BarOHOIIOTOKIB Ha
MIPUIIOPTOBI 3aJli3HWYHI cTaHUii (puc. 2) Mae SCKpaBoO
BUPa)XEHUH IMOBIPHICHMH XapakTep, IO 3YMOBJICHO
BEJIHKOIO KIJIBKICTIO (axTopiB., BKJIIOYAIOUU
HEpiBHOMIpHICTh HaJaHHS BaHTAXIB 1O IIEPEBE3CHb 1
OCHAIleHHS BaHTaXHUX GpoHTiB. LI  KONMMBaHHA
MOTYXHOCTI BaroHOINOTOKIB MarOTh 3HAaYHWH BIUIMB Ha
TEXHOJIOTIYHI TIpOIleCH CTaHMiH, 30KpeMa Iapamerp
HaKOIMYCHHSI BAaroHiB Ha COPTYBaIbHUX CTaHIIAX,
HepalioHaJIbHE BUKOPHCTAaHHS CTaHIiHHOT
IHQpacTPyKTyp: TPHUIIOPTOBHX CTaHLIN, IO MOXeE
MIPU3BOJUTH JI0 3HAYHHMX IIPOCTOIB SIK BAroHiB, TaK i
JIOKOMOTHUBIB. Y pe3ynbTaTi BHHHMKae aucOalaHc Mix
MIPOIYCKHOK) CITPOMOXHICTIO TPUIIOPTOBUX CTAHIH 1
MEPEepOOHOI0  CIIPOMOXKHICTIO TIOPTiB, MO 301IBIIyE
TPAHCIIOPTHI BUTPATH Ta 3HWXKYE 3arayibHy €()eKTHBHICTH
B3a€MO/Iii 3aJII3HUYHOTO W MOpPCBKOTO TpaHcmopty. s
3a0e3rneuyeHHs pUTMIYHOCTI pPOOOTHM 1  3MEHIICHHS
HETaTHBHUX HACJiJIKIB BAXIJIMUBHUM € 3aCTOCYBaHHS
METOiB MOJICJIIOBAHHS Ta ONEPATHBHOIO IUIAHYBAaHHS,
SIKI BpaXOBYIOTh CTOXaCTHYHICTb IIMX ITPOIIECIB.

L MG I I I v Y VI VI VI X X XI XII
POKH
2024 81478 | 798,15 | 1006,00 | 1115,75 | 124977 | 1381,80 | 1547.99 | 1779.21 | 199537 | 2012,00 | 1978.75 | 94855
2023 74176 | 809,19 | 1003,06 | 1131,18 | 121649 | 1350.34 | 1552,55 | 1803,83 | 203984 | 2039.84 | 200612 | 1163,97
2022 1006.08 | 869.82 | 112927 | 1271,13 | 132825 | 1569.78 | 1741.41 | 1860,96 | 2127.88 | 2258.54 | 2109.22 | 1393.30
2021 74825 | 71983 | 95504 | 105923 | 123382 | 1311,80 | 146958 | 172065 | 195744 | 1910,08 | 187851 | 82157
2020 682,26 | 84495 | 98840 | 117383 | 122736 | 1453.73 | 1576.10 | 1871,84 | 209925 | 2116.75 | 208176 | 1377,55
2019 873,96 | 911,95 | 114944 | 127484 | 131397 | 1388,83 | 176872 | 2032,90 | 227989 | 2298.89 | 2450.88 | 1254,79

Puc. 2. Xpomakapra repeBajiki BaHTaXIB 13 3a1i3HHYHOTO HA MOPCHKHH BHJI TPAHCTIOPTY B O1€CHKOMY MOPCBKOMY
TOPrOBENBHOMY IOPTY, THC. T
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Sk BHOHO 3 XpPOMAaTWUYHOI KapTH o0OcCsATiB
MIEPEBAJIKH, CIIOCTEPIraloTh CYTTEBY HEPIBHOMIPHICTH B
oOcsirax poOOTH MOPCHKHX IMOPTIB 3 EKCIIOPTYBaHHS
BaHTaXIB 3a MICAISIMA POKY. 3MEHILICHHS BaHTaXX000iry
VYkpaiHu TOB’s3aHE 31 CKOPOYEHHSM CIUIBIOCHYTiIb 1
CHagoM BHPOOHHMITBA B EKCIOPTHO OpPi€HTOBAHUX
rajmy3sx, 30KpemMa MeTalyprii, ska g0  BiiiHK
3abe3neuyBana excriopT 10 80 % mpoxmykmii. Takox me
OB 5I3aHO 31 CHeliali3allielo NOpTiB 32 HOMEHKIIATypOIO
BaHTaXiB, [0 3YMOBJIOE TOSBY (pakTOpa CE30HHOCTI B
oOcsirax HaAXOMKEHb. Tak, MOpPCHKI MOPTH, 3HAYHY
YaCTHHY TEPEBAIKN SKHUX CKIIAAI0Th 3€pPHOBI BaHTaXI Ta
POCIJIMHHI >KUPH H 0J1i1, MaloTh HaMOIbIIE 3aBaHTAXKECHHS
B mepiog 300py BpoXkaro i J0 KIiHIS POKy, a B IOpTax,
CHeLiai30BaHUX 32  HECE30HHHMH  BaHTa)XaMH,

CIOCTEpIratoTh OLIBII PIBHOMIPHI 00CSATH €KCIIOPTYBaHHS
mpotsiroM poky. Ha riobGambHOMY piBHI TepeBaiika
BaHTaXIB 3HWKYEThCA UYEpe3 HECTAOUIBHICTh PHHKIB 1
MOPYIICHHS MAapIIPYTiB JIOTICTUKH.

[Ipoumec mepeBe3eHHS y CTPYKTYpi IisUTBHOCTI
MIPUIOPTOBUX  BAaHTAXKHUX  CTaHNid  (QyHKIIOHAIBEHO
MOXXHA TIOAATH SK B3a€MOJII0 CTaHIli MPUMUKAHHS 1
Miclpb He3araJbHOro KopucTyBaHHA (puc. 3). Ommcarn
poOoTy cTaHIii B MiIOMy MOXKHA HAaHOUTBIII TIOBHO JIUIIIE
Yy BUMNAJKY, SKIIO BiJOMi 3aJIe)KHOCTI, IO TOB'S3YIOTh
OKpeMi EJIEMEHTH CHCTEMH 3 IIOYaTKOBUMH YMOBaMH,
rapamMeTpamMH Ta 3MiHHUMH. AJle He 3aBXKAU MPU [OMY
3a JIOTIOMOTOI0 aHATITUYHHUX (OPMYJT MOXKHA BU3HAYUTH
rapameTpy poOOTH MiIIPHUEMCTBA, OCKUTBKH 0araTo 3 HUX
3aaH1 WMOBIpHICHO )71 HEMPOrHO30BaHO.
BukopucToByroun MaTeMaTHYHE MOJETIOBAHHS, MOXHA
BIITBOPUTH TIpolLleC POOOTH CTaHIii NPUMHUKAHHSI Ta
BaHTaXXHOTO 00'€KTa Tak, IO BCi €IEMEHTapHI omepariil
BUKOHYBAaTHUMYTBECS 31 30€pEeKEHHSIM MOCIITOBHOCTI Ta
qacy.

Puc. 3. Cxema-rpad TeXHOJIOTIYHNX IepeMillIeHb 110 IPUITOPTOBii BaHTaXXHIHM CTaHIII] Ta TOPTY

OO’ekTaMM TPUMOPTOBOi  CTaHIii Ta MOPTY
npuitaaTo ronoBHi komii mpumukaHus (I'X), cranmiizi
mapku (CII, BII, I'TI, TII1, KII), Bursokai komii (BKI,
BK2, BK3), BanTaxxui ¢poHTH npHyaliB MOPTY, HA SIKi
momaroTh BaroHW 3i crammii (i), Ta iHON KOl
(3’enHyBaNbHI, BUCTABOYHI TOIIO) — Zi.

Posrisinemo BapiaHTH IepeMillieHb BaroHiB 3TiTHO
3 TEXHOJIOTi€l0 OOpOoOKM Tmicist HpuOYTTS BaHTAXKHUX
MOI3MIB PI3HUX KaTeropii 3 eKCIIOPTHUMH BaHTAXKaMH.
JI1st bOTO BUALIMMO OCHOBHI TEXHOJIOTIYHI ONepariii, siki
MaroTh BaromMe 3HAa4€HHs Ul PO3B’si3aHHS C(OPMOBAHOI
3a1a4l.

BapiaHT TeXHOJIOTIYHUX MEepeMillleHb BaHTAXKHOTO
MapHIpyTy (3eeHa ITPUX-IIyHKTHPHA JIiHisT) ependadae,
0 BaHTXXHUI NOi3]] MpuOyBa€e 3 MEperoHy 110 TOJIOBHIN
komii, I'X, 1 Oynme mpuitastuii no mapky CII. Ilicms
00poOKM BaroHW poO3BO3SATH JUIS  PO3BAHTAKCHHS-
HaBaHTaKEHHS HAa BaHTAXHI QPOHTH MpuyaiiB nopry, @i,
i Hazaxm. Lli€r0 TEXHOJOTIYHOIO JIHIE€D BarOHOIOTIK

mpsiMye 31 CTaHIii y mopT i Hazam 0e3 JOJaTKOBHUX
TEXHOJIOTIYHUX OTICPaIliid.

Bapiant TEXHOJIOTIYHUX nepeMilieHb
NepelaBaIbHOTO  T10134a, 110 HaIiMIIOB 13 CyMDKHOI
TEXHIYHOI cTaHUii (MoMapaH4yeBa IyHKTHpHA JIiHis),
nepenbayae oOpoOKy 1 mopmambiie po3dopmyBaHHSI. Y
IOMY BUIAQAKY Iicis npuiiMansas noizga B mapk CIT i
MIPOBEJCHHS TEXHOJIOTIYHHUX OIepalii micis mpuoyTTs
cocTaB nepecTaBisiioTh y mapk ['Tl, mo BHKOpHCTOBYIOTH
SK copTyBalbHUH. Ilicast 3akiHYeHHS pPO3(OPMYyBaHHS
MIPOBOANTHCS (DOPMYBaHHS MOAAY BArOHIB HA BaHTaXHI
(¢poHTH npHUYaiiB 1 X mojankie noxaBanHs. [Ipu npomy,
YpaxoBylOUM  KONIHHMH  pO3BHTOK  CTaHWii  Ta
NIPU3HAUCHHS BaroHiB, MOXKJIMBa IEpECTaHOBKA I10/1a4
MaHeBpoBHM JiokoMotuBoM y mapku BII, ITII1, a6o KII,
yepe3 sKi mojgadi OyAyTb HampaBiieHI Ha BiIMOBiAHI
TIpUYay.

VY Tabmumi HaBeNEHO ITOKa3sHWKHW BHKOPHCTaHHS
o0’exTiB 31 cxemu-rpada. 3a pe3ysibTaTaMH MOXHA
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3pOOHUTH BUCHOBOK, II0 HAaWOIIbII HEBH3HAUYCHHMH B
oprasizamnii TEXHOJOTIYHOTO TPOIecy CTaHIii 00’ €KTaMH,
a OTXKe, 1l «BY3bKHM MiCIIEM», BUSBILTUCS BUTSDKHI KOJII,
Ha SIKMX 3JIHCHIOIOTH OIepallil 3 MepecTaHOBKH COCTaBIiB
moizaiB 1 MaHeBpoBMX mnepenad. llelt pesynprar €
OUiKyBaHMM, YPaxOBYIOUH  BIJICYyTHICTb  TipKOBOTO
COPTYBAJIBHOTO MPUCTPOIO Ha CTaHIIi Ta HepalmiOHAIbHY

KOHCTPYKIIIFO TOpPJOBHUH  CTaHIIi
MIPOTSDKHICTD Y3/I0BXK OeperoBoi JiHii.

yepe3 11 3HAYHY

Tabnmns

[Toka3HuKYM BUKOpHCTaHHS 00’ €KTIB CTAHIIi Ta TOPTY

HbpacTpyk-
TyRHUI ene-
MeEH
I “ ol lele e |2 |2 |2 o < o |
OKa3HUK — S v 0
H | |H | B |E | |m|lm| m|& |© |G |S |& |6 |© |
ImoBipHicTE
3aBaHTa->KCHHS
— | © nla|lvw| o|locolvw| o|la|loc|x|vw|lo|lo | o
eJIeMeHTa SRl |ele gl |L|8|¥ 8|88 |8]|2 |4
c|lo|S ||| |oc|ld|lc|s|s|lc|c|c|o|lo| o
Pesepn
BIJIBHOCTI 69 [ 14 |9 35 131 |55 |67 |60 |15 (97 |8 |73 |92 |94 |80 | 60 |47
enemeHnTa, %
Enrpomnis
CJICMCHTA o |l |la|loe|lole | o] —~lwvwlw|lo|es|oa|s | <
«“a - | = N | A «“a «“a «“a - | = N «“a N — ol «“a
s |||l |oc|c|lc|lc|S|oc|lc|s|c|o|lc| o
Binnocha
OpraHizartis
Sl | =l | oloalo|la|v|luvu|lo|on]|xn|a]|v
eJIeMeHTa ClR |||l ||| TR |XR|L|xe|x
S|lo|S |||l |lc|c|s|c|c|c|s|o|o
bj — KiNBKICTh BaroHis, sIKi CTaHIIs MOXe MepepoOuTH
32 OAMHMLIO 4Yacy 332 YMOBH MAaKCHMaJbHOTO
. . , ’ Loe
Sk owiHKYy edeKTUBHOCTI B3aeMOAIl OG’€KTIB  33GesmeueHHs TEXHIUYHMX MOTYKHOCTEH i MiHIMATBHOTO

NIPUIOPTOBOI  CTaHWii Ta TMOPTY NPUIHATO YacoBy
rapamMeTpu3alliio CTaHIIHHUX TEXHOJOTIYHUX IIPOIECiB
i1 9ac 0OpoOKM eKCIIOPTHUX BaroHOMOTOKIB.

Ha cdopmoBaniii cxemi-rpadi cranmii 3 m
€JIEMEHTIB 1H(PACTPYKTypH BUALIEHO 7 TEXHOJIOTIYHHX
omepaniii 3 00poOku BaroHiB. IlozHaummo uepes

Am 0 = {t oV 4 (f mn )} TEXHOJIOTiI0  poboTH

00’ekTiB cTaHuii # MopTy 1 iX TpuBaicTs 3aifusaTTs. [Ipn
IBOMY Y4 — 9aCTKa HAJCKHOCTI tmn Y Amn.

VYci Baronu, 1mo npuOyBaroTh Ha CTAHIIIO, MAlOTh
Oytu TmepepoOiieHi B cucTemi 0e3 HaJIHOPMATHBHUX
MIPOCTOIB 1 BIJICTAaBJIEHHS BiXl pyXy, ToAi Oyle BHKOHaHA
HEpiBHICTh

<

P
2V, <2b;. m

i=1 j=1

ne Vi — KUIBKICTh BaroHis, II0 NMPHOYBAIOTh Ha CTAHIIIO
32 OJJMHUIIIO Yacy;

MIPOCTOIO Ha 00’ €KTaX CTaHIIIi Ta MOPTY.
Hexaifi x; — me KXUIBKICTP BaroHiB 3a BapiaHTOM
oprasizanii TEXHOJOTIYHHX IIPOILECIB, SKI MOXYTb OyTH
copsiMoBaHi 3 00’ekTa cTaHLii HAa O00’€KT TOPTY
(BaHTaXHUH (POHT) Y MHOXKHHI JIONMYCTMMHUX BapiaHTIiB
32 TAKUX YMOB:

a) ycl 3aIUTaHOBaHI JI0 MTOJIaBaHHs Y MOPT BaroHH 3
EKCIIOPTHUMH BaHTa)XaMH MAlOTh OyTH OpraHi3oBaHi Ta
BHMKOHaHI;

0) cymapHa KUIBKICTH IEpelaHuX y IMOPT BaroHiB
He Mae Oyrtm Oingpmoie, HDK Ta, IO MOXxe OyTn
mepepobIeHa.

MHox1Ha
IIPUIIOPTOBOIL

00’€KTiB
3a0e3rneuyoTh

BapiaHTIB B3a€EMOIil
CTaHIii Ta TMOPTY, IO
pamioHaNBHUK  BapiaHT  oOpraHizamii  TEXHOJOTIYHHX
MpoIreciB, Mae BKIOYATH HAOIp  MOCHTITOBHOCTI
BUKOPHUCTaHHA O0’€KTIB CTaHINi I KOXXHOTO BapiaHTa
TEXHOJIOTIYHMX MapUIpyTiB i3 BH3HAYEHOIO KUIBKICTIO
BaroHiB 1 TpUBaJiCTIO  3aWHATTS  €JIEMEHTIB,
3a0e3rneuyroun  3arajJbHUHA  MIHIMYM 4Yacy MpPOCTOIO
BaroHis.
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Orxe, 13 mo3uuii chopmoBanoi  3amaui
JIOCHI/PKEHHS, IiboBa (YHKIS MiHIMI3alii TpUBajIoCTi
IIPOCTOIO BaroHiB 3 EKCIIOPTHUMH BaHTaxamH, 7, HaOyBae
BUIIISLY

f(xij):ﬁiii{thw‘élmn

i=l j=lm=1n=1

T Y, (sm )}—) min

» (2

IIe t;j — TPUBAIICTh 3aHHATTA j-TO0 00’€KTa CTaHIii 3
BHKOHAHHSM Ha HOMY i-1 TEXHOJIOTIYHOI omeparii cepes
1 MOXIIUBUX 3 O0OCITyTOBYBaHHS BaroHiB 3 €KCHIOPTHUMH
BaHTaXaMHu, FOJI;

Xj — KUIbKICTh Barosis, IO OOpOOJSIOTH Ha j-My
00’€KTi 3 BUKOHAHHSM i-1 TEXHOJIOTIYHOI OTIepartii;

Amn — MHOXWHA BapiaHTiB BUKOHAHHS TEXHOJOT1YHOT
po6oTH 3 00CITYroBYBaHHS BaroHiB Ha /11 00’ €KTaX;

Ya(Sm) YacTKa BUKOPHCTAHHS TEXHOJIOTIYHOTO
eIeMEHTa Sm Ha CXeMi Yy TOCTiIOBHOCTI OJOKIB
YIpaBIiHHS BUOPAHOI ITiIMHOXKIHH BapiaHTIB Aj.

MHOXHMHa MOXXJIMBUX TEXHOJIOTTYHHX OIleparii 3
00CITyrOByBaHHsI BaroHOIIOTOKY Ha HPHUITOPTOBiH CTaHIii,
Amn, BKIFOUAE HAOIp TOCHIJOBHOCTEH EICMEHTIB CXEMU-
rpadga Uil KOXKHOTO BapiaHTa, BHU3HAYECHY KUIBKICTb
BAaroHiB i TPUBAJIICTh 3aHHATTS €JIEMEHTIB 3 ypaxyBaHHAM
pilIeHHs Mpo iX 3aCTOCyBaHHS 3a 3arajJbHOTO0 MiHIMyMY
MIPOCTOIO BaroHiB.

[TapamerpoM KepyBaHHS € KUIBKICTH BaroHiB, Xij,
mo Oyme oOCmy)KeHa Ha KOXHOMY OO0’€KTi CTaHIH i
IOPTY 3 BHUKOHAHHSIM TEXHOJIOTIYHHX  OIepariii.
OOMeXeHHS, 1110 HaKJIaIeH] Ha po3B’sI3aHHS 331adi:

1) yBech BaroHOMOTIK, 110 HAAXOANUTH Ha CTAHIIIO
3a pO3paxyHKOBHH Mepiol, Mae OyTH 00CITy KEHHH:

V.

= ©)

p
X,
i=1

IS V — KiJIbKICTh BaroHis 3 CKCIIOPTHUMMU BaHTAKaMHU, 110
HaAXOAUTh Ha CTaHIIiIO 3a pO3anyHKOBPII>i nepioz[;

2) KUIBKICTh BaroHiB, IO OOCIyroBYIOTh, HE Mae
NepeBUIIYBaTH  iXHIO  TEXHIYHYy  MOXIIHMBICTH 32
PO3paxyHKOBY OJIMHUIIIO Yacy:

< bl. ; 4)

i

3) TpuBamicTh  OOCIYrOBYBaHHS  BaroHiB  Ha
KO)KHOMY O00’€KTi HE Ma€ IEpeBHUILYBaTH OMYCTHMHX
TEXHOJIOTIYHUX HOPM:

©)

4) mino4ncenbHICT HapaMeTpa KepyBaHHS Xj ,
3BaKal04YM Ha HOTO CYTHICTB,

X, € /. (6)
i (] Z— MHO>XHWHa HaTypaJ'II)HI/IX YUCCII.
OT)KG, MareMaTru4dHa MOAECJIb 3a KpI/ITepi€M

MiHiMi3aIii TPOCTOIO BaroHiB 3 eKCIOPTHUMH BaHTaKaMU
Ha TIPUMOPTOBI BaHT@KHIM CTaHLil Mae CHUCTEMY
00MeKeHb

()

y

y

x, e’

Po3B’s13k0M IOCTaBJIEHOI ONITUMI3ALINHOI 3a1a4l €
TOM BapiaHT BHKOHAHHS TEXHOJOTIYHOTO TMPOIECy, 3a
SIKOTO CYMapHHH 4Yac 3alfHATTSA BCiX 00 €KTIB CTaHIIi HE
MIEPEBUIIYE TPHUBATICTh yCIX MOXJIMBHX BapiaHTIiB
TEXHOJIOTIYHUX JIiHIH 13 3a0e3meueHAsIM 00pOOKH BCHOTO
00CATY BarOHOTIOTOKIB, IO HAJTXOUTh.

Hasememo BuUpasu s po3paxyHKY TpPHBAJIOCTi
00CITyTOBYBaHHS BarOHOINOTOKIB Ha 00 €KTaX CTaHIII.
3aranbHUI MPOCTi BaroHiB 3 SKCIOPTHAMH BaHTa)KaMH
HA TIPUIOPTOBiH craHIii, 7, CKIANa€TbCcsi 3 TaKHUX
€JIEMEHTIB:
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T=t,+t,, +t, 4+, @®)

Jec tnp — TpUBAJIICTb HTPOBCACHHA  TCXHOJOTITYHUX

omeparii i3 mpuiMaHHS T0i311a, TOJ;

tnep — YaC Ha HNEepeCTAHOBKY COCTaBa 3 KOJIIHU

NpuiiMaHHs Ha COPTYBaJIbHI KOJIi cTaHMii, rox;

TPUBAIICTh PO3(OPMyBaHHS cocTaBa i

tp—qb

(opMyBaHHsI 110Jja4y BaroHiB Ha BaHTaXXHi (POHTH, IO

tnO() Jac Ha HOZ[aBaHHSI-3a6I/IpaHH$I BAaroHiB Ha

BaHTa)XHI ()POHTH NPUYAIIIB, TOJ.

TpuBasicTs POBEICHHST TEXHOJIOTIYHUX Omepamii
13 IpuiiMaHHS N0i3/ja B 3araJJbHOMY BHTJISII BKITIOYA€E 4ac
Ha NpuiiMaHHA 1013713, 3aKPiIUICHHS] COCTaBa, OTPUMAaHHS
MaKeTa MOI3HUX JJOKYMEHTIB, 3a0MpaHHS JIOKOMOTHBA,
OTOPO/KEHHS KOJIil, @ TAKOXK NMPOBEJICHHS TEXHIYHOTO Ta
KOMEpUI{HOTO OISy Ha MPUHMaIbHO-BIANIPaBHIM KOl

3a TexHoJOri€l0 poOOTH CTaHIii, 3a BiJICYTHOCTI
TipKOBOTO COPTYBAJIBHOTO TIPHCTPOIO po3(opMyBaHHS
COCTaBiB 3IIMCHIOIOTh Ha BHUTSDKHHUX KONIfX, IO
NPUMUKAOTh A0 copTyBagpHOro mnapky ITI. Yac Ha
NIepEeCTaHOBKY cocTaBa 3 KOJii TpuiiMaHHA Ha
copryBaibHi  komii mapky [Tl s mopmamemroro
NIPOBEJCHHS Ha HHUX pPO3(OpPMYBaHHS BH3HAYAIOTH,
PO3paxoBYIOYH TPHBATICTH MaHEBPOBHX HaliBpEHCIiB 3
ypaxyBaHHSIM  KOJIHHOTO  pO3BUTKY  CTaHmii Ta
MIPUBENICHUX YKIIOHIB.

Yac Ha monaBaHHS-3a0MpaHHS TPYN BaroHiB Ha
BaHT@XXHI (POHTH NPHUYAIIB 3aJICKUTH B KUIBKOCTI
BaHTQXXHUX (POHTIB, KUIBKOCTI MOAAY HAa aapecy LUX
(PpOHTIB, BEMMYMHM CaMHX NOAaY 1 pO3TallyBaHHS
BaHTQXXHUX (PPOHTIB BIIHOCHO COPTYBAIBHOTO IAPKY.
Busnauaroun 110 BeIMYMHY, TOLUIEHO BpaxyBaTH Te, IO

TPUBAIICTh HAINIBPEHCIB y TakoMy BHIIQJKy Mae
BpPaxOBYBaTH 4Yac Ha pO3TiH-YNOBUIBHEHHS 1 TIPOCTIH
yepe3 BOpPOXICTH  MapmpyTiB 1o  cranmii. s
TEXHOJIOTIYHOTO HOPMYBAHHS 3aCTOCOBYIOTH (DOPMYITY

e, +8,n)v, 006-L,
noo = +
2 V

M

) ©)

Jie Opy — KOe(IIieHT, 10 BpPaxoBYe 3MiHY MIBHAKOCTI
pyXy JIOKOMOTHBa Ha 1 KM/Toj i3 pO3rOHOM Ta
VIIOBUIBHEHHSIM PYXY;

Ppy — Koe(ilieHT ypaxXyBaHHsS JOAATKOBOTO 4acy Ha
3MiHY IIBHIKOCTI PyXy KOXXKHOTO BaroHa B MaHEBPOBOMY
coctaBi Ha 1 KM/TOX i3 pPO3TOHOM Ta YIOBIIbBHEHHAM

PyXYy,

vy — JONMyCTHMAa IIBHIKICTH PYyXy MaHEBPOBOTO
cocTaBa, KM/TOJ;

Lnep — AOBXXHHA NEPECTAHOBKU, M.

Jnst BU3HAUYEHHS yacy Ha IOAaBaHHS I'PyH BaroHiB
Ha BaHTAXHI ()POHTH NPUYANIB 1 BUSBICHHS CTYHCHS
BIUIMBY Ha IO BEJIMYMHY KUIbKICHHX ITOKAa3HUKIB poOOTH
IpUNOpTOBOi CTaHWii OyJ0 IPOBEIEHO CTATHCTHYHE
MO/ICTIFOBaHHS.

Y pesynabraTi 3 JIOCTOBIPHICTIO ampoKcHMarii
6mu3pk0 93 % Oyiio OTpUMaHO JHINHY 3aJCKHICTh i€l
BEJIMYMHHM BiJ] TapaMeTpa KepyBaHHs — KUTBKOCT] BaroHiB,
0 MOJAlOTh Ha BaHTaXHI (ppoHTH mpuyaiiB 3 00’€KTiB
cTaHWil — mapkoBUX Koiii. OTxe, y HUIbOBY (yHKIIO
BKJIIOUCHHH (DAaKTOp BIUIMBY, SIKMH Ma€ CTOXaCTUYHHMN
3B'A30K MK 3HAYEHHSIMH PE3YyJbTATHBHOI Ta (haKTOPHOI
o3Hak. Ha pwuc.4 mnomana rpadiuna iHTEpIIpeTaNisn
pe3yibTaTiB MOCITIOBAHHS.

6
y=0,1754x+1,2278
2=

& 5 R 0,9296 &
= <
E 4
3 8
2 8
<
= 3
=
A
g 2
1=}
g 1
= <
1=

0

0 5 10 15 20 25 30
YHCJI0 BATOHIB Y mogavi

Puc. 4. PeSyJ'ILTaTI/I CTaTUCTUYIHOI'O MOJC/IFOBAHHSA POLCCY MOJaBaHHsA BaroHiB HAa BaHTAXHI1 (1)pOHTI/I HpI/I‘IaHiB
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dopmarizoBaHa 3a1ada MiHiIMizalil NIPOCTOIO
BaroHiB 3 EKCIIOPTHUMM BaHTaXaMH Ha IPUIIOPTOBIH
craHuil HaJIC)KUTH bi (o) 3a1a4l IMHAMIYHOTO
NIPOTrpaMyBaHHS 3 CHUCTEMOIO JIHIHHHX OOMEXEHb.
PearnizoBano MOzEIIOBaHHS y MPOrPaMHOMY CEepeJIOBHIII
Python.

Jlnst koxHOi KOMOIHAIi KIIbKOCTI BaroHiB Ha
KOJIiSIX 1 BAHTXHUX (PPOHTAX OOUHCITIOBANIN:

cepeJHiif 4ac MpocToro BaroHiB 7idic;
CTAaHJAPTHE BIIXWIICHHS Yacy MPOCTOIO OTidic;
JOBipuni iHTepBan 95 % JuIs cepeHbOro yacy

IIPOCTOIO.

HaBenemo oTpumani pe3ynpTaTd y  BHITLIII
rpadigHOi 3aJeXKHOCTI CEpPEeAHBOrO MPOCTOI0 BaroHiB Ha
NIPUNOPTOBIH  CTaHIil BiJ KUIBKOCTI BaroHiB, IO
3HAXOMATHCS Ha CTAHIIMHUX KOJISAX 1 BaHTaXKHUX
¢ponTax (puc. 5).

OTprMaHO 3aJIEXKHICTh CEPETHHOTO Yacy IPOCTOI0
BiJl KIIBKOCTI BaroHiB Ha KOJISIX 1 BAaHTAXHUX (POHTAX.
30inbIIeHHS KUIBKOCTI BaroHiB Ha KONISX Yy TIEBHOMY
JiarmazoHi NPU3BOIUTH 1O 3POCTAHHSA dYacy IPOCTOIO
gepe3 0OMEXKEHICTh 00pPOOHOT MOTYKHOCTI. 3MEHIIICHHS
KIJIBKOCTI BaroHiB HM)KYE ONTHUMAJIBHOTO PIBHS 3HUXKYE
e(eKTUBHICTh  BUKOPUCTAaHHA  iHQPacTpyKTypu, a
MIEPEBHUIICHHS ONTUMAaJIbHOI KUTBKOCTI TNPHU3BOAUTH [0
3aTOPiB 1 TPHBAJIOTO POCTOIO.

e)

o

Cepeaniit yac npocToro (T idls
~ IS
CepenHin T_idle

o

S.

Puc. pe3ybTariB

iHTEpIIpeTanis
MaTeMaTH4YHOTO MOJICITIOBAHHS

I'padivuna

VY pe3ynbTaTi pobOTH IporpamMu OTpUMaHO OinbIIe
50 BapiaHTIB 3Ha4€Hb 3aTaIBLHOTO MPOCTOIO 3a BapiaHTOM
0o0poOKM  BaroHiB, 10 HAMIWOUIM  MapIIpyTamH.
MiHiMaJIbHMH dYac 3arajbHOTO MPOCTOI0 BaroHiB 3
CKCITOPTHUMH BaHTaXaMH Ha CTaHIl ckimaB 27,7 ro.
[Iporpama nae 3Mory BpaxoBYBaTH CTOXaCTH4HI (aKTOpH,
0 MAalOTh BIUIMB Ha TPHUBAIICTH IIPOCTOIB BaroHiB Ha
CTaHIII.

JUtss K0XHOI KOMOiHAIlii KITFKOCTI BaroHiB Oyio
o0uncieHo 1oBipui iHTepBaiu 95 % U1 cCepeHbOro Yacy
npocroto. JloBipui iHTEpBaM MiATBEPIWIN CTIHKICTH
CepenHiX 3Ha4yeHb, OCKUIBKM OUIBIIICTH 3HAYCHb 4Yacy
IpocTol0 He Buxonwia 3a Mexi +10 % cepeansoro 3a
kimpkocti permrikariii 300. Ile cBiqumTh, MmO MOAETH
JIOCUTH HaJiifHO BimoOpaxkae peajbHI mporecu oOpoOKH

BarOHIB HAa TMPHUIIOPTOBHX CTaHISAX 1 JIOTIOMAarae
BU3HAYWTH ONTHUMAJbHI  ITapaMeTpH  3aBaHTaKCHHSI
iHppacTpyKTypH.

BucnoBkn 3 JaHOT0 JOCTiKeHHSI i
MepPCHEeKTHBH MOAATBIINX JI0CTi/UKEHb.

3acTtocyBaHHS chopmoBaHOi MaTeMaTHYHOT
MOJEeNi Ha TPAaKTUIl  JaCTh 3MOTYy  CKOPOTHUTH
HENPOMYKTHBHI MPOCTOi  BAaroHIB 3  CKCHOPTHUMH
BaHTAXXaMH B MICIAX CTHKYBaHHS 3aJi3HUYHOTO 1

MOPCBKOT'O BHIB TPAHCIIOPTY, 3MEHIIUTH 3aBaHTa>KCHHS
IHQPaCTPYyKTYpHHUX €JIEMEHTIB NPUIIOPTOBUX CTaHIIN 3a

paxyHOK  palliOHAIBHOTO  PO3MOJITYy  BaroHiB i3
BUKOHAHHSM TEXHOIIOTIYHHX OIepamiii i, SK HACIIJOK,
30UTBIIMTH ~ IXHIO  TPONYCKHY  Ta  IepepoOHy
CIPOMOXKHICTb. YHIBEPCAJIbHICTh MOJIENIi TOJISITAE B

MOXJIMBOCTI 3aCTOCYBaHHS {i 3 BUKOPHCTaHHS €JIEMEHTIB
cxemu-rpadpa  craHmii s opradizamii  podotn
MIPUNOPTOBUX CTaHWid 1 (OpPMyBaHHS MOCIITOBHOCTI
YIPaBIiHCEKUX PillIeHb JUI] KOHKPETHHUX CTaHIIIN Ta yMOB
eKCIUTyaTaii.

[IpakTiyHe 3HaUCHHS! OTPUMAaHHUX PE3YJIbTATIB!

- IUIAHYBaHHS ITOJ]aBaHHs BaroHiB Ha CTAHINI IS
3MEHIIEHHS TXHIX ITPOCTOiB;

- pO3po0JIEHHS AJTOPUTMIB YHPABIIHHS YEproro
BaroHiB Ha ()poOHTaX IPHYAIIiB;

- YXBJICHHS pIllIEeHh NPO ONTHUMAIbHY KiIBbKICTh
BaroHiB Ha KOJISX 1t €PEeKTUBHOI pOOOTH PHYAIiB.

Orxe, po3poOiieHa CTOXacTMYHA MaTeMaTH4Ha
MO/IETIb OITMCYE TpoIiec 0OPOOKN €KCIIOPTHUX BaroHiB Ha
NPUIOPTOBUX  CTaHUisAX.  Moxgens  gae  3Mory
IIPOTHO3YBATH CEpe/Hill Yac MPOCTOI0 BaroHiB 3a Pi3HUX
BapiaHTIB IT0JIaBaHHsS BaroHiB Ha BaHTaKHI (POHTH 1 Ha
KOJIISIX CTaHIii, YpaxoByBaTH BHIAJKOBICTH IIO/IaBaHHS
BaroHiB, OIL[IHIOBATH e(EKTUBHICTh CTaHIIWHOT
IHQpacTPyKTypH 1 MPOTHO3YBATH CEpeNHii Yac MpOCTOIO.
PesynbraTi MozmentoBaHHS MOXKHA BUKOPHCTOBYBATH JUIS
MIPOTHO3YBAHHS Ta ONTUMI3AIlil JIOTICTUYHUX MPOIECIB Ha
MIPUIIOPTOBUX CTaHIIAX, 3MEHIICHHS 3aBaHTaKEHOCTI
MIPUCTPOIB 1 MiABHIIEHHS IEpPepoOHOi CHPOMOKHOCTI
0E3TipKOBHX CTaHIIIM.

CnucoK BUKOPHCTAHHX JIZKepeJ
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Hanna Shelekhan, Vitalii Pogorelov

ENHANCING THE EFFICIENCY OF
INTERACTION BETWEEN PORT RAILWAY
STATION AND THE SEAPORT

Abstract. The article analyzes the current state and
operating conditions of a port-adjacent freight station
from the standpoint of the efficiency of its interaction with
the seaport in processing wagon flows carrying export
cargoes. The analysis of contemporary Ukrainian and
world scientific and research studies devoted to this issue
made it possible to identify the key aspects of improving
the efficiency of railway infrastructure operation,
including advanced technological solutions, optimization
of technical and technological processes, enhancement of
handling capacity, and reduction of rolling-stock dwell
time. Existing problems are addressed through the

implementation  of innovative  technological —and
organizational solutions. The process of handling export
wagon flows at the station is formalized with
consideration of minimizing wagon dwell time while
awaiting  technological operations. The developed
mathematical model makes it possible to account for the
stochastic nature of the delivery of local wagons with
export cargoes to the port, evaluate the efficiency of using
port station and port infrastructure facilities, and forecast
the average dwell time of local wagons.

To determine the time required for delivering
groups of wagons to the berth cargo fronts and to identify
the extent to which quantitative performance indicators of
the port-adjacent station influence this parameter,
statistical modeling was carried out. A relationship has
been obtained between the average dwell time and the
number of wagons on the tracks and at the cargo fronts.

The practical significance of the obtained results
lies in planning wagon delivery at the station to reduce
dwell times, developing algorithms for managing wagon
queues at berth fronts, and supporting decision-making
regarding the optimal number of wagons on the tracks to
ensure efficient operation of both the station and the port.

Keywords: port stations, wagon delivery, local
wagon dwell time, export wagon flows.
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Kpurepii 1151 npu3HaYeHHs] PEMOHTY 3 OHOBJICHHSI BEPXHbOI 0y10BH 0€3CTHKOBOI KOJIiI
Anomayin. Y cmammi 3anponoHo8aHi YucenbHi 3HAYEHHs. OCHOBHUX KPUMEPIi6 w000 NPUHAYEHH PEMOHMY 3
OHOBJIEHHS! BePXHBOI 6Y006U Oe3CMUK0BOI KOlil, IKi 6CMAHOBIeHI HA OCHO8I AHANIZY 3MIHU HAOIUHOCII PeUKO-WNATbHOL

PpewimKu 8 npoyeci eKcniyamayii.

YV axocmi ocnosnux kpumepiie po3enaoaromucs NPORYWEHUL MOHHANC (CMPOK CyaucOU y pokax) ma
NOOOUHOKULL BUXIO PetioK 3a depekmamu y nepiod excniyamayii Komuii.

3anpononosani mamemamuyni Mooeni 0N BUSHAYEHHS: UMOBIPHICMb NOE8U BIOMO8 PeloK, 3aMi300emOHHUX
wnan ma npomischux ckpiniens muny Kb 6 sanesjcnocmi 8i0 Hanpaybo8ano2o MoHHANCY.

Knrouosi cnosa: 6escmuxosa xonis, epxus 6y008a Kouii, MoOepHizayis Koail, KanimanbHull peMOHm Koii,
Kpumepii npuHaAueHHs, peuKko-wnaibHa peuimyd, HanpaybosarHuil MOHHALC.

Beryn.

BesctukoBa Kkomist € onHi€l0 3 HalicydacHIMINX
KOHCTPYKIIHA KoJiit y cBiTi. Ile OCHOBHMI THIT KOMIHHOT
KOHCTPYKIii, [0 BUKOPHCTOBYETHCS HAa MaricTpalbHUX
minigx y €spomi, IliBuiunii Amepuni, Kurai, CH/l Ta
IHIIMX perioHax. 3acTOCyBaHHS OE3CTHKOBOI KOl
3abe3nevye BUCOKI MIBUIKOCTI Ta 31aTHICTh BUTPUMYBATH
BEJIMKI OCHOBI HABAaHTAXEHHs. Y MOPIBHAHHI 31 JAHKOBOIO
KOJNI€I0 BOHA 3MEHINYE O0OCAT HEOOXITHUX KOJMIHHHUX
pobir. Ilpm 1 yk;magawHi  moTpiOHO — MeHmIe
METAJIOMICTKMX CKpiluleHb. BoHa Mae MiHIManbHY
KIJIBKICTh CTHKIB, sIKi € Halypa3MUBIIIMMH Ta HaHOUIBII
HalpyXeHUMH JIUISHKAMH, & TaK0X OCHOBHUM MICIIEM
HaKONMYCHHS 3aJIMIIKOBUX jaedopmariid. bescrukoa
KOJIisl JjoroMarae€ 3MEHIIUTH MUTOMHH OIip KOYEHHIO,
MIPU3BOJUTE JI0 3MEHIICHHS 3HOCY KOJIC, 30inblnye
NIPONyCKHY  3[aTHICTh 33  paxyHOK  IIiIBUILCHHS
LIBHKOCTI O3B Ta CKOPOYY€E BUTPATH Ha MaJIUBO Ta
enekTpoeHeprito. Kpim Toro, piBeHp mymMy Ha
0e3CTUKOBIM Komii B3HWKYETbCS Ha 15 nmermben, a
KoMOpT i3/11 MOKpanyeThesl.

- TOONWHOKHMU BUXiN (3a Tepion eKCIuTyarartii

BBK) peiiok 3a nedexkramu
(uts 6Ge3cTUKOBOT KOJIT — KUIBKICTh A€(EKTHUX MICIb B
MexXax peikoBoi

IDTiTi) — My, IIT/KM.

Bu3HaueHHSI METH Ta 3aBJIaHHA JOCTiIKeHHS.

AHaJi3 0CTaHHIX J0CTiIKeHb i myOJikamii.

«[IpaBuma TEXHIYHOI eKCIDTyaTalii 3alli3HUIb
VYkpainum» BHMararoTh, IO «yci €JIEMEHTH 3ai3HUYHOI
KONl 3a CTaHOM MaroTh 3a0e3redyBaTH Oe3neyHui i
IUTAaBHUH PyX IOi31iB 13 HIBHIAKOCTSIMH, BCTaHOBJICHUMHU
Ha JaHIld TUISTHIIY.

Y pobGori [l] HamaHwii aHami3 CydYacHOI
HOpPMaTHBHOI 0a3u 3 OCHOBHUX OpraHi3amiiHO-TeXHIYHUX
3aXO0JiB 3 PEMOHTIB 3aJi3HUYHOI KOJIi Ha 3aTi3HHIITX
VYxpainu. [le, 30kpema, y SIKOCTi OCHOBHUX KPHUTEPIiB ISt
MIPU3HAYCHHS! PEMOHTY 3 OHOBJIEHHS BEpPXHbOI OynOBH
kouii (BBK) posrmsinatorscs:

- IPOIYIIEHUH TOHHAX (CTPOK CIY>KOH y poKax),
% Bi HOPMaTHUBHOTO;

Ha 3aJTI3HALLIX Ykpainu OCHOBHOIO
koHCTpyKmieto BBK €  ©OesctmkoBa  Komis, IO
eKCIITyaTyeThcsl Maibke Ha 75% pO3ropHYTOi JOBKUHU
roioBHoi Kkomii. [Ipy mpoMy mnepeBakae KOHCTPYKILIS
0€3CTHKOBOI KOJii 3 TAKUMH XapaKTEPUCTUKAMHU: PEHKOBI
IUTITI 3BapeHi 3 TEpPMO3MILHEHMX peHok Tumy P65,
3a1i300eTOHHI mmanu emtoporo 1840 mT/kM, IpoMiXHE
ckpitenns turry Kb, mebenesuii 6anacr.

OnoBinenns BBK na gumHOn — 3amisHALl
3IIMCHIOETHCS il Yac BUKOHAHHS KalliTAJIbHAX PEMOHTIB
KONl i3 BUKOPHUCTAaHHSIM HOBHUX YH CTapONpPHIATHUX
MmarepianiB BBK. ¥V skocti Bemy4oi pobotnm mpu mux
PEMOHTaX pO3IISAAETHCS TIOBHA 3aMiHa PeHKO-IIIaIbHOL
PEIIITKY, 10 BUPOOMIIa CBilf pecypc.

OCHOBHOIO METOI0O Ta 3aBJaHHSIM BHUCTYIIA€
BU3HAUCHHI HAJIHHOCTI KOHCTPYKLII pEHKO-IIMaIbHOI
pewIiTkr 6e3CTUKOBOI KOJIii MPU HAIpaIfOBaHHI TOHHAXY.

Hwxue HaBOIATHCS pe3ysbTaTH JOCIHIIKEHb 3
BU3HAUCHHS YHCENbHHUX 3HA4YCHb IIOKA3HMKAa My, SKi
TPYHTYIOTBCS Ha OIIHI[l HAMIHHOCTI PEHKO-IIITATBHOT
PEIIITKY B IMPOIIECi eKCIUTyaTaIlii.

OCHOBHA YaCTHHA AOCTiIIKEeHHS.

Jns  oumiHKM  HamgifHOCTI  pelKo-IInagbHOI
pemtitkn  (PIIIP)  BuKopuCTOBYETBCSI ~ WMOBIpHICTB
6e3BiqMOBHOI poboTh KOHCTpyKUii Ppure(ti), 3HAUCHHS
SIKOT Y KOHKPETHUH MOMEHT 4acy ti (Ticisi HanpamntoBaHHs
MIEBHOTO TOHHaXy Ti, MJIIH. T OpyTTO) BH3HAYAETHCS 32
(dhopmymoro:

Pruip(ti)= Pp(ti) Pum(ti) Pexp(ti), (D

© MYPHUTTHA H.O., MAJIIINIEBCBHKA A.C., BYTA€Ilb H.B.,, TEPTUYHHWM B.B., 2026
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ge  Pp(t), Pum(ti), Pexp(t) — HMOBipHICTH
6e3BiqMOBHOI poOOTH (HAa MOMEHT dHacy ti) BIAIIOBiTHO
peroK, [Ial Ta NPOMIKHUX CKPIIlICHb.

Ha mpaktumi a1 OWiHKM  HamidHOCTI  j-TO
eNIeMEeHTa y JIeIKUX BHIAJKaX JOLIUJIBHO 3aCTOCOBYBATH
TaKy XapaKTEPUCTHKY SK MHMOBIpHICTh IOSBU #Oro
BimmoBH Fj (ti):

Fi(t)=1-Pi(t), @)

ne j — enement PIIP (peiiku, mmanu, npoMixee
CKpIIUICHHS).

Ominka HaJi#HOCTI peiKOBHX TUTITeH

0e3cTHKOBOI KONii B IIpoleci ekcruryaTamii nependadae
YMOBHHMH iX TOALT HA BiAPi3KK OBXHUHOIO 12,5 M. Peiixn
3piBHIOBAIBHUX MPOJIBOTIB 3 PO3IIISAY BUKIIOUAIOTHCS.

YV poboti [2] HaBeneHa 3aJCHKHICTh ITOKa3HUKA
mp (WTYK/KM) BiJ HalpanbOoBaHOTO TOHHaXYy T, MJIH. T
OpyTTo (A HOUITHOK 3 CEpeIHE 3BAXKCHUM OCHOBHM
HaBaHTaXeHHsAM 155 kH Ta mBuakictio pyxy moizais 100
KM/TOJTUHA):

m, = 0,56-10°°T>. 3)

VimoBipHicTh MOSIBM BifMOB peifok B mporeci
eKCIITyaTallil BU3HavaeThes 3a POpMyII0I0:
Fp (ti)=mp( ti)/Np, “)

nie Np — KUIBKICTh YMOBHHMX PEHOK JTOBXHMHOIO 12,5 M Ha
1 kM Kodii.
VY nanoMy BHNAJAKY i€ MOKa3HUK CTAHOBUTH:

Fo(ti)=0,35-10"10T5, )

Hocmimkennsmu  [3]  (mast  cydacHUX yYMOB
eKCIITyaTalil Kojiii) BCTAHOBJIEHO JOIMYCTUMHH (3 yMOBH
eKOHOMIYHO-palioHadpHOi  poboTH  peiok)  piBeHb
CyMapHOTO MOOJAMHOKOTO BHXOJy peloK y medekTHi [mpy]
JUTSI TUTSTHOK 3 BiIIIOBITHOIO BaHTAXKOHATIPYKeHICTHO I
I'=30 muH. TKM OPYTTO/KM 32 PiK - [mp]|=8 WTYK/KM;
I'=50 muH. TKM OpYTTO/KM 32 piK - [mp]=6,5 WTYK/KM;
I'=80 muH. TKM OpYTTO/KM 32 piK - [mp]=5,6 WTYK/KM;

O6p061<a ouxX JaHUX J03BOJIMJIAa BU3HAYHUTHU

BiJIIIOBiTHY 3aJI€XKHICTD
[mp]=AT), sixa onucyeThCs pIBHAHHSM:
[mp]=0,0009 T2—0,147T + 11,6 (6)

TakuM 4YMHOM, BEIMYHMHA Mp MOXKE 3HAXOJUTHUCS
B Mexax 3+11 m1/km 3anexxHo Bij mapamerpa I, ToOTO
BiJT KaTeTopii KOJii.

3aJIeXHICTh CyMapHOTO BHXOAY 3aJ1i300€TOHHUX
mrman  3a  AedeKkTaMM Mun (IITYK/KM) B TIpoIeci
eKCIITyaTalii 0e3CTHKOBOI KOl ( 3 peHKOBUMH IUTITSIMU
JoBXHHOI0 650M) BiNNOBiZae HACTYNHIH MaTeMaTHYHIN
Mozeni [2]:

Mun = 0,146-10T2, @)
fIMOBipHiCTL MOSBU BiIMOB mman (I JaHOi
koHcTpyknii  PIIIP) mnpu HampaifoBaHHi  TOHHaXY

BIAIIOBIIa€ MaTeEMaTUYHIN MOAEIN]

Fun( ti)=7,93-101°T2, ®)

Y poboti [4] Bu3HAYEHI Taki MaTEeMaTHYHi
MOJIEJII IS OLIIHKH:

HMOBIPHOCTI ~ TOSIBM  BiJMOB  IPOMDKHOTO

ckpimtenast tairy Kb (emropa mman 1840 mr/km) mpum
HalpamioBaHHI TOHHAXY

Fxs(ti)=28,3-10"10T3, 9

CyMapHOTO BHUXOIy 3a JAe(deKTaMH BY3IiB
npoMmixxaoro ckpimenHs tumy KB B mporeci
eKCILTyaTaril

mxs = 10,4-10°°T3, (10)

VY tabmuui 1 HaBexeHi 3HAYEHHS ITOKA3HUKIB
Pp(ti), Pun(ti) Ta Pexp(ti) 3amexno Big T st BUMaaky, Konu
Ha minsHIi (1KM Komii) MpOTArOM <«OKHTTEBOTO» IHKITY
BBK BrkoHyOTECSI pOOOTH 110 3aMiHi HENPUAATHUX IITIal
Ta €JIEMEHTIB CKPIIlJICHb.

Tabmms 1
3anexuictb enemenTiB PIIP Bijx mponyIieHOro TOHHaXy IPOTSTroM «KUTTeBOro» Iukiy BBK
T, MIH. T 100 200 300 400 500 600 700 800
Pp(ti) 0,99996 0,99972 0,99905 0,99776 0,99562 0,99244 0,98700 0,98208
Pum(ti) 0,99999 0,99997 0,99993 0,99987 0,99980 0,99972 0,99961 0,99949
Poxp(ti) 0,9972 0,9774 0,9236 0,8189 0,9236 0,8189 0,9236 0,8189
Peuip(ti) 0,9972 0,9771 0,9227 0,8170 0,9194 0,8125 0,9112 0,8038
OHOBJICHHSI BEpXHBOI Oy/IOBH OE3CTHKOBOI KOJIii, SKi
AmHamiz pe3ynpraTiB  Tabmumi | 103BONsSE  BCTAHOBJICHI HA OCHOBI aHamizy 3MmiHm HanifiHOcTi PIIIP

BIJIMITUTH, IO iMOBipHICTH Oe3BimMOBHOI pobotn PIIIP B
npoueci i exkcruryaranii (Ipy HapalfoBaHHI TOHHAXY)
3MiHtoeTsest Bix 1,0 no 0,8 (mpm ymoBi, 1mo mpoTsirom
«kuTTEBOTO» WKy BBK Ha mingHI BHUKOHYIOTBCS
CBO€YAaCHO pOOOTH MO 3aMiHI HENpHJIATHUX INHal Ta
€JIEMEHTIB CKPIIlICHB).

VY rtabnumi 2 HaBeICHI YWCENbHI 3HAYCHHS
OCHOBHHMX KpHTEpiiB IIOJNO IPHU3HAYCHHS PEMOHTY 3

IIPY HaNpaIlOBaHHI TOHHAXKY.

Tabimrs 2

OcCHOBHI KpuTepil NpHU3HAYEHHS PEMOHTY 3
OHOBJICHHS BEPXHBOT OYZI0BH O€3CTUKOBOI KOJIi1
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Kareropis | OcHoBHi KkpuTepii
Kol [Mpomymennii Tonnax (ctpok | Ilooguukomit  BHXim — peHok
cryx6n y pokax), % Bim | (KUIBKICTh Ne(EKTHHX Miclb) Y
HOPMAaTHBHOTO (HE MEHIIIE) CcyMi 3 MOMEHTY yKJIamaHHs y | Buna pemonry
Koo (B cCepeaHbOMYy Ha
JIUTSTHITL ), TITYK/KM
I-1I 100 3 Ta Ginbie KanitanpHauii peMOHT Koii
v 100 4 ta GinbIe
V-VI 100 8 Ta Oinplre Kanmitanpuuit  peMoHT  Komii i3
BUKOPHCTaHHSIM CTapONPHIATHUX
VII 100 10 Ta Ginbe Mmarepianis BBK.

[Mpumitkn o tabmumi 2: HopMaTHBHHUI TOHHAX
(HOpMaTHBHHN CTPOK CIYyXOH PEHOK) BCTAHOBIIOETHCS
3rigHo [5].

BucHoBkn.

VY crarti 3anponoHOBaHI YHCENbHI 3HAYCHHS
OCHOBHHMX KpHTEpiiB II0OJ0 IPHU3HAYCHHS PEMOHTY 3
OHOBJICHHSI BEpXHBOI Oy/IOBH OE3CTHKOBOI KOJIii, SKi
BCTAaHOBJICHI HA OCHOBI aHaJi3y 3MiHM HaJIHHOCTI peHKo-
IIMAIBHOT PEIITKY B IIPOLIECi eKCILTyaTaltii.

ImoBipHiCTE  0Ge3BiIMOBHOI  poOOTH  pEHKo-
OITaNbHOI PENNTKH B TpoIleci eKcIuryararii — (mpu
HalpaloBaHHI TOHHaXYy) 3MiHIoeThest Big 1,0 mo 0,8 3a
YMOBH, IO MNPOTArOM <OKUTTeBoro» nukiay BBK Ha
IUISTHIIIT BUKOHYIOTBCS CBO€YACHO pOOOTH IO 3aMiHi
HETIPUJATHUX IIITaJT Ta €JIEMEHTIB CKPIIICHB).
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THE MAIN CRITERIA FOR THE APPOINTMENT
OF REPAIR TO UPDATE THE UPPER
STRUCTURE OF THE CONTINUOUS WELDED
TRACK

PhD (Tech) Murygina N.O., PhD (Tech) Malishevska
A.S., PhD (Tech) Bugaets N.V.

Abstract. Continuous welded rail is one of the
most advanced track designs in the world. It is the
primary type of track construction used on main lines in
Europe, North America, China, the CIS and other
regions. The use of this track design enables high speeds
and the ability to withstand high axle loads. Compared to
Jjointed track, it reduces the volume of trackwork required.
Fewer metal-intensive rail fastenings are needed for its
installation. It has a minimum number of joints, which are
the weakest and most stressed points, as well as the
primary location for the accumulation of residual
deformations. Continuous welded track helps reduce
specific rolling resistance, leads to reduced wheel wear,
increases capacity by raising train speeds, and cuts fuel
and electricity costs. Furthermore, noise levels on
continuous welded track are reduced by up to 15 decibels,
and ride comfort is improved.

During operation, various deviations from track
maintenance standards accumulate in the track, which
may subsequently lead to track failures.

To ensure the safety of train operations, it is
essential to minimise the risk of sudden failures resulting
from a loss of stability. An important approach to
addressing this issue is monitoring the condition of the
track, assessing the stability margin for the current actual
condition by analysing the factors affecting the normal
operation of continuous welded track. The terminology
and definitions of key reliability concepts for use in
science and engineering are established by current
standards.

Reliability is the property of the track
superstructure to perform specified functions (allowing
trains to pass) whilst maintaining performance indicators
within specified limits over the required time intervals or
operating hours in million gross tonnes.

The article proposes numerical values for the
main criteria for determining the need for renewal of the
superstructure of continuous-welded track, which are
established on the basis of an analysis of changes in the
reliability of the rail-sleeper grid during operation.

The main criteria considered are the tonnage
passed (service life in years) and the isolated failure of
rails due to defects during the track’s operational period.

Mathematical models are proposed to determine:
the probability of failure of rails, reinforced concrete
sleepers and KB-type intermediate fastenings depending
on the tonnage worked

Mathematical models are proposed to determine:
the probability of failure of rails, reinforced concrete
sleepers and KB-type intermediate fastenings as a
function of accumulated tonnage.

Keywords: non-stick track, top track structure,
track modernization, track overhaul, design criteria,
sleeper rack, tonnage worked.
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KOBAJIBOB B. M., k.T.H., IOICHT,

(Hauionansauii aepokocMiyHUN yHiIBepcUTeT " XapKiBChKUH aBiallifHUM iHCTUTYT")

JocailzkeHHs] BIUIMBY MyJbcaniii cTpyMy Ha Koe(illieHT KOPHCHOI il TATOBHX JIBHIYHIiB
MOCTIIHOT O CTPYMY

Y emammi nposedenuii ananiz enaugy nynvcayiti cmpymy Ha xoegiyieum xopuchoi 0ii (KK) mseosux
0gueyHie nocmitinozo cmpymy. Ompumanuil anarimuyHuil eupas oas pospaxyuky KKJ[ msaeosux osucynie nocmitinoco
CIMPYMY MAZICMPATbHUX eleKMPOo803i68 NPU iX JHCUGNIEHHI 80 0OHOPDAZHUX HANIGKEPOBAHUX MUPUCHOPHUX GURPIMIIAYIG.
Busnauenuii kinokicnuii énaus eapmonix cmpymy axops Ha KKJ] osucyna. Memoouka eusnauenns KKJ[ tpynmyemscs
Ha 3aKOHI 30epediceHHs eHepell, MemoOi 2apMOHIUHO2O AHANIZY, Memooax 3 Mmeopii eleKmpudHux MAwuH ma
Komn'tomeproeo moodeniosants. B pezynomami nposedenux 00cCniodceHb YOOCKOHANEHUU AHATIMUYHULL 6upas Ons
suznauenna KKJ{ osueyna nocmitino2co cmpymy npu tio2o JHcusiieHti 6i0 00HOQA3H020 HANIBKEPOBAHO20 MUPUCTIOPHO20
BUNPAMAAYA 3 YPAXYBAHHAM Koeiyicuma nynvcayit cmpymy. Ha komn'tomepniii modeni ompumani excnepumenmanbHi
epagiuni 3anexcnocmi Koegpiyicnma nyrvcayiii CMpymy 6i0 Kyma Kepy8aHHs MUupucmopie, iHOyKmueHOCmi 00MOmKU
AKOpsL I cmpyMy HasawmadgiceHus. Memooom niaHy8aHHs eKCNepuUMeHmy OMPUMAHUL AHATIMUYHULL 8UPA3 OISl
pospaxyuxky — Koeghiyienma nyavcayiu cmpymy. Pesynomamu Oocniodcens maiomv  npakmuumy 3HAUUMICHb:
ananimuynuti eupaz oas eusHauennss KK/  0suzyna nocmitinozo cmpymy npu 1020 JHCUGIeHHi 8i0 00HOpaA3H020
HANiBKepoBano2o0 MUpUCMOpPHO20 GUAPAMIAYA O003BOJNAE PO3PAXY8AMU KOEDIYieHm BUKOPUCTNAHHA OBUSYHA 34
MEXAHIYHOIO NOMYIHCHICIIO 3 YPAXYBAHHAM OONYCIMUMO20 HASPIBAHHS NYbCYIOUUM CHIPYMOM.

Knrouosi cnosa:enexmpogos, msazosuii O8USyH, MUpUCMOPHULL BURPAMIAY, Koepiyicnm nynvcayii, koegiyienm
KOpUCHOI Oii

MocranoBa npodemu enexTpoBo3a cepii BJISOP, sxmii BUKOPHCTOBYEThCS Ha

eNeKTPO(iKOBAaHUX 3ATI3HUIX 3 OJHO(PA3HOI 3MIHHOIO

Amnaniz BmMBY myJibcalii  crpymy Ha  Hampyrolo 25 kB. CuioBa  cxema  TATOBOTO

koedinient xopucHoi nmii (KKJI) TATOBMX IBUTYHIB  €JIEKTPONPHBOJA MAriCTPalbHOTO €JIEKTPOBO3a IOKa3aHa
MOCTIHHOTO ~ CTPyMy  pO3IJIIHEMO  Ha  npukiaai  Ha puc. 1[1,2].

TUPUCTOPHOTO €JIEKTPOIIPUBOLY MaricTpaabHOTO
L1VST
VS2
N
™V | 3088 _VS3
29 3078 -
VS5
kB =
/ VS6
~
15B L1VS7
VS8
1
BN

‘u

M1 ,
f2a1 12 X
f1 1 -2

Puc.1. CusioBa cxema THPHCTOPHOTO €IEKTPOIPUBO/IA e1EKTpoBo3a BJISOP

[Mapamerpn TsroBux nBuryHiB cepii HB-418K6:

HOMiHaJbHA TOTYXHicTh 740 kBT, HOMiHaNBHA Hampyra

© KOBAJIbOB B. M., 2026 skops 950 B, nHomiHampHHMH cTpym sikops 880 A,
HOMiHabHa YacToTa o0epTanHs 915 06/xB, KKI1=94,5%,
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onopu mpu 20°C: obmotkm 30ymxenns — 0,0079 Owm,
OOMOTKH [IOJATKOBHX IIOJIIOCIB Ta KOMIIEHCALIIHOL
oomotkn — 0,0119 Om, obmotku skopst — 0,011 Owm,
IHIYKTUBHICT 3IVIaIKyBaJIbHOTO peakropa — 5,85 MIH.
[Tapamerpu TsiroBOro TpaHcdopmaropa: HOTYXHICTH —
4777 kBA, nanpyra nepBuHHOi 0OMOTKM — 25 KB,
Hanpyry BTOpUHHUX 00MoTOK 307+308+615=1230B.

Bnokn TMpHCTOPIB KOMITIEKTYIOTHCS 3 MOCIHIIOBHO
Ta TapalelbHO BKIIOUCHHX THpHCTOpiB. KoxkeH 6ok
MICTUTb CIM MapaienbHUX THPUCTOPIB. biiokn THpucTOpiB
VS5 1 VS6 MicTiTh JABa IOCHIJOBHO BKJIIOYCHI
tupuctopu, a 6moku VS1-VS3, VS4, VS7, VS8 — tpum.
Jlist piBHOMIPHOTO PO3MOALTY HANPYrW IO IOCITIJOBHO
3'€IHAaHUX TUPUCTOPAX BUKOPUCTOBYIOTH RC-JIAHIIOKKH.
JUii  piBHOMIPHOTO pO3IOJUTY CTPYMIB TapajelbHIM
T'iJIKaM BUKOPHCTOBYIOTh IHAYKTHBHI JITbHUKH.

Cucrema KepyBaHHS (opMye  HamiBKepOBaHi
onHO(a3HI TUPUCTOPHI BUOpsimisdi. [ 1iporo Ha ofHe
TUPUCTOpPHE IUICYEC IMITYJIbCH TOJAIOTHCS 3 HYJIHOBHM
KyTOM KepyBaHHS, TOOTO, BOHM IPALIOIOTh B PEXHUMI
IioNiB, a Ha IHIIE THUPUCTOPHE IUIEYE - 3 KyTOM
KEpyBaHHS, 10 PETYIIOETHCS.

HasBHicTP ~ nmiOOHOTO ~ peXMMa  THUPUCTOPIB
3a0e3rneuye 3aMUKaHHS pEaKTHBHOTO CTpymMy 0e3
TIOBEPHEHHS B €JIEKTPOMEPEXKY 1 MiJBHIICHHS MOCTIHHOI
cki1azoBoi cTpymy. CTpyMm sIKOpsT HE IOBEPTa€ThCS B
CJICKTPOMEPEXKY, a MPOTIKAE depe3 TUPUCTOPH, MI0
MIPALIOIOTh B JIOAHOMY PEXHMI.

Cxema 6araroruIe4oBoro TUPHUCTOPHOTO
BUIIpSAMIISTYA Tepeadadae YOTHPH PEXUMH PEryIIIOBAaHHS
BUNIPSAMICHOI  Hampyrn. B mepmomy — pexumi
BUKOPHCTOBY€ETbCS ~ BTOPHHHa  OOMOTKa  TATOBOTO
TpaHcdopmaropa 3 Hampyroto 307 B. Ilpu wupsomy
tupuctopu VS3 1 VS4 perymoroTs Harpyry, THPHCTOPH
VS5, VS6 mnpamoloth B JiOAHOMY peXHMi, 1HIN
TUPUCTOPH BUMKHEHI.

Y gpyromy pexuMmi  BHKOPHUCTOBYETHCS Bl
BTOPMHHHMX OOMOTKHM 3 pe3yJbTyl04or0 Hampyroio 615 B
ITpn upomy TupucTopn VSI i VS2 perymooTs Harpyry,
tupucropu VS5, VS6 mpamioioTh B JIOZHOMY pPEXHMI,
IHII THUPUCTOPH BUMKHEHI.

Y  TperhOMy pEeXHMi BHKOPHUCTOBYETHCS  JBi
BTOPMHHHUX OOMOTKH 3 pe3yNbTyI04oio Harpyrowo 922 B.
I[Ipn upomy Tupucropnm TtupucTopu VS3 1 VS4
PEryJIoTh Hanpyry, Tupucropu VS7, VS8 mpaurorors B
JIOJTHOMY PEXHMI, 1HIII THPUCTOPU BUMKHEHI.

Y d4erBepTOMY pEXHMi BHKOPHUCTOBYETHCS TpH
BTOPMHHHUX OOMOTKH 3 PE3yJIbTYyI0uor0 Hampyrowo 1230
B. Ilpu mpomy Ttmpuctopu VSI1 i VS2 peryniomors
Harpyry, Tapuctopu VS7, VS8 mpaiioioTs B 1i0gHOMY
PEKUMI, 1HII THPHCTOPHU BUMKHEHI.

Yotupn peXUMH BHIIPAMIIAYA 3aCTOCOBYIOTH IS
3MEHILIEHHS ITyJIbCalliii CTPyMy, OCKIJIbKH KyT KepyBaHHS

TUPUCTOPIB y  HOMIHWIBHOMY  pEXHMi  poOOTH
€JIEKTPOBO3a 3CYBAETHCS B CTOPOHY MEHIINX 3HAUCHb.

Koedimient xopucnoi mii  (KKJ[) nBuryna
XapakTepu3ye e(EeKTUBHICTh MIepETBOPCHHS
eJIEKTpOeHeprii B MexaHiuHy podoty. Biamosiguo mo [1]
KK/l TsaroBux ABWIYHIB y HOMIHQJIbHOMY pEXHMI IpU
KMBJICHHI MTOCTIfHUM cTpyMOoM 0e3 MyJbcamiii TOpiBHIOE
94,5%.

[Ipn JKUBJICHHI JIBUTYHA BUIPSIMIICHUM
MyJbCYIOYMM CTPYMOM HMOrO TapMOHIYHI CKJIaJoBi, HE
CTBOPIOIOYH KPYTHOTO MOMEHTY, 30LIBIIYIOTH

enexTpuuHi BTpatu. lle o3nauae 3menmenns KK no
84% 3rigHo [1], ae mpu 1bOMY HE MPUBEICHA METOIKA
foro po3paxyHky. Bizomo, mo Benmunna KK/ 3ane:xuth
BiJI KyTa KepyBaHHS TUPUCTOPAMH, 1 MOXe OyTH OiIbIIOI0
ad0 MEHIIOI BiA 3a3HaueHOI BEIMYMHH. Tomy
BuszHaueHHss KKJ[ B 3amexxHocTi Bi KyTa KepyBaHHS
TUPUCTOPAMU € aKTyaJIbHOIO 33a4ero.

AHaJi3 OCTaHHIX JOCTiIKeHb i myOmikamiii

Koedinient xopucHoi xii (KK/I) nBuryna 3azsuyai
BU3HAYAIOTh €KCIIEPUMEHTAIBHO B MPOLIECI 3aITycKy cepii
JIBUTYHIB y BHMPOOHHWNTBO 4epe3  MipaxyHOK BTpar
notyxHocti. [lpy JKMBJIEHHI JBHUTYHa ITyJIbCYFOUOIO
nanpyroro KKJI BusHagaeTsest 3a popmystoro [3]

77,15:1_(p.wx+p,m+pe.10+zpe.1v)/Pcn’ (1)

ne p.wx ’ p,wz ’ peﬂO ’ Z pe.'lv cn BiZ[HOBiHHO BTpaTy

MEXaHIYHi, MAarHiTHi, eJEKTPUYHi BiX TOCTIHHOI i
TapMOHIHHUX CKJIAOBHX CTPyMy Ta CITO’KHMBaHA
CJICKTPUYHA TTOTYKHICTb.

[pu mynbCyrOUMX CTPyMax PO3PaxXyHOK MAarHiTHHX
BTPaT BHKOHYIOTH 3a CIIPOIICHOIO (OPMYJIOI0, sIKa He
nependavyae MOJUTY MAarHiTHAX BTpaT BiJl BHXPOBHUX
CTPYMIB Ta BiJ sIBHIIA TicTepe3nucy [4,5]

Pony =Bl 1) )

Il Perv — MATHITHI BTPAaTH B CTaNi Bix i V-1 TapMOHIKA
ctpymy; By — BenmumnHa V- TapMOHIKM Mar”iTHOI
IHAyKOii, fKa 3MEHIIYETHCS 3 POCTOM 4YacToTH, fv
yactota Vv-i rapmoniky; f=1,3-1,5 — emnipuuHui
MOKAa3HUK CTYMEHS IJIsi KOHKPETHOI MapKu CTaji, SKUN
BPaxOBY€ CITIBBiJHOIIICHHSI BTPAT Ha BUXPOBI CTPYMH Ta
ricrepesuc Ha yacTtoTi 50 ['m.

Pe3ynbTyroui MarHiTHI BTpaTH BU3HAYAIOTHCS LIISIXOM
IiICyMOBYBaHHS BTpaT BiA Aii KOXXHOI T'apMOHIKH. Y
TMIepIIoMy HaOJIVKeHHI MTPUHMAaEMO, 1110 HAaTrPiBaHHS CTai
ocep.s Bil MarHiTHUX BTpaT, CIIPUYMHEHUX TapMOHIKaMu
MarHiTHOTO TOTOKY, HE BIUIMBA€ HA HarpiBaHHS OOMOTKH
SIKOpsl. AHAJIOTIYHO MPUHMAEMO, IO MyJNbCYIOUHH CTPyM
SIKOPS HE BIUTMBAE HA MEXaHIYHI 1 JOJaTKOBI BTPATH.
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EnexktpuuHi BTpaT B OOMOTKax SKOPS JOIUIBHO
PO3IUINTH Ha CTaTHYHI BiJ MOCTIHHOI CKJIa0BOI CTPyMy
Ta TYJbCYIOYi BiJ] TapMOHIMHUX CKJIQJIOBHX CTPyMYy.
OcTtaHHI HE CTBOPIOIOTH KPYTHOTO MOMEHTY JIBUTYHA, a
MIEPETBOPIOIOTHCS. B TEIUIOBY POOOTY, MIO EKBIBAICHTHO
3meHenHIo KK/ neuryHa.

[IpoBenemo aHaimiz MyOiKaIii MOAO EICKTPUIHUX
BTpaT B JIBUTYHAaX HOCTIHHOTO CTPyMy IPH MYJIbCYI0UOMY
cTpy™mi. B [6] 3anporoHoBaHa MOJIENb JUIS PO3PAXYHKY
SJISKTPUYHMX BTPAT B JBUTYHAX 3 IYJILCYIOUHM CTPYMOM
3  ypaxyBaHHSM  HEJIHIHHOTO  XapakTepy  KpHBOI
HaMarHidyBaHHS. AHAJIOTIYHA MOJIENb PO3IIISTHYTa B [7]
JUIs  TPaH3UCTOPHOTO EJICKTPONIPUBOIY TpoJieidyca 3
JIBUTYHaMH 3MimraHoro 30ymkeHHs. B [8,9] mposeneno
MO/ICTIIOBaHHSI MarHiTHUX BTPAT BiJ BHUIIMX rapMoOHIK. B
[10] 3amporonoBaHa TeruIoBa KapTa HarpiBaHHS TATOBHX
CNICKTPOJBUTYHIB 3 MyJbCylouuM cTpymom. B [11]
IIpOBECHA OLIHKA EJIEKTPUYHUX BTpaT npH
MyJbCYIOUOMY CTPyMi B 3aIE€XKHOCTI Bl 4YacTOTH
KOMyTalii Ta IOUPUHMA IMIOYJIBCIB  TPaH3HUCTOPHOTO
meperBopoBaya. B [12] posmisHYTO yIOCKOHAlleHa
MOJIETIb  CJIEKTPUYHUX  BTpAaT  TATOBOTO  JIBUTYHA
enexktpoBo3a. B [13,14] po3misHyTI  3aNeXHICTH
KoedilienTa Imynbcamiii HaNPyry Bl MIMPUHH IMITYJIbCIB
HalpyTy XHUBJIECHHS IBUTYHA. B [15] po3rmsHyTi nutanns
MIPOBAJIB KPYTHOTO MOMEHTY [JBHTYHa 3 MOCTIHHHUMH
MarHiTamu 4epe3 HeiJlealbHICTh iX XapaKTepUCTHK.

BupinenHsi HeBUpilleHHMX  paHille YacTHH
npooJjeMn
[IpoBenennii aHamiz mokas3aB, IO Yy HaBEICHUX

myOJTiKaIisx He po3ryIsiaBcsl KUTbKICHUH BIUTMB TapMOHIK
Ha KK/ nBuryHa.

Mera i 3agqa4a podoTu.

OTpyMaTH aHATITUYHUNA BHpa3 Uil PO3paxyHKy
KK/l TsaroBux IBWTYHIB MOCTIHHOTO CTpyMy Ipu ix
KMBJICHHI BiJl HalliBKEPOBAaHUX IIEPETBOPIOBaYiB. 3a1aua
MoJIsira€ 'y BH3HAYCHHI KUTBKICHOTO BIUIMBY TapMOHIK
ctpymy sikopst Ha KKJ/I nBuryHa.

BuxianeHHss ocHOBHOro martepiaiay. Jlns anamizy
CNIEKTPUYHUX BTpPAaT B TATOBHX JBHTYHAaX IIpH
MyJIbCYI0OUOMY CTpyMi HEOOXiJJHO BUOpATH y3arajJbHEHHN
rapameTp, SKU BIUIMBAaE Ha EJIEKTPUYHI BTpaTH 1 He
3aJIeXaTh BiJl MMOTY>KHOCTI JABUTYHIB. TakuM mapameTpom
JIOUUTBHO TPUHHATH KOoedilieHT MyJbcalii cTpyMy,
BIZJTHOCHO SIKOTO icHye Tpu Bu3HaueHHs 3rimzHo ['OCT
23875-88 i crammapty IEK-60050-161 MixHapomHOi
CJICKTPOTEXHIUHOI  Komicii. Jlnsg aHamizy  BIUIMBY
MyJbcallii  CTpyMy Ha €JIEKTPUYHI BTpaTH JOLLIBHO
BUKOpHCTaTH TaKe BHM3HAUCHHS: KOe(illieHT mynbcamii
CTpyMy 1€ BIiJHOIIGHHS Jil0YOTO 3HAYCHHS CyMH

TapMOHIK CTPyMy z I} 1o TOCTIHHOT CKI1a10BOI [

Rn( = ZI: /10 : (3)

Enextpuuni BTpat B 0OMOTKax sIKOpS BiA JIF0UOTO

3HAYEHHA  MyJIBCYIOOro  CTpyMy [ = /Ié + le

pO3iNIeEMO Ha CTaTHYHI AP, =1 é R, BiI IOCTIHHOI
CKIIaloBOi CTpyMy Ta myibcaniiini AP, = Z(I R,)Bin

TapMOHIHHUX CKJIAZOBHUX. Bupasumo mirode 3HAYCHHS
CTPYMY SIKOps Uuepe3 KOSQIIieHT ImyIbCcarii

L= TN+ K “)

EstexTpuuHi BTpat B 0OMOTKaX SIKOpS ITPU JKUBJICHH]
MyJAbCYIOYMM  CTPYMOM  30UIBIIyeEThCS  BIHOCHO
KHBJICHHS CTPYMOM 0e3 IyJibcaniif 32 paxyHOK TapMOHIK
cTpyMy. Bupasumo 30iIbIIeHHS eIEKTPHYHKX BTPAT AP,

IPU  JKUBJICHHI  ITyJbCYIOUYMM CTPYMOM  BiJTHOCHO
CICKTPUYHUX BTpaT AF, IpPU XKUBJICHHI CTPYMOM 6e3

myJbcanii (6e3 rapMoHiK)

2 2
*:APg:IO(1+Knc)Rﬂ:1+K2.
* T AP, 2z ne” (5)
0"'n

3rigHo (5) 3aranbHi ENEKTPUYHI BTPATH BiJHOCHO
CTaTHYHUX 3OUTBIIYIOTBCS HAa BEIWYHMHY BITHOCHHUX
MyJbCAIliiHUX ~ BTPAT YHUCEIBHO PIBHUX  KBaJIpaTy
xoedinienta  mymecauiit  ctpymyAP, =K., a B
IMCHOBAaHUX OJMHUIIAX MYJIbCAIliiiHI CIEKTPUYIHI BTPATH
nopisHIOOTE AP, = K. AP, (BT).

301IbIIEHHS BiAHOCHUX EJIEKTPUYHUX BTpPAT Ha
2
BenmauHy K osHavae 3meHiueHHs KKJ[ nue ABHTYHA

IIPU MYJIbCYIOYOMY CTPYMi BIJHOCHO HOMIHQJIBHOTO Tuom
3HAQUEeHHd  Ha  TaKy K  BEIMYMHY,  TOOTO,
D! Mo =1— K ’fc. Toni anamitnmuamit Bupaz KKJ]

JIBUTYHA TIPU MYJIBCYIOUOMY CTPYMi Ma€ BUTIIS
—(1_x2 . 6
e = a K}’ZC)”HOM ©

3rigHo BHUpazy (6) mpu 3MeEHMIeHHI KoedimieHTa
mynecamin  ctpymy KK 30U1BIIyeThCS,  OCKUTBKH
3MEHIIYIOThCS CNIEKTPUYHI BTPATH BiJl TAPMOHIK CTPYMY.
Sxmo B mpomeci perymoBaHHS —MBHAKOCTI  Kie
3MIHIOETBCSI B TIEBHOMY Jlialla3o0Hi KYTiB KepyBaHHS
TUPUCTOPIB, TO B (6) CIiJ MiJICTAaBIATH HOro ceperHe
3HAYCHHS.

Taxum umHOM, nus BusHaueHHd KKJ[ nBuryna mpu
KHBJICHH] ITyJIbCYIOUNM CTPyMOM HeoOXiTHuH
pO3paxyHOK KoedilieHTa Iynbcamiii ctpymy. OcTaHHIH
3aJIeXKHUTh BiJl KyTa KEPyBaHHS THPUCTOPIB, BiJl MOMEHTY
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HaBaHTaKEHHS Ha Baly (MOCTiIMHA CKJIQJIOBAa CTPyMy) Ta
BiJl IHAYKTUBHOCTI KOJIa SIKOPS (€IEeKTPOMAarHiTHa CTaa).

CxkragHuit Xxapakrtep 3ainekHocTi Kne Bil BKa3zaHHX
mapaMeTpiB BUKIIOYAE MOXKIUBICTH OTPHUMAHHS HOTO
BUpa3y B aHAITHYHOMY BHUIJLIII. Taky 3aJIeXHICTH
MOXJIMBO BHU3HAYaTH JIUIIE CKCICPHUMEHTAILHO 3
MTOJTANTBIIOKD AITPOKCUMAIIEI0 AHATITHYHUM IIOJIHOMOM,
HATIPUKJIa]l, METOJIOM TUTAHYBaHHS €KCIICPUMEHTY.

OCKINTbKH TBUTYHHU TIOCTIHHOTO CTPYyMY BiJTHOCSITHCS
0  KJacy  JICTGPMIHOBaHMX  CHCTEM, B  SKHX
(YHKI[IOHATIBHI  3aJIGKHOCTI MapaMeTpiB  OJHO3HAYHO
BU3HAYAIOTHCSl TPUYMHHO-HACIIIKOBUMHU 3B’SI3KaMH 1
TOYHO ONHCYIOThCS AN(GEPEHUIHHUMH PIBHAHHIMH, TO
JIOLUTEHO TIPOBOJUTH KOMIT IOTEPHUI €KCIIEPHMEHT.

[MpuHOMNOBMX ~ BiAMIHHOCTEH  MDK  HaTypHUM
eKCIIEPUMEHTOM 1 KOMIT FOTEpHHM EKCIEPHUMEHTOM Ha
MOJIeTIi HEeMae, aje NPU KOMIT IOTEPHUX EKCIIEpHMEHTax
Ha MOJENi € MOXJIMBICTh a0COJIOTHO TOYHO 3a/aBaTh
rapamMeTpy eNeKTPONPUBOAA 1 CTadTi3yBaTH X B mporeci
EKCTIEPUMEHTY.

Jnsi eKcriepuMEHTAIbHOTO BHM3HAUCHHS 3aJIEXKHOCTI
KoedilieHTa Mynbcamii CTpyMy BiJ KyTa KepyBaHHS
TUPUCTOPIB, Bil MOMEHTY HaBaHTXEHHS Ha Baly
(mocriiiHa cKJIazioBa CTPyMy) Ta Bij iHAYKTHBHOCTI KoJia
SIKOps1 (€IeKTPOMarHiTHa cTana) CKIaJeMO KOMIT IOTEpHY
MOJIETIb THPUCTOPHOTO ENEKTPOIPUBOAA B IPOTPAMHOMY
naketi "Simulink" [16], nokazany Ha puc. 2.

Display

Puc.2. Komn'torepHa Mojenb TATOBOIO THUPHUCTOPHOIO
€JIEKTPONpUBOA

Kyt xepyBanHs TupucTopiB 3amaerbest Onokamu Pulse
Generator. IlocriliHa CckiaoBa IyJNBCYIOYOTO CTPYMY
BU3HayaeThes 0ylokoM Magnitude signal, niroue 3HaueHHS
BH3HAYA€ThCS OJIOKOM signal rms.

Komn'torepauii €KCIIEPUMEHT IIPOBOAUTHCS
HACTYITHMM 4YWHOM. J[ns niamasoHa KyTiB KepyBaHHS
THUPUCTOPIB BUMIPIOIOTHCS 1if04i 3HAYECHHS CTPyMY SIKOpSI

Iz Ta ix mocriitHi ckmanoBi lo. KoedimienT mymbcariit
CTPpYMY BU3HAYAETHCS 32 (OPMYIIOIO

K, =Vi-1/]; ™

Ha wmopmeni mpoBeneHnii po3paxyHOK KoedilieHTa
MyJbcallii CTpyMy B 3aJIeKHOCTI BiJ KyTa KepyBaHHS,
cTajoi yacy Ta CTpyMy HaBaHTaXeHHA. B pesynbrari
OTpHMaHi BiAnoBigHi rpadikwm, mokasani Ha puc. 3,4,5.
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Puc. 5. I'pagix 3anexxHocTi koedimienTa mynbcamii
CTPYMY BiJl IOCTIHHOT CKJIaJJ0BOi CTpyMy SKOpsi (MOMEHT
HaBaHTa)KEHHS)
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3 rpadikiB BUIDIHBA€E, IO EKCICPUMCHTAIBHI
3aJeXHOCTI Koe(ilieHTa MyJbcalii CTpyMy MaroTh
MOHOTOHHMH  XapakTep 1 TOMy MOXYyTb OyTn
aIpOKCUMOBaHI METOJIOM IUIAHYBaHHS EKCIIEPUMEHTY

[17]. Tlapamerpm, sKi 3MIHIOBAIACH B  HpOIECi
EKCTIEPUMEHTY (xyT KepyBaHHS THPHUCTOPIB,
CIICKTPOMArHiTHA CTaja SKOps, BITHOCHUH CTpyM
HABAHTAXXCHHS JBWTYHAa) B METOJI  IUIAaHYBaHHS
eKCIIEPUMEHTY  Ha3MBaIOTh (dakTopamu. 3rigHo
MIPOLIEAYPH METO/1a OTPUMAHHH BHpa3

K, =0,141+0,025a —0,034T, —0,0517, — ®)

-0,009aT, —0,011al; +0,014T,1, +0,004aT,1,.

Takum duwmHOM, 3a BupazoMm (8) mnst 3amaHuX
IapameTpiB TATOBOTO EJIEKTPONPHUBOJIA PO3PAXOBYETHCS
BeNMM4rHa Koe(illieHTa Mmynbcaniii cTpyMy 1 3a BUpa3oM
(6) - BenmmunHa KoedirieHTa KOPUCHOT Aii.

BucHoBkH

MeTtoOM IJIaHYBaHHS EKCIIEPUMEHTY OTpHUMaHi
(dbopMyH JUIS  PO3PAXYHKY koedimienTa mynbcamiit
CTpYMy 3 YpaxyBaHHSIM KyTa KEepyBaHHS THPHCTOPIB,
CJICKTPOMArHiTHOI CTajoi dYacy Koja sKOps 1 cTpymy
HaBaHTaKEHHS 3 MMOJabIINM po3paxynkom KKJI.

B pesymprari gochiypkeHb OTpUMAaB ITOJAIIBIINHA
PO3BUTOK  AHAJNITWYHUM  BUpa3 ISl pO3PaxyHKY
KoedineHTa KOpUCHOI il OBUTyHa IOCTIHHOTO CTpyMy
IIPU  OKWBJICHHI BiJl HAIIBKEPOBAaHOTO BHUIPAMIITYA
MaricTpajbHOTO eJIEKTPOBO3a.
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Kovalov V. Investigation of the influence of current
ripples on the efficiency of DC traction motors

Purpose. Perform an analysis of the energy of

traction thyristor electric drives of direct current. Obtain
an analytical expression for calculating the efficiency
factor DC motors when connected to semiconductor
converters. The task is to determine the influence of the
harmonic components of the armature current on the
efficiency factor.
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Methodology. The method for determining the
efficiency factor is based on the law of conservation of
energy, Ampere, Kirchhoff and Faraday, the method of
harmonic analysis, on the principle of superposition for
instantaneous powers and on the methods of the theory of
electrical machines.

Results. The obtained analytical expression for
determining the efficiency factor DC motor when
connected to semiconductor converters.

Scientific novelty. The equation for the power
balance of the DC motor for the harmonic components of
the armature current was further developed, which, unlike
the known ones, takes into account the mechanical
component of the power. An improved analytical
expression for determining the efficiency factor DC motor
with a pulsating power supply, taking into account the
current ripple factor. For the first time, the dependence of
the current ripple coefficient for a single-phase thyristor
DC electric drive was approximated as a function of the
control angle, the inductance of the armature winding and
the load current.

Practical significance. An analytical expression
for determining the efficiency of a general-purpose DC
motor when connected to semiconductor converters
makes it possible to calculate the motor utilization factor
in terms of mechanical power, taking into account the
permissible heating by a pulsating current. This is an
example of the practical use of the results obtained when
a DC motor is powered from a single-phase thyristor
rectifier.

Keywords: clectric locomotive, traction motor,
thyristor rectifier, factor pulsating, efficiency factor
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imKeHepii Ta TpaHcnopTy, Hanionansauii yHiBepcuTeT «JIbBiBChKaA MOITEXHIKAY,

JIOMOTBKO M. /1., PhD, acucteHT kadenpu ynpaBiiHHS BaHTaKHOIO Ta KOMEPIHHOI0 poO0TO10,
VYKpaiHChKUI Iep:KaBHUI YHIBEPCUTET 3a1i3HUYHOTO TPAHCIOPTY

1HppacTpyKTYypH

®opMyBaHHA CTOXACTHYHOI Mo/esi onepaniiHol epeKTUBHOCTI NPUKOPAOHHHX 3ATI3HUYHUX
CTaHUii

Anomayin. 3anponoHo8aHO KOMNIEKCHY MamemMamuyHy moodenv Oii ORnmumisayii onepayiunux npoyecie
NPUKOPOOHHUX 3ANIBHUYHUX CMAHYIN 3 YPAXYBAHHAM CMOXACMUYHOI NpUpoOU GAHMAICHUX NOMOKIE ma o0MmediceHb
inghpacmpykmypHoi nomygcHocmi. 3acmocosano meopilo MAaco8020 00CIY208Y8AHHS 3 BUKOPUCIIAHHAM (HOpMYIU
Epnanea C ona bacamokananehux cucmem i Habaudcenus Annena-Kynuina ons G/G/c uepe. [na oyinroanHs pusuxie
suxopucmano memoo Moume-Kapno 3 1000+ cumynayii. Exonomiuna oyinka 6azosana na mooeni Total Cost of
Ownership (TCO) 3 ypaxysannam kanimaivbhux ma onepayitimux eumpam. Po3pobneno eumozu wooo cucmemu
RIOMPUMKU YXG8ANEHHS PIULEHb ONEPAMUBHO20 NEPCOHATY, WO OAE 3MO2Y GUIHAYUMU 8V3bKi MICYs IH(hpacmpykmypu ma
OnMUMIZy8amu po3nooil 6AHMANCONOMOKIE MIJNC MEXHOLOSTUHUMY JIHIAMU 3 NOMeEHYiliHo ekoHomicio 0o 15-20 %
OnepayitiHux eUmpam.

Knwouosi cnoea: npuxopOoHna 3ani3HUMHA CMAHYIA, MUMHUL KOHMPOTb, ONMUMI3AYISL 8A20HONOMOKIS,
cucmema niOMpUMKY yxeanenHsa piuwiers, memoo Monme-Kapio.

Beryn OOMEXCHICTh PecypCiB MPOSBISAETECA B AeilUTI

JIOKOMOTHBIB, MHUTHHX IIOCTiB, IEPEBaHTAXKYBAaTHLHOTO

HpHKOpZ[OHHi 3QII3HUYHI  CTaHIl Bi;[irpa}on, 00J1aiHaHHS B YMOBax IIOBOEHHOI'O MPOTHO3Y 3pOCTaHHS
KPpUTHYHY PO Yy  MDKHAPOJHWX  TPAHCHOPTHHX  TPaH3UTHHUX noTokiB Ha 15-20 % mopivno [5].

Kopuopax, 3a0e3nedyiour NepepoOKy BaHTaKOMOTOKIB
MDK 3aJTI3HUYHUMHU MEPEXaMH 3 PI3HOIO IIUPHHOIO KOJIii
(1435 MM eBpomneiicbka vs 1520 MM mocTpaasacbka) [1,
2]. 3a gaaumu AT «YKp3ami3HHILD, HA TAKUX CTAHIIITX
CIOCTEpIraloTh ~ 3HAYHI  3aTPUMKH:  CepenHii  yac
mepeOyBaHHS COCTaBa CTaHOBUTH 18-36 TOom 3a
HopMartuBy 12-16 rox.

OCHOBHI  TEXHOJOTi4HI TpobIeMH B  PpoOOTI
MIPUKOPIOHHUX  3aJi3HWYHMX  CTaHLId  BKJIIOYAIOTh
HEOOXIiTHICTh CTOXaCTUYHOI IPUPOJIH MOIUTY HA TIOCIYTY
3 TIEPECTaHOBKM (NIEPEBAHTAXXECHHS) IIiJ] 4ac MEepeTHHY
KopaoHy: KoediieHT Bapianii mpuOyrts moizgie CV =
0.8-1.5, mo mpuU3BOIUTH A0 YTBOPEHHS Yepr Y IIKOBI
nepiogu [3]. CriBicHyBaHHs toMKpaTtHOi (45-90 xB/Bar) i
KpaHoBoi (6-12 xB/Bar [yl KOHTEHHEPIB) TEXHOJOTIH i3
PI3HOIO TPOMYKTHBHICTIO € MPOOJIEMOI0 TEXHOIOTIYHOT
HEOJHOPIMHOCTI  TpOIEciB 1 TEXHOJOTIYHMX  JIHIN
CTaHIIIH.

IHocranoBka mnpolGjaemMu. AHaJIi3 OCTaHHIX

JAOCJTi2KeHb i myOJiikamii.

Hnst TIPOIIECiB, )1 (6) BiIOYBaIOTHCS Ha
MIPUKOPIOHHUX  3aJI3HUYHMX  CTaHLISNX, XapakTepHi
BHUCOKAa  TEXHOJIOTIYHA  CKIAQIHICTP 1  NpakTH4YHA
BIJICYTHICTb IHCTPYMEHTIB JUIS OILIHIOBAaHHS BIUIUBY
IHBEeCTHLIH B iHPpacTPyKTypy Ha OINepaliiHi MOKa3HUKU
[3, 4]. Y poboti [6] po3risHYTO MWUTAHHS OpraHi3arlii
MIEPeBE3CHHS] MAacOBUX BaHTaXIB Uil 3a0e3NeueHHs
Ha/IXOJUKEHHSI TO13/1iB HA CTAHI] 70 33/laHOTO MOMEHTY
yacy, rpadiku 000pOTy CKJIaliB IOBHHHI MaTH PE3epBU
qacy, JIOCTaTHi ULt HnapupyBaHHs BILTHBY
necrabimizyrounx ¢axropiB. [[poro MoxxHa nocsrtu Ha
OCHOBI MoJeJiel, 3aCHOBaHMX Ha Teopii MaTeMaTHYHOI
CTAaTUCTHUKH.

Jns MopentoBaHHS CTaHLIMHMX TIPOIECIB 4acTo
BUKOPHCTOBYIOTh TE€OPiI0 MAacoBOT'O OOCIYyroBYBaHHS Ha
3a1i3HMYHOMY TpaHcnopti. Teopernuni pobotu [9, 10]
3aKJIaJ OCHOBH aHANI3y 4epr y CKJIAJHHUX cHcTeMax. Y
poborti [7] po3mmpeHo MmiaXin MO0 MEPEkKi Yepr, II0
cTano (QyHIAMEHTOM MJIsl MOJCIIOBAHHS TPAaHCIIOPTHUX
CHCTEM.

© JIOMOTBKO /J. B., APCEHEHKO /1. B., TPYHUK I. C., UIbYHUIINH B. M., TIOMOTBKO M. /., 2026
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Habmmwkenns mis momemi tuny G/G/c gepr
BHKOHAHO B POOOTI [9] i 3ampomoHOBaHO MOIH]IKAIiio
¢dopmynu Epmanra C i BUNaAKOBUX PO3IMOJUIIB Yacy
puOyTTS 1 00CITYyrOByBaHHS

. Cp) c+c?
97 cur 2 |

ze , — KBaJpaTH KoedimieHTiB Bapiawii npuoOyTTs 1
00CITyroByBaHH.

Y poGori [10] mommpeno med mixxim Ha
BHPOOHHUYI CHCTEMH 3 TIOCHTIIOBHHMH eTarmamu OOpOOKH
Ta JIOBEJICHO, IO MOXMNOKa HAOMKEHHS He TiepeBuInye 10

% 3a yMOBH .

3acrocoBano M/M/c  uepru aHaIizy
COPTYBAJbHMX  CTaHMid, OJHAaK HE  BpPaxoBaHO
HepiBHoMipHicTs pudyTTs (CV # 1) [3]. ¥ poOori [§]
BUKOPHCTaHO MOJICIIIOBAHHS MDKHApPOJIHHUX IIEPEBE3CHb
JUId TIPUKOPAOHHUX CTaHMiH, aje Mojenb MoTpedye
TPHUBAJIOTO KamiOpyBaHHS Ta JIa€ JJOCUTH BEITUKY HOMIJIKY
JUI aHAJITUYHOTO pO3B's3aHHA. ABTOpu podotm [1]
NIPOaHANI3yBaJIM  MWTHI  NPOLEAYpH, OJHAK  HE
IHTETpyBaJIM IO 3arajbHOI MoJemi cTaHIii. Y poOoTi [11]
BUKOoprcTaHo Mepexi Ilerpi s MonenmoBaHHS
TpaHcOpTHUX cucteM. Lleft minxinm wmoxe OyTn
3aCTOCOBaHMH Ui (hopMaiizawii TEXHOJOTI IMOJIbCHKO-
YKpaiHCBKOTO KOpJOHY, &€ MOJENbh CKJIajHa JuIsd
MIPaKTHYHOTO 3aCTOCYBaHHSI.

Orxe, € HEBUpINIEHI NHWTaHHS, TIOB’S3aHI 3
BIJICYTHICTIO iHTErpoBaHOi aHAJTITUYHOI MOAEN, II0
MOEAHYE  BCI  €Tamd  TEXHOJOTIYHOTO  MpOLECy
MIPUKOPIOHHOI  CTaHmii. ABTOPH CTBEpIXKYIOThb, IO
CIIOCTEpIraloTh HEJOCTaTHE BPAaXyBaHHS CTOXACTHYHOCTI
TIOITUTY 1 BapiaTUBHOCTI 4acy 0OCITyrOByBaHHS, OCOOJIMBO
I 9ac 3HAYHWX KOJMBaHb TPAHCIIOPTHUX IOTOKIB 3a
BOEHHOTO cTaHy. KpiM TOro, mnpakTHYHO BiJCYTHI
IHCTpyMEHTH JuIs OaraTOKpuTepiaibHOi onThMmizamii 3
O6anmancyBanHsM 1no  kKamitaneHux (CAPEX) Ta
ekcruryaraniiaux (omepauiiinnx, OPEX) Butparax i3
CTBOPEHHSIM CHCTEM IIIATPUMKHU YXBAJICHHS PillICHb.

IS

MiHiMi3amii 3aranbHUX BHTpaT, sk enemeHt CIITIP

OTIepPATUBHUX NPAIliBHUKIB.

OCHOBHA YacTHHA

Mera Ta 3aBaaHHA A0CTiIKEeHHSA

Mera [OCHIIPKEHHS — PO3POOHTH MaTeMaTHUHY
MOJIETIb 1 BUMOTH IIOJIO0 CUCTEMH MiATPHUMKH yXBaJICHHS
pimens (CIIIIP) anst ontuMizariii onepariifHux nporecis
MIPUKOPIOHHUX 3alli3HUYHHUX CTaHIIH 3 ypaxyBaHHSAM
CTOXACTUYHOCTI TIOMHUTY, TEXHOJOTIYHOI HEOAHOPITHOCTI
Ta EKOHOMIYHHX OOMEXKEHB.

3aBaaHHs JOCIIIKeHHS:

e 100ynyBatu KOHLIENTYaJbHY MOJIETIb
NIPUKOPIOHHOI  CTaHWii K  Mepexi  MacoBOTro
o0ciryroByBaHHs 3 iAeHTH(IKAI€l0 OCHOBHHMX BY3IIB 1
rapameTpiBs;

® pPO3pOOUTH MaTeMaTWYHHUH arnapaT po3paxyHKy
Yyacy OYiKyBaHHS B 4eprax 3 ypaxyBaHHAM KoedimieHTa
Bapianii Ha 6a3i HaOmxeHHst AiuteHa-KyHHiHa;

e Brnpoaguth  Metoj  MonTe-Kapio
OLIHIOBaHHS PU3HKIB JUISl CTOXaCTHYHOTO MOMHTY;

® CTBOPUTH ITOPUTM JUHAMIYHOTO PO3IOALTY
BAHTAXKOIIOTOKIB MDK TEXHOJIOTIYHMUMHU JIHIAMH IS

IS

OO'ekToM  JOCHi/KEHHS €  IPUKOPAOHHA
3aTi3HMYHA CTaHMis, IO 3iMCHIOE IepeBaHTaKCHHS
BaHTaXXiB MK KoJisiMu pizHOi mmpunu (1520 mm < 1435
MM) 1 BUKOHY€ MHTHE O(GOPMIICHHSI BaHTKHHUX IOI3MiB.
[Mpeamer mociikeHHS — 3aKOHOMIpHOCTI (hopMyBaHHS
yepr, 4acy  OOCIyroByBaHHS  Ta  IIPOIYCKHOI
CIIPOMOXKHOCTI 3aJIEAKHO BiJ IHTCHCUBHOCTI
BaHTa)XXOIIOTOKIB, KITBKOCTI OONaaHaHHS Ta NapaMmeTpiB
TEXHOJIOTIYHUX TPOIIECIB.

[IpukopmoHHa CTaHIiS 3MO/EIFOBAHA SIK BIIKPUTA
Mepeka MacoBOTO OOCIYroBYBaHHS 3 IIOCIIJIOBHO-
mapajieIbHOI0 CTPYKTYporo (puc. 1).

MpubyTTA Noiais A

JloKomoTHBHE
06CNyroByBaHHs
L oavHMUpb, p_L

MuTHe odopmneHHs
M nocris, p_M

Bu6ip 3a napameTpom a

L1: AomkpaTn L2: KpaHu
J oauHMupb K oanHMLb
AM=M/1-a/, pJ Az = Ma, p_K

JIoKOoMOTHBHE
06cnyroByBaHHA
L oguHMLb

BiagnpasneHHA

Puc. 1. KonuenryanpHa cxema Mepexi
00CITyroByBaHHSI IPUKOPIOHHOI CTaHII 1

MaCoOBOI'o

OCHOBHI TEXHOJIOTiYHI BY3JIH MOJICITi:

e JIOKOMOTHBHE 0OcCiyroByBaHHs (By3ox L):
MoJaBaHHs Ta TNpuOMpaHHS cocTaBiB. Mae  Taki
rapamMeTpu: IHTEHCHBHICTh  HaBaHTaKCHHS
3a3BMYail [1Bi omepauii Ha 10i3x), 4ac 0OCIyroByBaHHS
— 0.5-1.5 ron/omnepartis;
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e MWHTHE oopmneHHs (By301 M):
JIOKYMEHTAJIBHUH 1 (QI3MYHMH KOHTpPOJb BaHTaXiB. Mae
Taki  rapamMeTpu:  IHTCHCHBHICTb i dHac

00CITyrOBYBaHHS = 1.0-2.5 ro/moizn i3 xoediieHTOM
Bapianii CV = 0.6-1.0 uepe3 pi3Hy CKIaHICTh BAaHTAXIB;
e nomkparHa JjiHig L1 (By3oxn J): mepecraHoBka

Bi3KiB METOAOM TimiiMaHHS BaroHa JOMKpaTaMu.
IMapamerpn:  iHTEHCHBHICTB El =A(1—a), wuac

obOciyroByBaHHS [t4| = 30-90 XB/Bar, 3aJIeKUTH B THITY
BaroHa Ta kKBamidikarii Opuray;

e kpanosa JjiHig L2 (By3zon K): nepeBanTaxxeHHs
BaHTaXy KpaHoM. [lapameTrpu: iHTEeHCHBHICT ,
gac 00CIyToBYBaHHS Lo = 6-12 XB/Bar ais KOHTCHHEPIB,
110 90 XB — IS TAKETOBAaHNUX BaHTAXIB.

Tyr mnapamerp @ — 4YacTka NOTOKYy, MIO
HalpaBjieHa Ha KPAaHOBY JIHIIO, TOMY BiH € OCHOBHHM
YIPaBIiHCEKAM MapaMeTPOM ISl ONTUMI3aLil.

3po0iieHO Taki MPUITYIIEHHS MOEII:

e mporec npudyTTS — abo MyacCOHIBCHKUI MOTIK
3 IHTEHCUBHICTIO ﬂ (moi3n/ron), abo MPUIHHATO 3arabHUN

po3moin 3 koeillieHTOM Bapiamii ;

e vac oOCITyroByBaHHS: 3araJIbHMH PO3MOIIN i3

cepenHiM 1 KoeimieHTOM Bapiarii ;

® IUCIMIUTIHA OOCITyrOBYBaHHS:
Come First Served);

FCFS (First

® EMHICTb 4Uepr NpHUHHATA HEOOMEKEHOIO
(BiICYTHICTH BiZIMOB);

e Dpi3HI TUIHN o0JiaiHaHHS MIPaLOIOTh
HE3aJIeKHO;

e MapuIpyTH3allisl MOTOKY JeTepMiHOBaHa 3a
rapamMeTpoM 0. i BU3Ha4€Ha TEXHOJIOT14HO.

Mogens BUKOPHCTOBY€ Tpymu
rapameTpiB, SIKi 3BeIeHO 710 Taou. 1.

BXITHUX

Bxinni mapameTpu Mojaemi

I'pyna IMapametp INo3HauenHs OnuHuns TuroBuii nianazon
BUMIpIOBaHHS
INonur [HTeHcuBHICTH IPUOYTTA A noiza/ron 0.5-2.0
Baronu y cxnani Nw ox. 30-60
Koedimient Bapiamii | CVa - 0.8-1.5
puoyTTSA
Yacrka Ha L2 a - 0.3-0.8
[TpoxyKTHB-HICTH Homkparu L1 W XB/Bar 30-90
TEXHOJIOTIYHUX JIIHIH
Kpanm L2 LK XB/Bar 6-12  (koHTelHEpH)
110 90 (inte)
MurHuLs M roj/moiz 1.0-2.5
JlokomoTHB UL roj/onepartis 0.5-1.5
Koedimienr Bapianii CV| CVm - 0.6-1.0
00CITyrOByBaHHSI MUTHHIII
[adpacrpyxrypa JlokomoTuBH L ox. 1-3
MurHi octH M ox. 1-3
JloMKpaTHi mo3umii J ox. 2-5
Kpanu K ox. 2-5
Exonomika MTpad mpocroro L1 Fi rpH/(Bar-rox) 20-50
MTpad npocroro L2 F> rpH/(Bar-rox) 10-30
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MareMaTidHa MOJIETh OTepamiifHOi e(heKTUBHOCTI
MIPUKOPIOHHUX 3alli3HUYHUX CTaHIid MoOyJoBaHA Ha
OCHOBI amapary Teopii MacoBoro obciyroByBanHs [13].
Jlns  GaraTokaHaJdbHOI  CHUCTEMH 3 cepBepaMu

(xaHaNAMM), IHTEHCHUBHICTIO  TpUOYyTTS ﬂ Ta

IHTEHCHUBHICTIO 00CITyTrOBYBaHHS

A (€Y)
cu’
YMOBOIO CTaOUTLHOCTI CHCTEMU € , TOOTO
IHTEHCHUBHICTH 00CITyTOBYBaHHS MEPEBUILLYE

iHTeHCHBHICTE TpHUOYTTS. IMOBIpHICT OWiKyBaHHS B
gep3i st cucteMu M/M/c Bu3HadeHO 3a (HOpMYIIOFO

OPEX nmoxomMoTuB OPEXL rpH/(o4.-p.) 400,000-600,000
OPEX mutHUIS OPEXwm rpa/(ox.-p.) 250,000-350,000
OPEX momkpat OPEX) rpH/(ox.-p.) 100,000-200,000
OPEX kpan OPEXk rpH/(o4.-p.) 200,000-300,000
OTpUMyeMO  KimacuyHy ~ M/M/c  momenb.  SIkmio

CV,, CV; < 1 (uM3bKa BapiaTHUBHICTb), TO OI[IHKA Yacy

ouiKyBaHHs OyJie HaBiTh MEHIIO0, HIX y Mozeni M/M/c.
Skmo (CV,, CVg > 1 (Bucoka BapiaTHBHICTB), TO dYac
OUiKyBaHHsS OUIBIINK, TOMy cHCTeMa OOCIyrOBYBaHHS
BaroHiBs Oy/ie Yy TJIMBa JI0 MKOBUX HaBAaHTAXKEHb.

Byson moxomortuBHOro obcmyroByBanHs (L Ha
puc. 1) mae BXimgHUI TOTIK , OCKIJIbKA BUKOHYOTh
JIBI omepauii: MoJaBaHHS Ta NpPUOUPAaHHS COCTaBa.
IurencuBHicte oOcmyroByBanust: |, = 1/t;|, ne —
TPUBAIICTh OJHIE] JIOKOMOTHBHOI omeparii, rox. Tomi
KoehiIliEHT 3aBaHTAXKCHHS

2\ 2\ -t )
= )
L * IJ.L L
a cepeiHii yac O4iKyBaHHS JIOKOMOTHBA

_ C(L,2M /) CVZ +0.5%

PL =

Epmnanra C [7]: W, , = 8
a¢ 1 WLy, - 22 2 (
E 1 — — . . .
C(c,a) = - _ p ’ @) (HpI/IHy.CKaeMO CVs; = 0.5, To6To B.II[HOCHO CTaOlIbHY
Zc_l a* a 1 TPHUBAIICTh JIOKOMOTHBHHX omepauiif). [loBHuil wac
k=0 gl T cl 1—p 3HAXOJUKEHHS BArOHIB y BY3Ji
)Jelg = A/ Y~ HaBaHTaXEHHS CUCTEMH, EPJIAHT. M/L = WqL + tr. (9)‘

Cepenniii vac ouikyBaHHA B uep3i (dopmyna
Epnanra-C st gacy)

_C(c,a)_ C(c,a) 3
T op=2 ap(1-p) ®)
Toxi cepenHiii yac nepeOyBaHHs B CHCTEMI

1
W =W, + l_l (4)

JUis  3aranpHUX ~ pO3MOAUTIB  TPUOYTTS i
o0ciryroByBaHHs 3 KoedilieHTaMu Bapiaui'l'Ta
3alpPOIIOHOBAHO BUKOPHUCTATH HAOMIMKEHHs AJnieHa-
Kynnina g G/G/c uepr [9]:

OCKIJTbKM JIOKOMOTHB 00CIIyroBYy€e MOi3[ JBidi (Ha
BXOZI Ta BHMXOAi), CYMapHMH 4ac HaxXOJUKEHHsI BaroHiB
OLIIHEHO SIK
’TL = Z(Wq,L + tL)- (10)‘
Bysox murHOro odopmiienns (M Ha puc. 1) mae
BXIHMH TOTIK [\p 3 IHTEHCHBHICTIO OOCIYrOBYBaHHS

b = 1/t

TEXHOJIOTIYHOTO By3Jj1a

A Aty

Pv = 3= iy M

a cepeHii yac O4iKyBaHHS

Koedimient 3aBaHTaKCHHS IILOT'O

(11)

CVZ + CV?
VVqG/G/C ~ VVqM/M/C . %; (5)
Clc,\/w) CVZ+Cv2
G/Glc _ , Ll s
Wa TN 2 ' (6)

He#t minxin Moxe OyTtn 3acrocoBaHMid 0e3
ICTOTHHX TIOMHJIOK, OCKUTbKH B pobortax [9, 10]
JIOBEZICHO, 110 BiJIHOCHA MoXuOKa

— TOYHE __ HabJIKeHe TOYHE 0
e=|w; 7z |/Wgemme < 10 %, sy

p €[05,09], sxmo CV; € [0.51.5]
PEKOMEHIOBAHO ISl BAKOPUCTOBYBAHHS [Is1 BAPOOHUYMX
CHCTEM, a JUISl OUTBIIOCTI TPAHCIIOPTHUX CHCTEM THUIIOBA
BapiatuBHicTh |CV, = 0.8, -. OTxe,
sk |CV, = CV; = 1| (excrnioHeHIianbHi PO3MOALIHN),

MIIX1T

_CM, M) CVZ+CVyg
WM My, — A 2
ne CVy| — xoediuienT Bapiamii
odpopmieHnas (3a3Buuait 0.7-0.9 depe3 pi3HOMaHITHICTH

THUITY BaHTaXIB).
[ToBHMIT yac y By311i MUTHOTO O(OPMIICHHS

Texnosmoriunmii By30:1 moMkparHoi miHii L1 (J Ha

puc. 1) mae Bximumii norik \; = A(1 — )| 3 yacom

O6CJ'IyFOByBaHH$[ OJJHOIro BaroHa J,Barp XB. TO,Hi qac

(12

Jacy MHUTHOI'O

00CIIyroByBaHHs Noi3/1a ’t] = (t],Bar . NW) /60|, ron, ne
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@ — KUIBKICTh BaroHiB y ckjiaji noizaa. [HTeHcuBHICTH

00CITyroByBaHHS ‘u ; =60/ (t],Bar . NW), Hoi371/Tox.

KoedimieHT 3aBaHTa)XCHHS By3J1a

b, =)\(1—(X) =)‘(1 (X) .t],Bar.NW, (14)
T 1, 60-J
a cepeHii yac O4iKyBaHHS
C(],A(l - (x)/u]) CVZ + CV]2
L TR VG ) R R (19)

ze — KoeoiuieHT Bapiamii yacy pobOTH OMKpaTiB
(U1 HOpMaJIBHUX YMOB JIOpPiBHIOE prOaM3HO 0.6).
[oBHMiT yac 0OpoOKHM moi3a HAa JOMKpPATHOI JiHii
L1 cknanae
Byson xpanoBoi mimii L2 (K nHa pue. 1)
aHAJIOTIYHMH By3iy J, aje 3 TakuUMH _HapaMeTpamu
KpPaHOBOI TEXHOJIOTIi: BXIIHUH IIOTIK IXZ = A - q,[4ac

00CITyTOBYBaHHS TIOi31a ’tK = (1.“1{‘,3;31r . NW) /60

> TOI,

IHTEHCHUBHICTh 00CITyroByBaHHS
‘uK = 60/ (1.“1{‘,3;31r . Nw)‘. KoedimienT 3aBaHTa)keHHS

By3J1a KpaHoBoi JiiHii L2 ckianae
ok = Aat - Uk Bar * Ny,
K 60-K '

cepenHii yac oviKyBaHHS

(17)

Exonomiuna ckiamoBa
e(EeKTUBHOCTI NPUKOPAOHHUX
CKJIAJIA€THCS 3 TAKUX €JIEMEHTIB:

e piyHi BUTpaTH Ha MPOCTii Jurs miHii L1

MOJIeNi  OTIepamiiHOl
3aII3HUYHAX ~ CTaHIII

\c(m,,enalty,l =A1-0a)-C;-F; -N, -8760,

@

ne ;| — mrpad 3a nmpocrtiii Barona Ha L1, rpu/(Bar-ron);
— KUIBKICTh TO/IMH Ha PIK;
® piuHi BUTpaTH Ha NpOCTiH ayst inii L2

\c(m,,enam =Ax-C, - F, N, - 8760;

(30)

® 3araJibHi BUTPATH HA NMPOCTIl

‘COStpenalty = CoStpenaity,1 + CoOStpenaity,2;

€

e piuHi omeparmiiiHi BHUTpaTH Ha YTPUMAaHHSI
obnagnanns (OPEX)
}()PEX=L-0PEXL+M~0PEXM +]-OPEX; + K - OPEX; (32)
e 3arajbHa piyHa (IpUBEAEHa) BapTICTh BOJIOMIHHS
(TCO)
[Tco = CoStpenaity + OPEX; (331
® MTOMa BapTicTh Ha | BaroH
TCO

T'COper,agon = AN, 8760° (39

[IpomyckHy CIPOMOXHICTh CHCTEMH BH3HAYAIOTh
SIK MAKCHIMaJbHY 1HTCHCHUBHICTH MOTOKY limax 3a YMOBU

KPUTHYHOTO  3aBaHTAKCHHS ‘prHTHqu = 0.95{ JUTS

HAMOLIBII 3aBAaHTAXKCHOTO BY371a:

C(K, 7\0(/111() CVaZ + CVKg 0.95-2 - L - p, (;1okoMOTHBY)
Wk = TR 5 ) e~ min 0.95 - M - py(MuTHUIA) 35)
Kug — A max = 0.95 -/ - (1 — a) (somMkpatn) °
ne CVg = 0.6| 11 KOHTeHHEPHUX BaHTaXiB. 0.95 - K - pg - o (kpanu)
INoBHui yac 00poOku BaroHis Ha L2 Bysbke MICHE  CUCTEMU  —  By30ll, Ha sKOMy
F‘K = Wk + tk. (19)( JocsTaloTh  MiHIMyMy it cucremu  (35).  3amac
VY pe3ynbTaTi HOBHUH TEXHONOTIYHHIA UK TOi3a HOTy)K;OCTl %
i iB" max ~
CKIIaZACThC 3 TAKUX MOCIIZIOBHUX €TalliB: A, = x 100%. (36)
e s inii L1 (zomkpatn) A
Co=T +Tu+ T =2War +t.) + Wom +tu) + Woy +5);  (20)] Mogens onepauiifnoi e()eKTUBHOCTI
e inii L2 (kpauu) NPUKOPJOHHMX  3alli3HUYHUX  CTaHLiil  mepenbauyae
KZ =T, + Ty +Tg = 2(Wop + t1) + Wop + tu) + Wox + tx); (211 ONTHMI3aIlil0  PO3IONLTY  BaroHOMOTOKIB.  3amada
e CepeHbO3BAKCHHIT LIAKII 110 BCiil cTaHIi ONTHMI3aIli]l TTOJIATAE B TIOIIYKY , o mirimizye TCO:
C =(1—a)Cy + aCs. 22) * =arg min T CO(q). 37
C=¢( )C1 + aly (22 8 el010.9] (@ (37)

VY pe3ynbTari OIiHKa CepeIHbOI KUTBKOCTI BaroHIB
y 4ep3i Ma€e BT
Lqg =X Wy - Ny, (23)

a JJIsL KOKHOT'O By3Jjid

Lgm =X Wgum - Ny (MUTHHLA); (24)‘
Lgy =A1—0a) Wy, Ny (ZOMKpaTH);
Lok =Aa- Wy - N, (xpann). (261

3aranpHa yepra Ha CTaHmii
V'q,total = Lq,M + Lq,] + Lq,K- (27)‘
[Tpnbnu3HO onineHo (Gi3UYHYy TOBXHHY YEprH JUIs
IUIAaHYBaHHS KOJTIHHOTO PO3BUTKY, M, K
}chis = Lgtotar * L, (28)‘

nel|l, = 14.5|M — cepeHs 10BKHHA YMOBHOTO BaroHa.

Hns poss'szanns Qopmymu (37) BHKOpHCTaHO

MeTOoJ IeperissaoBoi ontumizamii (grid search) i3 kpokom
32 YMOBH CTa0UIGHOCTI TEXHOJOTIYHUX JIiHIN
pr < 1, pk<l. IloreHuiliHa ekoHOMis Big BHOOPY
ONTHUMAIBHOTO  TIEPEPO3MOALTY  BaroHOMOTOKY — MiX
TEXHOJIOTIYHUMH JIiHISIMH
LS'avings =TCO(Acyrrent) — TCO (). (38j
Hns Bepuikamii aeTepMiHOBaHUX pe3yNbTAaTiB,
OTpUMaHUX BHIIIC, 3aIpOIIOHOBAHO BHUKOHATH
CTOXaCTH4YHE MOJIENIIOBaHHsA MeTonoM Monte-Kapio.
HeoOxinHicTh y 1IbOMYy BHHHKA€E, OCKUIBKH Mozenb (1)-
(38) mae TOUYKOBI OIHKH IOKa3HUKIB 3a (PIKCOBAHUX
napameTpiB. Y peanbHOCTI IHTEHCHBHICTH NPHUOYTTS

KoNMBaeThcs TpuOmm3Ho Ha +20-30 % 3anexHO Bif
CEe30HY, IHS TIJKHSI, €KOHOMIYHOI KOH'TOHKTYpH, a d4ac
00CITyrOByBaHHsSI BapilOEThCSI 4epe3 Pi3HOMAaHITHICTB
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BaHTaXIB, kBaidikariro HEepCOHaNy, TEXHIYH1
HecrpaBHOCTI Tomo. Meron Monre-Kapno mae 3mory
ouinuty posnoxin nokasHukiB (TCO, vac nukity, 4epru)
Ta IMOBIPHICTH NEPEBUIIEHHSI KpUTUYHUX ITOporiB [12].

lenepamito BUIAAKOBUX BEJWYMH peajli30BaHO
meronoM bokca-Mronepa:

X =p+o0-4-2In(U,) - cos(2nl,),

ae ‘Ul, U, ~ Uniform(O,lj — He3alexHi piBHOMIpHI
BMITAJIKOBI BETUYHMHH.

KimpkicTh cHMyNAIif BHOWPAIOTh BHUXOISYH 31
CTaHJIAPTHOI MOXUOKH CEPEAHBOTO:

o[TCO]

v N sim
ne o[TCO] — cranmaptre Bimxunenns 3HaueHHS TCO y

cepii cumymsamii. [dms gocsrHeHHs mnoxuOku 1 % 3a
JoBip4oro inTepsaiy 95 %

SE = (40)

1.96 - cV[TCOT\"
Nsim 2 | ————] -

0.01 41
Hampukiia, SKio ‘CV[TCO] ~ 0.15, TO‘
1.96 - 0.15\
Nsim = (W) = 864

ETCO,A =15

30utpmeHHs iHTeHCHBHOCTI Ha 10 % migsumrye TCO Ha
15 %, mpu iboMy:
. : TCO npgyxe dyTnuBHA IO
napamerpa (IpiopuTeT Ui KOHTPOJIO 3 00Ky ocodu, sika
YXBAIIOE PillICHHS);

. : TCO cnabo wyrnuBuii (MOXe
OyTH IIiJ] CIPOIIICHUM KOHTPOJIEM).

IIpakTnyHa 3HAYYIIICTS i peasizanis

PosrisineMo peanbHy TNPHKOPAOHHY CTaHIIIO 3
TaKUMH IapaMeTpaMu:

® [IOIIHT: IX= 1.0| moizm/ron (8760 moizm/p.),
WW = 4‘5‘ Bar, CV, = 1.0‘ (eKCIIOHEHIIAILHUN PO3IIOILT

mpuoyTTH), l&x= 0.7 (70 % wna xpaumu, 30 % Ha

JIOMKPATH);
ﬁL = 1.0 rox/oneparis,

® [POAYKTHBHICT:
CVs, = 0.5,ty = 1.5‘ TOJI/TIOT3, ‘CVM = 0.8,

7 sar = 60 xs/Bar, CV; = Oﬁ, EK,Bar = 1(1 XB/BAar,

Vi = 0.6;

e HasBHA iHpacTpyKTypa: JIOKOMOTUBY,

HaHpI/IKJ'Ia,H, O3Ha4ae, 1o

i

TOMY PEKOMEHIOBAaHO BHKOPHCTOBYBATH [Ngim = 1000‘

M = 2 MuTHI IIOCTH, JIOMKpaTHI TTO3HIII1,
K = 3‘ KpaHH;

Juts1 3a0e3neYeHHs HaiHOCTI pe3yJIbTaTiB.

Jis mopmanpmioi iHTErparii MoOJeNi 0 CHCTEMH
miarpumkn yxsajieHHs: pimens (CIIIIP) omepatuBHOTO
MepCOHAly ~ NPUKOPAOHHOI  CTaHLil 3alpOIIOHOBAHO
BUKOHAaTH aHajli3 YyTIMBOCTI, TOOTO  BH3HAYUTH
rapameTpH, 3MiHa sSKuX Haioinpie BrmBae Ha TCO, mo
€ OCHOBOIO  JJIft imeHTH¢ikamii  mpiopuTeTiB
YHOpaBIiHCEKUX pimeHb. [usg 1poro BHOpaHO MeETOA
Tornado Chart, sxuii nepemdayae 1 KOXXHOTO 0a30BOT0O
CIICHApIIO 3 IapaMeTpaMu @ o0uncIeHHs , TmicIst
4Oro Iyisi KOXKHOTO TIapamMerpa Ioro 3MEHIIYIOTh 1
30upmyroTh Ha 10 % i3 OOYMCIICHHSIM BiIXUICHHS
ATCO; =TCO; —TCOy,
ATCO;} = TCO; — TCOy|

Y pesynbrari HaiOinem BrmmBoBUM Ha TCO
BUSIBJICHO IHTEHCHUBHICTH IpuOyTTs A (31 3MiHOIO +10 %
— +15-20 % TCO), gacTka MOTOKY, L0 HAIIpaBJIeHa Ha
KpaHoBY JiHit0 o (31 3miHOIO +10 % — +8-12 % TCO).
Iomipumii BB Ha TCO mae koedinient Bapiarii CV
(fioro 3mima *£10 % — +£5-7 % TCO), TpuBamicth
00poOKM Ha TOMKpATHIH JiHii (3mina £10 % — +4-
6 % TCO). Cnadknit BrumB Ha TCO 3 G0OKy TpHBanocti
00poOKHM TiJ Yac MaHEBPOBHX Olepamii 1 MUTHUM
odopmreHHsM [tyy| (ixHi 3MiHKM £10 % — <3 % TCO).

KimpkicHO TI¢ MOXXHA OINHHUTH KOe(illi€eHTOM
emactrgHocTi TCO 3a mapamerpom @:

9TCO/TCO _ ATCO/TCO,
ap/p Ap/py

€rcop =

® CKOHOMIYHI MMOKA3HUKHU:
rpH/(Bar-rox), 1_52 =15 rpH/(Bar-ron),
‘OPEXL = 500,00d rpa/(ox.-p.), OPE Xy = 300,000

rpu/(om.-p.), ‘OPEX] = 150,00q rpu/(om. p.),
‘OPEXK = 250,000‘ rpe/(om.p.).

MopemoBaHHST XapaKTePUCTUK BY3JIiB  CTaHIIi1
MOKa3alo Taki pe3yiabTaTH. TeXHOJOriyHa  JIiHIs
MaHEBpPOBOi po0OTH (JIOKOMOTHBH). 3a IHTEHCHUBHOCTI
p, = 1.0 1'10'1'3L[/I‘0L[‘ MAEMO KPHUTHYHE 3aBaHTAKCHHS

p;, = 1.0, mizcucrema Ha wMexi crabimpHOCTI. 3a
opmyrnoro (2),
_ (2.0)%/2! ~
€(22.0) = 1+2.0+(2.0)%/(2!-(1-1.0)) 0.67,

a 3a popmyoro (8), cepenHiii yac OviKyBaHHS
0.67 1.02+0.5%2 _ 0.67
Wq L= . =
’ 2:1.0-2-1.0 2 0
Ockinbky, AKIO P = 1.0J yepra HEoOMEXEHO

3pOCTaE, y peabHOCTI MOTPiOHO 30UTHIIUTH KiJBKICThH

JIOKOMOTHBIB ab0 BBeCTM  KOHBEHMINHI

00OMEKEHHS JJI 3HUKCHHSA . I3 3abe3neueHHsIM B

0,

U1 CcTablIBHOCTL
1.02+0.5%2 _ 0.29

0.29
W, = =22 0625 =
’ 3-1.0-2-1.0 2 1.0

0.18 rox

>

a TPUBAIICTh 00CITYTOBYBaHHS
’TL =2(W,, +t,) = 2(0.18 + 1.0) = 2.36 rox,

TexHomoriuHa  JiHIZ  MHUTHOTO  KOHTPOJIO
(MUTHHIL) ‘p_M = 0.67 moi3a/rojy, 3aBaHTAKCHHS
Py = 0.7%. Toni qac OYiKyBaHHSA
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0.37 1.02+0.82  0.37
Wom = . =—.0.82 =0.89ropx
’ 2-0.67—-1.0 2 0.34

, @ TpuBaticTs obenyrosysanns Iy = 2.39 I‘O,[LJ
TexHosoriuna  JIiHII ~ TEPECTAHOBKH  Bi3KiB
(moMKpaTH Ll) Mae IHTCHCHUBHICTh
A1 = 0.3 moiza/ I‘ozd, OI[IHKY Yacy o0OCIyroByBaHHS
t; = 45 roa/moisy, mo o3Hayae HaJA3BUYAHHO BHCOKE

3aBaHTA)XEHHS MiJICHCTEMU |D ;= 4.5, To6TO MOMKpaTH

HE CIIPABISIIOTHCS 3 MOTOKOM. MOXKIIMBHAM DIlIEHHSM €
iHQpacTpyKTypHi pimeHHS i3 30UIbIICHHS  IXHBOI
KUTBKOCTI i no 14-15 mo3umiii ab0 3MEHIICHHSIM dYacy

00CITyrOBYBaHHS mo ~10 xB/Bar 3a paxyHOK
aBTOMaTH3allii, abo0 KOHBEHIIITHO 3MECHIIUTH YacTKy

notoky (1 — o)}, sika notpebye nepecTaHOBKHU Bi3KiB.
PeanbHUM KpOKOM € BIPOBAJDKCHHS Cy4YacHHX
aBTOMAaTHU30BaHUX  JIOMKpaTiB (200  BHKOpPHCTaHHS

CHUCTEMH 3 PO3CYBHHMH KOJNICHUMH I1apamu). SIKIo B
pesynbTaTi [ty gar = 12| xB/Bar, T0 4ac 00CIyroByBaHHs

7 = 9 roa/moisx

CTaHC , 3aBAHTAXKEHICTh CHCTEMH

CTAQHOBUTH HPHIHATI ‘p ;= 0.9
qu’ ] = 111 roa,}a OLIIHKA 3arajibHoro

3HaX0pKeHHA B migcucremi Oyne T; = 20.1 rog,

Texnosoriuna niHisl mepeBaHTaxeHHs (KpaHu L2)
IHTCHCUBHICTH P\.Z = 0.7 noizn/ I‘opi, gac
o0cayroByBaHHs [tg = 7.5 roJi| i BHCOKe 3aBaHTaXKEHHS

=179

30UIBIICHHS KUIBKOCTI IEpeBaHTaKyBaIbHUX IPHUCTPOIB
o kpaHiB. Tomi 3aBaHTaXXCHHS CHCTEMH Oyne

MaTy NMPUHHATHHA PiBEHb Py = 0.8{3‘, TEXHOJIOTIYHUH Yac
00CITyroByBaHHS qu’K =291 roz#, a OLIiHKa

3arajJbHOTO 4acy 3HAXO/DKEHHA B IIJACHCTEMI CKiaje
Tx = 10.41 oz,
Toxi s MpUKOPAOHHOI CcTaHIil B IIOMY TOBHUH

MK g nidii L1 cknane |C; = 24.85 rog, ms ninii L2

PesynbraTi po3paxyHKiB AJIs Pi3HUX 3HAUYCHb @

, dac O‘liKyBaHHSI CKJIac

qacy

Mae

Hi,HCI/ICTeMI/I Peanpanm KPOKOM €

‘CZ = 15.16 roj, cepennbO3BaKEHHIMA LUK

3HAXOJDKEHHs Barona Ha cranuii 6yae C = 18.07 rog,

3a muX yMOB OIliHKA JIOBXHWHH Yeprd B MaHEBPOBIH

mijcucremi Zq'M =40 Baﬂ, Ha TEXHOJOIIYHIA JiHil
JIOMKpATiB }Lq' ;=150 Baq, miHii  KpaHiB -

}Lq,K = 92 Bar ‘ Lle morpebyBarume po3MimeHHst 282

BaroHiB abo }Lq,total = 4.09 KM{ CTaHIIHHUX KoK (3a

KopucHOi JoBxkuHM 850 M 1ie II'STh NpHUIIMaIbHO-
BIJIIIPaBHUX KOJIii).

ExoHoMiuHiI 1MOKa3HUKH OyIyTh TaKMMHU: BUTpPAaTH
Ha TIPOCTii L1 CKIIaZyTh
‘COStpenalty,l = 73.1 MmuIH rpH/p.‘, BUTpATU Ha

npoctin L2 - ‘COStpenalty,Z = 55.9 MJH rpH/p.

>

omnepauiiiHi BUTpaTH ‘OPEX = 4.65 MJIH TpH/p., a

TTCO = 133.65 MJiH I‘pH/p‘. VY po3paxyHKy Ha OIHH
BaroH BapTiCTh HOro oOpOOKHM Ha MPUKOPAOHHOT CTaHIii
[QEEN(S

133.65 - 10°
1.0 -45 - 8760

[Momyxk omnepaniiinoi edexkTHBHOCTI MPUKOPIOHHOT
3aJI3HUYHOI CTaHLil Iependadae ONTUMI3ALI0 PO3TOALTY
BaroHONOTOKiB, TOOTO TOUIYK 4YacTKH IIOTOKY, IO
HampasJieHa J0 KpaHOBOi TexHoioriynoi jiHii |, mio

MiHiMizye TCO. PesynpraTy po3paxyHKy HaBeIE€HO B
Tabm. 2.

TCOper,agon = = 338.7 rpH/Bar.

o A1, OT3/TOT A2, OT3]1/TOI p1 pK Wai,ton | Wek | Ci,Toq Cz,ron | TCO, wmau
roJ I'pH

03 |07 0.3 21 1038 — 0.52 — 13.27 —

05 |05 0.5 1.5 | 0.63 24.5 1.15 36.35 13.90 145.2

07 (03 0.7 09 088 11.1 291 24.85 15.16 133.7

09 |0.1 0.9 0.3 1.13 1.15 — 15.90 — —

VY pe3yipTari OTPHUMaHO, WLIO SKIIO >O(= 0.3,

TTCO = 133.7‘ MJIH TpH/p., WO Ma€ CIYXUTH st

TEXHOJIOTIYHA  JIiHIA  JIOMKpATiB repeBaHTaKEHa
(py = 2.1 > 1), saxuwo MepPEBAaHTAKCH] KPaHH.
OntumymoM € i3 MiHIMaJIEHUM

YXBJICHHS PillIEHb IIPO CTPYKTYPY BarOHOMOTOKY.
3HaliieMO TPOIYCKHY CIPOMOXHICTD Apasd 32

dhopmyroro (35):
h, —0.95-3-1.0
max,L. — —

= 1.425 nmoizg/rop,
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Amaxy = 0.95-2-0.67 = 1.273 noisa/ropn,

Tabmuns 3. [TopiBHSIHHS MOJENbHUX 1 (PaKTHUHHUX JaHUX
MIPUKOPIOHHOT ITepeIaBaIbHOI CTAHIIIT

095-3-0.111 .

Mmax,) = —5—— = 1.055 moiza/roz,
0.3 TToxa3zuuk Moguens | @akr | Bigxunenus

095-6-0.133 .
Pmaz,x = ——g=—— = 1.083 noisa/roz, Cepennifi mucn, ron | 168 | 17.3 | 2.9%
Amax = r.r.lln(1.425,1.273,1.055,1.083) = Uepra vy, par 38 0 95%
1.055 moizx/rop,
, Yepra L1, Bar 128 135 | -52%
TOOTO BY3bKHM TEXHOJOTIYHMM MicCLEM € JOMKpaTH
(srimisg L1). 3amac moTy’KHOCTI CHCTEMH CKJIaJie Yepra L2, Bar 87 89 -2.2%

_ 1.055-1.0 or — C 2o
Pa = 0 100% = 5.5%. 3aBaHTaKEHHS 69 72 -4.2%
OTmKe, CTaHIlis NPAIOE OIU3BKO 10 MAKCUMAIBHOT | MUTHUII, %
MOTYXHOCTI. 31 3pOCTaHHSM MOTOKY Ha >6 % BHHHKHYThH
KPUTHYHI YEPTH. PexomenioBano pO3LINPEHHS 3aBaHTa>¥<eHH5{ 85 88 -3.4%
JOMKpaTHOi JiHii 260 Toxambiie 3GiTbIICHHS NOTOKY | AOMKpATiB, %
00poOKHM Ha KpaHax @
Bamiganito mozeni 3xifiCHEHO TOPIBHSAHHAM i3 Cepenne abeomorne 4.6%

pla el 31 p Binxunenns (MAPE)

peaTbHUMH JaHUMH. I3 BIIKPUTHX JKEepea OTPUMaHO, 110

MIPUKOPIOHHA CTaHIIis «MocTucbKa-2»
(Ykpaina/ITonpia) mMana Taki mapameTpyd B JIMCTOMAi-
rpynai 2023 p.: cepenmHst iHTeHcuBHicTB: A = 0.92
moizm/ron (809 moi3m/mic.), BaroHm y ckiami: 42-48
(cepemue 44), o = 0.65 (65 % xoHTEHHEpHI HA KpaHW),
obnmagHanusg: L =3, M =2, J =3, K= 5. Pegynbratu
MIOPiBHSHHS HaBeJCHO B Ta0OI. 3.

Cepemue abcomotHe BimxwieHHs MAPE cknamo
4.6 %, MO MATBEPMKY€E aIeKBaTHICTb MOJICNi I
MPAKTHUIHOTO 3aCTOCYBAHHS.

[Ipoananizyemo wytnusicts (Tornado Chart) ms
craHmii «MOoCTHUCBKa-2, pe3yJIbTaTH HAaBEICHO B Ta0I. 4.

Ta6n1/1uﬂ,14
aAHaJ'IiS YYTIMBOCTI JAHUX TPUKOPIAOHHOI TIepeIaBaIbHOT
gTaHui'l'

IMapametp 3mina | ATCO | Emactuunicts
A, moiz/ron | +10% | +18.2% | 1.82
o -10% | -11.5% | 1.15
CV._a +20% | +6.8% | 0.34
ts, Bar +10% | +5.2% | 0.52
t, Bar +10% | +3.1% | 0.31
Fi +10% | +9.7% | 0.97
Ha 6a3i kommurexcHoi Mmozemni (1)-(42) po3podneHo
Otxe, mokazaHo, o A Ta o — HadkputhuHimi  CIIIIP «Railway Strategic Audit v2.0» oneparuBHOTO

rapameTpH, MOTpPeOyIOTh TOYHOIO IIPOTHO3YBAHHS Ta
nuHamivHoro ynpasiniHaa. Koegimient Bapianii CVa Mae
MOMIpHWIA  BIUIMB, IO IMIATBEPIXKYE  BaXIUBICThH
crabinmizamii rpadika npubyTTs noi3xi. OuiHkM yacy ty i
tx MaloTh CepeAHid BIUIMB, IO CBiAYMTH HPO TE, IIO
IHBECTHII] B aBTOMATH3ALIO € JOLUILHUMH.

MpaiBHUKA, 30BHIIIHIA BUTJISI KO MOJAHO HA puC. 2.
CIIIIP SIBIISIE coboro MOBHO()YHKIIIOHAJIbHUN
IHTEepaKTUBHUI Be03aCTOCYHOK.
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_% STRATEGIC RAILWAY AUDIT v2.0

PO3IMPEHa CHCTENMA MATPVKH NPYSHATTR PILISH: BHANI3 HEPY, NOTYXHOCT, LYAKIIE T3 HBECTULHH

_—
100
80
(7]
| I I I
10
0

[ [ o BwTpaTH 3 1 Saros 425,57 pu

250 35
N Mpocrae L1 EEEEE Mpocra L2 NN OPEX
25 ‘
| 2: I ‘
Munoas L1 Sossparn L2 Kpann Wi 2 - Ll

Puc. 2. 3oBHimmHi# Burisiy intepdeiicy CIIIIP oneparnBHOTO NMpariiBHUKa IPUKOPJOHHOT CTaHIIT

OnepauiliHi nokazHuKun

Posriasinemo npuknax  Bukopucranns — CIIIIP 3. 30impmmMTH  YaCTKy  BaroHONOTOKY  Ha
«Railway Strategic Audit v2.0»: npukopnonHa cranmiss U  nepeBanTakeHHs KpaHamu o 10 0.8 (opraHizauiitHuit
IUTaHye MoJiepHizanito. HasiBHI Taki BapiaHTH: 3axin, 6e3 BUTpar).

1. [Jonaru nBa xpanu (+6 mue rpH CAPEX). PesynbraTn ananizy HaBeneHo B TaOI. 5.

2.  ABroMaTH3yBaTH IOMKpaTH (3MEHIIUTH t Ha
30 %, ane +4 mun rpa CAPEX).

Tabimrs 5

PesyneraTn aHamizy BapiaHTiB MonepHizanii craniii U 3a qomomororo CIITIP

Cuenapiit CAPEX, miu rpa | OPEX, min | TCO, MiH | [uxr, rox | Byseke Mmicie
TpH/p. TpH/p.

Bazosuit 0 4.65 133.7 18.1 JomMkpatu 55%
3aracy)

+2 KpaHu 6.0 5.15 121.3 16.2 Homkpatu (5.5 %)

ABTO-10MKpaTH 4.0 4.65 118.5 15.8 MuTHHISA (12 %
3amnacy)

A=038 0 4.65 125.2 16.9 Kpanm (8 % 3amnacy)

Amnani3 MIOKAa3ye, o aBTOMAaTHU3AIli0

TEXHOJIOTIYHOI JTiHii JTOMKpaTiB PEKOMECHIIOBAHO IS
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BIIPOBA/DKEHHS, OCKUIBKM Jla€  HaWKpamuid  edekT
(exonomist 15.2 muH rpH/p. 3a iHBecTHmii 4 MIH TpH,
OKyIHicTh 3.2 Mic.).

Orxe, MOXHAa BH3HAYUTH
po3pobieHOI  Mojedi  omepariiHol
MIPUKOPIOHHUX 3aJII3HUYHNX CTAHIIIN:

® KOMIUIGKCHICTh: IHTErpamis BCIX OCHOBHHMX
eTarniB TEXHOJIOTIYHOTO TIpo1ecy, ypaxyBaHHS
CTOXaCTHYHOCTI IONMUTY 1 dYacy o0OCIyroByBaHHS,
TIO€THAHHS ONepalifHUX Ta EKOHOMIYHUX KPUTEPIiB;

® TeopeTH4YHa OOIPYHTOBAHICTh: 3aCTOCYBAHHS
Teopii MacoBoro oOCIYroBYBaHHS, BHKOPHCTAHHS
oBelleHNX HaOmmkeHb AuieHa-KyHHiIHA Ta Bamimartis
MeTogoM Monre-Kapino;

Taki mepeBaru
e(heKTUBHOCTI

® [PaKTHMYHA 3aCTOCOBHICTh: IHTEPaKTHBHHUI
aHaj3, HasBHICTh Be03aCTOCYHKY 3 Bi3yasli3ali€io
pe3yibTarTiB;

® THYYKICTb: HAJAIITyBaHHI Wix crenudiky
cTaHWii (mapamerpu, KUTbKICTh 00J1aJHaHHST), TIOPiBHIHHS

aNbTepHATUBHUX CIEHApiiB, aHami3 YyTJIMBOCTI JUIs
YXBaJICHHS DillleHb;
® CKOHOMIYHAa OOTPYHTOBAHICTB: PO3PaXyHOK

TCO 3 ypaxyBanusim CAPEX ta OPEX, owmiHioBanHs
OKYIIHOCTI IHBECTHIIIH, ONTHMI3allisi pO3IOALTY HOTOKIB
3a KpUTEpieM MiHIMaJIbHUX BUTPAT.

BucHoBkn

Po3polbiieHo KOMIUIEKCHY MaTeMaTH4YHY MOJIENb
MIPUKOPIIOHHOT 3aJi3HUYHOI CTaHIlii HAa OCHOBI Teopil
MacoBOTO OOCIYrOBYBaHHS 3 BHKOPHUCTAaHHSIM (opmynn
Epnanra C i nabmwkenns AseHa-Kynnina misn G/G/c
4yepr, OI0 Ja€ 3MOTY BpaxOBYBaTH CTOXaCTHYHICTb
TIONIUTY 1 BapiaTHBHICTh 4Yacy OOCIIyrOBYBaHHs BaroHiB.
3anpormoHOBaHO ~ METOJ]  JAWHAMIYHOI  ONTUMI3arlil
pO3IIOATy  BaHT@KOIOTOKIB MIDK JOMKPaTHOIO Ta
KpPaHOBOIO TEXHOJIOTiAMH (MapaMerp o) i3 MiHiMizaIi€ro
3araigpHOi  Baprocti  BonmoxmiHHa TCO.  AmnpoOamis
nmokaszana noteHmian exkoHomii 10-15 % omeparmiiinnx
BUTpaT 3a ONTUMaJbHOro 3HaueHHs o* = 0.6-0.7 ms
TUTOBOI  KOH(irypamii joricTuyHoi iH(QPaCTPyKTypH
crannii. BrpoBamkeHO CTOXacTHYHE MOJICIIOBAHHS
MeronoM Monte-Kapno (N = 1000 cumymsmiit) s
OLIHIOBaHHS pU3WKIB 32 HEBH3HAYCHOCTI IMOMMHTY.
Buznaueno KPUTHYHI napameTpu CHCTEMH:
IHTEHCHUBHICTh IPUOYTTS A, PO3MOALT TOTOKIB 0, MTpadu
3a mpocrid Fi. Ili mapamerpu moTpeOyioTh HaiOiIbII
PETENEHOrO KOHTPOITIO Ta IPOTHO3YBAHHSI.

HaykoBa HOBM3HAa Mopeni mHonsArae B IMO€IHAHHI
MIOCIIZIOBHOT MEpeXi 4Yepr 3 ypaxyBaHHSIM KoedimieHTa

Bapiarii IS JIMHAMIYHOTO po3nomimy MIDXK
reTepOreHHUMH TEXHOJIOTISIMH; CTOXaCTUYHOTO
MOJIEJIFOBAHHS PH3HKIB i OaraToKpHUTepiaNTbHOI

ontumizanii CAPEX/OPEX y enuHOMYy aHamiTUYHOMY
pobodomMy cepemoBHIIi.

Bamigamis Ha peaNpHMX MAaHUX HPUKOPIOHHOI
CTaHIii MiATBEpUIA aICKBATHICTH MOJICNI: CEpPEIHE
aOCOJNIOTHE  BIIXWJIEHHS NPOTHO3IB Bix (aKTHYHUX
moka3HukiB MAPE = 4.6 %, mo € OpuifHATHAM IS
TAKTHYHOTO TUIAHYBaHHSI.

Po3pobneno BHMOTH 11 (i (] CIIITP i
Be03aCTOCYHOK 3 IHTEpaKTHBHUMH rpadikamu, aHaJi30M
gytauBocTi (Tornado Chart) i MOpiBHSHHAM cLEHApIiB.
Cucrema 3a0esnedye onepaTHBHUII OaraToBapiaHTHHH
anaii3. Ha mpaktumi Momens gomoMarae ineHTudikyBaTi
By3bKi Micusg iHdpacTpykTypu 3 TouHicTIO >95 %,
ouinutn edekruBHicth iHBecTulii (CAPEX) uepes
BIUIMB Ha onepauniiiHi Butparn (OPEX), mpornosysarn
MIPOITYCKHY CIIPOMOJKHICTH 31 3MiHOIO BAaroHONOTOKY Ta
MIOPiBHIOBATH aJIbTEPHATHBHI CLIEHApii MOAepHi3allii.

BripoBamkeHHSI CHCTEMH Ha IT°SITH TTPUKOPAOHHUX
craniisix AT «VYKp3ami3HUIS» POTHO30BAHO J1acTh
eKkoHOMit0 45-60 MIH TpH/p. 3a paxXyHOK ONTHMI3arlil
PO3IIOTYy MOTOKIB Ta OOTPYHTOBAHOTO iHBECTYBAaHHS B
iHppacTpykrypy. IlpakTndna peanizamis mnependadae
Bukopucranusi CIIIIP «Railway Strategic Audit v2.0»
JUTSl TIPUKOPJOHHUX 3aJII3HUYHUX CTaHII].

Hanpsimamy mofanbImmx JIOCHIPKEHb MOXe OyTH
PO3LIMPEHHsS] MOJEIi 4epr, AMHAMIYHA ONTHMI3alis o 3
aJanTHBHUM PO3IOIUIOM MOTOKIB HAa OCHOBI HOTOYHOI'O
CTaHy 4eprd, YypaxyBaHHA HaJilfHOCTI JIOTICTUYHOI
IHQpacTPyKTypy 1 JONATKOBUX KPHUTEPIiiB ONTHUMI3aLil
(TpuBamicTh TeXHONOTIYHMX IUKIiB, BUKAIH COy,
HAIHHICTH 00JaTHAHHS TOIIO).
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Lomotko D. V., Arsenenko D. V., Grunik I. S., Ilchyshyn
V. M., Lomotko M. D. Formation A Stochastic
Model of Operational Efficiency of Border
Railway Stations

FORMATION A STOCHASTIC MODEL OF

OPERATIONAL EFFICIENCY OF BORDER

RAILWAY STATIONS

Abstract. A complex mathematical model is
proposed for optimizing the operational processes of
border railway stations taking into account the stochastic
nature of freight flows and infrastructure capacity
constraints. The theory of mass service is applied using
the Erlang C formula for multi-channel systems and the
Allen-Cunnin approximation for G/G/c queues. The
Monte Carlo method with 1000+ simulations is used to
assess risks. The economic assessment is based on the
Total Cost of Ownership (TCO) model taking into
account capital and operating costs. Requirements for a
decision support system for operational personnel are
developed, which allows: to identify infrastructure
bottlenecks and optimize the distribution of freight flows
between technological lines with potential savings of up
to 15-20 % of operating costs. The implementation of the
system at five border stations of JSC Ukrzaliznytsia is
expected to save 45-60 million UAH/year due to
optimization of flow distribution and justified investment
in infrastructure. The following advantages of the
developed model of operational efficiency of border
railway stations have been identified, such as
comprehensiveness: Integration of all key stages of the
technological process, consideration of stochasticity of
demand and service time, combination of operational and
economic criteria. The model has flexibility:
customization for the specifics of the station (parameters,
number of equipment), comparison of alternative
scenarios, sensitivity analysis for decision-making. Unlike
analogues, the model has economic feasibility: calculation
of TCO taking into account CAPEX and OPEX,
assessment of return on investment, optimization of flow
distribution according to the criterion of minimum costs.
Practical implementation involves the use of the decision
support system «Railway Strategic Audit v2.0» for border
railway stations.

Keywords: border railway station, customs control,
optimization of wagon flows, decision support system,
Monte Carlo method.
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Model and algorithm for neural network-based gaze fixation duration determination for
dynamic content adaptation in inclusive learning

Abstract.. The relevance of this study stems from the fact that most existing inclusive educational technologies
provide only basic access to content but do not ensure its effective mastery. In practice, they rely on static
personalization grounded in a pre-defined user profile (e.g., impairment type). The key shortcoming of this approach is
its blindness to the dynamics of the actual learning process: the system cannot recognize when a learner experiences an
immediate spike in cognitive load or encounters difficulty understanding a specific term or formula. This creates a
barrier that leads to frustration, loss of motivation, and ultimately superficial learning.

The objective of the work is to develop and substantiate an innovative mechanism for real-time dynamic
adaptation of educational content that responds to learners’ cognitive difficulties as they occur.

The study is based on designing a system that uses eye-tracking to monitor user interaction with digital
instructional materials. The primary biometric indicator is the fixation duration on specific semantic units (text
fragments, images, formulas).

This work is the first to propose an adaptation mechanism grounded in the hypothesis that prolonged gaze
fixation is a reliable marker of comprehension difficulty or elevated cognitive load. Upon detection of an extended
fixation, the system automatically triggers an adaptive scenario and offers targeted, context-specific support (e.g., term
definitions, simplified explanations, visual examples) precisely for the unit that elicited difficulty. This approach enables
a shift from macro-personalization (profile-level) to micro-personalization (real-time), thereby creating a more

responsive and effective inclusive learning environment.

Keywords: multimodal systems, assistive technologies, context-aware interaction, people with disabilities,

personalized interfaces.

Introduction

Education is a fundamental right of every person.
Modern technologies open up new opportunities for
inclusive learning. However, digital content often
contains significant barriers. These barriers make it
impossible for people with disabilities and special
educational needs to effectively perceive information. The
existing classification of impairments clearly indicates
this diversity of needs. It covers visual, hearing, motor
and cognitive impairments. Effective design
requires «deficit-agnostic» design. This means that
functional limitations and environmental barriers must be
taken into account. The main requirements of inclusive
technologies include the appropriateness of presentation
formats (vision, hearing, tactile) and control of cognitive
load. Adaptive selection of control methods (voice, gaze,
switches) is also necessary. Despite these requirements,
existing adaptive systems often rely on subjective
assessments or manual settings. They do not take into
account the real process of content perception.

© O.Yu.BARKOVSKA, 2026

Cognitive impairments are one of the most
challenging categories to accommodate. These include
dyslexia, ADHD, and ASD. These impairments directly
affect the ability to concentrate and process visual
information. Assessing cognitive load is key to ensuring
effective learning. In this context, eye movement is a
direct indicator of cognitive activity. Analysis of visual
fixation time allows for an objective measurement of
attention and complexity of perception. This method
provides accurate data on which content elements cause
the greatest difficulties.

The paper proposes the use of eye tracking data
as the main criterion for automatically adjusting the
complexity and presentation of information. The results of
the work will contribute to the creation of inclusive and
personalized learning environments.

Analysis of the latest research and

publications

Inclusion is the creation of conditions under
which people with diverse abilities have equal access to
resources, services, and participation in social life. In the
technical) context, inclusion refers to designing and
implementing information technologies that reduce
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barriers in interaction with the environment, information,
and other people.

An analysis of recent systematic reviews and
research articles shows that contemporary studies in the
field of inclusive technologies focus on three pillars: the
philosophical justification of inclusion, improving basic
accessibility through assistive technologies (AT), and
macro-personalization driven by Al

However, a key challenge remains unresolved:
the creation of systems capable of responding not to a
user’s profile, but to their current cognitive state. There is
a significant gap in the development of mechanisms that
would use biometric data-such as eye-movement patterns-
to detect moments of cognitive load or misunderstanding
during the learning process itself.

This is precisely what makes the present study
relevant. It proposes a new adaptation mechanism based
on analyzing gaze-fixation time, intended to fill this gap
by shifting from static adaptation toward dynamic
adaptation that is sensitive to the user’s cognitive state.

There is a substantial body of work dedicated to
systematic reviews of existing assistive technologies
(AT). In the work [1] the authors confirm that AT
effectively improve accessibility, yet they also identify
barriers such as insufficient teacher training and a general
lack of awareness. In the work [2] the types, tools and
characteristics of existing technologies. These reviews
capture the current state of technological development.
They clearly show which tools are available (for example,
screen readers and text-to-speech applications), yet they
simultaneously highlight a significant “gap”: the vast
majority of AT focus on providing access to content
rather than adapting that content based on the learner’s
understanding.

Another group of studies explores the potential
of artificial intelligence (AI) for personalizing learning. In

technological advances in
the fields of computer
vision (CV), automatic
speech recognition (ASR),
and natural language
processing (NLP)

the review [3] it examines how Al can create personalized
learning pathways. In [4] it also reviews systems that Al
offers for students with special needs. The study [5]
highlights the role of machine learning—based voice and
speech processing methods in educational technologies,
particularly when working with groups of younger
school-age children. This line of research is the most
closely related to our topic, yet it also most clearly
delineates the existing limitations. The personalization
discussed in these reviews is generally at a macro level. It
is based on:

1. Static profiles. The systems adapt to a pre-
determined diagnosis (e.g., dyslexia) or type of
impairment.

2. Outcome-based. Adaptation occurs after the
student has failed a test or answered a question
incorrectly.

None of the reviewed studies identified a
substantial number of investigations dedicated to dynamic
micro-adaptation - that is, systems capable of detecting
the moment difficulties arise in real time, before the
student makes an error.

The key idea of this study is the use of two types
of multimodal data to develop a context-adaptive system
for supporting people with disabilities, incorporating
dynamic micro-adaptation:

- human-centered data;

- environmental data.

The relevance of support technologies for people
with disabilities in the modern world is driven by a
number of powerful factors that span all areas of social
life (Fig. 1).

the development of

wearable sensors and

artificial intelligence
(edge-AI)

the global
digitalization of
services

economic feasibility

Drivers of the
relevance of

demographic and
medical factors

developing and
implementing
technological solutions

compliance with
legal and ethical
requirements

to support people with
disabilities

Fig. 1. Drivers of the relevance of the chosen topic
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First, these are demographic and medical factors:
global population aging, an increasing share of people
with temporary and permanent impairments, as well as
the widespread consequences of armed conflicts,
manifested in injuries and PTSD, which significantly
expand the circle of those in need. Second, the global
digitalization of services (from government services to
education and healthcare) simultaneously opens new
opportunities and creates a high risk of digital exclusion
for those without access to adaptive interfaces. Third,
technological advances in computer vision (CV),
automatic speech recognition (ASR), natural language
processing (NLP), as well as the development of wearable
sensors and artificial intelligence (edge-Al), provide an
unprecedented opportunity for the creation of autonomous
solutions; however, without the principles of inclusive
design, the technologies themselves can reproduce and
even reinforce existing social barriers.

These factors are inextricably linked to economic
feasibility, as social inclusion increases participation in
the labor market, reduces long-term social costs, and
expands the talent pool for the economy, as well as to
legal and ethical requirements stemming from
international standards, the «design for all» concept, and
data security considerations. Ensuring urban mobility and
safety presents a separate challenge, where navigation in
complex spaces requires the development of intelligent
multimodal assistive systems.

To identify priority directions for the
development and implementation of support technologies,
the first step is to determine the areas of life where
barriers for people with disabilities are most significant
and where technological intervention can have the
greatest social impact. Social inclusion is not an abstract
concept; it is realized through full participation in specific
activities. Accordingly, the relevance of support
technologies is primarily determined by the need to
overcome obstacles in key segments, as illustrated in Fig.
2.

Everyday life
Shopping / Malls Education
e %8 o e o
] N
Public services Areas of life and activities in Work

which assistance and support
are needed

Mobility and

Healthcare transport

Fig. 2. Key areas of life requiring technological support
for people with disabilities

For example, in education, users aim to access
materials without barriers, participate in exams and
laboratory sessions, and interact within learning
management systems (LMS) and during video lectures.
Critical barriers include the absence of alternative content
formats (such as audio versions, subtitles, and audio
descriptions of images), inaccessible learning platforms,
and non-compliance with accessibility principles. These
needs can be addressed through automatic subtitles and
audio descriptions, content adaptation to the user’s needs,
support for keyboard navigation and screen reader
compatibility, as well as personalized settings for contrast
and fonts.

Formulation of the purpose of the research

The aim of this study is to develop and
substantiate a mechanism for dynamic adaptation of
educational content based on the analysis of gaze fixation
time as an objective indicator of cognitive difficulties, in
order to enhance the effectiveness of content acquisition
for individuals with special educational needs.

To achieve this goal, the following tasks need to
be addressed:

- conduct an analysis of existing approaches to
educational content adaptation and identify the limitations
of static personalization based on user profiles;

- justify the use of gaze fixation time as a key
biometric indicator for detecting cognitive difficulties in
real time;

- develop a conceptual model and algorithm
for a dynamic adaptation mechanism that triggers the
provision of supportive materials when fixation time
exceeds a threshold on a difficult content fragment;

- experimentally investigate and compare the
effectiveness of deep learning models (VGGNet, ResNet)
for reliable gaze direction detection under various
conditions (lighting, distance, angle), which serves as the
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technological foundation for implementing the proposed
mechanism.

Materials and methods

Based on the conducted analysis, there arises a
task of further improving and adapting educational
materials to the needs of users with disabilities and
special needs by creating an adaptive ergonomic engine
for content presentation. This engine would adjust, in real
time, font size, contrast, line thickness, information
density, and output modality, taking into account the type
of impairment, assessed distance to the screen, actual
viewing conditions (lux/DPI/glare), cognitive load, and
interaction history, while forming an individual

«ergonomic user profile» (based on impairment type,
cognitive load, and interaction history). A key
enhancement is adaptive alternative control rather than
static design: support for gaze-based input and
authentication (including «gaze-passwords»), selection of
responses/commands via gestures or switches, voice input
(ASR) with tactile or visual feedback confirmation, and
text-to-speech (TTS) with adjustable speech rate, voice,
and offline mode. The engine should contextually select
and duplicate input-output channels (visual/audio/haptic)
according to the principle of minimizing the risk of
perception errors, ensure offline-first processing (privacy
by design), and automatically update the user profile
based on proxy metrics of accuracy, time, and effort.

Type of impairment (visual.
auditory, musculoskeletal,
cognitive impairments)

Scientiﬂc and practi(g.al tasks

po

Development of a context-aware
perception stack

P

Adaptation of the educational content output
subsystem according to the type of impairment
(TTS audio synthesis, text transformation,
visual organization)

-

Creation of a personalized
ergonomic profile

———
Adaptation and prioritization of methods for
controlling educational content according to the
type of impairment and context (assessment of
external conditions, evaluation of distance to the
screen

Example of adaptation as a scientific e)md practical outcome

S

Integrated adaptive educational platform for people with disabilities and special needs

Result

Fig. 3. Mechanisms of adaptive interaction between the context-aware core and the personal ergonomic profile within
an inclusive educational system for people with disabilities and special needs

Thus, the study proposes a mechanism for the
interaction of subsystems within a unified inclusive
education system, combining adaptive design, machine
learning, and neuroergonomics, which implements:

- dynamic visual adaptation (taking into
account load parameters, viewing conditions, and the
individual ergonomic profile);

- adaptive alternative control, input, and
authentication (via gaze, gestures, or voice);
- intelligent communication (contextual

selection and duplication of channels).

The implementation of the proposed solution will
achieve a comprehensive positive effect: enhancing
accessibility to educational content by removing
traditional barriers for students of all categories;
eliminating technical limitations through adaptive control
and offline functionality; optimizing ergonomics by
creating individualized interaction profiles that account

for user characteristics; and significantly reducing
cognitive load through intelligent, context-aware selection
of communication channels and adaptation of content
difficulty. Altogether, these measures will provide a
qualitatively new level of inclusive educational
interaction.

This diagram illustrates the architecture of an
adaptive educational platform that dynamically adjusts
both the educational content and the methods of
interaction with it. The goal of the system is to create a
flexible and effective learning environment that
accommodates the individual needs of students and the
conditions in which they are situated.

The concept is based on two key scientific and
practical tasks:

1. Creation of a context-aware core: The system
analyzes the learning environment (noise level, lighting,
distance to the screen, type of device).
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2. Creation of a personalized ergonomic profile:
Depending on the type of impairment (visual, auditory,
cognitive) and the user’s learning preferences, a unique
profile is created.

The system’s adaptation layer uses the above
data to implement bidirectional adaptation:

- adaptation of content output, i.c.,
transforming the material into the most accessible form
(for example, converting text to speech, increasing
contrast, simplifying vocabulary);

- adaptation of control methods, i.c.,
dynamically changing and prioritizing ways of interacting
with the platform (for example, activating voice control if
the user is far from the screen).

Thus, the proposed interaction mechanisms
provide comprehensive adaptation not only of the content
but also of the methods of interacting with it. Unlike
traditional platforms that merely offer alternative content
formats, this system proactively modifies the control
interface itself, making it convenient for each specific
situation.

This is achieved by the mechanism’s dynamic
selection of the optimal pair (presentation method, control
method): the ergonomic profile determines what the user
needs (for example, «requires audio support»), while the
context-aware core determines how best to implement it
at the moment (for example, «via headphones because the
environment is noisy»).

Thus, the system does not merely vocalize the
text but does so at an optimal volume, considering
microphone data on the surrounding noise. The operation
of the system can be described as an adaptation function

, which, for an ergonomic profile |Pg| and the current

context

C txt selects the optimal pair consisting of an

output modality (M out|and a control method C ink

(Moutr Cin) =A (PEr Ctxt)a

D .
Where — a vector of ergonomic profile parameters,
including sensory, cognitive, and learning characteristics:

P E = {pcongitive' Pvision» phearing },

where Peo gnitiver Pvision’ Phearing| represent the

presence of cognitive features, visual acuity, and hearing
ability, respectively;

Ctx, - a vector of context parameters at timelt):
t p

Ctxt - {Cdistancer Cdevicer Cnoise - }, where

Cdistance’ Cdevice) Cnoisel correspond  to  the

distance from the monitor screen, the type of device, and
the ambient noise level, respectively.

The adaptation function @ aims to maximize a

utility function , which evaluates the effectiveness of

each possible pair Mout» Ci ):

A (PE' Ctxt) =
arg( max )U (Myyt, Cin|Pg, Ctxy)

Mout.Cin

As an example, consider the following situation:
if the profile indicates poor vision

Prision < threshold), the utility of the output

modality Mout ='TTS' (text-to-speech) will be

high. If the context shows a large distance to the screen
Caistance > threshold),

the utility of the

control  method  |Cj, = voice_control]

increases. However, if the ambient noise level is high
Cnoise > threshold),  the

utility of

C;, = 'voice_control| decreases, and the

system may suggest gesture-based control or interaction
via a mobile application.

To implement the user gaze evaluation module,
we create a sequence of operations necessary to transform
images into the required data. The diagram of these
operations is shown in Fig. 4.
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Input data

cv2.VideoCapture()

(User images)

RGB
images

Preprocessing

Single-channel
image

Face detection

Cropped face
image

A 4
mp.tasks.vision.Facel ;‘ Facial feature detection ]7

NumPy.Resize()

Cropped facial
feature image

Input data
(Location and duration of gaze
fixation)

i

Location and
duration of gaze
fixation

Gaze fixation time estimation

relative()

Gaze direction
vector

e Y
Gaze direction estimation using keras.api.model. predict
CNN
* -

Cropped eye image

Eye detection

Fig. 4. Sequence of transforming input images into gaze localization coordinates

This model takes user images as input, which are
converted into single-channel images using the NumPy
library (via the resize function). This choice is motivated
by the efficiency of this function for tasks involving
image feature transformation. Facial features are then
detected, and the eyes are located using Mediapipe tools,
specifically the built-in facial landmark detection module.
The extracted eye images are fed into a convolutional
neural network, which computes a gaze vector based on
the image.

The next stage involves determining the gaze
fixation point, i.e., identifying the location on the screen
where the user is looking. This task is typically performed
through a series of transformations using NumPy and
OpenCV tools. To measure fixation duration, the Time
library is additionally used.

The system outputs the coordinates of the gaze
localization point and the duration of the gaze fixation.

Results and discussions

Based on the results presented in [6, 7], it can be

concluded that the highest test accuracy for gaze direction
detection and the lowest loss value are achieved using the
ResNet architecture with 25 training epochs and the
combination of the Swish activation function and the
AdamW optimizer. Under these conditions, the maximum
accuracy approaches 85%, while the minimum loss value
reaches 15.4 %.

Regarding the VGGNet architecture, with 25
training epochs and the combination of the GELU
activation function and the SGD optimizer, the maximum
accuracy also approaches 85 %, with the minimum loss
value at 15.3 %.

The outcome of the conducted research in this
study is an assessment of the adaptation of the trained
neural network model to changes in external parameters,
such as head tilt angle, distance from the camera, and
lighting conditions.

For this purpose, the two aforementioned
models, which provide the best results, are selected and
tested on real images captured under varying

environmental conditions-camera distance and lighting
(Fig. 5). The model evaluation results are presented in
Tables 1, 2.

67

TKC3T, 2026 Nel




ISSN 2413-3833 (Online),

ISSN 1681-4886 (Print)

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

b
Fig. 5. Demonstration of research conditions: a - under good lighting; b - under poor lighting

The first model uses the VGGNet architecture
and has the following parameters:

number of epochs: 25;
number of epochs: 25;
optimizer: SGD;

activation function: GELU;

dataset split: 70 % : 15 % : 15 %. Evaluation results of the VGGNet model based on real

image

Good lighting (300 lumens/m?)

Distance from camera = 30 Distance from camera = 100

Tilt Tilt Tilt Tilt Tilt Tilt

angle=0° | angle=15° | angle=30° | angle=0° | angle=15° | angle=30°
Accuracy, % 0.8151 0.8134 0.7913 0.7818 0.7282 0.7139
Loss value, % 0.1813 0.1884 0.2017 0.1961 0.2184 0.2131
Evaluation time, ¢ 471 464 473 484 467 472
Poor lighting (30 lumens/m?)

Distance from camera = 30 Distance from camera = 100

Tilt Tilt Tilt Tilt Tilt Tilt

angle = angle=15° | angle=30° | angle= angle =15° | angle =30°

0° 0°
Accuracy, % 0.7951 0.7814 0.7847 0.6713 0.6927 0.6876
Loss value, % 0.2004 0.1916 0.1932 0.2532 0.2476 0.2580
Evaluation time, ¢ 481 462 475 468 469 474

The next stage is the evaluation of the model

with the
parameters:

ResNet architecture with the following
Number of epochs: 25;

Batch size: 16;

Optimizer: AdamW;

Activation function: Swish;

Dataset split: 70 % : 15 % : 15 %.

The evaluation results of this model are Evaluation results of the ResNet model based on real
presented in Table 2. images
Good lighting (300 lumens/m?)
Distance from camera = 30 Distance from camera = 100
Tilt Tilt Tilt Tilt Tilt Tilt
angle = angle = 15° angle = 30° angle = angle = 15° angle = 30°
0° 0°
Accuracy, % 0.8380 0.8264 0.8209 0.8063 0.7937 0.7962
Loss value, % 0.1726 0.1791 0.1786 0.1916 0.1986 0.1949
Evaluation time, sec 532 561 568 541 545 559
Poor lighting (30 lumens/m?)
Distance from camera = 30 Distance from camera = 100
Tilt | Tilt | Tilt Tilt | Tilt | Tilt
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angle = angle = 15° angle = 30° angle = angle = 15° angle = 30°
0° 0°
Accuracy, % 0.8184 0.7931 0.7946 0.7631 0.7541 0.7591
Loss value, % 0.1801 0.1935 0.1985 0.2153 0.2236 0.2209
Evaluation time, sec 553 548 561 543 575 550

Summarizing the obtained results, it can be
concluded that the two parameters with the greatest
impact on gaze direction detection quality are lighting and
distance to the camera. Accuracy decreases particularly
sharply when both parameters are suboptimal
simultaneously. The least influential parameter turned out
to be head rotation.

The implementation of these results is carried out
by a separate module within the learning management
system. Based on prolonged gaze fixation, a specific
semantic block (text, image, formulas) that causes the
highest cognitive load is identified (Fig. 6) and therefore
requires more in-depth study.

Fig. 6. Identification of a semantic block (green circle) in the educational content that generates the highest cognitive
load

When prolonged gaze fixation is detected, the
system automatically activates an adaptive scenario,
offering the user additional, targeted information (e.g.,
definitions of terms, simplified explanations, visual
examples) specifically related to the block that caused
difficulty.

C onclusions

The study develops a conceptual model and a
dynamic adaptation algorithm, where the gaze fixation
duration - determined using the proposed ANN - acts as a
trigger for providing supportive materials. Unlike existing
approaches, it responds not to a static user profile but to
the user’s actual psychophysiological state-specifically,
cognitive difficulties during learning.

It was established that a key indicator of
difficulty in understanding material is gaze fixation time,
which significantly exceeds the individual’s baseline
reading pace. When such a deviation is detected, the
mechanism automatically triggers the provision of
targeted supplementary information.

To provide the technological foundation for this
mechanism, a comparative analysis of VGGNet and
ResNet models for gaze direction detection was
conducted. Experimentally, it was demonstrated that the
ResNet model shows higher accuracy and stability under
various conditions (e.g., 0.8380 vs. 0.8151 for ResNet and
VGGNet, respectively, under good lighting and a 30 cm
distance).

Critical factors affecting system reliability were
identified: the greatest drop in gaze detection accuracy
(down to 0.75-0.76 for ResNet) occurs under poor
lighting (below 30 lumens) and increased distance from
the camera (over 1 m). These factors must be considered
when designing real-world inclusive systems.

The proposed approach enables a transition from
static macro-personalization (adaptation based on the type
of impairment) to dynamic micro-personalization
(adaptation to a specific misunderstood term or formula),
significantly enhancing the potential for effective
learning.
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MO/JIEJIb TA AJTOPUTM
HEWPOMEPEKEBOI'O BU3HAUYEHHSI
TPUBAJIOCTI ®IKCAIII MOIJAIY s
JAHAMIYHOI AJANTAIII KOHTEHTY B

IHKJIFO3UBHOMY HABYAHHI

KMYAIbHICMb — QOCHIONCEHHs  3YMOGNeHA — MUM, WO
nepesasicHa OiIbUiCmb ICHYIOYUX [THKIIO3UBHUX OCGIMHIX
mexHonoz2il 3abesneuye uwe 0aszosull  docmyn 00
KOHMEHmMY, ale He 2apaHmye U020 e@eKmueHo20
3ac60€HHA. BoHu 30e6inbui020 NpoNnoHyOmMs CMamuyHy
nepconanizayiro, w0  6azoeana  Ha  3a30a1e2iob
BUSHAYEHOMY HpoQ)ini Kopucmyeéaya (HAnpukiad mun
nopyuwents). OCHOBHULU HeOONIK mMaKo2o Nioxo0y —
«cninomay w000 OUHAMIKU PeanbHO20 HABUANLHO2O
npoyecy. Cucmema He 30amHa po3NIZHAMU, KOAU came
KOPUCTY8a4 CIUKAEMbCA 3 MUMMEGUM KOSHIMUGHUM
NepesanmagiceHHam  abo  mpyOHOWamMu  PO3VMIHHSA
KOHKpemHo2o mepMmina uu ¢popmyau. Lle cmeoproe 6ap'ep,
wo npuzgodumv 00 ¢pycmpayii  yyHa, empamu
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Momugayii ma, sK HACHIOOK, NOBEPXHEB020 3ACEOEHHS
mamepiarny.

Memorwo  pobomu €  po3pobrenHs — ma

OOTPYHMYBAHHA THHOBAYIUHO20 MEeXAHI3MY OUHAMIYHOL

aoanmayii HABYANLHO20 KOHMEHMY, SKUUl peazye Ha
KOZHIMUGHI ~ mMPYOHOW)i — KOPUCMY8AYA 6  PedCUMI
PpeanvHoz2o uacy.

B ocnosi Oocnioocenusn nedxcumv po3pobaeHHs
cucmemu, Wo BUKOPUCTNOBYE MEXHONO2II0 BIOCMENCEeHHS

noensdy (eye-tracking) 0Ons  MoHImopuHey 63aEMOOIL

Kopucmyeaua 3 L;uqbpoeww HA84YdJlbHUM KOHMEHMOM.

Baoicnusum diomempuunum indukamopom € uac Qikcayii

noensdy Ha NeSHUX CeMaHmuyHux Onokax (mekcm,
3006paicenHs, popmyiiL).

Y pobomi enepwie 3anpononoeano mexamizm
aoanmayii, w0 6azoeanuil HA MAaKil — 2inomesi:
mpusanicms Qikcayii nozisidy € 00CMoGIPHUM MAPKePOM
BUHUKHEHH. MPYOHOWI8 I3 PO3YMIHHAM A60 NiO8ULEHO20
KOZHIMUBHO20 — HasawmaoicenHs. 13 OemekmysaHHAM
mpusanoi ¢hikcayii cucmema asMOMAMUYHO AKMUBYE
adanmuenuil  cyeHapiu NPONOHYE  KOPUCTYBAYEs]
0odamkogy, mapeemosany IHGopmayio  (Hanpukiao
BUBHAYEHHA MEPMIHIB, CHPOWEHI NOACHEHHA, BI3VaANbHI
NPUKIaou), w0 CMOCyeEMbCs came moeo ON0Ka, KUl
suruxas mpyonowi. Lleii nioxio dae 3mocy nepeumu 8i0
Makponepconanizayii  (ra  pisni  npoginio) 0o
MiKponepconanizayii  (Ha  piGHI  peanbHO20  uaAcy),
cmeopiouu Oinbul yymuuee ma egexmuene HKIO3UGHe
Haguanvhe cepedosuuye.

Knrouosi  cnosa:  mynvmumooanvui — cucmemu,
acucmu@Hi mexHonoeail, KOHMEKCMHO-3A1eH4CHA
63a€M00is, 00U 3 IHBANIOHICMIO, NePCOHANI308AHI
inmep¢eticu.
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IH(I)OPMAL[II}JIHO—KEPYIO‘{I CUCTEMU HA 3AJIIBHUYHOMY TPAHCIIOPTI
V]IK 656.25:621.311.24 DOI: https://doi.org/10.18664/ikszt.v31i1.357684

3MIM C. O., K.T.H., JIOLEHT,

XICMATYJIIH B. III., k.T.H., ipodecop,

CIPOKJIMH I. M., K.T.H., IOLICHT,

COCYHOB 0. O, k.T.H., 1OIIeHT

(YkpalHChbKHii epKaBHUN YHIBEPCUTET 3aJ1I3HUYHOTO TPAHCIIOPTY)

OniHroBaHHS MOTEHLIATY BIIPOBAKEHHS alIbTEPHATUBHUX JIKEPEN HEprii Ui 3a1i3HUNYHOT
aBTOMAaTHKH B YKpaiHi

Y cmammi posensinymo axmyanvHy HayKo8o-npukiaouy 3a0ayy niOGUWEHHS CMIUKOCMI eleKmMpONnoCmayaHHs.
00’exmie 3ani3HUYHOI asmomamuky YKpainu 6 ymo8ax GOEHHUX Oill, MeXHO2EHHUX 3a2PO3 [ CUCMEMHUX NOPYUIeHb
pobomu yenmpanizosanoi enepeocucmemu. Ilokazano, wo mpaouyitina mMooens eapaHmosaHo2o eleKmponoCmaianHs
npucmpois cuenanizayii, yenmpanizayii ma onoxysauns (CL[E), nobydosana Ha 0B0NPOMEHEBOMY IHCUBNEHHI BIO
B06HIWHIX Mepedic i3 pe3ep8ySaHHAM OU3ENb-2eHEPAMOPHUMU  azpe2amami, Gopmanvro eionogioae eumozam 1
Kamezopii HadIUHOCMI, 0OHAK HA NPAKMUYI BUABITIAE 0OMeNCEeHY 30amHICIb U000 QYHKYIOHYBAHHS 8 YMOBAX MPUBATUX
MACOBUX BIOKNIIOUEHb eleKmpOeHep2ii ma NOpyUuleHH s 102ICMUKY NAlbHOZ2O0.

Obrpynmosano HeoOXiOHicmb nepexody 6i0 napaduemu HadiHocmi 00 napaduemu cmitikocmi (resilience), sxa
nepedbauac 30amuicms 06 ’ekmie CL[b 36epicamu npaye30amHicmes 8 a8MOHOMHOMY DPENCUMI NPOMAZOM MPUBALO20
yacy ma weuoKo GiOHOGII08AMU (DYHKYIOHY8AHH RICAS 306HIWHIX 6NAUGI6. K OCHOBHULL IHCMPYMEHM MAaAKo2o
nepexooy po32NAHYMO BNPOBAOIICEHHS OCYEeHMPANi308aHUX 2IOPUOHUX CcUCeM eHep203a0e3neyentss HA OCHO8I
BIOHOBIIOBAHUX Odicepell eHepeii 3 BUKOPUCIAHHAM (DOMOETeKMPUYHUX CMAHYIN, MAalux GimpoeHepeemuyHux
YCMAHOBOK I CUCmeMm HAKONUYEHHs eHepeil.

Ilpoananizoeano po3paxyHKosi enekmpuyHi HABAHMANCEHHS NOCMIG eNeKMPUYHOI Yenmpanizayii, GU3HAYEeHO
xXapaxkmep 0a308ux i NIKOGUX PpeJCUMIE CHONCUBAHHA, O MAKONC OOIPYHMOBAHO GUMO2U WOOO0 NOMYIHCHOCHI
iHBEPMOPHO20 0ONAOHAHHS MA EMHOCII AKYMYIAMOPHUX bamapell 0ia 3a0e3nedents: asMmoHOMHOL pooomu npomseom
He meHuwe 48 eo0un. OyineHo COHAYHUIL | GIMPOBULL eHepeMUYHULL NOMEeHYIAn YKpainu 3 ypaxy8aHHAM pe2iOHATbHUX |
Ce30HHUX ocobausocmell, wo 0ano 3moey cghopmysamu ougeperyitlogarni pekomernoayii wooo KoHgizypayii ciopuoHux
cucmem 05l Pi3HUX KLEMAMUYHUX 30H.

Tlokazano doyinbHicms BUKOPUCIAHHS OB0CMOPOHHIX (DOMOENEKMPUYHUX MOOYILIE HA OCHO8I mexHo02ii N-type
TOPCon i3 Tonmogorw apximekmyporw 3 €OHAHHsL eJleMeHmis, Ki 3abe3neuyroms nioguyeHy eqheKmusHicms Y 3UMOBUTL
nepiod, Kpawjy pobomy 3a ymo8 C1aOK020 OCEIMJIeHHS ma RIOSUujeHy CMIUKicmb 00 GiOPAYIUHUX HABAHMAICEHD,
XapaxkmepHux Oasi 3aNi3HUYHOI IH@pacmpyKkmypu. 3anponoHoeana mMemoouxa 0ac 3mMo2y NiOGUWUMU eHepeemuyHy
agmonomuicmov 00 ‘ekmie CLIB, 3nuzumu excniyamayituni eumpamu i 3a6e3neuumu 000amKo8Ull eKo102iuHUlL ehekm 3a
PAXYHOK CKOPOUEHHS BUKUOIB 8Y2NIeKUCT020 2a3).

Knrouosi cnoea: 3aniznuuna agmomamuxa, erekmponocmayants 1 kamezopii, 8i0noem06ani Odcepena enepeii,
domoenekmpuuni cmanyii, simpoenepeemuyti YCMaHOBKY, CUCeMU HAKONUYeHHs enepeil, 2ibpudHi eHepeocucmenmit,
CMIUKICmyb KpumuuHoi ingppacmpykmypu.

MepexiJi BiX KOHIEMIIi HATIHHOCTI A0 MapagurMu
Beryn CTIMKOCTI (resilience) uepes BIIPOBA/IKCHHS
CyuacHa  samisumusa  inpactpykrypa  Ykpaimm ACUEHTpaIizoBannx jpkepen [1-3, 7].
(YHKIIOHYe B yMOBax OC3MpEICICHTHHX BHKIIUKIB, )
CHPUYMHEHHX  LIECHpSIMOBAHMMM  aTakaMu  Ha [IpakTiuHe 3aBmaHHs TMoJsirae B 3a0e3nedueHHi

cHepreTwuni 00'ekti. TpamuuiiiHa Moxenp kupienHs —TapaHTosamoi - aproHomuocti cmetem  CLB sk

moctiB enektpuyHoi nentparizamii (ELL), mo crmpaerses

¢dynmamenTy Oe3nekn pyxy moizaiB. MojepHizamist gyepes
IHTErpamnito COHsYHOI TeHepamii Ta CHCTEeM HaKOIMYCHHS

Ha  [EHTPai30BaHy  MEPEKy,  IPOJECMOHCTpYyBaa :
KPUTHYHY Bpa3lMBICTh Yepe3 OJJHOYACHE 3HECTPYMIICHHS (BESS? nae 3Mmory 06’€K.TaM 30epiraTu
060x HesanexHux Qigepis. IlepeTBopeHHs ausenp- — PYHKUIOHAIBHICTL HABITH y PEKUMI «EHEPIETHYHOrO
reHepatopauM arperatom (JII'A) eneprii Ha ocHoBHe  OCTPOBa». .

JDKEPEII0 CTBOPIOE JIOTICTHYHI PU3UKHU IIIOJI0 ITOCTaYaHHS L .HP“H““IT _‘byHKHlOHyBaHHﬂ Ta
NMaTBHOTO Ta JEMAacKye pPOSTAIIYBAHHS OO'eKTip wepes KATeropmsamis  magiiiocti  esekTpomocradanus
TeroBMH 1 mymoBuit ciin. HeoOXignum € HeraiHuii npucrpois ClIb

© 3MIM C. O., XICMATYVYJIIH B. I1I., CIPOKJIH 1. M., COCYHOB 0. 0., 2026
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CucreMu CUTHaIi3alil, [EHTpaTi3amii Ta
6nokysannust (CLIb) € ¢ynmamentom Oesrexu pyxy Ha
3aJi3HMYHOMY TpaHcnopti. besnepeOiiinHa Ta KopekTHa

pobora 0Oe3mocepeHhO BIUIMBAE HAa  3aroOiraHHsS
aBapiiHIM  cuTyamisM, 3a0e3Ne4YeHHs BCTAHOBJICHOI
MIPOIYCKHOI ~ CIIPOMOXKHOCTI  JTUTBHUITh 1 BUKOHAHHS

rpadika pyxy moi3miB. 3BakalouW Ha 1€, HOPMATHBHI
JIOKYMEHTH YKpaiHH BCTaHOBIIOIOTh HAaWBHUILI BHMOTH
IIO/I0 HAAIHHOCTI  EJIEKTPOIIOCTaYaHHS I[HX CHCTEM.
JletayibHI BHUMOTH IIOAO €JEKTPOIOCTAYaHHs MPHUCTPOIB
CLb KOHKpeTH30BaHi B Tally3eBHX IHCTPYKIISX, 30KpeMa
«[HCTPYKIIT 3 TEXHIYHOTO OOCIYrOBYBaHHS 1 PEMOHTY
MIPUCTPOIB  €JIEKTPONOCTAYaHHsI CHUCTEM CHTHaJIi3alii,
nenrpamzauii Ta osoxysanns (CLB)» LIE-0033. 3a mumun
JIOKyMEHTaMH Ta  3arajbHOJCP)KaBHUMH  HOpPMaMH,
npuctpoi CLIb HanexaTh 10 CIOXHMBadiB EJICKTPUYHOI
eneprii | kareropii naxiitnocri. Lle o3na4ae, mo nepepsa
B IXHBOMY €JIEKTPOIIOCTAauYaHHI MOMKE MPU3BECTH [0
3arpo3u KHUTTIO JIIOJICH, 3HAUHUX MaTepialibHUX 30UTKIB 1
MOPYIICHHS (YHKI[IOHYBaHHS KPUTHUYHOT
iHppacTpyKTypu JnepxkaBu. bimbmr  TOro, HAWOUIBII
BiAMOBINAJIbHI 00'€KTH, TaKi sk octu EIl Ha cTaHmisx i3
KUTBKICTIO CTpUTOK mmoHan 30, a TaKkoX JUCIIETYCPCHKi
LIEHTPHU, BHAlIEHI B ocobimBy rpymy | kareropii. [lms
TaKWUX CIIO’)KUBAYiB HEOOXITHO 3a0e3neunTn Oe3nepediiine
KHMBJICHHS B1Jl TPhOX HE3AJIC)KHUX B3aEMHO PE3EPBOBAHUX
Jokepen. JlBa 3 HHUX € 3OBHIMIHIMH JDKEpEJaMH
(pinepamn), a TpeTe — MiCIIEBUM aBTOHOMHHUM J[KEPEIIOM,
3a3Buuaii LA [4-6].

Otxe, yes apxiTeKTypa CHUCTEMH
enextpoxusiaeHHs CIb mnoOymoBana 3a mnpuHIMIIOM
rMOOKOT0 pe3epByBaHHS JIsl MiHIMi3awii HMOBipHOCTI
3HECTPYMJICHHSI. Bynp-sixa MOJIepHi3aiis qn
BIIPOBA/DKCHHS HOBHMX TEXHOJIOTIM MaloTh HE MPOCTO
BIJNOBiaTH UM BHMOTaM, a ¥ IIOCWJIIOBATH iX,
0co0JIMBO B yMOBaX HOBHX 3arpo3, 110 He OyJH MOBHOIO
MIpOI0O BpaxoBaHi MiJi Yac pO3poOJIEHHS YHHHOI
HOpPMaTHBHOI 0a3u.

2. ApxiTeKkTypa THIIOBOL
nocrta EI

CranmapTHa cxema eJIeKTPOIIOCTaYaHHs IIPUCTPOIB
CIIb wma 3amisHumsx YkpaiHH € 0araropiBHEBOIO
CHCTEMOIO, PO3pobIEHOI0 JUTISt 3abe3redeHHs
MaKCHMAallbHOI HAQMIWHOCTI BIAMOBIAHO 1O BHMOT [
kareropii. BoHa BKIIOWae TpU OCHOBHI CIICIOHHU
JKMBJICHHS: OCHOBHUM, pe3epBHUIA, aBapiitHUH.

CXeMH JKHBJICHHSA

OcHOBHe SKHBJIEHHSI pPCATi30BaHO 3a CXEMOKO
JIBOIIPOMCHEBOT'O JKUBJICHHS BiJ] MIOHAWMEHIIE BOX
HE3aJICKHUX JDKEpei. 3a3BUYall Iie 1B BHCOKOBOIBTHI
nositpstHi  sinii (IIJI) mampyroro 10 kB (y nmesxux
Bumaakax 35 kB), M0 MPOXOmATh y3MOBXK 3aITi3HUIHHUX
komiid. Li miHii MarOTh MBOOIYHE JKUBJICHHS B Pi3HHUX
MACTAHINH, 10  3HIKYE  WMOBIPHICTH  IXHBOTO
OJTHOYACHOTO 3HECTPYMIJICHHS. Ha elekTpudikoBaHUX
nimpHUIEX kuBieHHs I1JI CIIb 3a3Buuail 3milicHIOBaHE
BiJl TATOBUX ITiJICTAHIIIH, a HA HECIEKTPU(DIKOBAHUX — Bif
MIJCTAHII pErioHaIbHIX EHEProcucTeM abo IHIINX
BigomctB. Ha mocrax EIl nanpyry 10 kB 3umxkyrors no

pobounx  pieiB  (380/220 B) 3a  momomororo
TpaHcopmaropuux migctaHmid. IlepemukanHs M
JIBOMa OCHOBHUMH (pizepaMu BifOyBa€eThCsl aBTOMATHIHO
3a JIONOMOT'0I0 TIPHCTPOiB aBTOMaTHYHOTO BBOJY PE3EPBY
(ABP).

Pe3epBHe :KuMBJIeHHSI 3a0€3MEUYCHO aBTOHOMHHM
JOKEPEJIOM, SIKe BBOJSTH y IO y BUNAJKy 3HUKHCHHS
Hampyrn Ha 000X ocHOBHHUX @inepax. CraHmapTHUM
PIIICHHSAM JUIS IIOTO € JAN3ENb-TeHEPATOPHUM arperar i3
CHUCTEMOI0  aBTOMATHMYHOTO  3amycKy. KpuTHYHOIO
BUMOT'OIO € 3a0€3NeUeHHs 3aracy IalbHOTO, KU Mae
rapanTyBatn OesnepepBHy pobory JI'A  mpotsirom
IIOHAaMEHIIIE JIBOX Ji0.

ABapiiliHe JKHMBJIEHHSl € OCTaHHIM IIOpPOTrOM
3aXHCTY i MIpHU3HauCHE JUISt 3a0e3reueHHs
6e3mnepediiiHocti podotn mpuctpois CLIb Ha KopoTkmi
MIPOMDXKOK 4acy, HEOOXIIMHMH /sl MEepeMUKaHHS MiX
¢inepamu abo 3amycKy Ta BUXOLY Ha POOOYMH pexHUM
JT'A. Iio ¢yHKIiIo BUKOHYE akymyJisiTopHa Oatapes
(AB), sixa mocTiiiHO 3HAXOIUTHCS B Oy(epHOMY pesKHMI.
Bona murreBo Oepe Ha cebe HaBaHTaXXCHHS 3a Oy/Ib-
SIKOTO 3HMKHEHHSI HAlpyrd 3MIHHOTO CTPYMY, KHUBJISTYH
HAWOIMBII ~ BIMMOBiNANBHI KOJa  (peneiiHi  cxemw,
amaparypy KepyBaHHs) uepe3 mneperBoptoBaui DC/AC.
Haifyacrime BHKOPHCTOBYIOTH CTaliOHApHI KHCIOTHI
AKyMYJISITOPH.

Orxe, IicHyroua apxiTeKTypa € KJIACHYHOIO
CXEMOIO  TrapaHTOBAaHOTO  JKMBJCHHS, 10  Jjo0pe
3apeKoMeHIyBajla cebe B yMoBax cTaOUIbHOI podoTH
LeHTpali30BaHoi eneprocucteMu. OaHak ii eheKTHBHICTH
CYTTEBO 3aJIEKHUTh Bif TIOLIKO/KCHHS
SHeproiHppacTpyKTypH, HaAIHHOCTI 30BHILIHIX JDKEpE 1
norictuku naneHOTO My1st JICA.

3. Po3paxynkosi HABAHTAKCHHS Ta
eHeprocno:xuBanHs noctis ELT
EneprocnoxxnBanus rnocra CJICKTPUYHOT

LEHTPAITI3aIlli € KOMIUICKCHUM 1 CKJIAJa€ThCs 3 MEKITBKOX
BRXUIMBUX KOMIIOHCHTIB, IO MAalOTh PI3HUHA PEKUM
pobortu.

CkiazioBi HaBaHTaKeHHs nocta ELT;

1. Pencitna amapaTypa Ta cxeMu KepysaHHs. Lle
ocHoBa rnepeBakHO1 OibmocTi cuctem CLB, 1mo npatoe
B OesnepepBHOMY pexknmi. HaBanTakeHHS BiJ peneiHux
CTaTHBIB € BITHOCHO CTaOUTPHHM 1 CKIQJa€ 3HAYHY
YacTHHY 0a30BOT0 €HEPrOCIIOKHMBAHHS MIOCTA.

2. Crpinouni enexkrponpuBoan. lle HaiOinbIm
MOTYXHi, aJe KOPOTKOYAacHO TIPALOI0Yi CITOKHMBAYI.
[lepeBenennst omHi€T CTPUIKKA TPUBAE KiIbKA CEKyHJI, aje
B MOMEHTHM TIKOBOi MaHEBpPOBOi poOOTH  MOXe
BiZI0OyBaTHCSl OIHOYACHE TIEPEBEACHHS KUIBKOX CTPLIOK.
TuroBuit  €IEKTPOABUTYH  CTPUIOYHOTO  TEPEBOY,
nanpukiag MCII-0,25, mae HOMIHAIBHY TOTYXHICTH 250
Br, ane #oro myckoBi CTpyMH 3HA4YHO BHIIII.
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3. Peiikosi xona. Crcremu KOHTPOJIIO BUTBHOCTI
IUISTHOK  KOJIi, $IKi CHOXHBAIOTh CEHEPrif0 IMOCTIHHO.
[ToTyXHICTHh OJHOTO pPEHKOBOTO KOJIA € HEBEIHKOIO
(bimzpko 11 Br), ame ma cranmii ix MOXyTb Oytn
JICCATKH.

4. Ceitnoopu. CHOXUBaHHS 3aJCKUTh Bif
TUIy JlaMn (JIaMIM PO3KAPIOBAHHS YM CBITJIOMIOAHI) 1
CHUTHAIBHOTO TMOKa3aHHA. CBITIOHIONHI CBITIOPOPH €
3HAYHO OiJIbII eHeproe(h)eKTHBHUMH.

5. JlomoMixkHi CHUCTEMH. OcBiTICHHS
npuMinieHs mnocta Ell, omaneHHs (y 3UMOBHIl mepion),

BEHTWIALIS, amapaTypa 3B'I3Ky Ta poOoul wmicus
HIEPCOHAILY.
Jast TIPUKIIATY HaBeJIeMO OpiEHTOBHHH

PO3paxyHOK HaBaHTXEHHS i1 TUnoBoro mocra EIl
Manoi cranmii (mo 15 crpinok). 3aranpHe Oa3oBe
HaBaHTaKEeHHS (pejie, peiiKoBi Kojia, YeproBe OCBITICHHS)
MOXXHa omiHuth B Mexax 1.5-2.0 xBt. Ilikose
HaBaHTAKEHHS! BUHHUKAE IIiJ] Yac MEepEeBEACHHs CTPIOK. 3
OJTHOYAaCHMM  TIEPEBEICHHSM  JIBOX-TPHOX  CTPLIOK
(motyxuicte aBuryna 250-600 Br, 3 ypaxyBaHHAM
ITyCKOBHX CTPYMIB ITiIKOBa IOTYXHICTh MOXe csiraTh 1-1.5
kBr Ha mpuBOA) 3araybHa  MOTYXKHICTH — MOXKeE
KopoTkoyacHo 3poctatH a0 5-7 kBt. Cepennpomoboe
CHOXKMBAHHS Takoro o00'ekTa 3 ypaxyBaHHSAM poOOTH
JIOTIOMIDKHUX CHCTEM OI[iHIOIOTh y miama3oHi 40-60
kBr-ron. Lli po3paxyHKOBI J1aHi € OCHOBOIO JJIsI BHOOPY
notyxHocti pezepHoro /I['A, a B HamoMmy BHITAQIKy —
JUTST  BU3HAYCHHS HEOOXiTHOI TOTYXKHOCTI COHSYHOT
CJICKTPOCTAHII Ta €MHOCTI CHCTEMH HAKOIMYCHHS
eHeprii.

4. BpaszauBocTi IOTOYHOI WEHTPANTiI30BaHOI
MO/IeJIi B YMOBaX BOCHHUX JIill i TEXHOT€HHUX PU3HKIB

Icnytoua cucrema enexrpornocrayanusi CLIb,
po3pobieHa B  yMOBaxX BITHOCHO CTaOUTPHOI Ta
nepetoadyBaHoi poOOTH HAIiOHAIBHOI E€HEPrOCHUCTEMH,
MIPOJIEMOHCTPYBaja HU3KY KPUTHYHHX BPa3JIMBOCTEH B
yMoOBax MTOBHOMACIITaOHMX BOEHHHX .
[inecnipsiMoBaHi aTtaky Ha €HEPreTUUHy iH(pacTpyKTypy
Vkpainm  BusBHAM  (yHAAMEHTAJIbHY  CJIAOKIiCTh
LEHTPATi30BaHO] MOJIEIII.

I3 JIIOTOI'0 2022 POKY €HEpreTu4Ha
iHppacTpyKTypa,  30KpemMa  Ta, IO  HAJIEKHUTh
AT «YKp3asizHULSD), CTala MULTI0 CUCTEMAaTHYHHUX aTak.
3adikcoBano umcnenHi yaapu 1o o0'ekrax y CyMChKii,
[MonraBcekii, /JlHimpomerpoBchKid, XapKiBCbKiH —Ta
iHmmx  obmactsax. 3a  3BiTom CBiTOBOro  0aHKy,
TPAaHCIIOPTHUI CEKTOp YKpaiHM 3a3HaB KOJOCAIBHUX
30MTKIB, a 3ali3HMYHA IHPPACTPYKTypa CTAaHOBUTH
3HauHy iXHI0O dYacTuHy. ILli araku mNpHU3BOIATH [0
MacIITaOHUX i JIOBrOTPUBAITUX BIIKIIFOYEHD
CJIEKTPOCHEPTii, 0 Oe3MOCepeIHhO BILTUBAE HA POOOTY
CIIb. OcHoBHa mpoOieMa TOJSITaE B TOMY, IO OOWIBA
He3aJIeXKHI QimepH, Bif sIKUX KHUBIAThCS mocty ELl, gacto
MAKII0YEH] 0 MiJCTaHLii, 10 BXOATH JO €IUHOI
perionanpHOl  eHeprocuctemMu. CucremMHa araka Ha
TOJIOBHI BY3JIM M€l cUcTeMH (T€HEepyIodi IOTY)KHOCTI,

MaricTpajibHi MiJCTAHI]) TPU3BOAUTH IO OJHOYACHOTO
3HECTPYMJICHHS 000X (iJiepiB Ha HEBU3HAYCHUI TEPMiH.

VY Takux ymoBax €IMHHUM JUKEPEIOM >KUBIICHHS
crae JII'A. lle kapauHAIBPHO 3MIHIOE WOTO pONb. [3
PE3EepBHOTO JDKEpENa, 10 NpAIioe KijbKa TOJUH Ha PiK,
BiH TIEPETBOPIOETHCS HA OCHOBHE JDKEPENO, IO Mae
IIpaIfoBaTH B Oe3MepepBHOMY PEKHMI JTHIMH, a 1HOAI U
TKHAMH. Lle mopo/pKye Kackaa HOBUX PU3HKIB.

Bunukae xputHyHa 1moTpeda B PEryiIsIpHOMY Ta
Oe3nepeOiifHOMY MOCTa4aHHI AU3EIBHOTO MAJIBHOTO, 10 B
yMoBax OOMOBHX JiH, IOIIKO/PKEHUX JOpir i aedinury
rajuBa CTa€ HAACKIAJHUM 3aBJaHHsAM. Pobora B
Oe3repepBHOMY PEXNMI 3HAYHO MPUCKOPIOE 3HOC AU3EITb-
reHeparopa, 30i/IbIrye WMOBIPHICTh TEXHIYHHX BIMOB i
motpedye 3HA4YHO YacTiloro TEXHIYHOT'O
oOciryroByBaHHs. BapricTh enekrpoeneprii, BUpoOieHOl
JTI'A, y pa3u mepeBHIlye BapTICTb MEPEKEBOI, IO
MIPU3BOJUTE JI0 3HAYHOTO 3POCTaHHS EKCILTyaTalliiHuX
Butpar. Pobora JI['’A Takox CTBOPIOE IIyM i TEIUIOBHH
CIiJI, IO MOJKE JEMacKyBaTH pPO3TAllyBaHHS KPHUTHYHO
Ba)XKJIMBHX 00'€KTIB IHYPACTPYKTYPH.

Otxe, BUHHKIA (YHIAMEHTAIbHA CYICPEYHICTH
MK HOPMATHBHOI) BHMOTOK MIOAO  aOCOJFOTHOI
HaxiitHOCTI kuBieHHs CIIb 1 mpakTHYHOIO Bpas3IHBICTIO

[EHTPAII30BaHOI ~ MOJAEMI,  SKa  CIHUPAEThCI  Ha
cTaOiIbHICT,  30BHIIIHBOI  CHEPrOCHCTEMH. ICHyroua
cucteMa, 1m0 (OpPMaTbHO BIANOBINAE CTaHIApTaM,

PO3pOOIICHNM IS MUPHOTO Yacy, Ha MPAaKTHUIIl BUSBUIIACS
KPHUXKOIO IIepe/i cydacHUMH TiOpuaHumu 3arpo3amu. Lle
norpedye  Iepexoxy  BiJ TapagurMH  HaJAIHHOCTI
(3maTHOCTI mparroBati 6e3 3001B y cTaOUIPHMX yMOBax)
JI0 TIApaJurMH  CTIHKOCTI (3IATHOCTI BHUTPUMYBATH
30BHINHI  IIOKH, 30epiratd  (YHKIIOHAIBHICTH B
ABTOHOMHOMY PEXHMi Ta IIBHJIKO BIJHOBIIOBATHCH).
BripoBapkeHHST  eIEHTpaTi30BaHUX JDKEpENT eHeprii €
Ba)KJIMBUM KPOKOM Ha L[bOMY IILIAXY.

5. OuiHIOBaHHA TOTEHLIANYy  BIPOBAKCHHS
aNbTepHATUBHUX JOKepen eHeprii aust oO'ektiB AT
«YKp3aJi3HULID)

[epexin JI0 JIeIEHTPaJIi30BaHO1 MoJieni
eneprozabesnedeHns 00'extiB CLIb notpebye perenbHOrO
OLIHIOBaHHS IOTEHLIANy JOCTYIHHX BiJIHOBIIOBAaHUX
okepen  eneprii (BIAE) w©a Tepuropii  Ykpainu.
OCHOBHHMMH TEXHOJIOTISIMH, IO PO3TIISAJAI0Th, € COHIYHA
Ta BITPOBA €HEPIeTHKa, KOJKHA 3 SIKUX MAa€ CBOI IlepeBaru
Ta 0OMEXEHHsI B KOHTEKCTI 3aCTOCYBaHHS Ha 3aJ1i3HUYHINA

THPPACTPYKTYPI.

IMoTeHuian cCOHTYHOI CHEPTreTHKHI

VYkpaina Mae CpUATINBI KJIIMaTU4HI YMOBH JUIS
PO3BUTKY COHSYHOI EHEpPreTHKH. 3a MaHUMHU «ATiacy
SHEepPreTUYHOr0 IOTEHIIAly BiJHOBIIOBAHUX JDKEpel
eHeprii YkpaiHu», ceperHbOpiYHA KUIBKICTH CyMapHOI
COHSYHOI  pajmiamii, IO HagXoauTh Ha 1 ™2
TOPH30HTANFHOI ~ TOBEpxHi, craHoButh Bim 1070
kBT'rog/M? y miBHiYHEX oOmactax mo moHanm 1400
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kBr-ron/m? Ha miBaHI KpaiHm, 30kpema B Kpumy Ta Ha
y306epexcksax Hoproro i AzoBcekoro Mopis (puc. 1) [8].

200 == JlbBiB
== Kuni
Xapkis
150 == [1HiNpo
== QOpeca
m=  XepCcoH
100
50
0
R & L K 0 2 < K 0 K e K
R & g «@ ? & & @ & P &
N & 3 & & @ $ <
9 R T I Y S R & @
Micsaub
Puc. 1. Cepenpomicsiana reHepartist eleKTpoeHeprii 3 1 M? COHSYHUX TaHenen
Hnst o0'exTiB 3ami3HWYHOI iH(PACTPYKTypH, SIKI — HAWOUIBII MIEPCIEKTUBHOIO Ta YHIBEpCAIBHOIO

PIBHOMIPHO pO3MOiNeHI 10 BCiil Tepuropii Kpainu,
BOXJIMBO AaHANI3yBaTH HE JMIIEC 3arajbHOpiuHi, a M
Ce30HHI Ta J00OBI KOJMBAHHSA COHSYHOI 1HCOJISII.
Hanpuknan, g nentpanbHux perioHiB (M.  Kwui)
cepenHbO1000Ba CyMapHa COHsIYHA pajiialis BapiloeThes
Bin MiHIManpHUX 3HaYeHBb 0.86-1.07 kBT rom/M? y rpynHi-
ciuni 1o MakcumaibHux 5.31-5.34 xkBt:rog/mM? y uepBHi-
yunHi. [le TOKa3HWK, TaKOXX BIOMHH SK KUIBKICTh
MIKOBUX COHSYHUX TOJMH, € OCHOBHHM JUISi PO3PaXyHKY
noreHuiitHoi reHepanii poroenekrprunoi cranmnii (PEC).
Ce30oHHA HEpPIBHOMIPHICTh € T'OJIOBHUM BHKJIMKOM, SIKMA
HEOOXi/THO BPaxoBYBaTW ISl MPOEKTYBAHHS TiOPHIHUX
CHCTEM, OCKUIBKH 3MMOBA T'eHepallis MoXe OyTH B I’ STh-
LICTh Pa3iB HIDKYOIO 32 JITHIO.

BaxsmBoro nepesaroto st posmimenas PEC na
o0'ektax AT «VYKp3adi3HUI» € HAsBHICTh 3HAYHUX
MTOTSHIIITHUX TLTOM. [Toctu EIl, BOK3aJIH,
aJMiHICTPATUBHI Ta TEXHIYHI CIIOPYIH MAIOTh JTaXH, SKi
MOXXYTb OYTH BHKOPHCTaHI JUTSI BCTAHOBJICHHS COHSYHHUX
MaHesnen.

Ha GaraTthox CTaHISAX € BUIbHI 36MENbHI IIISHKH,
npuaatHi i po3MimieHHs HazeMHux ®EC. 3anizanuni
KOJIiT MaloTh IIMPOKI CMYTH BIJBEICHHS, SIKI MOXYTh
OyTH BHKOpHCTaHI JUI BCTAHOBJICHHSI COHSYHUX MaHeTIeH
Y3AOBX KOJNiM, II0 € TEepPCIeKTHBHOIO CBITOBOIO
MIPAKTHKOIO.

VYpaxoByrour BHCOKHI IOTEHINa)l iHCOJAIMII Ta
HAsSBHICTh MPHUIATHUX IUIONI, COHSYHA CHEPIreTHKA €

TEXHOJIOTIEI0 JUI JICUEHTpali3alii >KUBJICHHS O00'€KTIB
CLb no Bciit TepuTopii Ykpainu.

Ha CBHOTOJTHI cBiTOBa (oroenexkTpuuna
IIPOMHCIIOBICTh TIEPEHIIIIA JI0 MacOBOrO BUpOOHHITBA N-
TUI EJIEMEHTIB, IO IOCTYNOBO BHTICHSIOTH 3acTapiiy
texHosyorito P-type PERC.

PERC (Passivated Emitter and Rear Cell)
TpUBanuii yac Oyia CTaHAAapTOM 3aBASKH HHU3BKIM IiHI.
Ipore ii edekruBHiCTH oOMexeHa 23-24 %, a manemi
MAaIOTh BHIMHA piBeHb ImopivHoi nerpamarii (0.6-0.8 %) i
YyTJIUBICTH JI0 CBITJIOIHIyKOBaHoi Aerpanauii (LID).

Texnosoriss TOPCon (Tunnel Oxide Passivated
Contact) € minepom pusKY (01m36K0 70 % BUpOOHUITBA Y
2024 poui). BukopucToBye yIbTPaTOHKHN IIAp OKCHIY
JUIs 3MEHIICHHsT BTPAaT Ha PEKOMOIHAIII0 EJEKTPOHIB.
KK/ cepiitnnx wmonyniB csirae  24-25 %, kpammid
temnepatypanii  koedimient (-0.30  %/°C), Bummit
MMOKAa3HUK JBOCTOPOHHOCTI (85 %), IO KPUTHUYHO st
BIIOBJTFOBaHHS BijgouToro ceitia [9—11].

Texuomoriss HIT (Heterojunction Technology)
MO€AHY€E  KpUCTANiYHMH 1 amopdHui  KpeMmHil,
3a0e3neuyroun HaliBunly edekTuBHICT (326 %) i
Halikpamnty po6oty 3a Bucokux temmeparyp (-0.24 %/°C).
IIpore Buma Bapricte (+15-25 %) 1 cxiaaHIicTh
BUPOOHMIITBA TOKM OOMEXYIOTh 1i BHKOPHCTaHHS
MIpeMiajIbHIMH POEKTaMH.
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Shingled (roHTOoBe 3'eHAHHS) TEXHOJOTIS, [€
COHSYHI KOMIpPKM Hapi3aHi CMYyXKaMH Ta 3'€IHaHi
BHAXJIECT 3a JIOMIOMOTOI0 THYYKOTO CTPYMOIIPOBiJHOTO
kineto (ECA). Ile nae 3mory npuOparté MigHi IIMHA
(busbars), 30iTpIIUTH IUIONTy MOTJIMHAHHS CBIiTIA Ta
KapAWHAIGHO  MIABUIMUTH  CTIHKICTH  MOXYJS IO
MEXaHIYHHUX HAIpyT.

IMoTenuian BiTpOBOI eHepreTUKH

BitpoBa eneprernka € ApyruM 3a 3HAUYIIICTIO
nanpsimom BJIE B Ykpaini. 3a «Atmacom», kpaiHa mae
3HaYHUI BITPOBHI MOTEeHIIal, 0c00MBO B
Kapriarcekomy Ta KpumMcbkoMy perionHax, a TakoX Ha
y30epexoksix  YopHoro i A3soBcekkoro MopiB. s
e(eKTUBHOI POOOTH NMPOMHUCIOBHX BITPOEICKTPOCTAHIIN
(BEC) neobxinHa cepeqHbOpiUHA IBHUKICTD BITPY MOHA
5 m/c.

Hns motped >xuBnenHst okpemux o0'extie CLIb
inetbes He mpo Benuki BEC, a mani BiTpoenepreTmdHi
ycranoBku (BEY) moryxwictio 1o 50 kBrt. s ixHBOT
pobOTH JTOCTATHBO CEPETHBOPIYHOI IIBHIKOCTI BITPY
6mm3pko 4.5-5 m/c. Taki ymMOBM HasiBHI Ha 3HA4YHIN
YacTHHI TepuTopii YKpaiHH, OCOOMMBO Ha BIIKPHTHX
JIUITHKaX, XapaKTEePHUX JUTS 3aJII3HUYHHX ITeperoHis [12].

Tabimms 1

TTorenuian BEY

lomoBHOIO TepeBaroro  BiTporeHepamii € i
3MIATHICTh BUPOOJISITH EJIEKTPOCHEPTII0 HE3aJIEHKHO BiJl
yacy J00M, a TaKoXX BHIIA NMPOJYKTHBHICTH B OCIHHBO-
3UMOBUII  Tepiof, KOJIM COHSYHA AaKTUBHICTH €
MiHiManbHOIO (Tabn. 1). Lle cTBOproe moTeHmian JuIst
cHHeprii Ta B3aeMHOI KOMIIGHCamii 3 BHKOPHUCTAHHAM
BITPOBHX 1 COHSYHHMX YCTQHOBOK Y CKJIAAi €IWHOI
riopuaHoi cuctemu.

Opnnak BupoBamkeHHss BEY Ha 06'extax CLIb mae
1 cyrreBi obmexenns. BEY morpelyioTh BinbHOTO
pocTopy  Ta  BiACyTHOCTI  mepemkon  (OymiBenb,
JCOCMYyT), 10 OOMEXy€e IX BHUKOPHUCTAHHS Ha CTaHIIfAX,
pO3TalIOBaHMX y LIUIbHIN 3a0yn0Bi. HasBHICTH pyXxoMux
YacTHH TOTpeOye OLIBII CKIATHOTO Ta PEryJISpPHOTO
TEXHIYHOTO OOCITYTrOBYBaHHS TIOPIBHSIHO 3 COHSYHUMH
na"esMu. Bibparii Bix podotn BEY MoxyTh HeraTnuBHO
BIUIMBAaTH Ha uymmBy amnaparypy CLb Ta xomiiny
iHppacTpykTypy. Poborta BiTporeneparopa CTBOpPIOE
myM, 10 MoXe OyThm mnpoOJeMoro Jiisl PO3MIICHHS
00JIN3Y JKUTIIOBUX 30H.

Perion

Ocinp-3uMa (KOBTEHb-OEpPE3CHB)

Becna-JtiTo (KBiTeHb-BEepeceHb)

[Mpuaopuomop'st / [Iprazos's | CHIIbHI BiTPH)

Jyxe BuCOKMI moTeHLiaN (CTabiIbHI Ta

[MomipHMiA TOTEHTTIaT

Bucokuii  moreniiai

KapmaTcekuii perion repeBajiax i BepInHax)

(ocobmBO  Ha

[MomipHMiA TOTEHTTIaT

Lentpanbhi Ta Cxinni perionu |[TomipHuii moTeHmian

Husbxuii norexmian

6. IlopiBHSIILHUI AaHAJTI3 TeXHOJIOTIH [Jis1
3aJIi3HUYHOI iHpaCTPyKTYpH

Bubip onTuManpHOT TEXHOJOTIT IS IKUBIICHHS
o0'extiB CLIb mae Oytu 0Oa3oBaHmii Ha crenuigHUX
yMoBax iX eKCIUTyaTamil: BHCOKI BHMOTH  IIOJIO
HaJliHOCTI, po3mnoiieHui XapakTep 00'eKTiB,
0OMEKEeHICTh TPOCTOPY Ta HEOOXiIHICTH MiHIMaJIbHOTO
00CITyroByBaHHSI.

CoHsSYHI ~ E€NEKTPOCTaHLil  MarloTh  BHCOKY
HaJAIdHICTP 4Yepe3  BIACYTHICTb PYXOMHX YacTHH,
MiHIMaIbHI BUMOTH IIOJI0 OOCITyroByBaHHS (IepiogudHe
OUMIIEHHS),  OE3MIyMHICTh,  MOIYJBHICTH  (JIETKO
MacmrabyBatu),  rnepeadadyBaHicTh — reHepamii B
KOPOTKOCTPOKOBilf  mepcriektuBi.  [Ipore  Maroth

3aJIeXKHICTH BiJl COHSYHOTO CBiTJIa (BIICYTHICT TeHEpaLii
BHOYI), 3HA4YHy CE30HHY Ta H00OBY HEpPIBHOMIpHICTH

reHepaiii, morpedy y BiTHOCHO BEIHMKHX IUIOIIAX JUTS
BCTAHOBJIEHHS.

AHani3 TOTeHIiady BiJHOBIIOBAHOI EHEPIreTHKU
Uit O0'€KTIB  3ai3HUYHOI  aBTOMATHKH  YKpaiHU
JIEMOHCTPY€ 3HauHy TEPUTOPiaJIbHY HEPIBHOMIPHICTB, 110
00yMOBIIIOE HEOOXIJHICTh IU(PEPEHIIIHOBAHOTO MiIXO0Iy
110710 MPOEKTYBAHHS riopuaHuX cucTeM
eHepro3abesneycHHs. OCHOBHI BiIIMIHHOCTI B TeHeparii
BU3HAUCHI IIUPOTOI0 PO3TAIIYBAHHS, KJIIMATHYHUMHA
0COOJIMBOCTSIMU  PETiOHY Ta CE30HHHUMH KOJMBAHHIMHU
COHSIYHOT 1HCOJISALT.

BirpoenepreriyHi yCTaHOBKM 371aTHI T€HEpyBaTh
CJIEKTPOCHEPTIFO MiJI0A000BO, BUIIIA TCHEPAIlis B 3UMOBHIA
TepioJ], MEHIIA IIoma Oe3Mocepe/IHBO il YCTaHOBKOIO.
[Ipore MaroTh MeHIIy HaAAIHHICT dYepe3 HasBHICTh
MEXaHIYHHUX BY3IiB, moTpedy B perymsapaomy TO, mym i
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BiOpamii, 3aJeXHICTh Big CcTaOUIBHOCTI BITPY, BHIII
BHUMOTH I0JI0 PYHIAMEHTY 1 MOHTAXY.

Ha ocHOBI 1poro mOpiBHSHHS MOXHA 3pOOUTH
BHCHOBOK, III0 ISl TIepeBakHoi OimbmocTi moctiB ELY Ta
iammx 00'exTiB CIIB coHAYHI eNeKTpOoCTaHIlii € OUTBII
JIOLUUTBHUM Ta yHiBepcaJIbHUM 0a30BHUM pimeHHSIM. Boxn
Kpalie BiJIIOBiJAIOTh BHMOTAM IIOMO HAIIHHOCTI Ta
HU3BKHMX €KCIUTyaTalifHUX BUTpaT.

Bomnodac norenmian BJIE B Ykpaini € qoctatHiM,
aje  HCPIBHOMIpHHM, IO  JTUKTYE€  HEOOXITHICTH
pO3pOOJICHHS ~ PETiOHANILHO  aJanToBaHOI  CTparteril
BIIPOBA/DKCHHS. YHiBepcasibHe pimeHHs «Tiapku DEC»
MOXe OyTHM HEONTHMaIbHHM JUIS BCIX PErioHiB.
Hanpuknan, Ha BIZKPUTHX HOUISHKaX Yy MBICHHUX 1
3axiTHUX 00JacTsX, ¢ CTaOUTFHUA BITPOBUI MOTEHINIA,
KOMOIHAIlisl COHSAYHOT Ta BITPOBOI reHepartii Moxe 3Ha4HO
3TIIATUTH CE30HHI Ta J000Bi KonwmBaHHA. Taka TiOpumHa
Momenb, ne OazoBum BJIE € coHsuHi maHemi, a Ha
IUISTHKaX 13 BHCOKHUM BITPOBHM IIOTCHIIIAJIOM BOHHU
noroBHeHi Manmumu  BEY, cTBOproe cuHepreTHdHMiMA
eeKT 1 MiABHINYe 3arajlbHUM KOC]IUIEHT 3aMIICHHS
MEpEXKEeBOi eHeprii, HaOmmKkarodn OO0'€KT 10 MOBHOI
C€HEPreTUYHOI AaBTOHOMHOCTI.

Jns  3abe3rnedeHHs TapaHTOBAHOTO SKUBIICHHS
CTaHIIIHHOI aBTOMATHKU B YKpalHi HaHOUIBII AOITEHUM
€ BHWKOpHUCTaHHs jaBocTopoHHiX (Bifacial) monmyniB nHa
ocuoBi N-type TOPCon 3 apxirekryporo Shingled. Ils
TEXHOJIOTISl JIEMOHCTpY€e HaiKpamy eQeKTUBHICTb B
yMmoBax ciabkoro ociTiieHHs1 (low-light), xapakreproro
JUIs YKpaiHCBKHMX 3UM, TeHepyroud Ha 3-5 % Oinbuie
eHeprii Ha cBiTaHKY 1 B cyrtiHkax nopiBasHO 3 PERC.
3anisHnuHMil 6anact (meOiHb) i CHITOBHH MOKPUB MarOTh
BUCOKHI Koe(imieHT BimOuTTS (anpdeno). J[BocToponHi
TOPCon Momyti 34aTHI BIOBIIOBATH 1€ CBITJIO THJIEHOO
CTOPOHOIO, IO JIA€ JI0JATKOBHI MpupicT rereparii 10 30
% 6e3 30inpmIeHns miomi. Kpim Toro, Tpaaumiiini nanesni
3 MassHUMH OIMHAMU CXMWJIBHI JI0 TIOSIBM MIKpOTPIIIMH B
yMoBax BiOpaii. [OHTOBe 3'€/IHAHHS €JIEMEHTIB 3aBIAKH
CBOIH THYYKOCTI Ta BIJCYTHOCTI JKOPCTKMX IIHMH €
Habarato CTIMKImMM 10 BiOpamifHUX 1 JHHAMIYHAX
HaBaHTaXEHb, IO MiATBEP/PKCHO BHUIPOOYBaHHSIMU Ha
HaiHicT [9-11].

OOrpyHTyBaHHSs Ta OL[iHIOBAHHS
HAWJIOLIJIbLHIIIOT TeXHOJIOTII AJIM 3aBJAaHb 3ai3HUIL

EdexrusHicTh (yHKITIOHYBaHHS MIOCTIB
CJICKTPUYHOI IEHTpaizalii B aBTOHOMHOMY pPEXHMI
BH3HAUCHA CYKYITHUM TOTEHI[IaJIOM COHSYHOI Ta BITPOBOi
eHeprii, 0 MaroTh BUPAKEHY pPErioHalbHy cHenudikxy.
Jlist miBHIYHKMX obOJacTei (yMOBHA cTaHMis Ha 15 cTpiyok
y KwuiBcekiit o6sacti) XapakTepHUM € KpPHUTHYHE

3HIDKCHHSI COHSIYHOI TEHEpallii B3WMKy, IO IOTpeOye

iHTerpanii - BITPOCHEPTETHYHHUX YCTaHOBOK JUIs
OamancyBanHsi cucremu. Ha miBmHi  (XepcoHchka
0o0nacTe) BHCOKHH piBEHb IHCONALII Ja€  3MOTY

MiHIMI3yBaTu 1UIonly (OTOCIEKTPUYHHUX TaHENeH, mpoTe
CTaOUIPHUN  BITPOBMH TOTEHIia] MNpPUOEPEKHUX 30H
pobuth BukopuctanHs BEY eKOHOMIYHO MOUITBHUM ISt
111J10,1000BOTO i A3apsKaHH CUCTEM HaKOTHMYCHHSI.

Po3zpaxyHox BCTaHOBJICHOL MTOTY>KHOCTI
¢doroenexktpuunoi  crannii  (PEC) 0Oa3oBanmii  Ha
HEOOXiTHOCTI OKPUTTSI CEPETHHOIOO0BOTO CITOKUBAHHS

W,aoGa =~ 50 kBt'rox:

ne H. . | — inbKicTh MKOBMX COHSYHHX TOJIMH, IO IS
iHC >

MBHOYI B3UMKY CTaHOBUTH |[~~ 1.0 rom, a Jyisl IiBIHS

~ 15 roj;

H — KoedilieHT KopHucHOI aii cuctemu (R 085)

Po3paxoByroTb  BHPOOITOK  BITpOCHEPreTHYHOI
YCTaHOBKH MOTYXHicTIO 10 50 kBT 32 dopmynoro

P, =05-p-A-v3-C,

ne E — IIUIBHICTB MOBITPSL;
A — ruTonia OMETaHHs POTopa;

Vv — IIBWJAKICTH BITPY, AKa Uil e(ekTHBHOI poOOTH
manux BEY mae cranosutu He meHie 4.5-5 m/c;

Cp — xoeQilieHT BUKOPHUCTAHHS MOTYXHOCTI BITpY
[12].

Po3minyroTe TeHepyloue OOJagHAHHS Ha Iaxy
nocta EIl 1 xpuTmx macaxupcbkux miatdopmax uis
3a0e3meueHHsT  JIEICHTpali3amii Ta  CTIMKOCTI IO
nomko/pkeHb. Ha ymoBHIM cranmii 3 15 crpinkamun
BCTaHOBIIOIOTE ~ 40-45  (hOoTOENEKTPUYHUX  MOIYIIB
Bifacial Tuiy, mo nmaroTh 3MOry BIIOBIIIOBATH BiJOuTe
cBITIIO Big mmicOeHrO Ta cHIry, momatounm g0 30 %
renepanii. Mary BEY BepTukaipHOrO THIIY MOHTYIOTH Ha
TEXHIYHHX IIOTIax abo Kpasx miaTdopm, ae 3adesrnedeHa
BIJICYTHICTb TIEPELIKO JJIsl BITPOBHX IOTOKIB (pHC. 2).
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Puc. 2. Po3milieHHs anbTepHATUBHUX JPKepelt Ha j1axy mocta E1]

Jist migBuIIeHHS €()EeKTHBHOCTI B YMOBaX MiBHOYI
MIPOIIOHOBAHO BUKOPUCTAHHS CHCTEM p@HOFO CE30HHOr0

PEryIroBaHHA KyTa HaxXWiy naHeen B L[e Ja€ 3Mory

MepCcoHalTy JIBivi Ha pPiK ONTHUMI3yBaTu KyT:

— B3WMKY KyT BCTaHOBJICHMH Ha  piBHI

60 - 650, 1o MaKCI/IMi3y€ IIOINIMHAHHA HH3bKOI'O

COHIISI Ta 3a1100ira€ HAKOIMMYEHHIO CHIrOBOT'O IIOKPHBY;
30 — 35°
MIEPHECHANKYJISIPHOTO MTaAiHHS TPOMEHIB Y 3€HITI.

3MiHIOIOTh KyT enekrpomexanikn CLb 3rimxo 3
perIaMeHTOM TEXHIYHOTO 00CITyrOBYBaHHSI.

— BIITKY KyT 3MiHGHMH Ha JuIs

Jns  neranbHOrO  MOPIBHSUIBHOTO — aHANi3y Ta
PO3poOIIEHHS METONYHUX pexoMeHanii 3
€Hepro3adesrnevyeH st IMOCTIB eIEeKTPUYHOI [eHTpasi3anii
(ELL) Ha 15 cTpinok po3paxoBaHO MapaMeTpH TiOpHIHOT
aBTOHOMHOI CHUCTEMH [UIsi JIeKUIbKOX MicT Ykpainu. B
OCHOBI PO3PaxyHKOBOi MOJEIi JIEKHTh BHUMOTA IOJIO
3a0e3reuyeH s TOBHOT aBTOHOMHOCTI 00'€KTa MpoTsrom 48
TOAMH 32 YMOBHU CEpEHBOI000BOTO €HEProCHOKUBAHHS

W, 06a — 50 «Brrox.

Jnst KO’)KHOTO MicTa BH3HAYEHO CEPEAHBOPIUYHMN

[MOKA3HUK IMKOBHUX COHSYHHX T'OJWH leK Ha OCHOBI

JIAaHUX CHEPreTHYHOro MOTEHIIATY Ta CE30HHMX TpadikiB
reHepanii. BcTaHoBieHy mOTYKHICTh (DOTOCIECKTPUYHOT
W,qoﬁa

HpiK'T]

CTaHII1 pO3paxoBaHo 3a (HOPMYJIIOI0 P(DEC = , e

koedinieHT KopucHOI aii cucremy 1] mpUHHATO HA PiBHI
0.85 s BpaxyBaHHS BTpaT Uil HEPETBOPEHHS Ta

TriepeiaBaHHs eHeprii.

E€wmuicth cucremu HakonmdeHHs eneprii (CHE)
IS BCIX JIOKAIM 3alUIIA€ThCA HE3MIHHOI, OCKUIBKU
BOHA BH3HAYCHA BHKIIIOYHO rpadikoM HaBaHTaKCHHS Ta
BUMOT OO LIO0 aBTOHOMHOCTI:

50-2
CCHE = W = 111.1KBTTOI{, e 0.9 —

JorycTiMa TiuOuHa pospsiny akymyssitopis LiFePO4.

[ToTyxHicTh 1HBEPTOPHOTO OOJIAJHAHHS PiHB BHOpaHO

Ha piBHi 10 kBT mis HamiHHOTO MOKPUTTS IKOBOTO
HAaBaHTXCHHA 7 KBT 3 OIHOYAaCHUM TICPCBEICHHSIM
CTPUIOYHHUX TIPUBOMIB. Pe3ymbraTéi poO3paxyHKy s
Pi3HUX MiCT YKpaiHu 3Be/IeHO /10 Tadr. 2.

A
MeT010J10Tisl PerioHATLHOT0 PO3PAXYHKY
Tabmrs 2
PesynbTaTi po3paxyHKiB JJisi MICT YKpaiHu
MicTo Hyix, TO1/1EHD Pokrc, kBT Ccue, kBT O Pine, kBT Jouiabnicts BEC
JIbBiB 2.95 20.0 111.1 10 Bucoxa — (3umosmit
nedinut)
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Kuis 3.22 18.3 111.1 10 Cepens
(bamancyBaHHS)
XapkiB 3.42 17.2 111.1 10 Cepenna  (sumouii
BiTED)
Juinpo 3.70 15.9 111.1 10 Hwusbka
Bucoxka
Opneca 3.97 14.8 111.1 10 L
(mpubepesxHuii BiTep)
Xepcon 4.13 14.2 111.1 10 Cepemu
(cTaOinbHICTB)
Pesynbratu JIEMOHCTPYIOTh CYTTEBY February 2022 - February 2023 (English).
TEPUTOPIAIbHY HEPIBHOMIPHICTH COHSIYHOTO ITOTEHIIay, Washington, D.C.: World Bank  Group.
oo ToTpedye IuEpeHIIHOBAHOTO TIIXOAY  IIOJO http://documents.worldbank.org/curated/en/099184
MIPOEKTYBAaHHS CHCTEM 3aJII3HUYHOI aBTOMATHKU. Jlyist 503212328877.

MBHIYHAX 1 3axigamx autbHUIG  (JIeBiB, KuiB)
XapaKTEPHUM € KPUTHYHE 3HW)KCHHS 1HCOJISIIIT B 3MIMOBHH
nepiog, moO pobuth BHpoBamkeHHs Manoi BEC
000B's13Kk0BUM eneMeHToM st miarpumkn 3apsay CHE B
YMOBaxX KOPOTKOT'O CBITJIOBOTO JIHSI.

Ha miBmni (Opeca, XepcoH) BUCOKA IHTEHCHBHICTh
COHSYHOI pajiamii Ja€e 3MOTy ONTHMI3yBaTH IUIOIII
po3mimeHHs QoromaHeneii Ha gaxax moctiB  EI,
BHUKOPHCTOBYIOUHM BHBIJIbHEHI IUIOMII KPUTUX IUIATHOPM
JUII BCTAHOBIICHHS NBOCTOpPOHHIX Bifacial momymiB, ski
e(CKTHBHO BJIOBIIOIOTH BiIOWTE CBITIIO Bix mieOeHr0. [is
00'exTiB y Xapkosi Ta JIbBOBI CTpaTETi4HO BAXIUBHM €
3aCTOCYBaHHS CHUCTEM pPYYHOI'O pETYJIIOBaHHS KyTa
HaXWTy MaHeJel, Mo aae 3Mory cuiiamu nepconainy CLIb

JIBiUl Ha PIK 3MIHIOBAaTH KYyT BiJ 350L[0 650, 3HAYHO

MiABUIIYIOYN  e(EKTHBHICTh
CKJIaJ(HI 3UMOBI MICSILIi.

CHUCTeMH Yy HalOiibII

BukopucranHsi HaBeIeHOT METOIMKH JOTOMarae
He JuiIe 3a0e3NeYNTH TapaHTOBaHy CTIMKICTh KPUTHYHOI
iHppactpykrypn AT «Ykp3ani3Huis», a W J0CATTH
3HAQYHOTO _ EKOJIOTIYHOTO e(ekTy dYepe3 CKOPOUCHHS

co,

MOJICPHI30BaHOI CTAHIII.

BUKHJIIB Ha piBHI moHan 11 T/p. I KOXHOI

Cnucok BUKOPHCTAaHHX JIZKepeJl
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Zmii S., Khismatulin V., Sosunov A., Siroklyn I.
Assessment of the potential for implementing
alternative energy sources for railway automation in
Ukraine

Abstract. The article addresses a relevant scientific and
applied problem of enhancing the power supply resilience
of railway signalling and interlocking systems in Ukraine
under conditions of military actions, technogenic threats,
and large-scale disruptions of centralized power grids. It
is shown that the traditional guaranteed power supply
architecture for signalling, centralization, and blocking
(SCB) systems-based on dual-feed external networks with
diesel generator backup-formally complies with Category

1 vreliability requirements but demonstrates limited
practical effectiveness during prolonged blackouts and
fuel supply disruptions.

The necessity of shifting from the classical
reliability paradigm to the resilience paradigm is
substantiated. This paradigm emphasizes the ability of
critical railway automation facilities to maintain
Sfunctionality in autonomous mode for extended periods
and to rapidly recover after external shocks. As a key
technological  solution,  the  implementation  of
decentralized hybrid power supply systems based on
renewable energy sources is considered, combining
photovoltaic power plants, small wind energy converters,
and battery energy storage systems.

The electrical load profiles of electric interlocking
posts are analyzed, including base and peak consumption
modes. Technical requirements for inverter capacity and
battery storage size necessary to ensure at least 48 hours
of autonomous operation are justified. An assessment of
solar and wind energy potential across Ukraine is
performed, taking into account regional and seasonal
variability, which enables the development of region-
specific configurations of hybrid energy systems.

The study demonstrates the feasibility of using
bifacial photovoltaic modules based on N-type TOPCon
technology with shingled cell architecture. These modules
offer improved performance under low-light winter
conditions, higher resistance to vibration loads, and
enhanced energy yield due to reflected radiation from
railway ballast and snow cover. The proposed
methodology increases the energy autonomy of railway
signalling facilities, reduces operational costs, and
provides an additional environmental benefit through the
reduction of carbon dioxide emissions.

Keywords: railway signalling systems; Category I
power supply; renewable energy sources; photovoltaic
power plants;, wind energy systems, battery energy

storage systems, hybrid power systems,; critical
infrastructure resilience.
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Ukrainian State University of Railway Transport

Features of the use of brushless motors in traction rolling stock

Abstract. The review study examines a range of technical, design, and operational features of modern
brushless valve and asynchronous traction electric machines, which are widely used in locomotive construction and
transport electric drives. The object of research is electromagnetic, thermal, and energy processes occurring in
brushless valve and asynchronous traction motors during their operation in traction rolling stock systems. The design
features of brushless traction motors are analyzed, which are characterized by high energy efficiency, increased
specific power, the absence of a mechanical collector, as well as the ability to provide wide ranges of torque and speed
control while minimizing maintenance. The specifics of working processes in valve and asynchronous motors have been
identified, which are determined by the principles of electromagnetic conversion, control methods, and the response of
an electric machine to variable loads. Compare the features of electromagnetic torque formation, commutation, and
thermal modes of these motors in traction systems. Special attention is paid to the issues of regulating the rotation
speed of asynchronous traction motors, which is implemented using frequency converters with scalar, vector, and direct
control methods. The advantages of vector control, which ensures dynamic stability and maximum utilization of the
motor's overload capacity in traction and recuperation modes, have been identified. The structural and technological
features of designing asynchronous traction motors for locomotives have been studied, in particular the requirements
for the magnetic system, rotor strength, cooling systems, and electrical insulation materials. The trends in the
development of modern traction electric machines are summarized, in particular, the introduction of energy-efficient
materials, the expansion of the operating frequency range, the improvement of thermal reliability, and the integration of
the motor with power electronics into single electromechanical modules.

Keywords: brushless traction motor, electric machine, locomotive, traction electric drive, asynchronous motor,
valve motor, converter, energy efficiency.

Relevance of the research topic. transport volumes, it is becoming increasingly important
to optimize traction electric drives, which determine the
The relevance of researching the features of dynamic, energy, and operational properties of rolling
using brushless (valve and asynchronous) traction motors ~ stock [11, 12].
in rail transport is due to the need to improve the energy ] ]
efficiency, reliability, and environmental friendliness of ) An 1mportant t.rend In recent decades has been
rolling stock. Modern transportation requirements are Fhe W1de§pread Integration of semiconductor converters
driven by the need to reduce operating costs, increase  INto traction systems, which has opened up opportunities
maintenance intervals, and ensure stable operation under ~ for the use of various types of electric motors, primarily
high loads. Brushless motors, thanks to the absence of a  Valve and asynchronous motors [13-15]. These two types
commutator-brush assembly, demonstrate improved ©f electric machines are currently considered the
dynamic performance, longer service life, and lower dominant splutlons for locomotlves, §1ectrlc trains,
maintenance costs. Research into their design features, subway. tramns, - trams, and city electric bus.es, and
operating modes, and control methods is important for the ~ ¢omparing th.em 15 a key step 1n the technlcgl and
development of efficient electric traction systems, the  €€ONOmic Justification of the choice of power equipment
modernization of locomotives, and the introduction of (Table 1).
innovative technical solutions in rail transport.

Introduction.

The current development of rail transport is
characterized by increasing demands for energy efficiency
[1-4], reliability [5-7], and environmental friendliness
[8-10] of traction electric drives. In the context of the
transition to intelligent control systems and the growth in

© NERUBATSKYI V. P., 2026
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0
t
Internal switching External switching
With mechanical switching With electronic | Asynchronous Synchronous motors
switching (valve) motors
(collector)
Alternating Direct current Alternating current Direct current
current
Universal; DC commutator | Brushless DC motor; Asynchronous Synchronous motor with
motor with motor with squirrel | excitation winding;
Repulsive different Valve jet motor; cage rotor;
excitation ) Synchronous motor with
windings; Synchronous jet motor | Asynchronous permanent magnets;
with salient pole rotor motor with phase
Permanent rotor Synchronous motor with
magnet DC built-in permanent magnets;
commutator .
motor Synchronous motor with
surface-mounted permanent
magnets;
Hybrid synchronous
jet motor;
Synchronous
jet motor with permanent
magnets;
Synchronous jet motor with
permanent magnets,
reactive-hysteresis;
Stepper motor
Simple Straighteners More complex | Complex electronics
electronics electronics

Valve motors, which operate in conjunction with
inverter commutation and modern control systems,
combine high dynamic characteristics with the absence of
a mechanical commutator, which has traditionally been a
factor in increased wear in classic DC motors [17, 18].
Thanks to their ability to precisely control
electromagnetic torque, these motors are gaining
popularity in areas of rail transport where it is important
to achieve a wide range of speed control and limit energy
losses at low and medium speeds. In addition, the
prospect of using synchronous valve motors with
permanent magnets increases interest in this technology,
as it provides increased specific power and high
efficiency in a compact size [19].

Asynchronous traction motors, on the other hand,
are characterized by their simple design and exceptional
reliability. The absence of a commutator and a simple
squirrel-cage rotor ensure high service life, low

maintenance requirements, and resistance to adverse
operating conditions such as dust, moisture, shock loads,
and temperature fluctuations [20]. Thanks to the
development of frequency converters, vector control, and
direct torque control algorithms, asynchronous motors
have been able to provide traction properties that were
previously only available to DC motors [21]. This has
made them the primary choice in many countries when
modernizing locomotive fleets and designing new high-
speed and freight electric locomotives.

The comparison of valve and asynchronous
motors in the context of rail transport is complex, as it
includes an analysis of energy performance, dynamic
properties, recuperation capabilities, power electronics
reliability, operational suitability, life cycle costs, and
specific applications in various types of traction electric
drives. Another important factor is the impact of the
motor type on the control system, traction control
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functions, smooth start-up, acceleration performance, and
compliance with international standards for energy
efficiency and reduced operating costs [22].

Therefore, research into the characteristics of
valve and asynchronous motors in railway traction rolling
stock is relevant from both a scientific and practical point
of view. It allows determining the optimal technical
solutions for specific operating conditions, formulating
recommendations on the choice of electric drive type for
new and modernized locomotives and electric trains, and
contributes to improving the efficiency of railway
transport in general.

Analysis of recent research and publications.
The paper [23] presents a critical analysis of traction
electric motors for distributed traction systems of high-
speed rail transport, taking into account their design and
electromagnetic characteristics. The main advantages and
disadvantages of different types of motors are considered,
and the limitations of structural modeling of stator
elements and windings are outlined. At the same time, the
study is of a review nature and does not fully take into
account operating modes and dynamic loads in real
operating conditions.

Review work [24] is devoted to a comparative
assessment of the main types of traction motors in terms
of torque density, efficiency, and economic efficiency.
The limitation of the study is its focus only on generalized
integral indicators without taking into account the
specifics of operating modes and operating conditions.

In [25] an overview of current achievements in
the field of brushless synchronous motors is presented,
driven by the need to improve control methods and
eliminate the shortcomings of traditional PI controllers,
which, despite their simplicity, are sensitive to changes in
motor parameters. To improve control efficiency,
particularly taking into account current, voltage, speed,
and torque ripple limitations, modern approaches are
used: predictive control, slip mode control, fuzzy logic,
and reinforcement learning. At the same time, the work
mainly summarizes theoretical results, while the issues of
experimental verification and adaptation of methods to
real operating conditions remain limited.

In the work [26], an improved model of an
asynchronous traction motor was developed, which takes
into account the temporal change in magnetic losses in
steel. The study was performed using mathematical
modeling in MATLAB, the results of which determined
the average values and time diagrams of magnetic losses
in nominal mode with comparison to the motor's passport
data. The limitation of the study is that it considers only
the nominal mode without taking into account transient
and non-nominal modes of operation.

Article [27] provides a comparative analysis of
FOC and DTC control strategies for a permanent magnet

synchronous motor in an automotive drive based on
modeling in MATLAB/Simulink. Their main advantages
and disadvantages in terms of performance are evaluated,
which made it possible to determine the appropriate areas
of application for each method. At the same time, the
results are limited by the conditions of mathematical
modeling, accepted assumptions, and the lack of
experimental verification on a real object.

The materials [28] provide a comprehensive
overview of modern traction motor topologies for railway
transport. Key aspects of their electromagnetic design,
cooling systems (mainly air-cooled) and insulation
systems of classes H and N are considered. A comparison
of different topologies is provided, taking into account
operational requirements, and their main advantages and
disadvantages for different types of rolling stock are
identified. The main trends in the development of traction
motors are also outlined. However, the review is general
in nature and is limited mainly to traditional railway
applications without detailed quantitative analysis and
experimental verification of the results.

The paper [29] presents the results of designing
and manufacturing a basic linear asynchronous motor for
traction applications. The main design concepts common
to rotating electrical machines are considered; the rotor is
made of aluminum sheet on an iron core, and the stator
has a two-layer two-pole winding. However, the study is
limited to a laboratory sample and does not cover issues

of scaling and operational characteristics in real
conditions.
Summarizing the above-mentioned literary

sources, it can be noted that modern research in the field
of brushless traction motors focuses mainly on
comparative analysis of types of electric machines,
improvement of control methods, and development of
approaches to electromagnetic design. At the same time,
most of the work is of a review or model nature and is
limited to considering individual operating modes,
integral efficiency indicators, or idealized operating
conditions without comprehensive consideration of
dynamic loads and real traction modes. The relationships
between the design features of brushless traction motors,
the patterns of their operating processes, and the control
methods used remain insufficiently systematized. This
necessitates further analysis of the designs of valve and
asynchronous traction motors, the characteristics of their
operating processes, methods of regulating rotation speed,
and approaches to the design of asynchronous traction
motors for locomotives from the perspective of ensuring
high operational and energy performance.

Defining the purpose and objectives of the research.

The purpose of the article is to comprehensively
evaluate and systematize the design features, regularities
of working processes and control methods, as well as to
formulate key principles for the design of modern high-
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efficiency brushless traction motors, which will increase
energy efficiency, improve traction characteristics, and
ensure increased operational reliability of traction electric
drives for locomotives and motor-car rolling stock. To
achieve this goal, the following tasks were set:

—to analyze the design features of modern
brushless traction motors;

—to identify the features of the working process
of valve and asynchronous traction motors;

—to consider methods of regulating the rotation
speed of asynchronous traction motors;

—to investigate the design features of
asynchronous traction motors for locomotives.

The main part of the research.

Design features of modern brushless traction
motors. Modern electric traction systems for rolling stock
are characterized by high requirements for energy
efficiency, reliability, weight and size parameters, and
operational durability. The production trend of recent
decades has been a transition to brushless valve
(BLDC/PMSM) and asynchronous traction electric
motors integrated with semiconductor converters based on
IGBT/SiC modules [30, 31]. The design of motors has
undergone significant changes due to the development of
materials, cooling technologies, digital control systems,
and optimization methods of electromagnetic modeling
[32].

Compared to DC motors, both valve electric
motors and asynchronous machines have a number of
well-known disadvantages: rigid mechanical (speed)
characteristics, increased sensitivity to power supply
voltage fluctuations, and, in railway operation, even more
stringent requirements for the permissible diameters of
the running wheels [33]. However, these limitations can
be compensated for by using static semiconductor
frequency and voltage converters with the necessary
feedback channels in automatic control systems [34, 35].
The use of such conversion devices makes it possible to
form the speed characteristics of brushless motors in
accordance with specified operating requirements. It is
possible to ensure the required overload capacity ratio in
terms of torque, while voltage fluctuations at the output of
modern static converters, which power brushless motors,
practically do not occur [36, 37]. The compounding effect
is formed due to the system of interrelationships between

individual links of the converter. Increased requirements
for the accuracy of rotating wheel diameters are largely
eliminated by block power supply to the motors of two-
axle or three-axle bogies. In addition, asynchronous
electric drives are characterized by a «run-in effect» of
the wheels when traction motors are powered by a single
common converter [38].

This list of considerations should also include the
characteristics specific to brushless motors: increased
reliability (due to the absence of a commutator); lower
weight and dimensions, which allows for the integration
of a more powerful motor with a given diameter of the
moving wheel; lower complexity of operational
maintenance. Finally, due to the significantly lower rotor
torque of an asynchronous motor compared to a DC
motor, the dynamic impact on the gear transmission and
track is reduced [39].

In traction valve motors, the most common
design is a permanent magnet synchronous machine
(PMSM). The electromagnetic torque is generated by the
interaction of the rotor's permanent magnet field with the
stator's alternating field, which is created by an inverter
using FOC (Field Oriented Control) or DTC (Direct
Torque Control) algorithms. This achieves a virtually
linear dependence of torque on current over a wide speed
range.

The rotor design determines most of the
characteristics of a PMSM. Three main types are used
[40, 41]:

— SPM-rotor (Surface Permanent Magnet), where
magnets are installed on the surface of the rotor. The
advantages are maximum flux density; the disadvantage is
greater sensitivity to centrifugal loads;

— IPM-rotor (Interior Permanent Magnet), where
magnets built into the rotor volume form so-called
magnetic barriers. This provides increased mechanical
strength, reduces the risk of demagnetization, and allows
operation in field weakening modes;

— combined structures, which are a combination
of surface and internal magnets to reduce harmonic
components of torque.

The topologies of the PMSM rotor for high-
speed drives are shown in Fig. 1.

85

IKC3T, 2026 Nel




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

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

laminated steel [ |

permanent magnets

a b c

rotor shaft

B peripheral sleeve IB winding

d e

Fig. 1. PMSM rotor topologies with direct and quadrature axes marked [42]:

a — SPM-rotor with peripheral (external) bandage shell;

b — IPM-rotor with tangentially integrated permanent
magnets;

¢ — IPM-rotor with radially
magnets;

integrated permanent

d — SPM-rotor with permanent magnets of the «bread
loaf» type and peripheral band shell; e — general stator
design

Magnets are made of NdFeB or SmCo, using

composites) and designs that prevent mechanical damage
at high speeds [43, 44]. Table2 shows the electrical
conductivity and magnetic permeability values of
common materials used in typical structural elements of
high-speed permanent magnet motors, including
permanent magnets, shells, and spindles.

special anti-corrosion coatings (Ni—~Cu—-Ni, epoxy
2
General parameters of electromagnetic materials [45]
Material Electrical conductivity o, S/m Relative permeability
NdFeB 6.25-10° 1.07
SmzCoi7 1.11-10° 1.06
35CrMo 3.94-10° 1.0
Carbon fiber 3.33-10* 1.0
Stainless steel 1.10-108 1.0

The motor stator is distinguished by the use of
high-alloy electrical steel with a thickness of 0.2—-0.3 mm
to reduce eddy current losses, optimization of slot shapes
to minimize torque ripple, the use of concentrated
windings in high-pole designs, and improved heat
dissipation thanks to longitudinal ventilation and cooling
channels [46, 47].

Insulation materials belong to classes H or F,
which ensures permissible operating temperatures up to
180 °C [48, 49].

Traction PMSMs typically feature cooling
systems such as stator liquid cooling using a closed
coolant circuit, oil splash cooling for high-load motors,
and direct winding cooling in the latest designs (channels
inside copper conductors) [50]. Heat dissipation

86

IKC3T, 2026 Nel




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

IHOPOPMAIIMHO-KEPYIOUI CUCTEMUM HA 3AJIIBHUYHOMY TPAHCIIOPTI

efficiency is critical because overheating can cause partial
demagnetization of the rotor.

PMSM traction motors operate exclusively with
converters based on IGBT (traditionally) and SiC
MOSFET, which allows increasing the switching
frequency and reducing the weight of passive components
[51, 52]. Control systems include rotor position sensors
(resolvers, optical or magnetoresistive encoders), high-
speed digital controllers, torque optimization algorithms,
and magnetic harmonic loss minimization algorithms.

Unlike PMSM, an asynchronous motor generates
torque through electromagnetic induction in the rotor,
which operates in slip mode. The torque generation
mechanism determines the need for precise control of the
frequency and amplitude of the power supply, which is
implemented by IGBT/SiC-based inverters [53, 54].

Asynchronous traction motors with squirrel-cage
rotors are practically identical in their internal structure to
standard asynchronous electric motors of similar power
used in general industrial installations. The rotor winding
in such motors is a «birdcage» type design: aluminum,
obtained by die casting, is optimal for medium-duty
motors; copper with a special profile, which provides
better conductivity and reduces slip losses, is used in
locomotive traction. The mechanical features of the rotor
of an asynchronous motor include increased thickness of
the bars in areas of maximum current load, special
channels and holes for internal cooling, and rigid
fastening of the end rings to ensure strength at high
speeds [55].

The stator is made of laminated electrical steel
with slots for three-phase winding. The stator of an
asynchronous motor is characterized by the use of steels
with low hysteresis and eddy current losses, optimization
of the shape of the slots to minimize spatial harmonics,
the use of class F or H insulation, and the use of
impregnation to increase the mechanical resistance of the
windings to centrifugal forces and vibrations [56].

The traction motor housing, its mounting
elements to the bogie frame, and the motor-axle bearings
are similar in design to the corresponding components of
DC or rectified current motors with similar power and
voltage ratings.

Asynchronous motors have a developed cooling
system: forced air cooling — for trams and electric trains;
water liquid cooling of the stator — for locomotives and
mainline systems; centrifugal rotary cooling, which uses
the rotation of the rotor to force air through.

Asynchronous electric motors are characterized
by increased sensitivity to voltage drops. Thus, when the
voltage drops by 10%, the torque decreases by
approximately 19 % [57, 58]. Unlike general-purpose
asynchronous machines, traction asynchronous motors

have specific design features due to the peculiarities of
their operation on locomotives. These features include:
power supply from a frequency and phase converter, the
need to place significant power in limited dimensions
determined by the design of the locomotive's running gear
[59].

In traction collector motors of electric
locomotives with an axial ventilation system,
approximately 30 % of the air flow passes through the air
gap, ensuring intensive heat removal from the surfaces of
the armature and poles. In traction asynchronous motors,
on the contrary, in order to reduce the magnetizing current
and increase the power factor cosg, the air gap between
the stator and rotor is minimized as much as possible,
subject to design and technological limitations. However,
axial independent ventilation does not provide effective
cooling of the stator and rotor surfaces facing the air gap.
In order to improve heat dissipation and increase the
volume of air passing between the stator and rotor, super-
pass ventilation channels are used in the design of traction
asynchronous motors. About 30 % of the total cooling air
flow passes through them.

The height of the slot channel is usually
(1.0...1.5)bss, where bss denotes the width of the stator
slot [60]. In valve motors, the use of super-slot channels
in the stator design is impractical, as they increase the
inductive resistance of the stator by approximately 40%,
which causes a decrease in electromagnetic (rotational)
torque. However, for asynchronous machines, such an
increase in the inductive resistance of the stator is not
critical, since the commutation process in them is forced.

In multipole electric machines, active materials
are used more efficiently, which allows the asynchronous
motor to operate with lower electrical losses and provides
an increase in efficiency [61]. The characteristics of the
motor and locomotive as a whole are also influenced by
the nominal and maximum frequencies of the current
supplying the stator winding.

There are certain design limitations associated
with the use of bearings, whose maximum rotational
speed is only 3000—4000 rpm. In addition, there are
difficulties in implementing a traction gearbox with a high
transmission ratio. The number of poles of an
asynchronous traction motor also affects the level of
losses in the converter [62—64]. To minimize them, it is
necessary to take the frequency (speed) ratio coefficient at
the level of 2.5.

From a design perspective, the advantages of an
asynchronous traction motor compared to a brushless
valve motor are the absence of magnets, which
contributes to high reliability and thermal stability, greater
resistance to overloads, lower production costs, and a
simpler heat dissipation system [65].
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From the point of view of traction application,
both types of electric machines have specific advantages.
A comparative characteristic of BLDC/PMSM and
asynchronous motors is given in Table 3.

Comparative characteristics of BLDC/PMSM and asynchronous motors [66]

Parameter

BLDC/PMSM motors

Asynchronous motor

Excitation source

Permanent magnets

Induction in the rotor

Energy density High Medium
Efficiency coefficient, % 95-97 92-95
Reliability Average (risk of magnet overheating) | Very high
Cost High Low

Recovery mode High efficiency

Effective, but inferior

Control

Complex with sensors

Somewhat simpler

Maintenance Minimal

Cheap and affordable

Features of the working process of valve and
asynchronous traction motors.

The traction electric drive with a valve motor
consists of a synchronous electric motor, a valve
converter, a smoothing reactor, and a rotor position
sensor. The voltage coming from the secondary winding
of the transformer is converted by a thyristor converter
into an alternating voltage of controlled frequency and fed
to the stator windings of the synchronous motor. The
motor speed and the applied voltage frequency are kept in
constant correlation. The process of switching the
frequency converter valves on and off is carried out
strictly in accordance with the actual spatial position of
the rotor; the rotor shaft is equipped with a sensor, the
signals from which are sent to the thyristor control
system. If the thyristor switching moment does not
correspond to the actual position of the rotor, a braking
moment occurs in the system. When powered by an AC
mains supply, valve switching at low frequencies is
provided by the mains voltage itself, and at higher
frequencies by the electromotive force of the synchronous
motor [67].

The specificity of the valve motor's operating
process lies in the fact that the stator winding terminals
are sequentially disconnected to the linear voltage of the
converter. Each phase conducts current for one third of
the conversion period. Provided that the winding is
correctly designed, the distribution of the magnetizing
force along the pole pitch of the electric machine
approaches sinusoidal [68]. If the number of slots per pole
and phase is equal to one, the magnetizing force of one

phase is evenly distributed over a 120° section of the
stator. For phase current /s, the amplitude of the first
harmonic of the resulting magnetizing force is determined
by the geometric sum of the magnetizing forces of the
active phases, between whose vectors there is an angle of
60°.

This phase connection sequence generates a
rotating magnetizing force in space. In a two-pole
machine (p =1), this magnetizing force shifts by 360°
during one current period, i.e., it makes one full
revolution. Since the windings are switched six times per
period, the rotation of the magnetizing force is realized in
the form of six steps of 60°.

The converter control system generates pulses to
turn on the thyristors of the next phase every 1/6 of a
period, i.e., every 60°, as soon as the magnetic axis of the
rotor shifts by the corresponding angle. In this case, the
rotor axis lags behind the resulting magnetizing force of
the stator by an angle = 30°.

The jump-like displacement of the magnetic field
vector causes torque pulsations with a frequency six times
higher than the rotation frequency [69]. In traction
systems, such fluctuations usually do not affect the
operation of the electric drive due to the large inertia of
the masses set in motion by the traction motors. However,
the discrete nature of the resulting field displacement
places serious demands on the thyristor control system.
The rotation speed sensor signal must also contain
information about the angle 6, since the electromagnetic
torque depends on it. The control pulse to the thyristor
connecting the next phase should be applied at the
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moment when the torque becomes less than its average
value. For motors operating under stationary loads, it is
not difficult to ensure the required angular alignment
between the rotor and the resulting magnetic field.
However, with sudden load changes, which are typical for
traction electric drives, the certainty and accuracy of
sensor signals are significantly reduced.

When the direction of the torque applied to the
shaft changes, the valve motor automatically switches to
braking mode with energy recovery without additional
switching in the power circuit, i.e., to generator mode,
which is permitted by the converter. At the same time, the
sign of the angle 0 also changes, and the rotor begins to
lead the magnetic field of the stator.

When an electric machine is operating in
generator mode, the activation of maximum protection
leads to increased voltage on the rotor slip rings. This
value may exceed the rated excitation voltage by an order
of magnitude. For high-power electric motors (1500 kW
and above), it is necessary to use a discharge resistor that
automatically connects to the rings when the protection is
activated [70].

The use of asynchronous motors with squirrel-
cage rotors as traction motors is only possible if they are
powered by a frequency and voltage converter equipped
with appropriate feedback loops in the automatic control
system of the traction electric drive [71]. This type of
power supply provides the necessary traction
characteristics across a wide range of motor speeds. The
converter regulates the frequency and voltage level
according to the specified operating mode.

The physical mechanism of -electromagnetic
driving force formation is generally similar to the
processes in a valve motor, but differs in that the current
flows through three phases simultaneously, with its value
in one of the phases being twice that in the other two [72].
The change in phase currents, as in a valve motor, is
abrupt in nature, which is caused by the opening and
closing of the inverter valves. The distribution of the
magnetizing force in the air gap becomes step-like. The
graph of instantaneous phase voltage values practically
repeats this shape. It should be noted that the main spatial
harmonic of the magnetizing force, and therefore the
induction it creates in the gap, does not move uniformly at
a constant angular velocity, but makes jump-like
movements at 60° intervals.

Methods for regulating the rotational speed of
asynchronous traction motors. Regulating the speed of
asynchronous traction motors is a key element of electric
drive control in transport systems, particularly in trams,
trolleybuses, electric trains, and locomotives. The
rotational speed of an asynchronous motor rotor is
determined by the synchronous rotational speed of the
magnetic field and the slip value [73]. Therefore, effective
speed control requires targeted influence on the

electromagnetic state of an electric machine by changing
the frequency and amplitude of the supply voltage, as well
as by optimizing energy conversion processes.

The frequency of traction electric motors varies
within a very wide range — from fractions of a hertz at the
initial moment of start-up, when the train begins to move
from a standstill, to approximately 200 Hz when the
motor reaches its maximum rotational speed, which
corresponds to the maximum operating speed of the
rolling stock. At low frequencies, the active resistance of
the stator winding becomes comparable to its inductive
resistance.

During locomotive operation, three main control
zones are usually distinguished: train start-up and
acceleration mode; steady power mode; high speed mode
accompanied by magnetic field weakening.

During start-up, the traction electric motor must
generate a torque that is 1.5 to 2 times higher than its
nominal value. This result is achieved by correctly
selecting the ratio between the supply voltage and
frequency [74, 75]. To implement automated control of
the electric drive, it is necessary to use feedback systems
for rotation speed and current [76].

During acceleration, as speed increases, the
power of the traction motors also increases. The
maximum speed at the end of the start-up mode is
determined by the endurance power of the power source.
For celectric locomotives, this available power is
significantly greater than for diesel locomotives. With the
same coupling weight of locomotives, the power of an
electric locomotive that can be used to generate traction is
1.4 to 1.5 times greater than that of a diesel locomotive.
This is because a diesel locomotive has more massive
mechanical equipment, as it is equipped with a primary
energy source — a diesel motor — and must carry the fuel
supply necessary for its operation.

At low frequencies, similar to valve motors,
electromagnetic torque pulsations occur in asynchronous
traction electric machines. As the supply voltage
frequency increases, the amplitude of these pulsations
decreases. Increasing the frequency at a constant voltage
causes the motor's magnetic field to weaken and the
traction force to decrease.

For high-speed electric locomotives, it is
possible to provide power close to the nominal value even
at maximum speed. This is an important advantage of
asynchronous traction motors compared to DC machines,
whose power at high speeds is limited by commutation
conditions in a weakened magnetic field. Only motors
with compensation windings can provide approximately
80 % of continuous power at maximum speed.
Asynchronous motors do not have such limitations and
are usually capable of developing continuous power at
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maximum speed if the converter is designed for the
corresponding increased voltage level.

The most common and technically advanced
method is to regulate the supply voltage frequency using
semiconductor converters — frequency inverters [77]. The
control law is based on maintaining a constant U/f ratio,
which ensures approximately constant magnetic induction
in the air gap and prevents core saturation. Frequency

control is highly efficient because it allows the
synchronous rotation speed to be changed smoothly and
operates over a wide speed range with minimal losses.

For traction electric drives requiring high
dynamic characteristics, vector control of the rotor
(Fig. 2) or stator flux linkage is used.
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Fig. 2. Structural block diagram of the vector control system for an asynchronous electric motor [78§]

This method provides independent control of the
current and torque components, making the asynchronous
motor equivalent to a DC motor in terms of dynamics [79,
80]. The advantages are accurate torque control, high
speed, and the ability to operate at low speeds and high
overloads, which is important for traction applications.

Direct torque control provides extremely fast
traction motor regulation, as the algorithm directly
generates torque and flux linkage based on data from
current and voltage sensors. Direct torque control requires
high switching frequencies and complex digital control
systems, but provides minimal time delay and good
resistance to parametric deviations.

Classic methods, such as changing the resistance
in the rotor circuit of phase rotor motors, are rarely used

in modern traction systems due to high losses, bulky
equipment, and low energy efficiency. However,
historically, this method was used to gradually reduce
speed and improve starting characteristics.

In traction asynchronous motors, cyclic load
changes, starting and recuperative modes, as well as
requirements for high starting torque at low speeds are
significant [81]. Fig.3 shows the speed and torque
characteristics of an asynchronous motor, which consists
of three zones: the braking zone, the movement zone, and
the generation zone.
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Fig. 3. Speed and torque characteristics of an asynchronous motor [82, 83]

The use of frequency and vector control makes it
possible to achieve high torque across a wide frequency
range, ensure smooth vehicle operation, reduce energy
losses, and expand the capabilities of regenerative
braking.

Features of designing asynchronous traction
motors for locomotives. The design of asynchronous
traction motors for locomotives is associated with the
need to ensure high dynamic and energy performance in
difficult operating conditions. Requirements for such
electric machines include high overload capacity,
reliability under prolonged mechanical and thermal loads,
as well as resistance to fluctuations in traction network
parameters and environmental conditions.

When designing asynchronous traction motors,
the output parameters are selected in the same way as
those used for DC traction motors. AC traction systems
equipped with their own conversion units allow the
selection of a motor voltage level that makes its design
optimally light and compact, as well as improving its
operating characteristics.

One of the key features of the design is the
optimization of the motor's electromagnetic system,
taking into account the wide range of operating
frequencies and voltages provided by the traction drive
converters. Since the torque of an asynchronous motor
depends on slip and magnetic flux, the design of the stator
and rotor magnetic circuit must minimize losses, prevent
saturation, and maintain stable characteristics under
variable supply frequency conditions [84].

Special attention is paid to the rotor design. For
traction machines, cage rotors made of copper or highly
conductive aluminum alloys are usually used, which
increases efficiency and reduces slip losses in high-load

modes [85]. Eliminating the oblique arrangement of the
slots reduces additional losses during operation under
load. These losses must be taken into account, considering
the non-sinusoidal nature of the supply voltage. To ensure
high-quality casting, the minimum width of the rotor slot
at its narrowest point should be 3—5 mm. For motors with
a power rating of over 1000 kW, it is possible to use a
rotor with a short-circuited copper winding and
trapezoidal profile bars. The geometry of the rotor bars
and ring elements is designed to ensure the necessary
mechanical strength under the action of centrifugal forces
at high speeds, as well as sufficient thermal stability
during start-up and recuperative modes. After determining
the rotor speed at the maximum speed of the locomotive,
the required range of supply voltage regulation is set.

The stator design must combine high
electromagnetic efficiency with the ability to dissipate
heat intensively. When selecting the number of pole pairs
in the stator winding, the conditions for reliable operation
of semiconductor converters at limit frequencies must be
taken into account. Several typical configurations are
usually considered to assess their impact on motor
performance. A larger number of poles is typically
characteristic of high-power motors. Reducing the
number of poles causes a decrease in the output voltage
frequency, which, in turn, allows for a reduction in the
weight of the converter. At the same time, this design
solution leads to an increase in the length of the stator
winding end pieces, which causes an increase in the
overall length of the electric machine. In addition, the
height of the stator back increases due to the increase in
magnetic flux, which causes an increase in the outer
diameter of the stator. The outer diameter of the traction
motor frame is limited by the dimensions of the rolling
stock and the size of the center. The maximum
permissible length of the stator package is mainly
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determined by the number of poles and the diameter of
the stator's inner cavity.

Traction motors use a reinforced insulation
system, the front parts of the windings are fixed with
mechanically stable elements, and the ventilation system
— forced or combined — is designed taking into account
the dustiness and humidity of the environment. When
insulating the stator windings, insulation materials
belonging to thermal classes F and H should be used [86,
87].

Engineering  requirements  also  include
optimizing weight and size parameters and ensuring ease
of maintenance. The motor must have a compact design
that allows it to be integrated into the locomotive's bogie
area and guarantees access to components for repair [88].
The desire to reduce the size and weight of the motor
leads to a tendency to increase the supply voltage
frequency. In addition, it is important to ensure the
motor's resistance to vibration loads and shock impacts
characteristic of railway transport.

Strict requirements for mass and dimensional
characteristics, effective cooling, and the use of high-
quality steels and high-class insulating materials allow for
increased electromagnetic loads [89]. To achieve the
required starting torque and high overload capacity, the
stator slots must be open [90]. The most optimal design
solution for stator windings, which should be strived for,
is a two-layer winding with two conductors per slot. This
completely eliminates the possibility of coil short circuits
and ensures maximum reliability of the stator winding
[91]. However, due to the limitations imposed by
calculations, it is not always possible to implement such a
design.

Modern control systems for asynchronous
traction motors based on vector control influence design
features, as they allow flexible changes to the operating
parameters of the electric machine, optimizing the
magnetic flux and currents depending on the operating
mode [92]. This requires accurate calculation of the
parameters of the equivalent motor circuit and
coordination of the characteristics with the capabilities of
the power converter.

The designed electric motor must be tested for
stability against overturning in various operating modes.
Thus, in the starting mode, it is necessary to ensure a
stability reserve at maximum torque sufficient to prevent
overturning. The calculation of traction asynchronous
electric motors is generally similar to the calculation of
conventional asynchronous machines. To obtain the
required operating characteristics, this calculation is
performed for different values of voltage and supply
frequency.

The integration of asynchronous traction motors
for locomotives with power electronics into single
electromechanical modules is one of the key trends in the
development of modern traction electric drives for rail
transport. This approach involves the constructive and
functional integration of an electric machine with
semiconductor frequency converters, control systems, and
auxiliary units into a compact module with a single
cooling system and electromechanical interfaces. This
makes it possible to significantly reduce the length of
power connections, reduce parasitic inductance and
energy losses, and improve the electromagnetic
compatibility of the traction electric drive.

The use of modular architecture helps to increase
the specific power and reliability of the traction motor by
optimizing the thermal conditions of both the windings of
the electric machine and the power semiconductor
elements. The joint design of the motor and converter
allows for the coordination of winding parameters, power
supply frequency range, and control algorithms, which
reduces electromagnetic torque ripple, improves dynamic
characteristics, and reduces acoustic noise. In addition,
integration facilitates the implementation of modern
vector and predictive control methods aimed at improving
energy efficiency and adapting to changing operating
conditions (Table 4).

Advantages and disadvantages of different traction drive control methods [93, 94]

Control method Advantages

Disadvantages

Scalar — simple design;

— affordability

— ineffective dynamic response;
— low torque control;

— Inaccurate control
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Vector FOC
— effective dynamic characteristics; —need for feedback;
— ability to achieve full torque at zero speed; | — cost;
— fixed switching frequency — compared to DTC and MPC, it reacts more
slowly;
—requires an external modulator, which is
more complex
DTC
— extremely fast dynamic response; — high torque and current ripple compared to
FOC;
— NON-Sensory;
— oscillating switching frequency;
— lightweight construction;
— very difficult to regulate at low speeds;
— low processing time
— greater sensitivity to motor characteristics
Predictive —cost-effective and improved energy | —requires determination of the appropriate
savings; system model;
— improved transient response; — installation costs may be high
— prediction of future control actions and time
savings during the calculation process
Touchless — better noise immunity; — high installation cost
—less complex hardware and higher
durability;
— low maintenance requirements

Another  important  advantage is  the
simplification of installation, maintenance, and
standardization of traction electric drives for different
types of locomotives. Uniform electromechanical
modules create the conditions for a transition to plug-and-
play concepts in locomotive construction, which reduces
rolling stock downtime and overall operating costs. At the
same time, the implementation of this approach requires
solving complex problems of thermomechanical
compatibility, vibration resistance, and electrical
insulation, which determines the relevance of further
scientific research in this field.

Thus, the design of asynchronous traction motors
for locomotives is a complex process that combines
electromagnetic, mechanical, thermal, and operational
aspects. Competent integration of these factors ensures
high efficiency of the traction electric drive, reliability in
difficult operating conditions, and reduced operating
costs.

Conclusions.

Based on the research conducted, the following
conclusions can be drawn:

—modern brushless traction motors demonstrate
significant progress in design due to the absence of a
commutator-brush assembly, which reduces losses and
ensures high reliability in heavy-duty locomotive
operation. The use of permanent magnets increases
specific power and efficiency, while optimized stators and
cooling systems allow operation with high currents and
torques. Designs are focused on reducing weight,
improving heat dissipation, and integrating with
converters, making brushless motors promising for
modern transportation;

—the operating processes of valve and
asynchronous traction motors have fundamental
differences  that  determine  their  performance

characteristics. In valve machines, torque is generated by
electronic commutation and precise control of phase
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currents, which ensures high efficiency and stable
traction. In asynchronous motors, the processes are
determined by the slip and interaction of the rotor with the
rotating magnetic field, which allows them to operate
efficiently over a wide range of loads. Both types have
advantages, but differ in dynamics and sensitivity to mode
changes;

—the speed control of asynchronous traction
motors is based on the use of frequency converters that
change the ratio of voltage and supply frequency. Scalar
control is easy to implement but has limited dynamics.
Vector methods allow precise control of flux linkage and
torque, maintaining efficiency in traction and braking
modes. This allows asynchronous motors to operate under
conditions of sudden load changes and provides optimal
energy performance for locomotives;

— the design of asynchronous traction motors for
locomotives requires consideration of increased
mechanical and thermal loads, which necessitates
optimization of the magnetic circuit, rotor, and ventilation
system. Designers are focusing on increasing the strength
of the cage rotor, using special alloys, and improving
insulation materials. It is also important to ensure
effective integration of the motor with the converter and
adaptation to different traction modes. Modern
approaches are aimed at improving reliability, efficiency,
and durability in the harsh conditions of locomotive
operation.
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Hepybayvkun B. I1. Ocoonueocmi  3acmocyeanHs
0€3K01IeKMOPHUX OGUSYHIE HA MA2080MY DPYXOMOMY
CKNaoi.

Anomauin. B oens1006omy 0ocniodcenui  po3ensiHymo
KOMNIEKC MEXHIUHUX, KOHCMPYKMUBHUX ma
EeKCRILyamayiiHux — 0codausocmetl  CY4ACHUX  msA206Ux
eNeKMPUYHUX MAWUH OE3KOAEKMOPHO20 BEHMULbHO20 MA
ACUHXPOHHO20 MUNIG, WO WUPOKO 3ACMOCOBVIOMb Y
JIOKOMOMUB00Y0Y8aAHHI i MPAHCROPMHUX
eeKmpoOnpuUBoOaXx. 06 ’exmom 00CHIOMHCeHH S €
eNeKMPOMACHIMHI, MENna08i ma eHepeemuyHi npoyecu,
Wo npomikarme Yy OE3KONEKMOPHUX BEHMUIbHUX |
ACUHXPOHHUX MA208UX 0BUSYHAX NIO Yac iXHboi pobomu 8
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cucmemax msae08020 pyxomozo ckiaody. Ilpoananizoeano
KOHCMPYKMUBHI 0COOIUBOCMI OE3KONEeKMOPHUX MA206UX
06uU2YHIG, ona AKUX xapakmepHi sucoxa
enepeoehexmugHicmy, nioguwena numoma
NOMYAHCHICMb, BIOCYMHICMb MEXAHIYHO20 KOAeKmopd, d
MAKOC MONCTUBICMb 3a0e3neueH s WUPOKUX 0iana3oHie

PecyMoBaAnHs MOMeHmY 1 weuoKocmi 3a MiHIMizayil

obcnyeosysanus. Buseneno cneyugixy pobouux npoyecis
VY BEHMUMbHUX | ACUHXDOHHUX OBUSYHAX, WO GUSHAYEHA

npuHYyunamu e1eKmpOMASHIMHO20 nepemeopeHHs,
Memooamu  Kepy8aHHs Mmda Ppeakyiclo  eleKmpudHoi
MawuHu  Ha  3MiHHI  HaeanmaoicenHsA.  llopisHano
ocobaugocmi Gopmysannsa e1eKmpOMASHIMHO20
MOMEHmMY, KOMymayii i meniosux pexcumis yux 08ucyHie
y maeosux cucmemax. Okpemy yeazy HpuoiieHo
NUMAHHAM ~— Pe2yNIo8aHH s yacmomu o0bepmanns

ACUHXPOHHUX MA208UX OBUZYHIB, WO peani3oeano 3a
00NOMO20I0 NEepPemeopIo8ayie Yacmomu 3i CKAIAPHUMU,
BCKMOPHUMU ~ MA  NPAMUMU ~ MEMOOAMU  KepPYBAHHS.
Busnaueno nepesacu  6exmopHo20  Kepy8amHs,  sKe
3abe3neuye OUHAMIYHY CMAOIIbHICMb [ MAKCUMATbHE
BUKOPUCTNAHHS nepesanmadicy8aibHol 30amuocmi
0gucyHa 6 pedcumax msaeu i pexynepayii. Jocriodcerno
KOHCMPYKMUBHI i MEXHON02IUHI ocobueocmi
NPOEKMYBAHHSL  ACUHXPOHHUX — MA208UX  OBUSYHIB
JIOKOMOMUBIB, ~ 30KpeMd — BUMOU U000
cucmemu, MiyHocmi pomopa, cucmem 0X0I00JCEHHsT Ma
eNeKmpOoi30nAYIUHUX Mmamepianie. V3acanvueno
MeHOeHYil pPO3BUMKY CYYACHUX MA208UX eNeKMPUUHUX
MAawiuy, 30Kpema B6npOBAOINCEHHS eHep2oepheKmUsHUX
Mamepianie, po3uwuperts Oianda3oHy poOoYUux uacmom,
nioguujenHss meniogoi  Haoditunocmi ma
ogucyna 3 CUN0BOIO  ENEeKMPOHIKOIO 8
eNeKMpPOMEXAHIUHT MOOYIIL.

€Outi

MASHIMHOT

inmezpayii

Knrwuosi cnoea: oOesxkonexmopruil mseoguil  O08USYH,
eneKmpuyHa Mauuna, JIOKOMOMUS, mA206Ull
eeKmpOnpu6ood,  ACUHXPOHHUL  OBUSYH,  BEHMUTbHUL

08U2YH, NepPemBOPI06at, eHepeoedeKmMUEHICHb.
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JISIIIEHKO B. M., Acm.
VYKpaiHChKUI Iep:KaBHUI YHIBEPCUTET 3a1i3HUYHOTO TPAHCIOPTY

[opiBHANBLHNH aHAJI3 ONTHUMI3ANIMHMX AJrOPUTMIB JJs1 MNMOOYJI0BH ONTHMIi30BAHMX
TPA€EKTOPili pyXy peiikoBOro TpaHCHOPTY

Anomauin. YV ybomy 00CniodceHHi HA8e0eHO NOPIBHANbHUL AHANI3 ACOPUMMIE ONMUMI3AYIT, WO 3ACMOCO8YIONb
0131 n0OY008U eHep2oeheKMUBHUX MPAEKMOPIL PYXy noi30is. Y pamkax 00CniodicenHs NOPIGHANU pe3yibmamu pooomu
eBPUCIMUYHO20 «AHCAOIDHO20Y» aNeopummy ma mMemoo OuHamiunoeo npoepamysanus (DP), 3acnoeanuii ma npunyuni
onmumanviocmi  Bennmana. [ocniodcenns npuceadene @yHOamenmanvhii npoonemi GUSHAYEHHS ONMUMATLHUX
mpaexmopiu wmeuoKocmi K QyHKYii yacy eiocmani, AKi MIHIMI3YIOMb CROJICUBAHHS eHepell 3a 4imK0o20 0OMPUMAHHS
epagixa pyxy. Taka onmumizayis € 0coOIUBO CKIAOHOI 8 YMOBAX 3ANI3HUYHO20 MPAHCNOPMY uepe3 3HAYHI eapiayii
N030082ICHIX Npoinie KoOill, XApaxmepucmux pyxomoeo cKiady ma HeoOXIOHICMb VXBANEHH PiluleHb V DPertCumi
peanvhozo yacy. Xoua OuHaMiuMe NPOSPAMYBAHHS 2APAHMYE 2N0OANLHO ONMUMANbHE PIUEHHS, B0HO nompeodye
BHAYHUX 0OUUCTIO8ANbHUX pecypcis. | Hagnaku, «dcadiOHiy e8PUCIMUYHI aleOpUMMU MAlOMb NPAKMUYHI nepesazu 6
00UUCTIIOBANbHITL eheKMUSHOCMI Ma NPOCMOMI  pednizayii, npome NOKNAOAOMbCA HA JOKAAbHI onmumymu. Lle
00CHIOMHCEHH ST OYIHIOE MAKI KOMAPOMICU Yepe3 MOOeTO8AHHS PI3HUX ONepayiinux cyeHapiie. AHaniz noKasye, ujo xoua
«HCAOIOHUUY aneopumm 00cs2ae WeUOKocmi obuucients, ska npubausno ¢ 30 pasie nepeguwyye wWeUOKICMb nioxXody
OUHAMIYHO20 NPOSPAMYBAHHS, GIH CHPUHUHAE 30LIbUEHHS eHepeocnodcusants 00 10 % ua ckradnux npoghinax xonii
uepes GIOCYMHICMb NONEPeoHbo2o npocHo3yeanus.. OOHAK HA PIGHIN MicYeeoCmi pisHUYa 6 eheKmueHoCmi 3HAYHO
smeHuyemscs. Li peynomamu KitbKICHO OYIHIOIOMb NRPAKMUYHI HACTIOKU 8UOOPY Ane0pummy, Cryeylodu 0CHO80I0 OJis
PO3DPOONEHHS 2IOPUOHUX CIMPAmezill eHepPeOMEHeONCMERMY, WO BPAX08YIOMb BUMO2U W00 HaACy 0OPOOKU OAHUX
cucmemax agmosedenHts noiz0ie ma eKOHOMIUHI 8U200U GI0 MIHIMI3AYIT eHeP2OCHONCUBAHHSL.

Knrouosi cnoea: onmumizayis mpackmopii pyxy noizoie, MiCoKuil 3a1i3HUYHUL MPAHCROPM, MPAEKMOPIL pyXy,
enepzoehekmusHicmb, OUHAMIYHE NPOSPAMYBAHHI, «HCAIOHIY aneopummu.

Beryn.

[liBUILEHHS  CHEPreTMYHOi  e(eKTHUBHOCTI € Po3BuTOK cHcTeM aBTOMaTUYHOTO KEpyBaHHS
ONHHM i3 BAXIMBAX 3aBJAaHb JUIS  3aMisHpumpx  [10i31aMH  CTBOPHB MOMKIMBOCTI JUI BIPOBA/DKCHHS
TPAaHCIIOPTHUX  CHCTEM, 30KpeMa  MICBKOIO  Ta OUTBII CKIIQJHUX aJTOPUTMIB KEPYBaHHS, IO TOIIOMArae

po3paxoByBaTH (Hamepen abo B pealbHOMY 4aci)

IPUMICBKOI0 CHONy4YeHHsA. Burpatu enxekTpuyHoi eHeprii . <
eHeproe()eKTUBHI CTpaTerii KepyBaHHs I1013/10M.

Ha TATy B HHUX € JIOMIHYIOUOI0O YacTKOIO ITIOBHOTO
SHEproCIOXKUBaHHS MiANPHEMCTBOM, ckianatoun 40-60
%. Llelt eKOHOMIYHMI aCHEKT AiSIIBHOCTI MiJIPHEMCTB Y
MIEPCIIEeKTUB] CTaBaTUME MIe OUThII KPUTHYHHM depe3
MTOCTIHE IiIBUIICHHS I[IH Ha EHEProHOCIi Ta CyBOpIIIi
€KOJIOTiYHI HOPMH.

IcHye Benmmka — KITBKICTH  MiOXOMIB  IIOAO
onTHMi3alii, KOKEH i3 SKHX Mae TIIeBHI IepeBard Ta
HeOJIKK. 3aJIeXKHO BiJl BUMOT II0JI0 HaiHHOCTI CHCTEMHU
aBTOBEICHHS T110i3/1a, SKa peaylizye aiaropur™m, 1 ii
anapaTHUX OOMEXEHb MIBHIKHHA TIOMIYK JIOKAIbHO
ONITUMAJIBHOTO PillICHHSI MOKEe OYTH OUTBII MPIOPUTETHUM

VY 3B’3Ky 3 IIMM pO3pOOJIEHHS Ta BIPOBAPKCHHS :
MOUIyK  TIOOAIFHO  ONTUMAaJbHOI  TPAEKTOpii.

MeTO,HiB, CIIPAMOBAHUX Ha 3HWKCHHSA CIOXXWBAHHA 3a

eHeprii pyXOMHM CKJIaJOM, € aKTyaJIbHUM 3aBIaHHSIM.
OnvH i3 HampsMiB HOTO BUPINICHHS — II€ OITHMI3allis
TpaekTopiii pyxy noi3amis. [Ipobnema omTumizamii pyxy
moi3a YCKJIATHEHA 3HAYHOI KUTBKICTIO (haKTOpiB, IO
XapakTepHi JuId 3aJli3HUYHUX IIepeBe3eHb: Bapiamii
YXWIiB, BIJCTaHI MDK 3yHNMHKamH, Tpadikd pyxy,
XapaKTEPUCTUKU PYXOMOTO CKJIamy 1 T. 1. TpaaumiiHi
MAXOAM WIOAO0 BHOOpY CTpareriii KepyBaHHS MOi3gaMu
MOKJIAZICHO TepeayciM Ha JOCBiJ] MAIIMHICTIB 1 B
3arajJbHOMY BWIIQJKy HE BHKOPHCTOBYIOTH  BECh
MOTEHIIiaJl eHEPro30epeKeHHsL.

© JISIIEHKO B. M.,2026
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Hocnimxkenns [1, 2] BKka3yroTh, IO CHCTEMH aBTOBEACHHS
MaloTh TEHEpPYBaTH TPAEKTOpiI0 pyXy 3a dYac, IO
obmexernnit 1-2 c. Tomy mnopiBHAHHS e(eKTHBHOCTI
NTOPUTMIB ONTHMI3anii MOXXHAa BBaXKaTH AaKTyaJIbHUM.
3pemToro, 111 podOTa Ma€e Ha METI TMOTIMOUTH PO3YMIiHHS
KOMITPOMICIB, TIOB’SI3aHMX 13 BHOOpPOM aJrOpPHUTMIB JUIst
eHeproe)eKTHBHOTO KEPYBaHHS PyXOM ITOi3/IiB.

AHaJII3 OCTaHHIX I0CTITKeHb Ta MyOmiKami.

[IpoGnemam onTuMmizamii TpaekTopii pyxXy IOi3aiB
MIPUCBSYCHA BEIHMKA KITBKICTh JOCIHIIKEHB 1 TyOJiKariii.
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IMpn npomy s omTHMI3alii BHKOPHCTOBYIOTH Ppi3HI
METOIM, IO BKJIIOYAIOTh TaKi MiIXOIH, SIK T€HETHYHI
anmroputMu  [3], nuHamiuHe mnporpamyBaHHS [4-8],
npuHIMn Makcumymy IonTpsrina [9, 10].

BopgHodac nutaHHs MOPIBHAHHS 1X MiXK COOOFO ISt
OJTHAKOBHUX OIEpalifHNX yMOB HE JOCIHIIKEHO IOCHTh
mmpoko. Y mocimkerHi [3] mopiBHIOBaIM e()EeKTUBHICTD
TCHETHYHOTO  JITOPUTMY, QJITOPUTMY  «MYpAIINHOI
KOJIOHI» Ta  JAWHAMIYHOTO  TporpaMyBaHHS.  3a
pe3ynbTatamMu JIOCITLIPKeHHS, nve ITOPUTM
JUHAMIYHOTO TIPOTpaMyBaHHS BUSIBHBCS  JOCTaTHBO
CTaOULIEHIM; aBTOpHU PEKOMEHIyBalIl 32BN
BUKOPHCTOBYBATH OLIbIIE OJHOTO METOHY Ul HOUIYKY
onTuMizoBaHoi Tpaekropii. Y pobori [11] mopiBHIOBanmn
anroputMu NSGA-II, omyknoi ontumizanii Ta 3Mimanoro
LIOYMCENBHOTO JIHIHHOTO NpOorpaMyBaHHS, 3a3HAYMIN
BHCOKI BHUMOTH BCIiX TICpPCIIYCHHUX alTOPUTMIB IIOIO
00YHCITIOBAIFHUX TOTYKHOCTEH, OCOONMBO JIiHIHHOTO
MIPOTpaMyBaHHs, OOYHCIEHHS TPAEKTOpi JUId SIKOTO
3aiiMasio Oinbie 3 XB; pe3ysibTaTd poOOTH allTOPUTMIB 32
PE3YJIBTYIOUMM pIiBHEM €HEPro30epeeHHs BUSBUIIUCS
CXOKUMHU MiX co0oro. B ormsmoBoMy mocmimpkenHi [12]
MIPUAITICHO OCOOJIMBY yBary BHKOPHCTaHHIO SIK METOJIB
JUHAMIYHOTO  NPOTpaMyBaHHS, TaKk 1 [PHUHIMITY
MakcumyMy IloHTpsriHa, aBTOpM 3a3HAYaIOTh, IO
OCTaHHI METOJi € CKJIAIHMUM Y BIPOB3KCHHI depes
OoOMeKeHHS, SIKi NpUTaMaHHI peaJbHUM CLEHApPisM;
JIMHAaMIYHE MPOTpaMyBaHHS IMTO3HMIIOHOBAHO SIK PillICHHS,
SKE€ Ja€ 3MOTY 3pydYHO TMpaIioBaTH 3 OOMEKEHHSIMH
3aBISIKM I1IBUIIEHIA KIJIBKOCTI O0OYNCIIEHD.

Bonmnowac  BimcyTHi  jmocmimpkeHHs, sSKi O
0e3mocepeTHFO TTOPIBHIOBATIN CBPUCTHYHI alITOPUTMH,
[0 MAaIOTh TaKy IIepeBary, K QyXKe MBUAKE O0UHCICHHS,
13 OLIbII KOMIUIEKCHHMM METOJAMH, TaKUMH SK
JMUHAMIYHE TPOrpaMyBaHHs.

ymoBH pyxy [13].

[opiBHAHHS 30CEpeIKEHO came Ha
CHEeproCIOXMBaHHI  SIK OCHOBHOMY  TOKa3HHUKY
edexkTuBHOCTI. Butparn eHeprii BU3HA4YalOTh 3a 000pOT
PYXOMOTO CKJagy, TOOTO CyMapHO 3a IPOXOJDKECHHS
neperony B obuasa 0ok, 3a (hikcoBaHOTO TIpadiKoBOTO

acy pyxy.

Buxksag 0CHOBHOI YaCTMHU MaTepiaJy.

Bu3HaueHHs1 MeTH Ta 3aBJAaHHA JOCTiIKEeHHS.

OCHOBHOIO METOI0  I[LOIO  JOCHIKCHHSI €
BCTaHOBJICHHS KUTbKICHOTO OIIIHIOBAaHHS BiIMIHHOCTEH y
pe3ynpTari poOOTH ABOX ONTHMI3ALIHHUX MIAXOIIB —
EBPUCTHUYHOTO <KaaiOHOTO» alTOpUTMY Ta AWHAMIYHOTO
IporpaMyBaHHs. AJTOPUTMH POTECTOBAHI 33 OJTHAKOBUX
YMOB 1 OIHAKOBUX OOMEKEHB, IO 130JIF0€ IX SK €IUHY
3MiHHY, sKa BILJIMBA€E Ha pe3yIbTyIOUEe
€HEPrOCIIOKHBAHHS.

MeTo010Tisl TOCHIPKCHHSI BKJIIOYAE CTBOPCHHS
MOIeNi pyXy Toi3ma, mo Oyae OOYHCIIOBAIEHOO
OCHOBOIO /ISl peattizamii i TecTyBaHHS 000X aJTOPUTMIB
ornrumizanii.  TecTyBamm — anropuTMH  ONTHMI3alii,
CHMPAIOYNCh HA PE3YJIbTaTh MONEPEAHBOTO JIOCHTIPKCHHS
3 po3poOieHHS  THIOBHX  NpO(dITiB  IEperoHiB
METPOTIONITEHIB, IO SBJIAIOTH COOOIO Pi3Hi 32 CKIATHICTIO

Onrtumizamiss  TpaekTopii  pyxy  OyAb-sIKHX
TPaHCIIOPTHUX 3ac00iB € 3ajJadero  ONTUMAaJIBHOTO
KepyBaHHs. Bona nepen0auae BU3HaYeHHS ONTUMAIBHOTO
3aKOHYy KEpyBaHHS u 1 pe3yJNbTYIO4oro Impodio
HIBHAKOCTI K (GYHKIII KoopauHaTH noizna (u(s) i v(s))
abo wacy (u(t) i v()), mo MiHimMiI3ye TeBHY (yHKII0
BapTOCTi, OJHOYACHO 33J0BOJIGHSIOYM BHMOTH IIOJO
00cATy TIepeBe3eHb Ta CKCIUTyaTalliiftHi ooMexeHHs. Llei
Iporec  3a3BWYail  COPSAMOBAaHWA HA  MiHIMI3aIifo
CHOXXHTOI eHeprii A; 3aleXHO BiJ NPIOPUTETIB MOXYTb
OyTH PO3TJISHYTI ¥ iHII, aJIbTEPHATHBHI, WiJIi, HAPUKJIIA
MiHiIMIi3aIlis 9acy B TOpo3i.

3amauy omrumizarmii
3arajoM IOJaTH SIK

TpaexkTopii pyxy MOXKHA

max? ***

min_[ ;P(v(t), u()dt:t<T5,v(t)=v
e (1)

ne P(v(t), u(t)) — TOTYXHICTb, PO3BHUHYTa PyXOMHM
CKJIaZIOM, 3aJISKHO BiJ| TpaekTopili pyxy v(¢) 1 curHamy
KepyBaHHS u(t), KBr-rox;

V(t) — TpaeKTOPist pyXy pyXoMOro ckiany (IIBHIKICTb)
y ¢yskuii gacy, m/c;

t—vac, C;
T — 3ananuii (rpadikoBuii) yac pyxy IO MEPEroHy, C;

Vmax — OOMEXEHHS IIBHIKOCTI PyXy 3a yMOBaMH
Ieperony ab0 KOHCTPYKLIHHOI IIBUAKOCTI PYyXOMOTO
CKIIamy, M/C.

Jdns posp’s3aHHs 3amadi  onNTHMI3amii MOXHa
BUKOPHCTOBYBATH Pi3HI MiIX0/AH, Ki YMOBHO HOMIISIOTH
Ha TPY IIUPOKI KaTeropii.

Jo mepmoi kaTteropii Hajexarb EBPUCTHYHI Ta
METaeBPUCTUYHI  METOAH. EBpuctuuni  meroam
TIOKJIaJIAIOTHCS. Ha TIOIIYK «JOCTaTHHO XOPOIIHMX» PillICHb
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13 BUKOPHCTaHHSAM HE3HAYHOI KUIBKOCTI 4acy, HalpHKJia
BUOIp Ha KOXHOMY IIOCJIJIOBHOMY KpOILI ONTHMi3amii
Takoi IIBHJKOCTI, SKa JIOKaJbHO MIHIMI3ye BHTpaTH
eHeprii abo dYac TNPOXOKEHHS CETMEHTa IIEpPETOHY.
HenonixoMm noniiOHNX METOIB € yXBaJIeHHS pillICHb JINIIIE
Ha OCHOBI JIOKQJIBHOTO ONTUMYMY («0KaIiOHICTB»), depes3
III0 BOHW MOXKYTh HE MPU3BOJUTH JI0 TIO0AIBHO KpaIlux
pimeHb. MeTaeBpUCTHYHI AJITOPUTMH, KyIOU BXOISTH
aNroOpuTM ONTHMi3amii MypamuHoi KoJoHii (ant colony
optimization, ACO) 1 TeHeTH4HI aITOpUTMHU (genetic
algorithms, GA) € anropuTMaMu OiBII BHCOKOTO PiBHS,
SIKI BHKOPHCTOBYIOTH [EKiJIbKa E€BPHCTHK I OanaHcy
MDK TIOIIYKOM Y TOJIi pilIeHb 1 BHKOPHUCTAHHSAM IHX
pimens. Haii6inpmoo npoOiieMol0 IMX MiAXOMIB €
BIZICYTHICTb rapaHTii IN1I00aJIbHOTO ONTHMYMY; JI0 TOTO X
SKICTb ~ pe3yNlpTaTy MoOXXe OyTH YyTIMBOIO [0
HaJIalITyBaHb aJITOPUTMIB.

o npyroi kareropii MO>XHa BiTHECTH ONTUMAJIbHE
KEepyBaHHS 3 BHKOPHCTaHHSM IPHHIUIYY MaKCUMyMy
[NonTpsrina, 3a SKUM HpoOJIEeMy ONTHUMI3aLii TPAEKTOPIi
PO3TIISAAIOTH SIK HETlepepBHY (QYHKIF0. 32 ONTUMAaIbHOTO
KEepyBaHHS BCTaHOBJICHI BEKTOpHA (YHKIIS CTaHy
o0’exTa x() (HaNpWKIag TIOJOXEHHS Yy TPOCTOpI Ta
IIBHAKICTE) 1 (pyHKILIS KepyBaHHS u(?), BENIMUMHH SIKOI
BHOMparoTh 13 monsa pimenbs U. 3amava omrumizarii
3BeZicHa 0 MiHimizamii (abo makcumizamii) QyHKmii
BapTOCTI:

J:.r L(x@)u@))dt
o 2)

Junamiyee  mporpamyBaHHS — SIBISIE  COOOIO
MIPUHITUTIOBO 1HIIAH MAX1T MO0 ONTHMi3alii TpaeKTopii.
Meroj omepye NpUHIOMIIOM onTHManbHOCTI bennmana,
SKMH BCTaHOBIIOE, IO ONTHMalbHA IIOCIIIOBHICTb
pieHp 30epira€ CBOIO BJIACTUBICTH ONTHMAJIBHOCTI Ha
KO)KHOMY NpPOMDKHOMY €Tami — [€ O3Hadae€, 1o,
HE3aJIeKHO BiJl TOTO, SIK CHCTEMa JIOCSTIIa IEBHOTO CTaHy,
MOJamblIl pIICHHS MAalOTh CTAHOBUTH ONTHMAIIBHY
MOJITUKY 3 [BOTO MOMEHTY 1 Hazami. Bin npuHmnmy

Tabmuns 1

YmoBHuH npodise Tumy 1 («ierkunii»)

MakcuMyMy [loHTpsriHa aWHAMIYHE MPOrpaMyBaHHS
BIJIpI3HAETBCS ~ HacaMmmepel  CBOIM  JMCKPETHUM
xapakrepoM. [l po3B’sA3aHHSA  33jadi  ONTHMI3amii
MeronoM bennmana HemepepBHUI cTaH X po30MBAIOTH Ha
JIMCKpEeTHY mociioBHicT. Hexaii Ji(x) € MiHIManbHOIO
«BAPTICTIO» BIJl KPOKY i JI0 KiHIS CITKM 32 CTaHy X, TOJII
piBastHHS Bennmana

Ji(x)= min {;(x, u)+Jp (fi(x, 1))
! » 3)

nie /i — BapTicTh OJTHOTO KPOKY;
fi — byHKIIs 3MiHH CTaHy 32 3aKOHOM KEPYBaHHS U.

HuckperHa npupoja JMHAMIYHOTO
MIPOTrpaMyBaHHSI CTPYKTYPHO € JIy’Ke CXO0XKOI0 Ha IIpOIiecC
KEpyBaHHS IOTATOM, OCKUIBKH B 000X BHUIaAKaX CyTHICTb
KEpyBaHHS IIOJSIra€ B cepii JUCKPETHUX pIllICHb 4Yepes
TIeBHI IPOMDXKKH KOJIii a00 4acoBi iIHTEpBAJIH.

Jns BuKOHaHHA omNTUMI3aUii pyxXy moizga B
JTAHOMY JOCHI/DKCHHI 3alaHUi TEperiH po30WTO Ha 7
OKpEMHX HE3JEeKHUX CETMEHTIB, NMPUYOMY pyX Ioi3za
posrispaloTe y QyHknii nusixy s, M. CermMeHTH €
KpOKaMH ONTHMi3alii; KOXKHUM CErMEHT Mae BiAINOBiIHE
3Ha4YCHHS MPO(dUTI0 Teperony i, %o. JloBXHWHA cerMeHTa
(mckpeTHiCTh  pO30MBKM) 3aJaHa Hamepen Iepen
MOJICJTFOBAHHSAM 1 TIPUHHATA AOCTaTHRO MaJioro (5-10 ™)
JUIs 3MEHIIEHHS II BIUIMBY Ha TOYHICTH PO3PaxyHKIB.
SIKIm0 CerMeHT MICTHTh TeperoM mpodino, BiH
JI0JIATKOBO ~ po30MTHIT Ha JBa MEHIIMX CETMEHTH,
30epiratoun B Takuii crocid MO3M0BXHIA Mpodinb
TICPETOHY.

st MonienmoBaHHS pyXy moizna Oyiau BUKOPHUCTaH1
YMOBHI Tpodiji MEeperoHiB TPhOX THIIB, [0 OyiH
3alpPOTOHOBAHI B TOMEPEAHBOMY HocmikerHi [13], i3
HEe3HaYHUMHU 3MiHaMu (Tabu. 1-3).

Hopxuna 150 200 200 200 150 100
JUIAHKHA, M

Yxun g 10 3 3 10 0
IUISSHKH, %0
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Taburs 2

YmoBHuit npodise tumy 11 («cepenniinm)

Hopxuna 150 50 150 50 100 250 400 50 100
JUISHKHA, M
e 30 30 3 3 3 11 17 0
IUISSHKH, %0

Ta6mums 3

YmoBuuit npodine tumy 111 («Baskkuii»)
Hlopxuna 150 | 50 200 | 200 |50 100 | 50 300 | 400 | 50 50 100
VIUIAHKHA, M
Yxun
. o |5 5 35 5 3 3 40 30 30 5 0
IMIITHKH, %0

JlonaTkoBO Ui MOPIBHSHHS BBEICHO YMOBHMH
podisab «HYJIBOBOTO» THITY, IO SBISIE COOOIO MPSMY
IUTSTHKY HoBXuHOI0 1000 M i3 He3HAYHUM YXHIOM — 3 %o.

Mopenp, 1m0 BHKOpPHCTaHa sl ONTHUMi3amii
TpaeKTOpii pyXy NOi3Aa, MOXKHA YSBUTH SIK TaKy, IIO
CKJIAZIA€THCS 3 IBOX CTPYKTYPHUX KOMITOHEHTIB!

e MOJETbh JUHAMIKH PyXOMOTO CKiamy (MOJETb
pyxy moi3zma), 1o BimoOpaxkae BIUIMB Ha pyX HOIi3aa

CUTHAJy KEpyBaHHS u(n) 3 ypaxyBaHHSAM HOTO
HaBaHT@KEHHS, TATOBOI XapaKTEPUCTHKH Ta YMOB
npodiro;

e BJacHe MOJENb KEpyBaHHS Ta OITHMi3alil,
BIJINOBiIJIbHY 3a BUOIp CUTHAIY KepyBaHHS u().

Onrumizamist TpaekTopii pyxy Ioi3zna € 3amauero
BU3HAUCHHS 3aKOHY KEPyBaHHS U(7), SIKUA MOXKHA YSIBUTH
SIK TIOJIOKEHHS KOHTpOJIiepa MAaIMHICTa B KOXHIN ToYI
OUIAXy; TOOTO ONTHMI3allis € B I[BOMY BHIIAJIKY
BU3HAYCHHSM TIOCIIIIOBHOCTI 3aCTOCYBaHHS TSATOBOTO abo
raJbMIiBHOTO 3YCHJUIS, YPaxOBYIOUHM TIIOTOYHHMH CTaH
noizga (IMOJI0KEHHSI B MPOCTOPI, MIBUAKICTH) 1 OakaHWUH
pe3ynbTar (II0YaToK pyXy Ta 3yHHHKa B 33/IaHUX TOUKaX).
KpurepieM onTUMaiIbHOCTI € TOCATHEHHS KiHIEBOI TOUKH
0e3 mepeBHUILEHHS IpadiKoBOro yacy pyxy IO IEpEeroHy
Ts, ¢, 1 3 MIHIMQJIBHIMH BUTPAaTaMH €JIEKTPUYHOI eHepril
A, xBt-ron.

Pyx moizna, a oTxe, BEMMUNHA HOTO MPUCKOPEHHS
a00 YITOBUTEHEHHS 3aJICKUTH BiJl CHITH TATH F, TabMiBHOT
CHWIM B, BENMUYMHM CyMapHOToO OIopy pyxoBi W, macu
norsira P, koedilieHTa 00€pTOBHX Mac Y Ta OIMCaHa
OCHOBHUM DIBHSHHSM pyXY 1oi3/1a

dv_F-B-W. g
(1+y) 4)

dt P

ne F' — cuna taru, kH;
B — ranpmiBHa cwita, kKH;
W — cymapHuii omip pyxosi, kH;
P — Bara noizna, kH;
g — IPUCKOPEHHS BibHOTO mainns (9,81 m/c?).

Cucrema piBHSHB, IO OMHUCYE POOOTY TATOBOTO
MIPUBO/IA TI0i3/1a HA 1-H MIISHIT, Ma€ TAKWA BUTIIS:
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in[f o N, 0<u<1 )
F,= 0,u=0

Bmax.un’ 'IS u<0 J (5)

ne F, — cuia Ty 1oi3na Ha n-i IUISHI neperony, kH;

Finax MaKCHMaJIbHE 3HAueHHS CHJIH TATH
MOTOpPHOTO BaroHa 3a YMOBH OOMEXEHHS CTpymy abo
3UeIUICHHS KOJic i3 pelikamu, kH;

Bna — MakcuManpHE 3HAYCHHS TalbMIBHOI CHIIH
MOTOpPHOTO BaroHa 3a YMOBH OOMEXEHHS CTpymy abo
3ueruieHHs Kouic i3 pedkaMu, KH (Bnax = — Finax);

f(V, N) — TaroBa XapaKTEpHUCTHKa MOTOPHOTO
BaroHa 3aJIeKHO BiJ IMIBHAKOCTI PyXy Ta IOTYXXHOCTI
TSATOBOT'O ITPUBO/JIA;

V — mBUAKICTH pyXy, KM/TOJ;

Un — CUTHAJI KepyBaHHS («KoeQillieHT TATW») Ha n-
W TUISTHI.

BuTtparu enexrpoeneprii Ha IpoXomKeHHS Oy/1b-
SIKOT TUITHKHM TieperoHy A», KBT-Toz, mis mMopenoBaHHS
MOYKHA BU3HAYNUTH SIK

A=
(6)
ne N, — cyMmMapHa pO3BHHYTa IIOTY>KHICTH TSTOBOTO
MIPUBO/IA TI0i3/1a HA n-H IUISHIL;
n — TOBHHH Koe(]ilieHT KOpUCHOI aii TATOBOTO

mpuBoxy (n =0,8...0,9);

Aty — 9ac IPOXOKEHS n-1 TUITHKY;

3600 — xoe(ilieHT IEPEeXoAy Bi CEKYH IO TOAMH.

Bubip neBHOTO 3HaUCHHS #(7) HA KOXHIA UTSHIT
LIULIXYy € KOMIIPOMICOM MiX BHTpaTaMu eJIEKTPUYHOI
eHeprii Ha pyX Moi3Ja i 9acoM Ha ITPOXOPKEHHS 3a/1aHol
JIUISTHKA Ta TmeperoHy B nutomy. st mporo B Tmporiec
BUOOpY 3HAueHHA u(n) Ha KOXHIM MUISHII NUIIXY
BBeZieHa (YHKIIS BapTOCTi, MIO BiOOpaXae «IiHy»
KO>KHOTO BapiaHTa; sl OJIHI€T NUISHKY 71 BOHA CKJIA/IA€

L,V ,ou, =4, (u,) A, (u,) ™

IS A — HEBU3HAYCHUI MHOXKHUK J'Iarpacha.

JlBa anropuT™MHu OmTHMIi3allii, IO BUKOPUCTaHI B
OFOMY JIOCTI/DKCHHI, MarTh Pi3HI MiIXOOH IIOJIO
BH3HAYCHHS 3aKOHY KEPyBaHHS U(1).

JunamiyHe  mporpaMyBaHHS — IIOKJIAJEHO  HA
MoTiepelHE  TIOBHE  OOYMCIEHHS BCIX  JOIMYCTHMHX
koMOinauil (n, Va, un). lle nmae 3Mory BHUKOpUCTATU
pexypcuBHe piBHsHHS bennmana, sike st komOiHanii (7,
Va, un) Oyne BKIIOUATH aHAJOTIYHE pIBHAHHA JUIS
HAaCTyNHOI JIUISHKH n+/, TOOTO YMOBHY BapTiCTh
MIPOXOJPKEHHS BCIX HACTYIHUX JIUISTHOK:

Jn( VnJ un): min {411(un)+l tn(un)+Jn+l(V ,n’ u 'n)]

—1=u,<1 (8)

[Tics MPOXOMKCHHS BCIX 1 TUITHOK Y 3BOPOTHOMY
MOpSAKY  BUOYMOBYIOTH  TaONMITIO  BAapTOCTI  BCIX
MOXJIUBUX KOMOiHAiN Ju(Vy, un), MiCIS 4Or0 OTPUMYIOTH
ONTHMI30BaHUK 3aKOH KepyBaHHA u = f(n). Llporo
JIOCATAI0Th, BHOMpPAIOYM Ha KOXHINA TUIAHII 7 Take U,
SIKOMY BiZIIOBiJja€ HaliMeHIIe 3Ha4eHHs (DYHKIIIT BapTOCTi
J.

«KamiOuuit»y  anropmT™, Ha  BiAMIHY  Bifg
MUHAMIYHOTO TIPOTPaMyBaHHSA, € METOIOM MPSIMOTO
poxoay, TOOTO 3aKOH  KEpyBaHHA  OTPHMYIOThH

MOCHIZIOBHO, TIOYMHAIOYHM 3 IMo4atky. Jsl KOXHOTO
CerMeHTa IEeperoHy 7 BUOMPAIOTh TaKe 3HAYECHHS u(n),
K€ BIINOBiZa€ HaWMEHIIOMY 3HAYEHHIO  (QYHKII{
Baprocti (dopmyna (7)), TpH UBOMY TOTEpEaHi
pe3ynbTaTu ad0 HACTYIHI CETMEHTH HE BPaXOBYIOTb:

u,=

min u )+t (u)!
_min_ H,(u)+2t,(u,)]

.9)

[NopiBHIOIOUM aNTOPUTMH, IUIsT KOXKHOI 3a7aHoi
cepenHbOi MIBHAKOCTI pyXy IO TeperoHy  (sKid
BIINIOBiJa€ TICBHWH ITHOBHHA 4Yac  IMPOXOKCHHS
meperony 73) OyAyIOTh ONTHMI30BaHI TPAEKTOPIi IS
pPYXy y NpsSMOMY Ta 3BOPOTHOMY HampsiMKax. BurpaTtn
eHeprii cymyioth. [Ipukimagum poOOTH  aNropuTMIB
HaBegeHi Ha puc. 1-3. CHHIM KOJIOPOM Ha HUX ITOKa3aHi
LIBHIKOCTI pyXy; OMapaH4eBUM — CHUTHAJIM KepYBaHHS;
CYNiJIBHI JIHIT BIAMOBINAIOTH pe3yNbTaTaM IMHAMIYHOTO
NpOrpaMyBaHHs,  INEPEPUBYACTI  —  «KamgiOHOMY»
ANTOPUTMY.
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Puc. 1. Pesynpraryn ontumizarii 1uist ymoBHoro npodimo tuny I (pyx y npsiMoMy HampsiMKy, cepetHs IIBHIKICTB 25
KM/TO)
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Puc. 2. Pesynprary ontuMizarii 1yt yMoBHoro rpodisnto tumy 11 (pyx y npsMoMy HanpsiMKY, CepeaHs IBUIKICTD 35
KM/TO)

[IBuaKOIiST aNTOPUTMIB 1 MIBHUAKICTE TTOOYIOBH
HUMH{ ONITHMI30BaHOI TPAEKTOPIi 3HAYHO PO3PI3HIIOTHCS,
Ha Hel BIUIMBAIOTh YMOBH Npo¢ito (TlepeayciM NoBXK1Ha,
a OTXe, KUIbKicTh cermeHTiB). s npodimo tumy 111 y
BUNAJKy AMHAMIYHOTO MPOTPaMyBaHHS Yac PO3PAXYyHKY
CKJIajiae MpruOIM3HO 55 ¢, 13 HUX 5 ¢ 3aiiMae po3paxyHOK
Tabmuui mepexomiB 1 50 ¢ — irepatmBHUEA miaOip
HeBM3HAaueHOro  MHoOXxHuKa Jlarpamwka A.  [x

©KamiOHOTO»  aNropuTMy, SIKMH  He  TOTpelye
TIOTIEPETHBOTO  PO3PAXyHKY IOBHOI TaOJHII IEPEXOMiB,
yac MoOyZOBH ONTHMI30BaHOI TpaekTopii 3a3Buuail He
HepeBuIIye 2 .
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Puc. 3. Pesynpraryn ontumizarii 1yt ymoBHoro rnpodino tumy 0 (pyX y 3BOPOTHOMY HaNpsIMKY, cepeiHs IBHAKICTH 30
KM/TO)

PesynbraTi po3paxyHKiB poOOTH aJrOpUTMIB ONITUMI3ALIi]
HaBeneHI B Tabn. 4-7, a TakoXK BigoOpakeHi Ha
opiBHSUTEHOMY Tpadiky (puc. 4).

Tabuums 4

Butparu eneprii a1 ymoBHOTO npodisro iy 0 («HyIb0BHN»)

«Kanibuuit» anroputm JluHamiuHe nporpaMmyBaHHS

Cepenns - — > =
BHAKICTB, kM/rox | [IpsMuii 3BOPOTHUH Cymapsi, Ipsivmit 3BOPOTHUH Cymapsi,
HaANPsMOK, HaNPsMOK, HaANpsMOK, HaANPsAMOK,
kBT kBT
kBt kBT kBT kBT
20
8,39 3,38 11,77 6,85 3,28 10,13
25
8,65 5,54 14,19 7,59 5,42 13,01
30
9,39 6,65 16,04 8,57 6,53 15,1
35
10,44 82 18,64 9,71 7,85 17,56
40
12,16 10,47 22,63 11,74 10,19 21,93
45
15,41 13,87 29,28 15,19 13,57 28,76
Tabmms 5
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Butparu eneprii ans ymoBHOT0 npodisro Turry I («J1erkuii»)

«Kanibuuit» anroputm JuHaMigHe IporpaMyBaHHs
Cepenns - — > =
BHAKICTB, kKM/rox | [IpsMuii 3BOPOTHUH Cymapsi, Ipsivmit 3BOPOTHUH Cymapsi,

HaIpsIMOK, HaIpsIMOK, HaIpsIMOK, HaIpsIMOK,

kBt kBt

kBt kBT kBt kBt
20

9,98 3,1 13,08 7,44 3,05 10,49
25

9,99 4,95 14,94 8,2 4,8 13
30

10,18 6,41 16,59 9,03 6,33 15,36
35

11,18 8,12 19,3 10,3 8,04 18,34
40

12,92 10,24 23,16 12,27 9,95 22,22
45

16,16 13,74 29,9 15,52 13,68 29,2

Tabmuus 6
Butparu eneprii nis ymoBHoro npodiito tumy II («cepenHiii»)

«Kanibuuit» anroputm JuHaMigHe IporpaMyBaHHs
Cepenns - — > =
WIBHAKICTS, KM/ropx | HIpAMHil 3BOPOTHUM Cymapui, Ipsamuii 3BOPOTHUH Cymapui,

HaIpsIMOK, HaIpsIMOK, HaIpsIMOK, HaIpsIMOK,

kBT kBT

kBt kBT kBT kBT
20

7,64 7,9 15,54 12,98 11,96 24,94
25

8,96 8,53 17,49 12,16 11,22 23,38
30

9,71 10,05 19,76 11,75 11,36 23,11
35

10,84 10,51 21,35 12,47 12,06 24,53
40

12,5 12,04 24,54 13,4 13,71 27,11
45

14,77 14,54 29,31 15,87 16,13 32

Tabmuus 7
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Butparu eneprii anst ymoBHoro npodinro tumy 11 («Baxkuii»)

«Kanibuuit» anroputm JluHamiuHe nporpaMmyBaHHS
Cepennst _ _ _ _
BHAKICTB, kKM/rox | [IpsMuii 3BOPOTHUH Cymapsi, Ipsivmit 3BOPOTHUH Cymapsi,

HaIpsIMOK, HaIpsIMOK, HaIpsIMOK, HaIpsIMOK,

kBt kBt

kBt kBT kBt kBt
20

41,96 1,61 43,57 23,73 1,16 24,89
25

35,96 1,3 37,26 22,48 1,3 23,78
30

31,83 1,71 33,54 22,55 1,66 24,21
35

29,54 2,39 31,93 22,66 2,4 25,06
40

28,21 3,37 31,58 22,96 3,15 26,11
45

30,53 5,09 35,62 23,63 4,91 28,54

Butpatu eHeprii, kBT

20 25 30 35 40 45
LLBunakictb, km/rog,

IMpodpine 1 (cepedHii)
40

Mpogpins | (neakuii)
30

Butpatu eHeprii, KBT

20 25 30 35 40 45
LBunakictb, km/rop,

I'Ip%(pinb I (eaxkudi)
0

ButpaTtu eHeprii, KBT

20 25 30 35 40 45
LBunakicte, km/rog,

Puc. 4. IlopiBHsIbHAH Tpadik eHEProBUTPAT 3a PI3HUX METOIB ONTHUMI3aLil

530
x
o
]
O
=
=
©
o
£ 10
o
0
20 25 30 35 40 45
LLBuakicts, km/rog,
BucHoBkmu.

VY pesymbrari JgociipkeHHS OyJio TPOBEIEHO

IpsiME TIOPIBHSHHS PE3yJbTATiB POOOTH Pi3HHX METO/IB
ONITUMI3aLli]l TPAEKTOPIi pyXy Moi3a B OJHAKOBHX YMOBax
— JMHAMIYHOTO TIpPOTpaMyBaHHA Ta <OKaJIiOHOTO»
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aNrOpUTMy  TIOIIYKY JIOKaJbHOTO  MiHIMymy. Jlis
MOPIBHSHHS ~ BHKOpPHCTaHa MOJAENb, IO  IOEAHYE
CUMYJISILIII0O MHAMIKA PYXOMOTO CKJIaxy Ta IMOOYZOBY
ONITUMIi30BaHUX TPaEKTOPiH JIBOMa pi3HEMEI
anroputMamu. Po3paxoByBasii TpaeKTOPii Il YOTHPHOX
YMOBHHMX TPOQUIIB MEperoHiB, TUMOBUX IS MiCBKHX
PEWKOBHX TPAHCTIOPTHUX CHCTEM.

MopenroBaHHsT Aal0 3MOTY KUIBKICHO OLIHUTH
pe3yJIbTaTUBHICTE POOOTH AITOPUTMIB 33 KPHUTEpiEM
€HEProCIO)KUBaHHSI. Pesynbratn MO/ICTIFOBaHHS
MOKa3yI0Th, WIO (OKaMiOHWI» alropuT™M y JAEsSKHX
BUIIaJKaX JEMOHCTPYE DPE3yJbTaTH, IO HaOIMKaIOTHCS
JI0 pe3yNIbTaTiB AMHAMIYHOTO IpOTrpaMyBaHHA. lcToTHE
po3xomKeHHs cnoctepiraots jume Ha III (Baxkkomy)
mpodiii, a TakoXK Ha mMBUAKOCTIX MeHIre 30 km/rox Ha 11
npodini  (cepemnbomy). Ha  mermmx — mpodimsax
30UIBIIEHHS  BHUTpAT 3a <OKaaiOHOTO»  aJIrOpHTMY
MOPIBHSAHO 3  JUHAMIYHMM  IIPOrpaMyBaHHSIM  HE
mepeBumnye 10 %. Bymo BcTaHOBIEHO, IO MIBHIKICTH
o0y 0BH KBa310NITUMAIBHOL TpaexTopii pyxy
©KamiOHUM»  aNrOPUTMOM  TIEPEBHUILYE TaKy Ui
JTUHAMIYHOTO TporpamyBaHHA Maibke y 30 pasiB i
BKJIAJIA€ThCSA B 3alIPOITIOHOBAHE JUISl CHCTEM ABTOBEIICHHS
00MeeHHS 2 ¢ Ha pO3paxyHOK.

PesymbraT;i  MOCHiKCHHS ~ MOKa3ylTh, IO
aNrOPUTMU ONTHMI3allii, IO HE TapaHTYIOTh TII00ATBHOT
ONTUMAIEHOCTI, MOXYTh MaTH KOPHCTh y KOHTEKCTI
3aII3HUYHUX Olepalliii 3aBIsIKH CBOIM IepeBaraM. Tomy
MIEPCIICKTUBHAM HANPSMOM TTONANBIINX JOCHTIKEHb €
MOPIBHSHHS JTUHAMIYHOTO TIPOTpaMyBaHHS 3 IHIIMMH
aNropuTMaMH, MO0 HE MOTPEOYIOTh BEIHKOTO OO0CATY
o0unciieHp 1 MOXyTh OyTH BHKOHaHI 3a KOPOTKHH dHac
CHCTEMaMH aBTOBedeHHs moi3miB. L{i  mociimkeHHs
MOXYTh HagaTH TIAUOMMKA KOHTEKCT MJI1 PO3YMIHHS
MTOPIBHSHUX IIEpPeBar i HEHOMIKIB PI3HUX IMiIXO/IB OO
ONTHMI3allil Ta IXHPOTO MOTCHIIANY [T BUKOPUCTAHHS B
3a/1a4ax, XapaKTepHUX ISt TPAHCIIOPTHUX CUCTEMA.
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Programming (DP) methods based on Bellman’s
principle of optimality. The study addresses the
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or speed-distance trajectories that minimize energy
consumption while strictly adhering to schedule
constraints. This optimization is particularly complex in
railway environments due to significant variations in
longitudinal track profiles, rolling stock characteristics,
and the necessity for real-time decision-making.

While Dynamic Programming guarantees a
globally optimal solution, it demands significant
computational resources. Conversely, greedy heuristics
offer practical advantages in computational efficiency
and implementation simplicity but rely on local optima.
This research evaluates these trade-offs by simulating
various operational scenarios. The analysis demonstrates
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speeds approximately 30 times faster than the DP
approach, it incurs an energy consumption penalty of up
to 10 % on complex track profiles due to a lack of
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performance gap narrows significantly. These results
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latency requirements of automatic train operation
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