AHOTAIIA

Cepuenxo M. C. IligBUIIEHHS 3aBaJIOCTIMKOCTI PEUKOBHUX K 3aJli3HUYHOI
aBTOMATUKU HUISIXOM BIIPOBAXKEHHSI (PUIBTPIB 3 HAHOKPUCTAIIYHUM OCEPIsM. —
KBamidikamiitHa HayKoBa Tpailsi Ha MpaBax PyKOIHCY.

Juceprariiss Ha 3100yTTS HAYKOBOTO CTyIEHs JokTopa (dinocodii 3a
cnemiaibHicTIO 273 — 3ali3HUYHUANA TpaHCHOPT. — YKPATHCHKUMA JIep KaBHUMN
YHIBEPCUTET HayKH 1 TexHoJjorii, Juinpo, 2026.

Jluceprailito MPUCBSIYEHO BHPIMIEHHIO aKTyaJbHOI HAyKOBO-TIPUKIIATHOL
3a/1a4i — MiABUIIEHHIO 3aBaIOCTIMKOCTI PEMKOBUX KiJI 3aJII3HUYHOT aBTOMATHKH, 1110
MPALIOIOTh B YMOBaX IHTEHCUBHUX €JICKTPOMArHiTHUX 3aBaj Bl CHCTEMH TATOBOTO
€JIEKTPONIOCTa4YaHHs IOCTIHHOTO CTPyMY. B sIKOCTI OCHOBHOTO TEXHIYHOTO PIILIEHHS
3alPONOHOBAHO BIPOBALKEHHS (IUIBTPIB 3 HAHOKPUCTAIIYHMM OCEpAsM, SIKI
3aBISIKM YHIKQJbHUM MAarHiTHUM BJACTHUBOCTSIM 3a0e3MeuyioTh e(eKTHBHE
IPUYIIEHHS! TAPMOHIYHUX CKJIJI0BUX 3BOPOTHOIO TSATOBOTO CTPYMY, 30KpeMa Ha
gactorax 300, 600, 900 I'm Ta BuIe, MO € KPUTHYHUMH IJIs HAIAIHHOT poOOTH
PENKOBUX KIJI.

AKTYyaJIbHICTh pOOOTH 3yMOBJIEHa HEOOXIJTHICTIO 3a0€3MeUeHHs HaIiiHOT Ta
0e3neyHoi poOOTH MPUCTPOIB 3ATI3ZHUYHOI ABTOMATUKM B YMOBAx 3pOCTaHHS
MOTYXKHOCTI TSTOBUX HaBAaHTaXXEHb, YCKIAJHEHHSI CTPYKTYPU €IEKTPOTIOCTaYaHHS
Ta BIPOBA/KEHHS CYYaCHUX E€JEKTPOHHUX 1 HMPPOBHUX 3aC00IB KEPYBaHHS PyXOM
MOT3/11B.

Ha choroani mnuTaHHSIM MEPCHEKTUB PO3BUTKY YKPATHCHKOI 3ajli3HMII
MPUCBAYEHI HAYKOBI Mpaili 0ararboX BITYM3HSHUX YYEHUX. 30KpeMa, 3HAUYHUN
BHECOK Yy JOCIHIDKEHHS MPOOJIEM PO3BUTKY 3aJII3HUYHOTO TPAHCIOPTY 3pOoOwIIn
Co6oner 10.B., Paszronor A. Il., I'agpumok B.l., Cepatok T.M., boitnik A.b.,
Mipommnuk P. O., bapam 1O. C., Kepngan O. C., Kepgan B. 1O., Kopias M. B.,
OsumunnikoBa B. O., Penpko B. €., Pexyn 1. 1., Tokmanosa 1. B., Hapkina T. FO.,
Uynomex I. O., [Tanaiika FO. A. Ta iHIII1 HAyKOBIIi, Y pOOOTaX SKUX PO3TIISIAIOTHCS
CTpaTeriuHi, OpraHi3amiiiHi Ta TEXHIKO-€KOHOMIYHI  aCHEeKTH  PO3BUTKY

3JII3HUYHOTO TPAHCTIOPTY Y KpaiHH.



Baromuii BHECOK y pO3BUTOK HAyKOBUX JOCIKEHb Yy Talmysl
€JIEKTPOMArHiTHOI CYMICHOCTI, a TaKOX Yy IMiJIBUILEHHS 3aBaIOCTIMKOCTI MPUCTPOIB
3aJII3HUYHOI aBToMaTuku, 3poowmn ['aBpumok B. 1., Ceparox T. M., Illeka BL.I,
Amyx K.1., XKypasnes A.1O, Pomannies 1. O., Jlymancekuii 0. 1., , I[lanacenko M.
B., Cuuenko B. I'., bocuit I. O., Myxa A. M., Jleonos C. 1O., Ianos B. O.,
["abpycenko €. 1., Inpaunekuit JI. 5., lllep6ina O. A., I'onosix 0. O., Illonoxos C.
M., Cambopcrkuii 1. 1., Augynascekuit O. C. YV mpaisix 3a3Hau€HUX aBTOPIB
JOCITIJIPKEHO MEXaHI3MU BUHUKHEHHS €JICKTPOMArHiTHUX 3aBajl, 0COOJUBOCTI iX
BINTUBY HA TIPHUCTPOI 3aI3HUYHOI aBTOMATHKH Ta 3allpPOIMIOHOBAHO METOU
N1JBUILIEHHS 3aBaJ0CTIMKOCTI 1IHPOPMALIIMHHX 1 KEPYBaJIbHUX CHCTEM.

CyTTeBU BHECOK y BUBUYEHHS MPOOJIEM €JIEKTPOMArHiTHOI CYyMICHOCTI Ta
aHaJi3y eJEeKTPOMAarHiTHUX 3aBaj] Y CKJIQIHUX TEXHIYHUX CUCTEMaX 3POOUIIH TaKOK
3apyOiKHI HayKoBII, 30kpeMa Yankait Cs, @pank Jledepink, [I’erpo Tpikomi, [IBu
Manpnapuc, Auapea Mapicokorti, Jleonapno Capnponini, JdaBun Tomac, Maypo
Oemniziani, Ymoeprto Ilaynerti, Kneiiton Ilon, T'enpt B. Otr, ®nasio Kanagsepo,
Keitzep Kener, Yeran Karamaii, Bimpsamc T. VYV ixXHIX mpamsgx po3risgarOThCs
TEOPETUYHI Ta MPUKIAJHI aCHEKTU 3a0€3MEUEHHSI €JEKTPOMArHiTHOI CyMiCHOCTI
CUCTEMHU CHWJIOBOi E€JEKTPOHIKH, TATOBOTO EJIEKTPOIMOCTAa4YaHHS 3aJ13HUYHOTO
TPAHCHOPTY 13 CYMDKHMMH TPUCTPOSIMH, METOAM aHalli3y Ta 3HWKEHHSA
CJIEKTPOMArHiTHUX 3aBajJl, a TaKOX TWTaHHS MIJBUILCHHS  HAJIAHOCTI
(GYHKIIOHYBaHHS €IEKTPOHHUX 1 €IEKTPOTEXHIYHUX CHUCTEM.

VY nepuioMy po3aiii BUKOHAHO TIPYHTOBHUW aHali3 Cy4acHOro CTaHy
po0JIeMu eIeKTPOMArHiTHOI CyMICHOCTI Ha 3aJII3HUYHOMY TpaHCHopTi. BusnaueHo
ocHoBHI kepena EM3: Tsarosi nepetBoproBaui 3 IIIIM, komyTariiiina amnapatypa,
BUTIPSAMJISY], @ TAKOX 30BHIIIHI BIUIMBU. [lokazaHo, 110 HaWOUIbII Bpa3iIMBUMU
eJIEMEHTaMH € caMe PEeUKOBi KoJia (0COOJIMBO TOHAJIBHI Ta KOJIOB1), OCKUTLKH BOHU
BUKOPUCTOBYIOTh PEUKOBY JIHIIO SK CHITLHUNA TPOBIMHUK JJISI CUTHAJBHOTO Ta
TaroBoro ctpymiB. IlpoananizoBaHo iCHyHYl MeToau 3axucty (pinbTpw,

eKpaHyBaHHS, 3a36MJICHHS) Ta BUSIBJICHO 1XHI 0OMEKEHHS: HU3bKa €(DeKTUBHICTH Ha



BHUCOKHX YaCTOTaX, CXUJIBHICTh /0 HACHYCHHS CTAJIEBUX OCEP/b, BEJIMKI Ta0apUTH.
OOrpyHTOBaHO HEOOXITHICTH TIEPEXOAY HAa HOBI MaTepiaiy Ta METOIN T1arHOCTHKH.

VY npyromy po3aisii yI0CKOHAJIEHO MAaTeMaTUYHy MOJIEIb €JIEKTPOMAarHiTHOI
B3a€MO/I11 MI>K CHCTEMOIO TSTOBOTO €JIEKTPONOCTaYaHHs Ta pekoBuMHU Kosamu. Ha
BIIMIHY BiJI ICHYIOUMX, MOJIEJb NpPEJCTaBlIeHa K JABAHAAISTUIIONIOCHUK, IO
BpPaxOBY€ E€JNEKTPOMArHiTHUN 3B’S30K MIXK KOHTAKTHOI MEpEXEI, JIBOMa
peiiKOBUMHM HHTKaMH, BHCOKOBOJIbTHUMU JtiHissME CLIb Ta T1E 6(10) kB, a Takox
3eMJiel0. BUKOHAaHO peaykiiio 10 ABOKOHTYPHOI CHUCTEMHU «TSTOBUM KOHTYp —
CUTHAJIbHUNA KOHTYp». OTpHUMaHO 4YMCENbHI 3HAYEHHS KOE(IUIE€HTIB MOLIMPEHHS
XBWJIb, PO3MOAUI HABEJIEHOI Halpyrw B3HOBX JiHII, YaCTOTHI 3aJ€XKHOCTI
iMnienadciB. [IpoBeneHo OIIHKY aJeKBAaTHOCTI MOJEil 3a KpuTepismu dimepa Ta
CrtprOgeHTA.

VY  TperboMy pO3AUII MPENCTABICHO pPE3yJbTaTH EKCHEPUMEHTAIbHUX
JOCTIP)KEHb TapMOHIMHOTO CKJIAAy 3BOPOTHOIO TSTOBOIO CTPyMYy B PEHKOBHUX
kojax. Po3pobiieHo Ta anpoOoBaHO JBa METOJIM MOHITOPHUHIY: CTalllOHApHUM (Ha
MOCTY €JIEKTPUYHOI IIEHTpaizailii) Ta IuHaMivyHui (T 9ac pyxy noizaa). Boepie
3aCTOCOBAHO METOJI OJJHOYACHOT'O BHUMIPIOBAHHSI CUTHANIB Y YOTUPHOX CYMIXKHHMX
toHanbHUX PK mMeTpononiteny npu B’i3111, pyci Ta po3roHi noizna. BusiBiaeHo, o B
HOpPMAaJIbHOMY PEXHMI MepeBaXkaroTh KaHoHiuHi rapmoniku (100, 150, 200, 250, 300
') Bix BUIPSAMIISYIB, @ T 9ac pyXy Moi3Aa 3’ IBISIOTHCS 101aTKOBI rapMoHiku 150
I'm ta 300 I'm, 3ymoBneH1 poOOTOIO TATOBUX NBHUTYHIB. {75 3amau 3aii3HUYHOL
aBTOMATHKW 3alpONOHOBAHO METOJ Kiacuikailii eJeKTPOMAarHiTHUX 3aBajl y
peliKoBUX KOJaX 3 BHUKOPUCTAaHHSIM MAIIMHHOTO HaBYaHHs. PeanizoBaHo
napajenbHe 3aCTOCYBaHHSA JBOX MOJIEJEH: aaropuTMiB 3rOpPTKOBOI HEHpPOHHOI
mepexi (1D CNN) mis anamizy cupux 4acoBux psiiB Ta kinacugikaropa Random
Forest (RF), o mpaittoe Ha ocHOBI 15 BpydHY CKOHCTPYHOBaHHMX O3HAK Y 4acOBIi
Ta YaCTOTHIA obOyacTsax. /[ HaBYaHHS 3reHEpPOBAHO CHHTETUYHUN HAOIp JaHUX
(3000 peaumizariiit), 1110 BKJIFOYA€ YUCTI CUTHAJIN Ta CUTHAIN 3 TUIIOBHUMHM 3aBaJlaMH
(rapMOH1YHI, IMIIYJIbCHI, By3bKOCMYTOBI, IITyM). [IpoBeneHo kaniOpyBaHHs Mojenei

(remmeparypuae macmtaOyBanus 11t CNN ta Platt-macmrabysanns as RF), 1o



J03BOJIMJIO OTPUMATHU pPEasiCTU4HI HWMOBIpHICHI omiHkK. Ha TectoBiii BuOipii
obunsi momeni gocsrmu AUC > 0,99, mpuuomy CNN mokazama memo kparmri
pe3yabTaTH AJisl IMITYJIbCHUX Ta BY3bKOCMYTOBUX 3aBa/l.

VY yeTBepTOMY PO3/Li BUKOHAHO OCHOBHE 3aBAaHHS POOOTH — OOTPYHTOBAHO
Ta po3poljeHo 3acobu 3abesnedeHHs 3aBagocTtiiikocti PK:  duibtpu 13
HAaHOKPHUCTATIYHUMHU ocepasMu. HaBeneHo MaTeMaTuyHuil anapar Juisi po3paxyHKy
mapaMeTpiB  TOpPOiNadbHUX  KOTYIIOK 13 ~ HAHOKPUCTAIIYHUI  OCEpHsM.
ExcriepuMeHTanbHO JOCIIIKEHO YaCTOTHI XapaKTEPUCTUKH PO3POOICHUX KOTYIIOK
y aianazoni Big 500 ' mo 200 kI 'm: migTBEpHKEHO CTabiIbHE 3pOCTAaHHS IMIIETAHCY
Ta KyTa ()a30BOro 3CyBy, IO CBIIYUTH MPO BUCOKY €(EKTUBHICTh MPUAYIIECHHS
EM3. BukoHaHO MNOpIBHSJIBHUN aHami3 3 icHyro4YuM Onok-¢insTpom 3bD-1.
Po3paxoBaHo ekoHOMIYHUN e(EKT BiJ BOPOBAIKEHHS 3aco0iB 3a0e3MeyeHHs
3aBaJIOCTIMKOCTI KOJOBUX Ta ToHaIbHUX PK: (uibTpiB 13 HAHOKpUCTATIYHUM
OCEPISIM.

Mertoro nucepraniitHoi poOOTH € MiABUILEHHS 3aBaIOCTIMKOCTI PEMKOBUX K1JT
3aJII3HUYHOI aBTOMATHKHU IIJISTXOM BIIPOBA/KEHHS (DUIBTPIB 3 HAHOKPUCTATIUYHUM
OCepIsIM Ha OCHOBI YyJOCKOHAJCHHS MAaTEeMaTHYHUX MOJEICH E€IeKTPOMAarHiTHOT
B3a€MO/II1, aHAJI3Y BIUIUBY TSATOBUX CTPYMIB 1 IX TApMOHIYHUX CKJIAJIOBUX, a TAKOXK
pPO3pOOICHHS METOIB 1 TEXHIYHHX PIlIEHb MO0 KOHTPOIIO 1 3MEHIICHHS PiBHA
€JICKTPOMArHITHUX 3aBa]l.

JIJist MOCATHEHHS MTOCTaBJICHHOT METH B POOOTI OYJI0 MOCTABIEHHO 33j1a4i SIKi
HEOOX1THO BUPIIIUTH:

- TIPOaHaJi30BATH CyYaCHUMU CTaH MPOOIEMH €JIEKTPOMArHiTHOI CYyMICHOCTI
Ha BaI3HUYHOMY TPAHCHOPTI, MAOCTIAUTH JDKepena 1 NUIAXH TMOIIMPEHHS
CJICKTPOMArHITHUX 3aBaJ] Y CHCTEMax TATOBOTO €ICKTPOIIOCTAYaHHS Ta 3aJ1i3HHYHOT
aBTOMATHUKH,

- YIOCKOHAJIHUTH MaTeMaTUYHy MOJIEITb CUCTEMU TATOBOTO
CJIEKTPOIIOCTAYaHHS 13 MPUCTPOSIMU  3aJII3HUYHOI aBTOMATHKKA 32 PaxyHOK

30UTBITICHHST KOMIIOHEHTIB CUCTEMH, BU3HAYUTH 1X €JIEKTPOMATHITHY B3aEMO/IIIO;



- TMPOBECTH  EKCIEPUMEHTAIbHI Ta  TEOPETHYHI JOCHIIKEHHS
eJIEKTPOMArHITHUX TPOIECIB B PEHKOBUX KOJAaX, OOTPYHTYBAaTHU HOBHM METO[
JIOCITIJIKEHHS €JIEKTPOMArHITHUX 3aBajl 3 BUKOPUCTAaHHSIM MalllMHHOTO HABYaHHS;

- JIOCIITUTH MOJIHMBICTh BIPOBAKCHHSI CYJaCHHX 3aCO01B MPHUTHIYCHHS
CJIEKTPOMArHITHUX 3aBajJi B CHCTeMaxX 3aJi3HUYHOI aBTOMATUKH HIUISIXOM
BUKOPHUCTAHHS (PILTPIB 13 HAHOKPUCTATIYHUMH OCEPJISIM.

HayxoBa HOBH3HA OTpUMaHUX PE3YJIbTATIB MOJIATAE B:

- YIOCKOHAQJIEHO MaTeMaTU4YHY MOJIE€Jb €JIEKTPOMArHiTHOI B3a€EMOJIT MIX
CHCTEMOIO TSTOBOTO €JIEKTPOTIOCTAYaHHS Ta pEHKOBUMH KOJIAMHU, SIKa MPECTaBIIeHA
JBAHAAISITUTIONIOCHUKOM 1 BIJIPI3HSETHCS BIJl ICHYIOUMX THM, IIO0 BPaxoOBYE
€JIEKTPOMArHiTHUI 3B’A30K MIXK KOHTaKTHOIO MEpPEkKEI0, PEHKOBUMHU HUTKaMHU,
minismu BJI CLIB, BJI TIE 6 (10) kB Ta 3emieto;

- BIEpIIEe PO3POOJCHO aNrOpUTMU 1 METOAM OLIHIOBAaHHSA IapaMeTpiB
KOJIOBUX CTPYMIB Ta €JIEKTPOMArHiTHUX 3aBa/Jl 32 PaXyHOK BUMIPIB Y KOHTPOJIbHUX
TOYKAaX Ha TOCTy ENEKTPUYHOI I[EHTpati3ailii 0JHOYaCHO B YOTHUPHOX PEHKOBUX
KOJIaX, 10 Ja€ MOKJIUBICTh OIIIHIOBATH POOOTY CHUCTEM 3aI3HUYHOI aBTOMATUKU
0e3 mepepBM B pycl INoi3ga 1 MNEpEedTH Yy MNOJNAIBIIOMY BiJ IJIaHOBO-
onepeaKyBaJIbHOTO TEXHIYHOTO  OOCIIyTOBYBaHHS PEUKOBUX KUT 1O
00CITyTOBYBaHHS «3a CTAHOM» 00’ €KTY;

- BIEpIIE pO3po0JEHO METOJ Kiacu(ikalii elIeKTpOMarHiTHUX 3aBajl Ha
OCHOBI MAIIMHHOTO HaBYaHHS 13 QJIrOpPUTMaMH TMapajedbHOTO 3aCTOCYBaHHS
sropTkoBoi HeliponHoi Mepexi CNN Tta kinacudikaropa Random Forest;

- BIIEpILIC 3aPONOHOBAHO MIJISXH M1BUILIEHHS 3aBaJIOCTINKOCTI B KOJIOBUX Ta
TOHAJTBHUX PEHKOBUX KOJIAX 3a PaxyHOK BUKOPUCTaHHSA (PUIBTPIB 13
HAHOKPUCTATIYHUM OCEpAsM, IO CHpUA€ TIOKPAIICHHIO eJIeKTPOMAarHiTHOI
CYMICHOCTI CHCTEMH TSTOBOTO EJICKTPOIMOCTa4YaHHS 3 MPUCTPOSIMH 3aJi3HHUYHOT
aBTOMATHKU, 3MEHIIICHHIO MacO-Ta0apUTHUX MOKA3HUKIB MPHUCTPOIB 3ali3HUYHOT
aBTOMATHUKHU 3aBJSKH XapaKTePUCTUKaM HAaHOKPUCTAIIYHUX MaTepiajiB.

[IpakTiuHe 3HAaYEHHS OTPUMAHMUX PE3YIbTATIB HAYKOBO-IOCIIIHOI poOOTH

nojeirace 'y X BI/IKOpI/ICTaHHi l'IiI[ JyaC HaBYaHHS B I[I/ICHI/IHJ'IiHaX «EJICKTpO}KI/IBJIeHHSI



CUCTEeM aBTOMAaTUKU Ta 3B’SI3Ky» 1 «EJeKkTpoMarHiTHa CyMICHICTh CHUCTEM
aBTOMATUKWY, 1110 TiATBEPKYIOTHCS BIATIOBIIHIM aKTOM TIPO BIIPOBAKCHHS.

3100yTi B IuUcepTallli HAyKOBI PE3yIbTaTH J030JMWIA PO3POOUTH METOAH 13
BUKOPHCTAHHSAM  CyYaCHUX  BHMIPIOBAJbHUX  3acO0IB  aBTOMATH30BAHOTO
BUMIPIOBaHHS ITapaMeTPiB KOJOBOTO CTPYMY 1 PIBHIB Ta CIIEKTPY €IEKTPOMAarHiTHUX
3aBaJ] Ha MOCTY EJICKTPUYHOI HEHTpasi3allii, o MmATBEPIKYIOThCS BIAMOBIIHUM
aKTOM TIPO BIIPOBAKCHHSI.

Po3pobneno anroputmMu Ta TporpaMHe 3a0e3leueHHs s peanizallii
aBTOMATHU30BaHOTO KOHTPOJIIO €JIEKTPOMATrHITHUX 3aBaJl B PEHKOBUX KOJIaX MUITXOM
BUKOPUCTAHHA MAaIMHHOTO HaB4aHHsA. CTBOpeHI €(EeKTHBHI METOAU OLIHKHU
CJIEKTPOMArHITHUX 3aBaJl MOXYTh OyTH BHUKOPUCTaHI TpU MPOEKTYBaHHI,
MOJICpHI3aIlii Ta eKCIUIyaTallii CHCTEM TATOBOTO €JIEKTPOTIOCTaYaHHS 1 IPUCTPOIB
3aJI13HUYHOI aBTOMATUKH.

HaykoBi nocmiikeHHs BUKOHAHO Y BIJIIIOBITHOCTI 13 CTpaTEri€r0 1HTerpaiii
VYkp3anizuuill Ta Mongosu B €Bponeiickkuiit Coro3 (€C), [lnanom cTBOpeHHS CMYT
comigapHocTi 13 Mk €C Ta Ykpainoro, Konneniiii po3sutky Ykp3anizuauii 10 2030
p. 3ampomnoHOBaHI MIIXOIMW Ta MOJENIl MOXYTh OyTH BUKOPHUCTaH1 JJIS OLIHKH
CJICKTPOMArHiTHOI OOCTAaHOBKM Ha eNeKTpH(pIKOBAHUX [UISHKAX 3aT3HHUIL Ta

OOTpyHTYBaHHSI 3aXO0/I1B 11010 3a0€3MEUCHHS CJICKTPOMArHiTHOI CyMICHOCTI.

Kiio4uoBi cjioBa: enekTpoMarHiTHa CyMICHICTh, €EKTPOMArHiTHI 3aBajy,
TATOBUM CTPyM, PEMKOBI KOJia, JIBUTYH, Halpyra, CTPyM, CIIEKTP, MOJICIIOBAHHSI,
KOe(]illleHT MAarHiTHOr0O HACUYCHHS, 3aJli3HUYHA aBTOMATHKA, BUIIPSIMIISY,

SJIEKTPOIIOI3]T, 3aJII3HUYHUN TPAHCTIOPT.



ABSTRACT

Serchenko M. S. Improving the noise immunity of railway automation rail
circuits by introducing filters with nanocrystalline cores. — Qualifying scientific
work as a manuscript.

Thesis for the degree of Doctor of Philosophy in specialty 273 — Railway
Transport. — Ukrainian State University of Science and Technology, Dnipro, 2026.

The dissertation is devoted to solving a pressing scientific and applied
problem — increasing the noise immunity of railway automation rail circuits
operating under intense electromagnetic interference from the DC traction power
supply system. As the main technical solution, the introduction of filters with
nanocrystalline cores is proposed, which, due to their unigue magnetic properties,
ensure effective suppression of harmonic components of the reverse traction current,
in particular at frequencies of 300, 600, 900 Hz and above, which are critical for the
reliable operation of rail circuits.

The relevance of the work is determined by the need to ensure reliable and
safe operation of railway automation devices in conditions of increasing traction
load power, the growing complexity of the power supply structure, and the
introduction of modern electronic and digital train control systems.

To date, the prospects for the development of Ukrainian railways have been
the subject of scientific works by many domestic scientists. In particular, a
significant contribution to the study of railway transport development problems has
been made by Sobolev Yu.V., Razghonov A.P., Havryliuk V.I., Serdiuk T.M.,
Boinik A.B., Miroshnyk R.O., Barash Yu.S., Kerdan O.S., Kerdan V.Yu., Korin
M.V., Ovchynnikova V.O., Redko V.Ye., Rekun I.l., Tokmanova 1.V., Charkina
T.Yu., Chudomekh 1.0., Papaika Yu.A. and other researchers, whose works address
strategic, organizational, and technical-economic aspects of the development of
railway transport in Ukraine.

A significant contribution to the development of scientific research in the field
of electromagnetic compatibility, as well as to increasing the noise immunity of

railway automation devices, has been made by Havryliuk V.I., Serdiuk T.M.,


https://v.yu/
https://v.ye/
https://t.yu/

Shcheka V.1., Yashchuk K.I., Zhuravlev A.Yu., Romantsev 1.O., Dumanskyi Yu.D.,
Panasenko M.V., Sychenko V.H., Bosyi D.O., Mukha A.M., Leonov S.Yu., lvanov
V.0., Habrusenko Ye.l., llnytskyi L.Ya., Shcherbina O.A., Holovin Yu.O.,
Sholokhov S.M., Samborskyi L.I., Yandulskyi O.S. The works of these authors
investigate the mechanisms of electromagnetic interference generation, the specifics
of their impact on railway automation devices, and propose methods for increasing
the noise immunity of information and control systems.

A substantial contribution to the study of electromagnetic compatibility
problems and the analysis of electromagnetic interference in complex technical
systems has also been made by foreign scientists, including C. Xia, F. Leferink, P.
Tricoli, D. Mandaris, A. Mariscotti, L. Sandrolini, D. Thomas, M. Feliziani, U.
Paoletti, C. Paul, H.W. Ott, F. Canavero, K. Keenan, C. Katalay, and T. Williams.
Their works examine theoretical and applied aspects of ensuring electromagnetic
compatibility between power electronics systems, railway traction power supply,
and adjacent devices, methods for analyzing and reducing electromagnetic
interference, as well as issues of improving the reliability of electronic and electrical
systems.

The first chapter provides a thorough analysis of the current state of the
electromagnetic compatibility problem in railway transport. The main sources of
electromagnetic interference are identified: traction converters with PWM,
switching equipment, rectifiers, as well as external influences. It is shown that the
most vulnerable elements are precisely rail circuits (especially audio frequency and
coded ones), as they use the rail line as a common conductor for signal and traction
currents. Existing protection methods (filters, shielding, grounding) are analyzed,
and their limitations are revealed: low efficiency at high frequencies, susceptibility
to saturation of steel cores, and large dimensions. The necessity of transitioning to
new materials and diagnostic methods is substantiated.

The second chapter improves the mathematical model of electromagnetic
interaction between the traction power supply system and rail circuits. Unlike

existing models, the model is presented as a twelve-terminal network that takes into
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account the electromagnetic coupling between the contact network, two rail threads,
high-voltage signaling and communication lines (VL SCB), and 6(10) kV power
lines (VL PE), as well as the ground. A reduction to a two-loop system “traction
loop — signal loop” is performed. Numerical values of wave propagation
coefficients, the distribution of induced voltage along the line, and frequency
dependencies of impedances are obtained. The model adequacy was assessed using
Fisher’s and Student’s criteria.

The third chapter presents the results of experimental studies of the harmonic
composition of the reverse traction current in rail circuits. Two monitoring methods
were developed and tested: stationary (at the interlocking station) and dynamic
(during train movement). For the first time, the method of simultaneous signal
measurement in four adjacent audio frequency rail circuits of the metro was applied
during train entry, movement, and acceleration. It was found that in normal mode,
canonical harmonics (100, 150, 200, 250, 300 Hz) from rectifiers predominate, while
during train movement, additional 150 Hz and 300 Hz harmonics appear, caused by
the operation of traction motors. For railway automation tasks, a method for
classifying electromagnetic interference in rail circuits using machine learning is
proposed. Parallel application of two models was implemented: a 1D Convolutional
Neural Network (1D CNN) algorithm for analyzing raw time series, and a Random
Forest (RF) classifier operating on the basis of 15 handcrafted features in the time
and frequency domains. A synthetic dataset (3000 realizations) was generated for
training, including clean signals and signals with typical interference (harmonic,
impulsive, narrowband, noise). The models were calibrated (temperature scaling for
CNN and Platt scaling for RF), which allowed obtaining realistic probability
estimates. On the test set, both models achieved AUC > 0.99, with CNN showing
slightly better results for impulsive and narrowband interference.

The fourth chapter fulfills the main task of the work — the means of ensuring
rail circuit noise immunity, namely filters with nanocrystalline cores, were
substantiated and developed. A mathematical apparatus for calculating the

parameters of toroidal coils with a nanocrystalline core is presented. The frequency



characteristics of the developed coils were experimentally investigated in the range
from 500 Hz to 20 kHz: a stable increase in impedance and phase shift angle was
confirmed, indicating high efficiency of electromagnetic interference suppression.
A comparative analysis with the existing ZBF-1 block filter was performed. The
economic effect of implementing noise immunity means for coded and audio
frequency rail circuits, i.e., filters with nanocrystalline cores, was calculated.

The aim of the dissertation is to increase the noise immunity of railway
automation rail circuits by introducing filters with nanocrystalline cores based on
improved mathematical models of electromagnetic interaction, analysis of the
influence of traction currents and their harmonic components, as well as the
development of methods and technical solutions for monitoring and reducing the
level of electromagnetic interference.

To achieve this aim, the following tasks were set and solved in the work:

to analyze the current state of the electromagnetic compatibility problem in
railway transport, to investigate the sources and propagation paths of
electromagnetic interference in traction power supply and railway automation
systems;

to improve the mathematical model of the traction power supply system with
railway automation devices by increasing the system components and determining
their electromagnetic interaction;

to conduct experimental and theoretical studies of electromagnetic processes
in rail circuits, to substantiate a new method for studying electromagnetic
interference using machine learning;

to investigate the possibility of introducing modern means of suppressing
electromagnetic interference in railway automation systems by using filters with
nanocrystalline cores.

The scientific novelty of the obtained results lies in:

the mathematical model of electromagnetic interaction between the traction
power supply system and rail circuits has been improved, presented as a twelve-

terminal network and differing from existing ones by taking into account the



electromagnetic coupling between the contact network, rail threads, VL SCB lines,
6(10) kV VL PE lines, and the ground;

for the first time, algorithms and methods for estimating the parameters of
coded currents and electromagnetic interference have been developed by means of
measurements at control points at the interlocking station simultaneously in four rail
circuits, which makes it possible to assess the operation of railway automation
systems without interrupting train traffic and to transition in the future from
scheduled preventive maintenance of rail circuits to condition-based maintenance;

for the first time, a method for classifying electromagnetic interference based
on machine learning with parallel application of a Convolutional Neural Network
(CNN) and a Random Forest classifier has been developed;

for the first time, ways to increase noise immunity in coded and audio
frequency rail circuits through the use of filters with nanocrystalline cores have been
proposed, which contributes to improving the electromagnetic compatibility of the
traction power supply system with railway automation devices, reducing the weight
and size parameters of railway automation devices due to the characteristics of
nanocrystalline materials.

The practical significance of the obtained results of the research work lies in
their use in teaching the disciplines “Power Supply of Automation and
Communication Systems” and “Electromagnetic Compatibility of Automation
Systems,” which is confirmed by a corresponding implementation act.

The scientific results obtained in the dissertation made it possible to develop
methods using modern measuring tools for automated measurement of coded current
parameters and the levels and spectrum of electromagnetic interference at the
interlocking station, which is confirmed by a corresponding implementation act.

Algorithms and software for implementing automated monitoring of
electromagnetic interference in rail circuits using machine learning have been
developed. The created effective methods for assessing electromagnetic interference
can be used in the design, modernization, and operation of traction power supply

systems and railway automation devices.



The scientific research was carried out in accordance with the integration
strategy of Ukrzaliznytsia and Moldova into the European Union (EU), the Plan for
the creation of Solidarity Lanes between the EU and Ukraine, and the Concept for
the Development of Ukrzaliznytsia until 2030. The proposed approaches and models
can be used to assess the electromagnetic environment on electrified railway sections
and to justify measures to ensure electromagnetic compatibility.
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traction current, rail circuits, motor, voltage, current, spectrum, modeling, magnetic
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