AHOTALILS

llomasan /.11 1linBuILIeHHS €HEProePEeKTUBHOCTI CUCTEMH «TEIJIOBUI ABUTYH —
TATOBUI €JEKTPONPUBO» TeruioBo3a. — Kpamidikariiiina HaykoBa mpallsd Ha IMpaBax
PYKOTIHCY.

Hucepraiiss Ha 3100yTTS HAyKOBOTO CTyrleHs JokTopa ¢imocodii 3a
cHerianbHICTIO 273 — 3ami3HUYHUN TPAHCTIOPT — YKPATHChKUH IepKaBHUN YHIBEPCUTET
3amizHnuHOrO Tpancnopty, MOH VYkpaiau, Xapkis, 2021.

Juceprarlito NpucBAYEHO MUTAHHIO PO3POOKM METO/IB Ta 3aXO/1B 3 IMiIBUILICHHS
€HEeproePeKTUBHOCTI TEMIOBO31B 3 TATOBOIO EIEKTPUUHOIO MEPEAAUCIO.

HaykoBa HOBH3Ha mgucepramiiiHoi poOOTHM TMONArae y BHPIIIEHHI HAyKOBO-
NPUKIJIAJHOTO 3aBJaHHS  MIJBUILEHHS €HEProeEeKTUBHOCTI TEIJIOBO3IB 3 TATOBOIO
CNIEKTPUYHOIO TIepeiaveto, 10 3IMCHIOETHCS NIIAXOM BIPOBAIKEHHS T1IOPUIHOI TATOBOT
eJICKTPUYHOI Ilepejadl Ta BUKOPUCTAHHS eHEPrOONTUMAIIbHUX PEKHUMIB BEJICHHS O13/1a.

Bnepuwe nposeneHo:

— BUOIp KOH(]Irypari CUCTEeMU «TEIUIOBHI JBUTYH — TSATOBHUNA EJIEKTPOIPUBOI
TEIJIOBO3a 13 BUKOPUCTaHHsS (DyHKIITi OakaHOCTI XapiHTTOHA, SIKa J03BOJISIE BUKOHATH
OIIIHKY CKJIAJIOBUX CHCTEMHU 0a3ylO4HCh K Ha SKICHMX TMOKa3HUKaX iX poOOTH, Tak 1 Ha
KUIBKICHUX;

— ONTUMI3ALIMHUN MOIIYK KPHUBOI PyXy IMoi3ga 3 BUKOPUCTAHHSIM TiOpPUIHOTO
MaHEBpPOBOI'0 TEIUIOBO3Y JUISHKOI MUIAXY 13 3aCTOCYBAaHHSM METONY JAMHAMIYHOIO
nporpaMmyBaHHs Ha 0a3i NpUHIMIYY OoNTUMaIbHOCTI benmana, 1o gae 3Mory BU3HAYUTH
CHEProONTHMAIbHI PEXMMH BEICHHS T0i371a 1 Hagaru pPEKOMEHMAIli om0 BUOOpY
CITIBBIIHOIIIEHb MI>K TIOTYKHOCTSIMH OCHOBHOTO Ta JIOMATKOBOI'O JIKEPEIT )KUBJICHHSL.

Yoockonaneno:

— MareMaTW4yHy MoOneidb pyxXy I[oi30a JOUISIHKOIO 13 BpaxyBaHHSAM BIUIUBY
BUHUKHEHHSI HECTAlllOHAPHUX PEKHMIB TaKWX, SIK OOKCYBaHHA Ta 103, IO J03BOJISIE
JOCIIIATH TIPOIIECH, K1 TTPOTIKAIOTh MPH IIOMY B CHCTEMI «TETIJIOBUHN JABUTYH — TATOBUI

€JIEKTPONPUBOJI — HAKOMMMYYBa4 €HEPrii» TErja0B03a.



Habynu nooanvwozo pozsumky:.

— IMiTalliifHa MOJENb JU3EIBbHOrO ABUTYHA, SKa, Ha BIAMIHY BiJl BIJIOMHX, IO
0a3yr0ThCS Ha 1HIUKATOPHIN J1arpaMi HOoro poOOTH, BPaXOBYE 3AJIEAKHICTh MIXK CHJIOH,
SIKa PO3BUBAETHCS AU3CILHUM JIBUTYHOM, Ta KOE(IIIEHTOM 3aBaHTa)XEHHS JIBUTYHA,
JAI0YM MpU LbOMY 3MOTY MIABUIIUTH TOYHICTH PO3PAXYHKY KUIBKOCTI CIIOXHTOTO
NajgbHOrO TPH POOOTI NTH3ENb-TEHEPATOPHOI YCTAHOBKM 0€3 3HAYHOIO YCKIJIAIHCHHS
MOJIENI,

— IMiTamiiiHa MOJENb  JIHIHHOTO  €JIEKTPOMEXAHIYHOTO  IEepPETBOpIOBava
€JICKTPOMArHiTHOrO THUIY, 110 € CKJIAJJOBOI0 YAaCTMHOIO BUIBHOIOPIIHEBOI' O JBUTYHA
BHYTPIIIHHOT'O 3TOPAHHS Ta J03BOJISIE MPOBECTU JOCHIIKEHHS 1 BU3HAUYUTH OCHOBHI
OCOOJIMBOCTI POOOTH TaKoi JU3EIb-TEHEPATOPHOI YCTAHOBKM B SIKOCTI OOPTOBOIO
JUKEpesia eHeprii Ha TEII0BO3i.

[IpakTruHi pe3ynbTaTH AUCEpTAIliiHOI POOOTH MOJATAIOTh Y 1i MPUKIAJAHIN
CIPSIMOBAHOCTI Ha MIJABUIIECHHS MOKA3HHUKIB €HEProe(EeKTUBHOCTI Ta E€KOJIOTTYHOCTI
TATOBOIO PYXOMOT'O CKJaAy 3aJI3HUIb NMPU BUKOHAHHI HUM MaHEBPOBOI Ta BUBI3HOI
pobotn.  BukopucraHHs ~ pe3yabTaTiB  JucCEpTalii  JO03BOJSE€  MIJIBUIIUTH
€HEeproe(PeKTUBHICTh Ta E€KOJOTIYHICTh CUCTEM TIOPUIIHOI TSITU MPU BUKOHAHHI HUMU
po0OTH 13 TIEpPEeMIIICHHSI BAHTAXIB, 3HU3UTH KaliTalbHI BUTpPATH TMPHU MPOBEIACHHI
MOJIEpHi3allli ICHYFOYOr0 PYyXOMOI'0 CKJIaJly 3a PaxyHOK MOXKJIMBOCTI ONTHMAJIbHOTO
BUOOPY CHIBBITHOLIEHHS MOTY>KHOCTE OCHOBHOT'O Ta JI0AATKOBOI'O OOPTOBUX JIKeped
€Heprii, 3HU3UTH BUTPATH MaJIMBHO-MACTUIBLHUX MaTrepiaiiB HUISXOM 3alpOBa/>KEHHS
CHEProONTUMAIILHUX PEKUMIB BEACHHS M0i3/1a JUITHKOIO TO 3aJaHiid TaxorpaMmi Ta
nigsuiuTy KK/ cuctemu «TenioBuii JBUTYH — TSITOBUM €JIEKTPOTIPUBO TEIIIOBO3A 3a
paxyHOK 3aCTOCYBaHHS HOBHX KOHCTPYKLIM OOpTOBUX JU3EIb-TEHEPATOPHUX
YCTaHOBOK.

3a Temor0 qucepTanii ony0aiKoBaHO 17 HayKOBHX Mpallb, Y TOMY YMCHi 4 HAYyKOBUX
crari y (axoBUX BHIaHHAX, 3arBepkeHnx MOH Vkpainu, 3 axux 1 BkitoueHa 1o
MDKHAPOJHOI HAYKOMETPUYHOI 0a3u, | HayKoBa CTATTs B IHO3EMHOMY BHJIaHHI KpaiHU —
yiena €C, 1 nogaTtkona mpaiis, 11 npaib anpoOaiiitHoro xapakrepy.

Y BcTymi OOTpYHTOBaHO AaKTYyaJlbHICTh TEMHU JUCEPTAIIITHOTO JOCIIKEHHS,
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HaBEJICHO MOT0 METY, 3aB/IaHHS, 3B’ 130K 13 HAYKOBUMHU MPOrpaMaMu, IIaHAMH 1 TEMaMHU
yHiBepcuTety. [IpencraBieHo HayKOBY HOBU3HY, IPAKTUYHY 3HAUYLIICTh AUCEpTaLlii Ta
HABEJICHO 11 3arajibHy XapaKTePUCTHUKY.

Y nepwomy po30ini BUKOHAHO OTJISJ] MOXKJIMBUX KOHQITypaiiid cucreMu
«TETUIOBUN JBUTYH — HAKOMWYYBay €HEPrii — TATOBUH EIEKTPOTPUBOI» MaHEBPOBOTO
TEIJIOBO3a, MPOBEACHO BUOIP ONTUMAILHOTO CKJIAy TATOBOi €IEKTPUYHOI Tepenadl 3
POTALIMHUM Ta BUIBHOIIOPIIHEBUM JIBUTYHOM BHYTPIIIHBOTO 3TrOPaHHS.

Ha nammii wac 1q0CBij CBITOBOTO JIOKOMOTHBOOYYBAaHHSI ITOKa3ye€ MOIIIBbHICTh
3aCTOCYBaHHS TATOBOI €JICKTPUYHOI TTepeIayl TEMIOBO3IB 3MIHHOTO CTPYMY, POTE OLIbIIT
eHeproe()eKTUBHUM € 3aCTOCYBAaHHS T1OPUAHOI CUCTEMH 13 HaKOMUYyBa4eM €Heprii, 1o
CTa€ BCce OLIBIIT PO3MOBCIOHKEHUM Cepell OCHOBHUX BUPOOHHUKIB TATOBUX OJIUHUIIb.

OCHOBHI  CKJIQJIOBI TSTOBOI ENEKTPUYHOI TMepeaadli MaroTh JOBOJI  Pi3HI
XApaKTEPUCTUKH, a TOMY JIOIUIBHUM € MPOBEICHHS BUOOPY ONTHUMAIBHOIO CKJIaIy
CUCTEMH «TEIUIOBMM JIBUTYH — HaKOIUYyBad EHEPrii — TSTOBUM EIEKTPOIPHUBOII
TerioBo3a. OIHKa CKIIaJJOBUX CUCTEMH MTPOBEJEHA HA OCHOBI METONY, 110 0a3yeThcsl Ha
BUKOpUCTaHHI (yHKIN OakaHocTi XapinrroHa. Takuil minxia Jae 3MOry TPOBETH
KOMIUIEKCHY OIIIHKY 0a3yrO4YKCh SK Ha SIKICHUX MOKa3HUKaxX pOOOTH €JIEMEHTIB CUCTEMH,
TaK 1 Ha KiJIbKICHHX.

[IpoBenenuii y po3aini aHami3 JaB 3MOTy OOMEKHTH MHOXHHY BapiaHTIB
KOT(irypariii CHICTEMHU «TETUIOBUI IBUTYH — TATOBHM €JIEKTPOIIPHUBO/» TEILIOBO3a J0 ABOX
HaOUTbIT OakaHux KoH(pirypamid. HaiOmbI TOKAa3HUKM y3arajibHEHOi (YHKIIT
OaxaHOCTI MalOTh KOH(Irypauii TSIroBoi TiOpuAHOI Mepeaadi, M0 BKIIOYaE B cebe
BIJILHOIIOPIIHEBUM  JIBUTYH BHYTPIIIHBOIO 3rOpaHHs 13 JHHIMHUM T'e€HEpaTOpOM
CNICKTPOMArHiTHOrO THITY, TSITOBUW ACHHXPOHHUM €JEKTPONpPHUBON Ta JTiH-3a1i30-
docharHy akymynaTopHy Garapero.

BonHouac 3 TMM, 3 OISy Ha BUICYTHICTh €KCIUTyaTalliHUX —3pa3KiB
BUIBHOMOPIIHEBUX JBHUIYHIB BHYTPIIIHBOTO 3rOPAHHSA, a TaKOX 4Yepe3 OJIM3bKICTh
MOKA3HUKIB y3araibHEeHO1 (DYyHKIIT OaKaHOCTI JIJIs IBOX KpalllUX BapiaHTIB, HE MOXKE OYTH
BUKOHAHO BU3HAHHS CHCTEMU 13 pOTAllIfHUM au3esieM K HeOaKaHOoi, a TOMY IPUMHSTO

JPYTUi BapiaHT CKJIaay TATOBOI €IEKTPUYHOI Mepeadi, 0 BKIIOYaE B cebe poTariiitHuiz
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JIBUTYH BHYTPIIIHBOTO 3rOPAHHS 13 CHHXPOHHUM T'€HEPaTopoM 3 MOCTIMHUMHU MarHiTaMH,
TSTOBUM aCMHXPOHHHUM EIEKTPONPUBOA Ta JITIH-3ai30-(hocaTtHy aKyMyJsITOpHY
Oarapero.

Jlpyeuii  po30in TIPUCBIYCHO MOJICITIOBAHHIO CKJIQJIOBUX TATOBOI T1OPHUIHOL
ENEKTPUYHOI TIepeiadi MaHEBPOBOI'0 TEIJIOBO3a, & caMe IM3eNb-TeHePATOPHOI YCTAHOBKH,
TTOBOTO ACHMHXPOHHOTO EJIEKTPONPHBOJY 13 BEKTOPHOI) CHUCTEMOIO KEepyBaHHS, JITIiM-
3ami30-pocdartHoi  akyMymsTOpHOI Oarapei Ta CHUCTEMH KOHTPOJIIO PIBHSA 3apsiay
HAKOMUYIyBaya.

B ocHOBy imiTamiitHOT MoJ€sl AU3EILHOI0 JABUTYHA MOKJIAQJCHO Jiarpamy HOro
poboTH, 110 TIPEACTABISIE COOOI0 3aJICKHICTh 3HAUCHHSI CHJIH, 1110 PO3BUBAETHCS OJTHUM
HUAJITHIPOM TIPH POOOYOMY XOJII Ta JOIMOMDKHHUX ITUKJIAX BiJl MEPEMIIICHHS MOPIIHS Y
muTiHapl. BpaxyBaHHS HENMIHIAHOCTI 3MIHUA CHJIH, IO PEali3yeThes, BiA KOSPIIIEHTY
3aBaHTAKEHHS NIEPETBOPIOE rpadik CUIIU AU3EIHHOTO ABUTYHA Y TPUBUMIPHY MTOBEPXHIO,
3aCTOCYBaHHS SIKO1 J1a€ OUIBII TOYHI pe3ybTaTH MPU OOUUCICHHI BUTPAT MalbHOTO Ha
poOoTy TerioBo3a. Perynsitop KiIBKOCTI 0OEpTiB MpeACTaBiiie COOO MEXaHIUHUH
PEryJIATOP KUIBKOCTI MajJbHOTO, 0 MOJAETHCS 10 MUIIHAPY, Ta IPU MOJEITIOBAHHI MOXKE
OyTH TpeICTaBICHUN SK MPONOPLIOHATIBHO-IHTErpaibHUN perynsatop. MojemnoBaHHs
CUHXPOHHOT'O TEHEepaTtopa, IO € CKJIAJ0BOI0 JIU3eIb-TEHEPATOPHOI YCTaHOBKH,
BUKOHAHO 3a JIOTIOMOT'OK0 BUKOPHCTaHHs OJI0KY 13 6i0mioTeku Simulink.

Mopnens TSITOBOTO aCHHXPOHHOTO MPUBOAY 3 BEKTOPHOIO CHUCTEMOIO KEpyBaHHS
BKJIIOYA€ B c€O€ MOJIETb TATOBOI'O aCHHXPOHHOTO JIBUT'YHA Ta MEPETBOPIOBAYa YACTOTH,
IO peani3ye BEKTOPHHM 3aKOH KepyBaHHS. MoJemtoBaHHS ACHUHXPOHHOTO ABUTYHA
BUKOHAHO 0a3yI04HCh Ha MapamMeTpax TATOBOro eleKTpuyHoro ABuryHa mapku AJ[-902.
Mogeni BulpsiMIIT4a Ta iHBEpTOpa € CTaHmapTHUMHU Oyiokamm cepenosumma Matlab.
KonTypu perynastopiB CcTpymMy Ta IIBHAKOCTI BEKTOPHOI CHCTEMH KEpyBaHHS
HaJIAIITOBAHO HA MOIYJILHUMA Ta CAHMETPUIHUHN ONITHMYMHU.

Mopnens  HakonuuyBadya  eHeprii  0Oa3yeTbCs  Ha  3apsSIHO-PO3PSIHHUX
xapaktepuctukax 6atapei LT-LYP 770, o € ii macnopTHUMU JaHUMU MOXKYTh OyTH
onucani piBHAHHAM Llledepaa. Crcrema KOHTPOIIO PIBHS 3apsily HAKOMUYYyBaya eHeprii

npencrapisie coboro nBokouoBui buck-boost DC/DC meperBoproBau, KItodi SIKOTO
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OTPUMYIOTh KEpyIoul CUTHAJIM BIJ CHUCTEMHU pETYJIIOBaHHS piBHA 3apsny. s
BUKOPUCTaHHS Ha TATOBOMY PYXOMOMY CKJIaJl HAaWOUIbII NMPUUHATHUM € aJIrOPUTM
3apsiiy 3a CKIAACHOI0 XapaKTEPUCTUKOIO MOCTIMHOTO CTPYyMY, IO JO3BOJISIE OTPUMATH
HEOOXiJHI 3HAUEHHSI TaJbMIBHOTO MOMEHTY Ta NPUMHSATH EHEPril0 TalbMYBaHHS Y
HAKOMHUYyBay.

JocmimxeHHs, BAKOHAHI B mpemboMy po30ii, IPUCBIYEHI PO3pOOII MOJENI PyXy
noi3ia JUISHKOK NUIIXY 13 pealbHUMM IMapaMeTpaMH Ta MOJIEIIOBAHHIO MPOIECY
BEJICHHS T013/1a TETUIOBO30M 13 T1IOPHIHOIO MEPEAavueto TaKOK JUISTHKOIO.

VY mporieci pyxy IUISHKOIO Ha O3] 31MCHIOIOTH BIUIMB 30BHIIIHI CUJIK (CHJIA
TATH, CUJIA OMOPY PYXY, TAIbMIBHA CHJIA), IO € CKIAAHUMHU (PYHKIISIMH ACKITHKOX
3MiHHUX. BpaxyBaHHS 0cCOOJMBOCTEW MOBEMIHKA CHJI TSATHM Ta TajlbMyBaHHS MpuU
po3poO0Ill MaTeMaTHYHOI MOZENl Jajlo 3MOTY HE TUIbKM MPOBECTH JOCIIIKEHHS
MIPOIIECIB, IO MPOTIKAIOTh Y CUCTEMI T10pUIHOI TIepeiadl Py CTalllOHAPHUX PEKUMaX,
a W pO3IJSHYTH HECTalllOHapHI, a caMeé BUHUKHEHHs OOKCyBaHHs a0o 1o3y. [lpu
noOy/10B1 MaTEMAaTUYHOI MOJIENI TPUIHATA OJJTHOMACOBA PO3PaXyHKOBA CXE€Ma TATOBOTO
eJIEKTPONIPUBONY, IO JaJ0 3MOTYy YHHMKHYTH 3HAYHOTO YCKJAQJHEHHS MOAen 31
30epeKEHHSIM TOYHOCT1 PO3PaXyHKIB y MeXax, 110 33/I0BOJIHSAIOTH OTPEeOU MOAATIBIIINUX
JIOCHI/IKEHb.

[ToegnanHs po3p00JICHOI Y PO3/1Ii MaTeMaTUHYHOT MOJICII PyXY I0i3a AUISTHKOIO
nusxy XapkiB — BoOpku 13 MOAEIUTIO CKJIAJIOBHUX TATOBOI EIEKTPUYHOI Tepemadi
TEIJIOBO3a J1aJI0 3MOT'y MPOBECTU MOJIEIIOBAHHS MPOIIECIB, 110 MPOTIKAIOTh Y OOPTOBUX
cucreMax JiokomoThBa y cepenoBumii Matlab. Tlpm wmomenoBaHHI BHKOHaHO
TpamernoijlHe 3aBJaHHS IMIBHAKOCTI 13 cepeqHiM 3HadueHHsM 40 km/ron. Pesymbratn
MOJICTIOBAaHHS MIATBEPAUIN HEOOXITHICTh MPOBEACHHS ONTHUMI3alli peKUMIB BEICHHS
1013712 3 METOI0 3MEHIIICHHS BUTPAT EHEPreTUUHUX PECypCIB.

Yemeepmuti po30in MPUCBIYCHO MPOBEACHHIO ONTUMI3AIIMHOTO OOYUCICHHS 3
METOI0 MOIIYKY ONTHUMAJIbHOI TaxXorpaMu BEIEHHs MMO0i3[a IUISHKOI Ta KOH(Iryparii
OCHOBHOTO 1 JJOJIATKOBOT'O JXKEPEJI EHEPrii Ha TETJIOBO3I.

JluckpeTHuii  XapakTep 3aBJaHHSA BUXIOHUX JaHUX JUIS  TIPOBEACHHS

ONTUMI3ALIIMHOIO  MOIIYKYy  BHMAara€ 3aCTOCYBaHHS  METOAIB  JUHAMIYHOIO
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MPOrpaMyBaHHs JIJIsl BUPIIICHHS TPAHCIOPTHOT 3a71a4l. BukopuctanHs MeTory nNpsiMoro
OPOXOAY HAUISHKM HUIAXY 13 BUCOKHMM CTYIEHEM JHCKpEeTH3allli BUMarae BEJIUKHX
O0YHCIIOBAILHUX TOTYXHOCTEH Ta € OCUTh JOBI'MM TIpOIecoM. 3 OISy Ha Iie
MPOBEJICHO ONMTHUMI3AIIMHUHN MOIIYK 32 CIPOIIEHUM METOIO0M MPSMOT0 MPOXO0ay, TOOTO
3 PO3OUTTAM TaxorpamMH Ha TPU XapaKTEPHI 30HU — PO3TiH, KBA3IMOCTIIHE 3HAUYECHHS
IIBUKOCTI, TalibMyBaHHs1. [{1150B0I0 (PyHKITIEIO ONITUMI3AIllT TPUMHSITO BUTPATH €HEPTil
Ha TIpOIleC MEPEMIICHHS MOoi3[a AUISHKOI, IO CKIAJAA€ThCs 3 BUTpAT €Heprii Ha
CTBOPEHHSI IPUCKOPEHHS, MOJI0JIAHHS CUJI OTOPY PYXY Ta MOKPHUTTS BTPAT y OCHOBHUX
CKJIaJIOBUX CUCTEMU TOPUIHOTO TEMIOBO3A.

BukopucTranHs CrpoieHoro mpsiMoro Mpoxoay i3 TpboMa JUITHKaMH Ja€ JOCUTh
PO3MHUTE MOHATTS MPO HEOOXITHUH XapaKTep 3MIHHM IIBUIKOCTI Yy cepenHiil 30H1. Lle
MPU3BEINIO 10 HEOOXITHOCTI MPOBEAEHHS ONTHUMI3AIIIHOIO MOLIYKY 13 BUKOPUCTAHHIM
NPUHIIMITY ONTUMalbHOCTI benMana. ¥V pesynbrari ontuMmizaiiii OTpUMaHO Taxorpamy
BEZICHHSI 11013/1a 3 HAllOUIbII €HEProOUIaIHUM PEKUMOM.

3MiHa XapakTepy ONTUMAJILHOI KPUBOI PYXy B 3aJ€KHOCTI BiJ CIIBBIJHOIIECHHS
HNOTY)KHOCTE OCHOBHOTO Ta JOJATKOBOI'O JIKEpesl €Heprii Ha TEeIUIOBO31 BHUMArae
MIPOBEICHHS Py OOYUCIICHB JIJIsl BCIX 3HAYEHb TAKOTO CIIBBIIHOIICHHS. Y pe3yabTari
MPOBEJICHUX PO3PaxXyHKIB OTPUMAHO TPUBUMIPHY MOBEPXHIO, IO JAa€ 3MOTY 3pOOUTH
BUOIp KOHDITYpaIlii JKepes eHeprii B 3aJeKHOCTI BiJl HEOOX1THOTO 3HAYEHHS CepeaHBOT
IIBUIKOCTI.

I3 BukopucTaHHsIM MoOzENi pyXy MOi3la, 10 po3pobiieHa paHille, MPOBEACHO
MOJICTIOBAaHHS POOOTH TEMJIOBO3a 3a ONTHUMAIBHOIO TaxorpaMoOl Ta BHUKOHAHO
MOPIBHSHHS OTPUMAHUX PE3yJIbTaTIB 13 JAaHUMHU, 10 OTPUMaHi MPU MOJICTIOBaHHI PyXy
3a HEONITUMAJIBHOIO TaXOrpaMoro. JlOIUIbHICTh MPOBEIEHHS ONTUMI3allii MiATBEpHKEHA
3HWKEHHSIM BUTpPAT NAJIHOTO HA BUKOHAHHS MOi3HOI pOoOOTH.

JocmipkeHHsl, BUKOHAH1 B 1 ’imomy po30ini, IPUCBAYEHI PO3pOOII IMITAIIITHOL
MO/1€Jll BUTbHONOPUIHEBOI' O JBUT'YHA BHYTPIIIHBOTO 3rOPAaHHS 3 JIIHIHHUM T€HEpaTOpOM
€JICKTPOMArHiTHOTO THUITY Ta JIOCIHIKEHHIO POOOTH TaKOl CUCTEMH B SIKOCTI OOPTOBOTO
JIKepelia eHeprii riOpuIHOro MaHEBPOBOT'O TEIIOBO3a.

VY po3aini BUKOHaHO BUO1p KOHGITYpallii CHCTEMH BIJILHOIIOPIIIHEBOTO ABUTYHA Ta
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Horo JIHIMHOTO reHeparopa Ta po3poOJieHO IMiTalliiiHy MOjeNb iX poOoTH. B ocHOBY
MOJIeNl JAM3ENIbHOTO JABUTYHA, SIK 1 y MONEPEIHbOMY BHIIQJKY, MOKJIAJCHO Jiarpamy
3MIHM CWJ BiJ TEpeMillleHHs TopiiHs. MaremaTuuHa MoOJEnb  JIHIHHOTO
CJICKTPOMEXAHIYHOTO MEPETBOPIOBaYa BUKOHAHA HA OCHOBI MIAXOMY, 10 0a3yeThCs Ha
y3arajJbHEHId MOJEeNl €JIEeKTPOMEXaHIYHOrO MEepeTBOpIOBadya. 3 METOK MEepPEBIPKU
aJCKBaTHOCT1 IMAXOAY JO CTBOPEHHS Mojem po3pobiieHo (i3UYHy MOJEIb
€KBIBAJICHTHOI CHUCTEMHU Ta BHUKOHAHO EKCIEPUMEHT, SKUH MiIATBEPAUB 301KHICTh
pe3yabTaTiB (PI3MYHOrO Ta IMITAI[ITHOTO MOAEIIOBAHHS, 1110 J1aJI0 3MOTY CTBEpKYBaTH
PO a/IeKBATHICTb MOJIETIEH.

BukopucranHs HOBOiI KOHCTPYKIIi OOpPTOBOTrO JDKEpena €Heprii BHUMarae
IPOBEICHHS HOBOI'O ONTHUMI3ALIIIHOTO MOMIYKY €HEProe()EKTUBHOTO PEKUMY BEJICHHS,
mo OyB MpPOBEACHUN 3a METOJIOM, SKHH 3aCTOCOBAHO B YETBEPTOMY PO3JLII.
MonentoBaHHs pyxy oi3za 3 riOpuIHUM TEIJI0BO30M, 10 OCHAIIEHUH YI0CKOHAJIEHOO
CHCTEMOIO0 OOPTOBOrO I'€HEPYBAHHS €HEPrii, 32 ONTUMAIBHOK TaXOI'PaMOIO MOKa3ajio
JOLIIBHICTh 3aCTOCYBAHHSI HOBOI KOHCTPYKIII 4Yepe3 3HM)KEHHS BUTpPAT MNaJbHOIO
BIJIHOCHO TPAJIMIIIHHOI CHCTEMH.

Knrwouoei cnosa: nusenn-reHepaTopHa yCTaHOBKA, TSTOBUI aCHHXPOHHUH MTPUBO/I,
HAKOMHU4YyBay €HEeprii, 0JHOMAacOBa PO3paxyHKOBa cXeMa, AMHAMIUYHE IpOrpaMyBaHHS,
NPUHLIUAN ONTUMaJIbHOCTI benMana, BIJIBHOMOPIIHEBUN JBUTYH BHYTPIIIHHOTO

3rOpaHHs, JIHIWHUNA TeHepaTop eIEKTPOMArHiTHOTO TUITY.



ABSTRACT

Pomazan D.P. Improving the energy efficiency of the system "heat engine -
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The thesis is devoted to the question of the development of methods and measures
for the increase of energy efficiency of diesel locomotives with traction electric
transmission.

The scientific novelty of the thesis is to solve the scientific and applied problem of
improving the energy efficiency of diesel locomotives with traction electric transmission,
which is carried out both by changing the design of the traction unit, and through the use of
energy-optimal modes of the trains driving.

Conducted for the first time:

— the choice of the configuration of the system "heat engine - traction electric drive"
of the diesel locomotive using the Harrington desirability function, which allows evaluating
the components of the system based on both qualitative indicators of their work and
quantitative;

— optimization search of the train movement curve using a hybrid shunting
locomotive along the track using the method of dynamic programming based on the
principle of Bellman optimality, which allows to determine the energy-optimal modes of
train driving and provide recommendations for choosing the ratio between the main and
additional power sources.

The following have been improved:

— mathematical model of train movement on a section of the road taking into account
the influence of non-stationary modes such as boxing and sliding, which allows investigating
the processes that take place in the system "heat engine - traction drive - energy storage" of

the diesel locomotive.
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Further development has been given to:

— simulation model of a diesel engine, which, in contrast to the known ones, based
on the indicator diagram of its operation, takes into account the relationship between the
force developed by the diesel engine and the engine load factor, allowing to increase the
accuracy of calculating the amount of fuel consumed installation without significant
complication of the model;

— simulation model of a linear electromechanical converter of electromagnetic
type, which is an integral part of a free-piston internal combustion engine and allows to
conduct research and determine the main features of such a diesel generator set as an
onboard energy source on a locomotive.

The practical results of the thesis are its applied focus on improving the energy
efficiency and environmental friendliness of traction rolling stock of railways when
performing shunting and export work. The use of the dissertation results allows to
increase energy efficiency and environmental friendliness of hybrid traction systems
when performing work on moving goods, reduce capital costs when upgrading existing
rolling stock due to the possibility of optimal choice of power ratio of main and additional
onboard energy sources, reduce fuel costs. of energy-optimal modes of train driving
along the section according to the set tachogram and to increase the efficiency of the
system "heat engine - traction electric drive™ of the locomotive due to the use of new
designs of onboard diesel generator sets.

17 scientific papers were published on the topic of the thesis, including 4 scientific
articles in professional journals approved by the Ministry of Education and Science of
Ukraine, of which 1 is included in the international scientometric database, 1 scientific
article in a foreign publication of an EU member state, 1 additional work, 11 approbation
papers.

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

The first section reviews the possible configurations of the system "heat engine -
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energy storage - traction electric drive" of a shunting locomotive, the selection of the
optimal composition of the traction electric transmission with rotary and free-piston
internal combustion engine.

Currently, the experience of the world locomotive industry shows the feasibility of
using a traction electric transmission of AC of diesel locomotives, but more energy efficient
is the use of a hybrid system with energy storage, which is becoming more common among
major manufacturers of traction units.

The main components of the traction electric transmission have quite different
characteristics, and therefore it is advisable to select the optimal composition of the system
"heat engine - energy storage - traction electric drive" of the diesel locomotive. The
evaluation of the components of the system is based on a method based on the use of the
Harrington desirability function. This approach allows for a comprehensive assessment
based on both qualitative performance of system elements and quantitative.

The analysis performed in the section showed that the greatest indicator of the
generalized desirability function is the configuration of the traction hybrid transmission,
which includes a free-piston internal combustion engine with a linear generator of
electromagnetic type, traction asynchronous electric drive and lithium-iron-phosphate
battery.

At the same time, due to the lack of operational samples of free-piston internal
combustion engines, the system with a rotary diesel can not be recognized as undesirable,
and therefore adopted the second version of the traction electric transmission, which
includes a rotary internal combustion engine with a synchronous generator with permanent
magnets, traction asynchronous electric drive and lithium-iron-phosphate battery.

The second section is devoted to modeling the components of traction hybrid electric
transmission of a shunting diesel locomotive, namely diesel generator set, traction
asynchronous electric drive with vector control system, lithium-iron-phosphate battery and
storage level control system.

The simulation model of a diesel engine is based on a diagram of its operation,
which is the dependence of the value of the force developed by one cylinder during

operation and auxiliary cycles on the movement of the piston in the cylinder. Taking into
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account the nonlinearity of the realized force change from the load factor converts the
graph of the diesel engine power into a three-dimensional surface, the application of
which gives more accurate results when calculating fuel consumption for the operation
of the locomotive. The model of the speed controller is a Pl speed controller with a large
value of the time constant. The simulation of a synchronous generator, which is a
component of a diesel generator set, was performed using a block from the Simulink
library.

The model of a traction asynchronous drive with a vector control system includes
a model of a traction asynchronous motor and a frequency converter that implements the
vector control law. The simulation of the induction motor is performed based on the
parameters of the traction electric motor brand AD-902. Rectifier and inverter models
are standard units of the Matlab environment. The current and speed control circuits of
the vector control system are set to modular and symmetric optimums.

The energy storage model is based on the charge-discharge characteristics of the
LT-LYP 770 battery, which are its passport data can be described by the Shepherd
equation. The energy storage charge level control system is a two-key buck-boost DC /
DC converter, the keys of which receive control signals from the charge level control
system. For use on traction rolling stock, the most acceptable is the charge algorithm
according to the composite characteristic of direct current, which allows to obtain the
required values of braking torque and take the braking energy into the drive.

The research performed in the third section is devoted to the development of a
model of train movement on a section of track with real parameters and modeling of the
process of train driving by a locomotive with the hybrid transmission in such a section.

The process of movement of the section on the train is influenced by external
forces (traction force, force of resistance, braking force), which are complex functions of
several variables. Taking into account the peculiarities of the behavior of traction and
braking forces in the development of a mathematical model allowed not only to study the
processes occurring in the system of hybrid transmission in stationary modes but also to
consider non-stationary, namely the occurrence of boxing or yuzu. When building a

mathematical model, a single-mass calculation scheme of the traction electric drive was
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adopted, which made it possible to avoid a significant complication of the model while
maintaining the accuracy of calculations within the limits that meet the needs of further
research.

The combination of the mathematical model of train movement along the
Kharkiv — Borky section developed in the section with the model of traction electric
transmission components of the locomotive made it possible to model the processes
occurring in the onboard locomotive systems in the Matlab environment. During the
simulation, a trapezoidal speed problem with an average value of 40 km/h was
performed. The simulation results confirmed the need to optimize train modes in order
to reduce energy costs.

The fourth section is devoted to the optimization calculation in order to find the
optimal tachogram of the train section and the configuration of the main and additional
energy sources on the locomotive.

The discrete nature of the source data task for the optimization search requires the
use of dynamic programming methods to solve the transport problem. The use of the
method of direct passage of a section of the road with a high degree of sampling requires
large computing power and is a rather long process. In view of this, an optimization
search was performed by the simplified method of direct passage, ie with the division of
the tachogram into three characteristic zones - acceleration, quasi-constant value of
speed, braking. The target optimization function is the energy consumption for the
process of moving the train section, which consists of energy costs to create acceleration,
overcoming the forces of resistance and covering losses in the main components of the
hybrid locomotive system.

The use of a simplified direct passage with three sections gives a rather vague
notion of the necessary nature of the change in speed in the middle zone. This led to the
need to conduct an optimization search using the principle of Bellman optimality. As a
result of optimization, the tachogram of driving of the train with the most energy-saving
mode is received.

Changing the nature of the optimal curve of motion depending on the ratio of the

main and additional energy sources on the locomotive requires a series of calculations
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for all values of this ratio. As a result of the calculations, a three-dimensional surface is
obtained, which allows to make a choice of the configuration of energy sources
depending on the required value of the average speed.

Using the train motion model developed earlier, the locomotive was modeled
according to the optimal tachogram and the results obtained were compared with the data
obtained when modeling the motion according to the suboptimal tachogram. The
feasibility of optimization is confirmed by reducing fuel consumption for train operation.

The research performed in the fifth section is devoted to the development of a
simulation model of a free-piston internal combustion engine with a linear generator of
electromagnetic type and the study of the operation of such a system as an onboard
energy source of a hybrid shunting locomotive..

The section selects the configuration of the free-piston engine system and its linear
generator and develops a simulation model of their operation. The model of the diesel
engine, as in the previous case, is based on a diagram of the change in forces from the
movement of the piston. The mathematical model of the linear electromechanical
converter is made on the basis of the approach based on the generalized model of the
electromechanical converter. In order to verify the adequacy of the model approach, a
physical model of an equivalent system was developed and an experiment was
performed, which confirmed the convergence of the results of physical and simulation
modeling, which allowed to assert the adequacy of the models.

The use of a new design of the onboard energy source requires a new optimization
search for energy efficient driving mode, which was carried out according to the method
used in the fourth section. Simulation of the train with a hybrid locomotive, equipped
with an advanced on-board energy generation system, according to the optimal
tachogram showed the feasibility of using a new design due to the reduction of fuel
consumption compared to the traditional system.

Keywords: diesel generator set, traction asynchronous drive, energy storage,
single-mass calculation scheme, dynamic programming, Bellman optimality principle,

free-piston internal combustion engine, linear generator of electromagnetic type.
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