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Economic Choice of Parameters of
Hybrid Locomotives’ Power Plant
(TekcT cTartbu Ha aHI1. 3. — English text of
the article — p. 132)

CTtarbs nocBsiLieHa BbIoopy
napameTpoB CUIJIOBOI YCTaHOBKU
rmnépuagHoro 10kOMoTuBa (MOLHOCTHU
nepBnUYHOro UICTO4YHUKa N éMKoCcTU
HaKkonuTeJsisi 3HepPruu) rno KPUTepuio
MaKCcUMyMa 3KOHOMUYeCKOW
appexkruBHocTu. NNockosbKy
UMEeHHO nNpuMeHeHune HakornunuTess
BHepruuv, UMeIoLLLero BbICOKYIO
PbIHOYHYIO CTOMMOCTb, CTUMYJINPYET
nouCK paLnoHasibHbIX 3aTpaTt

Ha obopyaoBaHue, uccaenyercs
BO3MOXHOCTb 00ecne4ynTb
HamboJsiee BbIrogHOe COOTHOLLUEeHne
aKcnyaTaynoOHHbIX XapaKTepPUCTUK,
B TOM YucJie Ha OCHOBe aHain3a
BbIPaBOTKU U pacxofg0BaHUS 3HEePIrumu
TernJ10BO3HbIM A4BUraTesiem.

KnroyeBbie cnoBa: aBTOHOMHbIV
TpaHCcropT, IOKOMOTUB, rMbpuaHas
cuioBasi yCTaHOBKa, HakoMuTe b SHEPIruu,
CTOUMOCTb, 3aTparbl, 9KOHOMUYecKasl

2P PEKTUBHOCTb, ONTUMUNI3ALINS
napamMeTpos.

® MWP TPAHCIOPTA, Tom

JKOHOMUYECKHNin BbIOOP
napamMeTpoB CUNTIOBOM
YyCTAaHOBKU rMOpPUAHbIX

JIOKOMOTUBOB

Kaayeun Cepeeii Ilasaoeun — kanoudam mexnueckux
Hayk, doyerm MocKo8cko02o 20cydapcmeeHH020
YHusepcumema nymeii coooujenuss (MUHUT), Mockaa,
Poccus.

a XeJIe3HbIX OpOorax MHOTUX CTpaH
Hayara 3KCIUTyaTalusi HOBOTO THUTIa
ABTOHOMHBIX JJOKOMOTUBOB — C TH-

OpUIHOI CUIOBOI YCTAaHOBKOW (TMOPUIHBIX

JIOKOMOTUBOB). IX 0COOEHHOCTb 3aKJII0YAET-

csl B IPpUMEHEHUM HAKOIUTEN sl QHEPTUU

COBMECTHO C TIEPBUYHBIM €€ UCTOUYHUKOM.

OnHako BHEIpPEHUE ATOU MPOTPEeCcCUBHOM

TEXHOJIOTUY CIIEPKUBACTCS HEOTIPEeIeHHO-

CThI0 9KOHOMUYECKOTo 3dhdekTa — BechMa

CYIIIECTBEHHBIM (haKTOPOM BBUIY BBICOKOU

CTOMMOCTH HaKOTIUTEJIS.

ITpumMeHeHre 1OCTaTOYHO €MKOTO HAaKO-
TUTEJISI SHEPTUU B CUJIOBOM 1IETTH TTO3BOJISIET
MEepBUYHOMY UICTOUHUKY pabOTaTh B HauboJjee
9KOHOMUYHOM peXrMe, a IP1 HEOOXOIMMO-
CTU (IBVXKEHWU TIO 3aTSIKHOMY TOIbEMY)
JIOKOMOTHB TIOJIy4aeT BO3MOXKXHOCTb Pa3BU-
BaTh MOIIHOCTH BbIIlIE HOMUHAIbHOI. [1pn
TOPMOXEHUU OTISITh XKe TPETyCMOTPEH BO3-
BpaT 9HEPTUU B HaKOTUTeb. Bo Beex cimyuasix
OH TIO3BOJISIET CHU3UTD JIOJTIO BpDEMEHH Tepe-
XOIHBIX MPOIIECCOB B pabOTe AM3ES.

AHanu3y HeOJIaronpusTHOTO BIMSHUS
TePEeXOHBIX TPOLIECCOB B SHEPTETUIECKUX
yCTaHOBKaX TETJIOBO30B Ha MX AKCITTyaTally -
OHHBIE XapaKTePUCTUKH MOCBSIIIECH Psifi padoT,
B YacTHOCTH [1], rae yka3biBaeTcsl, UYTO Hau-
0osiee 3¢ (HeKTUBHBIM CITOCOOOM 00JIerYeHUs
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Puc. 1. Onar, pamMma BblpaﬁOTKM U pacxogoBaHuss SHepruv Ha TPaHCNoOpPTHOM cpeAcCcTBe. EMKOch Hakonurtens
BeJsinKa (MOLYHOCTb 9HEPreTUYEeCKOW YCTaHOBKM MOCTOSIHHA).

MEePEXOIHBIX POLIECCOB U CHYKEHMSI MX TI0JIN
BO BpeMEHM pabOThl TEILUIOBO3HOIO AW3EJIs
SIBJISICTCSI UMEHHO MPYMEHEHNE HAaKOIUTE IS,

B maHHOI1 cTaThe BBIITOJIHEH aHAIU3 BJIM-
SIHUSI COOTHOIIEHUI MapaMeTPOB CUJIOBOM
YCTAaHOBKU 1 YCJIOBM OKCIUTyaTally Ha KO-
HOMMYECKHUIt 3(DGhEKT OT BHEAPESHMUSI HOBOI'O
JIOKOMOTHUBA. AHaJIi3 OCHOBBIBAETCSI Ha MU3-
YYEHUM AuarpaMMbl BBIPAOOTKU M PAaCXOJI0-
BaHUs 9HEPTUU Ha TPAHCIIOPTHOM CPENICTBE,
YTO BBITOJHO OTJIMYAET €0 OT CTATUCTUYECKUX
METOI0B (K IpUMEPY, PACCMOTPEHHBIX B [2]).

Ha puc. 1 npuBeaeHa quarpamma, ocTpo-
eHHas1 coriacHo [3]. UcxomHbie naHHbBIE
B34THI 13 [4]. CyLIHOCTb IMarpaMMbl 3aKJT10-
yaeTcs B cienytoneM. JIBe HaKJIOHHBIE TIpsi-
MbIe U300pakaloT BIpabOTKy aHepruun. Ecnun
HaAKOITMTE/Ib B Havajie pabOThI IMOJHOCTBIO
pa3psoKeH, TO U3 Havyajla KOOPAMHAT BhIXOIUT
BepxHsis npsiMasi. Eciu ke OH IMOJHOCTBIO
3apSDKEH — TO HYDKHSISL. YTOJT HAKJIOHA ITPSIMBIX
CBsI3aH C MOIITHOCThIO TIEPBUYHOTO UCTOYHM -
Ka, a paCCTOSIHUE MEXXI1y HUMHU IPEACTABIISICT
coboii émMkocTh HakonuTesa. Kpusas (nnu
JIOMaHasl IMHUST) U300pakaeT pacXoI0BaHKe
SHEPruy TPAHCIIOPTHBIM CPEICTBOM U SIBJISI-
€TCSl MHTETPaJIbHOM 110 OTHOIICHUIO K 3aBH-
CHMOCTU MOIIIHOCTH, TTIOTPEOJISIEMOI TTOBbI-
MM JIBUTATEISIMU, OT BpeMeHU (LIMKJIOrpaMMe
pabounx pexxuMoB). HakioH KpuBoii moTpe-
OJIEHUsI SHEPTrUM, MEHBIINI HAKJIOHA IIpsi-
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MBIX, O3HayaeT, YTO YacTh €€ MOCTyIaeT
B HakonuTeab. [1py IIUTENbHON CTOSTHKE
(OTCYTCTBUM MOTPEOICHUST SHEPTUM) KpUBas
MPOXOAUT FTOPU30HTATBHO U MOXKET KOCHYTh-
Csl HYDKHEW MPSIMOiA, CBUIETEILCTBYS O MOJI-
HOM 3apsine HakonuTeas. Bo uzbexxanue me-
pesapsiia B TaKOW CUTyallUM MEpBUYHBIA
MCTOYHUK SHEPTUU Hal0 MepPeBECTH Ha XOJI0-
CTOI Xom WM 3aryiuTh. KacaHue KpuBoii
pPacXo0BaHUS SHEPTUM U BepXHEU mpsiMoit
O3HavyaeT UCTOIIeHE HaAKOITUTES.

KpuByto moTpebiaeHusI sHeprum CTPOSIT
Ha OCHOBAHMU pacyeTa WIM I10 pe3yabraTaM
OINBITHBIX TTOE3[I0K, 2 HEOOXOAMMBIE IS TH-
OpUIHOTrO JIOKOMOTHBA MOIIIHOCTb MEepBUY-
HOTO UCTOYHMKA U €MKOCTb HaKOIUTES
OIPEAEIISIOT ITyTeM MMOCTPOCHUSI HAKJIOHHOTO
KOpHUAI0pa MUHUMAJIbHOUN IIUPUHBI 1 MUHU-
MaJIbHOTO HAaKJIOHA, B KOTOPOM ITOJTHOCTbHIO
nomeliaeTcs Kpunas nmorpedaeHus. Criocod
9KCMEPUMEHTAIBLHOTO MOJYyUYeHUS TaHHBIX
JIJIS1 TIOCTPOEHUS KpUBOM pacXoI0BaHUS SHEP-
TMY MaHEBPOBBIMU TEIJIOBO3aMU, MOAPOOHO
OIMUCAHHBIN B [5], 3aKJI04aeTCsI B UBMEPEHU N
CBOOOIHOI MOIITHOCTH IN3€/Ib-TeHEPATOPHOI
YCTAaHOBKM OOPTOBOI CUCTEMOI, UMEIOIICH
JMaTYMKU TOKA U HAMPSDKEHUS, C €XKEeCeKYyH/I-
HOI1 3alMChl0 3HAUCHUI B TEUCHHUE CMEHBI.
IIpocTas MaTeMaTnueckasi 00paboTKa MHMOp-
MalliM MO3BOJISIET MOJIYYUTh UCKOMYIO KpH-
BYIO.

Kanyrun C. . 3koHOMU4eckuii BBIGOP NapaMeTPOB CMJIOBON YCTaHOBKN NMOPUAHbBIX IOKOMOTUBOB



Ta0muua 1

Tun o6opynoBaHns VienbHble TapamMeTpbl Pecypc
MacCOBbIe 00BbEMHbBIE
TlepBUYHBIE ICTOYHUKHI Br/kr Br/nutp TOJIBI
JIn3enb-reHepaTophbl
nam 40,5 42,4 9,0
2A-51149 113 77,8 9,0
21114-2 101 73,2 3,5 (30 ThIC. yac.)
TorMBHBIE 2IEMEHTHI
HD6 (Ballard) — PEMFC 214 113,6 HET JaHHbIX
®oron (YOXK) — LITD 62,5 37,3 0,5 (5000 yvac.)
Haxkonurenaun Bt e u/kr B« u/mutp LIMKJIBI (TOMbI)
AKKYyMYJIITOPbI
FNC A XR (bpuinon) 19,6 - HET TAaHHBIX
Csunuossie 52PzS-350P 29.4 67 8 ner
Jlutnit-nonnsie (JInorex) 103 99 3000 (3 roma)
LT-LYT300
Jlurunii-nonumepHbie (Kokam) | 141 220 600 (2 roma)
Jluruit-uoHHsle (TpaMBaii) 54,5 - 1000
Ni-MH (Toitora) 35 - 1000
CyrnepKOHAEHCATOPbI
BMODO0063-P125 Maxwell 2,4 1,4 Gosee 1076
309K502 «Dnron» 1,9 2,3 6osee 1076
30DK404 «Dnton» 2,6 3,6 6osiee 1076
Maremarnyeckum METOIOM ITOCTPOCHUA
TaKOIo KOpHUIOpa CIYKUAT JIMHERHAsT alTIpOK- —+—<V,
CUMaLIMS TIpY YeObIIIIeBCKOM HOpMe (JTMHE - v & (D
HOE paBHOMEPHOE IMpUOIIKeHune ). BoaMoxkHO N = <m
TakKe rpauyeckoe pelieHue Mpy MOMOIIU n, e, ’

IITYPMAHCKOU JTUHEUKH.

OCHOBHBIMU TIapaMeTpaMu, OIpeaessiio-
IIIMMMU 11eJIeCO00Ppa3HOCTh CO3MaHUS TUOPU/I -
HBIX DHEPreTUYECKUX YCTAHOBOK, SIBJISTIOTCS:

— yenbHbIe MaccoBas U 0ObEMHAsT MOIII-
HOCTH MEPBUYHOTO UCTOYHMKA;

— yIeJIbHbIEe MaccoBasi 1 00bEMHAs EMKO-
CTU HAKOIIUTEJIS;

— CTOMMOCTh MEPBUYHOTO MCTOUHUKA
Y HaKOTIUTEJIS

— DKOHOMMYECKUI 3(PPEKT OT MprUMeHe-
HUST HAKOTTUTES,

— pecypc NEPBUYHOIO UICTOYHMKA Y HAKO-
TIATEJIS.

3aBUCUMOCTh pecypca HaKomuTelei
OT TJIyOMHBI pa3psaa MOXeT ObITh yuTeHa
SMITMPUYECKUMU K0P PULIMEHTAMU.

ITepBBIM ycaoBMEM cO3IaHUs TUOPUI-
HOI YCTAaHOBKM CTAHOBUTCSI BO3MOXHOCTh
pa3MelleHUs MePBUYHOTO MCTOYHUKA
SHEPTUM U HAKOMUTEJIST Ha TPAHCIIOPTHOM
CpeICTBe; YCJIOBUE MMEET BUJ CUCTEMBbI
HEepaBEeHCTB:

rne N — MOIIIHOCTh MIEPBUYHOTO MCTOYHUKA
sHepruu, KBT;

F — éMKocTb HakonuTes s, KBT * u;

n,— yaenbHas 00beMHas MOLIHOCTb, B35~
Tast C y9eTOM TEXHOJIOTMUECKUX MIPOCTPAHCTB
(st oOCmy>KUBaHUSI, TUATHOCTUKY U T.1I.),
KkBT/Ky0.M;

e, — yle/ibHasg 00beMHasA EMKOCTh HaKO-
muTenst, KBT ¢ 4/ky0. M;

V — 00bEM MalIMHHOTO OT/AEJIEHUS TPAHC-
TIOPTHOTO CPENCTBA, Ky0.M;

n, — yAeJlbHas MaccoBas MOIIHOCTb,
KBt1/KT;

e — ylellbHasg MaccoBasg €MKOCTb,
KBT * 9/KT;

m — MaKCUMaJbHO JOTyCTUMas Macca
TUOPUIHON SHEPTeTUIECKON YCTAHOBKH, OT-
paHWYEHHAs Y TETUIOBO30B JIOITyCTUMON Ha-
TPY3KOM OT OCU Ha PEJIbC.

B nepBom npubnmxenun ypasHenust (1)
HE yIUTHIBAIOT BEC TOTUIMBHOTO OaKa C TOTLIH -
BOM, OOBIYHO B HECKOJTLKO Pa3 MEHBIIIHI, YeM
BeC IN3ETb-TeHEPATOPHOU YCTAHOBKU, U TI0-

® MWP TPAHCIMOPTA, Tom 13, N24, C. 126-136 (2 )]
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Puc. 2. OnpeaneneHne napameTpoB CU/I0BOW
ycTaHOBKM, 06ecrneynBaloLLnx MaKCUMyM rnpubbIIn.
MepBasi cutyauus: HaKONUTEesIb 04eHb JOPOroH,
mMakcumym npubsinn obecrneynsBaeTcsl nepBUYHbIM
NCTOYHUKOM 3HEpPrum.

Puc. 3. Onpenenexnne napameTpoB CUI0BOM
yCTaHOBKM, 06ecrne4YynBaloLnx MaKCUMyM
npubbin. Bropas cutyaumnsi: Makcumym npuobiim
obecneynBaeTcs rMGPUAHON yCTaHOBKOA.

Puc. 4. Onpeaenenne
napameTpoB CUJI0BOI yCTaHOBKM,

obecne4ynBaoLnNX MaKCUMyM

npubsbIn. TpeTbsl cuTyauus:
HaKonuTesib AeLeBblii, MaKCUMyM
npu6bbIIN [OCTUraeTcsl HOBOW

emwocrs nakomurens, Mx

YCTaHOBKOW (aKKyMyJ/ISTOPOM,

KOHAEHCaTopOM NJIN MaxOBUKOBbIM
Hakonurtesnem).

MOIIHOCTE IEPBHYHOTO HCTOURMKA, KBT

— 110 macce —— 1o raGapitay —o—

Puc. 5. OnpenenexHne

napameTpoB CUA0BOH
ycTaHoBKM, 06ecrne4YnBarLmnx

mMakcumym npubbinu. Touyka

» nawonwreas, Ml

nepece4eHuss HaxoguTtcs
B 06/1aCTN OTpULaTesIbHbIX

emiocs

MoLLHOCTeW nepBU4YHOro

MUCTOYHUKaA.

MOUOETH HepBHAIOr HeTOuNHK, KBT

== nowacee 10 radapiTay —8— ronyerimiie

DaBILx IpHGHICH

3TOMY HE TUMUTUPYIOITUI SHEPTOBOOPYXKEH-
HOCTH JIOKOMOTHBA.

TunuuHble 3HAYEHUST yKa3aHHBIX Mapa-
METPOB JIJIsI COBPEMEHHBIX MEePBUYHBIX
WCTOYHUKOB DHEPTUM U HAKOTIUTEJIEH TIPU-
BeleHbI B Tabnule 1.

LleneBast (byHKIUMS B IIPEAIIOIOKECHNH,
YTO TIPUOBLIH MPOMOPIMOHATbHA KaK MOIIT-
HOCTH MePBUYHOTO UCTOYHUKA, TAK U EMKO-
CTU HAaKOITUTEJIS, UMEET BUIL
F=o-N+B-E—>max. 2)

Koadduiments! o 1 B B BeipaskeHnu (2)
paBHBI pa3HOCTH 3aTPaT Ha COOTBETCTBYIOIIINIA
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y3eJ1, OTHECEHHBIX K €T0 Pecypcy, 1 YaCTHOTO
9KOHOMUYECKOTO 3(phekTa OoT paboThI y37a,
OTHECEHHOTO K eIMHUIIE €TO XapaKTepUCTUKHI
(B maHHOM cJTyyae — MOIIHOCTU WU €MKO-
CcTH), ¢ pazMepHocTsIMU pyo/(KBT e rom)
u pyo/(MJIX * rox). JIMHUM paBHOM PUOBLIH,
TakKUM 00pa3oM, OyayT M300paxaThbCcs Ha-
KJIOHHBIMU IIPSIMBIMU, 8 MAKCUMYM (DYHKLIM-
oHasa (2) oTpaxaTh HauOOJbIIIee yOaIeHIE
JIMHUU PaBHOM NpUObUIM OT Ha4Yaja KOOPA-
HatT. B o011eM ciyyae aTa JUHUS SBIASIETCS
KPUBOI1, KOTOpPasi aKe MOXET ObITb HEMOHO-
TOHHOIA, ¥ ONITUMAJIbHBIX TOYEK MOXET ObITh

Kanyrux C. 1. SKoHOMU4YeCKUI BbIOOP NapaMeTPOB CUJTIOBOI YCTAaHOBKU NrMOPUAHBIX TOKOMOTUBOB




Puc. 6. Anarpamma BbipaboTkn
M pacxogoBaHust SHepruun
Ha TPaHCNOPTHOM CPEACTBe.
00603HayeHbl ABa HAKONUTENs!
aHepruu (paboTy cynepKoHAeHcaTopa
n3aobpaxaert «JIoMaHblii KOPU[oP»).

Power, W

| —— Tractive Power, KW

Mean Paver, KW~ Job Povwr, W ——Enargy, W 0

HECKOIbKO. XapaKTep JMHUU paBHOM PUOKI-
JIM TpeOyeT OTACIbHOIO UCCAEIOBAHMSI.

Ipacuueckoe mpencraBieHe HEPABEHCTB
(1) u pyHKIMOHANA (2) TPUBEACHO Ha pUC. 2-5.
BriTtonHeHHBIE pacu€Thl TTOKA3bIBAIOT, YTO JUIS
OOJIBIIMHCTBA COBPEMEHHBIX MEPBUYHBIX
MCTOUYHMKOB U HAKOIUTEJIEH SHEPIUM OrpaHU-
YeHMS 00Pa3yIOT BBIMYKITYIO 001aCTh COIJIACHO
puc. 3.

CdopmynupoBaHHas 3agadya OTHOCUTCS
K XOPOIIIO U3BECTHOMY KJIacCy 3a/1a4 IMHEWHO-
To MPOrpaMMUPOBAHUS, OMHAKO JIMHEHHOCTh
OCHOBHBIX 3aBUCHMMOCTEI TIpY OIpeneacHUun
SKOHOMMYECKH 11eJIeCO00pa3HbIX ITapaMeTPOB
TUOPMIHBIX YCTAHOBOK BBICTYMAET JIUIIID YIIPO-
Iarolel TMnoTe30ii. B I1elicTBUTEIBHOCTU
BHepaBeHCTBax (1) yaeabHbIe moKa3aTesy OymyT
TIOCTOSTHHBIMU TOJIBKO JUTSI XUMUYECKUX UCTOY-
HUKOB TOKa, a yaeJIbHbIC ITOKa3aTe N ABUTaTe-
JIeit BHYTPEHHETO CTOpaHusI (1 JIEKTPUIECKUX
MalIIIVH ) 3aBUCSIT OT HOMUHATbHOI MOIITHOCTH;
9Ta 3aBUCUMOCTh M3BECTHA B TEXHUKE KaK Mac-
IITAOHBIA (haKTOp. YIenbHbIE TTOKa3aTeId X1-
MUYECKUX UCTOYHUKOB TOKA OIPEACISIOTCS
3JICKTPOXUMUIECKOI CCTEMOI (T.€. CBOICTBa-
MM TOIUTMBA ¥ OKMCIUTENSI, YypaBHEHUEM TOKO-
o0Opa3ylolleii peakiiy 1 T.11.) U, CJIeA0BaTeIbHO,
CBOOOJHBI OT BJIMSIHUSI MAcIITAOHOTO (DaKTopa.

Kax BugHO 13 puc. 3, CyliecTByeT OINTH-
MaJbHO€ COYeTaHUEe yIeIbHBIX ITapaMeTpPOB
TMEepBUYHOTO UCTOUHMKA U HAKOIUTEJIS, COOT-
BETCTBYIOIIIEE COYCTAHUIO X EMKOCTH 1 MOIII-
HOCTH, OIpeAeICHHOMY 13 IuarpaMMbl BbIpa-
OOTKM ¥ pacXOIOBaHMs SHEPTUU Ha TATY (puc. 1).
W3 BapuaHTOB, NPUBEACHHBIX Ha pUC. 2-5,
clielyeT, Kakoil M3 mapaMeTpoB TMOpUIHOI
SHEPreTMUECKON YCTAaHOBKM HANO YJIy4IlaTh.
KpomMme Toro, aHanus BapraHTa, UMEIOIIETO
ONTUMYM, HE MCKIIIOYaeT TaKOM IPOTHO3: IIPU
SKOHOMUYECKOM 11eJIeCO00Pa3HOCTH CO3MaHNS

® MUP TPAHCMOPTA, Tom 13, N2 4, C. 126-136 (2015)

TUOPUIHBIX YCTAHOBOK CPABHUTEIBHO HEOOTb-
IO YJIYYILICHUE XapaKTePUCTUK HAKOIIUTE IS
c/ieaeT 9KOHOMUYECKU 000CHOBAHHBIM OTKa3
OT IIPUMEHEHUS IIEPBUYHOIO UCTOYHMKA U I1e-
PEeXOo/1 Ha 3JIEKTPOMOOMIIN.

M3BecTHO, YTO OMH HAKOITUTE/Ib HE MOXKET
YIOBJIETBOPUTH OHOBPEMEHHO 00OMM IIPEIb-
SIBJISIEMBIM TPEOOBAHMUSIM — EMKOCTU 1 MHTEH-
CUBHOCTHM 3apsiia U paspsiaa (oTmaBaeMoi
W TIPUHUMAaEeMOI MOIITHOCTH ). PertieHue 3akimo-
YaeTcs B IPUMEHEHUM ABYX HAKOIMTEJICH.
OnuH 13 HUX (OOBIYHO aKKYMYJISITOP) 00J1anaeT
OOJIBIION EMKOCTBIO, HO HE MOXKET OBICTPO 3a-
psIKaThCsl U pa3psikaTbCsl (TOUHEE, MOXET,
HO ¢ cyliecTBeHHbIM cHikeHrem KIT u pe-
cypca). dpyroii (0OBIYHO CYNEpKOHIEHCATOP)
nMeeT Maryto éMKocTh (B 10-100 pa3 MeHblIIe),
HO MOXET 3apsiKaThCsl M pa3psKaThCsl IPAKTU -
YeCKM MTHOBeHHO 0e3 yiepoa mis KIT u pe-
cypca. BosHukaeT npobyiema orpenencHus
OTNITUMAaJIbHOM pa30MBKU 00IIeil EMKOCTHU
MEXIy IBYMSI HAKOIIUTEJISIMU, PELICHUE KOTO-
POl CBOIUTCS K IOCTPOCHUIO «BJIOXEHHOTO
KOpUIIOpa» Ha TMarpaMMe BbIPaOOTKHU 1 PacX0-
noBaHus 3Hepruu (puc. 6). EMKocTb nByX pas-
HbIX HAKOITMTEJICH CBS3bIBACTCS TOIOTHUTE b~
HBIM OrPaHUYEHHUEM:

N, S(E—~E )n N, , 3)
rae N, —— HakJIOH CaMOro KpyTOro y4acTka
«JIOMaHOI'0 KOPUIOPa», TO ECTh MAaKCHMAaJTbHAST
MOIIHOCTb, IPOXO/sIIAs Yyepe3 Lerb (Cymnep-
KOHJIeHCaTOp + TSATOBBII IBUTATeNb) — (AKKYy-
MYJISITOp + MEepBUYHBIN UCTOYHUK), KBT;

E, — cymmapHas EMKOCTb HakormureJist (060-
X HaKOIMUTeJel), orpeneaeHHas 1o puc. 2,
TO €CTh LIMPMHA MYHKTUPHOrO KOpHaopa

Ha puc. 6, MJIx;

E, — €MKOCTb CyNepKOHIEHCATOPa, TO €CTh

Ci

LIMPUHA «JIOMAaHOTO KOpUIOpa» Ha puc. 6,

M]Ix;

KanyruH C. . 9KoHOMUYeCKui BbIGOP NapamMeTpOE CUITIOBOWN YCTAHOBKM NMMOPUAHBIX IOKOMOTUBOB
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n, — yIenbHas OT1a4a MOIIHOCTH aKKyMY-
JIATOpa, TO €CTh MaKCHMMaJjbHasi MOIIHOCTbD,
oTJaBaeMasl aKKyMyJISITOPOM 3aIaHHOI €MKO-
CTH 10 KPUTEPHIO SKOHOMUYHOCTH UJIU PECYP-
ca, KBr/M/Ix;

N, — MOIIHOCTb NEPBUYHOTO MCTOYHMKA,
KBT.

CutoBoe 000pyIOBaHUE TPEX Pa3IMYHbIX
TUIIOB (IM3e/Ib-TeHepaTOpHasl YCTAHOBKA, CY-
TePKOHAECHCATOP, aKKYMYJIITOP) OYIET OITUCHI-
BaThCS CUCTEMOI HEPABEHCTB C TPeMsI ITepeMEH -
HbIMU. COOTBETCTBEHHO 3a7aya TUIa U300pa-
JKEHHOI Ha pUC. 2 JODKHA PellaThCsl Ha TPeX-
MEPHOM MHOTOTpaHHUKE.

B ciyuae, eciim EMKOCTb HAKOITUTESIST, OTIpe-
JieJICHHAsI 110 pyC. 1, OKa3bIBaeTCsI IIPEBOCXOIS -
LLIEH TOMYCTUMYIO T10 OTPAHUYEHMSIM CUCTEMbI
HepaBeHCTB (1), TO MOIIHOCTD TTEPBUYHOTO
WCTOYHMKA SHEPTUH (IU3eJIsT) IPUXOIUTCS U3-
MEHSITb; CTyIIEHYaTOe U3MEHEHME €O MOIIHO-
CTH OyIeT n300paxaThbcs Ha AuarpaMMe BbIpa-
OOTKHU U pacXOJ0BaHUS SHEPIUU B BUJIE TIepe-
JIOMOB KOPHUIOpa, 00pa30BaHHOIO JUHUSIMU
repe3apsiaa v MCTOIICHMSI HAaKOIUTe s (puc. 7).
Kak BugHO, 1oTpebHast EMKOCTb HAKOITUTEIIS
IIPY 3TOM CYIIIECTBEHHO CHIKAETCSI.

SAKJTOMEHUE

CoBnajaeHue MOIIHOCTU MEPBUYHOTO
MCTOYHMKA SHEPIUM U EMKOCTM HAKOITMTEIS,
Onpee/IeHHbIX 110 puc. 1 1 6, MO3BOJISIET 10~
CTUYb MAKCUMAaJIbHOM SKOHOMIYECKO# a(hheK-

TUBHOCTHM THOPUIHOTO JJOKOMOTHBA. OMHaKO
MMPUMEHEHNE HAa HEM CHJIOBOM YCTAaHOBKM,
HE ONTUMU3UPOBAHHOM [IJISI YCIIOBUI SKCIUTya-
TalUu, IPUBOIMT K CYIIICCTBEHHOMY CHIDKCHUIO
SKOHOMMYECKOTO 3GeKTa: 1Mo JaHHBIM [2],
pa3HUIIAa MOXET JOXOAUTH 10 20 THIC. €BPO/TO/I.

DTH BBIBOABI HE YYUTHIBAIOT CBOICTBA
TOILIMBA U CITOCOOBI €T0 XpaHEHUS B XapaKTe-
PUCTUKAX IEPBUYHBIX UICTOYHUKOB SHEPTUM.
B Tex ciyvasx, Korma mapamMeTphsl TOILIMBA
SIBJISTIOTCSI JIMMUTHUPYIOIITUMHU (Ta30TEIIIOBO3),
HEeoOXO0IMMO OYIET UX YIECTh.
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ECONOMIC CHOICE OF PARAMETERS OF HYBRID LOCOMOTIVES’ POWER
PLANT

Kalugin, Sergey P., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.

ABSTRACT

The article is devoted to the choice of parameters of
hybrid locomotive’s power plant (primary source power
and energy storage capacity) by the criterion of maxi-
mum economic efficiency. Since it is the use of energy

storage device having a high market value, stimulates
the search for rational costs for equipment, study the
possibility to provide the most favorable ratio of perfor-
mance, including through the analysis of development
and consumption of energy by a diesel engine.

Keywords: autonomous transport, locomotive, hybrid power plant, energy storage, value, costs, cost-

effectiveness, optimization of parameters.

Background. /In many countries the railways have
started operation of a new type of autonomous loco-
motives — with a hybrid power plant (hybrid locomo-
tives). Their peculiarity is the application of energy
storage together with its primary source. However,
the introduction of this advanced technology is con-
strained by the uncertainty of the economic effect — a
very important factor in view of the high cost of energy
storage.

Application of capacious enough energy storage
in a power circuit allows the primary source to work in
the most energy-efficient mode, if necessary (driving
on a long ascent) locomotive is able to develop the
capacity of more than nominal. When braking, again
a return of energy to the energy storage is provided.
In all cases, it allows to reduce the proportion of time
of transients in the diesel engine.

Analysis of adverse effects of transients in power
plants of locomotives on their performance have been
considered in a number of works, in particular [1],
which states that the most effective way to facilitate
transients and reduce their share in the time of the
diesel’s work is the application of energy storages.

This article gives an analysis of the impact of rela-
tions of parameters of the power plant and operating
conditions on the economic effect due to the introduc-
tion of a new locomotive. The analysis is based on
studying diagrams of generation and energy con-
sumption in the vehicle, which distinguishes it from
statistical methods (for example, discussed in [2]).

Objective. The objective of the author is to ana-
lyze economic choice of parameters of hybrid locomo-
tives’ power plant.

Methods. The author uses general scientific
methods, construction of diagrams, comparative
analysis.

Results. Pic. 1 shows a diagram constructed
according to [3]. Initial data are taken from [4]. The
essence of the diagram is as follows. Two slanted lines
depictenergy production. If the energy storage at the
beginning of the work is completely discharged, then
from the origin comes a top straight line. If it is fully
charged the bottom line comes from the origin point.
Inclination of lines is directly related to the primary
source power, and the distance between them is
energy storage capacity. Curve (or broken line) shows
energy consumption of a vehicle and integral with
respect to the dependence of power consumed by
traction motors, time (cyclogram of operating
modes). The slope of energy consumption curve,
smaller than inclination of straight lines means that
the part of it enters the storage. At long stop (lack of
energy consumption) curve runs horizontally and can
touch the bottom line, indicating a full charge of en-
ergy storage. To prevent overcharging in such a situ-
ation, the primary source of energy should be trans-

® WORLD OF TRANSPORT AND TRANSPORTATION, Vol. 13, Iss. 4, pp. 126—136 (2015)

ferred to idle or faded. Touching the curve of energy
consumption and the top line means the depletion of
the energy storage.

Energy consumption curve is constructed on the
basis of calculation or on results of experimental trips,
and necessary for a hybrid locomotive primary source
power and storage capacity are determined by the
construction of sloping corridor with minimum width
and minimum inclination in which completely fits a
consumption curve. Amethod of experimental obtain-
ing data for construction of the energy consumption
curve of shunting locomotives, described in detail in
[5], is to measure free capacity of diesel generator
plant by on-board system having current and voltage
sensors, with every second recording of values during
the shift. Simple mathematical processing of data
allows obtaining the desired curve.

Mathematical method for constructing such a
corridor is a linear approximation in the Chebyshev
norm (even linear approximation). Graphic solution
using navigational line is also possible.

The main parameters that determine feasibility of
creating hybrid power plants are:

— Specific mass and volumetric capacity of pri-
mary source;

— Specific mass and bulk storage capacity;

— The cost of primary source and storage;

— The economic effect of the storage’s use;

— The life time of primary source and storage.

The dependence of the storage resource on the
depth of discharge can be considered by empirical
coefficients.

The first condition for the creation of hybrid instal-
lation is the possibility of placing a primary source of
energy and energy storage on the vehicle; condition
is the system of inequalities:

£+£$V,
n, &

N E
—+—<m,
n, e

m m

(1)

where N is power of the primary energy source, kW;

E is storage capacity, kW - h;

n, is specific volumetric capacity, taken consider-
ing technological spaces (for maintenance, diagnos-
tics etc.), kW/cub. m.;

e, is specific volumetric capacity of storage,
kW*h/cub.m.;

V is volume of the engine room of the vehicle,
cub. m.;

n . is specific mass power, kW/kg;

e, is specific mass capacity, KW+ h/kg;

m is maximum permissible weight of the hybrid
power plant, limited for diesel locomotives by permis-
sible axle load on a rail.
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Table 1

Type of equipment Specific parameters Life time
mass volumetric
Primary sources W/kg W/l years
Diesel generators
PDIM 40,5 42,4 9,0
2A-5D49 113 77,8 9,0
211D-2 101 73,2 3,5(30th. h.)
Fuel elements
HD6 (Ballard) — PEMFC 214 113,6 no data
Photon (UEHK) — SHTE 62,5 37,3 0,5 (5000 h.)
Storages Weh/kg W-h/I cycles (years)
Accumulators
FNC A XR (Brilon) 19,6 - no data
Plumbic 52PzS-350P 29,4 67 8 years
Lithium-ion (Liotech) 103 99 3000 (3 years)
LT-LYT300
Lithium-polymeric (Kokam) 141 220 600 (2 years)
Lithium-ion (tram) 54,5 - 1000
Ni-MH (Toyota) 35 - 1000
Super capacitors
BMODO0063-P125 Maxwell 2,4 1,4 over 1076
309K502 «Elton» 1,9 2,3 over 1076
30DK404 «Elton» 2,6 3,6 over 1076
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Pic. 1. Diagram of energy generation and consumption in the vehicle. Storage capacity is large (capacity of the
power plant is constant).

In a first approximation of equation ( 1) the weight
of the fuel tank with fuel is not taken into account,
which is usually a few times less than the weight of the
diesel-generator plant, and therefore not limiting
power available per a locomotive.

Typical values of these parameters for modern
primary energy sources and storages are shown in
Table 1.

The objective function, under the assumption that
the gain is proportional to both the primary source
power and storage capacity, has a form:
F=o-N+p-E—~max. (2)

Coefficients o and B in the expression (2) are
equal to the difference between the costs for the cor-
responding node, related to its life time, and particu-
lar economic benefit from the work of the node, re-

ferred to a unit of its characteristics (in this case—
power or capacity), with dimensions rub. /(kW «year)
andrub. /(MJ - year). Lines of equal profit, so will be
represented by inclined lines, and the maximum of
the functional (2) reflect the maximum removal of the
equal income line from the origin. In general, this line
is a curve, which may even be non-monotonic, and
there can be several optimum points. The character
of equal profit line requires a separate study.

A graphical representation of the inequalities (1)
and functional (2) is shown in Pic. 2-5. Performed
calculations show that for the majority of modern
primary sources and energy storage constraints form
a convex region as shown in Pic. 3.

The formulated task relates to the well-known class
of linear programming problems, but the linearity of
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Pic. 2. Defining the parameters of the power plant, providing maximum profit. The first situation: storage is very
expensive, the maximum profit is provided by primary energy source.
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Pic. 3. Defining the parameters of the power plant, providing maximum profit. The second situation: the
maximum profit is provided by the hybrid plant.
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Pic. 4. Defining the parameters of the power plant, providing maximum profit. The third situation: storage is
cheap, the maximum profit is achieved by a new plant (accumulator, capacitor or flywheel energy store).
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Pic. 5. Defining the parameters of the power plant, providing maximum profit. The point of intersection is in the
negative power region of the primary source.
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Pic. 6. The diagram of generation and consumption of energy in the vehicle. Two energy storage devices are
marked («broken corridor» shows work of supercapacitor).

main dependencies in determining cost-effective pa-
rameters of hybrid plants serves only as a simplifying
hypothesis. In fact, in the inequalities ( 1) specific pa-
rameters will be constant only for chemical current
sources, and specific indicators of internal combustion
engines (and electric machines) are dependent on the
nominal power; this dependence is known in engineer-
ing as a scale factor. Specific indicators of chemical
current sources are determined by the electrochemi-
cal system (i.e., properties of fuel and oxidizer, the
equation of current-producing reactions, etc.) and thus
are free from the influence of the scale factor.

As can be seen from Pic. 3, there is an optimal
combination of specific parameters of the primary
source and the storage corresponding to the combi-
nation of their capacity and power as defined in the
diagram of generation and consumption of energy for
traction (Pic. 1). From options shown in Pic. 2-5it can
be seen which parameter of the hybrid power plant
should be improved. In addition, the analysis of vari-
ants having optimum does not preclude such a predic-

tion: when the economic feasibility of the creation of
hybrid plants relatively small improvement in perfor-
mance of the storage makes non-use of primary
sources and the transition to electric vehicles eco-
nomically sound.

Itis known that one storage cannot simultane-
ously satisfy both requirements — capacity and
intensity of charge and discharge (input and output
of power). The solution is to use two storages. One
of them (usually battery) has a large capacity but
cannot be charged and discharged rapidly (more
precisely, it can, but with a significant decrease in
efficiency and lifetime). Another (usually superca-
pacitor) has a low capacitance (10-100 times less),
but can be charged and discharged almost instan-
taneously, without prejudice to the efficiency and
service life. There is a problem of determining the
optimal breakdown of the total capacity between
two storages, the solution of which is to build an
«enclosed corridor» in the diagram of generation
and consumption of energy (Pic. 6). Capacity of
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Pic. 7. The diagram of generation and consumption of energy in the vehicle. Storage capacity is small (capacity
of the power plant has to be changed).

two different storage is associated with additional
restriction:

NmaxS(EZ_EcK) 'nE+Nnu’ (3)
where N__ is a slope of the most abrupt section of a
«broken corridor», i.e. the maximum power passing
through a circuit (supercapacitor +traction motor) —
(battery + primary source), kW;

E, is total capacity of the storage (both storages),
defined by Pic.2, i.e. the width of a dotted corridor in
Pic. 6, MJ;

E, is capacity of super capacitor, i.e. the width of
a «broken corridor» in Pic.6, MJ;

n_is specific output of battery’s power, i.e. maxi-
mum power delivered by the battery of a given capac-
ity by a criterion of efficiency or life time, kW / MJ;

N - is primary source power, kW.

Power equipment of three different types (diesel
generator set, supercapacitor, battery) is described
by the system of inequalities with three variables.
Accordingly, a task of the type shown in Pic. 2 should
be decided on a three-dimensional polyhedron.

If storage capacity determined from Pic. 1, is
superior to permissible by limits of the system of in-
equalities (1), then the primary source power (diesel)
has to be changed; a step change in its power will be
displayed in the diagram of generation and consump-
tion of energy in the form of fractures of the corridor
formed by the lines of overcharge and depletion of
the storage (Pic. 7). As can be seen, necessary stor-
age capacity reduces greatly.

Conclusions. Matching the power of the primary
energy source and storage capacity, expressed in
Pic. 1 and 6, allows to achieve maximum economic
efficiency of the hybrid locomotive. However, the use
of the power plant on it, not optimized for the operat-
ing conditions, leads to a significant reduction of
economic effect: according to [2], the difference may
be up to 20 th. euro / year.

These findings do not account for fuel properties
and methods for its storage in the characteristics of
the primary sources of energy. In those cases, then
fuel parameters are limiting fuel (gas locomotives),
they will need to be taken into account.
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