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AHAJIN3 KAYECTBA PEKYIIEPUPYEMOM SJIEKTPOSHEPI'U B
CUCTEME JJIEKTPUYECKOT'O TPAHCIIOPTA

PaccMmoTpens! 1 ompezienieHbl TOKa3aTesld Ka4ecTBa SHEPTUH PEKYNEPalui B CUCTEME AIIEKTPOTPaHCIIOpTa
MOCTOSIHHOTO TOKa. YCTAaHOBJIEHO YTO B YCJIOBHUSX pE€albHOM SKCIUIyaTalMd 3JIEKTPOTPaHCIOPTa
BEJIMYMHBI 3TUX IIOKa3aTeiaei CYLIICCTBCHHO OTIUYAOTCA OT OIITUMAJIBHBIX 3HaueHuil. B pa60Te HaMCUYCHBI
MyTH yIYYIICHUS KaueCTBa PEKYNEpUPYEMOM 3IEKTPOIHEPTHH.

KiaroueBble c¢JIOBa: 3JIEKTPOTPAHCIOPT; PEKYNEPATUBHOE TOPMOXKEHHE;  DJICKTPOIHEPIHs;
MoKa3aTeNd KayecTBa; 3Hepro3pPpexTHBHOCTS.

BBenenne. OnHUM W3 CYIIECTBEHHBIX MPEUMYIIECTB AJIEKTPUUECKOrO TPaHCIOPTa
nepes JAPYTUMHU BHJIAMU TPAHCIOPTAa SIBIISETCS BO3MOXKHOCTh NPHMCHEHHUS HAa HEM
pEeKyTepaIuy, MO3BOJIAIONIECH COKPATUTh PAcXOJ] AICKTPOIHEPTHH Ha TATY IO Pa3HBIM
ouenkaMm ot 10 mo 30 % [1, 2], yTo B mepByrw OYepelb 3aBUCUT OT BHJIA
3JIEKTpOTpaHCIIOpTa (METPO, TpaMBaW, TPOJICHOYCHI, JIEKTPOIOE3aa, AJICKTPOBO3bBI) U
penbeda MecTHOCTH. Kpome SKOHOMHH 3JIEKTPOIHEPTUH, PEKyIIEpaLIHsl TTO3BOJISIET TUIABHO
peryiIupoBaTb TOPMO3HYIO CHIy BIUIOTH JI0 OCTAaHOBKM TPAHCIOPTHOTO CpEICTBA,
COKpAIlaeT U3HOC 3JIEMEHTOB OCHOBHOTO TOPMO3HOTO 000pYI0BaHUs(ITHEBMATUYECKOTO),
a Takke yhydmaeT odKojormdyeckud — Qakrop. OmHAKO € TOYKH  3PEHHUA
3HEeprodHEeKTUBHOCTH PEKyIepalysi B SJHEPTOCUCTEME DIIEKTPUUYECKON TSTW 3aBUCUT OT
BJIMSIHHSI Pa3IMUHBIX HETAaTHBHBIX (DAKTOPOB, KOTOpHIE HE MO3BOJIAIOT B TOJHOW Mepe
UCIIOJIb30BaTh €€ MoTeHIan. K HuM B mepByto odepe/ip ClIeayeT OTHECTH:

—OTCYTCTBHE TIO€3/I0B HA JIMHUU B PEXHUME TATH, YTO MPUBOJUT K OOpPa30BaHUIO
U30BITOUYHOM SHEPTUU PEKYIIEPALUU U €€ HEJOUCIIONb30BaHUIO;

— HECTaOWJIBHOCTh DHEPTHM PEKYIEepalny, BbI3BaHHAS MHOXKECTBOM CITyYaiHBIX
(dakTOpoB, TAaKMX KaK HEOOXOAMMBIA PEXKHM TOPMOKEHHUS, PEKHMBI PabOThI JPYTHUX
M0€3/I0B Ha JIMHUH, KaYeCTBO CHCTEMbI aBTOMATHYECKOTO YIPAaBICHUS PEKyNepaTUBHBIM
TOPMOKCHUEM U T.]I.

VYkazanHble (aKTOPhl  OCJIOXKHAIOT  (QPYHKIMOHUPOBAHHE CHCTEMBI  TATOBOTO
DIIEKTPOCHAOXKEHHUS M TEPBUYHON dHeprocuctemMbl. [lepBbIii HEZOCTATOK MBITAIOTCS
yCTpaHATh Pa3pabOTKON rpadUKOB ABMKCHUS MOE3/IOB C YYCTOM COBMAJCHUS HA OJHOM
y4acTKe PEKyNEePUPYIONIUX H TMOTPEONSIOMMX T0e310B. Ha TATOBBIX IMOJCTaHIUSAX
000py/IOBaHHBIX WHBEPTOpPAMU IPH OTCYTCTBUU TATOBBIX TMOTPEOUTENEH CYIIECTBYET
BO3MOXXHOCTh ~ BO3BpaTa  W30BITOYHON OSHEPTUU  PEKyNepalud B  MEPBUYHYIO
DHEPTOCUCTEMY, OJHAKO BBUIY HECTAOMIBLHOCTH M HEHAJIEKAIIero KauyecTBa OSTOU
DHEPTHH €€ CYIIeCTBEHHAs YacTh TEPSCTCS, a TaK)Ke BHOCUT MCKA)KCHUS B MEPBUYHYIO
ceTh [3]. BTopoii HeIOCTaTOK YyCTPaHSAIOT COBEPIIECHCTBOBAHUEM CUCTEM aBTOMATUYECKOTO
YIOPABICHUS PEKUMOM PEKYIECpPallMd AJICKTPOTIOABMKHOTO COCTaBa, OJHAKO BBUAY
cnelu(UKUd PEKUMOB DIEKTPOJIUHAMUUECKOTO TOPMOXKEHHS AITOT HEIOCTaTOK Oyjaer
COXpaHEeH.

Hean padoTsl. Llenbio nanHO# pabOTHI SIBISIETCS OIEHUTh KaYECTBO AJICKTPUIECKOM
DHEPIHH PEKYNEePATUBHOTO TOPMOKEHHS IIEKTPOTPAHCIIOPTA TOCTOSIHHOTO TOKA B
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YCIIOBHSIX PEAJIbHOM IKCILTYaTallNH.

Teopernueckne mnpeanocbuUiku. CucTemMa 3JIEKTPUUYECKOM TITM IS TEPBUYHOMN
SHEPrOCHUCTEMBINIPEICTABISIET COO0H CYIIECTBEHHYIOPE3KOIEPEMEHHYIO UMITYJILCHYIO
Harpy3Ky, YTOCBSI3aHHO C
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p ~ OcoorBercTBEHHO BJI8: a — u Barona tpamBas T3/], 6 — B onHOM U3

OCTAHOBKE WJIH PEXKUMY PEXUMOB PabOTHI
BbIOETA.

Metoauka pacderoB. Ilo m3BecTHbIM Tpadukam MomHOCTH P(t) TpaHCIOPTHBIX

cpeAacTB (puc.) ObBUTM OMPEACNICHBI PAcXoi] JJICKTPOIHEPTHH HA TATY W DHEPTHUS OT
PEKyIIepaTHBHOTO TOPMOKECHHUS 3a pacCMaTpHBaeMble MHTEPBAJIbI BPEMEHHU | COTJIACHO
BBIPKCHHUIO

W = j p(t) dt. (1)

Hns snextpoBo3a BJI8pacxon Ha TAry B pacCMaTpUBAEMOM PEXKHUME COCTABUJI
9032xB1'u npu pekynepauuu 3270xkBt 4, yto cocraBusier 36 % ot 3aTpar Ha TATY. Y
tpamBas T3]] norpebnenne 54kBt-4, a pexynepanus 16,5 kBt 4, T.e. 30 % ot 3arpatsl.

Kak BuaHO m3 puc. 1 reHepupyemass MOIIHOCTh pEKyIlE€paluyd HEPaBHOMEpPHAs U
MOJIBEp)KEHA 3HAUYUTEIBHBIM KOJEOaHUSM, T.€. B PEAJbHBIX YCIOBHSIX OSKCIUTyaTalluu
IpeacTaBisgieT coOO0M MPEUMYIIECTBEHHO CIy4YalHBIN MpolecC, 3aBUCSIINI OT MHOKECTBA
dakropoB.O1leHKa KauecTBa pEKyNepUpPyeMO »HHEPruM Hapsay C KIACCHYECKUMU
MOKA3aTeNIMUTPEOYET HCIOJNB30BAHUS  CIENU(DPUUECKUX  KOJWYECTBEHHBIX  OIEHOK,
YUYUTHIBAIOIINX HEPABHOMEPHOCTh T€HEPUPYEMOU PEKYTIEPATHBHON MOIIIHOCTH.

B xauectBe O0JHOrO W3 TMOKa3aTelied OILEHKH JHEpPreTHYeckon dS(PppeKTUBHOCTH
pPEeKyNnepupyeMoil SHEprul MOXHO paccMaTpHUBaTh TaK Ha3bIBaeMbI «HMK-(akTop» [4],
NPEACTaBIAIOMMNA COOOM OTHOIIEHHE MAaKCUMAJIbHOM MOIIHOCTH pEKyIlepaluuud B
Ipeaenax OgHOTO TOPMOKEHHS K CPEJHEN MOITHOCTH PEKyIepaluu B MpEeaax TOro e
TOPMOXKEHUS

772 P _ P (2)

P, 1} |
? ?J'p(t)dt
0
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OTOT mMOKa3aTreab MOXHO HHTEPIPETHUPOBATh KaK KpUTEpUH pPaBHOMEPHOCTH
peKyrnepanym,3a KOJUYECTBEHHYIO OIICHKY KOTOpOM TakkKe MOXKET OBITh MNPHUHSATA
BEJIMYMHA OTHOCUTEIBHOTO KOJEOAHMsI TOTOKA HHEPrUU peKylepaluud — BEJIMYMHA
SHEPrUu, KOTOpas KOJeOIETCs OKOJIO YPOBHS €€ CPEIHEro 3HAaUCHUS

W :h p(t)- Fep

Takum 00pa3omM, MHHMMYM IIOTEPh SHEPruu pekynepanuu coriacHo (2) u (3)

nocruraercsanpu// —-1 ©U  COOTBETCTBEHHO ‘p(t) ~PR,| —min, Te. B ciydae
max

dt. (3)

MaKCHUMaJIbHON CTa0MIN3alMY T€HEPUPYEMON MOIITHOCTH.

[loTepu »saexTposHEpPTHUM MPU HEPABHOMEPHOM TNOTPEOJIeHUH (TEHEpUPOBAHUM)
KOJIMYECTBEHHO CYMTAIOTCS MPOIOPIMOHATBLHBIMU KBaapaty koddduimenta dopmsr [4],
KOTOPBIA MOXHO ONPEIECIUTh KaK OTHOLICHHE JAEWCTBYIOIIEr0 3HAYeHHS MOIIHOCTH
peKynepanum K ee cpelHeMy 3HaUEHUIO

[1T 2
K :P,El_ ?.(')‘p(t)dt (4)

-1
@ = [p)dt
!

[To anamoruu ¢ KOI(PPUIIMEHTOM TapMOHUK Ji CETEH MPOMBIIIJICHHON YacTOTHI,
KOTOPBIH OMPEACIISIFOT IO BBIpaKEHUIO [4]
50

S pl2

_ k=2
Kr —T’ (5)

C LIEJIbI0 aHAJM3a YPOBHS MCKAKEHHOCTH PEKYIEPUPYEMOl MOLIHOCTH MOKHO BBECTH B
paccMoTpeHre K03 GUIUEHT TAPMOHHUK SHEPTUH PEKYyTepalud, TJe MOITHOCTh OCHOBHOM

1 . .
TapMOHUKH PO cornacuo (5) 3aMeHUM MOIIHOCTBIO HYJIEBON TapMOHUKH (ITOCTOSHHOMN
COCTABJISIFONIEH), a BHICHINE TAPMOHUKHU ISl CUCTEMBI SJIEKTPUUYECKOM TITU MOCTOSTHHOTO
Toka HaunHatoTcs ¢ K =1 (mepemenubie cocTapistoniue). Toraa (5) mpuHUMAET BU/

o0
3 pl2
Kr — k:]'—, (6)
P
U (U3UYCCKU XapaKTEPU3YET OO0 TIEPEMEHHOM COCTABIISIONICH SHEPTHU PEKyIIepaliii B
ce mojHOM dHepruu. OUYEBHIHO, YTO MHHHUMYM IOTEPb DHEPTHHM pPeKyIepanuu Oyraer
npu K, — 0.
Bennuunbl nokaszarener K, u [/ MOryT ompeensiTbCs HEMOCPEICTBEHHO IIO
u3BecTHON 3aBucuMocTd P(t) aHamuTrdeckn, TPUOTMKEHHO KOO IMOCTE Pa3IOKCHHS
p(t) B psa ®@ypee, a K, Toapko mocie pasznoxenus P(t) B psax @ypoe. Heobxoanmo

OTMETUTh, YTO BCE IEPEUUCIICHHBIE MOKA3aTEJM JIMHEMHO CBSI3aHbl OJIHOW IIEJIEBOM
GyHKIMEH — MUHUMYM TIOTE€Pb SHEPTWHU pekymepaiuu pocturaetes mpu  P(t) — const,

T.€. TP MaKCHUMAaJIbHOW CTaOMIM3aIllMd MOITHOCTH PEKyIepalyu, MOo3TOMY YIIyYIlICHHE
JT000r0 U3 oKazaTeael NPUBEIET K YIYUIIEHUIO OCTaIbHBIX.

O6cyxnenue pe3yabraToB. [lo mpuBeneHHbIM BbipakeHusM (2), (4) u (6) Obuin
paccUMTaHbl OCHOBHBIE BEPOSTHOCTHBIC XapaKTEPUCTUKH PACCMOTPEHHBIX OIEHOK
3¢ (PEKTUBHOCTH PHEPTUH PEKYTIEpaALliU, KOTOPBIE CBEICHbI B Ta0II.
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Tabmua — OcHOBHBIE BEPOSTHOCTHBIE XapaKTEPUCTHKH PACCMOTPEHHBIX OIIEHOK
7 (HEKTUBHOCTH SHEPTHH PEKyTepaIiuu

[Tuk-paxtop 17 Koad. popmer K, Koa¢. rapm. K.

min |max| My | 657 [min |max| Mk, | Ok, | min | max | Mg | Ok

r r

9“%?;’303 1,40|7,52| 2,57 | 1,65|1,05(3,72| 1,38 | 0,72 0,30 | 3,58 |0,82| 0,86

Tpamsait T31/1,19| 7,1 | 2,78 /0,62/1,15/2,10| 1,61 | 0,16 | 0,56 | 3,60 | 0,98 | 0,19

Kak cienyer u3 pacuera (Ta0i.) MOKa3aTeNW KadyecTBa SHEPrUM PEKyIepaluu B
YCIIOBUSIX pEeaNbHOM JKCIUTyaTallud CYIIECTBEHHO OTIMYAIOTCS OT CBOMUX ONTHUMAJIbHBIX
3HAYEHWM, NOpUYeM T[OKa3aTead TpamBas TMPU peKymnepaluy HUXKe [OoKazaTenen
anekTpoBo3a. Ckopee BCero, 3T0 OOBACHAETCS TEM, YTO PEXHMBI pabOTBI TOPOACKOTO
AIIEKTPOTPAHCIIOPTa HUMEIOT 00Jiee BBIPAKEHHBIH PE3KO IEPEeMEHHBIH HMITYJIbCHBIN
XapakTep, YeM y MarucTpajibHOTO TPAHCIIOPTa, KOTOPHIN SABJsieTCs O0Jiee HHEPIMOHHON U
PaBHOMEPHOW HArpy3KOM.

BoiBoabl. /{151 criiaxuBaHus SHEPTUU peKylnepanun TpedyeTcsl MOUCK U pa3padoTKa
HOBBIX TEXHOJOTMYECKUX PEUICHUH, OJHUM U3 KOTOPBIX MOXET OBITh MPOIOJIKEHHUE
Pa3BUTHS M COBEPIICHCTBOBAHMICUCTEM aBTOMATUYECKOTO YIPABICHUS PEKyEPaTUBHBIM
TOPMOXEHUEM JJIEKTPOTPAHCIIOPTA HA OCHOBE MCCIEIOBAaHUS pealbHBIX (DAKTOPOB
BIUSIONIMX Ha PEKyIEpaIuIo.
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Po3rnsiHyTO Ta BH3HAUEHO MOKA3HUKHU SIKOCTI €HEprii peKyrepamii B CUCTEMi €IeKTPOTPAHCIOPTY
NOCTIHOTO CTpyMy. BCTaHOBIIEHO, 10 B YMOBax peaibHOi eKCIuTyaTalii eJeKTPOTPAHCIIOPTY BEITHYHHU
WX TOKAa3HUKIB I1CTOTHO BIPI3HAIOTHCSA BiJi ONTUMAIbHUX 3HAa4eHb. B po0OTI OKpeclieHi NUISXU
MOKPALIEHHS SIKOCTI €JIEKTPOCHEPTIi 0 PEKYNEPYETHCS.

Kir04oBi cjioBa: eneKTPOTPaHCIIOPT; PEKYNEpPaTHBHE TaJbMyBaHHS; €JICKTPOCHEPTisl; MOKa3HUKU
SKOCTI; €Heproe(eKTHBHICTb.

The paper discusses and determines the quality of energy recovery in the system of electric DC. It is
established that in conditions of real operation of the electric values of these parameters are significantly
different from the optimal values. In the work of the ways of improving quality of electric energy
recovery.

Keywords: electric transport; regenerative braking; electricity; quality indicators; energy efficiency.
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