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PACYET DJIEKTPOSHEPI' MU PEKYIIEPAIIUN
SJIEKTPUOUIIMPOBAHHOI'O TOPOJICKOI'O TPAHCIIOPTA
TP YCTAHOBKE HAKOITUTEJISA
HA TATOBOM INOJCTAHIINU
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B HacTosiwee Bpemsi Gonblioe BHUMaHWE YOENSAETCA MOBbILEHWIO 3Hep-
roapeKkTMBHOCTM Ha 3KCMINyaTUPYyeMOM  3MeKTPUPULMPOBAHHOM FOPOLCKOM
TpaHcnopTe. MepcrnekTMBHLIM HanpasBfieHneM Mo MOBbLILLEHUI0 3HEProadddeKTUB-
HOCTM Ha [aHHOM BWAe TpaHcropTa SBMSETCH MPYMEHEHUE pPeKyrnepaTUBHOMO
TOPMOXeHus. [iNsi AOMOMHUTENbHOMO MOBbILIEHUS 3HEPro3adEKTUBHOCTU Npea-
NOXEHO WCMOSb30BaTh EMKOCTHOW HAKOMUTESb 3M1IEKTPOIHEPTUMM Ha LUMHAX TAro-
Boit nogctaHumn. OHa U3 BaxHbIX 3a4a4y — OLEeHKa NPUMEHEHUS SHEprun peky-
nepaumu ¢ HakonuTenem u 6e3 Hero.

MpoBeaeHHbI aHanu3 paboT nokasarsl, YTo CYLECTBYIOLME anropuTMbl pac-
yeTa He NO3BOMAIT B NOSIHOM OGbeMe BbINOMHATL pacyeTbl KONMYecTsa U CTou-
MOCTM 3Heprum pekynepauuy 6es HakonUTeNs U Mpu ero Ncnosib3oBaHuu. Micxoas
M3 3TOr0 BbITEKAET aKTyanbHOCTb AaHHOW TeMbl. Llenb paboTel — cocTaBneHue
MeToaMKM pacyeTa U anroputMma Ans onpefeneHust Konmyectsa U CToMMOCTH No-
TpebnsiemMon, pekynepupyemMon 1 n3BbITOYHON SHEPruM 3NeKTPUMULPOBaHHOIO
rOpoACKOro TpaHcnopTa UCXOAsA U3 3aaHHOTO peXxuMa [ABWKEHWSI Ha MeperoHe.
PaspaGoTtaH anroputm, No3BOMSIOLWMIA PacCYUTBIBATL KOMMYECTBO M CTOMMOCTb
noTpeGnseMor, pekynepMpyemMon U n3bbITOYHOW 3MEKTPOIHEPIUM C YYETOM pe-
XUMa [OBUKEHUs1 3neKTpMULMpPOBaHHOIO FOPOACKOTO TpaHCnopTa Ha neperoHe
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Npu YyCTaHOBKE €MKOCTHOrO HakKonMuTens Ha TAroBow noactaHuuu. Ha ocHoBaHuu
pa3pa60TaHHoro anropuTMa ana 3agaHHOro pexuma OBWXeHua noesga metpono-
NIWTEeHa BbIMOJTHEH NpMMep pacyeTa Kolmn4ecTBa 3Heprmmn pekynepauumm n ee Cto-
MMOCTH, B TOM 4ucre npu orpaqueHHon 3HEeproeMKoCcTn Hakonutend, Ana ogHo-
BpeMeHHO HaxogdalWmnxca YeTbipex noe3aax Ha neperoHe.

KniouyeBble crioBa: 3Heprusi pekynepauuu, anekTpudULMpPOBaHHbIA ropoa-
CKOW TPaHCMNOPT, HAaKOMUTEb, TAroBas NOACTaHLMS.

Mn. 3. Tabn. 3. bubnuorp.: 11 Ha3B.

THE CALCULATION OF THE ENERGY RECOVERY ELECTRIFIED
URBAN TRANSPORT DURING THE INSTALLATION DRIVE
FOR TRACTION SUBSTATION

SULIM A A

SP “Ukrainian Scientific-Research Institute of Car-Building™

At present a great attention is paid to increasing of energy efficiency at ope-
rated electrified urban transport. Perspective direction for increasing energy effi-
ciency at that type of transport is the application of regenerative braking. For addi-
tional increasing of energy efficiency there were suggested the use of capacitive
drive on tires of traction substation. One of the main task is the analysis of energy
recovery application with drive and without it.

These analysis demonstrated that the calculation algorithms don't allow in the
full volume to carry out calculations of amount and cost of energy recovery without
drive and with it. That is why we see the current interest to this topic. The purpose
of work is to create methods of algorithms calculation for definite amount and cost
of consumed, redundant and recovery energy of electrified urban transport due to
definite regime of motion on wayside. There is algorithm developed, which allow to
calculate amount and cost of consumed, redundant and recovery energy of electri-
fied urban transport on wayside during the installation capacitive drive at traction
substation. On the basis of developed algorithm for the definite regime of wagon
motion of subway there were fulfilled the example of energy recovery amount and
its cost calculation, among them with limited energy intensity drive, when there are
4 trains on wayside simultaneously.

Keywords: energy recovery, electrified urban transport, drive, traction sub-
station.

Fig. 3. Tab. 3. Ref.: 11 titles.

[Ipobnema osHeprocOepekeHUs] Ha DIEKTPUPHULHPOBAHHOM TOPOJCKOM
tpancnopre (OI'T) aBnsercs oyens akryanbHoil [1, 2]. U3BectHO, uTo OI'T (T10-
e37a, TpaMBaH, TPOJUICHOYCHI U T. [I.) XapaKTepU3yeTCsl HEPaBHOMEPHBIM rpadu-
KOM MOTpeOJIeHUs DIIEKTPOIHEPTHU, KOTOPOE OCOOEHHO 3HAYMTEILHO B IEPHO-
IIBI pa3roHa, MeHee 3HAYUTENFHO B IEPHO/IbI PABHOMEPHOTO IBUKEHHS W OTCYT-
CTBYeT TpH TOopMokeHnu. BemenctBue storo TtaroBbie moxctanimu  (TI)
HEMPEPBIBHO HCTBITHIBAIOT 3HAYUTEIbHBIE KOJeOaHnsa Harpy3ku. [Ipu muKoBhIX
Harpy3Kkax, BO3HHKAIOUINX B IMPOLIECCE HAJOKEHHS ITyCKOBBIX TOKOB HECKOIb-
KHX TSTOBBIX CPEACTB, PabOTAIOIIMX Ha MEPETOHE, CHU)KACTCS HalpsHKCHUE Ha
muHax TII. DOrto 3amemiser mpoueccsl IMycKa 3JIEKTPUYECKOrO TpaHCIopTa
W TIPOBOAUT K JOTIOJIHUTEIBHBIM MOTEPSIM DIICKTPOIHEPTHHU, B pe3ybTaTe Yero
TpeOyeTcsl yBEJIMYEHHE YCTAHOBJICHHOM MOIIHOCTH CHJIOBOTO 00OpYyIOBaHUS
TII 1t KOMIIEHCAIMK TUKOBBIX HArpy30K [3].
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OfHUM W3 TIEPCIICKTHBHBIX HAIPABIECHUH 10 YMEHBIIICHUIO YCTAHOBJICHHOM
MOIIHOCTH CHUJIOBOTO o0opynoBanus TII, a Takke MOBBIIICHUIO SKOHOMUYHOCTH
OI'T sBiseTCs MpUMEHEHHE PEKYIIEpaTHBHOTO TopMokeHus [3—8]. B Hacrosiee
BpEMS CO3JAIOTCS, WCIBITHIBAIOTCS W BHEAPSIOTCS OMBITHBIE 00pasmpsr OI'T
C MHKpoIIporieccopHoi cuctemon ympasieHuss (MIICY) m BO3MOXKXHOCTBIO pe-
KyIIepaIuy dJCKTPOIHEPTHH TOPMOKeHHUS B ceTh [4]. Ilo HekoTopbIM maH-
HBIM, IPUMEHEHHUE PEKYIIEPATUBHOTO TOPMOXKCHHSI TTO3BOJIUT PKOHOMUTH OKOJIO
5-30 % amekTpodsHEeprum, pacxoayeMoit Ha Tary [5-7]. Eme omaum Bompocom,
CBSI3aHHBIM C 3(h()EKTUBHOCTHIO IPUMEHEHHS PEKYyTIepaIlHy, SBISETCS mpodieMa
WCTIONIb30BAaHUS M30BITOYHOW 3JICKTPOIHEPTUU PEKyIlepallid B Te WHTEpBa-
JBI BpEMEHH, KOTJa He MOAKIIOUeHBI nmorpedburenn. [Ipobmemy ncmons30BaHUsg
M30BITOYHON AIEKTPOIHEPTHUU PEKyIepaliiil MOKHO PEIINTh yCTaHOBKOW HAKO-
MUTEINS JIEKTPOIHEPTHH (B YAaCTHOCTH, €MKOCTHOTO HAKOIHUTENs) B CHUCTEME
anekTpocHa®xkeHus OI'T [6, 7]. C ero mMOMOIIEI0 MOXKHO €ITe JOTIOTHUTEIHEHO
AKOHOMUTH 0ko0Ji0 10-20 % s1exkTpo3Hepruu, pacxoayeMon Ha Tsry [6, 7].

Br16op emrocTHOTO Hakonmtens anekTpodHepruu (EHD) oOyciiosnen psmgom
MPEUMYIIECTB €r0 XapaKTEPUCTUK 10 CPABHEHUIO C JPYTMMU BUIaMH HaKOIIH-
Tenedt aHepruu [3, 6, 7, 9, 10]. DTOT BuA HAKOOUTENS TaKKE YIOBJICTBOPSET
OCHOBHBIM TPEOOBAHMSIM, MPEIBIBISIEMbIM K YCTPOHCTBAM HAKOIUICHHS JJIEK-
TPOIHEPTUH JJIsI CUCTEM dJIeKTprudecKoit Tsrm [11].

Cremyer OTMETHTB, 9TO B [5—8] MPUBOAATCS OPUCHTHPOBOYHEIE JTaHHEBIE TI0
BO3MOJKHOH OSKOHOMHH DJIIEKTPOIHEPTHH OT IPHUMEHEHHUS PEeKylnepaTUBHOTO
TOPMOXKCHUS M HakomuTelsl. Ha mpakTuke, MpUMEHUTEIHHO K KOHKPETHOMY Tie-
perony, 3¢deKTUBHOCTE peKyrnepupyeMoit anektposHeprun D' T B 3HAUUTEIb-
HOW Mepe OyAeT 3aBHUCETh OT CICIYHOIUX (PAaKTOPOB: MHTCHCHUBHOCTU JIBHIKE-
HUSI, PACCTOSIHUS MEX]Iy OCTAaHOBKAMH, IPOQWIS ITyTH U 3arpy3KUA TOPOJCKOTO
TpaHcnopra [8]. Takum 00pa3oM, TEXHUKO-3KOHOMHUYECKUN 3PGHEKT OT mpUMe-
HEHUSl PEKYyNEepaTHBHOTO TOPMOXKEHHUS 0€3 W C HCIOIB30BAaHHUEM HAKOIIUTEIS
ANEKTPOIHEPTUU OYyAET OTINYAThCA Ha pa3NuyHbIX meperoHax. Kak pesynbrar,
Ha HEKOTOPBIX TMEPEroHaX 3KOHOMHYECKH IIeTIecO00pa3HO MPUMEHSTH TOJBKO
pEeKyIepaTUBHOE TOPMOXKCHHUE 0€3 YCTAaHOBKHM HAKOITUTEIIS.

Ananuz [4-9] nokasan, 4To CYLIECTBYIOUIUE METOMBI HE MO3BOJSAIOT B MOJ-
HOW Mepe BBIMIOJHATh PACYEThl KOJMYECTBA U CTOMMOCTH 3JIEKTPOIHEPIHU pe-
Kymnepanuu 0e3 M C HAaKOIUTEJIEM C yYETOM BHIIICIIPUBEICHHBIX (HaKTOPOB.
Mero pacuera HM30BITOYHOH 3JIEKTPOdHEPruu pekymnepanuu [9] yduThiBaeT
NpouIIb MyTH, HHTEHCUBHOCTh W PEXHMM JIBW)KCHUS Ha TEpEroHe, OJHAKO He
MO3BOJISIET BBIMONHSTH CIEAYIONINE pPacueThl: MOTPeONIIeMOl U peKymnepupye-
MO 37IeKTpodHeprur 0e3 MPUMEHEHHS HAKOMIUTEINS; CTOMMOCTH TOTpeOIsieMOoH,
peKynepupyeMoll ¥ WU30BITOYHOM AIIEKTPOSHEPTUH, KOJIMYECTBA U CTOMMOCTH
M30BITOYHOM IEKTPOIHEPTUU, KOTOPYIO HE MOXKET IPUHATH HAKOITUTEIb UCXO/SI
13 CBOCH SHEPTrOEMKOCTH; HEOOXOIUMON €MKOCTH HAKOIIUTEISI U T. .

Llenp pa®OTBI COCTOUT B BHIBEJICHUM METOAHMKH pacuyeTa W alTOpUTMa IS
OTIpeIeTIeHHs KOIMYEeCTBa M CTOMMOCTH TIOTPEOIsIeMOl, peKyeprupyeMoil U u3-
OpITOUHOM 3MekTpodHeprun OI'T ucxons w3 3agaHHOTO pPeKMMa IBWKCHUS HA
neperone. M3BecTHO, 4TO NpU CYHIECTBYIOUIEH HH(PACTPYKTYpe IHEProcHao-
xeHus Ha OI'T HCIoNb30BaHUE AIEKTPOIHEPTUU PEKYyINEpaliid UMEET BEPOST-
HOCTHBIN XapakTtep [7]. CyTh BEpOSATHOCTHOT'O METOJIa B TAHHOM CIIydae 3aKJyIio-
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YyaeTcs B IOCTPOSHUU MAaTPUIII, KOTOpas yYUTHIBAET BCE BO3MOXKHBIE KOMOWHA-
nud pexxuMoB nBkeHus OI'T Ha meperone. Pasmep maTpwipl (KOJTHYECTBO
CTpPOK) 3aBHCHT OT MHTEHCHUBHOCTH JIBMKEHHS Ha reperone. KomudecTtBo cTpok
MaTpHIIBI PABHO YHCIY BO3MOXHBIX KOMOWHaIWH pexxuMoB 1Brxkenus [9]. [lep-
BBII CcTONOEIl MAaTpHIBI COOTBETCTBYeT KonmdectBy OI'T, paboraromiero
B PCKUME TSITH, BTOPOH — B PEKUME PEKYIIEPATUBHOTO TOPMOKEHHUS, TPETUH —
B pexxuMe BbIOera. Takmm oOpa3om, ONpenessiTh BEPOSTHOCTH MOSIBICHUS TO-
KOB pEKyIepalnyd MOXXHO C TIOMOIIBI0O METOZOB TeopuH BepostHocTH. C yue-
TOM 3TOTO pa3palbOTaH aJTOPUTM OINPEACICHHUS KOJIUYSCTBA U CTOMMOCTH IIO-
TpeOnsieMol, peKynepupyeMoi u u30bITouHOM 3nekTposnepruu DT (puc. 1),
peanuzanys KOTOPOTO BKIIOYAeT dTambl BeraucieHus. CyThb WX paccMoTpe-
Ha HITKE.

( Hauano ) +

i BBO/T 33/1aHHBIX IAPAMETPOB:
BBoj1 3a/1aHHBIX [1APAMETPOB: tya; tea) traruts s tpesas ey K D

N, t, q, UKC; Upek; UEH.min; Uevaax; m; I— |

v
a
a Pacuer otHocuTenbHOrO BpeMeHn HaxoxeHus OI'T
B PeXHUME TSTH, BbIOETa U peKyrepanut, ¢, d, (1-c—d)
Her ¢
BBoj1 3a/1aHHBIX TAPAMETPOB: TocTpoenne MaTpPHILBI B 3aBUCAMOCTH OT N:
ty; toarn; toes K3 1 s N = 1 pazmep marpuist 3x3;
mN=2- 6x3;
<« mmsaN=4- 15x3;
v s N =6— 28x3;
s N=8- 45x3;
[oamporpaMma pacueta cpeiHero 3Ha9CHHMs st N =10— 66x3
TOKA B PEKUME TATH H PEKYIIEPALH l
|
ToanporpaMma pacuera KOJIHIECTBA
9MEKTPOIHEPIHH U EMKOCTH HAKOTIHTEIS

|
( )

Puc. 1. briok-cxema alropuTma onpeaesaeHus KOJIUYecTBa U CTOMMOCTH MOTpedIsieMoii,
peKynepupyeMoi 1 n30BITOYHOM 3nekTposneprun I T

OnepaTopoMm 3aJar0TCsl TapaMeTPhl, HEOOXOIUMBIE JIJIsl pacueTa KOJIMYeCTBa
1 CTOUMOCTH TTOTPEOIIEMOM, peKyTIepUPYEMOi 1 U30BITOTHON IIEKTPOIHEPTHH
OI'T: KOMUYECTBO TPAHCIIOPTHBIX CPeacTB, paboTaronux Ha meperone (N); Bpe-
Ms paOOThI Ha TEPETOHE B CYTKU MPH 33JJaHHOW WHTEHCHBHOCTH JBIKeHUs (1);
cronMocTh 1 KBT 9 anmekTposHepruu ((); HanpsDKeHWE KOHTAKTHOW CETH B pe-
xume Taru (Uy); MUHAMAaIbHOE HAIpsHKCHHE HAa EMKOCTHOM HAaKOITMTETIe
(Uesmin); MaKCHMaIbHOE HaMpspKeHHEe HA eMKOCTHOM HAaKOMUTENE (U max); Mac-
ca TPaHCIIOPTHOTO CPEICTBA ¢ Taccakupamu (M); amuHa neperona (L).

3anmatoTcs JaHHBIE T ABYX BapUAHTOB:

1) Ha meperone paboTaeT OHO TPAHCIIOPTHOE CPEACTBO: OOIIEe BpeMs JIBU-
JKEHHs Ha TieperoHe ls; MpoJoIDKUTEIBHOCTh PEXXUMA TSTH i, M pEKyTeparun
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thex; KOJNMYECTBO BKIIOYEHHH KOHTposulepa Mamunucta KM B pexum Taru K
Y peKyrepanuu N;

2) Ha TieperoHe paboTaroT JaBa WM 0oJiee TPAHCIIOPTHBIX CPEACTB: OOIIee
BpeMsI IBIKEHHSI HA TIEpPEeroHe B MOMYTHOM M O0OpaTHOM HampaBieHHIX Uy, ls);
MPOJOKUTEBHOCTh PEKUMA TATH tigryi, b ¥ PEKyIIEpaliMy MPU JTBHKCHUH
B IIOIIyTHOM U 0OPaTHOM HAaNPaBIEHUSX tpex1, Tpexo; HAPSDKEHUE HA TOKONPHEM-
HUKE B pexxnMe pexyneparu U ..; komudecTBo BkiItodeHnd KM B pexum Tsaru
u pekynepauuu K, n.

BreimonHseTcst moamporpaMma pacuera CpeIHEro 3HAUYCHUS TOKa B PEKUMax
TATH U peKymnepanuu Ha neperone (puc. 2). Onpenensorcs cpeaHue 3HaUYCHUS
TOKOB B PEKMUME TATH W PeKymeparu npu yciaoBusix K > 1 u n > 1 mo BeIpa-
HKEHUSIM:

1 S
ICp.Tﬂl‘I/I = _Z Iktk ; (1)
tmrn i=1
1 n
Icppex = t_zl Intn' (2)
pek 1=

( oo )

Jla

v Her
/ BBoy1 331aHHBIX IAPAMETPOB: BBOJ 38 1AHHEIX TAPAMETPOE:
/ CpeJTHHiA TOK B PEKHME TATH sy, A CPEJIHHIT TOK B PEKAME TSI |t g, A

|Pacqu CpPEIHEro 3HAYCHHS TOKA B PEIKUME TATH |ygry, A|

Y
BBop 3a1aHHBIX TApaMeTPOB: BBop 3a1aHHBIX TAPAMETPOB:
Cpe/IHUIL TOK B PeXKHME PEKyIeparui lyeq, A Cpe/iHHii TOK B peKMME PeKynepatuH lpe . ., A

Pacuer cpennero 3HadeHHs TOKa
B PEKHME PEKYTIEPAINH lpe, A

( o )

Puc. 2. briok-cxema anropurMma noArnporpamMMbl pacyera CpeHero 3Ha4eHUs ToKa
B PEXXUMAaX TATH U PeKyIeparun

BrimonHsieTcst pacueT OTHOCUTENbHOTO BpeMeHn HaxoxaeHust OI'T B pexu-
Mmax Tsru (¢), pexynepanu (d) u Boibera (1-C—d) o BIpaKeHUSIM:
s cygast N = 1:
tpel( tE - (tmm + tpeK)

c=tTﬂ; d="—; l-cd =——7—"7"—""—; (3)
tE tZ tZ
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qtst cnyqast N > 2:

d _ tpeKl +tpeK2 . (4)
ty; +15, ty +1s,

TATH2 .

— th{er +1

tZl + tZZ - tTSH'PIl - t‘l‘ﬁl']/lz - tpei(l B tpeKZ
L+,
CTpOI/ITCH MaTtpuia B 3aBUCUMOCTH OT 3aﬂaHHOﬁ HWHTCHCUBHOCTH IBWXCHUA
Ha MeperoHe.

Brimonnsercs noArnporpaMma pacuc€Tta €MKOCTU HAKOIIUTCIIA 3JICKTPO3HCP-
T (pI/IC 3), KOTOpad BKIIIOYACT IMPUBCACHHBIC HUKEC BBIYUCIICHUS.

( Hasano ) ]

1-c-d=

©)

¢ Pacuer OTHOIIEHUS NMEKTPOSHEPTHH PEKyNepaliu
Pacuer BepoATHOCTH BO3SHMKHOBEHHS PEKUMOB TATH, K noTpebsiemMoii anekTposHepruu, %
BBIOEra U PEeKyNeparuy s KaxI0H CTPOKH MAaTPUIIBI
l Pacuer ynenpHOro pacxoza 31eKTPOIHEPIUHU HA TATY
Pacuer Toka B pexuMax TATU M PeKynepaLuu ¢ yderoM H Ges yyera pekynepard, KBr-u/(1-km)

(pexymepupyeMoro Toka B CeTh H H30BITOYHOIO TOKA)

VTS KaXKI0H CTPOKH MaTpHIIBI
l I Pacuer HeoOX0MMOIt F3HEproeMKoCTH Hakorurens, O

Pacuer o0miero BpeMeHH paboThI B KaXIOM PEKUME |

!

Pacuer xonmuecTBa anekTpuyecTBa MOTPEOICHHS Ja
M PEKyIEepaiH 3a Bpemst
JUTSL KaXKJI0M CTPOKH MaTpHUIbL, A-c

I

Pacuer notpebiisieMoil U peKyIepupyeMoit
p PeKymeprpy Pacuer 311eKTposHeprun peKynepamyy 1 €€ CTOMMOCTH

(pexymepupyemoii B cet 1 H3GHITOUHOI) C Y4eTOM OrpaHHYueHHOl EMKOCTH HAKOMHTEJs,
JNIEKTPOSHEPIUH, a TAKXKE €€ CTOMMOCTH, KBT-4 (TpH.) kBT (rpH.)

: ]
( Koren )

Her

Pacuer 3HeproeMKOCTH U3 yCIOBHSL BO3MOXKHOCTH
MIPUHATH AJeKTpodHepruto oT 1 1o N — 1 noesyos, ®

Pacuer MOIIIHOCTH B PEXKUMAX TATU U PEKYIIEpALINH, KB

|

Puc. 3. Biok-cxema aJropurTMa IoIporpaMMel pacdera
KOJIMYECTBA JIEKTPOIHEPTHH (CTOMMOCTH) ¥ eMKOCTH HAKOIIUTEIIS

BBIUUCISAIOTCS BEPOSATHOCTH BOZHUKHOBEHHS PEKUMOB JIISI KQXKJOUW CTPOKH
MAaTPHITBI TT0 BRIPAXKEHUIO [9]

N!

m d® (l—c—d)"N 7, ©

p:

rJe @ — KOJIMYECTBO DJIEKTPONOE3I0B, ABUKYIIUXCS B PEXKUME TATH; b — Komu-
YeCTBO JJIEKTPOIIOE3/I0B, ABWKYIIMXCS B pekuMe pekynepauun; (N-a—b) — ko-
JIMYECTBO 3JIEKTPOIOE3/I0B, IBIKYIINXCS B peKUME BbIOera.

BrimonHsieTcs pacder TOka B peXMMax TATH M PeKyNepanuu Uil KakIou
CTPOKH MaTpHIIbL:
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ITSIT‘" = ICp.Tﬂl‘" a; (7)

pex = ICp.pCK b (8)

HpOBCpHeTCH YCIOBHUEC I Ka)i().'[Oﬁ CTPOKH MaTpUIbI «ToOK TArM He MeHee
TOKa pexynepaunn?»: €CJIn YCJIOBUC BBIINMOJIHACTCHA, TOr4a B CTOJ'I6I.[C «1305I-
TOYHBIN TOK pEKyINepalmy» 3alrChiBaeTCs HYJIb. B MPOTUBHOM clly4ae B CTOJ-
oerr «30bITOYHBIN TOK PEKyIIEPali» 3alUChIBACTCS PAa3HOCTh MEKIY TOKAMH

pexynepauyu u sarm: oo =1 —1 .

OcyiecTBisieTess pacder JUis KakJOW CTPOKH MaTpHIIbI OOIIEro BpeMeHU
paboTHI IO BEIPAKECHUIO

t=t,p. ©)

BrinonHseTcs pacder 11 KaKA0H CTPOKH MaTPHUIBI KOJMUYECTBA dJIEKTpHYe-
CTBa MOTPEOJICHUS U peKynepanuu (pPeKynepupyeMoro B ceTb U U30BITOYHOTO)
3a o01ee BpeMst padoThI t B JaHHOM PeXHME TI0 BBIPAKCHUSIM:

B= Immt; (10)
C = IpeKt; (11)
D = 11436Apel<t' (12)

BrimonHsieTcst pacyeT aIeKTpoIHEePTHH MOTPeOIeHHs U peKynepanun (peKy-
TIepUPYEeMOil B ceTh W M30OBITOYHOI), a TaKXKE €€ CTOMMOCTH 3a o0Iee BpeMs
paboThI 1o BeIpaskeHUAM [9]:

YBU
" 3600-10° 43
_ U, ”

P 3600-10°
Wi = oo (15)

O 3600-10°
QTXFH =WTﬂFHq; (16)
Qpex =W, O (17)
=W g. (18)

n30.peK m30.pex

OcyIIecTBISETCS PacyeT CPEAHEro 3HAYCHUST MOIIHOCTH MTOTPEOJICHUS U pe-
KyTiepanuu:

W W
P :%; P _ _ PeK : o] _ n30.pex . (19)

TSITH eK n306.pex
t = F t ’ t

BBIMuCIAIOTCS OTHOIIEGHHS 3JIEKTPOSHEPTUH PEKYMEpaly K 3IIEKTPOdHEp-
THH TOTPeOICHHUS:
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r= i 100=- 2100, 20)
W P
= B 100 = 8 1), (21)

TATH TATH

BeImonHsieTes pacueT yAenbHOM 3NeKTPOIHEPTHU MOTPEOJICHHS U peKyrepa-
uu (peKyneprupyeMoi B CETh M N30BITOYHON) TIO BRIPAKCHHSIM:

I C Tﬂl'I/IU KCtTﬂl'Pl
aTS{l‘I/l = p—; (22)
3600mL

I Ut
a _ _CP-peKk ~ pek pek : 23
e 3600mL (3)

a
_ P1arm
am&pex - 100 V. (24)
OHpeI[eﬂHeTCﬂ HCO6XO}.II/IM3$I SHCProeMKOCTb HAKOIIUTECJIA 3JICKTPOSHCPIUn
npu 3aHaHHOﬁ HMHTCHCUBHOCTHU ABUXKCHHUSA
21 NU_t

=GR 25)

€H.max €H.min

Iposepka ycnoBus «N > 1?»: ecniu ycIoBUE BHIMOIHICTCS, TO OCYIIECTBIIS-
€TCs pacueT HeoOXOUMON €MKOCTH, YTOOBI IIPUHSATH AIEKTPOIHEPTHUIO PEKyIIe-
panuu OTASIbHO st Kaxaoro u3 ciydaes ot 1 g0 (N — 1) moe3nos. B nportus-
HOM clly4dae MOJIIporpaMma pacdera KOJIHYECTBA IEKTPOIHEPTUH (CTOMMOCTH)
W €MKOCTH HAKOITUTEIS 3aBEPILACTCSI.

Pacuer HeoOXOAMMON 3HEPrOEMKOCTH HAKOIIUTENS JJICKTPOIHEPTUH, YTO-
OBl MIPUHSATH 3JICKTPOIHEPTUIO PEKyIEpaIvu I KaxI0Tro U3 ciaydaeB oT 1 J0
(N = 1) moe3mos, onpenenseTcs 1Mo BeIpaxkeHuto (25). OTnnunTeNnbHOM 0c0OeH-
HOCTBIO JIAHHOTO pacyeTa OT MPEIbIAYIIEro SBISIETCS TO, YTO BMECTO 3aJJaHHOTO
N moacrasnstorest 3Hadenus ot 1 qo (N — 1).

Onpenenstorcss M30BITOYHAS DIICKTPOIHEPTHS, KOTOPYH) MOXKET IPHHSTH
HAKOIHUTEIh MPH OTPAHUICHHOM 00BEME, M €€ CTOMMOCTH:

K-1
Z D|U pex
i=1

W, S 26
u36.pexl...N—1 3600 103 ( )
Qmﬁ‘pcxlmN—l ZWHSGAPCKIMN—Iq’ (27)

K-1
rae z D, — cymma u30BITOUHBIX TOKOB 3a obuiee Bpemst padotel OI'T Ha nepe-
i=1

TOHE C YYETOM OTpPaHUYCHHS TOKAa peKyrepanuu; K — KOJIU4ecTBO BO3MOMKHBIX
KoMOuHanumi pexumoB newkenus JI'T Ha nmeperoxe.

CyTh pacueToB M30BITOYHON IEKTPOIHEPTHH M €€ CTOMMOCTH 3aKITFOYaeTCS
B TepecueTe KOJOHOK «30BITOUHBIN TOK pexyneparmmn» u «V30BITOYHBIN TOK
peKymepau 3a BpeMs MOCTPOEHHOW Marpuibl (Tabi. 1) mpu HEHM3MEHHOM
BPEMEHU PEKYIEPALIHH.
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Brruncnsercst pekynepupyemas 3J1€KTPO3HEPTHs, KOTOPYIO HE MOXKET MpH-
HATh HAKOIUTENIb UCXO/A U3 YCTAaHOBJIEHHON SHEProOeMKOCTH HAaKOMUTENS, U €€
CTOMMOCTD I10 BBIPAXKCHHSAM:!

WHel..,N a1 = WH36,pel< _Wu36.pe1<1,..N -1 ; (28)
QHeI...N—I = Qm6.pek - QH36,peK|.4.N71' (29)

[To pa3paboTaHHOMY aNTOPUTMY BBIMTOJIHEH NMPUMEP pacyera KOJIHYeCTBa U
CTOMMOCTH TIOTPEOISIEMOH, PEKYNepUpyeMON H WM30BITOUHOM AJICKTPOIHEPTHUH,
a Takke HEeOoOXOAMMOI €MKOCTH HaKOIWTENs MpPH CIEAYIOIUX BXOTHBIX JIaH-
Heix: N = 4; t = 7200 c; g = 0,3648 1pH.; U = 825 B; Ueimin = 550 B; Ueymax =
=975B; m=246,88 T; L =0,727 xm; ty; = 101,4 ¢; tx, = 101,4 ¢; tym = 29,2 c;
t‘mmZ = 2992 c, tpe]cl = 1594 c, tpe]c2 = 1594 C, UpeK =900 B, k = 1: n= 1: ICpATﬂl']/I =
= 3500 A; leppex = 2250 A.

B cootBercTBUM C pacueroMm (puC. 2) CpellHUE 3HAYCHUS TOKOB B PEKHMAX
TATU U peKynepanuu paBHBL: |y = 3500 A 1 lgppec = 2250 A. Tlo BeIpaxe-
HusM (4), (5) paccuuTaHbl OTHOCUTEINBHBIC JIIUTEIILHOCTH IIUKIIOB PEKUMOB THi-
v, pexkynepanuu u Beioera: ¢ = 0,29; d = 0,15; 1-c—d = 0,56.

[TocTpoena matpumna (tabdn. 1) mpu OTHOBPEMEHHO HAXOMSAIINXCS YETHIPEX
AJIEKTPOIOE37aX Ha TIEPEroHe, a TAKKE PACCUMTAHBI BEIMYWHBI IS KaXKIOW
CTpOKH MaTpuLbl o dopmynam (6)—(12). Kak BugHO 13 Tabmn. 1, pexxumsl ¢ Ho-
TpeOIsieMBIM TOKOM XapaKTepHBI Iy ciaydaeB 1—10, pexXuMbl ¢ TOKOM peKyTie-
paruu — jiis ciydaeB 2, 4-5, 7-9, 11-14, pexumMbl ¢ U30BITOYHBIM TOKOM HMe-
FOT MECTO JiIsi citydaes 7-8, 11-14.

Tabauya 1

Pe3yJbTaThl pacuera noTped IsieMoro, peKynepupyemMoro H u36bITOYHOT0 TOKOB
JJIS1 OTHOBPEMEHHO HAXOISIIMXCSH YeThIPeX JIEKTPOINO0Ee3/10B HA Neperone

No |Tsra Pexy- Briber B:(I))g:: _ Loy | Loexr uss.pexcs
nn| a E;I:{at-) N-a—-b pe)KI/n:/;a A i% A]D te B,Ac | CAc D Ac
p-10

1] 4 0 0 |0,6876692|14000| O 0 [49,51| 693170,6 0 0

2| 3 1 0 |1,4506995|10500{2250| O |104,5/1096729,0| 235013 0

3] 3 0 1 |5,3506317|10500| O 0 [385,2(4045078,0 0 0

4 2 2 0 |1,1476424| 7000 |{4500| O |82,63| 578411,8 | 371836 0

5 2 1 1 |8,4657256| 7000 (2250 O [609,5(4266726,0(1371448| O

6 2 0 2 |15,6121170{ 7000 | O 0 [1124(7868507,0 0 0

7 1 3 0 |0,4035090 | 3500 | 6750 | 3250 |29,05| 101684,3 | 196105 | 94421

8 1 2 1 |4,4648005| 3500 |4500 | 1000 {321,5(1125130,0|1446595| 321466

9 1 1 2 |16,4675750( 3500 {2250 | O |1186|4149829,0|2667747| O

10| 1 0 3 |20,2458510| 3500 | O 0 [1458(5101954,0 0 0

111 0 4 0 |0,0532024| 0 |9000| 9000 |3,831 0 34475 | 34475

12| 0 3 1 10,7849078| 0O |6750| 6750 56,51 0 381465 | 381465

13| 0 2 2 |4,3424772| 0 [4500 | 4500 |312,7 0 1406963 (1406962

141 0 1 3 |10,6776060] O |2250| 2250 |768,8 0 1729772(1729772

15| 0 0 4 19,8455849| 0 0 0 (7089 0 0 0
Bcero: 29027219,0[9841420(3968561
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Pe3ynbraThel SHEPreTUUECKOTO pacdyeTra B pEKMMax IMOTPEOJICHUS U PEeKyIie-
palny, BEITIOJTHEHHBIE 110 BeIpaxeHusM (13)—(24), nmpeacraBieHs! B Ta0I. 2.

Tabauya 2
Pe3yabTaThl 3JHEPreTHYECKOro pacueTa B pe;KHMaX MOTPeOIeHHs U peKynepanun

N 3HayeHHe MoKa3aTesst Ipy
oKasareJb

HOTPEOJICHUHM NP TATE | peKynepauuu | W30BITOYHOCTH
DnexTposneprus, KB u 6652,07 2460,36 992,14
CpenHee 3HaUeHHE MOUTHOCTH, KBT 3326,04 1230,18 496,07
VaenbHas 27€KTPO3HEPTuUs,

Br-9/(1-xMm) 130,50 48,26 19,46
CTOMMOCTb AIIEKTPOIHEPTHH, TPH. 2426,68 897,54 361,93
OTHOILIEHHE AIIEKTPOIHEPTHI

K 3JIEKTPOIHEPT UK TOTPeO-

nenust, % - 36,99 14,91

[To BeIpakeHuto (25) paccuntana He0OXOAMMAS FIHEPTOSMKOCTh HAKOTTUTEIS
DJIEKTPOSHEPTHH TPH 3aJaHHONH WHTECHCHUBHOCTH ABMKCHHS, KOTOpas paBHA
Cow, = 384,93 D.

Pe3ynpTaTel pacueTa 3HEPrOEMKOCTH, W3OBITOUYHOH 3JIECKTPOIHEPTHH H €
CTOMMOCTH, KOTOpBIE ompeaelieHbl 1o (opmynam (26)—(29), mpencraBieHbI
B Tabi. 3 JuIsl CHSMYIOIIUX CIyYaeB MPU OTPaHMYEHHONW BO3MOXHOCTHU MPHUHSITH
AIEKTPOIHEPTHIO OT:

e Tpex AIEeKTPOnoe3a0B (lgppe = 6750 A);

o IBYX 251eKTPOnoe3 0B (leppex = 4500 A);

e oz1HOr O 25eKTponoe3aa (lep pe = 2250 A).

Tabruya 3

Pe3yabTaThl pacyeTa 3HeProeMKOCTH HAKONMTeEJIS
M M30BITOYHOM IJ1eKTPOIHEPTHH PeKynepauuu

W36bITounas anexTpo-  |MI30bITOUHAS SIEKTPOdHEp-
ITpu orpannueHnu | DHEProeMKOCTb | SHEPTHUs, KOTOPYIO MOXKET | THsI, KOTOPYIO HE MOXKET
TOKa peKylepanuu EHD, © npunate EHD, u ee crou- | npunsats EHD, u ee cTou-
MOCTb, KBT-4 (TpH.) MOCTb, KBT"4 (TpH.)
Jlis Tpex anekrpo-
MOE3/10B 288,70 989,99 (361,15) 2,15 (0,80)
Jl1st IByX 371€KTpO-
MOE3/10B 192,50 956,04 (348,76) 36,10 (13,17)
Jli1st ogHOTO 2IEKTpO-
noesza 96,20 738,97 (269,57) 253,17 (92,36)
BBIB O bl

1. Pa3paboTanHass METOJMKA MMO3BOJIAET PACCUMTATh KOJIWYECTBO IJIEKTPO-
SHEPTUH PEKyNepalyi B ANEKTPUPHUIIIPOBAHHOM TOPOJCKOM TPAHCIOPTE MpPH
YCTaHOBKE €MKOCTHOTO HAKOIHMTENS AJICKTPOIHEPTUH Ha IIMHAX TATOBOH MOJ-
crarnnuy. Ha ocHOBaHMM pa3pabOTaHHOTO ajropyuTMa BHIIIOJHEH NMPUMEpP pacue-
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Ta AJs1 OHOBPEMEHHO HAXOISIINXCS YETBIPEX MOE3/I0B Ha IEepPEeroHe, KOTOPBIN
MO3BOJIMJ yCTAHOBUTh, UYTO HJsl 3aJaHHOTO peXHMa IBIDKEHHS OTHOIICHHUE
ANIEKTPOIHEPTUU PEKYIepalnu K Tsre coctapiseT 36,99 %, oTHomeHHe H30bI-
TOYHOH dIIeKTpodHeprun K Tsire — 14,91 %, HeoOxoauMasi SHEProeMKOCTb eM-
KOCTHOT'O HaKOMHUTENS 3NeKTpo3Hepruu — 384,93 @.

2. Ilpn ycraHOBKE €MKOCTHOTO HAKONMTENS DJIEKTPOIHEPTUH OIpaHWYEH-
Hoit aHeproeMkoctu (Cey, = 288,7; 192,5 u 96,2 @) nnst 3agaHHOrO pexuma
JBYDKEHHS OTHOIIEHHE M30BITOUHON 3JIEKTPO’HEPIUM PEKyNepaluu K TAre co-
craBuT coorBercTBeHHo 14,88 %; 14,37 m 11,10 %. KoamuectBo 3amacae-
MOW 3JIEKTPOIHEPTUU HAKOMUTEJIEM YMEHBLIMTCS cooTBeTcTBeHHO Ha 0,2 %;
3,6 m 25,5 %.

3. CpaBHEHHE TIOJTyYEHHBIX PE3yIbTAaTOB ITOKA3BIBAET, YTO IPH OTPAaHHUCHUH
SHEPrOeMKOCTH HakomuTess Ha ypoBHE Cgy, = 288,7 u 192,5 @ konuuecTBoO 3a-
[1acaeMOM 3NIEKTPOIHEPIUM HAKOIMTEJIEM YMEHbBIIACTCS HE3HAYMTEIbHO, B TO
BpeMs Kak orpaHuueHue Ha ypoBHE Cgy, = 96,2 @ mpuBOIUT K 3aMETHOMY CHU-
KEHUIO0 HAKaIUIMBaeMoM 3iekTposHepruu. KoiauuecTBo 3eKTpo3HEepruu, pac-
CerBaeMOW B BHIE TEIUIOTHI, MPH OrPAaHMYCHUH HDHEPrOEMKOCTH Ha YPOBHE
Ce» = 96,2 © CyIIeCTBEHHO YBEJINYHMBACTCS 110 CPABHEHUIO C OTPaHUYCHUEM Ha
ypoBHe C,, = 288,71 192,5 ®.

JlanpHeiilnne ucciieAoBaHMs JOJDKHBI OBITh HampaBlieHbl Ha OIpenesicHHe
ONTUMAJIBHON 3HEPrOeMKOCTH IIPU 3aJaHHOM PEKUME JBIDKEHUs NEKTpUdU-
LIUPOBAHHOTO TOPOJICKOTO TPAHCIIOPTA.
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