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PaccmartpuBaroTcs rapMmoHnyeckue
nomMmexwm TAroBoro Toka B cucteme
anekTpocHabxeHnss MockoBckoro
meTpononuteHa. lMpeacrasneHa
nMUTaLMOHHass MoAes1b CUCTEMbI TArOBOIro
8J1eKTPOCHabXXeHNs AN1S1 NO[ABUXHOIO
coctaBa, cosnaHHas B cpege MATLAB/
Simulink. NMpuBeaeHbl pe3ynbratsl
MoaennpoBaHUs U dKCriepuMeHTa

10 OLleHKe rapMOHNYE€CKUX MOMeX
TAroBoro Toka. [laHHble crieKTpasibHoro
aHanu3a cpaBHUBaINCb C HOPMaMu ANs
OL€HKU CTEeNeHn MeLLIaloLero B/INSIHUS
nomex Ha yctpowictea CLIb n AJIC-

APC. INo pe3ynbTatam MogennpoBaHus
Y 3KCriepuMeHTaJIbHbIX 3aMepPOB cAeJ1aH
BbIBOZ, O BO3MO)XHOCTU NMPEBbILLIEHUS
TSIroBoro Toka Ha 4acrore 50 Iy.

Knro4eBbie c/ioBa: METPOIMNOIMTEH, CUCTEMA
TSIFOBOr0 3/1EKTPOCHAOXEHWS, rapPMOHNYECKNE
rMOMexu TSIroBOro Toka, HOPMUPYeMbIii
YPOBEHb, UMUTaLIMOHHAS! MOAESIb,
9KCMEPUMEHT, CPABHUTE bHbIN aHa/INg.
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CHOBHOW NMPUYMUHOW TMOSIBJIEHUSA

TapMOHUYECKUX COCTaBISIONIUX

B TSATOBOM TOKE CUCTEMBI DJIEKTPO-
CHA0XEHUS METPOIIOJIUTEHA SIBJIIETCS paboTa
TaroBBIX TToAcTaHumit (TIT) m 31ekTpomon-
BrkHoTo coctasa (DI1C). [Tomexu ot rapmo-
HUYECKUX COCTABIISIIONINX, KOTOPbIe BO3HU-
KaloT B TATOBOI CETU MPEUMYIIECTBEHHO 32
cuet DI1C, MemaT ycTpoiicTBaM obecIieue-
HUS 0€30TMaCHOCTU JABUXEHUS TTOE3T0B —
CUbB u AJIC-APC. B atux ycnoBusix 0co6o
aKTyaJIbHOW CTAaHOBUTCS 3a/1a4a, BKITIOYAIO-
111as1 B ce0s1, ¢ OIHOI CTOPOHbI, OOecTieyeHre
9JIEKTPOMAaTHUTHON COBMECTUMOCTH
yctpoiictB CIIb u AJIC-APC ¢ cucremoit
TATOBOTO 3eKkTpocHaokeHus (CTD), a ¢ apy-
TOif — OIIEHKY TAPMOHUYECKUX TTOMEX TSTO-
BOTO TOKa.

B cratbe paccmatpuBaetcst mogens CTHD
MockoBckoro metpornionuteHa ¢ DI1C, uc-
TTOJTB3YIOIINM TSTOBBIN TTPUBOJL C ACUHXPOH-
HbIMU aBuratensmu. Ha puc. 1 cucrema
YIPOIIEHHO TIpe/ICTaBlIeHa ABYMsI UCTOUHU-
KaM¥ TUTaHus Tpexha3zHOro MepeMeHHOTO
toka (MII-1 u UII-2), nByMsI TITOBBIMU
noacranussmu (TIT-A u TTI-B) mocTostHHO-
TO TOKa, MOABOASIINMU JTUHUSIMU, TSITOBO
cetnio u OI1C.
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Puc. 1. MMpuHunnnanbHas cxema 3/1eKTPOCHa0XXeHUs1 MeTpPoroInTeHa.

[IpencraBieHHasT cXeMa COIEPKUT OCHOB-
HbIe uCTOUHUKHU TToMeX B CTD meTpomnonute-
Ha, To ecTh DIIC kKak mepemenialOIniicsa
HMCTOYHUK ITOMEX Y BEITIPSIMUTEIILHBIC arpera-
Tbl TTI KaK cTallioHapHbIE UICTOYHUKU TTOMEX.
I1pu npumenenun Ha TII mecTUNyIbCOBBIX
Tpexda3HBIX MOCTOBBIX BBIIIPSIMUTEICH
B CITIEKTPATbHOM COCTaBE KPUBOI BHITTPSIMIICH -
HOTO HaNPSKEHUSI IIPUCYTCTBYIOT KAHOHWYC-
ckue rapMoHMKH (KpaTHbie 300 [ir) m HeKaHO-
HUYeckre rapMoHuKH (kpatHbie 50 Iir). [Tpu
HaJIMYNH TATOBOTO ITPHUBOAA C ACMHXPOHHBIMU
JIBUTATeIIMU B criekTpe ToKa DI1C mosBisior-
Cs HU3KOYACTOTHASI M BHICOKOYACTOTHAS CO-
CTaBJISIIOIINE, a TAKXKEe TApMOHUKI KOMOMHA-
LIMOHHBIX YacToT [4, 16—18]. Takne rapmoHu-
YECKHME COCTABJISIONINE TSTOBOTO TOKA MOTYT
B OOJIBIIICH CTEIEHU BIUSITH Ha paboOTy
yerpoiictB CLIb n AJIC-APC. C ygeTom criek-
TPaJIbHOTO COCTaBa HAIIPSKEHNS TATOBOM CETH
YaCTOTHBII CTIICKTP TOKA ITOMEXU MOXKHO OTIpe-
JIeJTUTH 110 hopmyiie [4]:

f]cc=p'm'fmuM+6'p'l'fi+j300, (D

rae: f, —4yacTora Toka cTatopa aCMHXPOHHOTO
TATrOBOTO ABUraTess, [ir;

P — YUCJI0O CUHXPOHU3UPYEMBbIX ITpeobpa-
30BaTesei;

Sy — 4ACTOTA IHMPOTHO-UMITYJILCHOM
monynsiuu (HTUM), Tix;
m, | =—c0...—2,—1,0, 1,2, ...+00.

OnHako JeWCTBYIOIIME aMIUIATYIbI Tap-
MOHUWYECKUX MTOMEX 3aBUCAT OT OOJIBIIOTO
Yuclia TapaMeTpoB, @ UMEHHO: TUIA BXOIHO-
ro bwibTpa, UHBEPTOPA HAMPSIKEHUS U TSITO-
BbIX asurareneit DI1C, TaroBoit cetu (Mmpo-
noykuteabHocTh ee Mexay DITC u TT1), Tuna
BBIPSIMUTENNbHBIX arperatoB TI1, ocobeHHO-
CTE KOHCTPYKIMUI TOHHEJS U TIP.

J1u1s1 Gosiee TOUHOI OLIEHKM BBICOKOYACTOT-
HOTO CMEeKTpa TSATOBOI0 TOKA ObLIa pa3paboTaHa
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koMmItbioTepHast moaesib CTD ¢ BIIC, cocTas-
senHas B cpene MATLAB/Simulink [12—14].
B o0111eM Buie MoJieTh MpeACTaBIeHa Ha puc. 2.
Monens CTD MeTpOIToIMTEeHa COOTBETCTBYET
MIPUHIIUMITAATIBGHOM cxeMe (puc.l) u BKIIO9aeT
B ce0s1 1Ba MICTOYHMKA ITUTAHWS BHEIITHEH CETH
(PS-1u PS-2), nBe TIT (TII) (Sub-A u Sub-B),
nonBoxstye uTarommye TuHur (RL-r1, RL-r2)
nmHIM oopatHoro Toka (RL-f1, RL-f2), ygact-
ku KoHTakTHOU cetr (Net-1 u Net-2) u OI1C,
cocrostuii u3 4 BaroHoB (Carl-Car4), a Takcke
CHCTEMY MOHUTOPMHTA 1 M3MEPEHMST TI0Ka3a-
Teneit padotsr DIIC.

Monysib IEpBUYHON MUTAIOLIEN CETU CO-
CTOUT U3 UCTOYHMKA TTUTAHUS TIEPEMEHHOTO
TOKa HOMMHAJIbHBIM HampsikeHuem U =
10,5+ 103 B ¢ 3kBMBaJIeHTHBIM aKTUBHBIM
COITPOTHBIICHNEM 1 MHAYKTUBHOCTHIO BHEIII -
HEU ceTu.

Ha taroseix moacranumsax A u B ¢ mectu-
MMyJIbCOBBIMU TpeX(pa3HBIMH MOCTOBBIMU
BBIIIPSIMUTEIISIMH OCYIIECTBIISIETCS TIpeodpa-
30BaHUE Tpex(a3HOro MepeMeHHOro TokKa
HanpskeHueMm 10,5 kB, momygaemoro ot
MIepBUYIHOI SHEPTOCHCTEMBI TOPO/IA, B TIOCTO-
SIHHBIY TOK HOMWHAJbHBIM HaIIPSDKEHUEM Ha
IMHaxX TroBoit moactaHunu 825 B [2]. TII
Sub-A cocTouT n3 Tpex,, a Sub-B 13 yeTbIpex
npeodpa3oBaTeSIbHBIX arperaToB ¢ TpaHCcdop-
maropamu TC3I1-1600/10 moiHOCTBIO 1515
kBA. 111 pacueTa mapamMeTpoB TpaHchopMa-
TOpa UCITOJb30BATUCh (DOPMYITBI, TPUBEICH-
Hble B [2, 3]. Monenb BeIIPSIMUTENEH OCHA-
IIeHa 0JI0KOM Tpex(a3HBIX MOCTOBBIX BBITIPSI -
muteneit «Universal Bride» [10, 11, 15] Ha
aneMmeHTax «diode» Tuna J1163-2500 ¢ cornpo-
TUBJICHUEM B OTKPBITOM COCTOAHUU R =
0,097 + 103 OM 1 TOPOrOBBIM HAMPSIKEHUEM
V.= 0,85B.

Iuranue DIIC ocymiecTBiasIeTCS Yepes
MMUTAIOIINE KaOeTbHBIC IMHUU Y KOHTAaKTHYIO
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Puc. 2. O6was cxema mogenu CT3 c 3I1C B cpene Matlab/Simulink.
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Puc. 3. Cxema 3ameLeHUs1 y4acTka TAroBow cetm
meTpononuteHa B MATLAB/Simulink.

ceTb oT ABYX TII ¢ IPUHATBIM CPEeIHUM pac-
CTOSTHAEM MEXIY HUMU B 3 KM.

Tarosasi ceTb cCCTEMBI 3JICKTPOCHAOXKE -
HUSI METPONOJUTEHA, KOTOpasi COCTOUT U3
KOHTAKTHOM U PEJIbCOBOM LIETIEN, ABIISIETCS
JIMHUEN ¢ pacipeJeJIeHHbIMU TapaMeTpamMu.
B nonoce ucciaenyemMbix 4acTOT OT FTapMOHMU -
YEeCKMX COCTaBJSIOIIMX TATOBOTO TOKA, HE
npesbimaronux 10 kIi1, TAToByIO ceTh B pac-
yeTax MOXHO 3aMEHSATb COCPEHOTOYCHHOM
RL-narpyskoii [1, 4, 5]. Monenp TATOBOM
CETH BKJIIOUACT B Ce0sI aKTUBHOE COITPOTHUB-
JeHue R W MHAYKTUBHOCTD L (puc. 3).

[Ipu olieHKe MapaMeTpOB TATOBOI ceTH
0c000e BHUMaHUE YIESIOCh pacueTy MHIYK -

TUBHOCTHU. J1JIs1 3TOr0 UCII0JIb30BaIach cXeMa
3aMelIeHMsT KOPOTKO3aMKHYTOIO ydyacTKa
TSTOBOM ceTu MeTponoauTeHa (puc. 4) [4, 5].
Ha cxeme npuHATH cieayloniye o0o3Haue-
Hus: U, — HanpsXeHHE XOJIOCTOro Xoia
npeodpazosateneii TI1; K — MecTo KopoTKo-
ro 3aMmbiKaHus; Ly, u Ry, — VHIYKTUBHOCTh
M aKTMBHOE COIPOTUBJICHUE MOCTOSIHHOMY
toky TII nmuratoreit e€ cucremsl; L , R 1 Lpe,
Rpe — UHAYKTUBHOCTb M aKTUBHOE COIIPOTUB-
JIEHKME TIOCTOSITHHOMY TOKY 1 KM KOHTAaKTHOTO

1 xonoBbIX penbcoB I u II myreit; M, ,

M, u 1 M, — B3auMHBIE UHAYKTUBHOCTH

MEXIy KOHTAaKTHBIM Y XOAOBBIMU peIbCaMu
TIEPBOTO ITyTH, KOHTAKTHBIM PEJTbCOM TT€PBO-
IO ¥ XOIOBBIMM peJIbCaMi BTOPOTO MYyTH, XO-
noBbeiMu pesibcamu [ u 11 myty Ha mmuHe 1 KM.

WHAYKTUBHOCTD TSITOBOM CETU C JUITMHOM
[, BKIJIIOYAET B ce6s BHYTPEHHIOI me
1 BHewHIOW L CcocTaBisioNIune:
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Puc. 4. Cxema LLJEeHNST KOPOTKC
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HYTOro y4acTtKa Tsr OBOJVi CETU MEeTPOIoJINTEHA.
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BHemrane MHAYKTUBHOCTU KOHTAKTHOTO

L, nxomoBoro Lp pesibca, B3aMMOWHIYKTUB-

HOCTH MEXIy pefibcaMu M, 1 MexXIy KOH-
TAKTHBIM 1 9KBUBAJICHTHBIM penbcamu M, |
ObUIM OMpeesIeHbl ClIeayIoLINM 00pa3oM [S]:

10°Vz 3
J10y, -r,
10°4r
V107, -a
rae 'YJ — IIPpOBOAMMOCTDL 3€MJIM I1O Tpacce,

Y, = 107 Cm/M;
I‘3 — 3KBUBAJIEHTHDBIN pagnyc TOKOIIpoBOaa,

ans tuna peasca P50 —r = 0,098 m, P65 —

= 0,111 M 1 KOHTAaKTHOTO pejbca Fon =

L =[2In(K - )1-107* | Th/xm;

M =[2In(K - )10, T/xm,  (4)

r3A75

0,0795 m;

a — pacCTOSTHUE MKy TOKOTIPOBOIAMM,
M (JUIS1 PACCTOSTHUA PeNbe — penbea, = 1,52 M,
KOHTAKTHBIN PesibC — 9KBUBAJICHTHBIN PeJIbC
a,= 1,45 m);

K — koaddunuent, paBubiit 0,318, nis
MOI3eMHBIX YYaCTKOB C XeJIe300€TOHHOM
oTaeiKoi ToHHesnei u 0,448 — st Ha3eMHbIX
YYacCTKOB.

BHyTpeHHME MHIYKTUBHOCTA KOHTAKTHO-

Tro Lk N XOI0BOTIO Lp PEIBLCOB IMMPU SKCITOHEH-

IAAJIbHOM U3MEHEHUHU TOKA C MOCTOSIHHOM
BpEMECHHN 7 OIPEACTAIOTCS CIACAYIOIINUM

obpazom:

. 0,48 —
L= P ,Uq,p\/;,

rae P — mepumMerp MpOBOIHUKA, IS XOMO0-
Boro pesibea tuna P50 — P o = 0,62 M, P65 —
PpA65 = 0,7 M, KOHTaKTHOTO peibca — P =
0,5 m;

H,, — CPeIHME PacueTHbIC 3HAYCHHSI OTHO-
CUTEILHBIX MAarHUTHBIX IMPOHUIIAEMOCTEH
KOHTaKTHOTO U XOJIOBOTO PEbCOB (OIpee-
JISTIOTCSI B 3aBUCMMOCTH OT YCJIOBHOTO YCTaHO-
BUBILETOCS TOKA KOPOTKOTO 3aMbIKaHus [ );

p — yIeJIbHOE COTIPOTUBIICHWE MaTepraa
npoBonHUKa, OM/M;

o — KO3 GULIMEHT pacnpeaeieHus ToKa
MEXIy PeTbCaMM ITyTel, B TTIEPEXOTHOM PEKM -
Me OTIPE/IEIISIETCS B COOTHOIIIEHUH C PEKOMEH -

(O]
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JMauusiMu B [4, 5] OT TUTA TMHUW METPOTIONH -
TeHa.

B pacuetax MHIYKTMBHOCTH TSITOBOW CETH
BHEIIHSISI MHIYKTUBHOCTb CYMTAETCST TIOCTO-
sHHOM. C IMTOMOIIIBIO IPUBEIEHHBIX BhIpaXKe-
HUi1 [4, 5] B 3aBUCUMOCTH OT BO3MOXKHBIX
napamMeTpoOB PaCUETHOTO yyacTKa ObUIM pac-
CYNTAHbl MAaKCUMaJIbHOE WJI MUHUMAJIbHOE
3HAYeHUs] WHAYKTUBHOCTH TSITOBOW CETH
metponoautena: L .= 3,05+107 u/km
ul _ =5734+107 In/xm. B monesm CTD
TPUHST HEOJIArONPUSITHBIN C TOUKW 3PEHUS
BO3HMKHOBEHMsI IOMEX BapuaHt L = L
= 3,05+ 1073 TH/KM.

AKTUBHOE COIPOTUBIICHUE TSTOBOM CETH
CKJIQJIbIBACTCS U3 COMPOTUBIIEHUS] KOHTAKT-
HOTO peJibCa U COMPOTUBIECHUS PETbCOBOM
1IeTT 00paTHOTO TOKAa, 3aBUCUT OT MECTOITO-
snoxenust DI1C Ha puaepHoIt 30HE U paccuu-
TBIBAETCS IO CJEAYIOIIMM 3aBUCUMOCTSIM
[4,6]:

R = RKp-l+Rpc-l, (6)
rae R — 9JMeKTPUIecKOe CONPOTHBICHHE
KOHTaKTHOTO pejibca Tuna TY 14-2-82-73,
R = 10,0189 Om/k™ [4];

R — comporuBieHUe peIbCOBOM LIETIH,
OM/KM;

| — IPOTSIKEHHOCTh KOHTAKTHOMW U PeJib-
COBOWM 1IeTIel, KM.

B penbcoBBIX 1ETsIX MpeaycMaTpuBaioT
B cpeaHeM 10 8—12 U30IUPYIOIINX CTHIKOB Ha
1 xm myTu. ConpoTUBJIEHUE PETBLCOBOI LIETTU
C YYETOM COTIPOTUBIICHUSI BKITIOYEHHBIX B CETh
JIPOCCETbHBIX CTHIKOB OTIpEeIsIeTCs 1o hop-
myJe [4, 6]:

R, .= rp'(l+0, 036:m)/n, @)
I1e ¥ — CONPOTUBIIEHUE | KM PesTbCOBOI HU-
™, 1, = 0,0254 OM/KM TSI XOIOBOTO peJibca
tna P63;

0,036 — oTHOIIIEHUE COTIPOTUBIIEHUS OJI-
HOTO JIPOCCETLHOTO CTHIKA K COTIPOTUBJICHUIO
1 KM 1esioro penbca;

m — 9UCIJIO U30JUPYIOIINX CTHIKOB (TIpU-
HuMaem m = 10);

N — YUCJO MapauleJIbHO BKJIIOYEHHBIX
PEeTBbCOBBIX HUTEW (JUISI OMHOTO ITyTH N = 2,
JUIST IBYX TIyTel n = 4).

IToncTaBuB Bce COCTABIISIONINE B 3aBUCH-
MOCTH, TIOJTy4aeM aKTMBHOE COTIPOTUBJICHUE
Tarosoii cetu R _=0,0362 Om/xMm.

ConpoTuBieHue MUTaLiei tuHuu R,

TC.min

U JJMHUK 00paTHOro Toka R ompemensioch

B 3aBMCHMOCTHU OT IUIMHBI Kabesei / ;, ux

LlleenioruH M. B., laHr BbeT Pyk. ApMOHNYECKNE MOMEXU TATOBOro TOKa B CUCTEME 3JIEKTPOCHAOXEHNS
MeTpornonnTeHa




RL_f

oA~
= [puses_|
Inverter PWM G

Laly

<Rotor current ir_a (A)>
m— [l
— = _ »
<Electromagnetic torque Te (N°m)> | |
——e
<Rotor speed (wm)> Te

SIUI‘BZ

:I:cj J

0O @ » o

Koau4yecTna M, ,; 1 CONPOTUBJICHMS XKWJIbl HA

r, [4] mo popmye:
R = rlm'ﬁl . (8)

WHayKTUBHOCTB Kabesieli HaXOOUTCS B CO-
OTBETCTBUU C UX UHAYKTUBHBIM COIIPOTUBIIC-
Huem X, TIpHM IPOKJIAAKE B TNIOCKOCTH:

= M_ (9)
2 f

Mogenb DI1C MeTportonuTeHa COCTONUT U3
yeTbIpex BaroHoB 81-740/741 (6noku «Car-1»,
«Car-2», «Car-3», «Car-4»), KaxXIplif 13 KO-
TOPBIX UMEET TITOBBIN MIPUBOJ, C ACUHXPOH-
HBIMU ABUTaTeIsIMU (puc. 5). Momenb riaB-
HOI CXeMbI CUJIOBOM 16T KOMTUIEKTA JIeK-
TpOOOOPYIOBAaHUS TSTOBOTO MPUBOIA KAXKI0-
ro BaroHa BKJIIOYaeT B ce0d BXOAHOU
LC-¢unerp (RL-f 1 C-f), aBTOHOMHBIIN WH-
BepTop HampsikeHus Ha [GBT-momymsax
¢ 6mokom PWM Generator st yripaBIeHUsT
WHBEPTOPOM C CUHYCOMIATbHOU IUPOTHO-
UMITYJIbCHOM MOZYJISILUEN, YeThIpe mapaj-
JIEJTbHO BKJTIOUEHHBIE TATOBBIE aCTHXPOHHBIE
nBuratenu Tuma JATD-170-4Y2 HoMUHATb-
HO MOTITHOCTBIO 110 170 kBT KaxbIit. ABTO-
HOMHBIU nHBepTOp ¢ moMouisio HIWUM mnpe-
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Puc. 5. Cxema T9roBoro npuBoga BaroHa MeTporoJsiMTeHa C aCUHXPOHHbIMM ABUratensmmu B cpege Matlab/
Simulink.

00pasyeT HampsiKeHUe MOCTOSIHHOTO TOKa,
CHMMaeMoe ¢ KOHTaKTHOTO pelibca, B TpeX-
(hasHoe HAMPSKEHYE C PETYIMPYeMOI aMITIN-
TY/IOM W YAaCTOTOM JIJIsl TUTAHUS YEThIPEX TSI~
TOBBIX ACMHXPOHHBIX ABHTraTeneit. Yactora
kommyTtauuii ITAM uHBepTOpa B pexume
1saru DI1C cocrasusier 2400 Iir.

Mopenb TSTOBOTO ABUTATENS TOCTPOEHA
Ha OCHOBE MaTeMaTU4YeCKUX YpaBHEHMUIA,
npuBeneHHBIX B [1,3]. BxomHbIM MexaHUYe-
CKUM TapaMeTpoOM MOJIEU JBUTATEIST SIBJISI-
ercs (6oku Constant «Speed-1», «Speed-2»,
«Speed-3», «Speed-4») 3agaHHOE 3HAYCHUE
ckopoctu DITC meTpononuTeHa B kM/4. [1pe-
obpazoBaHue JuHelHOW ckopoctu DIIC V
(KM/4) B yTJIOBYIO CKOpPOCTh (pam/c) ocy-
eCTBJsIeTCs ¢ MoMolibio 6J0kKoB Gain
K, p, K, p,«K <K »ckoadduim-
entom K =1/0, 2815 BJ‘IOK HUHBEpTOpa
Universal Bnde Tpexdasnbiii MocT Ha IGBT
TpaH3ucTOpax ¢ AuddepeHIImaTbHBIM COIPO-
tusienueM IGBT —r =107 Om.

MopenupoBanue padotsl CTD meTporo-
nuteHa ¢ DIIC B cpene Matlab/Simulink
MPOU3BOAUIOCH MeTogoM «ode23tb» BO
BPEMEHHOI1 00J1aCTU MOJIETbHOTO BpEMEHU
Ha MHTepBaje 4—5 ¢, ¢ 1IaroM He MeHee
10~° ¢, B pexxuMe pasroHa 10 3aJaHHBIX
ypoBHeli ckopocTeii moe3na — 10, 20, 30, 40,

Llleeniorvd M. B., [laHr BbeT DyKk. FapMOHUYECKNE MOMEXU TArOBOrO TOKA B CUCTEME 3NIEKTPOCHA0XEHUS
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Puc. 6. Fapmonnyeckme cocrasnsiowme Toka 3INC B pyHKUNM BDEMEHM M0 pe3yibTaTaM MOAEJIMPOBAaHUS.
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Puc. 7. Ctonb4aras gnarpaMmma MakCMMasibHbIX BeJINYNH [eiCTBYIOLNX 3Ha4YEeHUIA rapMOHUK Trosoro Toka 3I1C
Ha HecyLux 4acToTax B MPOLEHTHOM COOTHOLIEHUN K HOPMUPYEeMbIM YPOBHSIM 10 pe3yJibTaTaM MOAEeINPOBaHUS.
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Puc. 8. MakcumarnbHble BeINYUHbI AEeCTBYIOLUNX 3HaAYEHNIi rapMOHUK TArOBOro TOKa Ha HeCcyLUnx 4actToTax
B NPOLIEHTHOM COOTHOLLUEHUN K HOPMUPYEMBbIM YPOBHSIM B 3aBUCUMOCTH OT ckopocTu IIC no pesynbratam
MoaennpoBaHus.

50, 60 kM/4. B naHHOM ciy4yae MPUHSTO
JNOMyIlleHUe, YTO Ha pacCMaTpUBaeMOM UH-
TepBajie MPOLeCC pa3roHa 3aKaHUYMBAETCS
U OlleHKa TSITOBOTO TOKa MPOUCXOAUT Ha
cranuu, korga DIIC aBuraercs ¢ ycraHo-
BUBIIEHcS cKopocThio. B Monenu ¢ momo-
IIbI0O CUCTEM WM3MEPEHUSI U MOHUTOPUHTA

® MWP TPAHCIMOPTA, Tom 13, N2 6, C. 88-101 (2015)

dukcupyoTcs ocuiorpaMmmsl Toka DI1C
U OMpEeNEesIoTCS ero rapMOHUYeCKUe co-
CTaBJISIIOILME B TIOJIOCE UCCTIETYeMbIX YACTOT
MetonoM Dypne. [IpuMep MIHOBEHHBIX
3HAUYEeHUI TOKOB Ha YacToTax pabOThI CHUC-
teM CLIb 1 AJIC-APC B dhyHKIIUU BpEMEHU
MpeACTaBieH Ha puc. 6.
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Puc. 9. Tapmonnyeckme cocrasnsiowme toka lNC B pyHKUNN BPEeMEHU Npyn 3KCNEePUMEHTaJIbHbIX 3aMepPaXx.
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Puc. 10. Cton6yaras agnarpaMmMa MakCUMaJsibHbIX BEJINYUH AeViCTBYIOLUMNX 3HAYEHUI rapMOHUK
Tarosoro Toka 3l1C Ha HecyLynx 4acToTax B MPOLEHTHOM COOTHOLUEHUN K HOPMUPYEMbIM
YPOBHSIM NPy 3KCNepPUMEHTasIbHbIX 3amMmepax.

Pesynsratel MogenmpoBaHUsl 00padaThI-
BaJIMCh TIPU MTOMOIIN ITPOTPaMMEI, pa3pado-
TaHHOU B cpene Delphi, u B mocienyoiiem
CPaBHUBAJINCHh C HOPMUPYEMBIMU TOITYCTH -
MBIMU 3HAYECHUSIMHU B TIOJIOCE MCCIICTYeMBIX
4acToT. B COOTBETCTBUY C TUTIOBOI METOIM -
koit TM318370-07071-212K/106-2002 orieHKM1
SJIEKTPOMATrHUTHOM COBMECTUMOCTH, ITPUHSI-
TOI Ha MOCKOBCKOM METPOIIOJIUTEHE, BEJIN-
YUHBI JOITYCTAUMBIX I€MCTBYIOIINX 3HAYEHU I
rapMOHMYECKON COCTABJISIONIE! TOKA COCTaBa
Ha KaXJIOW M3 YacCTOT, MUCIOJIb3yEeMBIX
B ycTpoiictBax CILIb u AJIC-APC, cTporo
pernameHTupyoTca. [Ipyu aHanmm3e TOK Ka-
JKIOM TApMOHMKHU U3 TIOJIOCHI MCCIEAYeMBbIX
YacTOT OLIECHMBAETCS Ha MaKCUMaJIbHOE 3Ha-
YEeHUE JECUCTBYIOIICH BEJIMYMHBI B CKOJIb3SI-
meM okHe BpemeHu 0,2 c. [TomyueHHEBIE
MaKCHUMYMBI IJT KaXKI0I CKOPOCTH IBMKCHUS
BI1C ObUTH OTHECEHBI K HOPMUPYEMbIM 3Ha-
YEHUSIM COTJIACHO METOJIMKE M OLIEHUBAJINCh
B MPOLIEHTHOM COOTHOIIeHuu. [TpuMep mis
ckopoctu BDI1C 50 km/9 M300pakeH Ha puc. 7,
HTorosbie KpuBbIe TPOLIEHTHOTO COOTHOIIIE-
HUS TOKOB BO BCeil ITOJIOCE YaCTOT Ha MHOXKE-
ctBe ckopoctei aBuxkeHus DIIC ot 10 mo

® MWP TPAHCIMOPTA, Tom 13, N2 6, C. 88-101 (2015)

60 kM/4 B mosoxenuu 0,3 KM OT TIrOBOI
noactaHIuK Sub-B mpencrasiaeHsI Ha puc. 8.

CrnieyeT OTMETHUTD, UTO PE3YJIBTAThI MOJIE-
JIMPOBaHUSI CPAaBHUBAJINCH C TAHHBIMU KC-
MepUMEeHTAIbHBIX 3aMepoB [7, §]. Dkcrnepu-
MEHTaJIbHAs YaCTh UCCIIEIOBAHUIA 110 ONpe/e-
JICHUIO 3JICKTPOMAarHUTHOTO BJIUSIHYSI Pa0OThI
anekTpoodopymoBanust DI1C meTpornonnTeHa
Ha ycrpoiictBa CIIb n AJIC-APC npoBoau-
Jlach cOBMeCTHO cnenuanucramu MUUT
n BHUUMKT B 2009 rony Ha meperoHe
«[Ilnnamo»—«benopycckas» 3aMOCKBOPEIIKOH
JIVMHUM C UCTTOIb30BaHMEM BarOHOB MOJIeJIei
81-740.1/81-741.1 [7].

B sKkcrnieprMeHTaIbHBIX UCIIBITAHUSIX W3-
MEpSUTUCh TATOBbIE TOKU YeThIpeX BaroHOB
OIIC B pexxume pa3roHa MpU CKOPOCTU OT
47,86 no 52 kxm/4 Ha uHTepBaie 2,2 c. [1o
JAHHbBIM, IOJIy4€HHBIM B OIBITHBIX ITOE3KAaX,
MPOU3BE/ICH CIEKTPaIbHBIN aHATU3 COCTaB-
Jstronux obiero Toka OI1C B mosnoce ucce-
JIyeMBIX 4acTOT C TOMOIIbIO TTPe0Opa3oBaHusI
®ypse B cpene Matlab/Simulink. Onpenene-
HUe BEJIMYMH ICHCTBYIOIIETO 3HAYSHUSI rap-
MOHUWYECKUX COCTaBIsIOMUX Toka DIIC
B T0JIOCE YAaCTOT, UCTOJIb3yeMbIX B YCTPOMCT-
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Bax CHBb u AJIC-APC, ocyliecTBIsJIOCH
C UCITOJTb30BaHUEM BCE TOW XK€ MpOrpaMMBbl
B cpene Delphi. Pe3yibsraTbl aKkcriepuMeHTa b-
HBIX MCCJIENOBAaHUI B aHAJIOTMYHON hopMme
npeacTaBiieHbl Ha puc. 9 u puc. 10.

AHaIN3 BKCITEPUMEHTATIBHBIX UCCIIEI0BA -
HUI 1 pe3yIbTaTOB MOJIETMPOBAHMSI ITOKa3aJ:
MaKCUMaJIbHOE e CTBYIOIIee 3HAaUeHUE Tap-
MOHWYECKUX Bo3MylieHu B riepuroze 0,2 ¢ kKak
B OKCIIEPUMEHTE, TaK U TIPY MOJIETMPOBAHUN
ObuU10 onpenejseHo Ha yactote 50 Iir; Ha ya-
crote 50 T 3acdukcupoBaHbl €AMHUYHbBIE
MPEBBIIEHNS TOKA HaJl HOPMUPYEMBIM YPOB-
HeM; Ha JJaHHOM 4acToTe MpU CKOPOCTHU
50 KM/9 MaKCUMaIbHOE TIPEBBIIIIEHUE COCTa-
BUJI0 98%; TIpM BKCIEPUMEHTATBHBIX 3aMepax
TIPU CXOXUX YCTIOBUSIX EIMHUIHOE TIPEBBITIIE -
Hue — 90%; BeIMYMHBI AEICTBYIOIIETO 3HA-
YEHMSI TADMOHUYECKNX COCTABJISIIONINX TOKA
DIIC B nosnoce yactot, oTaAn4yHbIX ot 50 Ii
U UCTIOIb3yeMbIX B ycTporictBax CLIb u AJIC-
APC, B tnana3oHe BceX CKOPOCTE ABMKEHUS
HE TIPEBBIIIAIOT AOITYCTUMBIX 3HAYSHUIA.

BbIBO/[bl

1. Pazpaborannas monens CTO ¢ BIIC
METPOIOJIUTEHA TOCTATOYHO MOJTHO YYUTHI-
BaeT (HakTopkl, BAUSIONINE HA TapMOHUYE-
CKUIi COCTaB TSTOBOTO TOKA.

2. Mopeinb 1o3BOJISIET OTIPEACTUTD CIIEKTP
rapMOHUYECKUX COCTABJISIIONINX BO BCEIt MO~
JIOCE 9acTOT, MCTIOb3yeMbIx cucteMamu CLIb
u AJIC-APC.

3. Pe3ynbraThl MOIETMPOBAHUS KOPPEJ-
PYIOTCS € pe3yIbTaTaMy 9KCTIepUMEHTATbHBIX
3aMEpPOB.

4. B pe3ynbraTte TEOPETUIECKUX U IKCIIe-
PUMEHTATbHBIX UCCIICIOBAHUI BhIsSIBIeHA
BO3MOXHOCTB IPEBBIIIICHUS TATOBOTO TOKA Ha
yactore 50 [i1 HaT HOPMUPYEMBIM YPOBHEM
TIOMEX.

JINTEPATYPA

1. Kupxnep . JI. DieKTpoMarHuTHasi COBMECTH -
MOCTb CTATUYECKUX TPeoOpa3oBaTeieil 4acTOThl Baro-
HOB METPOMNOJUTEHA C ACUHXPOHHBIMU TSATOBBIMU
NBUTATEJISIMU C CUCTEMaMU CUTHATN3AIIN Y, [IEHTPAJTH -
3al UM, OJIOKMPOBKU U aBTOMATUYECKOTO peryanpoBa-
HUs ckopocTH / JIuc... KaHA. TexXH. HayK. — M.: MUUT,
1986. — 298 c.

2. DnekTpocHabXeHNe METPOTIONUTEHOB. YCTPOICT-
BO, 9KCILTyaTalus v poektuposanue / A. M. Kosysaes,
JI. C. Enurapsin, 1. I. Epmornos, E. U. beikos, JI. b. Kpo-

toB, I. E. BbaitnBosb; mox pea. E. M. brikoBa. — M.:
Tpancmopr, 1977. — 431 c.

3. Iepman-Tanbkun C. I. KoMnboTepHoe Moieaun-
poBaHUE TOJYITPOBOAHUKOBBIX cucTteM B MATLAB
6.0. — CII6.: Kopona-mpunt, 2001. — 320 c.

4. brikos E. U., IManun b. B., [Tynemaun B. H. Ta-
rOBbI€ CETU MeTpononuTeHoB. — M.: TpaHcnopr, 1987. —
256 c.

5. MMyneiHuH B. H. 3amura n oTKJIOHEHUE TATOBBIX
ceTell B aBapuitHBIX pexknmax / JIuc... ToK. TeXH. HayK. —
M.: MUUT, 1986. — 340 c.

6. BacuiibeBa M. A. DHEProonTUMaIbHbBIC PEXKUMBI
YIIpaBJieHUsI IBUXKEHUEM Toe3ia MeTpornouteHa / Jluc...
KaHII. TexH. HayK. — M.: MUUT, 2003. — 182 c.

7. Oruer 0 HUP «BHenpeHue cuctem, obecrieumpa-
IOIUX TIOJIE3HOE MCITOJIb30BaHWE TOPMO3HOW dHEPTUU
OI1C Ha MOCKOBCKOM METPOMOJUTEHE». PykoBoauTE b
HUWP Bapanos JI. A. — M.: MUUT, 2009. — 397c.

8. bapanos JI. A., Bponckuii 0. A., IpeyuniHu-
koB B. A. u 1p. OtieHKa 3(p(heKTUBHOCTH UCITOJIb30BAHUS
CTallMOHAPHBIX EMKOCTHBIX HAKOITUTEJICH SHEPTUH B Me-
TPOTIOJIUTEHE Ha OCHOBE DKCTIEPUMEHTAIBHBIX 3aMEPOB
rmokasareJsieii paboTbl CUCTEMBI TSTOBOTO 3JIEKTPOCHA0-
xeHust // Dnexrporexuuka. — 2010. — Ne 1. — C. 62—65.

9. IpeunmnukoB B. A., [onapyes A. W., Llesmio-
ruH M. B., [IpeoOpa3oBaTenbHblil arperat €MKOCTHOTO
HAKOMUTEJISl SHEPTUU JUTSl CUCTEMBI TSITOBOTO 3JIEKTPO-
cHaOXXeHNs MeTporiouTeHa // DnexrpotexHuka. — 201 1.
—Ne 5. —C.17-22.

10. Waldemar Zajac. Harmonic distortion caused by
suburban and underground rolling stock with D.C motors
/ Waldemar Zajac, Adam Szrlag // Power Electrionics
Congress, 1996. Technical Proceeding. CIEP’96, VIEEE
International. — 1996. — pp. 200—206.

11. R. Mathew. Locomotive «Total System» Simulation
Using Simulink. [Tekcr] / R. Mathew, F. Flinders,
W. Oghanna // Electrical Raiways in United Europe,
27—-30 March 1995, Conference Publication No 404,
IEEE.—1995.

12. CS. Chang. Modeling and simulation of DC Transit
system with VSI-fed Induction Motor Driven Train Using
PSB/MATLAB / CS. Chang., A. Khambadkone., Zhao
Xu //TEEE PEDS2001 Indonesia. — 2001. — pp. 881—885.

13. E Du. Modeling and Simulation of Metro DC
Traction System with Different Motor Driven Trains /
E Du., J. H. He., L. Yu., M. X. Li., Z. Q. Bo., A. Klimek
// IEEE2010 Asia-Pacific. — 2010. — pp. 1—4.

14. Hydro Québec. SimPowerSystems User’s Guide.
For Use with Simulink / Hydro Québec // Version 3. —
2003. — 3" printing.

15.J. C. Brow. Six-pulse three-phase rectifier bride models
for calculating close-up and remote short circuit transients on
DC supplied railway / J. C. Brown, J. Allem, Prof. B. Mellitt
// 1EEE Proceeding-B. — 1991. — Vol. 138. — Ne 6.

16. Laurence Snider. Harmonic simulation of MTR
Traction System by EMTP / Laurence Snider, Edward Lo,
Terrance Lai // Proceeding of the IEEE PED’99. — 1999. —
Vol. 1. — pp. 206—211.

17.Y. T. Hsiao. Measurement and characterization of
harmonics on Taipei MRT DC System / Y. T. Hsiao,
K. C. Lin // IEEE Transaction Industry Application. —
2004. — Volume 40. — No 6. — pp. 1700—1704.

18. A. Bialon. Disturbing influence of electric
traction vehicles on signaling and control circuits on
Silesian Regional Railway / A. Bialon, A. Szelag,
W. Zajac // EMC and EME-95. — 26—30 June, 1995,
St.Peterburg, Russia. ®

KoopauHatel asTopos: Wesntorud M. B. — mx_sh@mail.ru, LaHr BeeT dyk — dvietphuc1984@yahoo.com.

Cratbs noctynuna B pegakumio 07.09.2015, npuHata k nyonukaumumn 14.12.2015.

® MWP TPAHCIMOPTA, Tom 13, N2 6, C. 88-101 (2015)

LlleenioruH M. B., laHr BbeT Pyk. ApMOHNYECKNE MOMEXU TATOBOro TOKa B CUCTEME 3JIEKTPOCHAOXEHNS

MeTponoJsiuTeHa




HARMONIC INTERFERENCE OF TRACTION CURRENT IN METRO POWER
SUPPLY SYSTEM

T “:.T-iii;‘a .
)

Shevlyugin, Maxim V., Moscow State University of Railway Engineering (MIIT), Moscow, Russia.
Dang Viet Phuc, Moscow State University of Railway Engineering (MIIT), Moscow, Russia / Hanoi, Vietnam.

ABSTRACT

Harmonic interference of traction current in the
power supply system of Moscow Metro is considered.
Simulation model of traction power supply system for
rolling stock is presented, which was created under
MATLAB / Simulink. The results of simulation and
experiment on evaluation of harmonic interference of
traction current are given. The spectral analysis data

were compared with norms for assessment of interfer-
ing effect of interference on devices of signaling,
centralization and blocking (hereinafter — SCB) and
automatic train signaling with automatic speed regu-
lation (hereinafter — ATS ASR). According to the results
of modeling and experimental measurements conclu-
sion was drawn that exceeding the traction current at
a frequency of 50 Hz is possible.

Keywords: metro, traction power supply system, harmonic interference of traction current, normalized
level, simulation model, experiment, comparative analysis.

Background. The main cause of harmonic
components in traction current of metro power supply
systemis the work of traction substations (hereinafter —
TS) and electric rolling stock (hereinafter — ERS).
Interferences from harmonic components that arise
in traction network primarily by ERS, interfere with
train safety devices — SCB and ATS ASR. In these
circumstances, it becomes especially urgent task,
which includes, on the one hand, provision of
electromagnetic compatibility of SCB and ATS ASR
devices with traction power supply system
(hereinafter — TPS), and on the other — assessment
of harmonic interference of traction current.

The article considers TPS model of Moscow Metro
with ERS, using traction drive with induction motors.
Pic. 1 shows a simplified system of two power sources
of three-phase alternating current (PS_1 and PS_2),
two traction substations (Sub_A and Sub_B) of DC,
supply lines, traction network and ERS.

Objective. The objective of the authors is to study
harmonic interference of traction current in metro
power supply system.

Methods. The authors use general scientific and
engineering methods, graph construction,
mathematical analysis, evaluation approach.

Results. This scheme contains the main sources
of interference in TPS of metro, i. e. ERS as moving
source of interference and rectifiers of TS as
stationary sources of interference. When applied to
TS six-pulse three-phase bridge rectifier in the
spectral composition of the curve of rectified voltage
canonical harmonics are present(multiple of 300 Hz),
and non-canonical harmonics (multiple of 50 Hz). In
the presence of traction drive with asynchronous
motors in the power range of ERS emerge low-
frequency and high-frequency components and
harmonics of combination frequencies [4, 16—18].
These harmonic components of traction current can
largely affect the operation of SCB and ATS ASR
devices. Given the spectral composition of voltage of
traction network frequency current range of the
interference can be determined by formula [4]:

fc=p-m-fpwm+6-p-l-f1+j300,

where: f,is frequency of current of the stator of the
asynchronous traction motor, Hz;

p is a number of synchronized converters;

f .. IS frequency of pulse-width modulation
(PWM), Hz;

m,|=-x..-2,—1,0,1, 2, ...4x.

However, rms amplitude of harmonic interference
depends on many parameters, such as: type of input

(1)
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filter, voltage inverter and traction motors of ERS,
traction network (its length between ERS and TS),
type of rectifiers of TS, design features of the tunnel
and so on.

For more accurate assessment of high-frequency
range of traction current has been developed a
computer model of TPS with ERS, made in MATLAB /
Simulink [12—-14]. In general, the model is shown in
Pic. 2. TPS model of metro corresponds to schematic
diagram (Pic. 1) and includes two power sources of
external network (PS-1and PS-2), two TS (Sub-A and
Sub-B), inlet feed lines (RL-r1, RL-r2) and return
current lines (RL-f1, RL-f2), sections of catenary
(Net-1 and Net-2) and ERS consisting of four
carriages(Car1-Car4), and monitoring and measuring
performance system of ERS.

The module of primary supply network consists
of AC power source with nominal voltage U, = 10,5 -
10° Vwith equivalent active resistance and inductance
of the external network.

At traction substations A and B with six-pulse
three-phase bridge rectifiers conversion of three-
phase AC with voltage of 10,5 kV is carried out,
resulting from the primary power supply system of the
city, in DC with nominal voltage on tires of traction
substation 825 V[2]. TS Sub-A consists of 3, and
Sub-B of 4 conversion units with transformers type
TSZP —-1600/10 power of 515 kVA. To calculate the
parameters of the transformer the formulas were used
givenin [2,3]. The model of rectifiers is equipped with
a block of three-phase bridge rectifiers «Universal
Bride» [10, 11, 15] on the elements of «diode» type
D163-2500 with resistance of diode in the open state
R_=0,097 - 10-*Ohm and threshold voltage V,= 0,85 V.

Power supply of ERS is performed through feed
cable lines and caternary from two TS and taken
average distance between them is 3 km.

Traction network of metro power supply system,
which consists of contact and track circuits, is a line
with distributed parameters. In the band of considered
frequencies from traction current harmonic
components, not exceeding 10 kHz, traction network
in the calculations can be replaced with lumped RL-
load [1, 4, 5]. Model of traction network includes
active resistance R, and inductance L, (Pic. 3).

In assessing traction network parameters special
attention was paid to calculation of inductance. We
used scheme of replacement of short — circuited
section of metro traction network (Pic. 4) [4, 5]. In the
diagram, the following notations are used.: U, is open
circuit voltage of converters of TS; K is place of short
circuit; Ly, and Ry, are inductance and active
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Pic. 1. Schematic diagram of metro power supply.
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Pic. 2. The general scheme of the model TPS with ERS in Matlab / Simulink.

resistance to DC of TS of its supply system; L , R_and
L., R are inductance and resistance to DC of 1 km

of contact and running rails of | and Il tracks; M,
M, ., and M, are mutual inductances between

contactand running rails of the first track, contact rail
ofthe first and running rail of the second track, running
rails of | and Il track on the length of 1 km.

Inductance of traction network with the length I,
includes internal L, and external L, components:
L,=(L,+L), =L, +7"a + L+

L+M,,
+ G My, 1+ ) (2)

External inductances of contact L'; and running
L. rails, mutual inductance between rails M,_, and

between contact and equivalent rails M,,_,, were
determined as follows: [5]

. 10°Vr
L =2In(K - ———)]-10* 0

20K 10°, ke (3)
M =21k 2T N-10%, H/km, (4)

J10y, -a

where 7, is conductivity of the ground around the

track, 7, =107 S/m;
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Pic. 3. Scheme of replacement of section of metro
traction network in MATLAB/Simulink.
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Pic.4. Scheme of replacement of short-circuited
section of metro traction network.

r, is equivalent radius of current wire for the type
ofrailR50 - t,5, =0,098 m, R65— r,,;=0,111 mand

contactrail r,, =0,0795 m;

a is distance between current wires, m (for
distance rail - raila, = 1,52 m, contact rail - equivalent
raila,=1,45m);

K is coefficient equal to 0,318, for underground
areas with concrete finishing of tunnels and 0,448 — for
land sections.

Internal inductances of contact ch and running

E, rails with an exponential change in the current with
atime constant t are defined as follows:

RL_f

Inverter | PWM G

. 0,48
L="2u, o7, (5)

P

where P isperimeter of the wire, for running rail type
R50-P ,,=0,62m, R65 - P .. = 0,7 m, contact rail -
P.=0,5m;

H,, are average calculated values of relative

permeabilities of contactand running rails (determined
depending on nominal short-circuit current 1, );
p is resistivity of the conductor material, Ohm/m;
a is current distribution ratio between rails of

tracks, in transition mode is determined in relation to
the recommendations in [4, 5] of the type of metro
lines.

In inductance calculations of traction network
external inductance is assumed to be constant. With
the help of these expressions [4, 5], depending on
possible parameters of a design section were
calculated maximum or minimum values of inductance
of metro traction network: L =3,05+10°H/kmand

tn.min

L, .. =534-107 H/km. In TPS model is taken
unfavorable from the point of view of emergence
interference option L, =L, . =3,05+1073H/km.

Active resistance of traction network is made up
of resistance of contact rail and resistance of rail track
of return current depends on location of ERS to the
feeder zone and is calculated according to the
following relationships [4,6]:

R, =R I+R. 1, (6)

where R_is electrical resistance of contact rail, type
according to TU14-2-82-73, R_ = 0,0189 Ohm/km
[41;

R_is resistance of rail circuit, Ohm /km;

lis length of contact and rail circuits, km.

In rail circuits are provided on average up to 8-12
insulating joints per 1 km. Resistance of rail circuit,
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Pic. 5. Scheme of traction drive of metro car with asynchronous motors in Matlab / Simulink.
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Pic. 6. The harmonic components of the current ERS as a function of time according to simulation results.

taking into account resistance of included in the
network throttle joints is defined by the formula [4, 6]:

R..=r.-(1+0,036-m)/n, (7)

where r_is resistance of 1 km of rails, r, =
=0,0254 Ohm/km for running rail type P65;

0,036 is ratio of resistance of one throttle junction
to resistance of 1 km of a whole rail;

m is a number of insulating joints (we take
m=10);

n is a number of parallel included rails (for one
track n = 2, for two tracks n = 4).

Substituting all components in dependencies, we
get active resistance of traction network
R, = 0,0362 Ohm/km.

Resistance of supply line R, and return current
line R, was determined depending on the length of
cables!,, , their number m,, and resistance of

conductor per 1 km r, [4] according to the formula:

(8)

The inductance of cables is found in accordance
with their inductive resistance X, when laying in the

plane:
me 9
wf’ 9
ERS model of metro consists of 4 carriages
models 81-740 / 741 (blocks «Car-1», «Car-2»,
«Car-3», «Car-4»), each of which has a traction drive
with asynchronous motors (Pic. 5). Model of the main
scheme of power circuit of electric equipment of
traction drive of each carriage includes an input LC-
filter (RL—f and C-f), autonomous voltage inverter on
IGBT-modules with the unit PWM generator to control
the inverter with sinusoidal pulse width modulation,

four parallel-connected traction asynchronous motors
type DATE-170-4U2 with a rated capacity of 170 kW
each. Autonomous inverter with PWM converts DC
voltage are taken from the contact rail, in three-phase
voltage with variable amplitude and frequency to
supply 4 asynchronous traction motors. Switching
frequency of PWM inverter in traction mode of ERS is
2400 Hz.

Traction motor model is based on mathematical
equations given in [1,3]. The input mechanical
parameter of the motor model is (units Constant
«Speed- 1», «Speed-2», «Speed-3», «<Speed-4»), the
set speed value of ERS of metro in km/h. Conversion
of linear speed of ERS V(km /h) in the angular speed
(rad /s) is performed by blocks Gain « K, », «K 2
«K, » «K, »withcoefficientK =1/0, 2815, Inverter
unit‘Universal Bride is a three-phase bridge on IGBT
transistors with differential resistance IGBT - r, =
10~ ohm.

Simulation of work of TPS of metro with ERS in
Matlab / Simulink was performed by the method
«0de23tb» in the time domain of modeling time
ranging from 4-5 s, with a pitch of not less than 10~ s,
overclocking to predetermined level of train speeds —
10, 20, 30, 40, 50, 60 km / h. In this case, the
assumption is made thatin the interval the acceleration
process ends and evaluation of traction current
occurs at the stage when ERS moves at stabilized
speed. In the model using measuring and monitoring
systems are recorded oscillograms of current of ERS
and its harmonic components are defined in the band
of frequencies investigated using Fourier method. An
example of instantaneous values of currents at the
frequencies of operation of SCB and ATS ASR systems
in function of time is shown in Pic. 6.

The simulation results were processed using a
program developed with Delphi, and subsequently
compared with the normalized permissible values in
the frequency band studied. In accordance with the
standard method TM318370-07071-21ZHD06-2002
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Pic. 7. Column diagram of maximum values of rms values of harmonics of traction current of ERS at carrier
frequencies as a percentage to normalized levels according to simulation results.
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of electromagnetic compatibility assessment adopted
at Moscow metro, permissible rms values of the
harmonic component of the current of the train at each
of frequencies used in SCB and ALS-ARS devices, are
strictly regulated. When analyzing the current of each
harmonic of the considered frequency band is
measured as for maximum rms value in the sliding
window of time of 0,2 seconds. These peaks for each
speed of ERS were related to normalized values
according to the procedure and evaluated as a
percentage. Example for rate ERS of 50 km/h is shown
in Pic. 7. The final curves of percentage of currents in
the whole frequency band on the set of speeds of ERS
from 10 to 60 km/h at the position of 0,3 km from the
traction substation Sub—B are shown in Pic. 8.
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Pic. 8. Maximum values of rms values of harmonics of traction current at carrier frequencies as a percentage of
normalized levels, depending on the speed of ERS as a result of simulation.

It should be noted that the simulation results were
compared with experimental measurements [7, 8].
The experimental part of the study to determine the
electromagnetic influence of electrical equipment of
ERS on metro SCB and ATS ASR devices was
conducted jointly by MIIT and VNIIZhT in 2009 on the
haul of «Dynamo»-«Belorusskaya» of
Zamoskvoretskaya line using cars models 81—
740.1/81-741.1[7].

In experimental tests were measured traction
currents of 4 cars of ERS during acceleration at a
speed from 47,86 to 52 km/h in 2,2 seconds interval.
According to data obtained in experimental trips has
been performed spectral analysis of components of
total current of ERS in the band of frequencies

[F—50F: & —/5Hz 5 125K |5 —i/5Hz [z 225H2 fs 275 Hefz — 325 Hag —A25 Hz

B 7250 @ — 775 HTI

¥ 475z ¥ 5751

Pic. 9. Harmonic components of ERS current as a function of time in experimental measurements.
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Pic. 10. Histogram of maximum values of rms values of harmonics of traction current of ERS at carrier
frequencies as a percentage of normalized levels in experimental measurements.
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investigated using Fourier transform in the
environment of Matlab/Simulink. Determination of
effective value of harmonic components of ERS
current in the frequency band used in devices SCB
and ATS ASR, carried out with the use of the same
program in Delphi. The experimental results are
presented in a similar form in Pic. 9 and Pic. 10.

Analysis of experimental and modeling results
showed that the maximum rms value of harmonic
disturbances in the period of 0,2 seconds as in the
experiment and as in the simulation has been
determined at a frequency of 50 Hz; at 50 Hz single
overcurrent above normalized levels was recorded;
at a given frequency at a speed of 50 km/h maximum
overcurrent was 98%; in experimental measurements
under similar conditions single overcurrent was 90%;
values of rms values of harmonic components of
current of ERS in the band other than 50 Hz, and used
in SCB and ATS ASR devices, in the range of speeds,
which do not exceed permissible values.

Conclusions.

1. The developed model of TPS with ERS of metro
almost completely takes into account the factors
influencing the harmonic composition of traction
current.

2. The model allows to determine the range of
harmonic components in the entire frequency band
used by systems SCB and ATS ASR.

3. The simulation results correlate to the
experimental measurements.

4. As a result of theoretical and experimental
studies was revealed the possibility of exceeding the
traction current at 50 Hz over normalized level of
interference.
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