FipHu4a enekmpomexaHika

10b I I CposjE o, L Eu Ev Eum
08 oo R o Tx. = w:/a o\ N \ -
X 08 i S A S - SV S
':J,E? a7 \ A -l
06l 06 s st e W
- 1
03 r‘ 03
0z 02|/ L
0,1. i | o1 -
o am:a 6 24 32 40 4"5 - 56 64 ?2 B','c ° % 08 16 24 32 40 45 5 64 72 8ic
Fig .7. The machine modelling of transient process- Fig. 8. The machine modelling of energy consump-
es at current of stator, rotor of synchronous machine at a tion at a direct start E,, start with saturation Egnas
soft start with steel saturation and at a linear start Ej;,

2. The steel saturation of the synchronous machine lead to high-frequency generation, modulated by low-
frequency ones. The amplitude of peak current can achieve 40-90% of nominal values of the current.
3. The energy consumption at a linear start is 30 - 40% less than at a direct start.
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Pexomenoosano 00 OpyKy K-mom mexu. HayK, oouermom Aximyem C.M.

YAK 531.3+621.313.32

b.B. Bunozpaoos, 0-p mexn. nayk, A.B. Xpucmenko, /[.A. @eoun, kano. mexu. Hayk
(Yxpauna, /[nenponemposck, Yxpaunckuii 20cy0apcmeeHHblll XUMUKO-MeXHON02UYeCKUli yHusepcumen)

JUHAMUNYECKHUE U CTATUYECKHUE HAI'PY3KU B JIBYX/IBUTI'ATEJIBHBIX CUH-
XPOHHBIX ITPUBOJAX BAPABAHHBIX MEJIbHHI]

CHIKeHHe yIeNbHBIX 3aTpaT Ha U3MENbYCHHE ChIPhS WJIET TI0 MYTH CO3JaHHsl KPYITHOrabapuUTHBIX OapabaH-
HBIX MEIIbHUII OOJBIION €JMHUYHON MOIIHOCTH. B CBSI3M ¢ OrpaHMYeHHBIMU BO3MOXKHOCTSMH MEXaHHYECKUX
nepexad npu yBexmdeHnu MorrHocTH cBbime 4500-5000 kBT Bo3HIKIIa HEOOXOOMMOCTh B CO3TaHUU JBYXABU-
raTelibHbIX MPHUBOJOB, MO3BOJISIOIINX MEePeaaBaTh HEOOXOIUMYIO MOIIHOCTh K 0apabdaHy ABYMsI CHIIOBBIMH MO-
TOKaMu. B Hacrosiiee BpeMsi HAaHOOJNbIIIas MOIIHOCTh JBYX/IBUTATEIbHBIX TPHBOJOB, COAEPIKAIINX JIBE HpH-
BOJHBIC miecTepHH W 3yOuathiii BeHen, coctaBisier 15000 kBt [1]. OmbIT 3KCITyaTaiy JBYXIBUTATEIbHBIX
MIPUBOIOB C CHHXPOHHBIMH WM ACHHXPOHHBIMU JIBUTATEIISIMH, PA0OTAIOIIMMH B CHHXPOHHOM PEXHUMeE, TIOKa3all,
YTO CYHIECTBYeT MpoOJieMa BhIPABHUBAHWS HATPY3KH MEXIY JHHUSMH Tiepenad Kaxzioro asuratens. Kpome
TOrO, B JIBYXJBHI'ATEIbHBIX MPUBOAAX BOZHHUKAIOT JOMOJHUTENbHBIE (PAKTOPHI, BBI3BIBAIONINE B MEXaHHUUECKOM
CHCTEMe BBIHYXIEHHBIE KoeOaHus [2].

Heablo cTaThyl SABJISETCS OlCHKA (DAKTOPOB, BIMSIONMX HA (POPMHUPOBAHWE U PACIPECIICHUE HATPY3KH
MEX/y THHUSIMU TIepeiad B JBYXIBUTATEIBHBIX MPUBOIAX OapaOaHHBIX MEbHHUII.

HepaBHOMEpHOCTh pacrpeelieHus] Harpy3Ku OMPEeNsieTCs] «YIIIOM PaccoriiacoBaHus poTopoBy. [lox yr-
JIOM PaccOorIacOBaHUS POTOPOB A@ OyAeM MOHWMATh YTOJl, Ha KOTOPBIH HEOOXOIUMO MOBEPHYTH POTOP OJHOTO

JIBUTATEIs] OTHOCUTENBHO APYrOro, 4TOOBI HAarpy3Ka pacipeaemiach paBHOMEPHO.
PaznuyaroT MOCTOSHHYIO U TMIEPEMEHHYIO COCTABIIIONIYIO YIJIa PAaCcCOTJIACOBAHHS POTOPOB B CHHXPOHHOM

JBYXIBHUTaTEILHOM NpHBOJE. [locTOSHHAS BEMMUMHA YTJIa PACCOTIACOBAHUA AQQ COCTOUT M3 JIEKTPUIECKON U

MEXaHMYIECKON COCTaBIIIONMICH, T.¢€.
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Aoy = Ay, +APQ e » 1)

rae AQg,, AQQ, ey — MEKTPHYECKAs U MEXaHUYECKAs COCTABIIAIOIIME YIiIa PACCOITIACOBAHHS COOTBETCTBEHHO.
HepaBHOMEpHOCTD pacipeeeHns Harpy3KH OyJ1eM XapaKTepu3oBaTh KoadduimentoM Ky , KOTOPBIHA pa-

BEH OTHOIIEHUIO MaKCHMaJIbHOTO KPYTAIIEro MOMEHTa M, K HOMHHaNbHOMY, paBHOMY 05M¢ [2],

_ M max_ _ Criex A(PO.wex .
kHMex - OISMC =1+ MC ’ (2)
Cy, - A
kH3]l =140 =7 v ::POWI , (3)

rae k Huyex 1 Kf7,, — COOTBETCTBEHHO KOA((PUINECHTHI HEPABHOMEPHOCTH PACHPEACICHHS HArPY3KH, BBI3BAHHOI
MEXaHMYCCKOM M DJICKTPUYECKOM COCTABJIAIOIIMMHU YIJia pacCcorjiacoBaHus POTOPOB, Cjwex — HPpUBEACHHAA
JKECTKOCTh MEXaHHYCCKOM CHUCTCMBI, H-M; MC — MOMCHT COITPOTUBJICHUA, HpPIJ'IO)KeHHI:Iﬁ K 6apa6aHy; COB -
QJICKTPpOMAarHuTHas )XCCTKOCTh JIBUIaTCIIA, [3], onpeaecisieMas Kak
M .
o =g v @

ex

M HOM
JABUTATCIIA B DJICKTPUUCCKUX CANMHUIAX, KOTOprI\/II MOKHO OIPEACIIUTD TaK:

— HOMHHAJBbHBIH MOMEHT JIBHTaTens; [) — 4YHUCIO Tap MOIIOCOB ABUTratens; 6,, — BHyTpeHHHH yron

0,,=000In+77-10°n?, ®)

N — 4acToTa BpalleHUs ABUTaTelsl, 00/MUH.
[loncrasnsas B ypaBHenue (3) BelpaxkeHue (4), a Taxke, yIUTHIBas, YTO YTOJ PaccoriacoBaHHUsS POTOPOB B
ypasHenu (3) A@g, =A0,,/p, moxyaum

A,
e )

ex

Ko =1+05 (6)

rae AO,, — HecorylacoBaHHAs BeIMYMHA BHYTPEHHEro yria asurareneid, a M,,,,, =05M¢.
W3 Beipaxenuit (5) u (6) ciemyeT, 9To OAHA U Ta K€ BenuduHA yriaa A6, , B MpHBOAaX, 000pPyIOBaHHBIX 00-

nee  OBICTPOXOXHBIMH  JABUTATENSIMU,
OyZer NpUBOOWTH K MEHbIIEH Hepas-
HOMEPHOCTH pacIpe/ielIeHUss Harpy3KH

(puc. 1)
Jns cHMXeHUs BO3MOXKHOM He-
PaBHOMEPHOCTH pacupeneneHus

Harpy3kd MEXAy IBUTaTeIsIMU B IPO-
ecce MOHTa)ka HEOOXOIMMO IIPH pac-

COEIMHEHHBIX BajlaX ABUTATENsI U Me- /
XaHUYECKOM CHCTEMBI  COIJIacOBaTh 2
pOTOpHI IBUTATENIeli W BHIOpPATh BCE ] \ 3(\ 3
KHHEMAaTHIECKUE 3a30pBl B MEXaHUYE- 31 4
cKoil cucreme. [Ipu 3TOM Babl JBUTa- 2 N M —

TeJIel U BXOOHBIE Bajibl PEIYKTOPOB 1 e S
14 “—-&

(IpUBOIHBIX MIECTEPEH) 3alMyT Ompe- ]
JIeTICHHOE TIONOXKEHNE, B KOTOPOM HX 04— . .

— . —t

HEOOXOMMO COEIHHUTD CreIUATbHBI- 100 200 300 400 500 600 700 800 900 n, o6/MWH

MU HOHHYCHBIMH My(pTamu [4]. Puc. 1. Kpusbie 3aBucumocT ko3(ppuunenTa HepaBHOMEPHOCTH pac-
V4uThiBas, YTO OPU YACTOTE IIM- npejeJieHust HArPY3KH 0T HOMHUHAJILHOI YaCTOTHI BPAallleHUsI

anraTeﬂeﬁ NMPHA Ppa3JIUYHbIX BEJIUYUNHAX BHYTPEHHEr 0 yrja
paccoryiacoBaHusi poTopoB B 3JIECKTPUYECKUX Irpajaycax:
nomocos aguratens P =3000/n, To 1-A0,,=3;2-A0,,=10; 3—A0,, =20; 4 — A®,, =30.

tatomeit cetn f =50 Ty umcno map
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YTJIBI PacCOTIACOBAHUS POTOPOB B MEXAHHUUECKUX U AJICKTPUUCCKUX CIUHUIAX MOXKHO CBS3aTh MEKIY COOOM
TaKOH 3aBUCUMOCTBIO:

3000
AB,; = A8 0y n ' ()
rae A, —abComoTHAs BeNMYNHA HETOUHOCTH MOHTAXa, pa/l.

W3 Beipaxkenust (7) BRITEKAET, UYTO ¢ YBEIUYEHHEM YACTOTHI BPAILIEHHUsS JBUIATENs, TPU HOHUYCHBIX My(Tax
OHOM M TOM K€ TOYHOCTH, YMEHBIIAETCS MOrPEIIHOCTh MOHTa)Ka W, CJIEIOBATEIbHO, OCTATOYHAs BEUYMHA
yria paccoriacoBanus poropoB. Hampumep, npu yactote BpamieHus apurareneid N =150 06/MUH U MOrpenHo-

CTH MOHTaxa AO,,. OCTaToOYHas BEIMYMHA HECOINAcOBaHHOCTH apurareneit AO,, = 20A0,,., a Ipu dacToTe

mex
Bpamenuss N =1000 o6/mMun — AB,, =3A6 ., .

Ha cratudeckyro BeMYHMHY KPYTSIIUX MOMEHTOB OYIyT HaKIAJbIBATHCSA JMHAMUYCCKUE COCTABIISIOIIME,
BBI3BAaHHbIE KHHEMATHUUECKUMHU MOTPEITHOCTAMH B MEXaHHUYECKOM crucTeMe npuBoaa. KuHemaTnueckass cOCTaB-
JISIFOIIAsT YTJIa PACCOTJIACOBAHUS ONpeEeNsieTcss B OCHOBHOM HAKOIUIEHHOM OIIMOKOM I1ara OTKphITOro 3y04aToro
3alleTUICHUS] U PaUalibHBIM OMeHHEM 3y0daToro BeHia [4]:

M=

Ac = 2 Awisin(pit+B;),
i=1

rae Ay, Pi, Bi — aMmIMTysna, 4acToTa M HavanbHas (asa KuHe- M” /1 4p(1) 13
MAaTHYECKOr0 yIiia paccoriiacoBaHUsi COOTBETCTBEHHO 1, 1, & \v
Jli1s ananM3a AMHAMHYECKHX HArpy3oK, pacCMOTPHUM DKBHUBAJICHT-
HYIO AUHAMHUYCCKYIO CXEMY ABYXABUIAaTCIBHOI'O CHHXPOHHOI'O A\ (/)j
npuBoja npeactasuM Ha puc. 2, rae Iy, Iy, I3, @1, @2, 93 — Mmg
NNPUBEACHHBIE MOMEHTHI HHEPLWU H YIJIbI IIOBOPOTA, COOTBET- C_"}
CTBEGHHO, JABHTaTeNel u OapabaHa MENBHMLBL;, Cj3, Cpz — nMpuBe- ¢, [_7 M
JIeHHas JKECTKOCTh MEXaHHIECKUX CHCTEM, COOT-BETCTBEHHO TIep- ¢

Puc. 2. [IpuBenennast JKBUBaJeHTHAasI
AMHAMHMYECKAs cXxemMa

MEHT IIEPBOTO U BTOPOro Asurareins; M — npuBeieHHbI MOMEHT ABYX/IBHTaTeJILHOTO CHHXPOHHOTO

NPHUBOJA 0apadaHHOH MeJbLHUIBI

BOTO M BTOPOro ABurateis; M,y ) — 9IEKTPO-MarHUTHBIN Mo-

COIPOTUBJICHUS; A(p(t) — KMHEMAaTH4eCKOe BO3MYILEHUE.

ONeKTpOMarHUTHBIE MPOLECCHl B CHHXPOHHBIX JBUraTelsX OyleM ONMCHIBaTh ypaBHEeHMAMH [lapka-
I'opesa [4]. Torga nuddepeHnranbHple YpaBHEHHS YIEKTPOMEXaHHYECKOH CHCTEMbI ABYXIBUIATEIBHOTIO MIPH-
BOJIa, B OTHOCUTEJBHBIX €UHULIAX, IPEICTABUM B BUJIE

d¥ai2) . . Yae) Prie)  Yoai(o) _
o omoe) _( X"a2) X"ara2) X oda(2) "a(z) = Yotl2)n(2)

d¥q(2) Foqu(2)

Y,
=Up, c0s 0y(7) —{ Xq:izz)) X patl2) jl’al(Z) +Wg1(2)01(2)5
d¥tiz) [ Prie) Yae) P _
=Une (X”fl(Z) X"4t1(2) X" od1(2) 1(2):
d¥,m2) _( VYou2)  Yae) Fti2)

dt X"a2) X'waz) X fadl(Z)Jradl(z);

d¥ou2) _ [ Voal) V) P
X"5q(2) X" pai(2) )

Msaa(2) = Yau(2)la1(2) — Ya1(2)iqu(2):
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do 1 10 .

d_tl A MaMl_C.I.S((Pl_(PS_ T A S'”'Ptj—uls((ﬂl —003) ;
1 i=1

d(DZ

1
&t H, [M,,,2 —Co3(02 —93) - Hos(@p — @3 )];

do 1 10 .

d_t?’:H_g 013(901 —¢3 —_ZlAi S'nlth+H13(‘D1 —03)+C3(p2 — @3 )+ g0 —w3)-Mc |;
1=

dor _ . dop _ . dos _

I S o

rae Wyi(2), Woi(z) — moToKoCHemICH S 00MOTOK cTaTopa Mo MpoI0JIbHON M MONEPEYHOH OCH; Wty(z) — moro-
KOCLIETIJIEHUs] 0OMOTOK BO30YKIECHUS; Wom(2), Woqu(2) — MOTOKOCHEIIICHHS JeMI(epHbIX 00MOTOK IO TMPO-
JOIBHOM U nonepeuHoii ocy; Uy, —ammuryzna ¢aszHoro Hanpspxenus; U f1(2) — HANPsKEHHE 00MOTKH BO30YX-
JICHHS; ©)(2), (O3 — YIVIOBAs YACTOTA BPAIICHUS Balla [IEPBOrO JABUraTe/Isl, BTOPOrO JBUIATeNs 1 GapabaHa cooT-
BETCTBEHHO; Hy(p), H3 — MOMEHTEI MHEpLIH JBUraTeNeH 1 6apabana; M oml(2) — YIEKTPOMArHUTHBIH MOMEHT;
M ¢ — MOMEHT CONPOTUBIIEHNS; 61(2) — YroJI MeXIly BeKTOpoM HaBezieHHoH B ctatope DJIC oT Toka Bo30OyXie-
HHUA U BEKTOPOM HAIPSKECHHUSA CETH, ral(z) ' rfl(z) f radl(z) f rgql(z) — COOTBE€TCTBCHHO aKTHBHBIC COIIPOTHUBJIICHU A

¢a3el craTopa, 0OOMOTKM BO30YXKIEHUs, AeMi(epHod 0OMOTKH MO MPOJOIBHOW M TONEPEYHOH OCH COOTBET-
ctBenHO;  X"g12), X'f1(2), X'om(2)r X'dra2)r X'mar(2) X ed1(2): X'qu2): X'sq2): Xgoqu(2)
CBEPXICPEXOAHBIC COITPOTUBIICHUSA (I/IH}ICKC 1u?2 OTHOCATCS COOTBETCTBEHHO K HCpBOMy u BTOpOMy ABUTraTe-
JI10).

Ha puc. 3 MPUBCIACHbI paCUYCTHBIC 3HAUCHUA prTﬂH_Iel"O MOMCEHTA B OTHOCUTECJIbHBIX €IUHUILIAX IpPU Mps-
MOM MYCKE W YCTAHOBHBIIEMCS PEXKUME pabOTHI IBYX IBUTATEIHLHOTO TIPUBO/Ia METBHHIIBI, COAEPIKAIIETO ABUTA-
tem CIIM32-21-91-40 VXJ14 momnocTeio 4 000 kBt 1 yacroroit pamenus N =150 o6/MuH

T T T 1
1 12 13 14 15

| e iy B | | R i e [ P T s i ) |
1 12 13 14 15 o 1 2 3 4 5 6 7 8 9 10 1

t
a) 0)
Puc. 3. Kpyrsimuii MoMeHT M B OTHOCHTE/IbHBIX €IMHMIAX NPH MPSIMOM MyCKe U YCTAHOBHBUIEMCSI pe:KuMe padoThl
JABYXIBHMIaTeJIbHOro mpuBoaa: 1, 2 — MexaHM4ecKkHe CHCTEeMbI IEPBOr0 U BTOPOI'0 IBUTaTe/Isi COOTBETCTBEHHO;

. _ 6 .
@ — IPUBe/IEHHAs! KECTKOCTh MEXAHHYECKHX CHCTeM KAKIOi Juuuu nepeaad (Cyey =12-10° H- M), Buyrpennuii
6
yroa paccoruacosanusi poropos AB,,=10; 6 — Cyey =2-10" H-M, AD,,= 10 snexrpuueckux rpagycos.
Buisoow
7151 paBHOMEPHOTO pacnpeeieHns] Harpy3Ku MEXIy JUHUSMU Nepead KakKJI0ro CHHXPOHHOI'O IBUTaTeNs
HE00XOIMMO B TIPOIecce MOHTAXa COTTIACOBBIBATH ITOJIOKEHIE POTOPOB, TPH KOTOPBIX 00ECIICUMBACTCS PaBEH-

CTBO BHYTpeHHHX yriioB 0 . IIpu 3TOM ofiHa M Ta ke BEIMYMHA HECOTJIACOBaHUI BHYTPEHHETO yria A0, B npH-
BOJIaX, 000PYAOBaHHBIX OoJsiee OBICTPOXOIHBIMH ABUTATEINSIMH, OyJIeT IPUBOANTH K MEHbIIEH HEPABHOMEPHOCTH
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pactipezneneHus Harpy3ku. Kpome Toro, nmpuMeHeHHE NPHBOAOB C OBICTPOXOAHBIMHU JIBUTATEISIMHU YIPOIIAET
IIPOILIECC COIIACOBAHUS IMOJIOKEHUM POTOPOB, TaK KAaK OTHOIIEHUE HECOIIACOBAHHOH BEIWYMHBI BHYTPEHHETO
yria A6,, K TOTpenrHoCTH MOHTaXa A0, 00paTHO MPOMTOPIIMOHANBEHO YaCTOTE BPAIICHHMS BUTATEINS U MPSIMO
MIPONOPLUOHATIBHO YUCITY MOIKCOB.

OcoOEHHOCTHIO TMHAMUKH JIBYXIBUTATEIbHBIX ITPUBOJIOB SIBJISIETCS BOSMOKHOCTh BO3HHUKHOBEHHS BBIHY K-
JICHHBIX KOJeOaHU, BBI3BAHHBIX HAKOIUIEHHOH ONIMOKON B 3y04aTOM 3alleTUICHUH.

[IpumeHeHne crienHaNbHBIX MY(PT ITOHIKEHHOW JKECTKOCTH TO3BOJIIET Oojiee paBHOMEPHO pacIpeleinTh
Harpy3Ky ¥ OrpaHH4UTh €€ JUHAMUYECKYIO COCTABIISIOIIYIO.
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RESEARCH OF THE POWER EFFECTIVENESS OF THE TRACTION
ELECTROTECHNICAL COMPLEX MOTION TRAJECTORY REALIZATION IN A
TROLLEYBUS WITH PEAK MOTOR EFFICIENCY

Introduction

The requirements imposed on traction electrotechnical complex are increasing day by day. This is ex-
pressed in raising evaluation of quality, ease of implementation, efficiency, reliability and performance when the
necessary criteria for optimality [1] are met.

The control systems of traction electrotechnical complex (TEC) of city electric transport are diverse. They
are formed by power electric circuits, which include traction DC motors and devices, machines and converters
and auxiliary circles, which include auxiliary electrical machines, heating and lighting devices.

Considerable part of the trolleybuses, operated in the cities of Ukraine, are equipped with rheostat-contact
control systems (RCCS) of traction complex [2], the simplified structure is given in Fig. 1.

Contact network |—m Filter | Block contactors|—m»{ Pulse converter |—» DC motor

v v

Resistor assembly

Fig. 1. The structure of the electrotechnical complex of trolleybus with RCCS

Such control systems of traction electrotechnical complexes have certain advantages: simplicity of con-
struction and repair, relatively high controllability. They are characterized by some disadvantages: significant
weight and dimension parameters, have high level of electrical energy losses in the resistors.

Development of power semiconductor technology has allowed a new quality mode control system of trac-
tion motors: thyristor-pulse, later — transistor-pulse [3] regulatory system, which simplified structure shown in
Fig. 2.

Transfer to noncontact pulse control system significantly changes the scheme and the working conditions of
traction complex of trolleybus, improving the traction performance and enhancing economic efficiency of elec-
tric traction. Stepless control provides automatic control of the engine, allows to obtain any traction characteris-
tics. Soft start reduces energy loss and improves acceleration of trolleybus at start without increasing engine
power, simplifies power circuit trolley. These control systems provide work of traction complex of trolleybus
type ZYU-683, 14 Tr [3].
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