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®OPMYBAHHSI MATEMATUYHUX MO/IEJIEI BUMIPIOBAJIbHUX
CUCTEM YCTAHOBOK CUMETPYBAHH

®OPMUPOBAHUE MATEMATUYECKUX MOAEJIEX UBMEPUTEJIbHbIX
CUCTEM YCTAHOBOK CUMMETPUPOBAHUSA

ELABORATION OF MATHEMATICAL MODELS OF BALANCING
UNITS MEASURING SYSTEMS

OTpumaHo mMmartematnyHi moaesi nobyaoBy BUMIPIOBA/IEHUX CUCTEM YCTaHOBOK CUMETPYBaHHS
A8 ABOX MiAX04iB CUMETPYBAHHSI Hanpyrn B BY3Ji NPUEOHaHHS CroxmnBaya: BUKOPUCTAHHS KOM-
NEHCaUiiHNX YCTaHOBOK CUMETPYBaHHS | YCTaHOBOK 3 NogasHUM KepyBaHHSIM CUMETPYBaIbHOMroO
TpaHcopmaropa.

lMonyyeHsl mamemamuyveckue MoOesu MOCMPOeHUsT U3MePUMesbHbIX CUCMEM YyCMaHO80K CUMMempPUpO-
gaHus npu 08yx nodxodax CUMMEMPUPOBAHUST HANPSIKEHUs 8 y31e npucoefuHeHuUs1 nompebumens: ucnosnb-
308aHUE KOMIMEHCAUUOHHBIX yCMaHO80K CUMMEeMPUPO8aHUsl U YCIMaHOBOK C 10tha3HbIM yrnpaessieHueM Ccum-
mMempupyrowez20 mpaHcgopmamopa.

Mathematical models intended for constraction of measuring system of balancing units at two ap-
proaches of voltage balancing in consumer connection node have been obtained: usage of compensa-
tion balancing units and units with by phase control of balancing transformer.

Beryn

Hecumetpisg Hampyr Ta CTpyMiB iCTOTHO BIIMBAE Ha HA/INHICTD i €KOHOMiUHICTH PO6OTH
eJIeKTpoTeXHiuHuX 006’ekTiB. Llg mpobiema xapakTepHa, 30KpeMa, /IS CHCTEM eJIeKTPOIOoCcTa-
YaHHS, SIKi OTPUMYIOTH JKHMBJICHHS BiJl TATOBUX IiJICTaHII} Ta iHIINX HECUMETPUYHUX [XKepel.
Ii aAKTYyaJIbHICTh 3POCTa€ TOJOBHUM YMHOM I 3aBAaHTaKyBaJbHO-PO3BAHTAKYBAJbHUX ITYHKTiB
3aJIi3HAII, OCHOBHHUM €JICKTPUYHVUM HABAHTAKEHHAM SAKUX € ACHHXPOHHI [IBUTYHU HPUBO/IIB
nijiffomanx MexanismiB. JlocBijl eKcIyaTyBaHHS €JIeKTPO/IBUTYHIB BKa3ye Ha HeoOXi/HicTb pe-
TYJIIOBAHHS HANPYTU U151 3a6e3neueHHs nepeOyBaHHS BeJIMYMHU i1 3HAUYEHDb B JIONMYCTUMUX HOP-
max, BusHaueHnX 'OCT 13109-97. 3okpema /1719 acCHHXPOHHUX [IBUTYHIB KoeillieHT 3BOPOTHOI
MOCJTTOBHOCTI HANPYTH He TOBWHEH mepeBuiyBatu 2 % [1], a iloro 36ijbimeHHsT TPU3BOAUTD
J10 1eperpiBy OocTaHHiX i HIBUJKOIO BUXO/AY IX 3 Jlajy.
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Puc. 1. Cxema crcTeMu €J€KTPOTIOCTAYAHHS
Puc. 1. Cxema cuctemMbl 3neKTpocHabxeHus
Fig. 1. Power-supply system scheme

PesynbpTaroM peryJioBaHHSI HAIPYTW TMOBUHHO GYTH TaKOXK i 3MEHIIEHHS HECHMETPil CTpyMy
B JIiHii, IO CYTTE€BO BILUIMBAE Ha PiBeHb BTPAT AKTUBHOI MOTY;KHOCTi. OCTaHHi € Ba’KJIMBUM
€KOHOMIYHMM TOKAa3HUKOM, a iX 30iJbIIeHHS BKadye Ha HeeeKTUBHICTb MOOY/IOBU CHCTEMHU
€JIEKTPOTIOCTaYaHHS.

Meroio crarri € popMyBaHHSI MaTeMaTUUYHUX Mo/iesiell BUMipIOBJIbHUX CHUCTEM YCTAaHOBOK CHUMe-
TPYBaHHsI, SIKi 3a6e31e4yIOTh MOKPAIeHHsT SIKOCTi HAIPYTH i 3MEHIIeHHsT BTPAT B JIHISIX €JIeKTpo-
nepeayi.

Po3r/isiHeMO, SIK TIPUKJIAJ, CHCTEMY eJIeKTPOIIOCTa4aHHs TAroBoi migcrammii (puc. 1), 10
cKJIamy sKoi BxoauTh Tpancdopmarop T1 3 manpyramu obmorox 110,/27,5,/10 kB.

Hecumerpito Hanpyru cTBOpIOE 3aji3HWYHE HaBaHTAXKEeHHS Ha croponi 27,5 kKB, a croponHi
CTIO)KMBAYi, 110 MpHUeHaHi 0 croponn 3 Hanpyroio 10 kB, KUBJSTHCA 32 0MOMOrOIO JTiHIT eIeKT-
poriepesiaui 3 onopom Zj. Tpancdopmarop criokuBaua T2 XapaKTepusyeTbcs OMOPOM KOPOTKOTO
3aMUKaHHS Z7.

Icnye nBa miaxoawm Ui CUMETPYBAHHSI HAIPYTW By3Jld: BUKOPUCTAHHS KOMIICHCAIliHHUAX
YCTAHOBOK i YCTAHOBOK 3 moda3HuM KepyBaHHIM cuMeTpyBasibHOro Tpancdopmatopa. [Ipoana-
JIIBYyEMO IX.

BBepeHune

HecummeTpusa HanpsKeHWiA 1 TOKOB CYLLECTBEHHBIM 06pa3oM BIUSIET HA HAZAEXHOCTb M SKOHOMUY-
HOCTb paboThl aNeKTpoTeEXHMYecKnX 06bekToB. 3Ta npobnema xapakTepHa B 4acTHOCTM AN cuctem
3NEKTPOCHABXEHMNS, KOTOPbIE MONyYaloT NUTaHWe OT TAroBbIX NOACTAHUMA N APYTUX HECUMMETPUYHBIX
UCTOYHUKOB. Ee akTyanbHOCTb BO3pacTaeT rnaBHbiM 06pasoMm AN 3arpy304HO-pas3rpy3oyHbIX MyHKTOB
XKeNes3HOoW A0pOorM, OCHOBHOW 3NEKTPUYECKON Harpys3koW KOTOPbIX €CTb aCUHXPOHHLIE ABUraTeny NpuBo-
[OB NOABLEMHBLIX MeXaHU3MoB. OnbIT 3KCNNyaTauum 3nekTpoaBuraTenel ykasbisaetT Ha Heob6xoAUMOCTb
perynupoBaHms HanpshxeHus ans obecnedeHns npebbiBaHWS BENUYMHBI €70 3HAYEHWUI B AOMYCTMMBIX
Hopmax, onpegeneHHsix FTOCTom 13109-97. B yacTHOCTU 4NA aCUMHXPOHHbIX ABUraTenein koadhuuneHT
obpaTHOI nocnefoBaTebHOCTN HaNPSKeHNsT He AOIMKeH npeebiwaTh 2 % [1], a ero ysenuyeHune npwu-
BOAWT K Neperpesy NOCNeAHNX N COKPALLEHUIO CpoKa 3KCrnyaTauumm.

Pe3ynbTaTtom perynnpoBaHnsa HanpsxXeHUst AOMXKHO ObITh Takke U YMeHbLUEeHWe HECUMMETPUN TOKa
B NUHMU, KOTOpas CYLLECTBEHHO BNUSIET Ha YPOBEHL NOTEPb aKTUBHOW MOLLHOCTW. [NocneaHve ABNAOT-
€Al BaXXHBIM 3KOHOMMWYECKMM MoKasaTernem, a Ux yBeruyeHue ykasbliBaeT Ha HeadpeKTMBHOCTb No-
CTPOEHMS CUCTEMBI 3MNEKTPOCHAOXKEHMS.

Uene ctatem — ¢opmypoBaHue maTeMaTVvecKkmx MoAeneil U3MEpPUTENbHBIX CUCTEM YCTaHOBOK
CUMMETPUPOBAHUS, KOTOPble 0GecneynBatoT yyylleHne KayecTBa HanpsXeHUs U yMeHbLLEHWE NOTEPb
B NMHUSIX 3MneKTponepeaayn.

PaccMoTpuM, B Ka4yecTBe nNpumMepa, CUCTEMY 3NEKTPOCHaBXKeHUA TAroBOW noactaHuum (puc. 1),
B COCTaB KOTOpPOWN BXoAUT TpaHcdopmaTop T1 ¢ HanpsxeHnamm obmoTtok 110/27,5/10 kB. Hecum-
METPUIO HaMPsSKEHNUs! CO34AeT XEene3HOAOpOXHas Harpyska Ha cTtopoHe 27,5 kB, a nocTopoHHue
notpebutenn, KoTopble NpuUcoegnMHeHbl Ha CTOpoHe HanpskeHnem 10 kB, nuTaloTca ¢ nomowblo
NWHWUKM 3MeKTponepeAaYn ¢ conpoTuBrieHnem Z; . TpaHccopmaTop notpebutens T2 xapakTepusy-

€TCA CoONpoTUBNEHNEM KOPOTKOIro 3amMblkaHuA ZT'

CywecTtByeT ABa NOAX04A K CUMMETPVMPOBAHUIO HANPSHKEHMS y3M1a: NCNOMb30BaHWE KOMMNEHcaLu-
OHHbIX YCTAaHOBOK M YCTaHOBOK C nodasHblM yrnpasreHueM CUMMETPUPYIOWEro TpaHcdopmaTopa.
MpoaHanusnpyem nx.

Bichuk BMi, 2005, Ne 6 243



EHEPIETUKA TA EJIEKTPOTEXHIKA

Introduction

Voltages and currents asymmetry influences the reliability and cost efficiency of electrotechnical
objects operations. This problem is typical in particular for power-supply systems supplied from trac-
tion substations and other asymmetrical sources. Its actuality rises mainly for cargo handling railway
stations where basic electric load are asynchronous motors of lifting mechanisms drives. Electric
motors exploitation experience shows the necessity of voltage adjustment to provide its values in
permissible standards defined by all-Union State Standard 13109-97. In particular for asynchronous
motors reverse sequence voltage factor should not exceed 2 % [1] and its increase results in their
overheating and reduction of operation period.

Voltage adjustment must lead to reduction of current asymmetry in the line too, that essentially
influences the level of active power loss. Latter is the important economic index and their increase
points out the nonefficiency of power-supply system construction.

Let’s consider power-supply system of traction substation (fig. 1) with tansformer T1 that has
winding voltages of 110/27,5/10 kV. Railway load creates voltage asymmetry on the side of 27,5
kV and customers connected to 10 kV side are supplied by means of power line with impedance
Z . Customer’s transformer T2 is characterized by short-circuit resistance Z; .

There are two approaches to voltage node balancing: usage of balancing units and single-
phase control units of balancing transformer. Let’s analyse them.

CI/IMCprBaHHﬂ 3 BUKOPDUCTAHHAM KOMHeHcaHiﬁHHX YCTaHOBOK

3B’SA30K MiK CTpyMaMU i HAIpyraMu IpsIMOi Ta 3BOPOTHOI IIOCJIiJIOBHOCTi B BY3JIi €JIEKTPHUY-
HOT Mepeski Moke GyTH BifloGpakeHuil 3a I0TIOMOroI0 piBHSAHHS [2]

|:j1:|:|:z11 X12:|_|:U1i| (1)
I Yy Yyl |U,|

ne I, I,, U, U, — KOMIUICKCH CTPyMiB i Hampyr HpsMoi Ta 3BOPOTHOI IIOCJIiIOBHOCTEN
(KomnneKchl TOKOB M HanpskeHMii NPAIMOI 1 0BpaTHOI NocnefoBaTenbHoOCTel; complex currents and volt-
ages of positive and negative sequences); Y, Yy, Yy, Yy, — TMPOBIIHOCTI HABAHTAKEHHS BY3-
sa (npoBoavmocTy Harpysku yana: admittances of node load).
VY Buma Ky BUKOpHCTaHHS cepiiiHoro tpancgopmartopa T2 Hamnpyra Ta cTpyM 3BOPOTHOI IO-
CJIiTOBHOCTI Ha BTOPWHHIN cTOpPOHI TpaHcdopMaTopa BU3HAYAIOTHCS 3 BUPA3iB
—Ey, [1+ Y Z]+ E\, Yy Z

[+ Y Z|[1+Y Z]-Z7Y Yy

=B Yo = Ey Yoy = Ey, Z(YYy —YYy)

I = 5 ) (3)
[+ YpnZ|[1+ Y Z]-Z°Y Yy

ne B = E1\/§ej'300, E, = E2\/§ e/ — expiBasentni niniitni EPC mpsiMoi Ta 3BopoTHOT
nocJtioBHOCTI (3KkBMBaNeHTHble NuHelHbIe 3AC npsamol u oBpaTHol NocnefoBaTesbHOCTY; equivalent line
emf of positive and negative sequence); E1, E2 — EPC npsamoi Ta 3BopoTHOI TOC/IiIOBHOCTEN
JuKepeJia (30C npsivoit 1 oBpaTHoI NocneAoBaTeNbHOCTM UCTOYHMKE; source emf of positive and negative
sequence); Z=Z; +Zy. TyT i Hamami [ust 3pyYHOCT] TPUHAHSTO, 1O BCi MapaMeTpu 3Be/eHi /10
HANpyTu BUCOKOI ctoponu (3aeck n B ganbHeiwem Ans yao6CcTBa NPUHSTO, YTO BCE NapameTpbl Nprse-

JeHbl K HanpsXXeHUo BLICOKOW CTOPOoHbI; here and further we accept all parameters to be led to high voltage
side). Bupasu (2), (3) matorb Bur/sa nogi6uuii Bupasam, orpuManum B [2].

Y Bumajxy cuMerpmunoro jukepena ( Ey; = 0) xpuTepiil, y pasi 3acToCyBaHHS SIKOTO 3a6€3-
HeYy€EThCS CUMETPYBaHHS HaBaHTasKeHHs, 3rigno 3 (2) ta (3) Gyme maru Bursy
Yy =0. (4)

B nwomy Bumanky U, =0, I, =0.
3 BUKOpUCTaHHSAM KpuTepiio (4) po3pobJieHi BUMipPIOBaJIbHI CUCTEMU YCTAHOBOK [IJIsI CUMe-
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TpyBaHHSI HaBaHTaxkeHb [4, 5]. Ix 3acrocyBaHHs € edeKTUBHUM 3a HASIBHOCTI CUMETPUYHOTO
mxepena EPC.

Jlns mecumerpuunoro mxepera EPC (E,; #0) y pasi sactocyBanns xputepito (4) BinOy-
Bac€TbCA HEIOBHE CUMETPYBAHHA 1 3a/IMIIKOBI Hallpyra Ta CTpyM 3BOPOTHOI IIOC/I/IOBHOCTI y BY3Jli
npueHaHHs HaBaHTaKeHHs y Bianosignocti 3 (2) Ta (1) 6yayTb
—Eyr

= TP =UpYy, (5)
+Ypz' T

U,

a, OCKiJIbKH Yy, = (0,001+0,01)Zi [6], Ta Zy = (1+10)Z; [7] (8 3amesxnOCTi BiJ| HOTYKHO-
L
cri TpancopMaropa, AOBKMHM i Tepepidy JiHii eseKTponepeaadi), To B AaHOMY BHMIAAKy Ha-
npyra 3BopoTHoi nocaizosHocti Uy = (0,8 +0,9) Ey; , 1Mo He BJIAIITOBY€ CIOXKUBAYIB.
Sk Bumsmae 3 (2), Kpurepiii, 3a sKuM HeoGXi[JHO 3/iiCHIOBATU KepyBaHHs /sl 3abe3iie-
YeHHST TIOBHOTO cuMeTpyBanHs Hanpyru (U, =0 ) y BysJi HaBaHTa)KeHHs, MOBHHEH GyTH cop-
MOBaHU y BUIJIS/L

— 2L
Eyy Z
B pasi porpumanHs 1i€i yMOBUM BUHMKHE CTPYM 3BOPOTHOI I10CJIi [IOBHOCTI
. E
Z

OTske, mpollec cuMeTpyBaHHsl HANpyry 3a Kpurepiem (6) 3 BUKOpUCTaHHAM KOMIIEHCALLi HHUX
YCTAQHOBOK IIOB’SI3aHUI i3 3MiHOIO CTPyMy 3BOPOTHOI IOCJIi/IOBHOCTi, 3HAY€HHS $SKOIO iCTOTHO
BIJINBAE€ HA PiBEHb BTPAT aKTWBHOI MOTY>KHOCTI B CHCTeMi eJieKTpolepenadi. ToMy BAUHHKAE He-
OOXiIHICTD aHaJIi3y CUMeTpii HAPYTH 3 ypaxyBaHHSIM 3HAYeHb CTPYMY, IO iCHY€ B JIiHii.

[lJ11 HAOUHOCTi HaBeleMO IPUKJIAAN PO3PAXyHKIB [JISI CUCTEMH €JIEKTPOIIOCTAYaHHS TATOBOi
nigcrannii (aus. puc. 1). Horyxuicts Tpancdopmaropa T1 — 25000 kB A, omnip Jinii esnexr-
pouepegaui — Z; =0,7+ 70,3 Owm, noryxuictb tpancdopmaropa T2 — 250 kB A, omip ko-
POTKOro 3amukanus tpancdopmaropa T2 — Z, =7+ 7-18 Om.

3a HasgBHOCTI jgomyctuMoi HecuMetpii Hanpyru (2 %) i Bukopucranus kputepito (4) y pasi
[pUE/THAHHS CUMETPUYHOTO HaBaHTaKeHHs (By30s1 3) BCTAHOBUTHCS Take [lif04e 3HAYCHHS
CTPYMY 3BOPOTHOI MOcifoBHOCTI: I, = UyYyy = 0,2 +4 A, mo ckiamae (1,5...15) % Bix HOMI-
HAQJIBHOTO CTPyMy TpaHcdopMaTopa CroKuBavya. 3a HASIBHOCTI KOMIIEHCYBAJIbHOI yCTAaHOBKHU i
BuKOHAHHS Kputepilo (6) U, =0, a 3HaueHHS CTPyMy 3BOPOTHOI IOCJIiIOBHOCTI 3pocCTe:
I, =10 A, mo ckaamae 70 % Big HOMiHAJABHOrO cTpyMy Tpancdopmaropa. OTKe, BUKOHAHHS
ymoBu (6) 3yMOBJIIOE BeJIMKi BTpaTH MOTYKHOCTI B JIiHIT eJleKTporiepeadi, 1o BKa3ye Ha He-
€KOHOMIYHICTh TAKOr0 I/IXO/Y.

[TpoanasizoBani BUTIQ/IKM HECUMETPUYHOTO JKepesia KUBJIEHHS JI03BOJISIIOTh 3pOOUTH BUCHOBOK
IIPO JOIYCTAMICTh 3aCTOCYBaHHSI KOMIICHCAIliIIHUX YCTAHOBOK CHUMETPYBAHHS 32 YMOBHU, KOJIM BEJIU-
unna E,; He nepesuirye nopmu, seraHosaenoi TOCTom 13109-97, i crpyM 3BOpPOTHOI MOC/TiI0B-
HOCTI He IIepeBUIIY€e BEeJUYUHU, JOIIyCTUMO] /I JTAaHOI CUCTEMU 3a €KOHOMIUHUMU IOKA3HUKAMU.

CumerpyBanusi 3 nodaszuum peryJaioBanusimM Koedimienris rpancdopmanii

Peanpunii cTan B Mepeskax TATOBUX IiJCTaHIIA 3yMOBJICHUI HasBHICTIO HECUMETPil HAIIpyT HA
BUBO/IaX OOMOTOK TpaHcdopmaropa, GiJbInoi Bij JOMycTUMUX 3HAYeHb. B TakoMy BUIAQJIKy BU-
KJIMKA€E iHTepec IOCJi/UKEHHSI eKOHOMIUHIMMUX i edeKTUBHIMuxX crnocobiB cuMeTrpyBanus. Cepen
TaKMX CIOCO6iB 0CTi MO ePeKTUBHICTh 3aCTOCYBAHHS CUMETPYBAJIBHOTO TpaHchopMaropa.

3B’430K MiXK CTpyMamMu HpsIMOi, 3BOPOTHOI Ta HYJIbOBOI IIOCJIi/IOBHOCTEN y TEepBUHHINA Ta
BTOPUHHII 0OMOTKaxX CHUMETPYBaJbHOTO TpaHcdopmaTopa MosKe OYTH ONMCAHWI 3a JIOMOMOTOI0
PiBHIHHS
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Il K Ky Ky ]
Ly |=| K3 Ky Ky|-|I|, (8)
Dy | LKz Ky Ky |y
ze f1f, fzf, fof — CTPYMH BiJAIIOBiIHO IPSMOi, 3BOPOTHOI Ta HYJIbOBOI ITOCJIiIOBHOCTEH B IIep-

BUHHIN oOMoTIi TpaHcdopMaTopa (Tokn, cOOTBETCTBEHHO, NpsAMON, oBpaTHOW 1 HyneBoi Nocneaosa-

TenbHOCTEN B nependHoi obmoTke TpaHcopmatopa; positive, negative and zero sequences currents in pri-
mary winding of transformer);

51=—%(kA+kB+kc), §2=—%(kA+a2kB+akc), §3=—é(kA+akB+a2kC) — koedi-

IiEHTU TlepeJlaBaHHs Bi/IIIOBi/IHO MPSIMOI, 3BOPOTHOI Ta HYJIbOBOI TOCJiTIOBHOCTel TpaHcdopma-
TOpa i3 cXeMolo 3’€/lHaHHA OOMOTOK A/¥ 3 NO(MA3HUM Pery/IIoBaHHAM Halpyru (koacbcpmumeHTHI
nepeaayn COOTBETCTBEHHO NPsIMON, o6paTHOW M HYNeBOW MOcneaoBaTenbHOCTEN TpaHchopmMaTopa CO Cxe-
MOV coeanHeHUs oBMOTOK MY ¢ nodasHbIM perynuposaHnemM HanpshkeHust; transmission gains accordingly
positive, negative and zero sequences of transformer with winding scheme of delta/wye with single-phase
voltage control); @ = e/"?%" — dasosuit oneparop (cpasHbiii onepatop; phase operator). B 1ux Bupa-
1 1 1

PR kB =T =

1+ny 1+ np 1+ nc

3ax (B atux sbipaxeHusix; In these expressions) k, = , e ny,

ng, Nc — BIJIHOCHI NPUPOCTH KiJBKOCTI BUTKIB OOMOTOK Bianosiguux ¢as (oTHocutensHble

NPUPOCTbI KONNYECTBa BUTKOB OOMOTOK COOTBETCTBYOLWMX has; relative increments of quantity of winding coils
of respective phases).

Bupasu nus Hanpyr y By3Jii NpU€IHAHHS HABAHTKEHHS B /IAHOMY BUNAJKYy HaOyIyTb BH-
sy

‘ o 200
0] [K K, Ky]| (Br-luZ)33-¢

Uy |=|K; K; K, (Ez_szZ)\/g‘e_j'Soo : (9)
UO Kz 53 K1 ]'Ofng

3 (9) MokHA OTPUMATH YMOBY CUMETPYBAHHSI HAMPYT (U2 = O) 3a BiJICyTHOCTI He3piBHOBa-

JKEHOCTI HaBAHTAKEHHS

. !

Ky pisor __Us (10)
K, U,
ze U; = (Ez —fz 1 Z ), Uz, = (51 - f1 1Z ) — HaIpyru IpsgMOi Ta 3BOPOTHOI IIOCJIJIOBHOCTI Ha

BHUCOKiil cTopoHi TpaHcdopMaTopa (HanpsxeHns NpAMOii n 06paTHON NOCNea0BaTENbHOCTI HA BbICOKOM
CTopoHe TpaHcchopmaTopa; positive and negative sequence voltages on high side of transformer).

B 3araspHOMYy BUTAKY 32 HAasSBHOCTI HeCHUMeTPil HaBaHTAKEHHS KpUTepialbHy (QPYHKITIIO aJ-
roputMy po3B’s3yBanns piBHsaHb (9) Ta (8) MoxkHa mogartn y BUIrIsA

U, — min (11)
3 OOMeKeHHAMU
Iy < Iy (12)
UO < UOper’
ae Iy, — 3ajaHuil CTPYM 3BOPOTHOI MOCJIJOBHOCTI, BU3HAYEHHIl 33 YMOBU €KOHOMIYHOCTI

BTpaT 1OTYKHOCTI (3aaaHHbIi Tok 0BpaTHOW NOCNeA0oBATENbHOCTY, OMPEAENeHHbIA MpU  YCroBUN
3KOHOMUYHOCTW NOTEPL MOLLHOCTU, given negative sequence current defined under economy of power losses
condition); UOper — JIOIlyCTUME 3HAYeHHS HAIIPYI'¥ 3BOPOTHOI IIOCJiIOBHOCTI, SIKe BU3HAYAETHCA

FOCT 13109-97 (gonycTMoe 3HaueHWe HanpspkeHns obpaTHOI NOCNeAOBaATENbHOCTU, KOTOPOE
246 BicHuk BIMi, 2005, Ne 6
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onpegensetca FOCT 13109-97; permissible meaning of negative sequence voltage which is determined by all-
Union State Standard 131019-97) (2 %).

a)
kpy, %A
1257 kg %A %
20 4
J/
15 ly/ 3 : //
10 // 2 2 //52/
5 7 " 1 7 —
0‘// ~» /
> 0 >
0 1 2 3 4 kg% 0 1 2 3 4kp%

Puc. 2. Tpadiru s3anexnocreii crpymy (a) ta manpyru (6) 3BOPOTHOT MOCTiJOBHOCTI JI0 i Ticyia
3acTocyBaHHs 110(a3HOTO PeryJIOBaHHS
Puc. 2. I'pacukn 3aBucumocTein Toka (a) n HanpsbkeHus (6) obpaTHoi nocnesoBaTenbHOCTH
[0 1 nocne NpuMeHeHNsi NohasHoro perynmpoBaHust
Fig. 2. Plots of dependence of the current (a) and the voltage (b) of negative sequence
before and after single-phase control
PesysbTaTit anasidy 3akoHy kepysauus (10) 3 ypaxyBauusM oOMeskeHb (12) mokaszaHo Ha

puc. 2. I'padikn 1 KoedillieHTIB 3BOPOTHOI MOCJITOBHOCTI CTpyMy Ko (puc. 2a) Ta Hampyru
ko (puc. 26) moGymoBati sik dbyHKIIT KoedilieHTa 3BoporHOi nocigosrocti EPC kg, 3a Bia-
CYTHOCTI peryJiloBaHHs HAIpyr#, a rpadiku 2 — micJisi BUKOHAHHS PeryJIOBaHHS B /IBOX ¢a3ax
Tpancgopmaropa T2.

Hasenieni 3asiexHOCTi €Bif4aTh PO MOKJUBICTD OHOYACHOTO iCTOTHOTO 3HMIKEHHSI 3HAYCHD
HAIMpPYTU Ta CTPYMY 3BOPOTHOI MOCJIiTOBHOCTI y pa3i BUKOPUCTAHHS MOMA3HOTO pPeryJIOBaHHS.

CuMMeTpupoBaHMne ¢ NCNoNIb30BaHUEM KOMMEeHCaLMOHHbIX YCTaAHOBOK

Ces3b MEXAy TOKaMM 1 HaNpsHKEHNAMN NPAMON 1 0BpaTHOW NOCNeA0BaTENBHOCTY B Y3Ie 3MeKTpu-
YecKoW ceTn MOXeT BbITb 0TOBpadkeHa ¢ NoMoLLbio ypaBHeHus (1) [2].

B cnyyae ncnone3oBaHua cepuitHoro TpaHcdopmaTopa T2 HanpsbhkeHne n Tok obpaTHOW nocnegosa-
TENbHOCTU Ha BTOPUYHON CTOPOHE TpaHcdopmaTopa onpesensioTes U3 BbipaxeHuid (2, 3). BoipaxeHus (2),
(3) ~metoT BKA NOAOBHLIA BIPAXKEHUAM, NONYYEHHBIM B [2].

B cnyyae CUMMETPUYHOrO WCTOYHMKA (EZL = 0) KpUTEpWI, NpUMeHeHne KoToporo obecneunsaeT

CYMMETPUPOBaHNE Harpy3ku, B COOTBETCTBUN C (2) 1 (3) ByaeT umeTb BYA (4).

B atom cnyyvae U, =0, I, =0.

C ncnonb3oBaHueM kpuTepus (4) paspaboTaHbl UsMepUTenbHbIE CUCTEMbI YCTAHOBOK AN CUMMET-
pupoBaHua Harpysok [4, 5]. Ix npumeHeHve aBnaeTcs 3peKTUBHLIM MPY HAaNM4YMM CUMMETPUYHOMO UC-
TovHuka 3C.

Mpn HeCUMMETPUYHOM UCTOYHUKE O[AC (E2L # 0 ) B cnyyae npumeHeHus Kputepus (4) npoucxoanT
HenonHoe CMMMETPUPOBAHME M OCTATOYHbIE HanpsXeHne 1 Tok obpaTHOW nocrnefoBaTeribHOCTU B
y3ne npucoegnHeHns Harpyskm B cooTBeTcTBUM ¢ (2) n (1) ByayT onpegendatbcs BoipaxeHuamm (5),
a nockonbky Y,y = (0,001 + 0,01)L 6l a Zy = (1+10)Z; [7] (B 38BMCMOCTI OT MOLLHOCTU

Zr
TpaHcopMmaTopa, AMWHLI M CEYEHMS NUHUW 3NeKTponepeaaYn), To B JaHHOM Cryyae HanpsikeHue obpat-
Hoit nocneposatensHoctn Uy = (0,8 +0,9) Ey; , uTo He ycTpansaeT notpeGutenei.

Kak cnegyeT n3 (2), KpuTepuit, ¢ NOMOLLBIO KOTOPOrc HeoBXo4NUMO OCYLUECTBASATL YNpaBneHne ans
ofbecrneyeHUs MOMHOro CUMMETPUPOBAHWS HanpsXeHUs (U2 = O) B y3Ne Harpysku AoMmKeH ObITb
cchopmmposaH B Buge (6).

Mpn cobrniogeHnn 3Toro ycrnoBusl BO3HMKHET TOK 0BpaTHOM nocnefosaTenibHOCT, onpegensembli
BbIpaXXeHnem (7).

WUTak, NnpoLecc CUMMETPUPOBAHMS HanpsbkeHWs no Kputepuio (6) ¢ MCNONb3OBaHUEM KOMMEHcauUu-
OHHbBIX YCTaHOBOK CBS3aH C U3MEHEHNEM TOKa 0BpaTHOM NoCneaoBaTENLHOCTA, 3HAa4YEHUE KOTOPOro Cy-
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LLeCTBEHHbIM 0BPa3soM BIUSIET Ha YPOBEHb NOTEPb AKTMBHOW MOLLHOCTW B CUCTEME JnekTponepeaayu.
MosTomy BO3HWKaeT HEOOXOAMMOCTL aHanusa CUMMETPUA HanPsXXeHUs C yYeTOM 3HaJYeHWU Toka, Cy-
LLLECTBYIOLLErO B MUHUN.

B kavecTBe unnocTpaumu npuBeaéM NpuMMephl pacyeToB AMsl CUCTEMBI 3MNEKTPOCHAOXKEHNS TATOBON
noactaHuum (cm. puc. 1). MowHocTb TpaHcgopmatopa T1 — 25000 kB- A, conpoTuBneHne NUHUN 3nek-
Tponepesauwn — Z; = 0,7+ j-0,3 Om, mowHocTb TpaHchopmaTtopa T2 — 250 kB- A, conpoTue-

NeHne KOPOTKOro 3ambikaHust TpaHcdopmatopa T2 — Z, =7+ 7 -18 Om.

Mpy HanuyMn AONYCTUMOA HECUMMETPUN HaNPsKeHWs (2 %) 1 UCnonbL3oBaHne Kputepus (4) B criyvyae
NPUCOEAMHEHNS CUMMETPUYHOIM Harpy3ku (y3en 3) yCcTaHoBUTCA criedytolee AeNCTByoWwee 3HavyeHe Toka
obpartHoii nocnegosatensHocv: I, = U,Y59 = 0,2 + 4 A, yto coctasnseT (1,5...15) % OT HOMMHANBHOMO

TOKa TpaHcgopmaTopa notpebutens. MNpyn HanM4MM KOMNEHCUPYIOLWER YCTaHOBKA WU BbIMOSTHEHUN KpuTe-
pusi (6) U, =0, a 3HayeHue Toka oGpaTHO nocnegosaTensHocTM BospacTteT: I, =10 A, uto co-

ctasndeT 70 % OT HOMMHanNbHOro Toka TpaHcdopmartopa. CnegosaTenbHO, BbIMNOHEHNE yCroBus (6)
npegonpegenseT 6onblme NoTEPU MOLLHOCTU B MVHUN 3MEKTponepeaayn, YTo ykasblBaeT HA HEdKOo-
HOMWYHOCTbL TaKoro nNoaxoaa.

MpoaHannavpoBaHHble cnyyYyan HECUMMETPUYHOMO UCTOYHMKA NUTaHWS paspeLlarnT caenath BbiBog O
AONYCTUMOCTU NPUMEHEHUSI KOMMNEHCALMOHHbBIX YCTAHOBOK CUMMETPUPOBAHMSA NPW YCHOBUNA, eCnin Benu-
YnHa Ez 7. He npesbillaeT HopMbl, yeTtaHosneHHor FOCTom 13109-97, n Tok obpaTtHoi nocneaosaTerb-

HOCTW He npeBbIlIaeT BENMNYUNHDI, ,D,OI'IyCTI/IMOI7I ON8 JaHHOW CUCTEMbI MO SKOHOMUYECKUM NMoKasaTensam.

CumMmmeTpupoBaHme ¢ nodpasHbIM perynmpoBaHuem
koadbuuneHToB TpaHchopmaumm

PeanbHoe COCTOSIHME B CETAX TArOBbIX MOACTAHUWUIA OBYCNOBNEHO HanMMunem HeCUMMETPUM Ha-
NPsPKeHNn Ha BbIBOZax OoOMOTOK TpaHcdopmaTtopa, bonbwern 4em gonyctumble 3HaveHus. B Takom
chnyvae BbI3OBET MHTEpPEC nccrnegoeaHne 6onee 3KOHOMUYHbBIX U 3hPeKkTMBHBIX CNocoBoB CMMmETPU-
poBaHud. Cpegun Takux cnocoboB wuccnegyem 3(pEPeKTUBHOCTb NPUMEHEHMS CUMMETPUpPYIoLWEero
TpaHcopmaTopa.

CBsAsb Mexay Tokamu nNpsiMoi, o6paTHON U HyNeBOW NocnefoBaTENbHOCTEN B NEPBUYHON U BTOPUY-
HOW OBMOTKaX CUMMETPUPYIOLLErO TpaHChOopMaTopa MOXET BbITb ONMCaH C MOMOLLLIO YpaBHEHUS (8).

BblpaxkeHna 4na HanpshkeHWn B y3ne NpUcoeanHeHns Harpyskn B JaHHOM criyyae npumyT Bug (9).

M3 (9) MOXHO NONyYnTb YCIOBUE CUMMETPUPOBAHNA HanpsKeHUn (U2 = O) npu OTCYTCTBUM He-

ypaBHOBELWEHHOCTU Harpy3ku B Buge (10).

B obwem cnyyae npu Hanu4Mm HECUMMETPUW Harpy3kun KpuTepuanbHyo dyHKLMIO anroputMma pe-
weHns ypaBHeHui (9) n (8) MmoxHo npeacTtasntb B Buae (11) npu orpaHndeHnsx (12).

PesynbTaTbl aHanu3a 3akoHa ynpaeneHus (10) ¢ yyeTom orpaHudeHuid (12) npeacrasneHbl Ha
puc. 2. Mpadmkn 1 KoapdULMeHTOB oBpaTHON nocneoBaTENLHOCTU Toka k) (CM. puc. 2a) U Ha-

npspkeHust Ry5 (pyc. 26) NocTpoeHbl Kak (yHKUMK koadhduLmeHTa obpaTHO nocnefoBaTenbHOCTM
30C kg, npu OTCYTCTBUM PErynupoBaHUs HANPSHKEHUS, @ rpadyk 2 — MOCne BLINOSHEHNS perynu-

poBaHua B ABYX dhasax TpaHcopmaTopa T2.

MprBegeHHbIE 3aBUCUMOCTIN CBUAETENMLCTBYIOT O BO3MOXHOCTU OAHOBPEMEHHOMO CYLUECTBEHHOIO
CHIDKEHUS 3HAYEHUIM HanpsbkeHWa U Toka obpaTHOW nocnegoBaTenbHOCTU B Cryvyae UCNonb30BaHWS
nodasHoOro perynmpoBaHuns.

Balancing using compensation units

Relation between currents and voltages of positive and negative sequence in electric mains
node can be represented by means of equation (1) [2]:

In case of serial transformer T2 usual voltage and current of negative sequence on the second
transformer side are determined from expressions (2, 3). Expressions (2), (3) are similar to ex-
pressions obtained in [2].

In the case of the symmetrical source (E2L = O) criterion, at which load balancing is pro-

vided, according to (2) and (3) will be of form (4).
In thiscase Uy =0, I, =0.
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Measuring systems of plants for loads balancing are elaborated using criterion (4) [4, 5]. Their
application is effective when the emf source is balanced.

Under unbalanced emf source condition (E2L #* 0) when using of criterion (4) the incomplete

balancing is carried out and residuary voltage and current of negative sequence in the node of
load connection in accordance with (2) and (1) are defined by expressions (5), and since

1

Yy, = (0.001+ O.O1)Z— [6], and Z; = (1+10)Z; [7] (depending on transformer power and
L

length and section of power line), than negative sequence voltage in this case is

U, = (0.8 +0.9) E,; , that doesn't satisfy customers.

As it follows from (2), criterion necessary to realize control to provide complete voltage balanc-
ing (U, = 0) in the load node should be formed as (6).

At observance of this condition negative sequence current will arise which is defined by ex-
pression (7).

Hence voltage balancing process by means of criterion (6) using compensation units is con-
nected with change of negative sequence current whose meaning essentially influences the ac-
tive power loss level in power system. Therefore necessity of analysis of voltage asymmetry tak-
ing into account line current values arises.

Let's cite calculation examples for power-supply system of traction substation for clearness
(fig. 1). Power of transformer T1 — 25000 kV* A, power line impedance — Z; = 0.7+ j-0.3 Om,

power of transformer T2 — 250 kV A, short-circuit resistance of transformer T2— Z, =7 + j - 18 Om.

In the presence of permissible voltage asymmetry (2 %) and use of criterion (4) when connec-
tion of symmetrical load (node 3) such effective meaning of negative sequence current will be es-
tablished I, = U,Y5, = 0.2+ 4 A, thatis (1.5...15) % from nominal current of customer’s trans-
former. In the presence of compensative plant and carrying-out the criterion (6) U, = 0 and the
meaning of negative sequence current will increase: I, = 10 A, that is 70 % from transformer

nominal current. Therefore, carrying out the condition (6) determines heavy power losses in
power line, that points out the diseconomy of such approach.

Analysed cases of unsymmetrical source allows to draw a conclusion about permissibility of
application of compensation of balancing units on conditions that value E2L doesn’t exceed the

standard defined by all-Union State Standard 131019-97 and negative sequence current doesn’t
exceed a value permissible for the present system in accordance with economic parameters.

Balancing using by-phase control of transformation ratios

Real condition in the circuits of traction substations is determined by presence of voltage
asymmetry on the top of transformer windings greater than allowable meaning. In this case inves-
tigation of more economical and effective balancing methods causes an interest. Among such
methods let’s investigate effectiveness of balancing transformer usage.

Relationship between positive, negative and zero sequences currents in primary and secon-
dary windings of balancing transformer can be described by means of equation (8).

Expressions for voltages in the node of connected load in this case will be (9).

A condition for voltage balancing (U2 = () at the absence unbalanced state of load can be

obtained from (9) (10)

In the general case criterial function of solution algorithm of equations (9) and (8) can be pre-
sented in form (11) at limitations (12).

Results of analysis of control law (10) are presented in Fig. 2 taking into account limitations (12).
Plots 1 of factors of negative sequence currents k;, (Fig. 2a) and voltage k;» (Fig. 2b) built as the

functions of factors of negative sequence emf Ry, in the absence of voltage adjustment and the plots
2 — after performance of adjustment in two phases of transformer T2.
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Bucuosxu

Orpumano maremMatuuHi Mojiesii TOOYZI0BM BUMipIOBJIbHUX CHUCTEM YCTAHOBOK CHMETDPYBAHHS
JUIA IBOX TIIXO/IiB CUMETPYBAHHS HANPYTW B BY3Jli NPUEIHAHHS CIIOXKMBAYd: BUKOPUCTAHHA KOM-
MeHCaIlifHNX YCTAaHOBOK CHMETPYBAHHS i YCTAaHOBOK 3 TMOQa3HUM KepyBaHHSIM CHUMETPYBAJbHOTO
tpancdopmaropa. IlokasaHo, 10 BUKOPUCTAHHS MEPIIOTO IMiX01y MatoedeKTUBHE Yepe3 BUHUK-
HEeHHS BeJIMKMX BTpaT aKTHBHOI IOTY)KHOCTI B JIiHii eJieKTporepe/iavi. 3a YMOB HEBEJMKOI HecuMe-
Tpii /oKepesa Hanpyru (710 4 %), 1O BJIACTUBO [I/IS1 TATOBUX ITi/ICTAHINN, JOIJIBHO BHKOPHCTOBY-
BaT YCTAHOBKM 3 T1O(MA3HUM KepyBaHHIM CHUMeTpyBajibHOTO TpaHcdopmaropa. Pesysbratn
TIPOBEICHOTO MOJIEJIOBAHHSA BUMiPIOBAJIbHUX CHCTEM Y CKJa/li YCTAHOBOK CUMETPYBaHHS CBi/uarh,
IO CTPYM Ta HAINpyra 3BOPOTHOI TIOCJIiIOBHOCTI 3MEHITYIOThCs B 3...4 pasu, IpuyoMy 3HaueHHs Us
He TEePEeBUILYE IOIMYCTUMUAX HOPM.

BbiBoAabl

MonyyeHbl MaTeMaTn4eCcKMe MOAEeNN NOCTPOSHUS U3MEPUTENbHBIX CUCTEM YCTaHOBOK CUMMETPUPO-
BaHWA Npu AByX Nogxodax CUMMETPUPOBaHUA HaMNpPsXKeHWsa B y3ne npucoegunHeHna notpeburtend: uc-
Nonb30BaHNE KOMMEHCALWOHHbLIX YCTAHOBOK CUMMETPUPOBAHNUS U YCTAHOBOK C NodasHbIM ynpasneHu-
eM cummeTpupylowero TpaHcdopmaTtopa. [lokasaHo, 4YTO WCMONb30OBaHWE NEepBoOro noAaxofa
ManoacheKTUBHO 3a CYET BO3HUKHOBEHUS BOMbLUMX NOTEPL aKTUBHOW MOLLHOCTM B NIMHUA 3NeKTpone-
pefaun. MNMpu ycnosusax HeGOMNbLLOW HECUMMETPUA UCTOYHUKA HanpskeHus (4o 4 %), YTO CBOACTBEHHO
TAroBbIM MNOACTAHUMAM, LenecoobpasHo NCNonb30oBaTh YCTAHOBKU € NodpasHbiM yrnpasneHnemMm cMMMET-
pupylowero TpaHcdopmaTtopa. Pe3ynbTtaTtshl NPoBEAEHHOrO MOAENVPOBAHNS U3MEPUTENBHBIX CUCTEM B
COCTaBe YCTaHOBOK CUMMETPUPOBaHUS CBUAETENbCTBYIOT, YTO TOK M HanpsXeHne obpaTHoi nocneno-
BaTeNbHOCTN YMEHbLIATCH B 3...4 pasa, npuyem 3HadeHve U, He npesblaeT AonyCTUMbIX HOPM.

Conclusions

Mathematical models of balancing units measuring system constraction are obtained at two
approaches of voltage balancing in consumer’s node: using of balancing plants and by-phase
control units of balancing transformer. It is shown, that application of first approach is noneffective
due to appearance of great active power losses in power line.

Under small voltage source asymmetry condition (under 4 %) that ispeculiar to traction substa-
tions is worth using plants with by-phase control of balancing transformer. Modelling results of
measuring systems of balancing units prove that current and voltage of negative sequence de-
crease 3...4 times, value of U, does not exceed allowable standards.
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