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Conepxanue
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3aBHCHMOCTD YIEKTPHUUYECKOH MPOYHOCTH BO31yXa B HEOAHOPOTHOM IJIEKTPHYECKOM
1oJjie 0T KOHIHEHTPAMHU 030HA B MPOMEKYTKe

MAKCYJ10OB J1.B.

PaccMoTpeHsI pe3ysbTaThl SKCIIEPUMEHTOB 10 HCCIICIOBAaHHUIO JIEKTPUICCKON TPOYHOCTH
BO3/IYIITHOTO MPOMEKYTKA MEXKY SICKTPOAAMHE CTEPKEHb — IUIUHAP TPU PA3THIHOM
KOHI[EHTPAIIMK 030HA B IpoMexyTke. [Ipennoxkena mareMaTnieckasi MOJEb JTABUHHO-
CTPUMEPHOTO TIEPEX0/ia B HEOJHOPOIHOM 3JICKTPHUECKOM TI0JIE ¢ YIETOM COCTaBa ra30BOi
cMecH. PacueTHbIE M 9KCIIEpUMEHTAIBHBIC 3aBUCUMOCTH JJICKTPUICCKON TPOYHOCTH BO3AyXa
OT KOHIIEHTPAIIMU 030HA XOPOIIO COTIACYIOTCS MEXAY COOON U CBUACTEIBCTBYIOT O
HEKOTOPOM POCTE IPOOMBHOTO HAIIPSHKEHUS MTPH YBEIMUECHUU KOHIICHTPAIIUN 030HA.
Knroueswle cnoea: >nexrpudeckas MpOYHOCTh BO3IyXa, HEOAHOPOIHOE MICKTPUIECKOE TTOJIE,

3JICKTPOHHAS JIaBUHA, KOO(PDUIIUECHT yAapHON MOHU3AIINH.

The results of experiments on the study of the electrical strength of the air gap between rod—
cylinder electrodes at different concentrations of ozone in the gap are considered. A
mathematical model of the avalanche-streamer transition in an inhomogeneous electric field is
proposed, taking into account the composition of the gas mixture. The calculated and
experimental dependences of the electrical strength of air on the ozone concentration are in
good agreement with each other and indicate a slight increase in breakdown voltage with
increasing ozone concentration.

Key words: electrical strength of air, inhomogeneous electric field, electron avalanche, shock

1onization coefficient.
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Pacuér MarHuTHOIr0 1M0JIsi 6€CIa3o0BOro ABHUTATE]IA C MOCTOAHHBIMH MAarHUuTaM "



APOOHBIMHU KATYIIEYHBIMUA 00MOTKAMU

[IIEBYEHKO O.A., TEMHPUX I".O. LIEBYEHKO A.®.

PaccMoTtpena mozienb 6ecra3zoBoii AIEKTPUIECKON MAITMHBI ¢ BO30YKICHUEM OT MOCTOSHHBIX
MarHuTOB I aHATUTUYECKOTO pacuéra, BRICOKas CTENEHb TOYHOCTH KOTOPOIo ObLia
000CHOBaHa MyTEM CpPaBHEHHMS C Pe3yJIbTaTaMH YUCICHHOTO MOJEIUPOBAHHUS.

Kniouesvie cnosa: 6ecniazoBbie HIEKTPUUECKUE MAIIMHBI, MATHUTOAJICKTPUIECKOE

BO30YKICHHE, IPOOHBIE OOMOTKH, MArHUTHOE TI0JIE, pacuer.

A model of a phase-free electric machine with permanent magnet excitation for analytical
calculation is considered, the high degree of accuracy of which was justified by comparison
with the results of numerical modeling.

Key words: phase-free electric machines, magnetoelectric excitation, fractional windings,

magnetic field, calculation.
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IToBbimenne 3(ppeKTHBHOCTH NPUMEHEHHUs APOOHBIX 3yOLOBBIX 00MOTOK B Tpex(a3HbIX
MHOTOMOJIIOCHBIX 3JIEKTPUYECKHX MALIUHAX

KA3AKOB 10.b.

B tpexda3zabix ApoOHBIX 3yOIOBBIX 0OMOTKAaX MHOTOITOIIOCHBIX AJIEKTPUIECKUX MaITHH
BO3MOKHO COBMEIICHHUE JIBYX TpeX(a3HbIX 0OMOTOK, OZJHA U3 KOTOPHIX COEAMHEHA 110 CXeMe
«3Be3/1a», Ipyras — M0 CXEME «TPEyroJIbHHUKY, C OTIUYAIOUIMMHUCS YUCIaAMU BUTKOB B (hazax u
Pa3HBIMH 10 CEYCHHIO TTPOBOJIAMU; OCH 0OMOTOK CMEIIeHbI Ha yrodl 77/6. OOMOTKH
COEIMHEHBI apaAJUIETLHO WM MOCIIEI0BAaTENIbHO, COBMEIIEHHAss 0OMOTKA BKIIIOUAETCs Ha
Tpex¢azHoe HANPSKEHUE CETH OT OAHOTO HCTOYHHKA. [10 371€KTpOMarHuTHBIM CBOHCTBaM
Tpex¢azHas coBMeIeHHas ApoOHas 3y0IioBas 0OMOTKa aHaJOrHyYHa mecTuda3Hoi qpoOHoi
3yO110BOI1 0OMOTKe. OnpeneneHa BO3MOXHOCTb BBIMOJIHEHHS] CHMMETPHYHBIX TPpeX(a3HbIX
COBMEIEHHBIX APOOHBIX 3yOLIOBBIX OOMOTOK IPH Pa3HBIX COOTHOIICHUSAX YMCEIN Ma30B U
MOJIF0COB. YHUCIIO 1Ma30B HA MOJIOC TOJHKHO COCTABIATH 6/5, UHCIIO Map MOJII0COB OBITh
KPaTHBIM IITH, WIK YHCIIO Ta30B Ha MOJIOC JIOKHO COCTABIATh 6/7, a 4HCIIO Map MOJI0COB
ObITh KpaTHBIM ceMHU. [IprBeieHbI MpUMeEphI BBIOJIHEHUS 0OMOTOK, pACCUMTAHBI UX
obmoTtounble kKodhduruenTsl. [TokazaHo, 4To 1711 OCHOBHOM TAPMOHMKHA OOMOTOYHBIN

K03 ULIMEHT TpeX(Pa3zHbIX COBMEIIEHHBIX APOOHBIX 3yOIIOBBIX O0OMOTOK JIOCTUTAET



0,9659258, uro Ha 3,52 % Gonbiie, yeM AJis1 TPOOHBIX 3yOIIOBBIX, HO HECOBMEIIEHHBIX
obomortok. [TonTBepxaeHa 3¢ppeKTUBHOCT MPUMEHEHHS COBMEUICHHBIX IPOOHBIX 3yOLIOBBIX
00MOTOK B TpeX(a3HBIX MHOTOIIOIIOCHBIX 3JICKTPUYECKUX MamiHax. [Ipumenenue
PETYIUPYEMOr0 YaCTOTHOTO AJIEKTPONPUBO/IA MOBBIIIAET MEPCIEKTUBHI UCTIOIb30BAHUS
COBMEIIEHHBIX JPOOHBIX 3yOIIOBBIX 0OMOTOK B TpeX(a3HbIX AJIEKTPOIBUTATEISIX.
CoBMerieHHbIe TPOOHBIE 3yOIIOBBIE OOMOTKH C MOCIIEIOBATEILHBIM COSIMHEHUEM CXEM
«3BE3/1a» U «TPEYTOJIbHUK» UMEIOT JIYUIINe OTCHIIUAIbHbIC YCIOBHS MTPH BO3HUKAIOIINX
BOJIHOBBIX ITpOIIEccax B Cilydae MUTaHUs AJIEKTPOIBUraTelis OT PeoOpa3oBaTess YaCTOTHI C
IIAPOTHO-UMITYJIbCHOM MOJYJISIIMEH HATTPSYKECHHUS.

Knroueewie cnosa: TpexdasHple MHOTOIONIOCHBIE MAIIMHBI, TpeX(a3Hbie JpoOHbIE 3yOII0BBIE
0OMOTKH, COBMEIIIEHHE CXEM 3BE3/1a—TPEYTOJIbHUK, OOMOTOYHBIN KO3((UIIHECHT, TOBBIIIICHUE

3¢ peKTUBHOCTH.

In three-phase fractional tooth windings of multipole electric machines, it is possible to
combine two three—phase windings, one of which is connected according to the «star»
scheme, the other according to the «triangle» scheme, with different numbers of turns in
phases and wires of different cross-sections; the axes of the windings are offset by an angle of
n/6. The windings are connected in parallel or in series, the combined winding is switched on
to a three-phase mains voltage from a single source. In terms of electromagnetic properties, a
three-phase combined fractional tooth winding is similar to a six-phase fractional tooth
winding. The possibility of making symmetrical three-phase combined fractional tooth
windings with different ratios of the numbers of slots and poles is determined. The number of
slots per pole should be 6/5, the number of pole pairs should be a multiple of five, or the
number of slots per pole should be 6/7, and the number of pole pairs should be a multiple of
seven. Examples of the windings are given, and their winding coefficients are calculated. It is
shown that for the main harmonic, the winding coefficient of three-phase combined fractional
toothed windings reaches 0,9659258, which is 3,52% more than for fractional toothed but
misaligned windings. The effectiveness of using combined fractional tooth windings in three-
phase multi-pole electric machines has been confirmed. The use of an adjustable frequency
electric drive increases the prospects for using combined fractional tooth windings in three-
phase electric motors. Combined fractional tooth windings with a serial connection of the
«star» and «triangle» circuits have the best potential conditions for emerging wave processes

in the case of an electric motor powered by a frequency converter with pulse width voltage



modulation.
Keywords: three-phase multipole machines, three-phase fractional tooth windings,

combination of star—triangle circuits, winding coefficient, increased efficiency.
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MaremaTudeckasi MoJeJib MATHUTOJIEKTPUYECKOI0 BEHTWIBHOIO IBUTaTeJIsl B
MOJISIPHBIX KOOPAMHATAX

ADAHACBEB A A.

[Ipemioxena AByxMepHas MaTeMaTuieckasi MOJIeJIb MArHUTORJIEKTPUUECKOTO BEHTUIILHOTO
JIBUTATEJS B OJIIPHBIX KOOpAMHATaX, OCHOBaHHAs Ha pellieHuu ypaBHeHus Jlamnaca st
BHYTPEHHOCTH KPYTOBOT'O KOJIbIIA METOJIOM PA3EICHUs epeMEeHHbIX Dypbe, KaK KpaeBon
3amaun JIupuxie OTHOCUTENBHO CKAISIPHOTO MAarHUTHOrO noteHuuana. Kpaesas 3amaua
HeiimaHna OTHOCHTEIBHO MAarHUTHOM MHIYKIIMU B KOJIBLE PELIACTCS MyTEM

g hepeHIMPOBaHNSI MATHUTHOTO MTOTEHIIMANA 110 paTUaIbHON KOOPAMHATE TIPU
KCTOJIb30BAaHUM NOCTOSTHHBIX Dypbe NepBOi KpaeBoil 3a1aun Jupuxie. AKTUBHBIE YaCTH
MAarHuTHOM 1IENH JABUTATENS IPEACTABICHBI B BUJI€ COBOKYITHOCTH CTPYKTYPHO OJHOPOIHBIX
KPYTOBBIX KOJICII IPEM CEePACYHUKOB, MarHUTOB, 3yOIIOB CTATOPa, BO3IYIIIHOTO 3a30pa.
HeusBectHbie noctrosinabie Dypbe, ABE AJ KaXA0r0 KOJIblLla, HAXOASTCS U3 TPAaHUYHBIX
YCIIOBUH MarHWTHOTO TOJIS JJIsl OOIIMX TPaHMIl KOJIEll: MarHUTHbIE OTEHIUAbI M MHYKITUU
Ha I'PaHMIaX HE UCIBITHIBAIOT CKa4KOB. Eciu Ha rpaHnIax KoJjel| pacroiararoTcsi MarHUTHBIE
JTUCTBI 0OMOTOK, TO CKaUOK MOTEHI[MATA PABEH IMMOJTHOMY TOKY 3THX JIUCTOB.

Knrwouegvle cnoea: MarHuTO31EKTPUUECKUN BEHTUIIbHBIN ABUTATE]Ib, MATHUTHAS UHIYKLIKS,
3JIEKTPOMAarHUTHBI MOMEHT, PEaKTUBHBI MOMEHT, MaTeMaTHYECKasi MOJEIIb, IOJISIPHbIE
KOOpAWHATHI, ypaBHeHHe Jlamnaca, kpaeBbie 3a1aun upuxie u Heiimana, mocTosiHHbIE

Dypse.

A two-dimensional mathematical model of a magnetoelectric valve motor in polar coordinates
is proposed, based on the solution of the Laplace equation for the interior of a circular ring by
the method of separation of Fourier variables, as a Dirichlet boundary value problem with
respect to the scalar magnetic potential. The Neumann boundary value problem with respect

to magnetic induction in a ring is solved by differentiating the magnetic potential along the



radial coordinate using Fourier constants of the first Dirichlet boundary value problem. The
active parts of the magnetic circuit of the engine are represented as a set of structurally
homogeneous circular rings of core pits, magnets, stator teeth, and air gap. The unknown
Fourier constants, two for each ring, are found from the boundary conditions of the magnetic
field for the common boundaries of the rings: magnetic potentials and inductions at the
boundaries do not experience jumps. If magnetic sheets of windings are located at the
boundaries of the rings, then the potential jump is equal to the total current of these sheets.
Key words: magnetoelectric valve motor, magnetic induction, electromagnetic moment,
reactive moment, mathematical model, polar coordinates, Laplace equation, Dirichlet and

Neumann boundary value problems, Fourier constants.
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YpaBHeHHE CHHTE3a MOJAILHOI'0 PEryJsiTOPa B BEKTOPHO-MATPUYHOH opMe
ITAXOMOB A.H., FPAJXXHUKOB A.B., BCTOBCKUI C.A.

OpnuMm 13 HanboJee NepCIeKTUBHBIX METO/IOB CUHTE3a YIPABISIOUIUX YCTPOICTB,
UCIOJIb3YEMBIX B MHOTOMEPHBIX CUCTEMAaX 3JIEKTPOIPUBO/Ia BEICOKOTO MOPSIKA, SIBIISETCS
MOJIaTIbHOE yIpaBICHHE, 00ECIIEYNBAIOIICE B 3aMKHYTOM CHCTEME yIpaBICHUS 3aJaHHOE
pacnpesielieHne KOpHel ee XapaKTepUCTUIECKOTO YPaBHEHHSI, KOTOPBIM COOTBETCTBYIOT
JKeJTaeMble COCTABIISIOMNE (MOIBI) CBOOOTHOTO ABMKEHUS cUCTeMbl. OTpeieTIeHbI
BBIpKEHUS 715 pacyeTa KO3 (PHUIMEHTOB MOJAIILHOTO PETYISTOpa B BEKTOPHO-MATPUUHOMN
dbopMme, yIOOHOM ISl CHHTE3a 3aMKHYTHIX HEMPEPBIBHBIX CHCTEM 3JIEKTPOIIPUBO/IA BEICOKOTO
nopsiaka. [lomyueHHbIe BEIpaXeHUS IS pacyeTra Ko (GUIIMEHTOB MOJAIBHOTO PErysTopa B
BEKTOPHO-MATpUYHON (hOpMe MO3BOJIAIOT BBHIIOJHUTH CUHTE3 3aMKHYTHIX HETIPEPHIBHBIX
CHCTEM 3JIEKTPONPHUBO/IA BBICOKOTO MOPsiiKa, 0OecreunBasi Ipy 3TOM MOKa3aTeNId KauecTBa
CUCTEMBI YIIPABJICHUS IEKTPONPHUBOJIA, ONH3KHE K KEIAeMbIM, 32 CYET CHUKCHUS
MOTPEIIHOCTH PACYETOB.

Knrouegwle cnoea: aBTOMaTU3UPOBAHHBIN 3JIEKTPONPUBOJI, CUCTEMA aBTOMATHYECKOTO
yIpaBieHUs, CHHTE3 YIPABISAIOUINX YCTPOICTB, MOJAIbHOE YIpaBiieHue, K03 PUIIMEHThI

MOJIaJILHOTO PETyNIATOPA, PACUET, BEKTOPHO-MATPUYHBIA METO/I.

One of the most promising methods for synthesizing control devices used in multidimensional

high-order electric drive systems is modal control, which provides a given distribution of the



roots of its characteristic equation in a closed control system, which correspond to the desired
components (modes) of the free movement of the system. Expressions for calculating the
coefficients of a modal controller in a vector-matrix form convenient for the synthesis of
closed continuous high-order electric drive systems are defined. The expressions obtained for
calculating the coefficients of the modal controller in vector-matrix form make it possible to
synthesize closed continuous electric drive systems of a high order, while providing quality
indicators of the electric drive control system close to the desired ones by reducing the
calculation error.

Key words: automated electric drive, automatic control system, synthesis of control devices,

modal control, coefficients of the modal controller, calculation, vector-matrix method.
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CxeMOTeXHUKA, KOHCTPYKIUH Npeodpa3oBareieii U aJrOpuTMbI yIIPaBJIeHUSA
TATOBBIMH 3JIEKTPONPHUBOIAMH

®JIOPEHIIEB C.H., YBAPOB A.A., BAHJIA C.B., )XYPOB U.O.

B craThe moapoOHO ocBematoTes TpeOOBaHMs K KOHKPETHBIM XapaKTEPUCTUKAM U
SKOHOMHYHOCTHU TIPE0Opa3oBaTeIe Ui SICKTPOMEXaHUYECKUX TPAHCMUCCHIA Pa3THIHbIX
TPAHCIIOPTHBIX CPEJICTB MOMTHOCTHIO OoJiee 100 kBT, BHenpeHne KOTOPHIX MO3BOJIAT
YCIENIHO UCIOJIb30BaTh UX B TPAHCHIOPTHBIX CPEACTBAX BMECTO MEXAHUYECKUX U
THIpOMEXaHUUECKUX TpaHcMuccuil. [Tokazansl Tpu THIa mpeoOpa3oBaTeneil YacTOThI, UX
KOMITAKTHBIE KOHCTPYKIIMU B TEPMETUYHBIX KOPITycaX € KUAKOCTHBIM OXJIAKICHUEM U
samutou [IP67, pazpaboranubie OO0 «Pycanmpom» U yCIEITHO BHEIPEHHBIE B KOMIUIEKThI
TATOBOIO AJIEKTPOOOOPYIOBAHUS PsAJla TPAHCHOPTHBIX cpeAcTB. ONUCaHbl aTOPUTMBI
ONTUMAJIHLHOTO YIIPABIEHUS B IPEe0OPA30BATENSAX YACTOTHI IJISl TSTOBBIX AJIEKTPOIPUBOIOB C
MIPEIBAPUTENILHBIM OIpeIeJICHHEM MTapaMeTPOB dIEKTPOABUTATENEH, 00eCTIeYnBaIOIIIE
Boicokuid KIIJI, nnHamMuKy, cTaOmiIpbHYI0 paboTy B IIUPOKOM JAHANa30HE MOIIHOCTH U
CKOpOCTEW BpalieHus.

Knroueswie cnoea: TAroBbli IEKTPONPUBO/I, IPEOOpPA30BATEIH, CXEMOTEXHHUKA,

KOHCTPYKIUH, aJITOPUTMBI YIIPABJICHHUS.



The article high lights the requirements for specific characteristics and cost off requency
converters for electromechanical transmissions of various vehicles with a capacity of more
than 100 kW, the implementation of which will allow them to be successfully used in vehicles
instead of mechanical and hydromechanical transmissions. Three types of frequency
converters, their compact designs in sealed housings with liquid cooling and IP67 protection,
developed by «Ruselprom» LLC and successfully implemented in traction electrical
equipment sets of a number of vehicles, are shown. Algorithms for optimal control in
frequency converters for traction electric drives with preliminary determination of the
parameters of electric motors, with high efficiency, dynamics, stable operation in a wide
range of power and rotation speeds are described.

Key words: traction electric drive, converters, circuit engineering, structures, control

algorithms.
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IMoacucrema 6ecripoBOIHOM Nepeaayu IHEPrUu AJ14 3apsaaKku 0opToBbIX OaTapeii BIIVIA
€ BEPTHUKAJIBbHBIM B3JIETOM/MIOCAIKOM

BYPJIAKA B.B., I'VJIAKOB C.B., 'OJIOBHH A.1O.

[IpemioskeHO CXeMHOE pelIeHre TOACUCTEMBI OECIIPOBOTHON 3aps 1K OECIHIIOTHBIX
netatenbHBIX anmapaToB (BITJIA) ¢ BepTHKanbHBIM B3JI€TOM/TIOCAIKOM, TAHO OMMCAHKE €€
pabortsl. [Toncucrema paccunTana Ha paboTy ¢ BO3AYIIHBIMH KaTyIIKaMHu 0e3
(heppOMarHUTHBIX CEPJCYHUKOB C IEJIbI0 YMEHBIIICHUSI MAaCChl TPHUEMHOMN YacTH,
ycranaBinuBaeMoil Ha BIIJIA. IlpenioxeH BapuaHT aBTOMaTU4YECKOTO ONPEAEIICHNS HATU4IUs
MPUEMHHKA B MOJI€ Mepeaarolieil KaTyllKu U Cocod opraHu3aluy nepeaadn JaHHBIX OT
MPUEMHHKA K TIepeJaTuuKYy JIJIs YIIPaBICHUS MIPOLIECCOM 3apsIKU aKKyMYISITOPHBIX OaTapeit
BIUIA. IlpuBeneHsl pe3yabTaThl SKCIIEPUMEHTOB IPU pabOTe MOJACUCTEMBI C Pa3HBIMH
PACCTOSIHUSMU MKy KaTyIIKaMH, OCIUIUIOTPAaMMBbI HANIPSDKEHUH U TOKOB, TETUIOBBIC
M300paXkeHMs KaTylIeK U OLIEHKA WX HarpeBa. BhIsBIEHBI OCHOBHBIE 3JIEMEHTHI,
OTIpeCIISIONINE TTOTEPHU SHEPTUU NpU padoTe, OnpeAeNeHbl TyTH MOBBIILICHUS

3¢ PEeKTUBHOCTH U JAITBHEHIIIETO COBEPIICHCTBOBAHMSI pa3pab0OTaHHOM IMOICUCTEMBI.
Kniouesnie cnosa: BIJIA, GectipoBoiHas nepenada SHEPTUU, BO3AYIIHBIN TpaHCchopMaTop,
PE30HAHCHBIN TpaHC(hHOPMATOP, HHBEPTOP, CAHXPOHHBIHN BBITPSIMUTENb, 3apsiIKa

aKKyMYJIITOPOB.



A schematic solution of a subsystem for wireless charging of unmanned aerial vehicles
(UAV) with vertical takeoff/landing is proposed, and a description of its operation is given.
The subsystem is designed to work with air coils without ferromagnetic cores in order to
reduce the mass of the receiving part mounted on the UAV. An option for automatically
detecting the presence of a receiver in the field of the transmitting coil and a method for
organizing data transmission from the receiver to the transmitter to control the charging
process of the UAV batteries is proposed. The results of experiments during the operation of a
subsystem with different distances between coils, voltage and current waveforms, thermal
images of coils and an estimate of their heating are presented. The main elements that
determine energy losses during operation are identified, and ways to increase efficiency and
further improve the developed subsystem are identified.

Key words: UAV, wireless power transmission, air transformer, resonant transformer,

inverter, synchronous rectifier, battery charging.
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JIEKTPOMATHUTHBII KOMIIEHCATOP TOKOB HYJIEBOH MOC/I€10BATEJIbHOCTH I
3JIEKTPHYECKOM CeTH HU3KOI'0 HANIPSKEHUs

KOB3UCTBIN O.B.

JlaHa olleHKa BIMSIHUS TOKA HYJIEBOW I10OCIIE0BATEILHOCTH OCHOBHOM U BBICIIIMX T'APMOHUK
Ha (QYHKIIMOHUPOBAaHHE HU3KOBOJIBTHOM 3JEKTPUUECKOM ceTH. 11l CHUKEHUS HETaTUBHOTO
BIIUSIHUS TOKA HYJIEBOH IOCJIENOBATEIBHOCTH NPEIIOKEHO HCIIOIb30BaTh CIIEHNAIbHBIC
TEXHUYECKHE CPEJICTBA — KOMIIEHCATOPBI TOKOB HYJIEBOM IOCIEA0BATENbHOCTH. [IoKa3aHbI
OCHOBBI IIPOEKTUPOBAHUS TAKUX YCTPOMCTB B BUJIE IPOAOIBHOTO U MONEPEUYHOTO BKIIOUEHUS
pa3nUYHON KOMOMHALIMY TyaJbHBIX AIEKTPOMArHUTHBIX YCTPOHCTB ¢ OJHON WU ABYMSI
00MOTKaMHu, 0T00HO FrAapMOHNYECKUM (UIIBTPAM HU3LIMX MM BBICIIUX 4acTOT. [IpuBeneHs!
MaTeMaTH4YeCKast MOZEIb OJTHOM U3 BO3MOXKHBIX CXE€M KOMIIEHCATOPA TOKOB HYJIEBOU
IIOCJIE0BATEILHOCTH OCHOBHOM U BBICIIMX TAPMOHUK U SKCIIEPUMEHTAIbHAS OLIEHKA
paboTOCTIOCOOHOCTH TaKOTO YCTPOMCTBA; MOoKa3zaHa 3()(hEeKTUBHOCTh ATUX YCTPOUCTB [T
CHIDKECHHS TOKOB HYJIEBOU ITOCIIEJOBATEILHOCTH.

Knrouesnie cnosa: OJICKTPHUYCCKAsA CETh HU3KOI'O HAITPSAXKCHUS, TOKH HYHGBOP'I



MMOCJICA0BATCIIBHOCTH, TOKH BBICIIHNX I'aPMOHUK, BHGKT‘pOMaFHI/ITHblf/'I KOMIICHCATOp,

JyaJIbHbIE 3JIEKTPOMAarHUTHBIE YCTPOUCTBA.

The influence of the current of the zero sequence of the fundamental and higher harmonics on
the functioning of a low-voltage electrical network is estimated. To reduce the negative effect
of the zero—sequence current, it is proposed to use special technical means — zero-sequence
compensators. The basics of designing such devices are shown in the form of longitudinal and
transverse inclusion of various combinations of dual electromagnetic devices with one or two
windings, similar to harmonic filters of low or high frequencies. A mathematical model of one
of the possible zero-sequence compensator circuits of the fundamental and higher harmonics
and an experimental assessment of the operability of such a device are given; the
effectiveness of these devices for reducing zero-sequence currents is shown.

Key words: low voltage electrical network, zero-sequence currents, higher harmonic currents,

electromagnetic compensator, dual electro-magnetic devices.
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ITapameTpHYecKHH aHAJIN3 YYaCTKA TATOBOM CeTH KeJIe3HbIX J0POr MEPEeMEHHOI0 TOKa
TPAIIKHWH E.1IO., M'HATEHKO N.B., BTJACEHKO C.A, HIIYPOBA H.K.

Ha ocHoBaHMM aHanM3a napaMeTpoB CUCTEMBI TATOBOT'O IEKTPOCHAOKEHUS peaTbHON
MEXKITOACTAHIIMOHHON 30HBI IIOCTPOEH AJITOPUTM pacyeTa COIPOTUBIICHUS TATOBOU cetu. [l
OIIpEIEICHUS 3apE3ePBUPOBAHHBIX 3HAUYCHU I HAIIPSKECHUM U TOKOB TSATOBOM CETH
IIPEUI0KEHA CXeMa yCTaHOBKH ITPUOOPOB Ul cOOpa JaHHBIX HA TATOBBIX MOJCTAHLUAX; HA
OCHOBE 3THX JAHHBIX [TOJy4E€HO U3MEHEHUE N3MEPEHHBIX 3HAYCHUH B 3aBUCUMOCTH OT
MT'HOBEHHBIX cxeM. Ha 6a3e nmeromuxcst peajbHbIX JaHHBIX BBITOJHEHO MOJEIHMPOBAHNE
Y4acTKa TATOBOM CETH, Ha OCHOBAaHUU KOTOPOI'O PACCUUTAHBI COIIPOTUBIICHHUS TATOBOM CETH.
Jliig onpenesieHns NaJcHAs HAIIPSDKEHUS U KOMIUIEKCHOTO COITPOTUBIICHUS Y4acTKa TATOBOU
CETU IPOBENIEHBI PACUETHI PEKUMOB CUCTEMBI TATOBOI'O MIEKTPOCHAOKEHHS B UMUTALIMOHHON
Mozenu. IlokaszaHna BBEICOKask CXOAUMOCTB ITOTEPh HANPSKEHUS B TATOBOU CETU U PE3YJIbTaTOB
pacdera B IpOrpaMMHOM KOMIUIEKCE.

Knrouegvie cnoea: TaroBasi CETh JKENE3HBIX JOPOT IEPEMEHHOIO TOKA, YYaCTOK TATOBOU

CETH, napaMeTpnquKHﬁ aHaJIN3, MMUTAIITMOHHOC MOJACIUPOBAHHC.



Based on the analysis of the parameters of the traction power supply system of a real
substation zone, an algorithm for calculating the resistance of the traction network is
constructed. To determine the reserved values of the voltages and currents of the traction
network, a scheme for installing devices for data collection at traction substations is proposed;
based on these data, a change in the measured values depending on the instantaneous circuits
is obtained. Based on the available real data, a section of the traction network was modeled,
on the basis of which the traction network resistances were calculated. To determine the
voltage drop and the complex resistance of the traction network section, calculations of the
modes of the traction power supply system in a simulation model were carried out. The high
convergence of voltage losses in the traction network and the calculation results in the
software package is shown.

Key words: traction network of AC railways, traction network section, parametric analysis,

simulation modeling.
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HN3HO0COCTONKOCTD 3JIEKTPOA0B AYTOraCUuTEJbHbBIX YCTPOMCTB 3J1era30BbIX
BBIKJIIOYaTe el

YEMEPUC B.C.

PaccMoTpens! pe3ynbTaThl HCCIEI0BAaHUM M3HOCOCTOMKOCTH 3JIEKTPOJIOB U3 YIiierpaduTOBBIX
MarepuanoB, komrno3uimonHoro matepuana W-Ag (KMK-A61), monmu6aeH-MeqHBIX CIUTaBOB,
craa Cr-Cu-W, gyncroro Bosib()pama U BHICOKOYTIIEPOIUCTOM cTanu Y8, IPUMEHSIEMBIX B
JyroracUTENIbHBIX YCTPOMCTBAX 3JIEra30BbIX BBIKIIOUATENEH. 32 KpUTEPUN N3HOCOCTOMKOCTH
MPUHAT YAETbHBIM N3HOC MaTepualia — OTHOLIECHHE NMOTepyu 00beMa K 3HaYCHHIO SKBUBAJICHTA
SHEPIrUH, BO3AEHCTBYIONIETO HA 3JIEMEHTHI IYTOBOTO YCTPOMCTBA. Y CTAHOBJICHBI
0COOEHHOCTH SPO3UOHHBIX MPOLIECCOB YIIIErpadUTOBBIX AEKTPOAOB U (PTOPOIIIACTOBBIX
COIUT B AYTOBOM pa3psje B anerase. [TokazaHo, uto HanOobIIelH H3HOCOCTOMKOCTBIO
0011a/1at0T AMEKTPOABI U3 YIIIerpaUTOBBIX MAaTEPUAJIOB C MEJIKO3EPHUCTOMN CTPYKTYPOH,
HU3KHAM COZIEP’KaHUEM 30JIbl U BBICOKOW IJIOTHOCTBIO, JIESTUPOBAHHBIE COEAMHEHUSIMU TUTAHA
1 Oopa. YCcTaHOBJIEHA H3HOCOCTOMKOCTD JIEKTPOIOB U3 Kommo3uta W-Ag, MmoimbieH-
MEJIHBIX CIIaBoB, criaBa Cr-Cu-W, yrcroro Bosib(pama U BBICOKOYTIIEPOIUCTOM cTtanu Y 8.
OmnpeneneHbl 0COOCHHOCTH SPO3UH JIEKTPOJIOB U3 ITUX MATEPUAJIOB IPU OTKIIOYEHUHN TOKOB

KOPOTKOT'O 3aMbIKaHus B 3iieraze. OO0CHOBaHO MpUMEHEHHE yriierpaduTOBBIX MaTepUaioB



Kak aJIbTepHATUBE JIEKTpoaaM u3 KoMo3uToB W-Cu u W-Ag BBUIY MEHBIIIETO H3HOCA
AJIEKTPOIOB U COMPOBOXK/IAIOIIETO €r0 MEHBIIIETO U3HOCA (PTOPOIIIACTOBBIX COTLI. J{ms
JyTOTACUTEIIBHBIX YCTPOMCTB 3JIEra30BObIX aBTOKOMIIPECCUOHHBIX BBIKJIIOUATEIIEH C
OJIHOCTOPOHHUM T'a30BbIM MIOTOKOM YCTaHOBJIEH MPEUMYIIECTBEHHBIA U3HOC 3JIEKTPO/Ia,
PacmoI0KEHHOTO HIXKE 10 OTOKY rasa.

Knrwouegwie cnosa: 3nera3oBble BHIKIIOYATENN, TyTOraCUTENIbHBIE YCTPOICTBA,

H3HOCOCTONKOCTh 9JICKTPOOOB.

The results of studies of wear resistance of electrodes made of carbon graphite materials, W-
Ag composite material (KMK-A61), molybdenum-copper alloys, Cr-Cu-W alloy, pure
tungsten and high-carbon steel U8 used in arc extinguishing devices of gas-fired switches are
considered. The specific wear of the material is taken as the criterion of wear resistance — the
ratio of volume loss to the value of the equivalent energy acting on the elements of the arc
device. The features of erosion processes of carbon graphite electrodes and fluoroplastic
nozzles in an electric arc discharge are established. It is shown that electrodes made of carbon
graphite materials with fine-grained structure, low ash content and high density, doped with
titanium and boron compounds, have the greatest wear resistance. The wear resistance of
electrodes made of W-Ag composite, molybdenum-copper alloys, Cr-Cu-W alloy, pure
tungsten and high-carbon steel U8 has been established. The features of erosion of electrodes
made of these materials during disconnection of short-circuit currents in the gas are
determined. The use of carbon graphite materials as an alternative to electrodes made of W-
Cu and W-Ag composites is justified due to lower wear of the electrodes and the
accompanying lower wear of fluoroplastic nozzles. For arc extinguishing devices of gas-free
autocompression switches with a one-way gas flow, preferential wear of the electrode located
downstream of the gas stream is established.

Key words: gas-free switches, arc extinguishing devices, wear resistance of electrodes.
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O BIMSIHMM reOMarHUTHO-UHAYIMPOBAHHBIX TOKOB Ha 3Heprocucremy Pecny0anku
Aurraii u Cubupn

YYAMKMH E.O, TBO3JIAPEB A 10., KYIPSIBLIEB H.T'., IJATAEB ..

BrinonHeHa oleHka neperpy3ku CHIOBBIX TpaHC(OpMaTopoB B aHeprocucteme Pecryonnku



Aunrait u CastHo-Ilymenckoit I'9C B pe3ynbTate 1eCTBUS T€OMarHUTHO-UHAYIIMPOBAHHBIX
tokoB (I'U'T). Onucana ycranoska st usmepenus [ UT B sneprocucreme PecryOmnku
AdnTaii 1 pe3yabTaThl U3MEPEHUs Ha Hell BecHOM — etom 2024 1. Pazpaborana ¢usuko-
MaTtemMaTuyecKas MOJIeNb, o3BosIstonas paccuuThiBaTh [ UT mo jaHHBIM MarHUTHOM
ctanmu «bairazany. Pe3yabraThl MPsIMBIX U3MEPEHUN KAaUECTBEHHO COTJIACyOTCS C
pe3yiabTaTaMu, NOJY4eHHBIMH NPU MoAeIUpoBaHUU. C MOMOIIBIO MOJIENIH BBITOJIHEHA
teopernueckas onenka ['UT na noacranuumsax JISII 500 kB «Casno-lymenckas ['DC —I1C
HoBoky3nerkas». Bo Bpemst camoii cuiibHOM 3a 20 et marautHO#M Oypu 10—11 mas 2024 r.
pacuétnbie 3HaueHus [ UT cocraBunu okono 100 u 50 A. Ha ocHOBE uTepaTypHBIX TaHHBIX
Y U3MEPEHHUM Ha MaKETHOM yCTaHOBKE JIaHbl OIIEHKU MPUPOCTA TOKA XOJIOCTOrO X0aa
CHJIOBBIX TpaHchopmaTopoB 3a cuetr [ UT Ha noacranuum «MHUHCKAsD» B SHEProcucTeMe
PecniyOnuku Anraii (7%), «HoBoxky3uerkas» (14 A, 1500%) u «Casano-1llymenckas ['9C»
(20 A, 1000%). Cnenan BbIBOJ 00 yCTOHYHMBOCTH 3TUX SHEPTOCUCTEM K 3TUM BO3ACHCTBUSIM.
Knroueswie cnosa: >ueprocucrema Peciyonuku Anrait u Cubupu, reoMarHuTHO-
HWHIYIIUPOBAHHBIE TOKHU, HIEKTPUUECKUE CETH, BLICOKOBOJBTHBIE JIMHUH JIEKTpOIepeiay,

CHJIOBBIE TPaHC(HOPMATOPHI, TOK XOJIIOCTOTO XO/1a.

An assessment of the overload of power transformers in the power system of the Altai
Republic and the Sayano-Shushenskaya HPP as a result of geomagnetic-induced currents
(GIT) has been performed. An installation for measuring GIT in the Altai Republic's energy
system and the measurement results on it in the spring and summer of 2024 are described. A
physico—mathematical model has been developed that allows calculating GIT based on data
from the Baigazan magnetic station. The results of direct measurements are qualitatively
consistent with the results obtained during modeling. Using the model, a theoretical
assessment of the GIT at the substations of the 500 kV Sayano-Shushenskaya HPP —
Novokuznetsk substation was performed. During the strongest magnetic storm in 20 years on
May 10-11, 2024, the calculated values of the GIT were about 100 and 50 A. Based on
literature data and measurements on a mock-up installation, estimates of the increase in the
no-load current of power transformers due to GIT at the Ininskaya substation in the Altai
Republic power system (7%), Novokuznetsk (14 A, 1,500%) and Sayano-Shushenskaya HPP
(20 A, 1,000%) are given. It is concluded that these power systems are resistant to these
impacts.

Key words: power system of the Altai Republic and Siberia, geomagnetically induced



currents, electric networks, high-voltage power transmission lines, power transformers, no-

load current.
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