Onekmpomexnuka, 2024, Nel, cmp. 1-1

Conepxanue

Inekmpomexnuka, 2024, Nel, cmp. 2-9

OcHoBHbIe HanpaBJIeHUus1 pa0d0oT KoHIepHa «Pycampom» mo pa3padoTke u
COBEpPUICHCTBOBAHMIO JIEKTPHYECKUX MAILINH U NPUBOJI0B NIEPEMEHHOI0 TOKA
BEJIEKEP A A.

B crarbe npesacraBieHsl pe3yabTaThl pa3pad0TOK, IPOBEAECHHBIX 00bEANHEHHBIM HHKEHEPHO-
KOHCTPYKTOPCKHUM LIEHTPOM POCCHICKOr0 3JEKTPOTEXHUUECKOT0 KOHIIEpHa «Pycanmpom» —
00O «MHx)uHupHUHroBbIN HEHTP «Pycannpom»». [IpuBeaeHbI pe3ynbTaThl OCBOCHUS
pa3paboTaHHOMN NMPOTYKIMH IPOU3BOICTBEHHBIMU OPa3IeIeHUsIMU KOHIIepHa. O003HaYEHBI
HaIlpaBJICHUs JaJlbHENUIIEro Pa3BUTHS B O0JIACTH IEKTPOMAIIMHOCTPOEHMSI, ONIPE/IEIIEHHbIE
KPYITHBIM OTE€YECTBEHHBIM NPOU3BOAUTEIEM AICKTPUUECKUX MAIIMH KaK Hanbosee 3HaYlMBbIe.
Knrwouesvie cnosa: >1eKTpoOMaIIiHOCTPOSHHE, OOIIETPOMBIIIICHHbBIE TBUTATENIN, KOMITIEKTHBIH
JIEKTPOIIPUBOA VIS JIEKTPOTPAHCIIOPTA, CYIOBOM JIEKTPONPUBOJL, CUCTEMBI

OJICKTPOJABUIKCHUS.

The article presents the results of the developments carried out by the Joint engineering and
design Center of the Russian electrotechnical concern « Ruselprom» — LLC «Ruselprom
Engineering Center». The results of the development of the developed products by the
production units of the concern are presented. The directions of further development in the field
of electrical engineering, identified by a large domestic manufacturer of electric machines as the
most significant, are outlined.

Key words: electrical engineering, general industrial engines, complete electric drive for electric

vehicles, marine electric drive, electric propulsion systems.
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IpyHUMIIBI TPOEKTUPOBAHMS BHICOKOIHEPTod(PPekTHBHOI 001IENPOMBINIJIEHHON cepun



ACHHXPOHHBIX JIBUTaTe/ el ¢ MAKCUMM3alMeH SJHePreTH4eCKUX U MOITHOCTHBIX
nokasareJiei

KOBEJIEB A.C., MAKAPOB JI.H.

[Tepeurcrienbl ”THBapUAHTHBIC TIOKA3aTeNM KaueCTBa aCHHXPOHHBIX MAIIWH, 00IIHE IS
OOJILIITUHCTBA TEXHUYECKUX 00BEKTOB. BBIMOTHEH 0030p IBOIIOIUU CEPHI ACHHXPOHHBIX
I[BI/IFaTeJIeI\/’I, HpI/I 3TOM HepI/IO,Z[LI 3BOJJIOIIUHN COIIOCTABJICHBI C 3paM1/1 TCXHUYCCKUX peBOJHOI_[I/Iﬁ
B TexHocdepe. ChopMynupoBaHbl MPUHIUITEI TPOSKTUPOBAHUS AKTUBHBIX YaCTEH BHICOKO-
AHeprod(PeKTUBHBIX ACHHXPOHHBIX JBUTATENCH, CYyKAIOIUE TPOCTPAHCTBO MTOWCKA U TEM
caMbIM OO0JIETYaloIINe pereHne MHOTOOObEKTHOM MHOTOKPUTEPHAIBHON 3a/1au
ontuMmm3anuu. Ha OCHOBE pacueTHOTO aHaJIM3a MPEAI0KEHBI KPUTEPHUH BEIOOpA
3aroTOBUTCIIBHBIX I[I/IaMeTpOB HU3KOBOJIBTHBIX aCI/IHXpOHHI:IX JABUT aTeneﬁ CpGILHCfI MOIITHOCTHU
B 3aBUCHMOCTH OT KJ1acca SHEprodHPeKTUBHOCTH, YHCIIA TTOTFOCOB, YBSI3KH MOIIHOCTH U
BBICOTHI BpaIlCHUS.

KJ'llOlleGble ciosa. CCpI/II/I aCI/IHXp0HHI>IX HBHFaTGHeﬁ, KOHCprKTI/IBHaH 3BOJIFOIIUA TCXHUKU,

9HEeprodHPeKTUBHOCTH, MHOTOOOBEKTHASI ONTUMH3AIUS, IIPUPOONIOA00HBIE TEXHOIOTUH.

Invariant quality indicators of asynchronous machines common to most technical objects are
listed. An overview of the evolution of asynchronous motor series is performed, while the
periods of evolution are compared with the eras of technical revolutions in the technosphere. The
principles of designing the active parts of high-energy-efficient asynchronous motors are
formulated, narrowing the search space and thereby facilitating the solution of a multi-object
multi-criteria optimization problem. Based on the computational analysis, criteria for the
selection of blank diameters of low-voltage asynchronous motors of medium power are
proposed, depending on the energy efficiency class, the number of poles, the alignment of power
and rotation height.

Key words: series of asynchronous motors, constructive evolution of technology, energy

efficiency, multi-object optimization, nature-like technologies.
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IlepcnekTUBBI IPUMEHEHUsI HOBOM MoaupuKaumnu nekTpoasurareas AHI2251.4 co
BCBINHOM 00MOTKO# U3 KPYIJIOro MPOBO/JA B 3JIEKTPONPHUBOAAX BCIIOMOraTeIbHbIX

MEXaHM3MOB JJICKTPOBO30B



BEJIEKEP A.A., 3AXAPOB A.B., KAJIMHHMH B.10., KOBEJIEB A.C.

PaccMoTpena uctopuueckast peTpoCIeKTHBa padoT, MPOBOIUMEIX KOHIIEPHOM Pycanmpom B
O6HaCTI/I MOBBIIICHUA SHCPTCTUUCCKUX U SKCINTYAaTAlIMOHHBIX XaPaKTCPUCTHUK
anektpoasurareneit AHI(M)225L4Y XJ12, ucronb3yeMbIX B MPUBOJIAX BCIIOMOTATEIHHBIX
MEXaHU3MOB — BEHTUJIATOPOB U KOMITpeccopoB 31ekTpoBo30B BJIS0, BJI8S. TTokazanbl
JanbHEHIINe ePCTIeKTUBBl  YITYUIIeHHs SHeprodpGeKTUBHOCTH aBurarteneil. [IpencraBneHsl
OCHOBHBIE PE3YJIbTATHI Pa3pabOTKH AJIEKTPOIBUTATEIIS CO BCHIITHOM 0OMOTKOM M3 IIPOBO/IA
KPYTJIOrO CEYEHHUS C TOJMUMUIHOMN TNIEHOUYHOM M30JIsLUeH, YI0)KEHHOTO B MOJTYy3aKPBIThIE Ma3bl
cTaropa.

Knroueswle cnoea: BcioMoraTeNbHbBIE SJIEKTPOIBUTATEIN JIEKTPOBO3a, J00OABOYHBIE TOTEPH,

9HEeprodHPEeKTUBHOCTS.

The historical retrospective of the work carried out by Ruselprom concern in the field of
improving the energy and operational characteristics of ANE(M)225L4UHL2 electric motors
used in the drives of auxiliary mechanisms — fans and compressors of electric locomotives VLS80,
VL35 is considered. Further prospects for improving the energy efficiency of engines are shown.
The main results of the development of electric motors with a loose winding made of round-
section wire with polyimide film insulation laid in semi-closed slots of the stator are presented.
Key words: auxiliary electric motors of an electric locomotive, additional losses, energy

efficiency.
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PacueTHast MoJeIb ACHHXPOHHOTO ABUTaTe/Isl ¢ KOJIbIeBBIMH 00MOTKAMU /IS IPHBO/AA
HU3MeJIbYUTEs SIePHBIX 0TX0/10B

THUXOHOBA 0O.B., KYJIAKOB C.JI., MAJIBITYH U.B., [INIACTYH A.T.

PaccmoTpeHno nmoctpoenne pacyeTHOW MUGPOBOM MOACIH ACHHXPOHHOTO JIBUTATENIS C
kousibLieBbIMU oOMoTKaMu (AIKO) nmst mepepaboTku siaepHbIX 0TX00B. Ha mepBom srtame
paboThI BHIOJIHEH aHAJIN3 TIEPerpy304HOil criocobHocTr 1udpoBoit pacuetHor moaenu AJIKO c
MOMOIIbI0 METOJJa KOHEUHBIX 3JIEMEHTOB, IIPH 3TOM pacueT OCYIIECTBIIEH MO3TAHO, C YIETOM
TEXHOJIOTHYECKUX B (PU3NIECKHX 0COOCHHOCTEH KOHCTPYKITMHU onbITHOTO 0Opasma AJIKO. B
Mozenu AJIKO yureHo BiIMsSHUE OKCUIHOM IUIEHKH JIMCTOB CEPJIEYHHMKA CTATOPA,
TEXHOJIOTUYECKUX 3a30POB, BUXPEBBIX TOKOB U TEMIEPATYPHBIX PEKUMOB 0OMOTOK CTaTOpa U
poTopa Ha nieperpy3ounyto crocooHocts AJIKO. Ha BTopom 3Tarne BHIMOTHEH aHATUTHICCKUN

pacuet Mexanudyeckoi xapaktepuctuku AJIKO ¢ moMolpio napaMeTpoB CXeMbl 3aMEILICHHUS,



OIpeIeNsIEMbIX MIOCPEACTBOM aHAIN3a PACUETHON MOJIENH ABUraTelsl B IporpaMme Ansys.
BoinonHeHo cpaBHEHHME pacUEeTHBIX MEXaHUUYeCKUX xapakTepuctuk AJIKO, noayyeHHbIX
METOJIOM KOHEUYHBIX 3JIEMEHTOB U AaHAIIUTUYECKUM PaCUyEeTOM, C PE3YJIbTaTaMHU HCIBITAHUH
OTIBITHOT'O 00pa3Iia.

Knrwoueswvie cnosa: n3MenbunTenb sIEPHBIX OTXOA0B, ACUHXPOHHBIN ABUraTelb, pacueTHas

LII/I(prBaﬂ MOZCIIb, CXCMa 3aMCIICHUS, MCXaHUYCCKAs XapaKTCPpUCTUKA.

The construction of a computational digital model of an asynchronous motor with ring windings
(ADCO) for the processing of nuclear waste is considered. At the first stage of the work, the
analysis of the overload capacity of the digital calculation model of ADCO was performed using
the finite element method, while the calculation was carried out in stages, taking into account the
technological and physical design features of the ADCO prototype. The ADCO model takes into
account the influence of the oxide film of the stator core sheets, technological gaps, eddy
currents and temperature conditions of the stator and rotor windings on the overload capacity of
the ADCO. At the second stage, an analytical calculation of the mechanical characteristics of the
ADCO was performed using the parameters of the substitution scheme determined by analyzing
the design model of the engine in the Ansys program. The calculated mechanical characteristics
of ADCO obtained by the finite element method and analytical calculation are compared with
the test results of the first prototype.

Key words: nuclear waste shredder, asynchronous motor, computational digital model,

substitution scheme, mechanical characteristic.
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BeicTpoaeiicTByomme MoaeJM CHCTEM € MOAYJIbHBIMH MHOIOYPOBHEBbIMH
npeodpa3zoBaTeasiMu

BOPOHIIOB A.I'., TIPOHMH M.B., COJIOBBEB A.II., I'TTYIIIAKOB B.B., PO3EUIIKMI1
I'T., IJMKYH N.A.

MonynbHbIe MHOTOYpOBHEBBIE TIpeoOpa3zoBarenu (MMII), mocTtpoeHHbie HA
HU3KOBOJBTHBIX MOJYMOCTOBBIX TPaH3UCTOPHO-KOHAeHcaTOpHBIX O10kax (TKB),
MO3BOJISIOT CO3/1aBaTh BHICOKOBOJBTHBIC YCTAHOBKH 0e3 TpaHchopmaTopoB. Takue
npeoOpazoBaTesn NPUMEHSIOTCSA B BETPOIEKTPUUECKUX YCTaHOBKAX, dJIEKTpoIeperaydax,
aniekTponpuBoaax. 3anacel sHeprun B MMII pacnipenenenst mexay muorumu TKb.
Hanpsxenus u Toku Ha Bxojze U Boixoae MMII umeror manbie uckaxenus. Ho cucremsl

yrpapiaeHuss MMII ciioHBI, CHUKEHHUE YaCTOThl TOKOB Ha BX0J€ WK Bbixoae MMII



MPUBOAAT K YBEJIMYCHUIO MyJbcaliuid HanpsixeHut kouaencaropoB TKbB. Jlis orpannyenus
nynscanuii B MMII BBOASTCS BHYTPEHHHME KOHTYPHBIE TOKHU, B HANIPSIXKEHUAX YIIPABJICHUS
UCIIOJIb3YIOTCSl COCTABJISIIOLINE HYJIEBOU MOCIEN0BATEIBHOCTU. B cTaThe mpeacTaBieHbl
ObIcTpoeiicTBYIOIIME Moenu cucTeM ¢ MMII, BBIONIHEHBI HCCIIEAOBAHUS, JaHA OLICHKA
3(deKTUBHOCTH aNTOPUTMOB YIIPABJICHUSI HHBEPTOPOM C MMACCUBHOM HArpy3KoM, a Takxke
anexTponpuBogoM ¢ MMII u acunxpoHHbIM aBUraTenem. [Ipeanoxken TpexdasHblii
KOPPEKTOP TOKOB, CHM)KAIOIHUHM UX aMIUIUTYY, YMEHBIIAOUIUNA UCKaKEHUS.

Knroueswvie cnoea: MonyabHbIE MHOTOYPOBHEBBIN IPeoOpa3oBaTeib, TPAH3UCTOPHO-

KOH/ICHCATOPHBIH OJI0K, CUCTEMA YIIPABICHUS, MOJIENb.

Modular multilevel converters (MMC), built on low-voltage semi-bridge transistor-capacitor
blocks (TCB), allow you to create high-voltage installations without transformers. Such
converters are used in wind power plants, power transmission, electric drives. The energy
reserves in the MMC are distributed among many TCBs. The voltages and currents at the input
and output of the MMC have small distortions. But control systems are complex. A decrease in
the frequency of currents at the input or output of the MMC leads to an increase in voltage
ripples of TCB capacitors. To limit pulsations, internal contour currents are introduced into the
MMC, and zero sequence components are used in control devices. The article presents high-
speed models of systems with MMC, studies are carried out, and the efficiency of control
algorithms for an inverter with a passive load, as well as an electric drive with MMC and an
asynchronous motor is evaluated. A three-phase current corrector is proposed, which reduces
their amplitude and reduces distortion.

Key words: modular multilevel converter, transistor-capacitor unit, control system, model.

Inekmpomexnuka, 2024, Nel, cmp. 50-54

OnpIT pazpadoTKU CHHXPOHHOI0 3JIEKTPOJABHUIaTesl ¢ BO30Y:KIeHHEeM OT MOCTOSIHHBIX
MarHuToOB

3AXAPOB A.B., KOBEJIEB A.C., KYIPAIIOB C.B., )KXYPABJIEB C.A.

PaccmaTpuBaroTCsl CHHXPOHHBIE JIEKTPOABUTATEIN C BO30YXKACHUEM OT MOCTOSHHBIX MarHUTOB
(CAIIM) ¢ KOHCTPYKIIMEH poTopa, IPH KOTOPO MarHUTHI BCTPAUBAIOTCS B TIPOPE3U
CEp/IEYHHKa, 32 CYET YEro BOSHUKAET 3HAUUTEINIbHAS PA3HUIIA MATHUTHBIX MPOBOJUMOCTEHN MO
MPOJIOJILHON U MOMEPEYHON OCSIM. ITU MAIIUHBI HAXOASAT IPUMEHEHHUE B JIETKOM

AJICKTPOTPAHCIIOPTE: DJICKTPO- M THOPHUIHBIX aBTOMOOUIISX, SJIEKTPO- U THOPUIHBIX aBTOOYCaX.



B otnnuue ot CIIIIM ¢ KOHCTpyKIIMEH poTopa, UMEIOIIEH MarHUThI, PaCIoOKEHHBIE Ha
nosepxHoctu, C/IIIM ¢ BCTpOCHHBIMH MarHUTaMy MOT'YT O0€CIIEUUTh pabOTy MPU 4aCcTOTaX
BpallleHUs BbIIlIE€ HOMMHAJIBHOM 3a CUET PallMOHAJIBHOTO YIPABIEHUs TOKOM cTtaropa. IIpu sTom
paszpabotka CJIIIM ¢ BCTpoeHHBIMU TOCTOSTHHBIMA MarHWTaMHy — 3aJ1a4ya, CBsI3aHHAs C
MOCTPOCHUEM U ONTUMU3ALIMEN HE TOJIBKO KOHCTPYKLMU MAIIUHbBI, HO U BBIOOPOM KOMIIOHEHTOB
UHBEPTOPA, HACTPOUKOM CUCTEMBI YIIPABJICHHUS.

Knrouegvie cnoga: TATOBbBIN AIIEKTPONPUBOJ TPAHCIIOPTHBIX CPEJICTB, CAHXPOHHBIN JIBUTATENb C
MIOCTOSITHHBIMM MarHWUTaMH, CHHXPOHHBIN JBUTaTeNlb C BCTPOEHHBIMH MIOCTOSSHHBIMU MarHUTaMH,

CUCTEMBI YIIPaBJICHHUS.

Synchronous electric motors with excitation from permanent magnets (SMPM) with a rotor
design in which the magnets are embedded in the slots of the core, due to which there is a
significant difference in magnetic conductivities along the longitudinal and transverse axes.
These machines are used in light electric vehicles: electric and hybrid cars, electric and hybrid
buses. Unlike SMPM with a rotor design having magnets located on the surface, SMPM with
built-in magnets can provide operation at rotational speeds above the nominal due to rational
control of the stator current. At the same time, the development of an SMPM with built-in
permanent magnets is a task related to the construction and optimization of not only the design
of the machine, but also the choice of inverter components, control system settings.

Key words: traction electric drive of vehicles, synchronous motor with permanent magnets,

synchronous motor with built-in permanent magnets, control systems.
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Oco0eHHocTH padoThl ACHHXPOHHBIX IBUraTeJIeil ¢ COBMEIEHHON 00MOTKOM B YaCTOTHO-
peryJupyeMoM JIeKTPONpuBo/e

KA3AKOB 10.b., KPABAJIE N.A., KUCEJIEB M.A., HOBUKOB N.A., 3AXAPOB A.B.
BoszpacTranue norepsp, 31€KTpOMarHUTHOTO [ITyMa aCHHXPOHHBIX JBUTATEIeH U BOIHOBBIX
nepeHarpsHKeHU pu paboTe IBUraTelis OT MpeoO0pa3oBaTess YacTOThI C IIUPOTHO-UMITYIBCHOM
MOJYJIAIUEH HATIPSDKEHUS U3-32 BBICIIUX BPEMEHHBIX TAPMOHHK HAMPSDKEHUS U TOKA B
OTIpeICIEHHON CTEMEHU MOKHO KOMIIEHCUPOBATh MPUMEHEHHUEM COBMEIIIEHHBIX OOMOTOK,
KOTOpPBIE 00€CIIeUnBarOT CHIKEHUE AU HEePEeHITNATLHOTO PACCESTHUS, MHAYKTHBHOTO
COIPOTHUBIICHUS, OcTIabIeHIE BOJTHOBBIX MTEPEHANPSKEHHM, TOTOIHUTEIbHBIX MOTEPh U
AJIEKTPOMArHUTHOTO IITyMa OT BBICIIMX MPOCTPAHCTBEHHBIX TAPMOHHUK MAarHUTHOTO TIOJISL.

[IpumeHeHre COBMEIIEHHOW 0OMOTKH € YBEIMUYEHHBIM B JIBA pa3a YMCIIOM MapauleIbHbBIX



CTPYKTYp IIPH NapajjieIbHOM COEJMHEHUN OOMOTOK «3BE3/a» U «TPEYrOJbHUK» B YACTOTHO-
PEeryIupyeMbIX aCHHXPOHHBIX JBUraTelsAX MO3BOJSET MIPUMEHUTH 0oJiee TOHKHME IIPOBO/Ia,
YMEHBIIUTD AOMOJHUTENBHBIE IOTEPHU U BBITECHEHUE TOKA BBICIIMMH BPEMEHHBIMU
rapMOHUKaMU ToKa. [TapameTpbl cOBMEIIEHHBIX 0OMOTOK HEOOXOIMMO BBIOMPATh HA OCHOBE
YTOYHEHHOI'O aHAJIN3a 3JIEKTPOMArHUTHBIX NPOLIECCOB U3-3a BO3MOKHOCTH BO3HUKHOBEHUS
YpaBHUTEIBHBIX TOKOB B KOHTYpax MeXay (hazaMu pasHbIx oOMoTok. [Ipemiosxken anroputm
B3aUMOJICHCTBUS CBA3aHHBIX LIEITHOU JIEKTPOMEXaHUYECKOU U ITOJIEBOM 2JIEKTPOMArHUTHOU
MoJieliell, MO3BOJIAIOUINNA IPOBOJUTh YTOUHEHHOE MOAEIUPOBAHUE PaOOThl aCHHXPOHHBIX
JIBUraTesiell ¢ COBMEUIEHHBIMU 0OMOTKAaMHU OT Mpeo0pa3oBaTesis 4aCTOThI C IIUPOTHO-
MMIYJIbCHOW MOAYJIIMeN HanpspkeHusd. [Ipy nocieoBaTeIbHOM COEIMHEHNHN CXEM «3BE3/1a» U
«TPEYTOJILHUK» B COBMEILICHHON OOMOTKE 110 CpaBHEHHUIO ¢ Tpex(a3Hoil 0OMOTKON N3MEHSIOTCS
cXeMa MPOXOXKACHUS UMITYJIbCOB HAIPSYKEHUs, HauaJIbHbIe M KOHEYHbIE paclpe/leIeHUs
HaIpsKEHUs] UMITYJIbCA 110 BUTKaM, YIy4IIAIOTCs MOTEHLIUAIbHbIE YCIOBUSA pabOThl OOMOTKH.
Knrwoueswvie cnosa: acHHXpOHHBIHN JIBUTATENb, COBMEIIEHHAs! 0OMOTKa, IpeoOpa3oBaTeb
YacTOTBI, IIMPOTHO-UMITYJIbCHASI MOAYJISILIUS HANPSKEHUSI, SJIEKTPOMArHUTHBIE ITPOLIECCHI,

OJICKTPpOMEXaHNYECKasd MOACIb, JOIMOJTHUTCIIBHBIC ITIOTCPU, IICPCHAITPSAKCHUA.

The increase in losses, electromagnetic noise of asynchronous motors and wave shifts during the
operation of the motor from a frequency converter with pulse-width voltage modulus due to
higher time harmonics of voltage and current in a certain degree can be compensated by the use
of combined windings, which reduce differential scattering, inductive resistance, and attenuation
of wave overvoltages, additional losses and electromagnetic noise from higher spatial harmonics
of the magnetic field. The use of a combined winding with a doubled number of parallel
structures with parallel connection of the «star» and «triangle» windings in frequency-controlled
asynchronous motors makes it possible to use thinner wires, reduce additional losses and
displacement of current by higher time harmonics of current. The parameters of the combined
windings must be selected on the basis of a refined analysis of electromagnetic processes due to
the possibility of equalizing currents in the circuits between the phases of different windings. An
algorithm for the interaction of coupled circuit electromechanical and field electromagnetic
models is proposed, which allows for an updated simulation of the operation of asynchronous
motors with combined windings from a frequency converter with pulse-width voltage
modulation. When the «star» and «triangle» circuits are connected in series in a combined
winding, compared with a three-phase winding, the voltage pulse transmission scheme, the initial

and final voltage distributions of the pulse along the turns change, and the potential operating



conditions of the winding improve.
Key words: asynchronous motor, combined winding, frequency converter, pulse-width voltage

modulation, electromagnetic processes, electromechanical model, additional losses, overvoltage.
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Oco0eHHOCTH 3JIEKTPOMATHUTHBIX MPOLECCOB ¥ CHJI0BBIX B3aMMOAEHCTBUI B
TypOoreHeparopax npu norpedjeHuN peaKTUBHON MOIIHOCTH

KYPBATOBA E.IL, JIEPTAUEB I1.A., KOCTEHKO A.A., KYPEATOB I1.A., JIEHEB C.H.,
OXJIOIIKOB A.B.

[Ipennoxxena TpexmepHas MOJIeib TypOOTreHEPaTOpa, TO3BOJIAIOIIAS AHATU3UPOBATE €TO
MAarHUTHOE COCTOSIHUE B PA3IMUHBIX PeKUMaX pabOThl, B TOM YHCIIE C TOTpeOIeHHEM
peaktuBHOI MomHOCTH. C ATOM 1eNbI0 MpUMEeHEeHO rporpamMmmMHoe obecrieuenne EasyMAG3D,
Oazupyrolieecs Ha MPOCTPAHCTBEHHBIX UHTErPAIbHBIX YPaBHEHUSX, TIO3BOJIMBIIEE Oaronaps
MPUMEHEHHUIO MapaJIeNIbHBIX MPOLECCOB BEIYMCICHUM BBIMOIHUTH Pacue€T MAarHUTHOTO TOJIS B
MOJTHOM TPEXMEPHOM NOCTaHOBKE. [IpoBeIeHbI NCCIeI0BaHUS OCHOBHBIX HETaTUBHBIX SIBJICHUM,
BO3HUKAIOIINUX B PEKUME MOTPEOICHHS pEaKTUBHOM MOIIIHOCTH U BIUSIOIIUX HAa COCTOSTHUE
TypOoreHepaTopa, a UMEHHO — HaCBILICHHSI CEPACYHUKOB CTaTOpa U POTOPa, BO3pACTaHUS
OCEBOM KOMIIOHEHTBHI MATHUTHON UHAYKIMU B TOPLIEBOU 30HE CTATOPA, IPUBOLALICE K
YBEJIUYEHUIO MTOTEPH U MOBHIIIIEHHOMY HAarpeBy, a TAK)KE€ U3MEHEHUs 3JIEKTPOMArHUTHBIX CHIL,
BO3HUKAIOIIKX B JIOOOBBIX YacTAX 0OMOTKH cTtaTtopa. CaenaHbl BEIBOJIBI O HAaHOO0JIee 3HAYMMBIX
dakTopax, yXyaIarumx YCiIoBUs paboTel TypOOTeHEPaTOPOB MPH MOTPEOICHNN PEAaKTUBHOM
MOIIIHOCTH.

Knioueswle cnosa: TypOboOTEHEPATOPHI, PEKUM MOTPEOICHHUS PEAKTUBHON MOITHOCTH,

SJICKTPOMATrHUTHBIC ITPOLECChI, CUJIOBBIC B33HMOI[€I>1CTBHH, MOACIINPOBAHUC.

A three-dimensional model of a turbogenerator is proposed, which allows analyzing its magnetic
state in various operating modes, including with reactive power consumption. For this purpose,
the EasyMAG3D software based on spatial integral equations was used, which made it possible,
thanks to the use of parallel computing processes, to calculate the magnetic field in a full three-
dimensional formulation. Studies of the main negative phenomena that occur in the mode of
reactive power consumption and affect the state of the turbo generator, namely, saturation of the
stator and rotor cores, an increase in the axial component of magnetic induction in the end zone
of the stator, leading to increased losses and increased heating, as well as changes in

electromagnetic forces occurring in the frontal parts of the stator winding. Conclusions are



drawn about the most significant factors that worsen the working conditions of turbogenerators
when consuming reactive power.
Key words: turbogenerators, reactive power consumption mode, electromagnetic processes, force

interactions, modeling.
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AHaJTUTHYECKAs] MOJEJIb JUCKOBOI0 MATHMUTOYJIEKTPUYECKOr0 BEHTHJILHOIO IBUraTeJIs HA
OCHOBE TPEXMEpPHOro MeTo/1a pa3jiejieHus nepeMeHHbIX Dypbe

ADPAHACBEB A.A., MAJIMHMH A .N.

Ha ocHoBe ypaBHeHHI MaTeMaTHYECKOW (DU3UKH, SBISIOMIUXCS PELICHUEM TPEXMEPHOTO
ypaBHeHus Jlamnaca s moJioro NUIMHAPA, MPEACTABICHA AHAIUTUYECKAs] MOJIETb BEHTUIIBHOTO
JUCKOBOT'O MAarHUTOAIEKTPUYECKOr0 IBUTATENS C ABYMS aKCHAJIbHBIMU BO31YIIHBIMH 3a30paMH,
IIOJIy4YEHHAsl Ha OCHOBE METO/1a pa3zesieHus nepeMeHHbIX Dypbe. HensBecTHbIe OCTOSIHHBIE
ATOr0 METOJIa HAXOASTCSI ¢ IOMOIIBIO YETHIPEX U3BECTHBIX TPAHUUYHBIX YCIOBHUM
3JIEKTPOMArHUTHOTO MOJIsl Ha OOLIUX TOPLEBBIX MOBEPXHOCTAX MOJIBIX LIUINHAPOB: CKAISIPHBIE
MarHUTHBIE IOTEHIUAJIBI U TPU KOOPJIANHATHBIE COCTABIIAIONINE MATHUTHOW HHIYKLIIUH HE
MpeTepreBaroT CKavka (pa3pbiBa). Eciu ske MarHUTHBIE TUCTBI 0OMOTOK 110 COOOpaKeHUAM
ynoOcTBa pacuéTra pacroyiaratloTcsi Ha 3THX I'PaHUIaX, TO MarHUTHbIE MOTEHIMABI HA HUX OyIyT
MMETh CKa4yOK, PaBHBIN MOJJHOMY TOKY MarHuTHOTO JicTa. [loaydeHbl KpuBbIE pacrpeeneHus
MarHUTHBIX MHAYKIWHA B BO3AYIIHBIX 3a30paX U 3HAYEHUS 3JIEKTPOMarHUTHOIO MOMEHTA
JBUTATENs, KOTOPBIE COMOCTABIISAIOTCA C JAHHBIMU YHCIEHHOTO PAcY€Ta ¢ HOMOUIBIO IPOIPaMMBI
Ansys Maxwell. Xopormasi cXoIuMOCTb IMOTY4YE€HHBIX Pe3yIbTaTOB YKA3bIBAIOT HA
JIOCTOBEPHOCTh MPEAJIOKEHHON AHAITUTUYECKOW MOJENIA BEHTHIJIBHOTO JIBUTATENs JUCKOBOTO
THUIIA.

Knrouegvie cnoga: ucKoBble IBUTATENN, AaHATUTUUECKAs MOJIEb, METO, pa3/IeJICHUs

nepeMeHHbIX Oypbe, IpPaHUYHbIE YCIIOBUS, PACUET.

Based on the equations of mathematical physics, which are the solution of the three-dimensional
Laplace equation for a hollow cylinder, an analytical model of a valve disk magnetoelectric
motor with two axial air gaps, obtained on the basis of the Fourier variable separation method, is
presented. Unknown constants of this method are found using four known boundary conditions
of the electromagnetic field on the common end surfaces of hollow cylinders: scalar magnetic

potentials and three coordinate components of magnetic induction do not undergo a jump



(rupture). If, for reasons of convenience of calculation, the magnetic sheets of the windings are
located at these boundaries, then the magnetic potentials on them will have a jump equal to the
total current of the magnetic sheet. The distribution curves of magnetic inductions in the air gaps
and the values of the electromagnetic torque of the engine are obtained, which are compared
with the numerical calculation data using the Ansys Maxwell program. The good convergence of
the results obtained indicate the reliability of the proposed analytical model of a disk-type valve
motor.

Key words: disk motors, analytical model, method of separation of Fourier variables, boundary

conditions, calculation.

Onexmpomexuuxa, 2024, Nel, cmp. 80-86

CuHTe3 MMUTAMOHHOM MO/IeJIM CBSI3AHHBIX KATYILIEK B cUcTeMe 0eCIIPOBOIHOM 3apsSiAKH
3JIEKTPHYECKOr0 TPAHCIIOPTA

30JIOTAPEB A.B., JEMNJIOBA I'.B., LIbIPUHOBA A.C., TEPEHTHEBA I1.B., BAPAHOB
1., YUATTEPKU C.

CucreMbl 6ecipOBOIHOM Mepeaun YIHEPrUH, OCHOBAHHBIE Ha MIPUHIIMIIE MArHUTHON UHIYKIUH,
SBJISIFOTCS IEPCIIEKTUBHON TEXHOJIOTUEN MPOEKTUPOBAHUS 3apsAIHBIX YCTPOUCTB. [IpuBeneHo
MaTeMaTHYECKOE OMKCAaHHE Mpolecca OeCIpOBOIHON Nepeaayl SJHEPTHH, COOTBETCTBYIOIIETO
crangapty IEC 61980. lns u3ydeHus 3J1eKTpOMarHUTHBIX CBOMCTB CHCTEMBI OE€CIIPOBOTHON
nepesayy SHEPTruu pa3padoTaHa KOHEUHO-3JIEMEHTHAs MOJIENb CUCTEMBI, TO3BOJISIONIAs
OLICHUBATh 3HAUEHUSI COOCTBEHHOW M B3aMMHOM MHIYKTUBHOCTHU P pabOTEe Ha pa3INuHbIX
yactoTax. [lomydyeHHble IpY MOJEINPOBAHUN [TAPAMETPBI UCIIOIB30BaHBbI ISl IOCTPOEHUS
cucteMsbl AU pepeHnnaIbHbIX YPaBHEHNH, OMUCHIBAIOIINX CUCTEMY CBS3aHHBIX KaTyIIeK Ha
ocHoBe TeopuH Leneil. Ha 6a3e 3Tux ypaBHeHUH NOTy4eHa nepefaTouHas (QyHKIUS KaTyIlek,
MO3BOJISOIIAs OLIEHUBATh UX YAaCTOTHBIE, YHEPIETUYECKUE U TUHAMUYECKHE CBOWCTBA.
Knroueswie cnoea: >nexTpoMoOUIN, CTAaHIMK OECIIPOBOIHON NEpelau SHEPTUH, CBSI3aHHBIE

KaTyUIKH, IepeJaTouHble (YHKIIMH, MATEMaTHYECKOE MOJICTTUPOBaHHE.

Wireless power transmission systems based on the principle of magnetic induction are a
promising technology for designing chargers. A mathematical description of the wireless power
transmission process corresponding to the IEC 61980 standard is given. To study the
electromagnetic properties of a wireless power transmission system, a finite element model of

the system has been developed that allows estimating the values of intrinsic and mutual



inductance when operating at different frequencies. The parameters obtained in the simulation
are used to construct a system of differential equations describing a system of coupled coils
based on circuit theory. On the basis of these equations, the transfer function of the coils is
obtained, which makes it possible to evaluate their frequency, energy and dynamic properties.
Key words: electric vehicles, wireless power transmission stations, coupled coils, transfer

functions, mathematical modeling.

Inekmpomexnuka, 2024, Nel, cmp. 87-92

Pa3padoTka MoayJisi MATHUTHON OTKJIOHSIIOIIEH CHCTEMBbI TEXHOJIOTH4eCKOH 3JICKTPOHHOI
NYLIKH

I'OHYAPOB A.JIL., HIEPBAKOB A.B., KOXXEYEHKO A.C., TAIIOHOBA /I.A., POJAJAKNHA
P.B., CEBPIOKOB A.IL

[Ipeioxkena KOMILIEKCHAS. METOMKA IIPOCKTUPOBAHNUS MATHUTHON OTKJIOHSIOIIEN CUCTEMBI JUIS
TEXHOJIOTUYECKOH 31eKTpOHHOM myki. OO0CHOBaHA 11e7eCO00Pa3HOCTh TPUMEHEHHS
OTKJIOHSIOIUX CUCTEM C BHYTPEHHUM MarHMTOIPOBOLOM U TOPOUJAIBEHO HAMOTaHHBIMU
CEeKIMAMM KaTyleK Uil OPMUPOBAHUS OTKIOHSIOIIMX M0JIeH, 00eCIIeUnBaIOIIUX TIOBOPOT JIyya
10 A3UMYTY C ITIOCTOSIHHBIM YIJIOM OTKJIOHEHMS OT BEpTUKaJIbHOU ocu. [Iokazana
NEPCIEKTUBHOCTH IPUMEHEHNS KOMIIBIOTEPHOIO MOZCIIMPOBAaHU KaK Ha JTalle pacuera
OTKJIOHSIOIIETO MOJIS M CMELICHHMS JIy4da, TaK M Ha JTale CO3JaHus KOHCTPYKIMM KapKaca
CUCTEMBI IJIS €r0 MOCIEAYIOUIETO H3TOTOBIIEHU HAa 0cHOBE 3D-nevatu. OnpeneseHbl OCHOBHbBIE
napameTpsl KaTylleK U pa3padoTaHa MPUHIUIHAIBHAS HJIEKTPHUUECKas cXema CTadmin3aropa
TOKa C BHEIIHUM YTpaBJIeHUEM OT Iuppoananorosoro npeodpasosaress. [IpuBeaens
3aBHCHUMOCTH, ITOKa3bIBAIOIUE CBSI3b MEXKAY YINPaBJISAIONIMMY CUTHAJIIAMU U YIIIAMH OTKJIOHEHUS
B pa3paboTaHHOM IpoToTUne Moxyis. [lokazaHo, 4To mpeyiaraeMasi METOIMKA SBISIETCS
YHUBEPCAJIBHON M MOXKET OBITh IPUMEHEHA JJIS1 CO3JJaHUS AJIEKTPOHHO-ONTHYECKUX FIIEMEHTOB
nymiek, 00eceynBaloINX OTKIOHEHHE, Pa3BEePTKY, MapauleIbHBIN EPEHOC WIH IOCTUPOBKY
TE€XHOJIOTHYECKHX DJIEKTPOHHBIX ITYYKOB.

Knrouegvie cnoea: >neKTpOHHBIN ITy4OK, JIEKTPOHHAS ITyIlIKa, OTKIOHAIOIAs KaTyIlKa,

TpEXMCpPHAad Ic4aTb, MOACIIMPOBAHUC.

A comprehensive method of designing a magnetic deflecting system for a technological electron
gun is proposed. The expediency of using deflecting systems with an internal magnetic core and
toroidally wound sections of coils to form deflecting fields that ensure the rotation of the beam in

azimuth with a constant angle of deviation from the vertical axis is substantiated. The prospects



of using computer modeling are shown both at the stage of calculating the deflecting field and
beam displacement, and at the stage of creating the structure of the frame of the system for its
subsequent manufacture based on 3D printing. The main parameters of the coils are determined
and a schematic diagram of a current stabilizer with external control from a digital-to-analog
converter is developed. Dependencies are shown showing the relationship between the control
signals and the deviation angles in the developed prototype of the module. It is shown that the
proposed technique is universal and can be applied to create electron-optical elements of guns
that provide deflection, sweep, parallel transfer or alignment of technological electron beams.

Key words: electron beam, electron gun, deflecting coil, three-dimensional printing, modeling.
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