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AHAJIH3 TEMJIOBOI0 COCTOSIHUSA A/IMTUBHOI 00MOTKH U3 cruiaBa AlSij\Mg nis
CHHXPOHHOI MAIIIUHBI ¢ TOCTOSTHHBIMH MATHUTAMH

IIAVXJIVCIIAMOB A.1., HICMATHJIOB @.P., OXOTHUKOB M.B., ’)KXAPKOB E.O,
I'OPXOXUH M.O.

[IpencraBieHb! pe3yabTaThl TETIOBOTO aHATN3a OOMOTKU CHHXPOHHOW MAaITUHBI C
MOCTOSIHHBIMH MarHUTamu. PaccMoTpeHa oOMOTKa, M3TOTOBIIEHHAS aAUNTHBHBIM CIIOCOOOM
13 alfOMUHUEBOTO citaBa AlSi;)Mg ¢ MHTErpupOBaHHBIMH KaHAJaMU KUIKOCTHOTO
OXJaKJeHHs. BBIMoIHEHO 371eKTpOMarHuTHOE MOZEIIMPOBAHKE AJI pacueTa MoTephb B
nporpaMMHOM obecnieueHun AnsysMaxwell u mocneayrommii TernaoBoi aHanus B
nporpaMMHOM oOecrieueHnu AnsysFluent. Pe3ynbraTel TEmioBoro ananmsa moaTBepKIatoT
3(PEeKTUBHOCTD MPOEKTUPYEMOU OOMOTKH, IEMOHCTPUPYS BO3MOKHOCTD YACPKAHUS
TEMIIEpaTyp B JOIMYCTUMBIX MpeJeiax, YTo JaeT BOZMOKHOCTh JIJIsl CO3/1aHUs JIETKUX U
MOIIIHBIX MEKTPUIECKUX MAITIH HOBOTO TIOKOJICHHUS.

Kniouesvie cnosa: >nexrpudeckasi MalnHa, )XUAKOCTHOE OXJIAXKACHHE, 0OMOTKA cTaTopa,

AOJUTUBHBIC TEXHOJIOTHUH, TCIIJIOBOC MOJCTINPOBAHHC.

The results of the thermal analysis of the winding of a synchronous machine with permanent
magnets are presented. A winding made by an additive method from AlSi10Mg aluminum
alloy with integrated liquid cooling channels is considered. Electromagnetic modeling was
performed to calculate losses in the Ansys Maxwell software and subsequent thermal analysis
in the AnsysFluent software. The results of the thermal analysis confirm the effectiveness of
the designed winding, demonstrating the possibility of keeping temperatures within
acceptable limits, which makes it possible to create lightweight and powerful electric
machines of a new generation.

Key words: electric machine, liquid cooling, stator winding, additive technologies, thermal

modeling.
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MaremaTu4eckoe MOJAeJIMPOBAHNE 030HATOPA COTOBOI CTPYKTYPbI

MAKCYJ1OB JI.B.

PaccMoTpena KOHCTpYKIMSI 030HO-KAaTAIMTUYECKOTO YCTPOMCTBA COTOBOM CTPYKTYPHI, IJIst
KOTOpOi1 pa3paboTaHa MaTeMaTH4ecKasi MOJIENb ra30pa3psIHOTO Mpoliecca U MpeiokeHa
METOAMKA UTEPALMOHHOTO pacyeTa, MO3BOJISIFOLIETO OMPEIETUTh pacipeieIeHue
HaIPsHKEHHOCTH 3JIEKTPUYECKOTO MOJIS B BO3IYIIHBIX TPOMEKYTKAX YCTPOMCTBA U
OTIpEACTUTh HANPsKEHUE MPO0O0s 3TUX MIPOMEKYTKOB.

Knroueswle cnoea: GaphepHblil pa3psii, razopa3psaHble IPOLECChl, CHHTE3 030Ha, 030HATOP,

COTOBAas CTPYKTYpa.

The design of an ozone-catalytic device of a cellular structure is considered, for which a
mathematical model of the gas-discharge process has been developed and an iterative
calculation technique has been proposed that makes it possible to determine the distribution of
electric field strength in the air gaps of the device and determine the breakdown voltage of
these gaps.

Key words: barrier discharge, gas discharge processes, ozone synthesis, ozonator, cellular

structure.
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IIpoexTHpoBaHMe Oecna30Boi IEKTPUYECKON MAIIMHBI C MATHUTONIPOBOJAOM M3
aMop(¢HOro MArHUTOMSAITKOI0 MaTepuaJa

YPA3BAXTHUH P. P., UCMATUJIOB ®. P., UBAHOB M.B., CYJITAHI'APEEB /1.V.
PaccmoTpensl npoekTrpoBaHre OeCrna3oBOM AIEKTPUIECKOW MAIIMHBI ¢ MATHUTOIIPOBOIOM
13 aMOp(PHOr0 MarHUTOMSITKOTO MaTepHana 1 0COOEHHOCTH TaKUX MarHUTONPOBOJIOB.
PaccMoTpeHbr 0COOEHHOCTH KOHCTPYKITUU O€CIIa30BOT0 3JIEKTPOIBUTATENS, IPUBEICHBI
PE3YNBTATHI €r0 AIEKTPOMATHUTHOTO pacdera. PaccMOTpeH crmoco0 BRIMOHEHUST OOMOTKH
JUTS SKCTIEPUMEHTAIILHOTO 00pasiia 6ecrna3oBoro AMEeKTPOABUTaATENS.

Knrouegwle cnoea: GecniazoBasi alieKTpuiecKkasi MallliHa, MarHUTOIIPOBO/I, IIOCTOSIHHBIE

MarHuThl, aMOP(HBII MarHUTOMATKUI MaTepuat.



The design of a phase-free electric machine with a magnetic core made of amorphous
magnetically soft material and the features of such magnetic cores are considered. The design
features of a gas-free electric motor are considered, and the results of its electromagnetic
calculation are presented. A method of making a winding for an experimental sample of a
phase-free electric motor is considered.

Key words: phase-free electric machine, magnetic circuit, permanent magnets, amorphous

magnetically soft material.
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IlepcnexkTUBBI Pa3BUTHSI HHTETPHPOBAHHBIX ABHAIIMOHHBIX CHCTEM FreHepHPOBAHUSA
3J1eKTPO3HEPruM HA MpUMepe JIeKTPOMeXaHUYeCKOro npeodpa3oBarTeisi Ha
MOCTOSTHHBIX MATHUTAX

OXOTHHMKOB M.B.

[IpuBeneHo cpaBHEHNE aBUAIIMOHHBIX T€HEPATOPOB, MPUMEHsIeMBbIX B Poccun u 3a pybexxom,
COTIOCTABJIEHbI UX NTApaMeTpPbl, TCHACHIIUN PA3BUTHS U ONPEEIICHBI LIETH, K KOTOPBIM
CIIEyeT CTPEMUThCA. PaccmaTpuBaroTcs yclioBUS NOTEHLIUAIBHON PEMOHTOIIPUTOAHOCTH JIJIS
MHTErPUPOBAHHBIX T€HEPATOPOB, BHINOJIHEHHBIX 110 KIACCUYECKON METOAUKE U €
npumenenneM T-LAM, 4To mo3BossieT Ipu HEOOXOIMMOCTH YMEHBIITUTh TPYAOEMKOCTh
PEMOHTA, MaTepUallbHbIE 3aTPAThl U BpeMs BBOJIA U3/I€THS B dKCIUTyaTanuo. PaccMoTpeHsl
TEXHOJIOTUYECKHE U IKCIUTyaTallMOHHBIE TPOOJIEMBI H3TOTOBJICHUS U SKCILTyaTalluu
MHTETPUPOBAHHOI'O aBUALIMOHHOTO reHepaTopa MourHocThio 300 kBT nmpu temnepatype 6oee
180 °C. IpemnoKeHbl MaTEpHAbI A1 BBITOJIHEHNS MATHUTOIIPOBOIA, OOMOTKHU U
M30JIMPYIOIIUX 3JIEMEHTOB. BhINoMHEHa 3KciepuMeHTallbHas TPOBEpKa MyTeM Harpena
TPEUTOKEHHBIX MAaTEPHATIOB 10 Temneparyp 6omee 300 °C.

Knioueesvie cnoga: aBUalluOHHBIE TEHEPATOPBI, UHTETPUPOBAHHBIE CUCTEMBI TEHEPUPOBAHUS
ANEKTPOIHEPIHH, IIEKTPOMEXaHUUECKHE TPeoOpa3oBaTeiu, cTapTep-reHepaTopsl,

IIOCTOSAHHBIC MarHuTHhI.

The comparison of aviation generators used in Russia and abroad is given, their parameters,
development trends are compared and the goals to be pursued are determined. The conditions

of potential maintainability for integrated generators made according to the classical method



and using T-LAM are considered, which makes it possible, if necessary, to reduce the
complexity of repairs, material costs and product commissioning time. The technological and
operational problems of manufacturing and operating an integrated aviation generator with a
capacity of 300 kW at a temperature of more than 180 ° C. are considered. Materials for
making a magnetic circuit, winding and insulating elements are proposed. An experimental
test was performed by heating the proposed materials to temperatures above 300 °C.

Key words: aviation generators, integrated power generation systems, electromechanical

converters, starter generators, permanent magnets.
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YriepoaHbie HAHOTPYOKHM B 00MOTKAX 3JIEKTPUYECKUX MAIIUH

NBAHOB M. B., UCMAT'NJIOB ®.P., XAM3UH P.C.

PaccMmoTpenb! nepcneKTHBB IPUMEHEHHUs yriiepoAHbIX HaHOTPYOOoK (YHT) 1 KOMIO3UTHBIX
MaTepHajIoB Ha UX OCHOBE JUISl 3aMEHbI TPAJUIIMOHHBIX MEIHBIX OOMOTOK B CHHXPOHHBIX
MaIlliHaX C MOCTOSIHHBIMU MarHuTamu. [IpoananusupoBansl npenmymectsa Y HT-o6mMoTok,
BKJIIOYAs TOBBILICHUE 3JIEKTPONPOBOJHOCTH, CHUKEHHUE MACChHI M YIYyUIIEHUE TEIJIOBBIX
xapakTepucTuk. Ha ocHOBe 3KCniepuMeHTaIbHBIX JaHHBIX MTOKa3aHa MOTEHIIMAIbHAS

s dextuBHOCTh MpuMenenus Y HT-o0mMoTok st co3aanust sHeprodh(EKTUBHBIX TSATOBBIX
ANEKTPOABUraTeNeH, CIOCOOCTBYIOIINX MPEOJOIECHUIO KIIOUEBBIX OrPaHUYCHHM
aBTOHOMHOT0 3JIEKTPOTPAHCIIOPTA.

Kniouesvie cnoga: TATOBBIN 2IEKTPOABUTATENb, CHHXPOHHBIE MAIIMHBI C TIOCTOSHHBIMU

MarHMTaMH, yriiepo/iHble HAHOTPYOKH, KOMIIO3UTHBIE OOMOTKHU.

The prospects of using carbon nanotubes (CNTs) and composite materials based on them to
replace traditional copper windings in synchronous machines with permanent magnets are
considered. The advantages of CNT windings are analyzed, including increased electrical
conductivity, weight reduction, and improved thermal performance. Based on experimental
data, the potential effectiveness of using CNT windings to create energy-efficient traction
electric motors that help overcome the key limitations of autonomous electric vehicles is

shown.



Key words: traction electric motor, synchronous machines with permanent magnets, carbon

nanotubes, composite windings.
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TenaeHIIUM U MEPCNIEKTHBbI PA3BUTHS 3JIEKTPOMEXaHUYeCKHUX Mpeodpa3oBarteliei
JHEPruM U 0JI0KOB CHJIOBOM 3JIeKTPOHUKH /IJIsl JIETATEJbHbIX AaNNIapaToOB ¢
3JIEKTPUYECKON U THOPUIHON CHI0BOM YCTAHOBKOM

BABWJIOB B.E., KAJIUTKA B.C., BACWJIbBKOB H./I., AH/IPEEB E.B.

PaccMoTpeHO KOHLIENTYyaIbHOE COCTOSIHUE TPAIULMOHHON aBUALIMOHHON TEXHUKH, ITOKA3aHO,
YTO JJIs1 JOCTHKCHHS TEXHOJIOTUIECKOTO JIHIEPCTBA HE0OX0IMMa pa3paboTKa JIeTaTeIbHBIX
anmnapaToB Ha OCHOBE JIEKTPUYECKUX U THOPUIHBIX CHIIOBBIX YCTaHOBOK. PaccMoTpeHo
COCTOSIHHE Pa3BUTHS AIEKTPUUECKUX MAIMH; IOKA3aHO, YTO yJ€IbHas MOITHOCTh
anekTpoaBuratenei, papuas 16,1 kBr/kr, Oyner nocturnyra e panee 2030 r. I[TokazaHo, uto
JUTS. Pa3BUTHUS JIETATEIBHBIX aMMapaToB ¢ THOPUIHBIMU U DJIEKTPUICCKIMHU CHIIOBBIMU
YCTaHOBKAMH MPHUHIUIHAIBHO BA)KHO OCBOUTH CEPUMHBIN BBIITYCK TAKHUX JIETATEIBHBIX
amnmapaToB, MOIy4YuTh cepTudukaTel PocaBuanmm wim EASA, a Takke HapaboTaTh
JIOCTATOYHOE KOJIMYECTBO JIETHBIX YaCOB HA CAMOJIETAX C TAKUMH JICKTPOJABUTATEIISIMH.
Kniouesvie cnosa: neratenbHbIE almapaThl, YIEKTPUIECKasi CUJIOBasi YCTAaHOBKA, THOpUIHAS
CUJIOBasl yCTaHOBKA, 3JIEKTPOMEXaHHUECKHE ITPeoO0pa3oBaTeIn SHEPTUH, OJIOKU CHUIIOBOM

OJICKTPOHHUKHU, TCHACHIWHN U IICPCIICKTUBLI PA3BUTHUA.

The conceptual state of traditional aviation technology is considered, and it is shown that in
order to achieve technological leadership, it is necessary to develop aircraft based on electric
and hybrid power plants. The state of development of electric machines is considered; it is
shown that the specific power of electric motors, equal to 16.1 kW/kg, will be reached no
earlier than 2030. It is shown that for the development of aircraft with hybrid and electric
power plants, it is fundamentally important to master the serial production of such aircraft,
obtain certificates from the Federal Air Transport Agency or EASA, and also gain a sufficient
number of flight hours on aircraft with such electric motors.

Key words: aircraft, electric power plant, hybrid power plant, electromechanical energy

converters, power electronics units, development trends and prospects.
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Pacyer KOHCTPYKIIMIA U AaHAJIM3 XaPAKTEPUCTUK AKTHBHOT0 PAUAJIBLHOI0 MATHUTHOT O
NOJAIMIHUKA

HAPA®YTANHOB III.H., UCMAT'1JIOB ®.P., BABMJIOB B.E, KOB30B /I.B.,
OXOTHHMKOB M.B.

PaccmotpeHno pacnipenenieHue MarHUTHOM CBSI3W MEXKYy MOJIFOCAMU B aKTUBHBIX MarHUTHBIX
NOAIIMITHKUKAX. VcclienoBanre BHITOJIHEHO Ha OCHOBE aHaJIN3a 3JIEKTPOMArHUTHBIX
XapaKTEPUCTUK YETHIPEX OCHOBHBIX KOHPUTYpaIuii MarHUTHBIX OFocoB: NNSS, NSNS,
NNNN u SSSS. BrinosiHeH pacyeT u CpaBHUTENbHBIN aHATU3 SJIEKTPOMArHUTHBIX CHUI,
co3naBaeMbix koH(puryparmussmu NNSS u NSNS, uTo mo3BosiseT O1eHUTh UX CHIIOBBIC
BO3MOXXHOCTH ¥ 3 PeKTUBHOCTD. JIJIs1 M3ydeHUs SIBICHUS MAarHUTHOM CBSI3U M €TO BIUSHUS
Ha paclpeieleHie MarHUTHON MHAYKIUU BBIMOJHEHO MOJICIMPOBaHHE SKBUBAJICHTHBIX
MarHUTHBIX Lernel 1 BepuuKalus pe3yibTaToOB METOA0OM KOHEUHBIX 3JIEMEHTOB.

Y cTaHOBIEHBI ONTUMANILHBIE KOH(UTYPAIHH TTOJFOCOB MO KPUTEPUIO MUHIUMH3AIUN
B3aMMHOT'O BJIMSIHUSI MATHUTHBIX LIETICH.

Knwueswie cnosa: pagnanbHblii MATHUTHBIN MOAIIUITHUK, AKTUBHBIN MarHUTHBIN
MOJLIUITHUK, 3JIEKTPOMAarHUTHBIE XapaKTEPUCTUKHU, pacIipe/ie]IeHe MarHUTHOW WHAYKIINH,

MOJCIIMPOBAHHUC.

The distribution of the magnetic coupling between the poles in active magnetic bearings is
considered. The study is based on an analysis of the electromagnetic characteristics of four
main configurations of magnetic poles: NNSS, NSNS, NNNN and SSSS. The calculation and
comparative analysis of the electromagnetic forces generated by the NNSS and NSNS
configurations has been performed, which makes it possible to evaluate their power
capabilities and efficiency. To study the phenomenon of magnetic coupling and its effect on
the distribution of magnetic induction, simulation of equivalent magnetic circuits and
verification of the results by the finite element method were performed. Optimal pole
configurations have been established according to the criterion of minimizing the mutual
influence of magnetic circuits.

Key words: radial magnetic bearing, active magnetic bearing, electromagnetic characteristics,

magnetic induction distribution, modeling.
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O pacTBOpeHNH peIKO3eMe/IbHBIX OCTOSHHBIX MATHUTOB B COJITHOM KHCJI0TE
I'OPBATKOB I1.B., OXOTHHMKOB M.B., UCMATUJIOB ®.P., TOPIOXWH M.O.,
XAM3UH ®.C., UBAHOB M.B., CYJITAHT'APEEB 1.V., IHAVXJIUCJIAMOB A 1.
Paccmotpeno nmosenenne peakozemenbHbIx MarHuToB Nd-Fe-B (N45UH) u Sm2Coir B
pacTBOpax CONSHOM KUCJIOTHI Pa3IMYHON KOHUEHTpauuu. MccnenoBanus BBIITOIHEHBI C
LEJIBI0 OLIEHKH PACTBOPUMOCTH M YCTOMUYMBOCTH MAaTepUaNIOB IIPH SKCIUTyaTallud YCTAaHOBOK
B IMOJI3EMHBIX arpeCCUBHBIX cpenax, coaepskanux HCI. [Tokazano, uto maruutel Nd-Fe-B
AKTUBHO PACTBOPSIOTCS ¢ 00pa30BaHUEM XJIOPHIOB HEOJAMMA U JKeJie3a, COMMPOBOXKIASCH
BBIJICJICHHEM BOJIOPO/JIa, TOTJA KaK MAarHUThl Sm2C017 COXPAHSIIOT CTPYKTYPY U XUMHUUYECKYIO
CTOMKOCTh. [lonydeHHbIe pe3yabTaThl BAXKHBI 711 BELIOOpA MaTepUaIoB U Pa3pabOTKH
METO/IOB 3aIUThI 000PYI0BaHMSI, pA0OTAIOIIETO B YCIOBUSX BO3ICHCTBUS KUCIOTHBIX CPEI.

Knroueevie cnosa: marantel Nd-Fe-B u Sm2Coi7, consiHas kucinora, KHHETHKA, KOPPO3HS.

The behavior of rare-earth magnets Nd-Fe-B (N45UH) and Smaco:7 in hydrochloric acid
solutions of various concentrations is considered. The studies were carried out to assess the
solubility and stability of materials during the operation of installations in underground
aggressive environments containing HCI. It has been shown that Nd-Fe-B magnets actively
dissolve to form neodymium and iron chlorides, accompanied by the release of hydrogen,
while Smzco17 magnets retain their structure and chemical resistance. The results obtained are
important for the selection of materials and the development of methods for protecting
equipment operating in acidic environments.

Key words: Nd-Fe-B and Sm:co17 magnets, hydrochloric acid, kinetics, corrosion.
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TepmoperyupoBanue 3JIeKTPOMeXaHUYeCKHUX Npeodpa3oBaTeeit 3Hepruun (Cocrosinue
U MEePCIEeKTUBBI)

I'OPIOXUH M.O., TATAYPOB A.H., XAM3H1H ®.C., UBAHOB M.B., CYJITAHI'APEEB
JI.Y., LIAUXJIMCJIAMOB A.U., OXOTHUKOB M.B., UICMATMJIOB ®.P.



IToBpIIEHNE MOITHOCTH ¥ KOMITAKTHOCTH JIEKTPOJBUTATEIICH, TCHEPATOPOB U
TpaHc(hopMaTOPOB HAMIPSMYIO CBS3aHO ¢ MPo0IeMOii 3((EeKTUBHOTO OTBO/IA TEILIA.
CoBpeMeHHbIE TEIUIOOOMEHHBIE allapaThl ePeCcTaNn ObITh IPOCTO «PATUATOPAMU» U
IIPEBPATUIINCH B KIIFOUEBOH 3JIEMEHT UHTEJUIEKTYaIbHON CUCTEMBI YIIPABJICHHUS
SHEPreTUYECKON YyCTaHOBKOM. B cTaThe pacCMOTpEHBI COBPEMEHHOE COCTOSHUE U
NEPCIEKTUBBI PA3BUTHUS TEXHOJIOTHIA B 00JIACTH TEPMOPETYINPOBaHUs, 00eCIeunBaloIne
Ha/iexKHOCTh U MakcumanbHbIi KITJ[ mpeoOpa3oBarerneit sHeprum.

Knrwoueswvie cnosa: rnekrpoMexaHnveckue npeodpa3oBaTen SHEPrUH, TEPMOPETyIUPOBaHHE,
HaHOXHJIKOCTH, )KUJKOCTHOE U JIByX(pa3HOE OXJIAXKAECHUE, NHTEIIEKTyalIbHbIE CUCTEMBI,

UG POBBIC ATBOHHHUKH.

Increasing the power and compactness of electric motors, generators and transformers is
directly related to the problem of efficient heat dissipation. Modern heat exchangers have
ceased to be just «radiators» and have become a key element of an intelligent power plant
management system. The article discusses the current state and prospects for the development
of technologies in the field of thermal control, ensuring the reliability and maximum
efficiency of energy converters.

Key words: electromechanical energy converters, thermal control, nanofluids, liquid and two-

phase cooling, intelligent systems, digital twins.

Onexmpomexnuxa, 2025, Nel2, cmp. 51-55

NMuTtanuoHHasi Moe/Ib YJIEKTPUYECKOl CHJI0BOM YCTAHOBKH JIeTATEJIbHOI0 anmnapara ¢
0JIOKOM CYNEepPKOH/IEHCATOPOB

[HOAI'Y30B A.A., XYCAMHOB A.A., XYCANHOBA A.A., IYPAKOB A.C., BAB1JIOB
B.E.

Pa3paborana maremarnyeckas MoJieb U MPOBEIEHBI SKCIIEPUMEHTANIbHbIE HUCCIIeI0BAaHUS
AJIEKTPUYECKON CUIIOBOM YCTAHOBKH C MCMOJIb30BAHUEM CYNEPKOHI€HCATOPOB. [IpoBeaeHbI
pacyeTsl U YKCIIEPUMEHTaIbHas BepU(HUKAIIS MOJICIIH.

Knrwouegwie cnosa: CyniepkoHIEHCATOPBI; SJIEKTPUUECKAs CUIIOBAasl YCTAHOBKA; UMUTAIMOHHAS

MOJENb.



A mathematical model has been developed and experimental studies of an electric power
plant using supercapacitors have been carried out. Calculations and experimental verification
of the model have been carried out.

Key words: Supercapacitors; electric power plant; simulation model.

Onekmpomexnuka, 2025, Nel2, cmp. 56-61

Hlym 3jiekTprYecKnX MalluH, BO30Y:KIaeMblil 3JIEKTPOMATHUTHBIMM NPOLECCAMU
XAM3UH ®.C., TOPIOXHMH M.O., CYJITAHTI'APEEB /1.Y., UBAHOB M.B., TATAYPOB
A.N., OXOTHHUKOB M.B.

CraTbst MOCBSIILIEHA KOMIUIEKCHON OLIEHKE 3JIEKTPOMArHUTHBIX, TUHAMUYECKUX U
aKyCTUYECKHX XapaKTEePUCTHUK AJIEKTPUYECKUX MALIMH YK€ Ha CTaJUH IPOEKTUPOBAHUS — J10
cosznanus pusnueckoro npototuna. OnHuM U3 Haubosee 3h(HEeKTUBHBIX HHCTPYMEHTOB JUIS
TaKOM OIICHKH SIBIISICTCS YUCICHHOE MOJCIIMPOBAHHUE C UCIIOIb30BaHUEM METOa KOHEUHBIX
3JIEMEHTOB, N103BOJIAIOLIEE TPOBECTH BCECTOPOHHUN aHAIN3 IPOEKTUPYEMOH KOHCTPYKLIUU.
CoBpeMeHHbIE METO/Ibl M IPOTPaMMHBIE CPEICTBA MOAEIUPOBAHUS O3BOJISIOT UCCIIE0BATh
mo0bIe TUTIBI IpeoOpa3oBanus sHeprun. PazpaboranHbie 1 Bepr(pHUIUPOBAHHBIE ITOIX0/IbI
MOTYT OBbITh YCTICIIHO PUMEHEHBI K ITMPOKOMY CHEKTPY JIEKTPOMArHUTHBIX YCTPOUCTB.
Knrwoueswvie cnosa: >nexTpuyeckie MallliHbl, KOHTPOJIb IIyMa, MOJIEIMPOBAHUE, METO]

KOHCYHBIX 3JICMCHTOB.

The article is devoted to a comprehensive assessment of the electromagnetic, dynamic and
acoustic characteristics of electric machines already at the design stage — before the creation
of a physical prototype. One of the most effective tools for such an assessment is numerical
modeling using the finite element method, which allows for a comprehensive analysis of the
projected structure. Modern methods and software modeling tools allow us to study any type
of energy conversion. The developed and verified approaches can be successfully applied to a
wide range of electromagnetic devices.

Key words: electric machines, noise control, modeling, finite element method.
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JAByxcTraaniiHass MHOTOKPHUTEPUAJIbHASI ONTHMHU3ALNS CHHXPOHHOT0 3JIEKTPOABUIaTe I C
NMOCTOSIHHBIMH MATHUTAMHU

TATIOBAJIOB B.A., BAPIOXVH A.H., 'EJIMEB A.B., KUCEJIEB N.O.

[IpencraBieH MeToa IBYXCTAAUMHOTO ONTHUMU3ALIMOHHOTO MPOSKTUPOBAHUS CHHXPOHHOTO
ANEKTPOABUTATENS C TOCTOSTHHBIMA MarHUTaMu. MeTo/ codeTaeT B ce0e MHTEPaKTUBHOCTD,
SBOJIIOLMOHHBIN AJITOPUTM ONTUMHU3ALMH, U IBYX3TAMHBINA MOAXO], MO3BOJIAIOMINMI MOTYyYUTh KaK
MHOXeCTBO [lapeTo-onTuMaNnbHBIX PEIICHUH B MHTEPECYIONMEH 00J1acTH MTPOCTPAHCTBA
MIPOEKTUPOBAHMUSI, TAK U €AMHCTBEHHOE ONTUMAJILHOE PELICHHE, OTPEEeIEHHOE B3BEIICHHBIM
KpuTepueM. Mojenu, UCIIONIb3yeMble AJIs BEIYUCICHHUS IeJIEBbIX 3HAYCHHH BRIOPAHBI 110 KPUTEPUSIM
MaKCUMU3AIMH JTOCTOBEPHOCTH PE3yIbTATOB 1 MUHUMU3AIMK BPEMEHH BblUMCIeHUN. Takon
MOJIX0JT 03BOJIsIET MOCTpouTh GpoHT IlapeTo u onpenenuTs COOTBETCTBYIONIEE TPEOOBAHUAM U
OTpaHUYEHUSIM ONTUMAIbHOE PELICHHE B TEUEHHE IBYX-TPEX JAHEH Ha 0JJHOM coBpeMeHHOM [IK,
IIPH 9TOM TOJTYYCHHBIE XaPAKTEPUCTUKH CYIIECTBEHHO HE U3MEHSIOTCS MMOCIe BepruPUKaIIUN
pe3yNbTaTta ¢ MOMOIIBI0 00Jiee BBIYUCIUTENBHO TSKENbIX Mojeneid. C MoMOIIbI0 pa3padboTaHHOTO
MeTO/1a ObUTH CYIIECTBEHHO YIIYYILIEHbI XapaKTePUCTUKHU AJIEKTPOIBUTATENs, pa3pab0OTaHHOTO
paHee KOHCEPBAaTUBHBIM UTEPALIMOHHBIM MOIXOJIOM.

Knrwouegvle cnosea: CMUHXpOHHBIN 3JIEKTPOIBUTATENb C TOCTOSHHBIMA MarHUTaMU, ABYXCTa Ui Has

MHOT'OKpUTCpUAJIbHAA OITUMH3alN, 3BOHIOL[PIOHHBII>'I AJITOPpUTM, MHOKCCTBO HapeTo.

A method of two-stage optimization design of a synchronous electric motor with permanent
magnets is presented. The method combines interactivity, an evolutionary optimization
algorithm, and a two-step approach that allows you to obtain both a set of Pareto-optimal
solutions in the area of interest in the design space, and a single optimal solution determined
by a weighted criterion. The models used to calculate the target values are selected according
to the criteria of maximizing the reliability of the results and minimizing the calculation time.
This approach allows you to build a Pareto front and determine the optimal solution that
meets the requirements and limitations within two to three days on one modern PC, while the
obtained characteristics do not change significantly after verifying the result using more
computationally heavy models. Using the developed method, the characteristics of the electric
motor, previously developed by a conservative iterative approach, were significantly
improved.

Key words: synchronous electric motor with permanent magnets, two-stage multi-criteria

optimization, evolutionary algorithm, Pareto set.
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Pe3ncTHBHOE NEpPEeKII0YECHNE B IOPOILIKOBBIX MOJIYIPOBOAHUKOBBIX MaTepHAIaX
AJIBTYIOB 10.K., 'AEB JI.C., PEXBUAIIIBWJIA C.111.

ITpuBeneHb! pe3yapTaThl SKCIIEPUMEHTAIBHOTO U TEOPETHUECKOTO UccienoBanus 3 dexra
PE3UCTUBHOTO NEPEKIIOYEHHUS B CHKATBIX MOPOIIKOBBIX 00pa3lax KpeMHUs /- U p-TUIIa,
TepMaHus p-TUIa U OKCHJA MEIU p-Tuna. MI3MepeHHbIe BOJIbT-AMIIEPHBIE XapaKTEPUCTHKU
HUMEIOT CHMMETPUYHYIO (POPMY U THCTEPE3HUC, IIIOLIA/lb MEeTeIb KOTOPOTO 3aBUCUT OT
YII€IbHOTO COMPOTUBIICHUS U IUCIIEPCHOCTH MaTepuaina. [ epmaHuii u OKcU Meau 00Ia1aloT
CPaBHUTEJIBHO HU3KUMU KO3((PUIIEHTaMH TEIUIONPOBOAHOCTH, TIOATOMY U3-32
HEI0CTaTOYHOI'0 OTBO/IA TEIJIa B 9THX MaTepHagax UMEeT MECTO TEIIOBOM NMpoOoi; s
KPEeMHHUS XapaKTepeH JaBUHHBIN poOoii. PaspaboTana TeopeTrnueckas MOJeIb pe3UCTUBHOTO
NEPEKIIIOYCHHUS B IIOPOIIKOBOM MaTepHalie, OCHOBaHHAs Ha IPUMEHEHUHU (PYHKIIUU
aKTUBALMU U NIPUHIUIIOB aBTOMAaTHKU. PacdeTsl, MPOBEICHHBIC B PAMKaX TAaKOH MOJEIH,
KAa4eCTBEHHO OMMCBHIBAIOT MOJIyYE€HHBIE SKCIIEPUMEHTAIILHBIEC JaHHBIC.

Knioueesvie cnoga: NOpOLIKOBBIE NTOITYIPOBOJAHUKH, PE3UCTUBHOE NIEPEKITIOUYECHUE,

AJIEKTPUUYECKUI TPOOOH, MEMPUCTOP, TUHAMUYECKHI THCTEPE3UC, MMUTAIIMOHHASI MOJIEIb.

The results of an experimental and theoretical study of the effect of resistive switching in
compressed powder samples of - and p-type silicon, p-type germanium, and p-type copper
oxide are presented. The measured volt-ampere characteristics have a symmetrical shape and
hysteresis, the loop area of which depends on the resistivity and dispersion of the material.
Germanium and copper oxide have relatively low thermal conductivity coefficients, therefore,
due to insufficient heat dissipation in these materials, thermal breakdown occurs; avalanche
breakdown is characteristic of silicon. A theoretical model of resistive switching in a powder
material based on the application of the activation function and the principles of automation
has been developed. The calculations carried out within the framework of such a model
qualitatively describe the experimental data obtained.

Key words: powder semiconductors, resistive switching, electrical breakdown, memristor,

dynamic hysteresis, simulation model.
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