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PacueTHblil MOAYJIb 1JIS ONIpe/ieIeHUs HHAYKTUBHOCTeil 00MoTOK B CAIIP
3JIEKTPOTEXHUYECKUX YCTPOHCTB

TUXOHOB A.U., KPACOBCKUH A.b., CHUTBKO U.C., PO3UH B.E., FOSIKOBA T.A.
PaccmoTpens! cioco0bl pacyera 3Ha4eHU MHIYKTUBHOCTEH 0OMOTOK 3JIEKTPOTEXHUYECKUX
yCTpOHCTB 0e3 heppoMarHuTHOTO cepaeyHuKa. [Ipennokensl METOAMKH pacyeTa
COOCTBEHHBIX M B3aMMHBIX MHIYKTUBHOCTEH 0OMOTOK, OCHOBaHHbIE HA AaHAJTUTUYECKOM
pacueTe MarHUTHOT'O TOJISl U YYUTHIBAIOINE KOHCTPYKTUBHBIE OCOOCHHOCTH UCTIOTIHEHUS
obmorok. [Ipennoxxenus: aBTopoB peanuzoBanbl B cpeie MATLAB u MoryT ObITh BHEPEHBI
B CAIIP 31€KTpOTEXHUUECKUX YCTPOICTB B BUAE JOMOIHUTEIBLHOTO PACUETHOTO MOIYJIS C
BO3MOKHOCTBIO BBIOOpA PallMOHAIBHOIO CIIOcO0a pacueTa AJisl KOHKPETHON KOHCTPYKLIUU
oomoTku. [IpuBeneHbI pe3yabTaThl anpodaIuu pa3pad0TaHHBIX METOJIMK M CPAaBHECHHE
PE3YJIBTATOB, ITOJIYYEHHBIX C IPUMEHEHNEM KaX 101 U3 HUX, C pe3y/IbTaTaMU pacyeTa ¢
NPUMEHEHHEM TOJIeBbIX Mojienell. Pe3ynbraThl paboThl MOTYT OBITh HCIIOIB30BAHBI IIPH
CO3JIaHMH LU POBBIX IBOMHUKOB IPOEKTUPYEMBIX YCTPOUCTB ISl IPEIBAPUTEIBHOMN OLIEHKH
UX OCHOBHBIX XapaKTEPUCTHUK B Pa3IMYHBIX PEKUMAX pPaOOTHI.

Kniouesvie cnosa: >neKTpoOTEXHUYECKHE YCTPOMCTBA, OOMOTKH, MHAYKTUBHOCTH, BEKTOPHBIN

MarHuTHbIN notenuuain, CAIIP, pacuer.

Methods for calculating the inductance values of the windings of electrical devices without a
ferromagnetic core are considered. Methods for calculating the intrinsic and mutual inductors
of windings based on the analytical calculation of the magnetic field and taking into account
the design features of the windings are proposed. The authors' proposals are implemented in
the MATLAB environment and can be implemented in CAD of electrical devices in the form
of an additional calculation module with the possibility of choosing a rational calculation
method for a specific winding design. The results of testing the developed methods and
comparing the results obtained using each of them with the results of calculations using field

models are presented. The results of the work can be used to create digital counterparts of the



designed devices for a preliminary assessment of their main characteristics in various
operating modes.
Key words: electrical devices, windings, inductance, vector magnetic potential, CAD,

calculation.
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AHAJIMTHYECKUI Pac4éT MATHUTHOIO TOJIA THAPOTeHePaTopa ¢ mepeMeHHbIM
BO31YLIHBIM 3230POM IOJIIOCOB B IeKAPTOBBIX KoopAnHaTax ¢popmara 3D
ADAHACBEB A A.

PaccmarpuBaeTcs aHAIUTHYECKUI PACUE€T MAarHUTHOTO TOJISL SIBHOMOJIFOCHOTO CHHXPOHHOTO
reHepaTopa B JIeKapTOBBIX KoopanHaTax (popmara 3D Ha oCHOBe peleHus
mddepeHnanbHOro ypaBHeHus Jlamnaca B 4aCTHBIX MPOU3BOAHBIX METOIOM pa3ieieHHs
nepeMeHHbIX Dypbe. [IpuHIMIUanbHOM 0COOCHHOCTHIO pacyéra sIBJISIETCS 0OpallieHue K
BEKTOPY HAMarHWYEHHOCTH aKTUBHBIX (DeppOMArHUTHBIX AJIEMEHTOB I€HEPATOPa,
MIPEACTABISEMBIX JBONHBIMU TPUTOHOMETPUUYECKUMHU PSAJIAMHU C HEU3BECTHBIMU
NOCTOSIHHBIMU Dyphe, eproibl KOTOPBIX paBHBI JBOMHBIM 3HAYEHUSIM ITOJFOCHOTO JEJICHUS
U JUTMHBI CTAaTOPHOTO CEeplIeYHMKA reHepaTropa. HamarHuueHHOCTH sipeM, 3yOLIOBBIX CIIOEB
CTaTOpa ¥ POTOPA, CaM BO3AYLIHBIN 3a30p B TEOMETPUYECKOM CMBICIIE PACCMATPUBAIOTCS KaK
napajuiesienuneabl, HaJloKeHHbIE ApyT Ha Apyra. Ha obmux rpanumax 3Tux
napajuIeeNUIEeA0B JOHKHbI BBIIIOJIHATHCS U3BECTHBIE YCIOBHUS MarHUTHOIO TOJIS:
CKaJISIPHbIE MArHUTHBIE IOTEHLMAIBI 1 HOPMAJIbHBIE COCTABIISAIOIINE MAaTHUTHON MHYKITUU
HE TIPETEPIIeBAIOT CKayvKa (pa3pbiBa) M TOJIBKO Y MAarHUTHBIX JINCTOB OOMOTOK,
pacrojaraeMbIxX Ha rpaHHIlax, MarHUTHbIE TOTEHIUABI OYAYT UMETh CKauOK Ha BEJIUYUHY
IIOJIHOTO TOKa MarHUTHOTO JINCTA. DTH YCJIOBHUS MTO3BOJISIFOT MOIYYUTh CUCTEMY
anreOpanyecKnx ypaBHEHUH JUIsl HaXOXKISHH OCTOSIHHBIX Dypre. ['eomeTpuuecknii moaxon
K HAMarHM4E€HHOCTH MOJIFOCHBIX HAKOHEYHUKOB POTOPA MO3BOJIUI CO3/IaTh TPEOyeMyto
BUPTYaJIbHYIO0 KOH(PUTypauio BO3YLIHOTO 3a30pa AJis 00ecneueHrs pacipeiesieHus
MarHUTHOM MHIYKLIWHU O/ TOJII0OCaMH, OJIN3KOT0 K CHHYCOUIaIbHOMY. MarHuTHOE 1moJie
reHepaTopa pacCUUTHIBAETCS B BU/I€ COBOKYITHOCTEH JBYX IOJIEH: IPOAOIBHOIO U
MOTIEPEYHOr0; MOCIEIHEE CO3AAETC AKTUBHBIM TOKOM OOMOTKH CTaTopa, GUKCUPYS YToJ
Harpy3ku reieparopa. [lokazaHo, 4To paauagbHble BEHTUISLUOHHBIE KaHAIBI IIUPUHOW 7 MM

B CTaTOPHOM CCPACHHUKC MPAKTUUCCKU HC BJIUAKOT HA paCpCACIICHUC MarHuTHOM HUHAYKIIUU



B BO3YIITHOM 3a30p€ BIOJb JJIMHBI POTOPA; 3TO paclpeaeseHle JO0CTaTOYHO PaBHOMEPHO.
Knioueesvie cnoga: TuIpOreHEpaTOp, MArHUTHOE 110JI€, IEPEMEHHBIN BO3AYILIHBIN 3a30p,
JIeKapTOBHI KOOpAHHATHI (hopmaTa 3D, MeTox pa3zeneHus NepeMeHHbIX, OCTosTHHbIE Dyphe,

napajiCiaCcnruineabl HAMarHM4€HHOCTH.

An analytical calculation of the magnetic field of a single-pole synchronous generator in 3D
Cartesian coordinates based on the solution of the Laplace partial differential equation by the
Fourier separation method is considered. A fundamental feature of the calculation is the
reference to the magnetization vector of the active ferromagnetic elements of the generator,
represented by double trigonometric series with unknown Fourier constants, the periods of
which are equal to the double values of the pole division and the length of the stator core of
the generator. The magnetization of the pits, the tooth layers of the stator and rotor, and the air
gap itself are geometrically considered as parallelepipeds superimposed on each other. At the
common boundaries of these parallelepipeds, the known magnetic field conditions must be
met: the scalar magnetic potentials and the normal components of magnetic induction do not
undergo a jump (break), and only the magnetic sheets of the windings located at the
boundaries will have a jump in magnetic potentials by the amount of the total current of the
magnetic sheet. These conditions make it possible to obtain a system of algebraic equations
for finding the Fourier constants. The geometric approach to the magnetization of the rotor
pole tips made it possible to create the required virtual configuration of the air gap to ensure
the distribution of magnetic induction under the poles, close to sinusoidal. The magnetic field
of the generator is calculated as a combination of two fields: longitudinal and transverse; the
latter is created by the active current of the stator winding, fixing the load angle of the
generator. It is shown that radial ventilation ducts 7 mm wide in the stator core have
practically no effect on the distribution of magnetic induction in the air gap along the length
of the rotor; this distribution is fairly uniform.

Key words: hydrogenerator, magnetic field, variable air gap, Cartesian coordinates in 3D

format, method of separation of variables, Fourier constants, parallelepipeds of magnetization.

Onekmpomexuuka, 2026, Nel, cmp. 21-30

ba3a 1aHHBIX COBPEeMEHHbIX 3JIEKTPOJABHUIraTe el U uccJielOBaHue 3aBUCUMOCTEH UX



yIeJbHOM MOIIHOCTH M KPYTSIIIIer0o MOMEHTA OT BBIXOHBIX IapaMeTPOB

BACWIBKOB H./J., KAJIMTKA B.C., MBAHOB H.C.

HpeﬂCTaBHGHLI PE3YIbTAThl AHAJIUTHYCCKOT'O UCCIICAOBAHUA 633]31 JaHHBIX TCXHUYCCKUX
xapaktepucTuk 6osee 300 anexTpoaBurareseii MomHocThi0 OT 10 kBT 1 BhIIIIE,
MIPUMEHHUMBIX ISl CUJIOBBIX YCTAHOBOK Pa3IMUHBIX COBPEMEHHBIX TPAHCIOPTHBIX CPEICTB,
Ipex/ie Bcero aBuanmonHbix. CobpaHa u cucteMaTu3upoBaHa HH(pOpMaIus 1Mo KII0YeBbIM
XapaKTEPUCTUKAM, BKJIF0Yasi MOLIHOCTb, KPYTAIIMA MOMEHT, YaCTOTY BpalllCHMUS,

3¢ (HeKTUBHOCTH, Maccy, TUaMeTp, yeIbHbIE XapaKTePUCTUKH, TUIT OXJIaKACHUS, PopM-
¢dakTop u komiuiekTanuio. OmnpenenaeHsl HabM0aeMble IPEIeIbHbIE 3HAUSHUSI Pa3IMUHbIX
napamMeTpoOB Z-)HeKTpOIIBI/II‘aTCHef/'I, MOJIYUYCHBI aHAJIUTHYCCKUC 3aBUCUMOCTH, IMO3BOJIAIOIINC
OLIEHUTbH MAapaMeTPhl MEPCIEKTUBHBIX arperaTtoB, YTO aKTyaJlbHO MU (POPMUPOBAHUU OOJIHMKA
MEPCIIEKTUBHBIX JIETATEJIbHBIX alapaToB M UX CHJIOBBIX ycTaHOBOK. Kpome Toro,
pa3paboTaHHBIN OLIEHOYHBIH anmapaT MOXKeT MPUMEHSTHCS PU GOPMUPOBAHUN TEXHUUECKUX
3aJlaHu} 3aKa34rKaMU MMePCIICKTUBHBIX 00Pa3I[0B TEXHUKH, UMEIOIICH B COCTABE
QJICKTPOABUTATCIIN, IJIA OGOCHOBaHI/I}I palOHAJIBHBIX TCXHUYCCKUX XAPAKTCPUCTUK.
HccnenoBanus HanpaBieHbl HAa BBIOOP ONTUMAJIbHBIX PEHICHUN MPU KOHCTPYUPOBAHUU
ABUAIMOHHBIX THOPUAHBIX U MOJHOCTHIO 3JIEKTPUUECKUX CHIIOBBIX YCTAHOBOK.

Knrwouegwie cnosa: >neKTpoJIBUraTeb, MOIIHOCTh, KPYTSIIUA MOMEHT, YaCTOTa BPAILCHUS,

3G EKTUBHOCTD, yIEIbHAS XapaKTePHCTUKA.

The results of an analytical study of a database of technical characteristics of more than 300
electric motors with a capacity of 10 kW and above, applicable to power plants of various
modern vehicles, primarily aircraft, are presented. Information on key characteristics has been
collected and systematized, including power, torque, speed, efficiency, mass, diameter,
specific characteristics, cooling type, form factor and configuration. The observed limit values
of various parameters of electric motors are determined, analytical dependences are obtained
that make it possible to estimate the parameters of promising units, which is important in
shaping the appearance of promising aircraft and their power plants. In addition, the
developed evaluation apparatus can be used in the formation of technical specifications by
customers of promising samples of equipment with electric motors to substantiate rational
technical characteristics. The research is aimed at choosing optimal solutions for the design of
hybrid and fully electric aircraft power plants.

Key words: electric motor, power, torque, rotational speed, efficiency, specific characteristic.
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KuakocTHoe oxJIaxaeHue YJIeKTPHYeCKHX MAIIMH € BBICOKOIi y/1eJbHOH MOIIHOCTHIO:
CPABHUTEJIbHBIN AaHAJIU3 CX€M H THUIOB OXJIAKIAKNIEH KUTKOCTH

IOIIIKOBA O.A., TAPUIIOB N.P., BAB1JIOB B.E.

B craThe paccMOTpeHBI CUCTEMBI OXJIAXKIEHUS AJIEKTPUUYECKUX MAIIMH PaJuaibHOTO U
aKCHUAITBHOTO UCIIOIHEHUS C BBICOKOM yIeTbHOW MOIIIHOCTHIO. BBIMOTHEH aHAIN3 pa3TuIHBIX
KOHCTPYKIUN CUCTEM OXJIAXKICHUS, TIPUMEHSIEMBIX BETyITUMU MUPOBBIMH
npousBoauTensMu. [IpoBesieHa oneHKa BAMSHUS THUIIA OXJIaKIAIOIIEeH KUAKOCTH Ha

s dexTuBHOCTH TerI00TBOAA ¢ MoMoIsio CFD-MoaenupoBanus.

Kniouesvie cnosa: >nekrpudeckasi MaliuHa, CUCTEMa OXJIAKICHHS, YAeIbHAs MOITHOCTb,

XJaJgareHr.

The article discusses cooling systems for electric machines with high power density of radial
and axial design. An analysis of various designs of cooling systems used by leading world
manufacturers is carried out. The influence of the type of coolant on heat removal efficiency
was assessed using CFD modeling.

Key words: electric machine, cooling system, specific power, coolant.
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Pacuer n ananu3 ko3¢ puunenTa npeodpa3oBaHuA U XaPpAKTEPUCTHK MOHHKAKOIIET0
kBa3u-1IIMM npeoOpa3oBaTteJisi NOCTOSTHHOTO HANPSIKEHHU S

BOPOHHMH M.I1., BOPOHHUH I1.A., BOHIAPEHKO JI.H., IKOBJIEB N.b.

BeInonHeH aHaIUTUYECKUH pacyeT U aHaIMU3 YEThIPEX OCHOBHBIX HHTEPBAIOB paOOTHI
noHmxaromero kBasu-11IMM npeoOpa3oBaTerns Ha MEPUOIE YaCTOTHl KOMMYTAIIHH.
Omnpenesnensl yCIOBHs YCTOHUMBOM paboThI MpeoOpa3zoBaTest B pesKUMe MATKOM KOMMYTaIuu
C PE€30HAaHCOM TOKa MPHU BKIIOYEHUHU CHIIOBOTO Kiitoua. Ha ocHOBaHMHM pacueTa HanpsKeHUs
Ha PE30HAaHCHOM KOHJICHCATOPE, YCPEAHEHHOT O Ha NIEPUOE KOMMYTalUH, IOIYy4EHO
aHAJIMTUYECKOE BhIpayKeHHE I K03 duimeHTa npeoOpa3oBaHus MOCTOSHHOIO HANPSHKEHUS
MOHIKAOIIEro nmpeodpasosarens. [lokazano, yTo B 001IeM cirydae Ko3QPUIIUEHT
npeoOpa3oBaHus ABJIAETCS CIOXKHON (PyHKIHEH TpeX MepEMEHHBIX: 4YaCTOThl KOMMYTAIIUH,

koa(durmenta perynmuposanus no meroay LIIMM u Toka Harpysku. [Ipu Be1OOpe Toka



Harpy3Ku B KaueCTBE MapaMeTpa, IpHU MOCTOSHHON 4aCTOTE KOMMYTAllUU MTOJIy4EHO
BBIpKEHHE IS pacdyera peryJIupOBOYHBIX XapaKTePUCTHK mpeodpaszoBarens. [Ipu BeiOope B
KauecTBe mapamMeTpa Kodh(hUiMeHTa peryInpoBaHus, Py MOCTOSHHON YacTOTe KOMMYTAIHH
nosiyueHa ¢popMyiia AJis pacueTa Harpy304HbIX XapaKTepucTukK. [IpeacTaBienbl pe3ynbTaThl
JKCIEPUMEHTOB, ITOATBEPKIAIOIIHE MPABUIIBHOCTh OCHOBHBIX TEOPETUYECKHUX PACUETOB.
BrinosiHeHa O1leHKa NPEAEIbHBIX 3HAYEHU TOKOB Y HANPSHKEHUM [ KITFOYEBBIX
KOMITOHEHTOB CXEMBI.

Knroueevie cnosa: nonmxaromuii kBazu-1LIMM npeobpazoBaTenb, pe30HaHCHBIA KOHTYP,
koa(durmeHT mpeoOpazoBaHus, PETYIUPOBOYHAS XapAKTEPUCTHUKA, BHEIITHSISI

XapaKTepUCTHKA.

An analytical calculation and analysis of the four main operating intervals of a quasi-PWM
step-down converter during the switching frequency period has been performed. The
conditions of stable operation of the converter in the soft switching mode with current
resonance when the power switch is turned on are determined. Based on the calculation of the
voltage across the resonant capacitor averaged over the switching period, an analytical
expression for the DC voltage conversion coefficient of the step-down converter is obtained.
It is shown that, in the general case, the conversion coefficient is a complex function of three
variables: the switching frequency, the PWM control coefficient, and the load current. When
selecting the load current as a parameter, at a constant switching frequency, an expression is
obtained for calculating the adjustment characteristics of the converter. When selecting the
control coefficient as a parameter, at a constant switching frequency, a formula for calculating
the load characteristics is obtained. Experimental results confirming the correctness of the
basic theoretical calculations are presented. The current and voltage limits for the key
components of the circuit are estimated.

Key words: quasi-PWM step-down converter, resonant circuit, conversion coefficient,

adjustment characteristic, external characteristic.
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PeryssiTop BHeIIHEro KOHTYpPa CTA0MJIM3ALMHM HATIPSIZKEHHUS] MOCTOSTHHOTO TOKA /1151

AJIEKTPOTEXHUYECCKOI0 KOMILVIEKCA Mmepeaadn MMoCTOAHHOIo ToKa ¢ leGOﬁpﬁinBaTe.]IﬂMl/l



HANPSKeHU s

NBPATUM M., AJIBA3A U.

Perynaropsl BHEIIHEr0 KOHTypa CTAOMIN3AIMH HAIPSKEHUS TOCTOSTHHOTO TOKA ITHPOKO
UCTIOJIB3YIOTCS B QJIEKTPOTEXHUYECKUX KOMIUIEKCAX MHOTOTEPMHUHAIBHONW CHCTEMBI IIepeiaun
MOCTOSTHHOTO TOKa C Ipeo0pa3zoBaressiMi HanpspkeHuss. OTHAKO TOYHOE yIpaBIICHHUE
MOTOKOM MOIITHOCTH ITPH TAKOM PETYJISTOPE 3aTPYAHEHO M3-3a BIUSHUS CONPOTUBIICHUS
JIMHUU TOCTOSIHHOTO TOKa. [Ipeanoxen peryasTop BHEIIHET0 KOHTYpa CTa0MIIN3aluu
HAIpPSDKEHNUS TIOCTOSIHHOTO TOKA, MUHIMU3UP YOI OIHOKY YIPaBICHHUS TOTOKOM
MOIIHOCTH. JIJI51 3TOTO B CTPYKTYPY PEryIsiTopa 100aBIeH JOMOJHUTEIBHBIN CTaOMIN3aTOP
aKTUBHOM MOIIIHOCTH, P KOTOPOM OTKJIOHEHHUE IMOTOKA aKTUBHON MOIIIHOCTH BBOJUTCS B
Ka4yecTBE YIPEKAAIONIEH KOMICHCALUMH B PETYSTOP BHEIIHETO KOHTYpa CTa0MIN3alH
HanpspKeHUS. MUHUMU3UpYIONIas OMMOKa YIpaBJIeHHS TOTOKOM MOITHOCTH JIOCTHTAeTCs
IyTeM IOCTOSHHOTO PETYJIMPOBAHUS CUTHANA 33/1aHHS HANPSDKEHNS TIOCTOSIHHOTO TOKA.

D¢ hexkTUBHOCT NMPEATIOKEHHOTO PETYIATOPa MPOBEPEHA MOJCTUPOBAHUEM B IIPOTrpaMMe
MATLAB/Simulink. Perynstop mo3BosisieT cBeCTH K MUHUMYMY OTKJIOHEHHUSI IOTOKA
aKTMBHOW MOIIHOCTH OT JKEJTaeMbIX CHUTHAJIOB 33/IaHH, YKa3aHHBIX B PACIMCAHUH MTOTOKA
MOIIHOCTH, YTO MOBBIMIAET HAJEKHOCTD IICKTPOTEXHMYECKOTO KOMITIEKCA.

Knroueswie cnosa: nepenadu moCTOSHHOTO TOKA, JIEKTPOTEXHHUUECKUN KOMIUIEKC, PEryJIsiTop
HaNpsDHKEHUS BHEIIHET0 KOHTYpPa, OTKJIIOHEHUE MOIIHOCTH, MUHUMHU3UPYIOIas OIHOKa,

MOJCIIMPOBAHHUC.

Regulators of the external DC voltage stabilization circuit are widely used in electrical
engineering complexes of a multi-terminal DC transmission system with voltage converters.
However, precise control of the power flow with such a regulator is difficult due to the
influence of DC line resistance. The article proposes a regulator for an external DC voltage
stabilization circuit that minimizes power flow control errors. For this purpose, an additional
active power stabilizer has been added to the regulator structure, in which the deviation of the
active power flow is introduced as a proactive compensation into the regulator of the external
voltage stabilization circuit. Minimizing power flow control error is achieved by continuously
regulating the DC voltage reference signal. The effectiveness of the proposed regulator has
been tested by modeling in the MATLAB/Simulink program. The regulator minimizes
deviations of the active power flow from the desired target signals specified in the power flow

schedule, which increases the reliability of the electrical complex.



Key words: direct current transmission, electrical engineering complex, external circuit

voltage regulator, power deviation, minimizing error, modeling.
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Pacyer onTUMAJILHBIX IAPAMETPOB PEryJIsiTOPa CKOPOCTH ACMHXPOHHOI'0 IBUTaTeJIsl
npu DTC-ynpasienun

KYJIMHUY IO.M., CTAPOVYBILIEB JI.A.

[IpencraBneHa MeToIMKa HACTPOMKH ONTUMAJIbHBIX TAPAMETPOB PETYIIATOPA CKOPOCTH Ha
npuMepe HanboJsiee pacrpoCTpaHEHHON CUCTEMBI TpsiMOTo yrpasieHust MomenTom DTC.
Pazpaborana nmutanuonHas Mozaesb cucteMbl DTC-ympaBiaeHUs aCHHXPOHHBIM JBUTATEIIEM
C BKJIFOYECHHBIM B €€ CTPYKTYpPY peryisitopom ckopoctu. [Ipenmymecra DTC-ynpaBienust
3aKIII0YAIOTCA B 00ECTIeYeHUN OBICTPON PEeaKLMH 3JIEKTPOMAarHUTHOTO MOMEHTA Ha Baly
JIBUTATENs 3a CUET INPSMOI0 M3MEHEHNS MarHUTHOT'O IIOTOKa cTaropa. Perynsatop ckopocty,
BbINIOJTHEHHBIN Ha 0a3e [IM-perynsaropa, ucnonb3yercs JUist 3a1aHus AIEKTPOMarHuTHOTO
MoMeHTa asuratens. [IpeacraBinena CTpykTypHas cxeMa CUCTEMBI IIPSMOrO YIIpaBICHUS
MOMEHTOM, KPaTKO OMMCAHO Ha3HAYEHNE OCHOBHBIX (PYHKLIMOHAJIBHBIX O0J10KOB. [Ipeanoxen
croco0 pacueTa napaMeTpoB PEryyisaTopa CKOPOCTH, HACTPOSHHOTO HAa CHMMETPHYHBIN
ONTUMYM, IIPH KOTOPOM JIorapupMudecKasi aMIIUTyITHO-4aCTOTHAs XapaKTePUCTHKA
YKEJIaeMOW CHCTEMBI YIIPABICHUS] UMEET aCTaTHU3M BTOPOTO MOPSAAKA. Y CTAHOBJIEHO, YTO NPHU
Hactpoiike DTC-cuctembl Ha TeXHUYECKU (MOIYJIbHBIN) ONTUMYM B KaUECTBE PETYIsITOpa
CKOPOCTH MO>KHO HMCIIOJIb30BaTh MPONOPUHOHAIBHBIHN [I-perymnsarop, obecrednBaronmii
3aJaHHBIA ONTUMAJIBHBIN aePUOANYECKHUIN XapakTep NepexoaHoro npoiecca. [Ipeacrapiensl
pe3yabTaThl IMUTALMIOHHOTO MOJEIMPOBAHHS, TIOTYyYEHHBIE IIPU UCCIIEJOBAaHUU
paboTocriocoOHOCTH pa3zpaboTaHHOTO perynsaropa. OnenuBanach ycroitunBocts DTC-
CHCTEMBI K BO3MYIIAIOIIUM BO3JICHCTBHUSM B BUJIE CKAYKOOOPa3HOTO U3MEHEHHUS 3aJJaHHOM
ckopoctu. [lokazaHo, 4TO XapakTep NePeXoqHOr0 MPoLECca O CKOPOCTH COOTBETCTBYET
CUMMETPUYHOMY U MOAYJIBbHOMY onTUMyMy. Ha ocHOBaHHMHM HcCiieIOBaHUN CUCTEMBI
IPSIMOTO YIPABJICHUS MOMEHTOM C pa3pabOTaHHOH CTPYKTYpPOU PEryssiTopa CKOPOCTH
J0Ka3aHa 3QPEeKTUBHOCTh MPUMEHEHHS MTPEUI0KEHHONH METOAUKU PacdyeTa ero napaMeTpoB.
Knrouegwie cnoea: TpexdasHblii aCHHXPOHHBIN ABUTATENb, PETYIATOP CKOPOCTH, METOAMKA
pacuera peryisitopa, npsmoe DTC- ynpaBieHne MOMEHTOM, CAMMETPUYHBIN ONITUMYM,

HUMUTAITUOHHOC PCTYJIUPOBAHUC.



The method of setting the optimal parameters of the speed controller is presented using the
example of the most common direct torque control system DTC. A simulation model of the
asynchronous motor DTC control system with a speed controller included in its structure has
been developed. The advantages of DTC control are to ensure a fast response of the
electromagnetic torque on the motor shaft by directly changing the magnetic flux of the stator.
A speed controller based on a PI controller is used to set the electromagnetic torque of the
motor. A structural diagram of the direct torque control system is presented, and the purpose
of the main functional blocks is briefly described. A method is proposed for calculating the
parameters of a speed controller tuned to a symmetrical optimum, in which the logarithmic
amplitude-frequency response of the desired control system has a second-order astatism. It is
established that when setting the DTC system to a technical (modular) optimum, a
proportional P-controller can be used as a speed controller, providing a given optimal
aperiodic character of the transient process. The results of simulation modeling obtained
during the study of the operability of the developed regulator are presented. The stability of
the DTC system to disturbing influences in the form of an abrupt change in the set speed was
evaluated. It is shown that the nature of the transient process in terms of speed corresponds to
a symmetric and modular optimum. Based on studies of the direct torque control system with
the developed structure of the speed controller, the effectiveness of the proposed method for
calculating its parameters has been proven.

Key words: three-phase asynchronous motor, speed controller, regulator calculation method,

direct DTC torque control, symmetrical optimum, simulation control.
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BbIcOKO4YaCTOTHBIN MOJYNPOBOIHUKOBBII HCTOYHHUK MUTAHUSA ¢ OecTpaHchopMaTOpHOI
corJyiacyomeii Henbo AJis1 MHHAYKIIMOHHOTO HarpeBa

KHCEJIEB M.I'., IEPKOBCKUU 0.b., PEJJUH M.A., KPIOKOB K.B., BYJIATEHKO
M.A.

PaccmoTpeH BhICOKOUACTOTHBIN HCTOYHUK MUTAHMS ¢ OecTpaHchOpMaTOPHOH COTIacyroIei
uensto. Pazpaborana meroanka pacuéra napaMeTpoB COTacyrollei Ienu U MapaMmeTpos,
KOTOpbIE HEOOXOIMMO YUHTHIBATH IIPU BEIOOPE OCHOBHBIX CHUJIOBBIX KOMIIOHEHTOB IETTH —

TPaH3UCTOPOB UHBEPTOPA, KOHJIEHCATOPa COIJIacyollel enu. J{ias KOHKpEeTHOTOo ciryJast



Harpy3Kku pa3zpaboTaHa MOJIETb HHAYKTOPA U BBIIIOJIHEH PacU€T aKTUBHOTO U MHAYKTUBHOTO
COHpOTI/IBJIeHI/Iﬁ JJIs1 UCITOJIB30BaHUA UX B MOJACIIN BBICOKOYACTOTHOTO HCTOYHUKA ITUTAaHHU .
I[JIH HCCJICAOBAaHUS UCTOYHHKA MUTAHUA U ICMOHCTpAalluU pE3YJIbTAaTOB €TI0 pa60T51
paszpaboTaHa MOJIe]h HAa HOMHHAJIBHYIO MOIITHOCTh Harpy3ku 3 kBT. B Moaenu npuMeHeHbl
oipoOHbIe MOJIETTH KapOUJOKPEMHHUEBBIX TPAH3UCTOPOB IS OLIEHKU B HUX TEIUIOBBIX
notepb. [IpuBeneHb! pe3ynbTaTel padoThl MOJICNIH TPU U3MEHEHHUHU TTapaMETPOB Harpy3KH.
Knioueesvie cnoga: VHAYKIIMOHHBIN HAarpeB, UICTOYHUK MMUTAHUS, PE30HAHCHBIM HHBEPTOP,

IUPOTHO-UMITYJILCHOE perynupoBanue, T-o0pasubiiit LCL-bunbTp, motepu B TpaH3UCTOPAX.

A high-frequency power supply with a transformer-free matching circuit is considered. A
method has been developed for calculating the parameters of the matching circuit and the
parameters that must be taken into account when selecting the main power components of the
circuit — the transistors of the inverter, the capacitor of the matching circuit. An inductor
model has been developed for a specific load case and the active and inductive resistances
have been calculated for use in a high-frequency power supply model. To study the power
source and demonstrate the results of its operation, a model with a rated load capacity of 3
kW has been developed. The model uses detailed models of silicon carbide transistors to
estimate their heat losses. The results of the model's operation when changing load parameters
are presented.

Key words: induction heating, power supply, resonant inverter, pulse width control, T-shaped

LCL filter, losses in transistors.
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PeBepcuBHas si4eiiKa ¢ NUTAHHEM OT TOKOBOM MeTJIH

ACTAIIEB M.I'., CEPEI'H J.A., ITABJIOBA M.C.

IIpencraBnensl pe3yabTaThl pa3pabOTKU U HCCIIEIOBAHNS PEBEPCUBHOM BBIIPSAMUTEILHON
SYEUKH C IUTAHUEM OT TOKOBOM IIETIIM JJI BBICOKOBOJIbTHBIX MCTOYHUKOB IIPOMBIIIIJIEHHBIX
YCTaHOBOK JJIEKTPOHHO-IYY€BOM CBAPKU U CUCTEM IIepeauy dIEKTpodHeprun. M3ydyensl
INPUHIUIBI €€ (QYHKIIMOHUPOBAHUS B IPSIMOM U PEBEPCUBHOM PEKUMAX pabOTHI,
IIPEJI0KEHBI TOAXOBI K IOCTPOCHUIO CUCTEMBI YIIPABICHHUSA € PAa3ACIbHON CHHXPOHU3ALUEH

ABYX HC3dBUCUMBIX IT'CHCPATOPOB JIMHEWHO HU3MCHAIOMICTOCA HAIPSKCHUS, TPUYICM Ha4aJIO U



OKOHYAHHME UMITYJIbCA YIPABJICHHUS] CHHXPOHU3UPYETCS C MEPBBIM MU BTOPBIM I'€HEPATOPOM
B 3aBUCUMOCTH OT HallpaBJIeHHUs nepeaayun sHeprun. Pazpaborana mozens B cpene MATLAB
Simulink, mo3BonuBIIas 0TPabOTATh CTPYKTYPY CUCTEMBI YIIPABJICHUS U aITOPUTMbI
YIPaBJICHUS SYEUKON B CTATUYECKOM U TMHAMUYECKOM pexxumax. [Ipoanaau3upoBaHbl
MePEXO/IHbIE MPOLIECCHI TPU paboTe HA XOJIOCTOM X0y U CKAUKOOOpPa3HOM U3MEHEHUHU
YCTaBKH BBIXO/IHOTO HANPSDKEHHUS, a Takxke padoTa ssUeiku MoJ1 Harpy3Koil.

Knroueswvie ciosa: BEICOKOBOJIBTHBIM HCTOYHHK IMMTAHMS, TOKOBAS IIETIISI, MHOTOSUCHKOBEIN
npeoOpa3oBaresb, peBepcUBHasl siueiika, CUCTEMbI ()a30BOTO YIIPABIICHUS, IEPEXOIHBIE

TIPOIIECCHI.

The results of the development and research of a reversible rectifier cell powered by a current
loop for high-voltage sources of industrial electron beam welding installations and power
transmission systems are presented. The principles of its functioning in direct and reverse
modes of operation are studied, approaches to building a control system with separate
synchronization of two independent linearly varying voltage generators are proposed, with the
beginning and end of the control pulse synchronized with the first or second generator,
depending on the direction of energy transfer. A model has been developed in the MATLAB
Simulink environment, which made it possible to work out the structure of the control system
and algorithms for controlling the cell in static and dynamic modes. Transient processes
during idling and abrupt changes in the output voltage setpoint, as well as the operation of the
cell under load, are analyzed.

Key words: high-voltage power supply, current loop, multicellular converter, reversible cell,

phase control systems, transients.
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Bb100p mapamMeTpoB 371eMEHTOB BbICOKOBOJIBTHBIX HCTOYHMKOB NUTAHUSA C TOKOBOH
nerJie 1JiM odecneyeHuss MAKCUMYMA MOIIIHOCTH HATPY3KH

CEPEI'MH J.A., [IABJIOBA M.C., TOHYAPOB A.JL., CJIUBA A.Il., BJIOXNHA B.A.
PaccmoTpena MeToauka BbIOOpa MapaMeTpoB 3JIEMEHTOB CUIIOBOM YAaCTH CXEMbl HCTOUYHUKA
MIATAHMS C IIepefadeil SHEPTUU TOKOBOM nemiel. [1onydeHo aHaIuTHYeCcKoe BBIPAKEHUE [
MOIITHOCTH HArpy3KH Kak (QYHKIIUH 3THX HapameTpoB. [loka3aHo, 4To OTKIIOHEHUE

MapaMeTpoB OT MaKCUMyMa 3TOM (PyHKIIMU BBI3bIBAET HETOUCIIOIb30BaHIE KOMIIOHEHTOB



HNCTOYHHKA 110 MOIIIHOCTH. Pe?:yJ'IBTaTI)I IIOJIYYCHBI aHAJIUTHYCCKUM ITYTEM U IMMOATBECPKACHBI
YUCJICHHBIM CXCMOTCXHUYICCKUM MOJACINPOBAHUCM.
Knrouesuvie cnosa: BEICOKOBOIBTHBIN UCTOYHHK nuTaHus, MakKCuMaJibHasi MOIIIHOCTD,

OIITUMM3aN .

The method of selecting the parameters of the elements of the power part of the power supply
circuit with power transmission by a current loop is considered. An analytical expression for
the load power as a function of these parameters is obtained. It is shown that the deviation of
the parameters from the maximum of this function causes underutilization of the source
components in terms of power. The results were obtained analytically and confirmed by
numerical circuit modeling.

Key words: high-voltage power supply, maximum power, optimization.
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