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O HayaJbLHOI BOCCTAHABJIUBAKIIEHCS MPOYHOCTH HU3KOBOJIbTHBIX KOMMYTAIIHOHHBIX
YCTPOWCTB B THANA30HE TOKOB KOPOTKOI0 3aMbIKAHUS

BEJIEHLIEHKOB H.A., IEPTAYEB I1.A., PBIDKOB B.B.

[TokazaHo, yTO HauaabHAsE BOCCTAHABIIMBAIOIIASCS MPOYHOCTh HU3KOBOJIBTHBIX
KOMMYTAIlMOHHBIX YCTPONCTB B AMANAa30HE TOKOB KOPOTKOTO 3aMBIKAHHUS B 3HAYUTEIIBHON
CTETICHH OMPEIENSIeTCS TEOMETPUUSCKUMU MTapaMeTpaMy IUIACTHH TyTOTaCUTETbHON PEHIETKH,
PaCCTOSTHUSAMH MEXKTy HUIMHU U KOHCTPYKTHBHBIMU OCOOEHHOCTSIMU KOHTAKTHO-
JyTOTaCUTENIbHBIX cUCTeM. [IpeioskeHa MeTouKa onpenesieHrus HadaabHOM
BOCCTAHABITMBAIOIIEHCS IPOYHOCTH aBTOMATUYECKHX BBIKITIOYATENICH B PEXKUME OTKIIOYCHHUS
TOKOB KOPOTKOI'O 3aMbIKaHUs. B pe3ynprare anann3a Ha4aJIbHOM BOCCTaHABIMBAOLIEHCS
MPOYHOCTH aBTOMATHYCCKUX BBIKITIOUATEICH pa3IMUHbIX MPOU3BOIUTENICH MOTyUIEHbI
3aBUCUMOCTH 3TOTO IMapaMeTpa OT KOHCTPYKTUBHBIX OCOOCHHOCTEH U HOMHUHAJIBHBIX TOKOB
BhIKITFOUartesei. B mporpammuom nakere COMSOL Multiphysics BeimosniHeHO MoenupoBaHue
pacnpeneneHus HanpsbKEHHOCTH AIEKTPUYECKOTO OISl PU BXOE TYTH B PEMIETKY U CUIT
B3aUMOJICHCTBUS JyTU OTKIIOUEHHUS C TJIACTHHAMH PEIIETKH TIPH Pa3IndHON (popMe BhIpe3a
macTuH. [lokazana B3aMMOCBSI3b MEXKy 3HAYCHUSIMU CHJT B3aMMOJICHCTBHS ¥ HAYaJIbHON
BOCCTAHABIUBAIOIIEHCS IPOYHOCTH.

Knrouesvle cnoea: HI3KOBOJIBTHBIE KOMMYTAIIMOHHBIE YCTPOMCTBA, TOK KOPOTKOTO 3aMBIKaHMUS,
HavyaJIbHasi BOCCTAHABJIMBAOIIASICS IPOYHOCTb, yTOracCUTENbHAs PEeIéTKa, HAMPSHKEHHOCTD

QJICKTPHUYCCKOI'O I10JIA, SJICKTPOMAIrHUTHAsA CUJIa.

It is shown that the initial recovering strength of low-voltage switching devices in the range of
short-circuit currents is largely determined by the geometric parameters of the arc-extinguishing
grid plates, the distances between them and the design features of contact-arc-extinguishing
systems. A method for determining the initial recovering strength of circuit breakers in the short-
circuit current disconnection mode is proposed. As a result of the analysis of the initial
recovering strength of circuit breakers of various manufacturers, the dependences of this

parameter on the design features and rated currents of the circuit breakers are obtained. The



COMSOL Multiphysics software package simulates the distribution of the electric field strength
at the entrance of the arc into the grid and the interaction forces of the trip arc with the grid
plates with different plate cutout shapes. The relationship between the values of the interaction
forces and the initial recovering strength is shown.

Key words: low-voltage switching devices, short-circuit current, initial restoring strength, arc-

extinguishing grid, electric field strength, electromagnetic force.
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Kackagnas A-H-cxema 3amelnieHusi MAIIMHBI TOCTOSTHHOTO TOKA HA OCHOBE AHU30TPOIHOM
MO/ieJIN B ICKapTOBOM CHCTeMe KOOPAMHAT

bJIAHK A.B.

B s5ekTpoMarHuTHBIX pacdyerax XOpouUIo 3apeKOMEHI0BATIN ce0sl JIOCKUE M LIMIMHAPUYECKHE
CJIOMCTBIE MOJICNIU SJIEKTPUYECKUX MAIIUH. B Takux MoJensax oouye pereHus

Qg depeHIaIbHBIX YPaBHEHUH B YaCTHBIX TPOU3BOIHBIX MPEOOPA3YIOTCS B CUCTEMY
YPaBHEHHH YETBIPEXIOIIOCHUKA, YTO MO3BOJIIET CHHTE3UPOBATh KACKaJHbIE CXEMBI 3aMEILCHHUS
JNEKTPUYECKUX MAIIUH. B IBHOMOIIOCHBIX 2JIEKTPUYECKUX MAIINHAX PEILICHUS

Qg depeHIMaIbHbIX ypaBHEHUH 00BIYHO (POPMHUPYIOTCS Ha Oa3e KyCOUHO-HEPEPhIBHBIX
coOcTBeHHBIX QyHKUMH 3anaun Ltypma-JInyBmiisa. OQHAaKoO B 3TOM CiIydae He ylaeTcs
CHHTE3MPOBATh KAaCKa/IHYIO CXEMY 3aMELCHMs], TaK KakK JJIs 00ecreyeHus! €TMHCTBEHHOCTH
pereHust Heo0X0AUMO UMETh MHOTO KYCOYHO-HETIPEPhIBHBIX (DYHKIMH B 00JIACTH MOJIIOCOB U
MHOT0 THaKux QyHKIUI B 061actu pabodero 3a3opa. PazpaboTanHblil panee mpuOIMKEHHBIN
pacYeTHBII METOJI C UCTIOIb30BAHUEM OJTHOW KYCOUYHO-HEMPEePhIBHON (DYHKIIMU B 001aCTH
MOJTFOCOB M MHOKECTBA IJIaJKUX QYHKIIUNA B 001acTH paboyero 3a3opa mo3BoJiseT
CHHTE3UPOBATHh KACKAIHYIO CXEMY 3aMEILICHUS ABHOMOIIOCHOM 3JIEKTPUYECKON MalllHbI. B
pa3BUTHE ITOrO METO/1a B CTaThe OMMUCHIBAaETCS KackaaHas A-H-cxema 3aMeleHus: MallliHbI
IIOCTOSIHHOT'O TOKA Ha OCHOBE IIJIOCKOM pa3BEPTKU B JIEKAPTOBOM CUCTEME KOOpAUHAT. B aToi
MOJIENN TI0JI€ BO30YKIECHHsI CO3AAaeTCsl HACTHIIAMH TOKa, PACIIONIOKEHHBIMH Ha spME CTaTopa, a
HIOJIFOCA CTAaTOPA 3aMEHSIOTCS aHU30TPOITHON MOJI0coM (0€3 NCIO0Ib30BaHUS KyCOUHO-
HETPEPHIBHBIX COOCTBEHHBIX (PYHKLIUH, HO U O€3 YCpEAHEHUS CBOMCTB).

Knrouesvie cnoea: >nexTpuuecKkrie MallHbl, SIBHOIOJIKOCHBIE MAIIMHbI, MAIIUHBI TIOCTOSIHHOTO

TOKa, KaCKaaHasa cXeéMa 3aMCIICHU A, aHU30TPOHAasA MOACIIb.



Flat and cylindrical layered models of electric machines have proven themselves well in
electromagnetic calculations. In such models, the general solutions of partial differential
equations are transformed into a system of four-pole equations, which makes it possible to
synthesize cascade replacement circuits of electric machines. In single-pole electric machines,
solutions of differential equations are usually formed on the basis of piecewise continuous
eigenfunctions of the Sturm-Liouville problem. However, in this case, it is not possible to
synthesize a cascade substitution scheme, since in order to ensure the uniqueness of the solution,
it is necessary to have many piecewise continuous functions in the field of poles and many
smooth functions in the field of the working gap. The previously developed approximate
calculation method using a single piecewise continuous function in the field of poles and a set of
smooth functions in the field of the working gap makes it possible to synthesize a cascade
substitution scheme of a single-pole electric machine. In the development of this method, the
article describes a cascade A-H substitution scheme of a DC machine based on a flat scan in a
Cartesian coordinate system. In this model, the excitation field is created by current floorings
located on the stator yoke, and the stator poles are replaced by an anisotropic strip (without using
piecewise continuous eigenfunctions, but also without averaging properties).

Key words: electric machines, single-pole machines, DC machines, cascade substitution scheme,

anisotron model.
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OnbIT NPOEKTHPOBAHUS MATHUTOIJIEKTPHYECKHUX MAIIMH € KOJIbLEBOii 00MOTKOIi IKopsi
CMHIPHOB A.10O.

[IpennoxxeHa METOIMKA TPOESKTUPOBAHMS CHHXPOHHBIX MAIIMH C KOJBLEBONH OOMOTKOI SKOPS
NOCTOSIHHBIMUA MarHUTaMy Ha pOTOpE, KOTOPBIE MOTYT UMETh MPEUMYILECTBO Tiepel OOBIYHBIMU
MaluHaMu ¢ 6apabaHHO 0OMOTKOM B MArHUTHBIX CHCTEMaX JABYXITOJIIOCHBIX MAIIHH C
Pa3BUTHIM BHEIITHUM JHaMETPOM. B MeToanKe MCIIoIb30BaHbl YpaBHEHNUS CBSI3H MEKIY
00BEMOM pacTOYKHM CTATOPa, MOMEHTOM U 3JIEKTPOMAarHUTHBIMHU Harpy3kaMu 4epe3 MOCTOSHHYIO
ApHounbaa, ypaBHEHUS IS JIMHEHHON HAarpy3KH, JUIsi MAarHUTHON MPOBOJMMOCTH OCTOSIHHBIX
MarHuTOB B (PYHKIIMHU MACIIOPTHBIX MApaMETPOB MarHUTOTBEPAOTO MaTepuana, st DJ1C ¢da3bl.
YucneHHas MpOBEPKa, BBHITIOIHEHHAS IyTEM pacyéTa YIioBbIX (CTATUUECKUX ) XapaKTEPUCTHK
METOJIOM KOHEYHBIX JIEMEHTOB, II0Ka3aJ1a, YTO CHPOCKTUPOBAHHBIC IBUTATEIH C IIPHEMIIEMOI
KPaTHOCTHIO MAaKCUMAJIbHOTO MOMEHTA YJIOBJIETBOPSIOT HCXOJHBIM TEXHUYECKHM TPEOOBaHUSM,

YTO IOATBEPKAAET JOCTOBEPHOCTh METOAMKU. [Ipy npoBeieHnN YUCIIEHHON TPOBEPKU OLICHEHO



BIIMSHHUE 3yOIIOBBIX TApMOHHK, 00YCIIOBICHHBIX 3yOUaTOCTHIO CTaTOPA, M JaHBI PEKOMEHIAINH
110 CHIDKEHHIO 3TOT0 BIMAHUSA. [IpecTaBieHsl pe3ynbTaThl COMOCTABICHUS 10 MOMEHTY U
MOIITHOCTH € TPAJAULMOHHON MaIIMHON ¢ OapabaHHOM 0OMOTKOH SIKOpSI, KOTOPBIE
HOATBEPKAAIOT BO3MOXXHOCTB JTOCTIKEHHS 0003HAUCHHBIX MPEHMYIIECTB.

Knrouegvie cnosa: ciHXpoHHAs MalllMHA, KOJIBIEBAass OOMOTKA, IKOPb, HJICKTPOMar HUTHBIN

MOMCHT, MC€TOJ KOHCYHBIX 3JICMCHTOB.

A method of designing synchronous machines with an annular armature winding and permanent
magnets on the rotor is proposed, which may have an advantage over conventional machines
with a drum winding in magnetic systems of two-pole buses with a developed outer diameter.
The method uses the equations of the relationship between the stator bore volume, the moment
and the electromagnetic loads through the Arnold constant, the equations for the linear load, for
the magnetic conductivity of permanent magnets as a function of the passport parameters of a
magnetic hard material, for the EMF of the phase. Numerical verification performed by
calculating the angular (static) characteristics by the finite element method showed that the
designed engines with an acceptable multiplicity of maximum torque meet the initial technical
requirements, which confirms the reliability of the method. During the numerical test, the
influence of the tooth harmonics caused by the stator gear is estimated, and recommendations for
reducing this influence are given. The results of the comparison of the torque and power with the
traditional machine with a drum armature winding are presented, which confirm the possibility
of achieving the indicated advantages.

Key words: synchronous machine, ring winding, armature, electromagnetic moment, finite

element method.
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MAarHuTo3/1eKTPpUYeCKU BEHTUJILHBIN IBUTaTe/b ¢ HECOOCHBIM POTOPOM

ADOAHACBHEB A A.

Ha ocHoBe koH()OpPMHOTO peodpa3zoBaHus BHIIOJIHEHEH PacyéT MarHUTHOTO TTOJIS
MarHUTORJIEKTPUYECKOIO0 BEHTUIIBHOIO JBUTATENS C HECOOCHBIM poTOopoM. [l ciyuas
BpallleHUs1 HKCLEHTPUCUTETA MOTy4YeHbl BeipaxkeHust st 9J[C xoyocToro xoqa 0OMOTKH cTaTopa
U 3JIEKTPOMAarHUTHOIO MOMeHTa. [loka3zaHo, 4TO 3TOT BUJ HECOOCHOCTH POTOPA BHI3bIBAET

HecuHycouaanbHocTh D/IC n mynbcanuu 3J€KTPOMarHUTHOIO MOMEHTA C YacTOTOM, B 3 P pa3

IIPEBBILIAIOIIYI0O MEXAHUYECKYIO YaCcTOTY BpallleHus poTopa. IIpu HenoaBu:kHOM



AKCUEHTpUcHUTeTe HaBoauTcs nepeMenHas JJ[C B1oab Bajia poTopa, BhI3bIBAIOIIAS IEPEMEHHbBIN
TOK B KOHTYpPEC: BaJl — MIOAUIUITHUKHU — IMMOJUIINITHUKOBBIC IIUTHI — KOPITYC CTATOpPA.

Knrouegvle cnosa: MarHuTOANEKTPUUECKUN BEHTUIILHBIN ABUTAaTElb, HECOOCHBIA POTOD,
KOH(OpMHBIE OTOOpa)KEHUs, MAaTHUTHAS MHAYKIUS, THAYKTUBHOCTH B3auMouHaykiuu, J1C,

3J'ICKTpOM3FHHTHBII>i MOMCHT.

On the basis of conformal mapping, the magnetic field of a magnetoelectric valve motor with a
misaligned rotor is calculated. For the case of rotation of the eccentricity, expressions for the
EMF of the stator winding idling and the electromagnetic moment are obtained. It is shown that
this type of misalignment of the rotor causes non-sinusoidal EMF and pulsation of the
electromagnetic moment with a frequency 3 times higher than the mechanical speed of the rotor.
At a fixed eccentricity, a variable EMF is induced along the rotor shaft, causing an alternating
current in the circuit: shaft — bearings — bearing shields — stator housing.

Key words: magnetoelectric valve motor, misaligned rotor, conformal mappings, magnetic

induction, mutual inductance, EMF, electromagnetic moment.
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HccienoBanue 3J1eKTPONPUBOIA ¢ ONTUMU3MPOBAHHBIMU BUOPOIIYMOBBIMH
XapaKTepUCTHKAMH

'OJIYBEB A.H., BEJJOHOI'OB B.T'.

Ha ocHOBe 1moseBoii Mo/ie Il pacCMOTPEHa METOAMKA MMPOSKTUPOBAHKSI CHHXPOHHOTO JABHUTATEIs
[IpY IPOU3BOJILHOM uncie ¢a3 oOMOTKH. [Ipenoxkena MHOrOKaHaIbHAS CUCTEMA YIIPaBJICHUS
3IIEKTPOIPUBOIOM, PeaTH3yIolIas LieJeHanpaBieHHOe POpMUPOBaHUE KOH(PUTYPAIUH TTOJIS B
3a30pe MHoro(asHoro nBurarens. Pazpaborana UMUTAIMOHHAS MOJIEITb SJICKTPOIPUBO/IA,
codeTaromias B cede MoJIeBy0 MOJIENb JABUTATEIIS B MPOrpaMMHOM Komiuiekce Elcut u cuctemy
ynpasienus B makere MATLAB Simulink.

Knrwoueswvie cnosa: CMHXpOHHBIN SJIEKTPONPUBOJ, MHOTO(A3HBII IBUTATENb, BAOPOLTYMOBBIE

XapaKTEPUCTHKH.

On the basis of the field model, the method of designing a synchronous motor with an arbitrary
number of winding phases is considered. A multichannel electric drive control system is

proposed, which implements the purposeful formation of the field configuration in the gap of a



multiphase motor. A simulation model of the electric drive has been developed that combines the
field model of the motor in the Elcut software package and the control system in the MATLAB
Simulink package.

Key words: synchronous electric drive, multiphase motor, vibration-noise characteristic.
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Mope/ibHO-0pHeHTHPOBAHHASI Pa3pad0oTKa CHHXPOHHO-CJIeSIIEero 31eKTPOnpHBoia
[TOJIFOIIEHKOB H.C.

PaccmoTpena MUKpOTIpOLIECCOpHAst CUCTEMAa CUHXPOHHO-CIEISIIET0 ABYXIBUTATEIbHOTO
3IIEKTPONPUBO/IA, PEIHA3HAYEHHOTO JJISl COITIACOBAaHHOTO IBMYKCHHSI MEXaHU3MOB, HE
MMEIOIINX KMHEMAaTHUECKON CBA3H. PeleHs! 3a1a4n aBTOMAaTHUECKOTO PETyIHPOBAHUS
HIOJIOXKEHHSI P IBM)KEHHUH TI0 TPAGKTOPHH, a TaKkKe BCIoMorarenbHble 3a1aun. [IpuBenena
(GyHKLIHMOHATIBHAS CXEMa, B KOTOPOW KOHTYP PEryJIMPOBaHUS MOJ0KEHUS OHOTO U3 MEXaHU3MOB
0TpalaThIBACT 3aJaHHYIO TPACKTOPHIO, a €T0 MOJIOKEHHE ABJISIETCS 33JaHUEM JUTSI KOHTYpa
PEryIMpOBaHMS MOJI0KEHHU BTOPOTro MexaHu3ma. OneHeHa TOYHOCTh U TMHAMHKA [IPH
UCTIONIb30BAHUH PA3IMYHBIX KOHOUTYpAUii pEryasSTOPOB MOJIOKEHUS TP OTPAOOTKE
3IIEKTPONPUBOIOM TpaekTopuu. Onucana CTpyKTypa IporpaMMHOTo o0ecrieueH s, pu KOTOpoit
o0ecreynBaeTcsl paliOHAIBHOE NCIIOJIB30BAHUE aNMapaTHBIX MOAYJIEH U BEIUMCIUTEIBHBIX
pecypcoB MEKpOKOHTposuiepa. IIpu paspaboTke mporpaMMHOT0 00ecTiedeH s CUCTEMBI
YIIPaBJICHUS HCIOIB30BAHBI CPEJCTBA MOICITbHO-OPHEHTHPOBAHHOTO ITPOTPAMMHUPOBAHHUS C
aBTOMAaTHUYECKUM reHepupoBaHueM Koja. CTaHJapTHBIE MOAETIbHBIE OJIOKU MCIIOIb30BaHbI B
KadyecTBe 00pabOTYMKOB Niepudepru u Ui pa3paboTKH CTPYKTYPBI IPOTPAMMHOTO
oOecrieueHns, 00eCIeYNBAIONICH AUCTIETYCPU3ALIIO U TAKTUPOBAHUE BHIITOTHEHNUS 3a/1a4
YIIpaBJICHUS; IPOrpaMMHOE 00ecTIedeHne, ClenupHIHOe U CHCTEMBI yITPaBIICHUS,
pa3paboTaHo Ha A3bIKE BBICOKOTO YPOBHSI.

Knwueswie cnosa: >neKTponpuBoa, MUKPOIPOLIECCOPHOE YIPABICHHUE, MOAEIHHO-
OPHEHTHPOBAHHOE ITPOTPAMMHUPOBAHHE, PETYIUPOBAHHE TIOI0KEHHS, CHHXPOHHO-CIIESIIast

CUCTEMA.

A microprocessor system of a synchronous-tracking two-motor electric drive designed for the
coordinated movement of mechanisms that do not have a kinematic connection is considered.
The problems of automatic control of the position when moving along the trajectory, as well as

auxiliary problems, are solved. The functional diagram is given, in which the contour of the



regulation of the position of one of the mechanisms works out a given trajectory, and its position
is the task for the contour of the regulation of the position of the second mechanism. The
accuracy and dynamics of the use of various configurations of position controllers when working
out the electric trajectory are evaluated. The structure of the software is described, which ensures
the rational use of hardware modules and computing resources of the microcontroller. In the
development of the control system software, the model-oriented programming tools with
automatic code generation are used. Standard model blocks are used as peripheral handlers and
for developing a software structure that provides dispatching and clocking the execution of
control tasks; software specific to the control system is developed in a high-level language.

Key words: electric drive, microprocessor control, model-oriented programming, position

control, synchronous tracking system.
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AJITOPUTMBI YIIPABJIECHUS MHOTOYPOBHEBbIM HHBEPTOPOM HANIPSKEHHUS € KACKATHBIM
BKJIIOYeHHueM H-MocTOB B aBapuiiHOM pesknMe padoThl

HOC O.B., AIIBKO M.A., HOC H.H.

BrinonHeH cpaBHUTENBHBIN aHAIHU3 Pa3IMYHBIX CIOCOOOB TEXHUYECKON pealln3aluu
IIPOCTPAHCTBEHHOTO C/IBUI'a FaJIbBAHUYECKN PA3Bs3aHHON OT HArpy3KH CpeqHEN TOUKHU
WHBEPTOPA, MO3BOJISIONIECTO MPU HATMYMHU BHYTPEeHHEH HencnpaBHocTH B AVTH oGecrieunts
KaueCTBEHHOE PETyJIUPOBAHNE CKOPOCTH HCIIOTHUTEIHHOTO JIBUTATENS TIEPEMEHHOTO TOKa 6e3
ABTOMATUYECKOTO OTKIFOUEHUS JIEKTPOIIPUBO/IA U TAKUM 00Pa30M MOBBICUTH €TI0 HAJICKHOCTb.
B 3aBUCMMOCTH OT KOHKPETHOTO METOJAa CUHTE3a HYJIEBOM COCTABJISIIOIIEH, OCYIIECTBIISIOIIEH
3aJJaHHOE TPEeIbICKAKEHNE MOYJIUPYIOMUX (PYHKIINH, BCe pACCMOTPEHHBIE 3aKOHBI YITPaBICHUS
npeoOpaszoBareneM 4acToThl Ha 6a3ze H-MOCTOB 00ecrednBaloT CHMMETPUIHOE TUTAHHE
ANEKTPUUECKON MAIIMHBI B OTPAHUYEHHOM JHana3oHe MOIIHOCTEHN, OJTHAKO MPAKTHYECKOE
MCIOJIb30BaHUE TIOCIIETHErO MO/1X0/1a, OCHOBAHHOT'O Ha MPUHYIUTEIBHOM CABHUre (ha3HbIX
HaIpsDKEeHUH, He TpeOyeT Moaudukanuu crangapTaoro anroputMa [IIWMM u 3akmtodaercs B

HEMOCPECTBEHHOM PeoOpa30BaHNU BHIXOA0B PETYIATOPOB TOKA B KOOPAMHATHBIX OCSIX «, [
wi d,q.

Knroueswvie cnoea: MHOTOYPOBHEBBIN HHBEPTOP HANPSDKEHUs, KackagHoe BKiIoueHne H-mocTos,

AJTOPUTMBI YIIPABIICHUS, aBAPUMHBIN PEXKUM.



A comparative analysis of various methods of technical implementation of the spatial shift of the
midpoint of the inverter, which is galvanically isolated from the load, is performed, which
allows, in the presence of an internal fault in the Al, to provide high-quality speed control of the
AC executive motor without automatically disconnecting the electric drive and thus increase its
reliability. Depending on the specific method of synthesis of the zero component, which
performs a given pre-distortion of the modulating functions, all the considered control laws of
the frequency converter based on H-bridges provide symmetrical power supply to the electric
machine in a limited power range, but the practical use of the latter approach, based on forced
phase shift, does not require modification of the standard PWM algorithm and consists in direct

conversion of the outputs of the current regulators in the coordinate axes «, f or d,q.
Key words: multi-level voltage inverter, cascade switching of H-bridges, control algorithms,

emergency mode.
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IMoBbIIeHNEe MONTHOCTHBIX XapPaKTEePUCTHK YCHJIUTeIel Kiaacca E Ha ocHoBe aHan3a
OCHMJIJIOTPAMMBbI TOKA CTOKA TPAH3HCTOPA

I'VPOB K.O., MUH/IYBAEB 32.A., JAHWJIOB A.A.

[IpenynosxeH HOBBIM MOJIXO K MPOOJIEME MOBBIIICHUS! MOIITHOCTHBIX XapaKTEPUCTUK YCUIIUTENIEH
MOITHOCTH KJ1acca E Ha ocHOBe ompe/ieieHrss HOMUHAIIOB ITYHTHPYIOIIETO
MI0CJIEIOBATEIBHOTO KOHACHCATOPOB TPH IPOCKTUPOBAHUH yCHIUTEN. B OCHOBY MeTOoa
MOJIOXKEH aHAJIN3 OCLMJUIONPaMMBbI TOKA CTOKa KJIF0UEBOT0 TPAH3UCTOPA, MOJYYCHHON Ha OCHOBE
YHCICHHOTO MO/ierpoBanus. [lokazaHo, 4To CIpOEKTUPOBAHHBIE C TIOMOIIBIO MPEATIOKEHHOTO
METO/1a CXEMbI 00ECIIEYNBAIOT BBIXOAHYIO MOITHOCTE B 1,1—-1,6 pa3a 60bITyI0 IO CPaBHEHUIO
CO CXEMaMH, CIIPOCKTHPOBAHHBIMU Ha OCHOBE TPAIUIIIOHHOTO METO/1a, OCHOBAHHOTO Ha
aHanu3e GOpMBbI KPUBOI HANPSDKEHHS CTOK—UCTOK. boJiee BbICOKast BBIXOJHAsI MOIITHOCTh
o0ecrieynBaeTcs MPU TOM K€ HANPSDKEHUH MUTaHU, TIPU 3TOM 0011ast 3 (HEeKTUBHOCTH CXEMBI U
YPOBEHB MOTEPh Ha KIIFOUYEBOM TPAH3UCTOPE MPAKTUYCCKH HE MEHSIOTCSI.

Knroueswvie cnosa: ycunutenab MOIHOCTH Kinacca E, MpoekTupoBaHue yCUITUTENS MOIIIHOCTH,

pabounii pexxuM, BEIXOAHASI MOIITHOCTh YCHUITHTETIS.

A new approach is proposed to the problem of enhancement of class E power amplifier

performance by means of new method for determination of the shunt and series capacitances.



The method is based on the analysis of the modelled oscillogram of the drain current of the key
transistor. It is shown that the circuits designed using the proposed method provide an output
power 1,1-1,6 times higher than the circuits designed by means of the traditional method, based
on the analysis of the drain-source voltage waveform. Higher output power is provided at the
same supply voltage, while the overall efficiency of the circuit and the level of losses on the
switch transistor practically do not change.

Key words: class E power amplifier; power amplifier design; operating mode; output power

performance of amplifier.
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OcobennocTn padoThl kKaToaa u3 LaBs B TeXHOJI0rHYeCKOil 3/1eKTPOHHO-Iy4eBOi IylIKe
UVYJIKOB U.C., TOHYAPOB A.JIL., APAI'YHOB B.K., XAPUTOHOB HN.A.

PaccmoTpena npoGiieMa HEIOCTOSHCTBA TapaMeTPOB HarpeBa JUCKOBBIX KaTo0B u3 LaBg B
CBapOYHBIX JIEKTPOHHO-TYYEBbIX MyIIKaX, CBA3aHHAs C Pa3HBIMH SMUCCHOHHBIMU
XapaKTepUCTHUKaMH KaTOJI0B U 0COOEHHOCTSIMM YCTaHOBKM OCHOBHOTO karoza. [Ipemnoxen
METO/]] IIPEABAPUTEIBLHOMN OILIEHKN KayeCcTBa KaTOJ0B IIyTEM ITOCTPOEHUS 3aBUCUMOCTH TOKa
IMHCCUU OT MOIIHOCTHU HarpeBa. PaccMoTpeHa MeToauKa onpeeseHus paboThl BEIX0a
JIEKTPOHOB METOJIOM IIOJTHOT'O TOKA JJIs1 OLIEHKH YMHCCUOHHBIX XapaKTEPUCTUK KAaTOJIOB.

Y CTaHOBIIEHO, UTO PEKUMBI HArpeBa U YCTAHOBKU OCHOBHOT'O KaTtoza u3 LaBs MoryT okasbiBaTh
3HAUUTENIBHOE BIMSHUE HA SMUCCUOHHBIE XapaKTEPUCTUKU OCHOBHOI'O KaTO/AA.

Knroueevie cnoea: >neKTpoOHHO-IIy4eBasl CBapKa, 3JIEKTPOHHO-JIy4eBas MyIlKa, JIEKTPOHHBIN

My4OK, paboTa BBIX0/1a AIEKTPOHOB, LaBs.

The problem of the variability of the heating parameters of LaB6 disk cathodes in welding
electron beam guns is considered, which is associated with different emission characteristics of
the cathodes and the features of the installation of the main cathode. A method of preliminary
assessment of the cathode quality by constructing the dependence of the emission current on the
heating power is proposed. The method of determining the work of the electron output by the full
current method for evaluating the emission characteristics of cathodes is considered. It is
established that the heating and installation modes of the main cathode from LaB6 can have a
significant impact on the emission characteristics of the main cathode.

Key words: electron beam welding, electron beam gun, electron beam, electron output operation,
LaBe.
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IMoka3aTeu KayecTBA JEKTPOIHEPTUH YIEKTPOAYTOBbIX NPOMBINLIEHHBIX YCTAHOBOK
MOCTOSIHHOI'0 TOKA

EBCEEB A.M., MEII[EPSIKOB B.H., BOKOB A.1.

PaccMmoTpens! criocoOb! TOBBIICHHS YHEPT03PHEKTHBHOCTH JIEKTPOTEXHHUYECKUX KOMIUIEKCOB
YCTaHOBOK JYTOBOM IIa3MEHHOM 00paboTKH, M 0011ast XapaKTepUCTHKA BIUSHHS JyTOBOTO
mpolecca Ha MOKazaTeIl KauecTBa dJIeKTpoIHeprun. PaccMoTpeHa cTpykrypa u oOmuit
MPUHITUI PAOOTHI SKCIEPUMEHTAITBHON 3JIEKTPOIYTOBON YCTaHOBKU. CHUCTEMaTU3UPOBAHBI 1
MIPOAHAIM3UPOBAHBI JaHHBIE 00 M3MEHEHUH TaKUX IMOKa3aTesei, Kak aKTUBHAs, pEaKTUBHAS U
MOJTHASI MOIITHOCTh, CyMMAapHbIe TAPMOHHYECKHE UCKAKEHUS HAMPSHKEHUS U TOKA, OTKIIOHCHUE
HATIPSDKEHUS, @ TAK)KE YPOBEHb MCKAKCHHUI TOKA BBICIINX TAPMOHUK 3HAYMMBIX TIOPSIKOB.

Y cTaHOBJIEHBI IMITUPUYECKUE 3aBUCUMOCTHU KaXJI0T0 U3 MOKa3aTeNeN IKCIEPUMEHTAIIBHOM
YCTaHOBKH OT pabodero Toka ayru. [IpuBeeHbl OCHOBHBIE COOTHOIIEHUS, TTOCPEICTBOM
KOTOPBIX M3 YMIUPHUIECKUX 3aBUCUMOCTEH dHEProdh(PeKTUBHAS CHCTEMa YIIPaBICHUS
YCTaHOBKOW CMOIKET OIPEICTUTh AKTUBHBIC TOTEPU SHEPTHH B JTMHUSIX MTUTAHUS arperara,
oOpa3yromuecs BCIEACTBHE CHUKCHHS MOKa3aTelNeii KauecTBa DICKTPOIHEPTHH.

Knroueevle cnosa: nyrosas crajernaBuiIbHas M€4Yb, JJICKTpUUECKas ayra, M1a3MOTPOH,
MOKAa3aTeJIM Ka4eCTBa DJICKTPOIHEPTUH, PETYIHUPYEMBIN BRIMIPSIMHUTEIb, PEAKTUBHAS MOIITHOCTb,

noTepu aKTUBHOM MOIITHOCTH, OTKJIOHCHUC HAIIPSP)KCHUS, TAPMOHUYCCKUC NCKAKCHU .

The ways of increasing the energy efficiency of electrical complexes of arc plasma treatment
plants and the general characteristics of the influence of the arc process on the quality of
electricity are considered. The structure and general principle of operation of an experimental
electric arc installation are considered. Data on changes in such indicators as active, reactive and
full power, total harmonic distortions of voltage and current, voltage deviation, as well as the
level of current distortions of higher harmonics of significant orders are systematized and
analyzed. Empirical dependences of each of the experimental setup indicators on the arc
operating current are established. The main relations are given by means of which, from
empirical dependencies, an energy-efficient plant control system will be able to determine the
active energy losses in the power supply lines of the unit resulting from a decrease in the quality

of electricity.



Key words: arc steelmaking furnace, electric arc, plasmatron, power quality indicators, adjustable

rectifier, reactive power, harmonic distortion, voltage deviation, active power loss.
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O BbI0Ope napaMeTpoB KadeJbHbIX JJUHUI 6—10 kB npu pacuerax u MmoaeJIMpoOBaHUM
NnepexoJHbIX NPoUeccoB MPU 0AHOPA3ZHBIX 3aMbIKAHUAX HA 3eMJII0

[IYWH B.A., LIAIPUKOBA T.1O., KYTYMOB 1O0./1.

[Tokazano, 4To MPUMEHEHHE MOJIeTIei KaOeNbHBIX JIMHAN B pacueTax MepeXO0IHbIX POIECOB MPU
0HO(Da3HBIX 3aMBIKAHUAX Ha 3€MJTI0 B KaOENIBbHBIX ceTsax 6—10 kB, mapaMeTpbl KOTOPBIX
orpeziesieHbl Ha OCHOBE CIPAaBOYHBIX JTaHHBIX Mpu yacTtote 50 ['11, MoKeT mpUBOIUTH K TPYOBIM
OIIMOKaM B OIIEHKE ITapaMeTPOB Pa3psIHBIX COCTABIISAIONINX TOKOB U HanmpsokeHui. [IpuMenenue
TaKUX MOJIEJIEH I0MyCTUMO TOJIBKO B pacueTax 3apsiIHOM CTaJiuu MEepeXxoIHOTo Mpoliecca npu
HEOOJIBIINX YAAIEHHOCTSIX MECTA 3aMBIKaHUS OT IIUH IIEHTPa MUTAHUS, KOTJ]a HHIYKTUBHOCTb
MCTOYHUKA MUTaHUsI 3HAUUTEIHHO 0O0JIbIlle HHAYKTUBHOCTHU MOBPEXKICHHOW JTMHUH.
[TpumeHneHue B pacueTax Mojesei kKabeabHbIX JIUHUN, TapaMeTPbl KOTOPBIX OMpPEEICHbI 0
CKOPOCTH pactpOCTpaHEHUs HIEKTPOMArHUTHBIX BOJH B Kabele, MPUeMIIeMO TpU PEeIIeHUN
3a/1a4, CBA3aHHBIX C pacueTaMHM MEePEHANPSIKEHUN WU ACHCTBYIOIIETO 3HAYEHUS TOKA B MECTE
MOBPEXACHUS IIPU TYTOBBIX MEPEMEXKAIOIINXCS 3aMbIKaHUSX, IPU pa3pabOTKe 3alUT OT
JAHHOTO BUJIA TIOBPEXKICHUN U HCCIIEAOBAHUSAX BIUSIHUS HA YCTOMUMBOCTH MX

(G YHKIIMOHUPOBAHMS IEPEXOAHBIX MpoiieccoB. [TokazaHo, 4To mpu pa3paboTKe CriocoOoB
JTUCTAHIIMOHHOTO OTPEIEIICHNUS MECTa MOBPEXKICHUS TPeOyeMyIO0 TOUHOCTh PacueTOB
MapaMeTpoB MEPEXOAHBIX TOKOB M HAMPSHKEHUH B TUANa30He YacTOT OT HECKOJIbKUX KUIIOTepIl
10 20 xI['1y mo3BosIeT 00eCIeYUTh TOIBKO MPUMEHEHHUE YaCTOTHO-3aBUCUMBIX MOJICIICH
KaOeIbHBIX JIUHUH.

Knroueswie cnosa: xabenourie muauu 6—10 kB, onHoda3HbIe 3aMbIKaHMSI HA 3eMJTIO,

MepPEXOIHBIC MPOIIECCHI, TapaMeTPhl KaOEITbHON JTMHUH.

It is shown that the use of models of cable lines in the calculations of transient processes during
earth faults in 6-10 kV cable networks, the parameters of which are determined on the basis of
reference data at the fundamental frequency of 50 Hz, can lead to gross errors in the estimation
of the parameters of the discharge components of currents and voltages. The use of such models
is permissible only in the calculations of the charging stage of the transient process at small
distances from the fault point from the buses of the power center, when the inductance of the



power supply is much higher than the inductance of the damaged line. The use of models of
cable lines in the calculations, the parameters of which are determined by the speed of
propagation of electromagnetic waves in the cable, is acceptable when solving problems related
to the calculation of overvoltages or the effective value of the current in the place of damage
during alternating arc faults, when developing protection against this type of damage and studies
of the effect of transient processes on the stability of their functioning. It is shown that when
developing methods for remote determination of the damage location, the required accuracy of
calculating the parameters of transient currents and voltages in the frequency range from several
kilohertz to 20 kHz can only be provided by the use of frequency-dependent models of cable
lines.

Key words: 6-10 KV cable networks, single phase earth faults, transients, cable line parameters
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HecraumonapHblie pe:xuMbl padoThl epPeKI0YaeMol PuiibTPpOKOMIIEHCUPYIOLIEH
YCTAaHOBKHU B TATOBON ceTH epeMEHHOI0 TOKa

CEPEBPAKOB A.C.,TEPMAH JI.A., OCOKHH B.JIL., AYJIEIIOB JI.E.

[TokazaHo, uto ¢punbTpoKoMneHcupyomue yctanoBkU (PKY) B TATOBBIX CEeTAX MepeMEeHHOro
TOKA JIOJKHBI OBITh PETYIUPYEMBIMHU WIIM UMETH XOTsI Obl 1BE€ CTYNEHH MOILIHOCTHU AJIs TOTO,
YTOOBI 00ECTIEUUTh CHUKEHHE MTOTEPh AIEKTPOIHEPTUU MIPU CPEIHUX HArpy3KaxX U MaKCUMalIbHO
BO3MO>KHOE TOBBIIIEHUE HAIPSDKEHUS B TATOBOM CETU IIPU MPOITYCKE TSHKEITOBECHBIX COCTABOB.
Paccmotpena nepekirouaemast npyxcrynendaras @KV, nepas cTyneHb KOTOPOM MOIIIHOCTBIO 3
MBgap (nmocnegoBaTenbHOE BKItOUeHHE ABYX LC cekimii) BKIIOYASTCS IPH CPEIHUX TIATOBBIX
Harpyskax, BTopasi CTylieHb MOIITHOCTBIO 6 MBap (onHa LC cexuus) — mpu IBHKCHUH
TSKEJIOBECHBIX I10€3/10B. BBINONIHEH aHaNN3 epexoAHbIX MpoleccoB B AByxcTyneH4yaroil ®KY
B TSATOBOM CETH IEPEMEHHOT0 TOKA HallpsbkeHHneM 25 kB. AHanu3 AMHaMHUYECKUX MTPOLIECCOB
nposeneH B makere MATHCAD mytem pemieHrst HeMMHEWHBIX TU(GepeHITHaATBHBIX YPAaBHEHHHN
B hopme Komm metonom Pynre-Kyrra uerBeproro nopsaka. OnpeneneHsl OpOCKH TOKA U
HaIpPsDKEHUs Ha KOHJIEHCAaTOpax MY IYHTHUPOBAHUU JOTIOJIHUTEIBHON CEKLIUU U
JneMIi(pupyroniero pesucTopa B MAKCUMYM U HyJIb ToKa. [IpuBeaeHbI 3KCIIepUMEHTaIbHBIC
OCLIMJUIOTPaMMBI ITPOLIeCcCa PaCUIyHTUPOBAHUS JOTIOHUTEIBHON CEKLIUU TIPU MTEPEXO0/Ie OT
HauOOoJIbIIeH MOIIHOCTA K HauMeHbIIeH. JlaHbl peKOMEHaIHH 110 OMPeIeICHUIO ONTUMAIbHBIX
MOMEHTOB BPEMEHH ISl KOMMYTAIMH 3JIEMEHTOB CXEMBI.

Knrwoueswie cnosa: TAroBas ceTh IEPEMEHHOTO TOKA, (PMIBTPOKOMIICHCUPYIOIIAs yCTaHOBKA,



KOMIIEHCAIIHs peaKTHBHOM MOIIHOCTH, TOTEPHU AJIEKTPOIHEPTUN, KOMIIBIOTEPHOE

MOJICJIUPOBAHUE, IEPEXOAHBIN MpoIIeCC.

It is shown that filter-compensating installations (PKU) in alternating current traction networks
must be adjustable or have at least two power values in order to ensure a reduction in power
losses at medium loads and the maximum possible increase in voltage in the traction network
when passing heavy-weight trains. A switchable two-stage PKU is considered, the first stage of
which has a capacity of 3 Mvar (sequential inclusion of two LC sections), turns on at medium
traction loads, the second stage with a capacity of 6 Mvar (one LC section) - when moving heavy
trains. The results of the analysis of transients in a two-stage PKU in an AC traction network
with a voltage of 25 kV are presented. The analysis of dynamic processes was carried out in the
MATHCAD package by solving nonlinear differential equations in the Cauchy form by the
fourth-order Runge-Kutta method. The current and voltage surges on the capacitors during
shunting of the additional section and the damping resistor to the maximum and to the zero of the
current are determined. Experimental waveforms of the process of shunting an additional section
during the transition from the highest power to the lowest are given. Recommendations are given
for determining the optimal moments of time for switching circuit elements.

Key words: AC traction network, filter-compensating installation, reactive power compensation,

power losses, computer modeling, transient process.
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TemnoBble XapaKTePUCTHKH OCHOBHBIX KOHCTPYKTHBHBIX CXeM CHJIOBBIX KadeJiei
NEePeMEHHOI0 TOKA HA 0OCHOBE BHICOKOTEMIIEPATYPHBIX CBEPXIIPOBOIHHKOB

BYSIHOB [O.J1., XXEJITOB B.B., APXAHT'EJIbCKUI A IO.

BricokoTemmneparypHsbi€ cBepxnpoBoasue kadenu (BTCII kaGenn), oxmakaaeMble KUIKUM
a30TOM, IIPEJCTABISAIOT COOOH aIbTepHATUBY TPAAULMOHHBIM KabemsiMm. KonndyecTBo TemioTsl,
noctymnaromieit ot BTCII kabenst k oXJ1axaaromeMy ero KpuoareHrty, a TakyKe BEIOop
ONTUMAJIBHOU CXEMBI LIUPKYJISALUU KPHOAreHTa U BapUaHTa KpUOCTaTUPOBAHUS
CBEPXIPOBOJISAIIECH TUHUU B IIEJIOM, 3aBUCAT OT BHYTPEHHEN CTPYKTYphI kabens. B cratse
IIPEJICTaBICHA TEOPETUIECKAsi MOZEIIb, ONUCHIBAIONIAS PACIIPOCTPAaHEHUE TEIIOBOTO MTOTOKA B
LWINHAPUYECKUX c105X Kabens. [lonydeHsl aHaTMTHUECKUE YpaBHEHUs, ONPEAEIISIOINe
yJIeJIbHbIE JTUHEHHBIE TEIUIOBbIE TOTOKH K KaOeIsIM pa3InYHbIX THIIOB: C TPEMS OTACIbHBIMHU

SKpaHUPOBAHHBIMHU (ha3aMHU, COJIEPKAITIMIUCS B 000COOIEHHBIX KPHOCTATaX ¢ OOIINM



BO3BpPaTHBIM KPUOTEHHBIM TPYOOIIPOBOOM; C TPeMs SKpaHUPOBaHHBIMU (ha3amu B
000COOJICHHBIX KPHOCTATaX ¢ OpraHu3aIMeil 00paTHOTO MOTOKA KPUOAreHTa BHYTPH
KPHOCTATOB; C TPEMS SKPAHUPOBAHHBIMU (ha3aMu, PaCIIOIOKEHHBIMH B OJJHOM KpHOCTAaTe, a
TaK)Ke B TPUAKCHAJILHOM KaleJie MpH pa3InyHbIX cXeMaX HUPKYISIuU Kpruoarenrta. Jlis Bcex
TUIIOB Kabesel onpeaeaeHbl COOTHOLIEHUS MEX]Ty CYMMapHBIMH JIMHEHHBIMU TETUIONPUTOKAMU
4yepes3 TEIUIOU30JISAINI0 KPHOCTaTa U TEIUIONPUTOKAMU OT KaOesi B 3aBUCUMOCTH OT MacCOBOTO
pacxona XKUIAKOro a3ora. Takyke IpOBENEH CPAaBHUTEIIBHBIN aHATIU3 COOTHOLICHUN MEXAY
yIeIbHBIMU TEIUIONPUTOKAMHU, TEMIIEpATypaMH KPHOAreHTa Mocie OXJIKICHUS U
TUAPABINYECKUMHU COTIPOTUBIICHUSMHU Ha eIMHUIE ITUHBI Kabenei. [Ipennoxennas meronuka
MO3BOJISIET OIICHUTD TETUIOTUIPABINYECKUE TTApAMETPhI pACCMATPUBAEMBIX KOHCTPYKIIHIA
ka0eneli 1 BEIOpaTh HanboJee Menecoo0pa3sHoe TEXHUIECKOE PEIIeHHE.

Knroueewie cnosa: BTCII kabenb, oxnaxaeaue BTCII ka6ens, konctpykmus BTCIIT kaGens,

TCILJIOIIPUTOK.

High temperature superconducting cables (HTS cables) cooled with liquid nitrogen are an
alternative to traditional cables. The amount of heat supplied from the HTS cable to the cryo-
agent as well as the choice of the optimal cryoagent circulation scheme and the option of cooling
the superconducting line as a whole, depends on the internal structure of the cable. The article
presents a theoretical model describing the transfer of heat flow through the cylindrical layers of
the cable. Analytical equations are obtained that determine the specific linear heat flow to cables
of various types: with three separate shielded phases contained in separate cryostats with a
common return cryogenic pipeline; with three shielded phases in separate cryostats with the
organization of a reverse flow of the cryoagent inside the cryostats; with three shielded phases
located in one cryostat, as well as in a triaxial cable with different cryoagent circulation schemes.
For all types of cables, the ratios between the total linear heat fluxes through the thermal
insulation of the cryostat and the heat fluxes from the cable have been determined, depending on
the mass flow rate of liquid nitrogen. Also, a comparative analysis of the relationship between
specific heat fluxes, temperatures of the cryoagent after cooling and hydraulic resistances per
unit length of cables has been carried out. The proposed technique makes it possible to evaluate
the thermal-hydraulic parameters of the considered cable structures and to choose the most
appropriate technical solution.

Key words: HTS cable, cooling of HTS cable, construction of HTS cable, heat input.
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