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HcnbiTaHusA MaKeTOB MOLIHBIX CHJIOBBIX TPAHC(OPMATOPOB /ISl POBEPKH HUX
CTOMKOCTH NMPHU KOPOTKMX 3aMbIikaHusAX. U. 2. [Ipumepbl MakeTOB 0JI0YHBIX
TpancdopmMaTopos

AJIKUEB JI.K., IAPUH B.C., [TAHUBPATEILI A.H.

B npenpinymeit cratee (Y. 1) paccMOTpeHbI OCHOBHBIE IPUHLIUIIBI U MUPOBOH OIBIT (110
nauabiM CIGRE) pa3paboTku, pacueToB U UCIIBITAHUI Ha CTOWKOCTH NMPU KOPOTKUX
3aMBIKaHUSAX MacIITaOHBIX MaKETOB MOIIHBIX OJTHO(A3HBIX CHIIOBBIX TPaHC(HOPMATOPOB, a
TaK)Ke IPaBUJIA PacIPpOCTPAHEHUS PE3YJIBTATOB UCIIBITAHUN MaKeTa Ha pealbHbIN
TpaHc(hopMaTOp € LETbI0 MOATBEP)KIACHHS €0 CTOMKOCTH MPU KOPOTKUX 3aMbIKAaHHSIX.
OTmeudeHa BaXHOCTh Pa3pabOTKH U UCTIBITAHUN TaKUX MAKETOB i1 000CHOBAHUS
HAJEKHOCTH MOIIHBIX TPaHC(OPMATOPOB OTEUECTBEHHOTO NMPOU3BOICTBA. B HacTosiei
CTaThe MPHUBEACHHI O0JIee TOIPOOHBIC PACUETHI OJTHOTO U3 MAaKETOB TpaHChopMaTopa
MoIHocThi0 570 MBA, onrcanHoro B peplayiei crarbe. Takxke paccMOTpEHbI
Pe3yNIbTaThl 3CKU3HOTO MPOEKTUPOBAHUS IBYX HanboJjee yacTo npuMeHseMbix B PO 6inouynbIx
TpanchopmaTopoB MOIHOCTHIO 630 MBA 1 417 MBA 1 COOTBETCTBYIONTUX UM MaKETOB Ha
0a3e pacyeToB CTOMKOCTH MPHU KOPOTKUX 3aMbIKaHUsIX 10 Metoauke POCT-BOU.

Knroueswie cnosa: TpanchopmMaTopbl CUIOBbIE, IEMOHCTpaLus cToiikoctu npu K3, pacuerst u

HCIBITAHUSA MacIITa0HBIX MAKETOB.

In the previous article (Part 1) the basic principles and international experience (according to
CIGRE) of the development, calculation and testing of short-circuit resistance of large-scale
models of powerful single-phase power transformers, as well as the rules for distributing test
results of the model to a real transformer in order to confirm its resistance to short circuits, are
considered. The importance of developing and testing such models to substantiate the
reliability of high-power transformers of domestic production was noted. This article provides
more detailed calculations of one of the 570 MV A transformer layouts described in the

previous article. The results of the preliminary design of the two most commonly used block



transformers in the Russian Federation with a capacity of 630 MV A and 417 MV A and their
corresponding layouts based on calculations of resistance to short circuits using the REST-
VEI method are also considered.

Key words: power transformers, short-circuit resistance demonstration, calculations and tests

of scale models.
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Pe3ncTHBHOE NEpPeK/II0YEHNE B IOPOIIKOBBIX MOJIYIPOBOAHUKOBBIX MaTepHAIaX
AJIBTYIOB 10.K., 'AEB JI.C., PEXBUAIIIBWJIN C.111.

ITpuBeneHb! pe3yapTaThl SKCIIEPUMEHTAILHOTO U TEOPETHUECKOTO UcciieoBanms 3 dexra
PE3UCTUBHOTO NEPEKIIIOYEHHUS B CHKATBIX MOPOIIKOBBIX 00pa3lax KpeMHUs /- U p-TUIIa,
TrepMaHus p-TUIIA U OKCHJIA MeIU p-TUla. Vi3MepeHHbIe BOIbT-aMIIEPHBIE XapAKTEPUCTUKH
UMEIOT CHMMETPUYHYIO (POPMY U THCTEPE3HUC, IIIOUIAlb MEeTeIb KOTOPOTO 3aBUCUT OT
YIIeIbHOTO CONPOTUBIIEHUS U IUCIIEPCHOCTH MaTepuaia. ['epmMaHuii 1 OKcHI Meau 00IalatoT
CPaBHUTEJIBHO HU3KUMU KO3((PUIIEHTaMH TEIUIONPOBOAHOCTH, IIOATOMY U3-32
HEI0CTaTOYHOI'0 OTBO/IA TEIlJIa B 3THX MaTepHalax MMEET MECTO TeIIOBOM MPoOoii; st
KPEeMHHUS XapaKTepeH JaBUHHBIN poOoii. PaspaboTana TeopeTrueckas MOJeIb pe3UCTUBHOTO
NEPEKIII0YEHNUS B OPOIIKOBOM MaTepHualle, OCHOBaHHAsI HA IPUMEHEHUU (PYHKIIUU
aKTUBALMU U NIPUHIUIIOB aBTOMAaTHKHU. PacdeTsl, MpOBEICHHBIC B PAMKaX TAKOH MOJEIH,
Ka4eCTBEHHO OIMCHIBAIOT IIOJyYEHHBIE SKCIIEPUMEHTAIbHBIC TaHHBIE.

Knioueesvie cnoga: NOpOLIKOBBIE NTOITYIPOBOJAHUKH, PE3UCTUBHOE NIEPEKIIOUECHHUE,

ANEKTPUICCKUN TPOOOH, MEMPHUCTOP, TMHAMHUYECKUN TUCTEPE3UC, UMUTAITMOHHAS MOJICITb.

The results of an experimental and theoretical study of the effect of resistive switching in
compressed powder samples of n- 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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Pa3paborka marauta ¢ 00MoTkoil u3 BTCII-2 jeHT 1u1s Mcc/ie0BaTeIbCKUX Hesei
NBAHOB H.C., KAIEPOB B.A., 3YBKO B.B., lIMIIIOB JI.M., 3BAHEI'H C.1O.

Jliis uccnenoBaTenbCKUX 1eneld pa3padoran Maraut Ha ocHoBe BTCII-2 neHT ¢ u3BeCTHBIMU
cBoiicTBaMu. KOHCTpYKTHBHBIM MMapaMeTPOM SIBJISIETCS. MATHUTHOE T10JI€ B IOCTATOYHO
HIMPOKOM anepType MarHuTa, KOTOpoe JOCTUTHYTO MaKCUMaJIbHbIM YMEHBIIEHUEM
HOPMaJIbHOM COCTABJISIONICH MAarHUTHOTO MOJIA K Upokoi nmoBepxHoct BTCII-neHTs
00OMOTKH ¢ momMoIiso hopmbel MaraHuTonpoBosa. [Ipu ontumusamnuu GopMbl MarHuTa
WCIIO0Ib30BAJICS METO/I KOHEUHBIX 3JIEMEHTOB. MakcuMallbHO€ MarHUTHOE MOJIE B allepType
MarHuTa coctaBisieT okoJio 1,25 Ti npu temneparype 77,4K. Maraut OyaeT ucmoyib30BaH
JUISl U3YYEHHS] aHU30TPOIMHU KPUTHUECKOTO TOKa pazinuyHbix BTCII-2 neHT u noteps BO
BHEIIIHEM MAarHUTHOM IIOJIE.

Kniroueswie cnosa: BTCII maraut, BTCII-2 nenra, ontuMu3amnus.

A magnet based on HTS-2 tapes with known properties has been developed for research
purposes. The design parameter is the magnetic field in a sufficiently wide aperture of the
magnet, which is achieved by maximizing the reduction of the normal component of the
magnetic field to the wide surface of the HTS-tape winding using the shape of the magnetic
circuit. The finite element method was used to optimize the shape of the magnet. The
maximum magnetic field in the aperture of the magnet is about 1,25 Tl at a temperature of
77,4 K. The magnet will be used to study the anisotropy of the critical current of various
HTS-2 tapes and losses in an external magnetic field.

Key words: HTSP magnet, HTSP-2 tape, optimization.
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OnpenesieHHe HEMCITPABHOT0 KOH/IEHCATOPA B COCTABE CTATHYECKOT0 THPHCTOPHOT O
KOMIIeHCcaTopa

TYT'YJIBBAEB C.A., KOPHUJIOB I'.I1., AHOXHWH B.B.

PaccMoTpena mpo6ieMa onpeeneH st HEHCIIPAaBHOTO 3JIeMEHTa KOHASHCATOPHOI OaTtapeu B
cocTaBe (priIbTpa BEICIINX TAPMOHHUK CTATUYECKOTO THPUCTOPHOTO KOMIICHCATOPA.
[Tpoananu3upoBaHbl CYIIECTBYIOILINE CIIOCOOBI MOMCKA MOBPEXKIEHHOTO KOHIEHCATOPa,
OCHOBAHHBIC Ha aHAJIM3€ TOKA U HampsykeHus HeOanaHca. [lokazaHa BO3MOKHOCTh
NPUMEHEHHS METO/1a aHAJIN3a TOKOB HebaslaHca MPH MONCKE HEMCIIPAaBHOTO KOHAECHCATOpa
JUIS1 CTATHYECKUX THPHCTOPHBIX KOMIICHCATOPOB, YCTAHABINBAEMBIX B CHCTEMAax
AJIEKTPOCHA0KEHHUS AYTOBBIX CTAICIIABUIIBHBIX IT€4Yei BBICOKOW M CBEPXBBICOKOI MOIIIHOCTH.
JUist IMPOKOTOIOCHOTO (PHIIBTPa BTOPOM TapMOHMKH MPEUIOKEH aHAJIN3 TOKA PEe3UCTOpa ¢
IETBIO TOTIOJTHUTENIFHOTO COKPAIIEHHUST 00JIaCTH TIOMCKA MOBPEKAEHHOTO KOHICHCATOPA.
HccnenoBanue npoBoauIoCh ¢ TOMOIIBI0 UMUTAIIMOHHON Mozenu B nakete MATLAB
Simulink. [Toka3zaHo 3HaYNUTEIBHOE COKpAIIEHUE BPEMEHH MTOUCKA HEHCIIPABHOTO 3JIEMEHTA
KOHJIEHCAaTOpHOM Oatapeu B coctaBe (GpuiabTpoB. IlpeanoskeHHbIi criocod peanusyem B
YCIIOBUSIX MPOU3BO/ICTBA C HCHOIB30BAHHEM BO3MOXXHOCTEH CyIIECTBYIOMIEH CHCTEMBI
ABTOMATUYECKOTO YIPABJICHUS CTATUYECKUM TUPUCTOPHBIM KomneHcatopom MACH?2.
Knroueewie cnoea: craTnueckuii THAPUCTOPHBIM KOMIIEHCATOD, AYTOBasi CTajeryaBHIbHasS
neyb, KOHJEHCAaTOpHas 0aTapest, HeHCIPaBHbBIN KOHIEHCATOP, (PUIBTP BBHICIINX TAPMOHUK,

TOK HeOaslaHca.

The problem of determining a faulty element of a capacitor bank in the composition of a
higher harmonic filter of a static thyristor compensator is considered. The existing methods of
searching for a damaged capacitor based on the analysis of current and voltage imbalance
have been analyzed. The possibility of using the unbalance current analysis method in the
search for a faulty capacitor for static stationary compensators installed in power supply
systems of arc furnaces of high and ultra-high power is shown. For a broadband second
harmonic filter, an analysis of the resistor current is proposed in order to further reduce the
search area for a damaged capacitor. The study was conducted using a simulation model in
the MATLAB Simulink package. A significant reduction in the search time for a faulty
capacitor battery element in the filters is shown. The proposed method is implemented in
production conditions using the capabilities of the existing automatic control system for the
static thyristor compensator MACH?2.

Key words: static thyristor compensator, arc steel furnace, capacitor bank, faulty capacitor,



high harmonic filter, unbalance current.

Onexmpomexnuxa, 2026, Ne3, cmp. 36-42

Pacuer n ananu3 ko3¢ Ppuunenta npeodpa3oBaHusA U XapaKTePHCTHK NMOBBIIIAIOIIET0
kBa3u-LLIUM npeoOpa3zoBaTte/isi NOCTOSSHHOTO HANIPSZKEHUS

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

BeinonHeH aHaaUTUYECKUH pacyeT ¥ aHAIU3 OCHOBHBIX MHTEPBAJIOB PA0OTHI MOBBIIIAOLIETO
kBa3u-1LIMM npeoOpazoBaresst Ha Iepuo/ie YacTOThl KoMMyTaluu. [1o pe3yiapratam ananusa
OIpeJIeNIEHBl YCIOBUS YCTOMYMBON pabOThI peoOpa3oBaTelis B pexKUMe MATKOH KOMMYTALUU
C PE€30HAaHCOM HaIPSDKEHUS IIPU BBIKIIIOYEHUH CHIIOBOTO Kitova. [1o pesynbraram pacuera
YCPEIHEHHOTO Ha IEPUO/IC KOMMYTALMK 3HAYEHUS TOKA B PE30HAHCHOM JPOCCENIE MOTy4YeHa
aHAJIMTUYECKOE BhIpayKeHHE /i Kod(pduimenTa npeoOpa3oBaHus MOCTOSHHOTO HANPSHKEHUS
MOBBIIIAIOIIETO MpeoOpa3oBaTens. [lokazaHo, 4To B o0mieM ciaydae kodppuireHt
peoOpa3oBaHus SABIAETCS CIOXKHON (QYHKIMEH TpeX NePEMEHHBIX: YaCTOThl KOMMYTALIUH,
koa(durmenta perynmuposanus no meroay LIIMM u Toka Harpysku. [Ipu Be1OOpe Toka
Harpy3KH B KayecTBE ITapaMeTpa IpH MOCTOSHHON YacTOTe KOMMYTAIIMU MoJydeHa ¢popmyia
ISl pacyeTa CeMEHCTBa PEeryIMpOBOYHBIX XapaKTEpUCTHK npeodpazosatens. [Ipu Beibope B
KayecTBe Mapamerpa Kod(QGUIMEHTa peryJIupoBaHus P MOCTOSIHHOM YacTOTe KOMMYTAllUU
nojsy4yeHa ¢popmysa Ui pacdeTa ceMelcTBa Harpy304YHbIX XxapakTepucTuk. [IpeacraBinensl
pE3YJIbTaThl SKCIIEPUMEHTOB, IIOITBEPKIAIOLINE PABUIIBHOCTE OCHOBHBIX TEOPETUUECKUX
pacueToB. OTMEUEHO TyalbHOE COOTBETCTBHUE MEXKIY ABYMS 0a30BBIMU BapUaHTaMU
MTOBBIIIAIOIIETO ¥ TOHIKaromiero kBasu-1IIMM npeoOpa3oBaTerneid.

Knroueevie cnosa: nospimaroniuii kBaszu-1LIMM npeoOpaszoBaTenb, pe30HAHCHBINA KOHTYP,
K03 QUIMEHT npeodpazoBaHus, PEryIMPOBOYHAS XapAKTEPUCTUKA, BHELITHSISA

XapaKTepUCTHKA.

An analytical calculation and analysis of the main operating intervals of a quasi-PWM boost
converter during the switching frequency period has been performed. Based on the results of
the analysis, the conditions for stable operation of the converter in the soft switching mode
with voltage resonance when the power switch is turned off are determined. Based on the

calculation results of the current value in the resonant choke averaged over the switching



period, an analytical expression for the DC voltage conversion coefficient of the boost
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, a formula was obtained for calculating the family of control characteristics of the
converter. When selecting the control coefficient as a parameter at a constant switching
frequency, a formula was obtained for calculating a family of load characteristics.
Experimental results confirming the correctness of the basic theoretical calculations are
presented. The dual correspondence between the two basic variants of the step-up and step-
down quasi-PWM converters is noted.

Key words: quasi-PWM boost converter, resonant circuit, conversion coefficient, adjustment

characteristic, external characteristic.
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MopenupoBaHue H HCCIeI0BAHUE BETPOIJICKTPUYECKHUX YCTAHOBOK ¢ aKTHBHO-
PeaKTHBHBIMU CHHXPOHHBIMH MaIIMHAMH

BOPOHIIOB AT, PO3BUIIKUI I'.T., IPOHUH M.B., TJIVIIIAKOB B.B.

PaccMOTpeHO TeXHMYECKOE pelIeHre, OCHOBAHHOE Ha UCIIOJIb30BAHNN aKTUBHO-PEAKTUBHBIX
cuHXpoHHbIX MamuH (APCM), comepkamux B pOTOpe MOAYJIN MallTiH PEAaKTUBHBIX M HA
MOCTOSIHHBIX MarHUTax ¢ o0muM cratopoM. JlaHo maremaTnueckoe onucanue APCM B Buzie
eIMHOM MOJIeNIH, OIIMCaHa KOMITbIOTEepHast MoJelnb. [IpenycMoTpena ctabunusanus 3aJaHHOM
AKTUBHOM MOITHOCTH BETPOIICKTPUICCKUX YcTaHOBOK (BOY) myrem perynupoBanus
aMIUTUTY/bI TOKa cTaTopa Harpy3koi. IlpegycmMoTpena crabuimn3anust HanpsKeHHus cTaTopa
MyTeM peryiupoBaHus (as3sl BEKTOpa TOKa OTHOCUTEIHHO MONEPEYHON OCH PEaKTUBHOTO
Moayia poropa. OnpeneneHsl XxapakTepucTuku KonkpetHoi APCM B 3aBucumocTu ot
4acTOTHI BPAILCHUS U 3aJaHHOT'O B3aMMHOIO CIBUIa IIPOJOJIBHBIX OCEH 4acTel poTopa,
OTHOCSIIUXCS K PEAKTUBHOMY MOJYJII0 ¥ MOJYJIIO C IOCTOSIHHBIMUA Marouramu. J[is
KOHKPETHOW KOHCTPYKIUU PEKOMEHI0BAH B3aUMHBIN CIBUI IIPOJOJIBHBIX OCEH pOTOpa,
paBHbIii 70°.

Knrouegvie cnoea: akTMBHO-pEaKTUBHAS CHHXPOHHAs MalllMHA, CHHXPOHHAs MalllHa C
MOCTOSIHHBIMM MarHUTaMM, aHU30TPOIHAs MarHUTHAasl IPOBOUMOCTb, ITpeoOpa3oBaTellb

4aCTOThbI, MOACINPOBAHUC.



A technical solution based on the use of active-reactive synchronous machines (ARSM)
containing modules of reactive and permanent magnet machines with a common stator in the
rotor is considered. A mathematical description of the ARSM is given in the form of a single
model, and a computer model is described. It is planned to stabilize the set active power of
wind turbines by regulating the amplitude of the stator current by the load. The stator voltage
is stabilized by adjusting the phase of the current vector relative to the transverse axis of the
rotor reaction module. The characteristics of a specific APSM are determined depending on
the rotational speed and a given mutual displacement of the longitudinal axes of the rotor
parts related to the reactive module and the permanent magnet module. For a specific design,
a mutual displacement of the longitudinal axes of the rotor equal to 70° is recommended.
Key words: active-reactive synchronous machine, synchronous machine with permanent

magnets, anisotropic magnetic conductivity, frequency converter, modeling.
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IToBbIICHHE Y HEPrOIKOHOMUYHOCTH 3JIEKTPOMATHUTHOI0 IPUBO/AA UCIIOJIHUTENbHBIX
MEXaHU3MOB CHCTeM TOIJIMBONOAAYH CPeAHEO0OPOTHBIX AU3enei

AXTBIPCKUI C.A.

PaccmoTpena cxema 610ka CHIIOBBIX KITIOU€H, IPeJHA3HAUYEHHOI' O 7S YBEJINYEHUs
MOIITHOCTH 3JIEKTPUUECKUX CUTHAJIOB CIIELUaIbHON (POPMBI, MUTAIOLIUX OOMOTKH
3JIEKTPOMArHUTOB JIO3UPYIOIIMX KJIalaHOB MM (POPCYHOK CHCTEM I0JIa4M TOTIIIMBA
CpeaHeo0opOTHRIX Au3eneil. BeiOpanHas ¢popma ynpasIisionero Curuaga COCTOUT U3 TpexX
CTyIeHeH: dhopcupyrolieH, yaep KuBaroeid 1 pazMaranduBaromein. Cxema odecreunBaeT
MOBBIIIEHUE SHEPIrOIKOHOMUYHOCTH M HAJAEKHOCTH 3JIE€KTPOMAarHUTHOTO IIPHUBO/IA Oaronapst
YMEHBIICHUIO PacCeMBAaeMOI MOIIIHOCTH Ha 3Tare (OpMHUPOBaHNS HAMarHMYUBAIOIIETO TOKA
U TIOBBIIIEHHUS CTAOMIIBHOCTHU €0 paboThl. DTO TOCTUTACTCS IMyTeM IPUMEHEHHUS B CXEME
(G pepeHIUPYIONINX YCTPOICTB, KOTOPbIE B KOMIUIEKCE C APYTUMH JOIOJIHUTEIbHBIMU
3JIEMEHTaMU OIPaHMUYUBAIOT JIEHCTBHE (POPCUPYIOIIET0 UMITYJIbCa B MOMEHT IPUTSKEHUS
SAKOPS DJIEKTPOMATHUTA K €T0 CEPACYHUKY. BBINTOIIHEHO pac4eTHOE MOACINPOBAHNE
3JIEKTPOMArHUTHOTO MPUBOJIA, ITPEICTABICHBI paCUeTHBIC 3aBUCIMOCTH TOKa B 0OMOTKE,
HanpsDKeHUS Ha Hel 1 nepeMerteHus skops. [IpennoxkeHHbiid criocod orpaHMYeHUs

JUTUTEIBHOCTU (POPCUPYIOLIETO UMITYJIbCA U CXEMHBIE PEHICHHS 11eJIECO00Pa3HO MPUMEHSTH K



0001 KOHCTPYKLUHU OJIOKA CHIIOBBIX KJIHOYEH, Tak KaK HaJIeXKHOCTh AJIEKTPOMArHUTHOTO
MIPUBO/IA TIOBBIIIAETCS HE TOJIBKO OJ1aro/iapst yMEHbIICHUIO TIOTPEOIIIeMO MOLTHOCTH, HO U
Onarosapst HCKJIIOUEHUIO 1aTYMKA NIEPEMEILIEHHS 3aTBOPA IIEKTPOMArHuTa.

Knioueevie cnoga: 3neKTpOMarHUTHBIA IPUBOJ, SJIEKTPOMATrHUT, 3JIEKTPOHHBIE CUCTEMBI
M0J1ay¥ TOIUIMBA, OJIOK CHUJIOBBIX KITFOUEH, SHEPrO3KOHOMUYHOCTh, BpeMs CpadaThIBAHUS
3JIEKTPOMArHUTa, MOJCIMPOBAHHIE FMEKTPOMATHUTHOT'O TIPUBOJIA, (DOPCUPYIOIINNA UMITYIIEC

YIIPABJICHUS.

The scheme of a block of power switches designed to increase the power of special-shaped
electrical signals feeding the windings of electromagnets of metering valves or injectors of
fuel supply systems of medium-speed diesel engines is considered. The selected control signal
form consists of three stages: forcing, retaining, and demagnetizing. The circuit provides an
increase in the energy efficiency and reliability of the electromagnetic drive by reducing the
power dissipation at the stage of forming the magnetizing current and increasing the stability
of its operation. This is achieved by using differentiating devices in the circuit, which, in
combination with other additional elements, limit the effect of the forcing pulse at the moment
of attraction of the armature of the electromagnet to its core. Computational modeling of an
electromagnetic drive has been performed, and calculated dependences of the current in the
winding, the voltage on it, and the armature displacement are presented. The proposed method
of limiting the duration of the forcing pulse and circuit solutions should be applied to any
design of the power key block, since the reliability of the electromagnetic drive increases not
only by reducing power consumption, but also by eliminating the sensor for moving the gate
of the electromagnet.

Key words: electromagnetic drive, electromagnet, electronic fuel supply systems, power
switch block, energy efficiency, electromagnet response time, electromagnetic drive

simulation, boost control pulse.
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CucreMa aBTOMAaTHY€CKOr0 YIIPABJIEHHS TOKAMH KOJLUIEKTOPHBIX TATOBBIX
3JIeKTPOABHUIaTEJIeH IJIEKTPOBO032a MEPEMEHHOT0 TOKA ¢ YNPaBJIsieMbIMHI

npeodpa3zoBaTeasiMu BO30yKIeHUS



CABOCBKUHH A.H., MUXAJIBYYK H.JL., TYJJOBUKOB O.E., YYUIH A.A.
PaccmaTpuBaetcs cuctemMa aBTOMaTHYECKOTO YIIPABICHUS! TOKAMH KOJUIEKTOPHBIX TATOBBIX
ANEKTPOABUTATENCH AIEKTPOBO30B MEPEMEHHOTO TOKA C YIPABISIEMBIMH MOCTOBBIMHU
TpansucTopubiMu IGBT-nipeoOpazoBarensiMu, IIyHTUPYIOITUMUA OOMOTKH BO30YKIECHUS
anekTpoaBurateneii. Cucrema o0ecreynBaeT BO3MOKHOCTh PEaIM3allii TATOBBIX
XapaKTePUCTUKU HE3aBUCUMOTO U MOCIIEIOBATEILHOTO BO30YKICHUS IBUTATENICH, a TAKKe
MTOOCHOTO ¥ MOTENICKEUHOTO YIIPABICHUS CUIION TATH AJIeKTpoBo3a. [Ipeanoxkena
MaTeMaTHYeCKasi MOJIeITb TSTOBOTO JIBUTATENsl, YUUTHIBAIOIAst HEIMHEHHOCTh KPUBOM
HaMarHMYMBaHUS U BBITIOJHSIONIAS pa3AebHBIN YUET BUXPEBBIX TOKOB, CO3/IaBAEMbIX
00MOTKOM I'JIaBHBIX IIOJIFOCOB, a TAKXKE 00MOTKaMu J00aBOYHBIX ITOJIIOCOB U
KOMITEHCAITMOHHBIMI 0OMOTKaMH. Pac4€Thl 3IeKTPOMarHUTHBIX, DJIIEKTPOMEXaHUYECKUX U
MEXaHUYECKUX MPOIECCOB, BOSHUKAIOIIMX MPU TPOTAHUH M Pa3rOHE JIEKTPOBO3a C TPY30BBIM
M0€3J10M, TOATBEPAHITH 3()(HEKTUBHOCTH MPEATTOKECHHON CHUCTEMBI aBTOMATHYECKOTO
YIpaBIeHUS] TOKAMH TATOBBIX JIBUTATEIICH.

Kniouesnie cnosa: >neKTpoBo3 MEPEMEHHOTO TOKA, KOJUIEKTOPHBIC TATOBBIE
AJIEKTPOJIBUTATEIH, YIIPABIISIEMBII MOTYITPOBOJIHUKOBBIA TPAH3UCTOPHBIH MTpeoOpa3oBaTeb
BO30Y)KIICHHSI, HE3aBUCHMOE BO30YKICHNE KOJUIEKTOPHBIX TATOBBIX AJICKTPOJIBHUTATEIICH,

MaTeMaTU4ICCKass MOJICJIb, MPOUCCChHI TPOTaHUA U PA3rOHA I'Py30BOIr'0 IIOC3 4.

A system for automatic current control of collector traction electric motors of alternating
current electric locomotives with controlled bridge transistor IGBT converters shunting the
excitation windings of electric motors is considered. The system provides the possibility of
realizing the traction characteristics of independent and sequential excitation of engines, as
well as axial and lateral control of the traction force of an electric locomotive. A mathematical
model of a traction motor is proposed that takes into account the nonlinearity of the
magnetization curve and separately accounts for eddy currents generated by the winding of
the main poles, as well as windings of additional poles and compensation windings.
Calculations of electromagnetic, electromechanical and mechanical processes occurring when
starting and accelerating an electric locomotive with a freight train have confirmed the
effectiveness of the proposed system for automatic control of traction motor currents.

Key words: alternating current electric locomotive, collector traction motors, controlled
semiconductor transistor excitation converter, independent excitation of collector traction

motors, mathematical model, processes of starting and accelerating a freight train.
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Hcnosb3oBaHue HEHPOHHOM CeTH B CHCTeMe HHAUBHAYAJIBHOI0 YJIEKTPONIPUBOAA
TeNJI0B03a

JIOTMHOBA E.10., ATA®OHOB K.B.

[IpennoxeHa cucreMa KOMIUIEKCHOM 3allIUTHI TATOBBIX arperatoB TEIIOBO3a Ha 0aze
WH/IMBUYAIbHOTO 3JIeKTporpuBoa. Cuctema o0beIuHsET (PYHKIIMU 3aIIUT OT OOKCOBAHUS U
neperpeBa 0OMOTOK TSATOBOTO JIEKTPOABUTATENS. J{J1s MOBBIIIEHUST OBICTPOCHCTBUS PaOOTHI
CUCTEMBI U YIPOIICHUS €€ CTPYKTYpbl 000CHOBAaHO MIPUMEHEHHE HEHPOHHOM ceTn
YIPaBJICHUS HAIPSKEHUEM TATOBOIO JIEKTPOJIBUTATENS B aBAPUMHBIX PEKUMAX.
VYnpasiieHue HanpsyKEHUEM OIPaHUYMBAET ITPOCKAJIb3bIBAHNE KOJIECA OTHOCUTENIBHO PEjbCca B
npenenax 3 % u Temreparypy 0OMOTKH SIKOPS SJIEKTPOIBUIaTeNs B ipeaeiax 5 °C
OTHOCHUTEJIBHO JOMYCTUMOI0 3HaUYCHHS. APXUTEKTYpa HEUPOHHOU CETH PEAyCMaTPUBAET
JIBA CKPBITBIX CJIOS M IIECTh BXOAHBIX HEUPOHOB. /{715 MOBBIIIEHNS TOUHOCTU PabOTHI CETH €€
AJIITOPUTM HMCIOJIb3YETCA MPOLEypa CTaHAapTU3allMK 3HAUEHUI BXOAHBIX HEHPOHOB.
BbIXOHOM HEHPOH IeHEPUPYET 3HAUCHUE HAIIPSHKEHUS HAa BXOJE TATOBOIO
AIEKTPOABUTATEINSI; sl HAMIPSKEHUSI IPUHUMAJIACh JIMHEWHas QyHKIUS akTuBauuu. J{ims
CKPBITBIX CJIOEB CeTU NMPUHATH GyHKIMK akTHBanuu Tuna ReLU. OOydeHne HeHpOHHOMN CeTH
BBIITOJIHSUIOCH C UCITOJIb30BAHUEM PACUETHBIX JAHHBIX MOJIECIUPOBAHUS YIIPABICHUS
HaNpsDKEHUEM TATOBOTO 3JIEKTPOJBUTATENS AJ11 BOCCTAHOBJIEHMSI CLIETIIIEHUS KOJIECa C
PEBECOM U MOAJEPKAHUS TeMIIepaTypbl OOMOTKH SIKOPSI Ha 33/1aHHOM ypoBHE. Pe3ynbraThl
oOyueHus CeTH MOKa3alli, YTO €€ apXUTEKTypa COOTBETCTBYET TPEOOBaHUSIM pelIaeMoi
3amaun: Ha 20-M 1UKIIe 00y4YeHus oImmroOKa cocTaBisieT MeHee 1 % OT 3a1aHHOTO 3HAYCHHS
HanpspkeHus. [lpu HanpsbkeHuu TArosoro snexrpoasurarens menee 600 B renepupyemoe
3HAUEHUE 1IEJIEBOr0 HANIPSHKEHUSI IPAKTUYECKH COOTBETCTBYET 3aAaHHOMY. [Ipu HanpsxeHun
TATOBOTO AeKTpoaBuratens 6onee 600 B renepupyemoe 1ieneBoe HampsHKEHUE MOYKET
ONPEIEHATHCA HEOAHO3HAYHO, @ €r0 MAKCUMAJIbHOE OTKIIOHEHUE OT 3aJaHHOTO 3HAYEHUS HE
npeBbIaet 8§ %, 4To 00BACHACTCA HEOCTATOYHBIM 00bEMOM CTATUCTHUECKUX JAHHBIX TPU
HanpspkeHuu asurarens 6onee 600 B.

Knrouegwle cnoea: vuanBuayanbHBIN TATOBBIN 3JEKTPONPUBO/I, 3aIlIUTa OT OOKCOBAHUS,
3aIuTa OT IeperpeBa 0OMOTOK TATOBOTO 3JIEKTPOABUraTeNsl, HEHPOHHAs CETh, ApXUTEKTypa

HEHPOHHOI ceTH, 00yueHre HEHPOHHOM CEeTH yIpaBJIEHUS HANIPSHKEHUEM.



A system of integrated protection of traction units of a diesel locomotive based on an
individual electric drive is proposed. The system combines the functions of protection against
boxing and overheating of the traction motor windings. To increase the speed of the system
and simplify its structure, the use of a neural network for voltage control of a traction electric
motor in emergency modes is justified. Voltage control limits the wheel slip relative to the rail
within 3% and the temperature of the armature winding of the electric motor within 5 oC
relative to the permissible value. The neural network architecture provides for two hidden
layers and six input neurons. To improve the accuracy of the network, its algorithm uses a
procedure for standardizing the values of input neurons. The output neuron generates the
voltage value at the input of the traction motor; a linear activation function was used for the
voltage. Activation functions of the ReLU type have been adopted for hidden network layers.
The neural network was trained using calculated simulation data for controlling the voltage of
a traction electric motor to restore the wheel's grip on the rail and maintain the temperature of
the armature winding at a set level. The results of the network training showed that its
architecture meets the requirements of the problem being solved: on the 20th training cycle,
the error is less than 1% of the set voltage value. When the voltage of the traction motor is
less than 600 V, the generated value of the target voltage practically corresponds to the set
value. With a traction motor voltage of more than 600 V, the target voltage generated can be
ambiguously determined, and its maximum deviation from the set value does not exceed 8%,
which is explained by insufficient statistical data at a motor voltage of more than 600 V.

Key words: individual traction electric drive, protection against boxing, protection against
overheating of traction motor windings, neural network, architecture neural network, neural

network voltage control training.
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MoneaupoBanue padoTbl pUJILTPOKOMIIEHCUPYIOLIEro ycTpoiicTBa B cpene SimInTech
CBUTHEB E.A., CEMEHOB /I.A, KOHIAPAHEHKOBA T.E.

B cBs131 ¢ pOCTOM J10JIM HETMHEWHON HArpy3KH B JIEKTPUUECKUX CETIX YBEIUYMBACTCS
CyMMapHbIi K03 PHUIUEHT rapMOHUYECKUX COCTaBIAIOMMX. Ha HauansHOM 3Tarne paboThl O
YIYUIIEHUIO Ka4eCTBa 3JIEKTPUUECKON S3HEPTUU KOHKPETHOTO 00BEKTa BMECTO
MHCTPYMEHTAJIBHBIX 00CIEI0BAHNN BO3MOXKHO IPUMEHEHUE BUPTYAIbHON KOMIIBIOTEPHON

MOJIENIU, CO3/JAHHOM Ha OCHOBE PEaTbHOM CXEMBI 3JIEKTpOCHa0KeH!s. B cTatbe npoBeieH



aHaJIN3 BJIMSHUSA BBICIIMX TAPMOHUK Ha Ka4€CTBO AJIEKTPOIHEPTUU, PACCMOTPEHBI METOIbI U
pabota Mozenu GpUIbTPa BHICIIMX TAPMOHUK JUIsS CHIDKEHUS! HECUHYCOUIATbHOCTH
MUTAIOIIETO HANPSDKEHHSL. B OCHOBY MOAETMPOBaHUS MOJIOKEHBI ONOIMOTEKN POTPAMMBI
SimInTech. BupTtyanbnast Moaens 03BOISET U3MEHSTH TapaMeTPhl BHENTHEH MTUTAIOMIEH
CETH U HArpy3Kd B peaibHOM BPEMEHH MO/ JII0O0H KOHKPETHBIN 00BEKT C MPeIBAPUTEIbHBIM
pacueToM cXeMbl 3aMeleHus. Pe3ybTaTel MOAEIUPOBAHNUS [TOKA3aJIH, YTO B UCCIIEYEMbIX
pexxumMax Ko3(pPUIUEHTHI HCKaKECHUS HECHHYCOUAATBLHOCTH TOKA MPH BKIIIOYSHUHU B paboTy
GUIBTPOKOMIIEHCUPYIOIIETO YCTPOUCTBA YMEHBIIAIOTCS IO JOIMYCTUMBIX 3HAUEHUH.
Knrwueswie cnosa: xkauecTBO IEKTPUUECKON YHEPIUU, HEJTMHEHAs! Harpy3Ka,

HECHHYCOUIAJIBbHOCTD, (PUIBTPOKOMIICHCUPYIOIIEE YCTPOoiicTBO, MonenupoBanue, SimInTech.

Due to the increasing share of nonlinear load in electrical networks, the total coefficient of
harmonic components increases. At the initial stage of work to improve the quality of
electrical energy of a particular facility, instead of instrumental surveys, it is possible to use a
virtual computer model based on a real power supply scheme. The article analyzes the
influence of higher harmonics on the quality of electricity, discusses the methods and
operation of the higher harmonic filter model to reduce the non-sinusoidal supply voltage.
SimInTech software libraries are used as the basis for modeling. The virtual model allows you
to change the parameters of the external supply network and load in real time for any specific
object with a preliminary calculation of the replacement scheme. The simulation results
showed that in the studied modes, the distortion coefficients of the non-sinusoidal current
decrease to acceptable values when the filter compensating device is switched on.

Key words: electrical energy quality, nonlinear load, non-sinusoidal, filter compensating

device, modeling, SimInTech.
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3ammTa cCeKIIMOHMPOBAHHOM CBEPXIPOBOAsIIIE MATHUTHOM CUCTEeMbl MATHUTHO-
PEe30HAHCHOI0 TOMOrpaga

YEPHOI'YBOBCKHUI M.A., ACTPOB M.C., TPUTOPLEB C.A.

CHukeHHe TeMIiepaTypbl U HaNpsHKEHUs PU BBIBOJIE TOKA B CIIy4ae MacCUBHOM 3aIlUThI
JOCTUTAETCS CEKLIMOHUPOBAHUEM CBEPXIPOBOASIINX OOMOTOK MarHUTOB IUOIHO-

PE3UCTOPHBIMU LieIIsIMU. Vcrionp30BaHNE pe3UCTOPOB B KAUECTBE HarpeBaTeeil,



AKTUBHPYIOIINXCS MOCIE BOSHUKHOBEHHSI HOPMAJIBHBIX 30H, YCKOPSIET IIEPEX0] B
HOPMaJIbHOE COCTOSTHUE CBEPXIPOBOIHUKA BCEX CEKIMM, HO CUCTEMBI TAaKOI'0 poJa
IpeycCMaTpUBAIOT OOJIBIIOE YUCIIO HIEMEHTOB JJIsi MHOTOKATYIICYHBIX MarHuToB. bonee
MPAaKTUYHBIHN c110cO0 NepeBo/ia B HOPMAIbHOE COCTOSIHE 0OMOTOK HECKOJIBKMX CEKLIUN IpU
UIYHTUPOBAHNU LEMSMU C BEHTUIIbHBIMHA CBOMCTBAMM M KOMIIOHOBKE KaTYHIEK B CEKLUU
ONMM3KOI MHIYKTUBHOCTH 00ECIICUUBACT 3aIUTY, MTO3BOJISIONIYIO 3((HEKTUBHO CHU3HUTD
IIpesiebHbIE TEMIIEPATYPhl U HANPsDKEHUs B MHOrokaTymeuHoil CI1 MmarHuTHOM cucreme.
Knrwueswie cnosa: MPT, cekunonnpoBanHas CII MarHuTHas cuctemMa, NacCUBHAs 3alllUTA,

MOZICIIMPOBAHUC 3AIIUTHOI'O BEIBO/Ia TOKA

The reduction of temperature and voltage during current output in the case of passive
protection is achieved by sectioning the superconducting magnet windings with diode-resistor
circuits. The use of resistors as heaters, which are activated after the occurrence of normal
zones, accelerates the transition to the normal state of the superconductor of all sections, but
systems of this kind provide for a large number of elements for multi-coil magnets. A more
practical way to restore the windings of several sections to a normal state when shunting
circuits with valve properties and arranging coils in a section of close inductance provides
protection that effectively reduces the temperature and voltage limits in a multi-coil joint
magnetic system.

Key words: MR, sectioned joint magnetic system, passive protection, simulation of protective

current output
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