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OcHOBHbIE HATIPABJICHUS PA3BUTHS CYA0BOI JJIeKTPOTEXHUKH

HIEJYJIBKO B. H., CEHTSBPEB 10.B., TPUT'OPLEB A.B.

PaccMoTpeHbl OCHOBHBIE HAIIPABIICHUS PA3BUTHUSI CYJIOBOM AJIEKTPOTEXHUKHA U aBTOMATU3ALIUH, K
KOTOPBIM OTHOCSITCS:COBEPIIICHCTBOBAHUE CUCTEM F€HEPUPOBAHUS U PACIIPEACICHUS
AJIIEKTPOIHEPIUH, COBEPIICHCTBOBAHUE CUCTEM 3JIEKTPOABUKEHUS U TIPOITYJIbCUBHBIX
ycTaHoBOK. [loka3aHa 1enecoo0pa3HOCTh MPUMEHEHUS BEHTUIIBHBIX TeHEPATOPHBIX arperaToB v
nepexoja K pactnpeIeICHUIO AJIEKTPOIHEPTUU Ha MMOCTOSHHOM TOKE. AKTUBHOE pa3BUTHE Ha
MOPCKOM TPAHCIOPTE MOJYYaIOT CTATUYECKUE UCTOYHUKH JIEKTPOIHEPTHUH HOBOT'O MMOKOJICHUSI.
Xopoliue peryiupoBOYHbIE XapaKTEPUCTUKU, OTCYTCTBUE OIPAaHUUEHUMN 110 KOJTHUYECTBY
peBEepCOB 1 MUHUMAJIBbHOM yacToTe BpameHus, Beicokuii KI1J[ mpu paboTe Ha 1071eBBIX
Harpy3kax, BBICOKHE Ieperpy304HbIe CIIOCOOHOCTH 110 MOMEHTY Ha TpeOHOM BUHTE 3HAYUTEIILHO
pactupsoT 00J1aCTh MPUMEHEHUS COBPEMEHHBIX CHCTEM 3JIEKTPOABHKEHUS IEPEMEHHOTO TOKaA.
CrpemiieHre coueTarb JOCTOMHCTBA MPOIYJIbCUBHBIX YCTAHOBOK Pa3HbIX TUIIOB CTUMYJIHPOBAJIO
CO3/aHNe KOMOMHUPOBAHHBIX (THOPUIHBIX) MIPOITYIECUBHBIX YCTAaHOBOK. KOMOMHUPOBaHHBIE
YCTaHOBKH UMEIOT B CBOEM COCTABE TPAIUIIMOHHBIN TETIOBOM TJIABHBINA JIBUTATEh M TPEOHOM
3JIEKTPOABUTATENb. [ TABHBIN TEMJIOBOU UITH TPEOHOM SIIEKTPOABUTATEID JIJIS IBUKCHUS
MPUMEHSETCS B 3aBUCUMOCTH OT PEKMMA SKCILTyaTallud U CKOPOCTH Xoja cyaHa. Caenan
BBIBOJI, YTO OCHOBHBIMU 33/1a4aMU B Pa3BUTHH CYJIOBOI 3JIEKTPOTEXHUKH SIBJISIOTCS . IOBBIIIICHUE
3Heprod(PEeKTUBHOCTH TEHEPUPOBAHUSI JICKTPOIHEPTUU ITYTEM BHEIPECHHS BEHTUIBLHBIX
T€HEePAaTOPHBIX arperaToB; BHEAPEHNE NHHOBAIMOHHBIX NCTOYHUKOB 3JIEKTPOIHEPTUU C
BBICOKHMH MTOKA3aTeISIMU SKOHOMUYHOCTH M SKOJIOTHYHOCTH; IPUMEHEHHE TPEeOHBIX
AJIEKTPOJIBUraTEsICH Ha MOCTOSIHHBIX MArHUTAX U UHAYKTOPHOTO TUIA; TPUMEHEHUE
KOMOWHHUPOBAHHBIX MPOMYILCUBHBIX YCTAHOBOK C OOPAaTUMBIMUA CHCTEMaMH JIEKTPOABUKCHUS.
Knwueswvie cnosa: >1eKTpOIHEPTETUUECKAS] CUCTEMA, BEHTUWIBHBIN T€HEPATOp, CTATUYECKUI
HCTOYHUK DJICKTPOIHEPTUU, CUCTEMA IIEKTPOABIKEHUS, TPEOHAS AIEKTPOYCTAHOBKA,

KOMOWHUPOBaHHAs POITYJIbCUBHAS YCTAHOBKA, HCKYCCTBEHHBIN MHTEJICKT.

The article discusses the main directions of the development of ship electrical engineering and
automation, namely: improving the systems for generating and distributing electric power,
improving the electric propulsion systems and propulsion plants, improving the automation
systems. The expediency of using valve generator sets and the transition to the distribution of
electricity on direct current is shown. New generation static power sources are actively
developing and spreading both in industry and in sea transport. Good regulating characteristics,

no limitation on the number of reverse and minimum rotational speed, high efficiency when



working at fractional loads, high overload torque on the propeller significantly expand the
application area of modern electric propulsion systems. The desire to combine the advantages of
different types of propulsion plants stimulated the creation of combined (hybrid) propulsion
plants. Combined plants incorporate a traditional thermal main engine and an electric propulsion
motor. The use of an engine or a motor depends on the mode of operation and the speed of the
ship. It is concluded that the main tasks in the areas of development of marine electrical
engineering are: improving the energy efficiency of the electric power generation process by
introducing valve generating sets; introduction of innovative electric power sources with high
rates of efficiency and environmental friendliness; the use of electric propulsion motors with
permanent magnets and inductor type; the use of combined propulsion plants with reversible
electric propulsion systems.

Key words: electric power system, valve generator, static electric power source, electric

propulsion system, electric propulsion plant, combined propulsion plant.
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OnpIT NPOEKTUPOBAHUSA U UCIIBITAHUSA CYI0BOH 3JIEKTPOIHEPTreTHYECKOH CHCTEeMbI NPH
MOJECPHU3ALUN IN3e/1b-3JIeKTPHYECKOrO0 JIeJ0KO0JIa

'PUT'OPLEB A.B., BEUHMENMCTEP A.B.

B craThe paccMOTpeH ONBIT MOAEPHU3ALNN EAUHOM 3IeKTpodHepreTudeckoi cuctemsl (E9I2C)
¢ cuctemoit anektpoasmkeHus (CO]1) nu3enb-3aeKTpudecKoro jeaokona «Kanuran
Kocomanosy. Monepuuzarus Bei3BaHa HEOOX0IUMOCTBIO 3aMeHbI o0opynoBanus EDOC ¢ CO/J]
U TIPOJICHUEM CPOKa CITY>KOBI Jiefokoua. [lepen HauanomM MoAepHHU3AIMY TIPOBEIECHO
TEXHUYECKOE TUarHOCTUPOBAaHHE OCHOBHOTO 3JekTpoodopynoBanust E2DC ¢ CO/I. [pu
pa3paboTKe TEXHUYECKOTO MPOEKTa MPOBECH CPABHUTEIBHBINA aHATTU3 CXEMO-TEXHUUECKUX
peLIeHU, BBIMOIHEHbI HEOOXO0AUMBIE 3JIEKTPOTEXHUUECKHE pacyeThl. B mporecce
MOJICPHU3ALIMN 3AMEHEHBI [JIABHBIE TU3€JIb-TEHEPATOPHI, YIPABISIEMbIE BBIIPIMUTEIN IKOPHON
IIETH, PEBEPCHUBHBIE YIIPABIISIEMbIE BBIPSIMHUTEIH LEMH BO30YXKIEHUS TPeOHOTO
anekTpoasuratens. Pazpaborana mukponpoueccopHas cucrema ynpasinenus COJ1. Buenpena
WHTETrPUPOBAHHAS CUCTEMA YIIPABJICHUS TEXHUUECKUMHU CpeAcTBaMu cyaHa. [IpoBeaeHsl
IBAPTOBHBIE, XOJOBBIE U JIEAOBbIE HCTIBITaHUS Jiefokoa. [Ipu ucneiranusax EQ3C nposepsiioch
KAau4eCTBO IEKTPOIHEPIUH B CYJIOBOM CETH, YCTOMYMBOCTh ABTOHOMHOM U NapAJIICIIbHOU
paboThI TU3eIb-TeHEPaTOPOB, pacipeie/ieHue aKTUBHOM U peakTUBHOW Harpy3ku. [1pu
ucnbiTanusax COJI mpoBeeHa OleHKa KauecTBa MEePEXO0HBIX MPOIIECCOB IPEOHOM

3NEeKTpUYECKOM ycTaHOBKHU. OcuusuiorpadupoBaInuch NepexoJHble IPOLECCh Pa3roHa,



TOPMOYKEHHUS U peBepca TpeOHOTO AIIEKTPOABUTATEINS. Y CIICIITHO IPOBEICHHAS MOJICPHU3AINS U
UCIIBITaHUS TTO3BOJIMIIH MPOJAOKUTH KCILUTYaTalMIO AU3EIb-3JIEKTPUUECKOT0 JIEJOKOIa
«Kanuran Kocomamnosy.

Knrouegvle cnosa: mu3enb-3IeKTPUUECKAN JIEOKOJ, DJIEKTPOIHEPTETUUECKAs CUCTEMa, CHCTEMa
AJICKTPOIBMKCHUS, TPEOHAS JIEKTPOYCTAaHOBKA, TJIABHBIA JTU3EJIb-TEHEPaTOp,
MOJTYTIPOBOTHUKOBBIH BBITTPSIMUTENb, TIOTYITPOBOAHUKOBBIN BO30YIUTENb, KAYECTBO
AJIEKTPOIHEPIUH, MIEPEXOIHBIN MPOLIECC, IITBAPTOBHBIEC UCTIBITAHUS, XO/I0BbIC HCTIBITAHMUS,

JI€JOBBIC UCIIBITAHNWA.

The article considers the experience of modernization of the unified electric power system (UES)
with the electric propulsion system (EPS) of the diesel-electric icebreaker «Captain Kosolapov».
The modernization is caused by the need to replace the equipment of the UES with the EPS and
extend the service life of the icebreaker. Before the start of the modernization, technical
diagnostics of the main electrical equipment of the UES with EPS was carried out. During the
development of the technical project, a comparative analysis of circuit and technical solutions
was carried out, and the necessary electrical calculations were performed. In the process of
modernization, the main diesel generators, controlled anchor chain rectifiers, and reversible
controlled field circuit rectifiers of the propeller electric motor were replaced. A microprocessor-
based control system for EPSW has been developed. An integrated control system for the ship's
technical facilities has been implemented. Mooring, navigation and ice tests of the icebreaker
were carried out. During the tests of the UES, the quality of electricity in the ship's network, the
stability of autonomous and parallel operation of diesel generators, and the distribution of active
and reactive loads were checked. During the SED tests, the quality of the transients of the rowing
electrical installation was evaluated. The transient processes of acceleration, deceleration, and
reverse of the propeller motor were oscillographed. The successful modernization and testing
made it possible to continue the operation of the diesel-electric icebreaker «Kapitan Kosolapov».
Key words: diesel-electric icebreaker, electric power system, electric propulsion system, rowing
electrical installation, main diesel generator, semiconductor rectifier, semiconductor exciter,

power quality, transient process, mooring tests, sea trials, ice tests.
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HudpoBoii NBOHHUK YCTAHOBKH HHAYKIMOHHOI0 HATrPeBa YIIEPOAHBIX BOJIOKOH

INEPEBAJIOB 10.10., AEMN/IOBNY B.b.



PaccMmoTpena pa3paboTka ycTaHOBKM MHAYKIIMOHHOTO HAarpeBa, KOTOpast MO3BOJISET BHINOIHATh
HOCJEeTHUH 3Tan TepMooOpaboTKu rpaduToBbIX BoIOKOH. Ha mepBom sTtane pa3paboTKu Obu1
co3zaH nu(poBoil TBOMHUK YCTAaHOBKH, KOTOPBIH MPEICTAaBISAET COOOM CIOKHYIO
MaTeMaTHYECKYI0 MOJIENb, OMMCHIBAIOILYIO [TOBEIEHUE pa3padaThbiBacéMOIl IeYM Ha BCEX 3Tamax
AKHU3HEHHOTO LIMKJIA. PaccMOTpeHbl 0COOEHHOCTH U CII0)KHOCTH OCTPOCHUS TAKUX CUCTEM
ONITUMAJILHOTO TPOSKTHUPOBAHUS U YIPABJICHUS KOMITJICKCAMHU AJIEKTPOMArHUTHON 00paboTKH
MaTepHaJoB B IEPEMEHHOM II0JIE.

Knrwoueswvie cnosa: yrinepoaHoe BOIOKHO, TEpMUYECKasi 00pabOTKa, UHIYKTUBHAs Mepeiada

SHEPTHH, UHIYKIIMOHHBIN HarpeB, SKpaHUpPOBaHUE, ITU(POBON TBOMHHUK.

The article is devoted to a installation of induction heating, which makes it possible to carry out
the last stage of heat treatment of graphite fiber. At the first stage of development, a digital twin
of the installation was created, which is a complex mathematical model that describes the
behavior of the developed furnace at all stages of the life cycle. The article discusses the features
and difficulties of building such systems for optimal design and control of complexes for
electromagnetic processing of materials in an alternating field.

Key words: carbon fiber, heat treatment, inductive power transmission, induction heating,

shielding, digital twin.
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CrnexTpajbHbIH aHAIH3 0230BBIX AJITOPUTMOB IIMPOTHO-UMITYJILCHOTO YIIPaBJieHUs 0e3
00paTHOM CBSI3M JJIfl IBYyXYPOBHEBbIX Npeodpa3oBaresieid 4acTOThI

JIOBPOCKOK H.A., JABPUHOBCKUM B.C.

YacToTHO-PETYIUPYEMBIH 3IEKTPOIIPUBO/, TOCTPOCHHBIH MO CXeMe «IIpeodpa3zoBaTeb
YaCTOTBI—3JIEKTPOIBUTaTEINb IEPEMEHHOIO TOKa», IIUPOKO PACIpOCTPAHEH B COBPEMEHHOMN
TEXHHUKE U CHUCTEMax JJIEKTPOABIKCHUS PA3IMYHBIX TPAHCIOPTHBIX cpeAcTB. Ha nanHbIn
MOMEHT pa3paboTaHO MHOXECTBO METOJI0B MOAYJILIMU HAIIPSKEHHS HA BBIXOJIE
npeoOpa3oBaTelis YaCTOTHI € IEbI0 MPUOIU3UTH €ro GOopMY K CHHYCOUAATIBHOM C
HAaUMEHBIINMHU NTOTEpsIMU. [I0CKONIBKY B 3aBUCUMOCTH OT 33J1a4M IPUOPUTETHBIMU SIBIISIFOTCS
pa3Hble XapaKTEPUCTUKHA MOJYJISILIMU HANPSKEHUS, TO HEOOXOMMO 3HATh O IPEUMYIECTBAX U
HEJI0CTAaTKaX OCHOBHBIX aJITOPUTMOB ()OPMHUPOBAHUS HANPSKEHUS HAa BBIXOJIE MpeoOpazoBaTes

4acToThl. OCOOCHHOCTBIO MOIINHBIX CUCTEM BJICKTPOABUKCHUS ABJIACTCS HCBO3MOXKXHOCTD



UCTIOJIB30BaHUs OOJIBIINX YAaCTOT KOMMYTAIIMH CHJIOBBIX KIIFOUEH MpeoOpa3oBaTelisi 4acTOTHI,
YTO JIe1aeT HEOOXOJUMBIM 3HAHUE 3aKOHOMEPHOCTEH (POPMUPOBAHUS CIIEKTPa HAIPSHKEHUS TIPU
IPUMEHEHHUH TOTO HJIM MHOTO MeTo/a. B cTaTtbe paccMOTpeHbl 6a30BbIe alrOpUTMbI
dbopMHupoBaHMs HANPSDKEHHS Ha BBIXOJIE MPeoOpa3oBaTesis 4acTOThl 0e3 00paTHOM CBS3H:
CKaJISIpHAsi ¥ IPOCTPAHCTBEHHO-BEKTOPHAS ITMPOTHO-UMITYJIbCHASI MOAYJISIIIAS U pacueTHBIC
ITOPUTMBI (DOPMUPOBAHUS HANIPSKEHMS, @ TAK)KE MPOBEJICH CPABHUTEIILHBINA aHAJIN3 CIIEKTPOB
n KOE)(bq)I/IL[I/ICHTa HCCUHYCOUAAJIBHOCTHU IIPU COU3MCPUMBIX YaCTOTaX KOMMYTAIlUU CUJIOBBIX
KJTFOYEH, BHITIOJTHEHHBI KaK aHATMTHYECKH, YTO JaeT MPEICTaBICHUE O MPHHIIATIAX
(bopMHpOBaHUS CIIEKTPa HAMIPSDKEHHSI, TAK M TOCPEICTBOM MOJICIIMPOBAHHUS IPOIIECCOB B
MATLAB Simulink.

Knroueevie cnoea: aBTOHOMHBINM HHBEPTOP HANPSHKEHUSI, LIMPOTHO-UMITYJIbCHAS MOTYJISALMA,
U30MpaTeTbHOE UCKIIIOUYCHHE TAPMOHUK, BEHBIIET-MO Y ISIIHS, CIICKTPATBHBIN aHAIIN3,

KO3 () PUITMEHT HECHHYCOUTATLHOCTH.

The frequency-controlled electric drive, built according to the scheme «frequency converter-AC
electric motor», is widely used in modern technology and electric propulsion systems of various
vehicles. At the moment, many methods of modulating the voltage at the output of the frequency
converter have been developed in order to bring its shape closer to the sinusoidal one with the
lowest losses. Since, depending on the task, different characteristics of voltage modulation are
prioritized, it is necessary to know about the advantages and disadvantages of the main
algorithms for generating voltage at the output of the frequency converter. A feature of high-
power electric propulsion systems is the impossibility of using high switching frequencies of the
power switches of the frequency converter, which makes it necessary to know the laws of the
formation of the voltage spectrum when using a particular method. The article considers the
basic algorithms for generating voltage at the output of a frequency converter without feedback:
scalar and spatial-vector pulse-width modulation and computational algorithms for voltage
formation, as well as a comparative analysis of the spectra and the non-sinusoidality coefficient
at comparable switching frequencies of power switches, performed both analytically, which
gives an idea of the principles of forming the voltage spectrum, and by modeling processes in
MATLAB Simulink.

Key words:voltage source inverter, pulse-width modulation, selective harmonic elimination,

wavelet modulation, spectral analysis, total harmonic dictortion.
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MoHuTOpHHT NOTPedIeHN JIEKTPOIHEPIHH 110 U3MEPEHNSM B BHIOPAHHBIX y3J1aX CeTH
KOPOBKVH H.B., MUHEBUNY T.I'., COJIOBLEBA E.b.

3amaun onpeeeHus MECT HECAaHKIIMOHUPOBAHHOTO 0TOOpa MOLTHOCTHU B paclpeieauTebHOM
CETH 10 U3MEPEHMSIM B HEKOTOPBIX BEIOPAHHBIX Y3JIaX UMEIOT MHOTOUUCIICHHBIE TIPUITIOKEHUSI.
[IpakTryeckuii MHTEpPEC K UX PELIEHUIO BO3PACTAET C YMEHBIIECHUEM YHCIIa y3JI0B CETH,
HEOOXOIUMBIX JUIsd HabmoAeHus. [Ipi OTHOCUTEIHHOM IOCTOSHCTBE HANPSKECHHUS y3JI0B
pacrpeaenuTeTbHON CEeTH 3a1a4a ONPeAeIICHHUs] MOITHOCTEH OTPEOUTENEH CBOIUTCS K
ONPENIETCHUIO ITAPAMETPOB CXEM 3aMelleHus nocieanux. OnpeneneHue napameTpos,
BBINOJIHSIEMOE TI0 pPe3yJIbTaTaM U3MEPEHUH, MPeICTaBIseT cO00M KilacCUYecKyto 00paTHYIO
3aqady TeopHuH Leneil. B crarbe mpeanoxeHo perieHue 3Toi 3a1auu Uit TpexpazHon
pactipenenutensHoi cetu 0,4 kB, nmeromeit 9-12 Harpy3ok, moyiekamux KOHTPOJIIO PH
MU3MEPEHMX TOJBKO B ABYX y3i1ax ceTd. st penieHus 3a1a4u NpeayioxkeHO B OJHOM U3 Y3JIOB,
I'JIe BBIOJHSIOTCS U3MEPEHUS, YCTAaHABIMBATh U3MEHSAEMYIO IPOBOIUMOCTh. [IpuBeneH ooumii
NOJXO0/1 K PELICHUIO 3a]1a4 paccMaTpuBaeMoro turma. [lonyueHHble pemeHust MOryT ObITh
WCITOJIB30BAHBbI 11 KOHTPOJISL COCTOSIHUS U30JIITOPOB BEICOKOBOJIBTHBIX JIMHUI, KOHTPOJIS
TEMIEPaTypbl WK BIaKHOCTH B 30HaX 3aTpynHeHHOro nocryna. [{ns cetu ¢ 9-12 narpyzkamu
II0JIy4€Hbl OTHOCUTENBHO IPOCTHIE AHATUTUYECKUE COOTHOIIEHHUS, TIO3BOJISIONINE ONIEPaTUBHO
NOJy4aTh UHPOPMALIMIO O HATPYy3Kax CETH IO JaHHBIM U3MepeHuil. Takxke NpUBEICHO pelieHne
3amauu onpeneneHus J/]C HECKONBKUX NapajlyIeIbHO BKIOYEHHBIX TEPMOIIAP, UCIIOJIb3YyEMBIX
KaK JaTYUKU TEMIEPATYPHI.

Knrwoueswvie cnosa: MOHUTOPUHT TOTPEOJICHUS 3IEKTPOIHEPTHH, OOpaTHas 3a]1a4a, U3MEPEHHE
HanpsbkeHul, onpeaenenue JJC Tepmonap, TEOpUs SACKTPUUESCKUX LIENCH, HACHTUDUKAIINS,

OmMHEeHas Teopema.

The tasks of determining the places of unauthorized power take-off in the distribution network
based on measurements in some selected nodes have numerous applications. The practical
interest in their solution increases, with a decrease in the number of network nodes required for
observation. With a relatively constant voltage of the nodes of the distribution network, the task
of determining the capacities of consumers is reduced to determining the parameters of the
equivalent circuits of the latter. Parameter determination based on measurement results is a
classic inverse problem of circuit theory. The article proposes a solution to this problem for a
three-phase distribution network of 0,4 kV, having 9-12 loads, which are subject to control when



measured only in two network nodes. To solve the problem, it was proposed to set variable
conductivity in one of the nodes where measurements are performed. A general approach to
solving problems of this type is presented. The solutions obtained can be used to monitor the
state of insulators of high-voltage lines, to monitor temperature or humidity in areas of difficult
access. For a network with 9-12 loads, relatively simple analytical relationships have been
obtained, which make it possible to quickly obtain information about the network loads based on
measurement data. The solution to the problem of determining the EMF of several parallel-
connected thermocouples used as temperature sensors is also given.

Key words: monitoring of electricity consumption, inverse problem, voltage measurement,
determination of EMF of thermocouples, theory of electrical circuits, identification, bilinear

theorem.
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TpexmepHasi TMHAMUYECKAs MOeJIb CTAPTOBOr0 HATPeBAa NPU HHAYKIMOHHOM IJIAaBKe B
XO0JIO[THOM THIJIe

CKPUT'AH U.H., JIOITYX .b., BAB1JIOB A.B., MAPTBIHOB A.II.

B craThe npeacTaBlieHbl pe3yNbTaThl 0 CO3/IaHUI0 U apoOaIMy YUCICHHOW TUHAMUYECKON
MOJIJIM CTaPTOBOTO HarpeBa Mpy MHAYKIIMOHHOW TUTaBKE B XOJIOAHOM THUTIE. PaspaboranHas
MO/JIeJb TTO3BOJISIET OMPENENATh SJEKTPUUECKHE U TETNIOBbIE XapaKTEPUCTUKN UHTYKIITHOHHON
MI€YH B XOJIOJHOM TUIJIE B JUHAMHUYECKOM PEXUME — paclpeieIeHue HICTOYHUKOB TEIlja B
AJIEeMEHTax IMeYH, paclpeeeHue TEMIIEPATYPhI B paciljlaBe U CTApTOBOM MaTepuase,
pacrpezielieHle U HalpaBleHWEe CKOPOCTH B PaCIliaBe, MJIEKTPUUECKUE TapaMeTpbl HHAYKTOPA,
BpeMsl CTapTOBOI'O HarpeBa M BhIX0J1a Ha YCTAHOBUBILIUNCS PEKUM IUIaBKU U T.7. B nepcnexktuse
MO/1eJIb MIO3BOJISIET OLIEHUBATh TEIJIOBYIO YCTOWYUBOCTD IJIAaBKHU 0€3 TPOBEICHUS
AKCIIEPUMEHTOB, YTO OCOOEHHO aKTYaJIbHO TPU Pa3pabOTKe YCTPOUCTB OCTEKIOBBIBAHUS
BBICOKOAKTUBHBIX OTXOA0B. PaccMOTpeHbI pe3yabTaThl MOJICIUPOBAHUS CTAPTOBOIO HarpeBa
CTEKJIa B XOJIOJJHOM THUTIJIE C BHYTpeHHUM auameTpoM 200 Mmm mipu yactote Toka 1,76 MI'w.
Knroueswvie cnoea: iHIyKUMOHHAS TIJIaBKA, XOJIOJHBINA TUTEIIb, 3JICKTPUUECKHE U TETIIOBbIE

XApPaKTCPUCTUKU I1CYH, YUCIICHHOC MOACIINPOBAHUC, CTapTOBBIﬁ Harpces.

This paper the results of creating and testing a numerical dynamic model of start-up
heating during induction melting in a cold crucible is presented. The developed model allows to



determine the electric and thermal characteristics of induction furnace in a cold crucible in
dynamic mode, which include: distribution of heat sources in the furnace elements; temperature
distribution in the melt and the start-up material; the distribution and direction of the velocity in
the melt; the electrical parameters of the inductor, the start-up heating time and output time to
steady state melting, etc. Created model allows to evaluate the thermal stability of melting
without conducting experiments, which is especially important, for instance, in the development
of high-level waste vitrification installations. The results of simulation the star-up heating of
glass in a cold crucible with an internal diameter of 200 mm at a current frequency of 1,76 MHz
are considered.

Key words: induction melting, cold crucible, electric and thermal characteristics of the furnace,

numerical simulation, start-up heating.
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Cucrema ynpasJjieHUs 3J1eKTPONPUBOAAMH ABUKEHHS] HH:KHUX KOHEYHOCTell IK30cKeIeTa
Ha ocHoBe I1/[-peryssitopa ¢ HeHPOHHOM CETHIO

BEJIOB M.II., KO3JIOBA JLII., YbIOHI" JI.A.

B cucreme ynpaBneHus 371€KTpONPUBOIAMH JIBUKEHUSI HIPKHUX KOHEUHOCTEH 3K30CKeeTa Jyist
KOMIIEHCAIIMH HEOPEIEIEHHBIX U3MEHEHUHN TPaBUTAIIMH, TPEHUS B COUJICHEHUSIX MEXaHUUECKUX
HOT DK30CKeJIeTa MpeaiaraeTcs Cnoiab30BaTh [1J[-perynstop ¢ KoMIeHcaTopoM Ha OCHOBE
HEWpOHHOU ceTu. MaTeMaTnyeckas MOJIeNb HIDKHUX KoHeuHocTel 3k3ockenera (HKD) (nBe
HOTH C MATHIO 3B€HBSIMU ) TOCTPOEHA HA CAarUTTAIbHOMN TNIOCKOCTH, C Y4ETOM HEJIMHEHHBIX
3JIEMEHTOB U JIeHCTBUS BHEUIHUX BO3MYyILeHUH. [IpruBeneHbl pe3yapTaThl MOAETUPOBAHUS
YIPaBISIEMOTr0 JIBUYKEHUS 9K30CKEJIeTa B CAarUTTaIbHOM MII0CKOCTH. Pe3ynbpTaTsl
MOJICIIMPOBAHMS TOKA3bIBAIOT, YTO JIIOAU C IIOMOIIBIO TAKOTO 3K30CKeeTa OynyT o0nanaTh
CIOCOOHOCTBHIO PUTMHYHOTO JABM)KEHUS Ta300€JpEHHOr0 M KOJICHHOTO CyCTaBOB.

Knrouesnie cnoea: 3x30CcKeneT, cieasiiee ynpapieHue, IBUKEHNE 3BeHbEB IK30ckeneTa, [1/1-

pEryIsTop, KOMIIEHCATOP, HEHPOHHAS CETh.

In the control system of electric drives for the movement of the lower limbs of the exoskeleton, it
is proposed to use a PD controller with a compensator based on a neural network to compensate
for uncertain changes in gravity and friction in the joints of the mechanical legs of the
exoskeleton. The mathematical model of the lower limbs of the exoskeleton (LLE) (two legs
with 5 links) is built on the sagittal plane, taking into account nonlinear elements and the action



of external disturbances. The results of modeling the controlled movement of the exoskeleton in
the sagittal plane are presented. Simulation results show that people using this exoskeleton will
have the ability to rhythmically move the hip and knee joints.

Key words: exoskeleton, variable command control, movement of exoskeleton links, PD

regulator, compensator, neural network.
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MeToaunka pacuéra 0ajiaHca IHEePruH, BbleJasIeMOi B 3JIeMEHTAX MOIIHBIX MMITYJIbCHBIX
YCTaHOBOK

I'OHYAPOB B./I., AIIKAP/IVH P.B.

[IpensioxkeHa METOIMKA OTIPEEIICHUS YHEPTUH, BBIICISAIOIICHCS B 3JIEMEHTaX UMITYJIbCHBIX
CHUCTEM C MOIIIHBIMHA €MKOCTHBIMH HAKOIUTEJISIMU 3HEPruu. MeToInKa OCHOBaHa Ha
AKCIIEPUMEHTAILHOM HCCIICIOBAaHUH TUITUYHON (DOPMBI HUMITYJIbCA TOKA B YCTAHOBKE U
OIpEEIICHUU YaCTOTHOI'O IMaIa30Ha, B KOTOPOM HaJl0 IIPOBOAUTH UCCIIEOBAHMSI; OIIPEIEICHUN
YaCTOTHBIX XAPAKTEPUCTUK OTJEIbHBIX AJIEMEHTOB CUCTEMBI IUTAHUS YCTAHOBKHU M COCTABIICHUU
UX CXEM 3aMEIleHHUs, XapaKTEePHbIX JIJIsl BBIOPAHHOTO YaCTOTHOTO AMAaIa30Ha; pa3paboTke U
UCCJICTIOBAaHUH OOIIEH CXEMbI 3aMEeIleHUsI UMITYILCHOW YCTaHOBKH. [IpiBeICHBI pe3ynbTaThl
pacuéToB, pacnpeaeseHUs YHEPreTUYECKUX ITOTEPh BHICOKOBOJIBTHOM 3JIEKTPOPH3NIECKOM
YCTaHOBKH, UCIIOJIB3YEMOM JIs MTOIYYEHUS yIbTpagucnepcHbIx yactull. [lokazaHno, uro npu
OTIpe/IeNIEHUU CXEMbI 3aMEIIEHUsI MOITHOTO €MKOCTHOTO HAKOIIUTENSI HEOOXOIUMO YUUTHIBATh
CHOCOOBI COEIMHEHUS €T0 OTICIBHBIX 3JIeMeHTOB. CpaBHEHUE PE3yabTaTOB YUCIEHHOTO
MOJICJIMPOBAHUS pacCIpeieNIeHUs TOKOB U HAIPSKEHUN HA OTEIbHBIX 3JIEMEHTAX YCTAaHOBKH C
SKCHEPUMEHTOM IMOKA3aJIM JTOCTaTOYHYIO TOYHOCTh PE3YJIbTaTOB, MOJYYEHHBIX C IOMOIIbIO
MPEII0KEHHON METOIUKH.

Knrwoueswie cnosa: MouHbIC UIMITYJIBCHBIC YCTAHOBKH, EMKOCTHBIC HAKOITUTENH, OajlaHC

MOIIIHOCTH.

A method for determining the energy released in the elements of pulsed systems with powerful
capacitive energy storage devices is proposed. The method is based on an experimental study of
the typical shape of the current pulse in the device and determination of the frequency range in
which the research should be carried out; on determining the frequency characteristics of
individual elements of the power supply system of the device and creating their equivalent
circuit specific to the selected frequency range; on the development and research of a general
equivalent circuit for a pulse device. The results of calculations of the distribution of energy



losses of a high-voltage electrophysical device used to produce ultradisperse particles are
presented. It is shown that it is necessary to take into account the ways of connecting its
individual elements when determining the equivalent circuit of a powerful capacitive storage
device. The comparison of the results of numerical simulation of the distribution of currents and
voltages on individual elements of the device with the experiment showed sufficient accuracy of
the results obtained using the proposed method.

Key words: high-power pulse installations, capacitive storage devices, power balance.
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Pexum nogaep:kaHusi MAKCUMYMa MOIIIHOCTH BeTPOYCTAHOBKH NPH BEKTOPHOM
yIpaBJieHMH CHHXPOHHBIM I'eHepaTOpOM

CAMOXBAJIOB /I.B., JUKABEP J1.11., AJIb-MAXTYPU @ 111.

Oueprerryeckas 3pPEeKTUBHOCTD CHCTEM NMPe0oOpa30BaHUS SHEPTUH BETPA B AIEKTPUUECKYIO B
3HAYUTENBHOM CTENEeHN 3aBUCUT OT OTHOILIEHHSI CKOPOCTH BPALIEHHS Bajla BETPOTYPOUHBI K
CKOpPOCTH BETpa, MPUBOAIIETO BETPOreHeparop B ABMkeHue. ObecrnedeHre onTuMaabHON
CKOpOCTH BpalIeHUsI TYPOUHBI, IIPU KOTOPOU U3BJIEKACTCS MAKCUMAJIbHAS DJICKTPHUECKAs
MOIIHOCTb U3 SHEPIUU BETPA, IPOU3BOAUTCS C IOMOIIBIO PEKUMA MAaKCUMyMa MOILITHOCTH U
BEKTOPHOI'O YIPABJIEHUS] CHHXPOHHBIM reHepaTopoM. OrpeneneHbl MEXaHUYECKHUE TOTEPHU B
PEAYKTOPE ¥ CUHXPOHHOM MallliHE, YYTEHbl MAarHUTHBIE TOTEPU B CTAJIM CUHXPOHHOM MAalllHbI U
KOMMYTAalIMOHHBIE TOTEPU B aBTOHOMHOM MHBepTOpe HamnpsikeHus. [lonydenst 3aBucumoctu KITJ{
pEenyKTOpa, CAHXPOHHON MAaIlTMHBI, aBBTOHOMHOT'O MHBEpTOpa HanpspkeHust 1 ootero KIT/]
BETPOYCTAaHOBKU OT CKOPOCTH BpaIlIEHUs! pOTOpa BETpOoTypOUHbI. HaliieHbl TOukH MakCUMaIbHOTO
KITJI BeTpoycTaHOBKH ISl pa3IMYHbIX 3HAYEHUN CKOPOCTH BETPA.

Knrwouesvie cnosa: BETpOyCTaHOBKA, CHHXPOHHBIN TEHEPATOP € IOCTOSIHHBIMU MAarHUTAMH, PEXKUM
HOJ/IEpKaHUS MaKCUMyMa MOIITHOCTH, [10JIE-OPUEHTUPOBAHHOE BEKTOPHOE YIPaBJIEHNE, IOTEPU

morrHocTH, KIT/I.

The efficiency of systems for converting wind energy into electricity, to a large extent,
depends on the ratio of the speed of rotation of the shaft of the wind turbine to the speed of
the wind driving the wind turbine. In this paper, the dependence of the efficiency of a wind
energy conversion system on wind speed is determined when using the mode of maintaining

the maximum power point tracking, which allows you to extract maximum power from wind



energy. The provision of the optimal turbine rotation speed, calculated using the maximum
power mode, is carried out using the vector control system of the permanent magnet
synchronous generator. The mechanical losses in the gearbox and in the synchronous
machine are determined, the losses in the steel of the synchronous machine and the switching
losses in the autonomous voltage inverter are taken into account.

Key words: wind energy conversion system, permanent magnet synchronous generator,

maximum power point tracking, field-oriented control, power losses; efficiency.
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AJITOPUTMBI AJANITUBHOIO YIIPaBJIEHHS IS CEPBONPHUBOJAA € TUHEHHBIM
3JIeKTPOABUraTEIeM

KY3HELOB B.E., CKAKYH A./l, PAH TXAHb YYHI, HI'YEH IMHb XAHb
PaccMoTpena maremarnueckast MOJIENIb CEPBOCUCTEMBI, COCTOALLEH U3 TMHEMHOTO
3JIEKTPOABUTATENS, TPUBOIALLETO B JBUKEHUE KIIANIAHbI THIPABIMYECKOrO TPUBO/IA.
[IpennoxkeHo aHATUTUYECKOE OMTMCAHNE HETMHEUMHOM TSITOBOM XapaKTEPUCTUKU JIBUTATENIA, &
TaKXe Pe3yJIbTUPYIOLIEH PEaKIU OT ACHCTBUSA AIMEKTPOMArHUTHOM CUIIBI M CHJIBI YIIPYTOCTH
LEHTPUPYIOLLEH NPy UHBL. [IpUBeIeHBI a1alITUBHBIE 3aKOHBI YITPABICHUS CEPBOCUCTEMOM,
BBITNOJTHEH CPaBHUTENIbHBIN aHaIn3 3pPEKTUBHOCTH aJalTUBHBIX aJITOPUTMOB C 3TaJOHHOMN
MOJIETIBIO U 110 METONY pa3JeieHus ABMKeHUH. VccnenoBanus NpoBeIeHbl HA MOJIEIN
cepBonpuBoza B makere nporpammel MATLAB Simulink.

Knrouegvle cnosa: TMHENHBIN 3JIEKTPOIBUTATENb CUIIbI, MATEMATUYECKAsI MOJIEJIb, CICASIINI

MPUBOJ, aAANTUBHOE YIIPaBJIE€HUE, JIEKTPOrHAPOTIPUBO/I.

This paper presents a mathematical model of a servo system consisting of a linear electric motor
pulling a hydraulic drive valve. An analytical description of its nonlinear traction characteristic,
as well as the resulting reaction from the action of the electromagnetic force and the elastic force
of the centering spring, is presented. The adaptive laws of control of a servo system and a
comparative analysis of the effectiveness of adaptive algorithms with a reference model and the
method separated adaptive control are given. Simulation results on the model of the servo system
with the controllers in the MATLAB Simulink software package are presented to demonstrate
the effectiveness of the proposed approaches in this paper.

Key words: linear electric motor, mathematical model, servo system, adaptive control,

electrohydraulic drive.
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MopeanpoBaHue BHYTPUTPYNIIOBOIO IBHKEHNSI CHHXPOHHBIX TeHEPATOPOB
BYPMUCTPOB A.A., XJIsIMKOB B.A., COKOJIOB IIL.B.

PaccMoTpeHO BHYTpUTPYIIIIOBOE ABUKEHUE CHHXPOHHBIX T€HEPATOPOB, paOOTAIONINX HA IIUHY
OCCKOHEYHOW MOITHOCTH. AHAIM3UPYIOTCS IEPETOKH dJIEKTPOMATrHUTHOU YHEPTUH MEXKTY
reHepaTopaMu, MOAKIIOYCHHBIMU K 00111ei mmHe. s sToro npeanaraercs monens B MATLAB
Simulink, Bkro9aromas cucTeMy reHepaTopoB, JINHUIO U IIHHY O€CKOHEYHON MOIIIHOCTH.
[IpensioxkeHHass MOJIEIb MO3BOJISAET U3YYUTh BOIIPOCH YCTOMYMBOCTH MHOTOArperaTHoOM
SHEPrOCUCTEMBI B Pa3JIMYHBIX PEKUMax (GYHKIIMOHUPOBAHUS. TakxKe pacCMOTPEHBI BOMPOCHI
peam3aiyy aBTOMaTHIECKOTO PETyJisiTopa Bo30ykaeHus. [lan nmpumep aByxarperatoi
CUCTEMBI, 111 KOTOPOU MOy4eHbI paboune XapaKTepUCTHKH.

Knrouesvie cnosa: 3HeprocucteMa, CHHXpOHHBIE T€HEPATOPbI, BHYTPUTPYNIIOBOE IBUKEHUE,

ABTOMAaTUYECKOE PEryIHpOBaHUE BO30YKICHUS.

The intra-group motion of synchronous generators operating on an infinite power bus is
considered. Electromagnetic energy flows between generators connected to a common bus are
analyzed. For this purpose, a model is proposed in MATLAB Simulink, which includes a system
of generators, a line and a bus of infinite power. The proposed model allows us to study the
issues of stability of a multi-unit power system in various modes of operation. The
implementation of the automatic excitation regulator is also considered. An example of a two-
unit system for which the operating characteristics are obtained is given.

Key words: power system, synchronous generators, intra-group movement, automatic regulation

of excitation.
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