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AHAJIU3 BJMSAHUS CHMMETPUPYIOIIHX YCTPOHCTB HA Pe:KMMBbI padoThl pacnpeieiuTeIbHbIX
cere

DJIbXOJIN A.M., TAHOMJIOB .M., ACTALLIEB M.T'., YACOB A.B., [TAHO®WJIOB U./1.,
OCTPHUPOB B.H.

CoBpeMeEHHBIE paclpeleIUTENBHBIE CETU XapaKTEPU3YIOTCSI POCTOM 3JIEKTPUUECKHUX HArpy3oK,
U3MEHSIOMNXCS KaK 1Mo (pa3am, Tak ¥ BO BpEMEHHU. JJnHAMHUYECKIEe U3MEHEHHSI PEKUMOB PaOOTHI
(a3 Harpy30K HEraTHBHO CKa3bIBAOTCS Ha A(h(PEKTUBHOCTU U MIPOITYCKHOM CITIOCOOHOCTH
pacnpenenurenbHbIX cetel. [[puMeHnenne 1oCTYMHBIX Ha CETOTHSAUIHUMN IEHb OIX00B U
TEXHOJIOTUH YIpaBJICHUS peKUMaMHU paboTHI ceTeil o3BoIsIeT 3P PEeKTUBHO OOPOTHCS C ITUMH
HEraTUBHBIMU SABICHUSIMHU. [IpakTiHueckas peann3anus TaKuX MOAX0I0B OCHOBBIBAETCS Ha
HCIIOJIb30BAaHUU PA3INYHBIX YCTPONCTB, aBTOMAaTHUYECKH BO3/IEHCTBYIOMINX Ha PEXUMBI PaOOThI
pacrpeaeIuTeIbHON CETH C YIETOM PEeKUMOB padoThI a3 Harpy3ku. Beibop Hanboee

3 PEKTUBHOTO PEIICHUs 3aBUCUT OT MHOTHX (akTopoB. K ux unciy oTHOCATCS: hrusnyeckue
napaMeTpsl pacipeeTuTeIbHON CEeTH U XapaKTep Harpy30K, LeIH U 3a7aul YIpaBICHUs
pexuMaMu paboThl CEeTH, PYHKIMOHAN U TEXHUKO-DKOHOMUYECKHE MTOKa3aTeIn YCTPOHCTB
ynpaieHus. Ha HayalbHBIX 3Tanax OLeHKH TEXHOJIOTHI BaXKHO UMETh [MOAX 01, TTO3BOJISIOIINI
BBISIBIISITH MX Pa3IMuuUe MPH PEIICHUH MOCTaBICHHBIX 3a/1a4. B kauecTBe Takoro noaxosa
IpeIaraeTcst MPOBEJCHNE PACYETOB PEKUMOB PabOThI paclpeIeIUTEIbHbBIX CETEH C MOMOIIBIO
MareMaTtudeckux Mojeneu yctporcts B cpeae MATLAB Simulink. [IpencraBiiensr pe3yabTaThl
pacdeToB peKUMOB pabOThI TPEXITPOBOJHON U YETHIPEXIPOBOIHON pacipeeUTENbHbIX CeTel
IpY 33JlaHHBIX MapaMmeTpax Qa3 cereil u Harpy3ku. Ha paccMaTpruBaeMoM npumepe npoBeieH
aHaJU3 BIMAHUS PA3MUHBIX TEXHOJIOTUN YIPaBICHHUS HA PEKUMBI pabOThI pacrpeeuTeNbHOMI
cetd. B uncie Takux TEXHOJIOTMI PaCCMOTPEHBI: KOMIIEHCAIMSI TOKOB HYJIEBOM
MOCIIE0BATEIHbHOCTH, KOMIIEHCALIUS PEAKTUBHONW MOIIIHOCTH, CHMMETPHUPOBAHUE MOIIHOCTEH 110
¢azam, CHMMETPHPOBAHUE C OTHOBPEMEHHOI KOMITEHCAlIMEH peaKTHBHOM MOIIHOCTHU B (a3ax
pacnpenenurenbHoil cetu. [IpuBenena kparkast nuHpopmanus 00 yCTpoicTBax, peaan3yronx
paccMmaTpuBaeMble TEXHOJIOTHH.

Knwueswie crosa: pacupenenuTebHble CETH, CHMMETpUpYtomue ycrpoiictea, MATLAB



Simulink, Tpancopmarop ¢ 0OMOTKaMHU, COETMHEHHBIMU B 3UT3ar, KAYECTBO JIEKTPOIHEPTHUH,

MOTEPU AIEKTPUUECKON IHEPTUH.

Modern distribution networks are characterized by an increase in electrical loads, varying both in
phases and over time. Dynamic changes in the operating modes of the load phases have a
negative impact on the efficiency and throughput of distribution networks. The use of currently
available approaches and technologies for managing network operation modes makes it possible
to effectively combat these negative phenomena. The practical implementation of such
approaches is based on the use of various devices that automatically affect the operating modes
of the distribution network, taking into account the operating modes of the load phases.
Choosing the most effective solution depends on many factors. These include: the physical
parameters of the distribution network and the nature of the loads, the goals and objectives of
managing the modes of operation of the network, the functionality and technical and economic
indicators of control devices. At the initial stages of technology assessment, it is important to
have an approach that allows you to identify their differences when solving tasks. As such an
approach, it is proposed to calculate the operating modes of distribution networks using
mathematical models of devices in the MATLAB Simulink environment. The results of
calculations of the operating modes of three-wire and four-wire distribution networks at the
specified parameters of the network phases and load are presented. The analysis of the influence
of various control technologies on the operating modes of the distribution network is carried out
on the example under consideration. Among such technologies, the following are considered:
Zero sequence current compensation, reactive power compensation, phase power symmetry,
symmetry with simultaneous compensation of reactive power in the phases of the distribution
network. Brief information about the devices implementing the technologies in question is
provided.

Key words: distribution networks, balancing devices, MATLAB Simulink, transformer with

windings connected in a zigzag, power quality, loss of electrical energy.
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(P peKTHBHOCTH MOJIYNPOBOJHMKOBBIX PEryJIsiTOPOB MOIHOCTH MPHU AUCKPETHOM
ynpaBJjeHHH

ACTAILIEB M.T'., TAH®WJIOB JI.1., PAILIUTOB I1.A., MOCTOBOM JI.B., YACOB A.B.

PaccmoTpeHo BiaMsiHUE AUCKPETHOCTH YIIPABICHHS HAa pabOTy MOTYIPOBOTHUKOBBIX



PErynATOPOB MOIIHOCTH, IPUMEHIEMBIX B PACIIPEACIUTEIbHBIX CETAX 11 CAMMETPUPOBAHUS
pexrMa paboThl M KOMIICHCALIMN PEaKTUBHOM MOIIHOCTH. [IpecTaBieHbl aHATUTUYECKHE
BBIPAXEHMSI JIJIs1 pacdyeTa apaMeTpoB CUIIOBOM YaCTH PETYIATOPOB MOLIHOCTH IIPU JIBYX
TOIOJIOTUSAX. BhINosHeH aHanu3 quana3oHa He0OOXOAUMBIX TapaMeTPOB CUIIOBOM YacTH MPH UX
HETPEPbIBHOM YIPABIEHHUH, IIOKA3bIBAOILNI HEOOXOIMMOCTh OTPAaHUYEHUIN C yUETOM
NPaKTUYECKON pealn3aluil U JUCKPETHOCTH peryaupoBanus. [Ipeanoxen crnocod oueHku

3P PEKTUBHOCTH PETYIATOPA MOITHOCTH NP JUCKPETHOM YIPABICHUU €T0 IapaMeTpaMu.
[TpoBenén aHanu3 BIMSHUS JUCKPETHOCTH 3a/laHUs TapaMeTPOB Ha A3(PPEKTUBHOCTb pabOThI
JBYX CXEM PETYJIATOPOB MOIIHOCTH. PaccMOTpeHBI pasHble METO/IbI pacu€Ta AUCKPETHBIX
3HA4YCHUI MapaMeTPOB CUIIOBOU YaCTH PETYJIATOPOB MOIIHOCTHU. 1I0ka3aHO BiusHUE METOOB
pacuéra mapaMeTpoB CUJIOBBIX CXeM Ha 3(PEKTUBHOCTH pabOTHI PETyIsSTOPOB MOLTHOCTH U
KOJINYECTBO UTEPALINi, HEOOXOAUMBIX JUIsl pacuéTa uX AUCKPETHBIX 3HAUEHUH.

Knwoueswvie cnosa: pactipenenutenbras TpéX(aszHas 3JeKTpUUecKast CeTh, MOTYINPOBOIHUKOBBIN
PETYISITOP MOIIHOCTH, TUCKPETHOE PETYJIUPOBAHUE, KOMIIEHCALINUS PEAKTUBHOM MOIIIHOCTH,

CUMMETPHUPOBAHUE PEKUMA pAOOTHI.

The influence of control discreteness on the operation of semiconductor power regulators used in
distribution networks for operation mode symmetry and reactive power compensation is
considered. Analytical expressions for calculating the parameters of the power part of power
regulators for two topologies are presented. The analysis of the range of necessary parameters of
the power unit with their continuous control is performed, showing the need for restrictions,
taking into account the practical implementation and discreteness of regulation. A method for
evaluating the efficiency of a power regulator with discrete control of its parameters is proposed.
The analysis of the effect of the discreteness of setting parameters on the efficiency of two
circuits of power regulators is carried out. Different methods of calculating discrete values of the
parameters of the power part of power regulators are considered. The influence of methods for
calculating the parameters of power circuits on the efficiency of power regulators and the
number of iterations required to calculate their discrete values is shown.

Key words: three-phase distribution electrical network, semiconductor power regulator, discrete

regulation, reactive power compensation, operation mode symmetry.
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Cucrembl ynpaBJjieHUs1 IOJTYNPOBOAHHUKOBBIMH PeryisiTOpaM MOIIHOCTH B

pacnpeae/JuTe/IbHBIX CETHX



PAILIMTOB I1.A., ACTAIIEB M.I"., TAH®UJIOB JI.U., MOCTOBO /I.B., YACOB A.B,
BECTIAJIBIN B.B.

HpeIICTaBJ'IeH noaxoJd K mNoCTpOCHUIO CUCTEM YIIPABJICHHA IMMOJTYIIPOBOJHUKOBBIMU
PETYIATOPaMH MOITHOCTH [T PACTIPEICIIUTENILHBIX CETEH C IeNTbI0 CAMMETPHPOBAHUS PEKHMOB
paboTHI CeTH M KOMIICHCAITUH PEaKTHBHOM MOIIHOCTH. CHOpMyITMpOBaHBl OCHOBHBIE (DYHKITUH,
KOTOpBIE JOJDKHBI PEAIM30BaTh CUCTEMBI YIIPABIICHUS [10TYIIPOBOIHUKOBBIMU PETYIATOPAMHU
mourHocTH. [IpeacraBiena 0000mEHHAs CTPYKTypa CUCTEMBI YIIPABICHUS, TPUMEHUMAs IS
IIMPOKOTO KJIAcCa CXEMOTEXHUYECKUX PEIICHUI TOTYIPOBOTHIUKOBBIX PETYIISITOPOB MOIIHOCTH.
[IpennoxeH 0000MEHHBIN anTOPUTM pabOTHI CUCTEMBI yripaBiieHus. [IpeacTaBieH npumep
peanu3anyy anmnapaTHo-IMpOrpaMMHOI0 KOMIUIEKCA CUCTEMBI YIIPABICHUS JUIsl OJHOM U3 CXEM
MMOJIYIIPOBOAHUKOBOTO PETYJIATOPA MOIIHOCTH. HpI/IBCI[eHLI PE3YIbTAaThl SKCIICPUMCHTAJIbHBIX
UCCIICIOBAaHUI PabOTHI CUCTEMBI YIIPABJICHUS B aBTOMATHYECKOM PEXKHUME MaKETHOTO oOpasia
OJTHOM M3 CXEM IOJIYIIPOBOAHUKOBOTO PETYISATOPA MOITHOCTH, MTOKA3bIBAIOIINE
CUMMCTPUPOBAHUC AKTUBHOU MOIITHOCTHU B CCTU IIPHU TUHAMHWYCCKU H3M€HHIOH.[CI>1C$I Harpyske.
Knroueswle cnoea: moaynpoBOTHUKOBBIA PETYIATOP MOIIHOCTH, CUCTEMA YIIPABIICHUS,
000O0IICHHBIN AITOPUTM CHCTEMBI YITPABICHHSI, KOMIICHCAIMS PEaKTHBHON MOIIHOCTH,

CUMMETPUPOBAHUE PEKMUMA pabOTHI, alllapaTHO-IPOTPaMMHBINA KOMILIEKC.

An approach is presented to the construction of control systems for semiconductor power
regulators for distribution networks in order to synchronize the operating modes of the network
and compensate for reactive power. The main functions that should be implemented by
semiconductor power control systems are formulated. A generalized control system structure is
presented that is applicable to a wide class of circuit solutions for semiconductor power
regulators. A generalized algorithm for the operation of the control system is proposed. An
example of the implementation of a hardware and software complex of a control system for one
of the circuits of a semiconductor power regulator is presented. The results of experimental
studies of the operation of the control system in automatic mode of a mock-up sample of one of
the circuits of a semiconductor power regulator are presented, showing the symmetry of active
power in the network under dynamically changing load.

Key words: semiconductor power regulator, control system, generalized control system
algorithm, reactive power compensation, operation mode symmetry, hardware and software

complex.
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HcTouyHuk NUTAHUA C epeAaydeil JHeprun TpancgpopmMaTropamMmu ToKa

CEPEI'MH J.A., ACTAILIEB M.I'., BOPOHHMH W.I1., PAHINTOB I1.A., IIABJIOBA M.C.,
MOCTOBOI1 /1.B.

PaccMoTpeH BBICOKOBOJIBTHBIN MHOTOSTMEHKOBBIM UCTOUHUK MUTAHUA C MIEpeaadeii SHeprun
4yepe3 TOKOBYIO METII0 U TpaHC(hopMaTophl ToKa. MICTOUHHUK UTaHus (CTAaTHYECKOTO
npeoOpa3oBaTelis HEKTPOIHEPTHUN) COCTOUT U3 UHBEPTOPA, (POPMHUPYIOLIETO TOK 3aJaHHOM
BEJIMYMHBI B TOKOBOM TETJIE; TOKOBOM METIIN, IPEACTABIISIONIEH U3 ce0s1 OTPE30K Kabers;
TpaHcGOpPMaATOPOB TOKA, IEPBUYHON OOMOTKOM KOTOPBIX SIBIISETCS TOKOBAs METIIS;
YIPaBISIEMBIX BBIMPSIMUTENBHBIX siueeK. Takoe pemieHne mo3BoIseT 00ECTIeUnTh HAISKHYIO
M30JISILMI0 MEX/1y BXOJIHBIMU U BBIXOJHBIMH LETISIMU UCTOYHHUKA IIPU TOCTATOYHO MPOCTOM
KOHCTPYKIMU YCTPOMCTBA. 3a CUET UCIIOJIb30BAHUS B CTPYKTYPE OJHOTUIIHBIX BBITPSIMUTEIbHBIX
s4yeeK o0ecreynBaeTcs MPoCcToe MaclITabUpPOBaHUE HCTOYHUKA MO YPOBHIO BHIXOHOTO
HaIIPSDKEHUS, @ TaK)Ke IIPOCTast HACTPOMKA U PEMOHT yCTporcTBa. PaccMoTpeH nmpuHuun
paboTb1, 000CHOBAH BHIOOP TEXHUYECKUX PEIICHHI OCHOBHBIX Y3JI0B YCTpoiicTBa. MccnenoBana
CUCTeMa CTaOMIIN3alMU BBIXOJHOTO HAIIPSKEHUS BBIMPSIMUTEIbHON TYEHKH KaK cucTeMa
ABTOMATUYECKOTO PEryJIUPOBaHUs C UMITYJIbCHO-(a30BbIM yIpaBiieHueM. [loay4yeHsl yacToTHbIE
XapaKTEPUCTUKU 3TOM CUCTEMBI JUIsl IBYX PEKUMOB MEepejaul SHEPTUU B HATPY3KY, IPOBEIAECHO
CpPaBHEHHE PEKMMOB U OIpeieeH 0oJiee MepCeKTUBHEIN. MI3TrOTOBIIEH U UCIIBITAH MaKeT
MCTOYHWKA MUTaHUs Ha HanpsbkeHue 10 kB. McnbiTanus noaTBEpAMIN KOPPEKTHOCTh PACUETOB
1 3G (PEKTUBHOCTD MTPEAJIOKEHHOTO TIOIX0/1a.

Knrwouesvie cnosa: uMIybCHBIN TpeoOpa3oBaTeb AIEKTPOIHEPT U, BHICOKOBOJIBTHBIH

HCTOYHHUK IIUTAHUA, MHOTOSTUEHKOBBIM UCTOYHHK nUTaHuA, BBICOKAasA TOYHOCTD CTa6I/IJII/I3aL[I/II/I.

A high-voltage multicellular power supply with energy transfer through a current loop and
current transformers is considered. The power source (static electricity converter) consists of an
inverter that generates a current of a given value in a current loop; a current loop consisting of a
cable segment; current transformers, the primary winding of which is a current loop; controlled
rectifier cells. This solution allows for reliable isolation between the input and output circuits of
the source with a fairly simple device design. Due to the use of the same type of rectifier cells in
the structure, a simple scaling of the source according to the output voltage level is provided, as
well as simple setup and repair of the device. The principle of operation is considered, the choice
of technical solutions for the main components of the device is justified. A system for stabilizing
the output voltage of a rectifier cell as an automatic control system with pulse-phase control is

investigated. The frequency characteristics of this system for two modes of energy transfer to the



load are obtained, the modes are compared and a more promising one is determined. A mock-up
of a 10 kV power supply has been manufactured and tested. The tests confirmed the correctness
of the calculations and the effectiveness of the proposed approach.

Key words: switching power converter, high-voltage power supply, multicellular power supply,

high stabilization accuracy.

Onexmpomexuuxa, 2024, Ne6, cmp. 43-51

AanTUBHBbIE MOJYNPOBOAHHUKOBbIE PEryJIsITOPbl PeaAKTUBHOI MOIIIHOCTH ¢ BHICOKHM
Ka4eCTBOM PeaKTHBHOI0 ToKa 1 cereii 0,4 kB

KPACHOIIEPOB P.H., ACTAIIIEB M.T"., AJIbTEPT'OT A.B., AJJAJISIH A.B, ITABJIOBA
M.C., YCTUMOB JI.M.

PaccMoTpeH mostynpoBOTHUKOBBIN PETYIATOPA PEAKTUBHON MOIIIHOCTH, XapaKTEPU3YIOIIUICS
BBICOKMM Ka4ue€CTBOM PEryJIUPOBaHUS PEAKTUBHOTO TOKA U BBICOKMMH TEXHUKO-
HKOHOMUYECKUMH TMOKa3aTeasiMu. [lokazanbl mpeuMyIilecTBa UCIOIb30BaHUS B COCTaBe
KOMITEHCATOPOB PEaKTUBHON MOIIIHOCTH KOMMYTAaTOPOB Ha OCHOBE TUPHUCTOPHBIX KITIOUCH.
[IpencraBneHa TEXHOJIOTHS TOCTPOSHUS MOTYITPOBOTHUKOBBIX PETYISITOPOB PEAKTUBHOU
MOIIIHOCTH, OCHOBaHHAasl HA YNPABJICHUU B PEKUME PEATbHOIO BPEMEHH BEIIMUYUHON
HKBHUBAJICHTHOTO PEAKTUBHOTO 3JIeMEHTa. B kauecTBe o1HOM U3 Hanboiee ONTUMATBHBIX
peanm3anuii CHIIOBOM CXeMBbl PACCMOTPEHO NMPUMEHEHUE «OUHAPHOI» TUPUCTOPHO-
MEePEKITI0YaeMOi KOHJIEHCATOPHO! Tpynmbl. [IpeaioxkeHsl anropuTMbl aKTHBHO-aJaITHBHOTO
YIPaBJICHUS U MOJEP>KAHKS BBICOKOTO KAYECTBA TOKA U HANIPSKEHUS B CETH, B TOM UHUCIIE TIPU
MIEPEKITIOUCHUSAX CTYTIICHEH PETyIMPOBaHMs PEaKTUBHOTO ToKa. PaccMoTpeHa cTpykTypHas O10K-
CcXeMa CUCTEMBI YIIpaBJICHUs YCTPOHCTBOM, 00ECIIeUHNBAOIIAs aBTOMATHIECKOE TIOI/IEPIKAHKE
ONTUMATBHBIX PEKHUMOB pa0OTHI CETEH 3a CUET aKTyaIM3alliy MTapaMeTpOB MU(PPOBBIX
MaTEeMATHYECKUX JBOWHUKOB CETeH U MOA00pa HAMITYUIIETO peXruMa paboThI
MOJTYTIPOBOTHUKOBOTO PETYJISITOPa peaKTUBHON MonTHOCTH. [loka3aHbl (hyHKIIMOHAEHEIE
BO3MOKHOCTH yCTPOMCTBA, TIO3BOJISIONINE HHTETPUPOBAThH €r0 B COCTaB COBPEMEHHBIX aKTHBHO-
aJIaNTUBHBIX JIEKTPUUYECKUX CeTel M IMUPPOBBIX NoacTaHMi. [IpeacTaBaeHbl pe3yabTaThl
AKCIUTyaTaI[MH OMBITHO-TIPOMBIIINIEHHBIX 00Pa3I0B, MOATBEp K Aatonue 3PPEKTUBHOCTD
MPEUIOKEHHBIX TEXHUYIECKHUX peteHri. OTMeYeHbI BO3MOKHOCTH MaCIITA0UPOBAHUS
TEXHOJIOTHH B IMPOKUX JUAINAa30HAX KJIACCOB HANPSKEHUM 1 MomHocTel. [Toka3anbl
MEePCIIEKTUBBI PA3BUTHS ¥ IPUMEHEHUS YCTPOMCTB.

Knroueevie cnoga: nonyrnpoBOJHUKOBBIN PETYNIATOP PEAKTUBHON MOLTHOCTH, KOMIIEHCALIUS



peaKTHBHOﬁ MOIIHOCTH, KQYECTBO SHCKT‘quCCKOﬁ OHECPIruu, aKTUBHO-aJJaIITUBHBIC

AIIEKTPUUYECKHE CETH, AITOPUTMBI YIIPaBJICHUS, ONBITHO-IIPOMBIIIIICHHBIH 00pasel.

A semiconductor reactive power regulator is considered, characterized by high quality reactive
current regulation and high technical and economic indicators. The advantages of using switches
based on thyristor switches as part of reactive power compensators are shown. A technology for
constructing semiconductor reactive power regulators based on real-time control of the value of
an equivalent reactive element is presented. The use of a «binary» thyristor-switchable capacitor
group is considered as one of the most optimal implementations of a power circuit. Algorithms
for active adaptive control and maintenance of high quality of current and voltage in the
network, including when switching stages of reactive current regulation, are proposed. The
structural block diagram of the device control system is considered, which provides automatic
maintenance of optimal network operation modes by updating the parameters of digital
mathematical counterparts of networks and selecting the best operating mode of a semiconductor
reactive power regulator. The functional capabilities of the device are shown, which allow it to
be integrated into modern active-adaptive electrical networks and digital substations. The results
of the operation of experimental industrial samples are presented, confirming the effectiveness of
the proposed technical solutions. The possibilities of scaling the technology in a wide range of
voltage and power classes are noted. The prospects for the development and application of
devices are shown.

Key words: semiconductor reactive power regulator, reactive power compensation, electric

energy quality, active-adaptive electric networks, control algorithms, pilot industrial design.
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Bbananc HanpsikeHnsl HETPAIbHOM TOYKHU B TPEXYPOBHEBOM HHBEPTOPE HANPSIKEHNUS HA
OCHOBE MPOCTPaHCTBEeHHO-BeKTOPHOM LIIMM ¢ cemucTyneHYaTol MOCAeA0BATEILHOCTHIO
nepeKJIYeHn i

MHIIKOB A.H., AYJAKNH M.M., JIE B.K., EPEMIH H.A.

Juc6ananc HanpspkeHust HeliTpanbHoi Touku (HT) 3BeHa MOCTOSIHHOTO TOKA SIBISIETCS OJJHUM U3
HEOTHEMJIEMbIX OTPAaHUYCHHM MPU MPUMEHEHUU TPEXYPOBHEBBIX aBTOHOMHBIX HHBEPTOPOB
HaIpsDKEHUs ¢ GUKCUPOBAHHOW HEUTPATHLHON TOYKON B CHCTEMaX JICKTPONPUBOAOB. s
obecrnieuenus 6ananca HanpspbkeHuss HT B TonmycTUMBIX npeienax NpeuiokeH aaropuTM

yIpaBiieHus Ha 6a3e mpocTpaHcTBeHHO-BekTopHOU IIMM ¢ cemucTyneHuaTon



nocJieIoBaTeIbHOCTRIO nepekitoueHuid (I111), mo3BosstonInii M0 CpaBHEHUIO C U3BECTHBIMHU
METOJIaMU YIIPABJICHUS CYIECTBEHHO YIy4IIuTh O6ananc Hanpspkenus HT 3a cuer
perynupoBaHus K03(pPHUIHEHTA 3aMI0THEHUS PacTIpeIeICHHBIX 0a30BbIX BEKTOPOB Ha KaXKIOM
nepuose [IIMM Ha ocHOBe (pa3HBIX TOKOB Harpy3Ku. AJTOPUTM Tak)Ke yCTPaHSET aucOanaHc
HanpspkeHus HT, BbI3BaHHBIN BHEIIIHUMU MPUYUHAMU, HAIPUMEDP, HECUMMETPUEH
KOHJICHCATOPOB MIOCTOSTHHOTO TOKA WM TpeX(ha3HOM Harpy3KH U Ipyrux (PakTopoB 3a CYET
CUTHAJIa 00PaTHOM CBSI3U MO OTKJIOHEHUIO HAPSHKEHUH IBYX KOHIEHCATOPOB 3BEHA
MOCTOSTHHOTO TOKa. [IpuBeneHa cucrema pacyeTa JUIMTEIbHOCTEN BKIIIOUEHHS 0a30BBIX BEKTOPOB
B cemuctynenyatoit [1I1. DddexTnBHOCTD MpeyTaraeMoro anropuTMa moaTBEpkKAcHa Ha OCHOBE
KoMIbioTepHoro mozenuposanus B cpeie MATLAB Simulink. [IpennosxenHblii anroputm B
1,86 pa3za cHIKaeT cpefHee 3HaUeHHE MaKCUMATbHOW OTHOCUTENIbHOM ommOKku Hanpspkenus HT
BO BCEM JIMana3oHe u3MeHeHHs K03 PuireHTa Moy Iy 0 CPAaBHEHUIO C U3BECTHBIM
criocobom Oananca Hanpspbkenus HT Ha ocHOBe curHaiia 0OpaTHOM CBS3H MO OTKIOHEHHUIO
HATNPSDKEHUH IBYX KOHJIEHCATOPOB 3BEHA MOCTOSTHHOTO TOKA. DTO MO3BOJISET 3P PEKTUBHO
cbanmancupoBath Hanpspkeaue HT u, kak ciencteue, ynydiuTh SKCIDTyaTallHOHHYIO
HaJeKHOCTh MHBEPTOPA.

Knwueswie crosa: MHOTOYpOBHEBBIN HHBEPTOP, TPEXYPOBHEBBIN aBTOHOMHBIN HHBEPTOP
HanpsDKeHUs ¢ PUKCUPOBAaHHON HEUTPabHON TOUKOH, OalaHC HANPSHKEHHSI, IPOCTPAaHCTBEHHO-

BekTopHas LII1M, cemucTynenydaras mociaea0BaTeIbHOCTb EPEKIIOYEHUN.

The voltage imbalance of the neutral point (NT) of the DC link is one of the inherent limitations
when using three-level autonomous voltage inverters with a fixed neutral point in electric drive
systems. To ensure the NT voltage balance within acceptable limits, a control algorithm based on
a space-vector PWM with a seven-stage switching sequence (SS) is proposed, which allows,
compared with known control methods, to significantly improve the NT voltage balance by
adjusting the fill factor of distributed base vectors at each PWM period based on phase load
currents. The algorithm also eliminates the voltage imbalance of the NT caused by external
causes, for example, the asymmetry of DC capacitors or three-phase load and other factors due to
the feedback signal on the voltage deviation of two DC link capacitors. A system for calculating
the durations of the inclusion of basic vectors in a seven-stage SS is presented. The effectiveness
of the proposed algorithm has been confirmed on the basis of computer simulation in the
MATLAB Simulink environment. The proposed algorithm reduces the average value of the
maximum relative error of the NT voltage by 1,86 times over the entire range of variation of the

modulation coefficient compared to the known method of balancing the NT voltage based on a



feedback signal for voltage deviation of two DC link capacitors. This allows you to effectively
balance the voltage of the NT and, as a result, improve the operational reliability of the inverter.
Key words: multilevel inverter, three-level autonomous voltage inverter with a fixed neutral

point, voltage balance, spatial vector PWM, seven-stage switching sequence.
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CpaBHHMTEJbHBIN aHAJU3 JIEKTPUYECKHX MAIINH ¢ KaTALMMCS POTOPOM € Pa3InYHbIMH
cxeMaMHu 00MOTOK

MOJIOKAHOB O.H.

HuzkockopocTHBIE 37IEKTPUYECKHE MAIIMHBI C BBICOKHM YI€IbHBIM MOMEHTOM BOCTPEOOBAHBI
BO MHOTUX 00JAaCTSAX TEXHUKH, i€ BaXKHbI MaccorabapuTHbIE NOKa3aTenu. TpaauliuoOHHO TaM
HPUMEHSIOTCS AEKTPUUECKUE MAIIMHBI ¢ TOCTOSHHBIMU MarHUTaMu, KOTOpbIE, O/HAKO,
XapaKTePU3YIOTCS BHICOKOM CTOMMOCTBIO M MaJIbIM IMANIa30HOM PETYIUPOBaHUS YaCTOTHI
BpalleHus. B CBSA3U ¢ 3TUM aKTyaJbHBIM HaIllpaBICHHUEM UCCIICIOBAHHI SBISICTCS TIOBBIILICHHE
YJIeIIbHOTO MOMEHTA 3JIEKTPUYECKUX MALINH C peaKTUBHON IPUPOAOH 3JEKTPOMAarHUTHOTO
MoMeHTa. OTHUM U3 CIIOCOOOB JOCTHKEHHS BHICOKUX YIIEIbHBIX XapaKTEePUCTUK TaKUX MAIlIUH
SIBIISICTCSI UCTIOJIB30BAHUE CTICIIUAIBHON TOMOJIOTUH MAarHUTHON CHCTEMBI, TECHO
WHTEIPUPOBAHHOM C MEXAHUYECKOU Mepefadeil — IMEKTPUIECKUX MAIIWH C KaTAIUMCS
poropoM. s 3¢ pekTuBHOrO QyHKIIMOHMPOBAHUS TAKHE MAIIMHBI JJOJKHBI Pa3BUBATh
OONBIIYIO CHITY PaiiaJIbHOTO MPUTSKEHUS, IOITOMY B HUX IPUMEHSIOTCS CHELIHAIbHbIC THUIIBI
00MOTOK. M3BeCTHBI HECKOJILKO BAPHAHTOB CXEM MCIIOJIHEHHUS OOMOTOK, OTHAKO OTCYTCTBYIOT
JTAaHHBIE IO CPABHEHUIO UX MEXIY cO00H. [IJi1 KOPPEKTHOTO CPAaBHEHHUS B CTAThE BBHIIIOJIHEHA
MHOTIOMEpHas MapamMeTpuyecKkasl ONTUMH3ALNS YeThIPEX BAPUAHTOB MATHUTHBIX CUCTEM C
pa3IMYHBIMU CXEMaMU OOMOTOK 110 KPUTEPUIO0 MAKCUMU3aLlMU MOMEHTa. B pesynbrare
paccuymTaH yJelbHbI MOMEHT JUIS KaX/10T0 BapHaHTa MarHUTHBIX cucteM. [lomydeHHble
Pe3yabTaThl MO3BOJIMIIN C/IETATh BBIBOABI 00 3((EKTUBHOCTH KaXKJOU M3 CXEeM 0OMOTOK; 3TO
Pe3yabTaThl MOT'YT OBITh MCIIOJIB30BaHbI IPU MPOEKTUPOBAHUU NEKTPHUUECKUX MAILUH C
KaTAIIAMCS pOTOPOM.

Knrwoueswie cnosa: >1eKTpruyecKie MAIIUHBI ¢ KAaTSIIUMCSI pOTOPOM, CXEMbI OOMOTOK,

LUKJIOUJAIbHBIA PEAYKTOP, YAEIbHbBII MOMEHT, pEAKTUBHBIM MOMEHT.

Low-speed electric machines with high specific torque are in demand in many areas of
technology where weight and size indicators are important. Traditionally, electric machines with

permanent magnets are used there, which, however, are characterized by high cost and a small



range of speed control. In this regard, an urgent area of research is to increase the specific
moment of electric machines with the reactive nature of the electromagnetic moment. One of the
ways to achieve high specific characteristics of such machines is to use a special topology of a
magnetic system closely integrated with mechanical transmission — electric machines with a
rolling rotor. For effective operation, such machines must develop a large force of radial
attraction, therefore, special types of windings are used in them. Several variants of winding
execution schemes are known, but there is no data comparing them with each other. For a correct
comparison, the article performs a multidimensional parametric optimization of four variants of
magnetic systems with different winding schemes according to the criterion of torque
maximization. As a result, the specific moment is calculated for each variant of magnetic
systems. The results obtained allowed us to draw conclusions about the effectiveness of each of
the winding circuits; these results can be used in the design of electric machines with a rolling
rotor.

Key words: electric machines with a rolling rotor, winding circuits, cycloidal gearbox, specific

torque, reactive torque.
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AHaJINTHYeCKHI pacyeT HHAYKTHBHOCTH J1000BOIr0 paccessHUs 0OMOTKH CTATOPA
3JIeKTPUYECKHX MAIIMH

ADOAHACBHEB A.A.

PaccMaTpuBaroTcs ypaBHEHHUS MaTeMaTUIeCKOW (PU3UKHU, SBISIONINECS PEIICHUEM ypaBHEHUS
Jlamaca B 4aCTHBIX IPOU3BOAHBIX METOAOM Pa3JICICHHUsS IIEPEMEHHBIX JJISl TIOJIBIX [IHJIMHAPOB
KOHEYHOH JJIMHBI, B KAYECTBE OCHOBBI aHAIMTUYECKON MOJIETH 3JIEKTPUUECKUX MAllliH. SIpMo 1
3yOLIOBBIH CIIOM ceplieyHUKa CTaTopa MPeACTaBICHbI B MOJIETH IBYMS BIOXKEHHBIMU
[WIMH]IPAMH, a TOPIIOBAst 30HA CEPJCYHUKA — HECKOJILKIUMHY UJIMHIPAMH, COCTHIKOBAHHBIMH
MEXy COOO U C BHYTPEHHHUM BIIO)KCHHBIM IIUIUHAPOM. HensBecTHBIE MOCTOSIHHBIE METOAA
pa3leNeHns epeMEeHHbIX HaXOATCSl U3 TPAHUYHBIX YCIOBHUH 3JIEKTPOMAarHUTHOTO MOJIS:
CKaJISIpHbIE MAarHUTHBIEC TOTEHLIMAIBl U KOOPJAUHATHBIE COCTABISIONIME MATHUTHOM UHIYKIIMH HE
MpeTepeBaloT CKavka (pa3pbiBa). AHAM3UPYETCS MATHUTHOE TI0JIE, BRI3BAHHOE
marautoaBmxkyten cuioi (M/IC) oOMOTKH cTaTopa, B caMOM CEpICYHHUKE U BHE €TO — B 30HE
1000BbIX yacTeit 00MoTkH. [lokazaHno, uro uzBectHas ¢popmyna st MJIC oOMOTKH B aKTHBHOM
YaCTH BO3YIIHOTO 3a30pa MOXKET UCIOJIb30BaThes U 1yt onpenenerns MJIC 1060BbIx
MPOBOJHHUKOB. BBIYHCIISETCS MOTOKOCIICTIEHUE IOOOBBIX YacTel KAaTyIIKH U HA €T0 OCHOBE

WHAYKTUBHOCTH JIOOOBOTO paccesiHus Bceit 00MoTku. CripaBeyIMBOCTh UCXOIHBIX



AHAJTUTHUYECKUX MOJXO/I0B JUIsl pELICHHUs Ha3BaHHON IPOOJIeMbl TPOJUKTOBAaHA UCIIOIb30BaHUEM
TPEXMEPHBIX YPaBHEHHI MaTeMaTHUeCKOH (PU3MKH B IWIMHAPUIECKON CUCTEME KOOPIUHAT ISt
ANIEKTPUUYECKUX MAaIluH, peodianatomiee O0JIbIIMHCTBO KOTOPBIX UMEIOT aKTUBHYIO 30HY
LWIMHIPUYECKON KOHCTPYKIMH. [lonydeHHOe YncIeHHOe 3HaYeHHE ITOTO NapameTpa s
BEHTHJILHOTO JBUTATENS MOITHOCTHIO 150 KBT nocTatouHo 61M3K0 K pacy€THOMY, HAaHJICHHOMY
10 U3BECTHOM MOIYIMIIUPHUYECKON (hopMyIie, IPUMEHIEMOH B IPAKTHKE MIPOSKTUPOBAHUS
AIIEKTPUYECKUX MaIIMH.

Knrwoueswie cnosa: rnekrpuyeckas MallliHa, 0OMOTKa CTaTopa, J1000Bas 4acTh, BBUIET U
IOTOKOCLEIUIEHHE JJOOOBBIX YacTe 0OMOTKH, MarHUTHAsl MHAYKIHS B TOPLEBOU 30HE,

yYpaBHEHHS MaTeMaTHUECKOHN (PU3MKH, OJIbIE IIMIUHIPHI KOHEYHOH JTUHBI.

The equations of mathematical physics, which are the solution of the Laplace equation in partial
derivatives by the method of separation of variables for hollow cylinders of finite length, are
considered as the basis of an analytical model of electric machines. The yoke and the tooth layer
of the stator core are represented in the model by two nested cylinders, and the end zone of the
core is represented by several cylinders docked together and with an internal nested cylinder.
Unknown constants of the method of separating variables are found from the boundary
conditions of the electromagnetic field: scalar magnetic potentials and coordinate components of
magnetic induction do not undergo a jump (rupture). The magnetic field caused by the
magnetomotive force (MDF) of the stator winding is analyzed in the core itself and outside it —
in the area of the frontal parts of the winding. It is shown that the well-known formula for the
MDF of the winding in the active part of the air gap can also be used to determine the MDF of
frontal conductors. The flow coupling of the frontal parts of the coil is calculated and, based on
it, the inductance of the frontal scattering of the entire winding. The validity of the initial
analytical approaches to solving this problem is dictated by the use of three-dimensional
equations of mathematical physics in a cylindrical coordinate system for electric machines, the
vast majority of which have an active zone of a cylindrical structure. The obtained numerical
value of this parameter for a 150 kW valve motor is close enough to the calculated value found
by the well-known semi-empirical formula used in the practice of designing electric machines.
Key words: electric machine, stator winding, frontal part, outflow and flow coupling of the
frontal parts of the winding, magnetic induction in the end zone, equations of mathematical

physics, hollow cylinders of finite length.
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O npuMeHMMOCTH UCTOYHUKOB HH()OPMALMH JJI5l CHCTEMbl MOHMTOPUHIA 3JIEKTPHYECKHX
NMapaMeTpPoB IEKTPOYCTAHOBOK 31aHMU I

P}IB‘II/IHKI/IIZ M.B., KPFOKOB K.B., BOPOHIIOB K K., EPKAHAJIMEB JI.P., TPUJIYHOB
J1.B.

B crarbe paccMaTpuBaroTCsi MOAXOABI K CO3/IaHUIO CUCTEMbI MOHUTOPHUHTA 3JIEKTPOYCTAHOBOK
3J1aHUH, TIO3BOJISIONIEH pa3pabaThIBaTh MEPHI [0 CHIKEHUIO MOTEPh IPH paclpeaeieHUN
3JICKTPOIHEPTUU BHYTPHU 31aHUs. J[J11 KaueCTBEHHON pabO0Thl CUCTEMBI BAXKHO 00€CTIeUnBaTh
TOYHOCTb U3MEPEHUH, TOCTATOUYHYIO ISl HICKIIOUEHHUS OIIMOOK B PEIICHUSX, TIPUHUMACMBIX Ha
0a3e aHanu3a gaHHBIX. [IpoBeeH aHAN3 UCITONIB3YEMOTO 000OPYIOBAHUS C TOUYKH 3PCHHUS
TOYHOCTH M3MEpeHUl mapaMeTpoB. PazpaboTaHbl MaTeMaTHYECKUE MOJICIH TO3BOJISIOIIHIE
OIICHUTH BIUSHHUE TOYHOCTH CPEJICTB M3MEPEHUS Ha KAUeCTBO MOJIYYaeMbIX JAHHBIX.
Knroueevle cnosa: MOHUTOPUHT CUCTEMBI DJICKTPOCHA0KEHUS 31aHHH, SHEPTOA(H(PEKTUBHOCTD,

KauCCTBO 3JICKTPOSHCPTHUU, UBMCPCHUC MMAPAMCTPOB 3JICKTPOSHCPIUHU.

The article discusses approaches to creating a monitoring system for electrical installations of
buildings, which allows developing measures to reduce losses in the distribution of electricity
inside the building. For the high-quality operation of the system, it is important to ensure the
accuracy of measurements sufficient to eliminate errors in decisions made on the basis of data
analysis. The analysis of the used equipment from the point of view of accuracy of
measurements of parameters is carried out. Mathematical models have been developed to assess
the impact of the accuracy of measuring instruments on the quality of the data obtained.

Key words: monitoring of the power supply system of buildings, energy efficiency, quality of

electricity, measurement of electricity parameters.
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BiMsiHMe HeCHHYCOUIAJbHOCTH HATIPSIKEHUSI U BOJIH NlepPeHaNpsKeHUsl Ha pa3BUTHE
YACTHYHBIX Pa3psi/ioB B H30JSAINU Ka0eJbHbIX TUHUH

KOPXOB A.B., I3FOFA M.A., CA®OHOB B.U., BAFAEB P.M.O., KOPOCTEJIEB f1.E.
N3710K€eHbI pe3yabTaThl SKCIEPUMEHTOB 110 HCCIIEOBAHNIO YACTUYHBIX Pa3psiioB B U30JSILUN
KaOeJbHBIX JJMHUN TP HECUHYCOUJAJIbHOM HanpskeHuu. [Ipu HecuHyconaanbHOCTH IPUMEPHO
10 % monenupoBanach padoTa 3JIEKTPUIECKON CETH B HOPMAIBHOM PEXUME, a TIPU

HecUHycouaaabHoCcTH 0KoJo 80 % 1 rapmMoHnKax B o6mactu 4yactoT 2—4 k[ 11 MOJIeTMpOBAIIHCH



BOJIHBI NepeHanpsokeHus. [Ipu HecCMHyCOUIanbHOCTH CTATUCTUYECKH TOKAa3aHO, YTO OCHOBHBIM
(axTOpPOM pa3BUTHS YACTHUHBIX Pa3psIOB ABISETCA PA3HOCTh MEXKIYy aMIUIUTYI0U
MMPUITOKCHHOT'O HAIMPSPKCHHUA U MOPOTOBBIM HAIIPS)KCHUEM BO3ZHUKHOBCHUS YaCTHUYHBIX
pa3psaaoB, a UX MOIIHOCTH ¢1ab0 3aBUCUT OT TApMOHMYECKOT0 cocTaBa HamnpsbkeHus. [lokazaHo,
YTO HauOOJIbIlIee OTKIIOHEHHE OT TMHEHHOT0 3aKOHA MIPH YBEIUYEHUH MPUI0KEHHOTO
HaITPS?KCHU A HaGJIIOIIaeTCSI AJIL MOITHOCTH YaCTUYHBIX Pa3psAa0B, IO3TOMY 3TY 3aBUCUMOCTDb
HanOoJee 11e1eco00pa3HO UCIOIB30BATh PU aHATIM3E COCTOSHUS KaOeIbHBIX JIMHHUHA MO0 YPOBHIO
YaCTUYHBIX Pa3psI0B. DKCIIEPUMEHTAIbHO U MyTEeM UMHUTALIMOHHOTO MOJEIUPOBAHHUS MTOKA3aHO,
yTO npu HecunycouaanbHocT 80 % 1 rapMoHukax B 00mgacT yactoT 2—4 kIl KOIUYECTBO U
MOIIIHOCTb YaCTUYHBIX PA3PsA0B 3a IEPUO OCHOBHOW FaPMOHMKH CYILIECTBEHHO BO3PACTAlOT. B
ATOM cilydae aMIUIUTY/Ibl TAPMOHUKH YK€ XBaTaeT JUIsl epe3apsaku 1edeKTa i UMEHHO
rapMOHHMKa CTAHOBUTCS ONpeelistoniell mpu GopMUPOBAHUH YACTHUUHBIX Pa3psIOB.

Knroueswvie cnoea: nzonsauysa kaOeabHBIX TUHUN, HECUHYCOUAATBHOCTD HAMPSHKEHUS, BOJHbI
NEPpCHANPANKCHUA, KOMMYTAIIMOHHBIC INICPCHAINIPSKCHUA, YHACTUYHBIC pa3psAadbl, CTAPpCHUC

N30JIAIMOHHBIX MAaTCPUAJIOB.

The results of experiments on the study of partial discharges in the insulation of cable lines at
non-sinusoidal voltage are presented. With a non-sinusoidality of approximately 10%, the
operation of the electrical network in normal mode was simulated, and with a non-sinusoidality
of about 80% and harmonics in the frequency range of 2—4 kHz, overvoltage waves were
simulated. In case of non-sinusoidality, it is statistically shown that the main factor in the
development of partial discharges is the difference between the amplitude of the applied voltage
and the threshold voltage of the occurrence of partial discharges, and the partial discharges
power weakly depends on the harmonic composition of the voltage. It is shown that the greatest
deviation from the linear law with an increase in the applied voltage is observed for the power of
the partial discharges, therefore this dependence is most advisable to use when analyzing the
state of cable lines by the level of partial discharges. It has been shown experimentally and by
simulation that with a non-sinusoidality of 80% and harmonics in the frequency range of 2—4
kHz, the number and power of partial discharges during the period of the main harmonic
increase significantly. In this case, the amplitude of the harmonic is already sufficient to recharge
the defect and it is the harmonic that becomes decisive in the formation of partial discharges.
Key words: insulation of cable lines, non-sinusoidal voltage, overvoltage waves, switching

overvoltages, partial discharges, aging of insulating materials.
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