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JInarHocTuKa COCTOSTHUS AKKYMYJISITOPHOM OaTapeu 3JIeKTPOMOOWJISI HA OCHOBE
aHajaun3a kpusoil HaiikBucTa M UMNIEeJaAHCHON CIIEKTPOCKONUM

BOP3EHKOB A.H., BHYKOB C.A., MAJIO3EMOB B.B., XAJIMKOB U.X., IIIYPOB
H.H1., ABPAMOB E.1O., EPEIIEHKO H./1., KPABYEHKO JI.I1.

PaccmoTpena ObicTpast METOAMKA ONPEACTICHUS TEXHUIECKOTO COCTOSIHUS aKKYMYJISITOPHBIX
OaTapeii Ha OCHOBE DJICKTPOXUMHUYECKON uMIieaHncHOM ciekTpockonuu (EIS) n ananm3za
kpuBoii HaiikBucta. B oTimame oT TpaauliMOHHBIX KYJTOHOBCKAX METOJ/IOB, TPEOYIOMINX
IIOJIHOTO LIMKJIA 3apsija U pa3psiia, IpeIoKEHHBIN II0IX0/] T03BOJISET ONIEPATUBHO
oueHuBarh cocrostaue 3apsna (SOC), cocrosiue 310poBbst (SOH), pyHKIMOHATBHOE
cocrosiane (SOF) u BHyTpeHHHUE JerpaalliOHHbIC MPOIECCHI 0€3 BBIBOJIA OaTapen U3
JKCIUTyaTallMy Ha JJINTEIbHOE BpeMs. MeTol OCHOBaH Ha M0J1aye MaJOCUTHAIbHOTO
rapMOHMYECKOI0 BO3AECICTBYS B IIMPOKOM AHANAa30HE YaCTOT U MOCJIEAYIOIEM IIOCTPOEHU U
KOMIUIEKCHOM YaCTOTHOM XapaKTEPUCTUKU nMIleianca. [loka3aHo, 4To nmapaMerpsl KpUBOU
HaiikBucTa — akTHBHAs COCTaBIISIIONIAs COMPOTUBIICHUS, pafinyc U (opMa MoJIyKpyra, a
TaK)Ke HU3Ko4YacToTHas AU py3roHHas 007IacTh — KOPPETUPYIOT C IEKTPOXUMUUECKUMU U
1] Py3MOHHBIMH MIPOLIECCAMH B AKKYMYJISITOPE U U3MEHSIOTCS 110 MEpEe CTapCHHUS.
[IpennoxeH anropuT™M UHTEPIPETALMU CIIEKTPOB AJIs AMATHOCTUKH JETpajalliy U
CPaBHUTEIHHOTO aHAJIHN3a AKKyMYJISTOPOB Pa3IUYHbIX TUIIOB. OOOCHOBaHA BO3MOKHOCTD
CYILLIECTBEHHOT'O COKPAILIEHNs BPEMEHH TMAaTHOCTUKH U SHEPro3arpaTr IpH COXPAHECHUHN
BBICOKOM nH(popMaTuBHOCTH M3MepeHuil. [Tokazano, uyto ucnons3oBanue meroaa EIS B
COCTaBe CUCTEM MOHUTOPHHIA AKKyMYJIITOPHBIX OaTapeil TpPaHCHOPTHBIX M CTAI[HOHAPHBIX
ANEKTPOTEXHUYECKUX KOMILJIEKCOB ITO3BOJISIET TOBBICUTh TOYHOCTH OLICHKH HX pecypca U
HaIEKHOCTH.

Knroueswie cnosa: >neKTpoTEXHUUECKUE KOMIUIEKCHI, aKKyMYJISITOPHbIE OaTapeu,
HUMIIEJaHCHAsl CIIEKTpOCcKomus, KpuBas HalikBucTa, HEKYJJOHOBCKME METO/IbI, TUAarHOCTHKA

COCTOSIHMSI, BHYTPEHHSSI JIeTpaialus.



A rapid technique for determining the technical condition of batteries based on
electrochemical impedance spectroscopy (EIS) and Nyquist curve analysis is considered.
Unlike traditional Coulomb methods that require a full charge and discharge cycle, the
proposed approach makes it possible to quickly assess the state of charge (SOC), state of
health (SOH), functional state (SOF) and internal degradation processes without
decommissioning the battery for a long time. The method is based on the application of low-
signal harmonic effects in a wide frequency range and the subsequent construction of a
complex frequency response of the impedance. It is shown that the parameters of the Nyquist
curve — the active component of the resistance, the radius and shape of the semicircle, as well
as the low—frequency diffusion region - correlate with electrochemical and diffusion processes
in the battery and change with aging. An algorithm for interpreting spectra for the diagnosis
of degradation and comparative analysis of batteries of various types is proposed. The
possibility of a significant reduction in diagnostic time and energy consumption while
maintaining high information content of measurements is substantiated. It is shown that the
use of the EIS method as part of battery monitoring systems for transport and stationary
electrical complexes makes it possible to increase the accuracy of estimating their life and
reliability.

Key words: electrical engineering complexes, rechargeable batteries, impedance spectroscopy,

Nyquist curve, non-Coulomb methods, condition diagnostics, internal degradation.
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NmuTanuonHasi MoJe/ib CHJIOBOI cXeMbl KAPbEePHOI'0 IKCKABATOPA /ISl aHAIU3a
Pe;KMMOB padoThl JUOAHBIX MO/YJIeil BHINPSIMHUTEJIsA

ABPAMOB E.10., BHYKOB C.A., MAJIO3EMOB B.B., MATEX C.B., IIYPOB H.1.,
AHIAPUAIIVH C.H., CUHTM31H WU.N., IATBIIIEB P.H.

[Ipencrasnena pa3paboTka u BepuduKays UMATAITIOHHONW MOJCIIH CHIIOBOM CXEMBI
KapbepHOI'0 HKCKABATOPA C BEHTHJILHO-UHIYKTOPHBIM 3JEKTpOonpuBo oM. Moienb
npeaHa3HaueHa JUIsd aHau3a SJEKTPUYECKUX PEKUMOB BXOJIHOTO BBINPSMHUTENS U CBA3aHHBIX
C HMMM TEIUIOBBIX Harpy30k AMoAHbIX Moayned M/Ix-1000-28-D. [1o naHHbIM
WHCTPYMEHTAIBHOTO 00cnenoBanus o0bekTa B cpee MATLAB Simulink moctpoena
MO/IETTb, BKJIIOYAIOIAs MOICUCTEMBI CUIIOBOTO TpaHC(OpMAaTopa, BEIPSIMUTENS, 3BEHA

IIOCTOSIHHOT'O TOKa, PEKyIlepaTopa, UHBEPTOPOB, SKBUBAJIEHTHOW HAarpy3Ky U TETJIOBOU



MOJIEJIN AUOJHOTO MOAYJIsl. BrinonHeHa BepuuKalus 3JeKTpUYeCKON YacTH MOJIENIN IO
OCLIJIJIOTpaMMaM HalpsHKEeHUH U TOKOB, 3aPETUCTPUPOBAHHBIM HA peaIbHOM OOBEKTE.
ITokazaHo, YTO MOZIEH MO3BOJISAET ONPEAEIATH TOKOBBIE U TEIUIOBBIE PEXKUMBI IHOIHBIX
MOJZYJIEH, B TOM YHCJIE OLICHUBATh MTHOBEHHBIE 3HAYCHUS TEMIIEPATypPbl KPUCTAIA U
ITOBEPXHOCTU OXJIAJUTEIN IIPHU SKCIUTYaTaAllMOHHBIX ¥ BO3MYIIEHHBIX PEKAMAX.
Kniouesvie cnoga: KapbepHbIN 3KCKABATOP, BBIIPSIMUTEINb, UHBEPTOP, AEKTPONPUBO/,
JUOIHBIA MO/YJIb, 2JIEKTPOMAarHUTHAasi COBMECTUMOCTb, KAUECTBO JIEKTPOIHEPTHH,

nMuTanmonnoe moxaenuposanue, MATLAB Simulink.

The development and verification of a simulation model of the power circuit of a mining
excavator with a valve-inductor electric drive is presented. The model is designed to analyze
the electrical modes of the input rectifier and the associated thermal loads of diode modules
MDx-1000-28- D. Based on the data of the instrumental examination of the facility in the
MATLAB Simulink environment, a model was built that includes subsystems of a power
transformer, a rectifier, a direct current link, a heat exchanger, inverters, an equivalent load,
and a thermal model of a diode module. Verification of the electrical part of the model was
performed using voltage and current waveforms recorded on a real object. It is shown that the
model makes it possible to determine the current and thermal modes of diode modules,
including estimating the instantaneous temperature values of the crystal and the cooler surface
under operational and perturbed conditions.

Key words: mining excavator, rectifier, inverter, electric drive, diode module, electromagnetic

compatibility, power quality, simulation, MATLAB Simulink.
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AHaJIN3 H MOJeJIMPOBAHME MEXaHM3MOB CTapeHHsl JUTHI-HOHHBIX OaTapei,
HCIO0/b3YEeMBIX B 3JICKTPOTPAHCIIOPTE

HIYPOB H.U., ITABAJIVMH P.B., IITAHI" A.A., KPABUEHKO /I.IT., ABPAMOB E.10.,
CUHTU3WH U.U., MAJIO3EMOB B.B., BOP3EHKOB A .H.

IIpencraBieHsl pe3yabTaThl HCCIENOBAHUS ITPOLIECCOB IETPaJalliy TATOBBIX AKKYMYJISTOPOB.
VccnenoBanbl OCHOBHbBIE MEXAHU3MBI U IPUYHHBI, BIUSIONINE Ha yMEHbIeHUE 3()(HhEeKTUBHON
€MKOCTH JIMTUN-UOHHBIX aKKYMYJISTOPOB. Ha OCHOBE MMUTALIMOHHOW MOJEIIH

ANEKTPOMOOMIISI HCCIIEI0BAH MPOLECC Jerpafallii aKKyMyJsITopa U ONpeIeIeHbI



ONTHMAJIbHBIE PEKUMBI €r0 HKCIUTyaTallui. BhIABIIeHO, YTO aMIUIUTY/1a TOKA TSITU
3HAYUTENIBHO BIIMSET HA CTETICHb YXYALIECHUS COCTOSHUS aKKyMYISTOPHOU OaTapeu.

Y CTaHOBIIEHO, YTO KIIOYEBBIM (DaKTOPOM, BIHUSIOIIMM Ha CKOPOCTH ETPAJaIiH 3apsTHOMI
€MKOCTH OaTapei, BJIsICTCS MHTEHCUBHOCTD MOTpeOeHus Toka. [l cHkeHus dpdekTon
BBICOKHX Pa3psiIHbIX TOKOB MPEAI0KEHO UCIIOIb30BaHNE OaTapeil HOBOrO MOKOJIEHHUS C
MOBBIICHHBIMU XaPAKTEPUCTUKAMH MOITHOCTH M YBEIHUYEHHBIM YUCIIOM BO3MOKHBIX ITUKJIOB
3apsin/paspsn. B cpene MATLAB Simulink paspaborana Moaenb 31eKTpOMOOUIIS
«MockBHY-3», OTHECEHHOTO K TPETheMY KJIaCCy MO MOITHOCTHOM KJTacCH(PUKAIIHH,
OCHAIIeHHAsI KaK CTaHJapTHBIM, TaK U THOPUIHBIM aKKyMYJISATOpOM Ha 25 KBT 4.

Kniouesvie cnosa: >nekTpoTpaHCIOPT, TUTHI-HOHHBIE OaTapen, MEXaHU3MbI CTaApEHUS

6arapeu, MO/ICTIMPOBAHUE.

The results of a study of the degradation processes of traction batteries are presented. The
main mechanisms and causes influencing the decrease in the effective capacity of lithium-ion
batteries are investigated. Based on the simulation model of an electric vehicle, the process of
battery degradation is investigated and optimal operating modes are determined. It is revealed
that the amplitude of the thrust current significantly affects the degree of deterioration of the
battery. It has been established that the intensity of current consumption is a key factor
influencing the rate of degradation of battery charging capacity. To reduce the effects of high
discharge currents, it is proposed to use a new generation of batteries with increased power
characteristics and an increased number of possible charge/discharge cycles. The MATLAB
Simulink environment has developed a model of the Moskvich-3 electric car, classified in the
third class according to the power classification, equipped with both a standard and a 25 kWh
hybrid battery.

Key words: electric transport, lithium-ion batteries, battery aging mechanisms, modeling.
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AHaJIMTHYeCKAs MOJeJIb iYeeK AKKYMYJIATOPHON 0aTapen B pe:kuMe 3apsiia M pa3psjaa
MEHBIINKOB A.B., MATEX C.B., IIIYPOB H.U., BOP3EHKOB A .H., JIATBIIIEB P.H.,
XAJIMKOB N.X., ITAHI" A.A., EPEIIIEHKO H.A.

PaccMoTtpen cmoco0 mocTpoeHHs MPOCTON aHATUTHYECKON MOJIENH, B KOTOPOU HATJISTHO
OTpakaeTcsl BIMSAHUE BXOJIHBIX MTApaMETPOB Ha HANPSHKCHUE STUEEK aKKYMYJISITOPHOM OaTapen

B pexuMe 3apsiaa/paspsaga. Moens nIpencTaBisieT co0oit anredpandeckoe BeIpakeHne 0e3



HeTUHEHHBIX K03 duinenToB u auddepeHnanTbHbIX KOMIIOHSHT, IUHOE JIJIST BCEX
PEXKUMOB U HE 3aBUCSIIECE OT BTOPOCTENEHHBIX XapaKTEPUCTUK. ITO MO3BOJISET
paccMaTpuBaTh MOJENb KaK CAMOCTOSITEIbHBIN U POCTOW UHCTPYMEHT JJIsi PELICHHUS
Pa3IMYHBIX ONTUMHU3AIMOHHBIX 33]1a4, & TAK)KE CTPOUTh HAa €€ OCHOBE KOMITAKTHBIC
MMUTAIIMOHHBIE MOJIEIIH, CTPYKTYpa KOTOPBIX JIJISl BCEX PEKUMOB OCTACTCS IPOCTOM U
Hen3MeHHOU. [IpenMyIiecTBo 3TUX MOZEIIEH B CYLIECTBEHHOMN CTEIIEHU IIPOSBIIAECTCS IPU
pEIICHNU MTPAKTHYECKUX 3a7a4, B KOTOPBIX HEOOXOAUM aHAIH3 OJJTHOBPEMEHHOTO
B3aUMOJICHCTBHS OOJIBIIIOTO KOJUYECTBA SYEEK B COCTABE COBPEMEHHBIX YHEPTOEMKHX
AKKyMYJISITOPHBIX OaTapei, rie ObICTpOTa MOMyUYeHHsI OTBETa U SKOHOMHUS BBIYUCTUTEIBHBIX
PECYPCOB OKa3bIBAIOTCS PEIIAIOIUMEU (HaKTOPAMHU.

Knrwouegvie cnosa: akkyMmynsTop, siueiika, Mo/ielb, MapaMeTpbl, SMIUPUUECKUE BHIPAXKECHHUS,

€MKOCTb, BBIYUCITUTENbHBIN pecypc.

A method for constructing a simple analytical model is considered, which clearly reflects the
influence of input parameters on the voltage of battery cells in charge/discharge mode. The
model is an algebraic expression without nonlinear coefficients and differential components,
uniform for all modes and independent of secondary characteristics. This allows us to
consider the model as an independent and simple tool for solving various optimization
problems, as well as to build compact simulation models based on it, the structure of which
remains simple and unchanged for all modes. The advantage of these models is significantly
manifested in solving practical problems in which it is necessary to analyze the simultaneous
interaction of a large number of cells in modern energy-intensive batteries, where the speed of
response and saving computing resources are crucial factors.

Key words: battery, cell, model, parameters, empirical expressions, capacity, computational

resource.
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OnTumMajbHbIe COOTHOIIEHUSI PA3MepPOB 3JIeKTPOMATrHUTA € MONepPeYHbIM B 00J1aCTH
HepronpeodpPa3oBaHUs MATHUTHBIM OTOKOM

HEMMAH B.IO.

[IpencraBieH MeTo1 BEIOOpA ONTUMAIBHBIX COOTHOIIEHUHN T€OMETPUIECKUX Pa3MEpOB

CHJIOBOTI'O JJICKTpOMAarHuTa € rnornepeydblM MarHMTHBIM ITOTOKOM, COOTBECTCTBYIOIIUX



MUHUMAJIBHOMY BECY. 32 KpDUTEPUIN ONITUMAIBbHOCTH IPUHSAT IIOKA3aTeNb yACIbHOU
paboTOCTIOCOOHOCTH — OTHOIICHHUE MPEIETbHON MEXaHNYEeCKOI paboThI 3JIEKTPOMarHuTa K
ob1eit Mmacce ero akTuBHOro 00bemMa. OCHOBHBIE Pe3yJIbTAThI MOIYYEHBI C TIOMOIIBIO
KOHEYHO-3JIEMEHTHOTO MOJEIMPOBAHUS MarHUTHOTO 10J1s1. Ha OCHOBaHMY BBINIOJTHEHHOTO
aHaJIN3a JaHbl PEKOMEHIALIUH 110 UCII0JIb30BaHUIO ONITUMAJIbHBIX COOTHOLICHUH Pa3MeEPOB B
3a/la4ax IpPOEKTHPOBAHUS.

Knioueesvie cnoga: cunoBoii 2JIEKTPOMAarHuT, MONEPEYHbIH MAarHUTHBIN IOTOK, ONTUMAJIbHbIE
COOTHOILIEHHsI pa3MepOB, MEXaHUYecKas paboTa, BECOBbIE MIOKA3aTENH, YUCIEHHOE

MOJCIIMPOBAHHUC.

A method is presented for selecting optimal ratios of the geometric dimensions of a power
electromagnet with a transverse magnetic flux corresponding to the minimum weight. The
criterion of optimality is the indicator of specific working capacity — the ratio of the maximum
mechanical work of an electromagnet to the total mass of its active volume. The main results
were obtained using finite element modeling of the magnetic field. Based on the performed
analysis, recommendations are given on the use of optimal size ratios in design tasks.

Key words: power electromagnet, transverse magnetic flux, optimal size ratios, mechanical

operation, weight indicators, numerical modeling.
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NMuTanuonHast Moje/ib JMHEIHOT0 M CKPETHOT0 3JIEKTPONPUBOIA ISl CUCTEM
NMO3UIHOHMPOBAHUS

HEWMAH JI.A., HEUMAH B 1O.

[IpennoxxeHa UMHTAIMOHHAS] AMHAMHUYECKAs MOJI€NIb IMHEHHOTO IUCKPETHOTO
AIEKTPONPUBOJIA. PACCMOTpEHBI CTPYKTYpa U 3JIEMEHTHBIN COCTaB 3JIEKTPOIIPUBOAA, B
KaueCTBE MCIIOJTHUTEILHOTO YCTPOMCTBA KOTOPOTO MPUMEHSETCS TiecTh(ha3HbIN
AJIEKTPOMAarHUTHBIN TPUBOJI, BBITIOJIHEHHBIN B BUJE OTAEIbHBIX MEXaHUYECKHU CBA3aHHBIX
Mopayiei. OCHOBBIBAsICh Ha UJCHTUIHOCTH (a3 AJIEKTPOINPUBOJIA, PACCMOTPEH OO
MPUHIUTT (HPOPMUPOBAHKS €TO MATEMATUIECKON MOJICNIN B BHJIE CUCTEMBbI

g hepeHIMaTbHBIX YPAaBHEHUH SJIEKTPHUECKOTO M MEXaHUYECKOTO PAaBHOBECHS
3JIEKTPOMEXAHUYECKON CUCTEMBI, IOTIOJHEHHON IBYXMEPHBIMU MAaCCUBaMH 3HAYECHUIN

MMOTOKOCHECITICHUA U JICKTPOMAarouTHOTO YCUIINA WU IMTPCAJI0XKEH BaApUAHT UX pCain3allui B



cpene MATLAB Simulink. B Mogenu yuTeHsl B3aUMHOE BIUSHHUE SJICKTPOMArHUTHBIX U
MEXaHUYECKUX MPOIIECCOB, MAarHUTHBIE CBOMCTBA CTAJIU, [IOTOKU PaccesHUS U MOTEPU
SHEPIUU B DJIEKTPUUYECKON U MEXaHUYECKOHN cucreMax. PaccMoTpeH mpumep UCIoIb30BaHUs
MMHTALMOHHON MOJIEIIN JUIsl pacyeTa TMHAMUYECKUX XapaKTEPUCTHK.

Knrwouesvie cnosa: TAHENHBIA TUCKPETHBIN JIEKTPONPUBO/I, JJIIEKTPOMArHUTHBINA MPUBO/I,

HUMUTAIIMOHHAA MOJCJIb, MATCMATHYCCKAA MOJACIIb, TMHAMHWYCCKUC XaPAKTCPUCTUKU.

A simulation dynamic model of linear discrete electric power is proposed. The structure and
elemental composition of an electric drive are considered, as an executive device of which a
six-phase electromagnetic drive is used, made in the form of separate mechanically connected
modules. Based on the identity of the phases of an electric drive, the general principle of
forming its mathematical model in the form of a system of differential equations of electrical
and mechanical equilibrium of an electromechanical system is considered, supplemented by
two-dimensional arrays of values of flow coupling and electromagnetic force, and a variant of
their implementation in the MATLAB Simulink environment is proposed. The model takes
into account the mutual influence of electromagnetic and mechanical processes, the magnetic
properties of steel, scattering fluxes and energy losses in electrical and mechanical systems.
An example of using a simulation model to calculate dynamic characteristics is considered.
Key words: linear discrete electric drive, electromagnetic drive, simulation model,

mathematical model, dynamic characteristics.
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IpuodanKeHHbIH pacyeT 3JIeKTPOMATHUTHOTO MOJIsl SIBHOMOJIKOCHOM 3JIEKTPHUYECKOM
MAIIMHBI C HeJIMHEITHBIMU MATHUTHBIMHU CBOIiCTBAaMHU POTOpPa

BJIAHK A.B.

Crnouctble MOIENN, U3BECTHBIE B TEOPETUUECKUX UCCIEAOBAHUAX JJIEKTPUUECKUX MAIIKH,
MOCITY>KUJIM OCHOBOM TSI CO3AaHMsI KACKaHBIX CXEM 3aMEIICHUs, BeCbMa yIOOHBIX JUIs
MpakTU4ecKuX pacueToB. KackanHas cxema 3aMeleHusi CoueTaeT B cebe JOCTOMHCTBA
CIIOUCTON MOJIEH C MIPOCTOTOM pacyeTa MEKTPOMArHUTHOTO MOJIsl B aKTUBHOM 00beMe
AJIEKTPUUYECKON MAIIMHBI, TAK KaK 110 CYIECTBY MPEACTABISIET COOOH aKTUBHO-HHIYKTUBHYIO
AJIEKTPUUECKYIO LEMb, KOTOPYIO MOXXHO PACCUUTHIBATH JIFOOBIM METO/I0OM, U3BECTHBIM B

TECOPHUH DJICKTPUICCKUX nereii. Baxxao u TO, YTO KaCKaaAHbIC CXE€MbI 3aMCIICHUA



ANEKTPUYECKUX MAIINH CO3JAI0TCS HA OCHOBE (PYHaMEHTAJIbHBIX 3aKOHOB
ANEKTPOMArHeTU3Ma U TEOPHH JICKTPUUECKUX IIeTiell. B cTaTbe Ha OCHOBE PUOIMKEHHBIX
penreHuit qudGepeHInaTbHBIX YPABHEHHA B YACTHBIX MPOU3BOIHBIX MPEITIOKEHBI
KacKaJ/IHbIe CXEMbI 3aMEILIEHHUS IBHOMOIIOCHBIX MAIlIMH, B YaCTHOCTH, HEJIMHEHHAs cXxeMa
3aMEIICHHS IBHOMIOJIFOCHOW CHHXPOHHOM AJIEKTPUIECKON MaIuHbl. B cuimy cieruduku
KAaCKa/IHBIX CXEM 3aMEIleHUs SBHOMOIIOCHBIX MAIIMH HEJIMHEWHAs CXeMa 3aMEIeHUS
MO3BOJISIET BBITIOTHUTH JIUIIH MPUOIMKCHHBIN pacdeT MarHUTHOTO TIOJISI MAIIUHEI (TIPU
BBEJICHUU JOMYILIEHUS O MOCTOSHCTBE MarHUTHOM MPOHULIAEMOCTH MTPH U3MEHEHHUH
MOJIOXKEHHUS pabouel TOUKM Ha KpUBOM HamarHunuuBaHus). OmmoKa npu mpruoImKeHHOM
pacuere OyaeT onpeaeNnsaThCsi CBOMCTBAMU KPUBOM HAMAarHUYMBAHUS U OCOOCHHOCTSIMU
PEKUMOB PabOTHI MAIIUHBI.

Knrouegwle cnoea: >nekTpuyecKkue MalllvHbl, SBHOMOJIOCHBIE MAIIUHBI, CHHXPOHHBIE
ANEKTPUYECKUE MAILIMHBI, TEOPHUS JIEKTPOMArHUTHOTO IOJISI, TEOPUS EKTPUUECKUX LeTei,

KaCKaaHBIC CXCMBI 3aMCIIICHU .

Layered models, known in theoretical studies of electrical machines, served as the basis for
the creation of cascade substitution schemes, which are very convenient for practical
calculations. The cascade substitution scheme combines the advantages of a layered model
with the simplicity of calculating the electromagnetic field in the active volume of an electric
machine, since it is essentially an active-inductive electrical circuit that can be calculated
using any method known in the theory of electrical circuits. It is also important that cascade
replacement circuits for electric machines are created based on the fundamental laws of
electromagnetism and the theory of electrical circuits. Based on approximate solutions of
partial differential equations, cascade substitution schemes for single-pole machines are
proposed in the article, in particular, a nonlinear substitution scheme for a single-pole
synchronous electric machine. Due to the specifics of cascade substitution schemes for single-
pole machines, the nonlinear substitution scheme allows only an approximate calculation of
the magnetic field of the machine (with the assumption of constant magnetic permeability
when changing the position of the working point on the magnetization curve). The error in the
approximate calculation will be determined by the properties of the magnetization curve and
the peculiarities of the operating modes of the machine.

Key words: electric machines, single-pole machines, synchronous electric machines, theory of

electromagnetic field, theory of electric circuits, cascade substitution schemes.
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®opMHUpOBaHHE ONIEPATHUBHOIO CLEHAPHS YIIPABJICHHUSA 3JIEKTPHYECKUM PeKMMOM
JAYrOBOM CTAJIEIVIABUIBHOMN MeYn

I'OPEBA JLII., BUKEEB P.A., AHBIIIAKOB A.C.

PaccmoTpena Metouka (pOpMUPOBAHUS ONIEPATUBHBIX TOUEK YIPABICHUS IS
PETryIUPOBAaHUS JICKTPHUECKOTO peKUMa ayroBoi cranemiaBmibHon nieun (JICIT) npu
peanu3annuy ONpeaesIeHHON CTPATErn SKOHOMUYECKON ONITUMU3allY, HallpuMep, MUHUMyMa
pacxoza MEKTPOIHEPTUH UIIM MAaKCUMYyMa IPOM3BOJUTENIBHOCTH II€4YH. 3a/1aya peraeTcs Ha
OCHOBE aHaJIM3a HEKTpUYECKUX U pabounx xapakrepuctuk JICII Ha ka0 cTynenu
HaNpsHKEHUS MEYHOTo TpaHchopMaTopa; mpu 3TOM HEOOXOAUMO YUUTHIBATh AJIEKTPHUECKHE
rapaMeTpsl AIEKTPOIIEYHOTO KOHTYPA U MapaMeTpbl HCTOYHUKA MUTaHus. MeToanka
IIPOJIEMOHCTPUPOBAHA HA IPUMEPE OTeUECTBEHHON cBepXBbIcOKOMOIIHOMN J[CII eMKkoCThIO
100 ToHH, peanu3yronieM CTpaTerui0 MakCUMyMa MPOU3BOIUTEILHOCTH 11€UX U HATJISITHO
ITOKa3bIBAIOIEM BO3MOKHOCTH M OTPAHUYEHHUSI, BO3SHUKAIOIINE HA MPAKTHUKE.

Knioueevie cnoga: nyrosas craneruiaBuibHas Me€4b, JJIEKTPUUECKUN PEKUM, OTIEpPaTUBHBIN

CLEHAPHI YIIPaBIIEHUS, SKOHOMUYECKAS ONTUMM3ALIHSL.

The method of forming operational control points for regulating the electrical regime of an arc
steelmaking furnace (ASF) is considered when implementing a certain strategy of economic
optimization, for example, a minimum of electricity consumption or maximum furnace
productivity. The problem is solved based on the analysis of the electrical and operating
characteristics of the ASF at each voltage stage of the furnace transformer; at the same time, it
is necessary to take into account the electrical parameters of the furnace circuit and the
parameters of the power source. The technique is demonstrated using the example of a
domestic ultra-high-power ASF with a capacity of 100 tons, which implements a strategy for
maximizing furnace productivity and clearly shows the possibilities and limitations that arise
in practice.

Key words: arc steelmaking furnace, electric mode, operational control scenario, economic

optimization.
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HNmutanuonHasi Mojeb TMHAMUKH cucTeMbl «IIpoayKTHBHBIIH miiacT —
3JIEKTPOLEHTPOOEKHBIH HACOC — HACOCHO-KOMIIPECCOPHbIE TPYObI — YCThe CKBAaKMHbD»
BAIIAPOB P.P., IOMAXHH E.A., IIOIIOB H.C.

PaccmoTpena uMuTaniMoHHast MOJIeNb Ui UCCIIEI0BaHUS JUHAMUKN CUCTEMBI
«ITpoAyKTUBHBIN TIIACT — 3JEKTPOLIEHTPOOEKHBIN HACOC — HACOCHO-KOMIIPECCOPHBIE TPYOBI —
YCTb€ CKBa)KMHBI» B IIEPEXOAHBIX PEKUMaX IPU YaCTOTHOM PEryIUpOBaHUU. Mozenb
IpeJHa3HaueHa Ul aHaJIN3a HECTaIl[MOHAPHBIX MTPOLECCOB, BOZHUKAIOLIMX MPU U3MEHEHUU
YaCTOThI BpAILlEHHs! TOTPY>KHOT'0 3JIEKTPOIBUTATENSI HACOCHOW yCTaHOBKU. B cocTaB Mozenu
BKJIIOUEHBI TPH B3aUMOCBSI3aHHBIX [TOJICUCTEMBI: THIPOIMHAMUKA IJ1ACTa, IUHAMUYECKOE
1o100ue 3IEKTPOLEHTPOOSKHOTO HAcoca U TUHAMUKA MTOTOKA B HACOCHO-KOMITPECCOPHBIX
TpyOax. HccrieqoBaHo BIMSIHME BPEMEHH pa3roHa HACOCHOM YCTaHOBKH Ha IMHAMHUYECKUE
napaMeTpbl CUCTEMBL. Y CTAHOBJIEHO, YTO IIPU MaJIbIX BPEMEHAX pa3roHa CUCTEMa HOCHUT
crnaboaeMi(pupoBaHHBIN XapaKTep, COMPOBOKIAIOIIUICS 3HAYNTEIHHBIMHI KOJICOaHUSIMHU.
VYBenu4yeHne BpeMEeHH pa3roHa MPUBOAMT K CHIKEHHIO aMIUTUTY/IbI KoJleOaHui 1 Gosee
IUTABHOMY BBIXOJly CUCTEMBI B yCTAHOBUBLIMHUCS PEKHM.

Knroueevie cnosa: neprenodbrua, ycTaHOBKA AJIEKTPOLIEHTPOOEIKHBIX HACOCOB,
MMUTALMOHHAs MOJIENb, YACTOTHOE PETYJIMPOBAHKE, JUHAMMKA CUCTEMBI, IEPEXOIHBIE

HPOIECCHI.

A simulation model for studying the dynamics of the system «Productive reservoir — electric
centrifugal pump — tubing — wellhead» in transient modes with frequency control is
considered. The model is designed to analyze non-stationary processes that occur when the
rotational speed of a submersible electric motor of a pumping unit changes. The model
includes three interrelated subsystems: reservoir hydrodynamics, dynamic similarity of an
electric centrifugal pump, and flow dynamics in tubing. The influence of the acceleration time
of the pumping unit on the dynamic parameters of the system is investigated. It is established
that at low acceleration times, the system has a weakly damped character, accompanied by
significant fluctuations. An increase in acceleration time leads to a decrease in the amplitude
of vibrations and a smoother system output to steady state.

Key words: oil production, installation of electric centrifugal pumps, simulation model,

frequency control, system dynamics, transients.
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YucaeHHoe MOAeTHPOBAHHE ACHHXPOHHOI0 YJIEKTPOABUIATEJISI C YACTOTHO-
peryJimpyeMbIM PUBOJAOM IPH €ro NPOMbILLICHHOM IPUMEHEHHMH 1JIs1 IPOU3BOICTBA
JIEKAPCTBEHHBIX NIpeNnapaToB

IIEPCOBA M.T., COJIOBEMYUK [O.T'., TPEUKIH B.B., TEMJISIKOB A A,
TEMJISIKOBA 3.C., KOILIKMHA 0.1.

[TonmyuyeHsl XapakTepUCTUKN aCUHXPOHHOTO 3JIEKTPOABUTATEINSI C YACTOTHO-PETYIHPYEMBIM
MIPUBOJIOM B YCJIOBHSIX €T0 SKCILTyaTAllMK IPU MPOU3BOJCTBE JIEKAPCTBEHHBIX MPENAPATOB,
BBISIBJICHBI 0OCOOEHHOCTH 3THUX XapaKTEPUCTHUK MIPU MYCKE C pa3IMYHBIMU, B TOM YHCIIE
M3MEHSIOIIMMHUCA BO BPEMEHHU Harpy3kaMu, a Tak)Ke IPU pa3IudyHON NPOJ0IIKUTEIBHOCTH
pasroHa 10 HOMUHAJIbHOM 4acTOThHl. MoenmpoBaHUEM AIEKTPOMATHUTHOTO MTOJISI METOJIOM
KOHEYHBIX 3JIEMEHTOB OIpe/IeTICHbl TOKH B OOMOTKE CTaTOpa M KOPOTKO3aMKHYTOH 0OMOTKe
poTopa, onpeaeeHa 3JIEKTPOMarHUTHAsI CHUjla U XapaKTEPUCTUKHU BPAILEHUs] pOTOpa €
ABTOMATUYECKOM NEPECTPONKON KOHEUHO-3JIEMEHTHOM ceTKU. [IpencraBieHsl pe3yabTaThl
BBIYMCIIMTENIBHBIX U HATYPHBIX SKCIIEPUMEHTOB B YCTAHOBUBILEMCS PEKUME U PEXKHUME ITyCKa
C U3MEHSIIONIEHCS BO BpeMeHU Harpy3koil. [lomydensl pabodne XxapaKTepruCTUKH
ACMHXPOHHOTI'O ABUTaTes JUIsl pa3IMYHbIX HAIPy30K U IJIUTEIbHOCTEN pa3roHa.

Knioueevie cnoga: acHHXpOHHBIN IBUraTelb, PEKUM pa3roHa, 3J€KTPOMarHUTHOE I0JIE,

KOHCYHO-3JIEMCHTHOC MOJCIUPOBAHUC.

The characteristics of an asynchronous electric motor with a frequency-controlled drive in the
conditions of its industrial operation in the manufacture of medicines are obtained, the
features of these characteristics are revealed when starting with various loads, including time-
varying loads, as well as with different acceleration times to the nominal frequency. By
modeling the electromagnetic field using the finite element method, the currents in the stator
winding and the short-circuited rotor winding were determined, the electromagnetic force and
the characteristics of rotation of the rotor with automatic restructuring of the finite element
grid were determined. The results of comparing computational and field experiments in
steady-state and start-up mode with a time-varying load are presented. The operating
characteristics of an asynchronous electric motor for various acceleration durations and loads

are obtained.



Key words: asynchronous motor, acceleration mode, electromagnetic field, finite element

modeling.
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MarnuTHoe 1moJie B 3a30pe 0ecrna3oBoro AByXpoTOPHOIo AUCKOBOI0 3J1eKTPOABUIaTe sl
MAJIOMOIIIHOB H.K., ITPUCTVIT A.T"., )KUJIMH O.A.

PaccMoTpeHo MarHUTHOE TIOJIE B BO3AYIITHOM 3a30p€e O€Cra30BOro JBYXPOTOPHOTO AUCKOBOTO
ANEKTPOABUraTENsI ¢ MOCTOSSHHBIMU MarHuTaMu. [locTpoena aHanuTuyeckass MOJENb B
LHMIMHIPUYECKUX KOOPAUHATAX MPU aKCHAIIbHONH HAMArHUYEHHOCTH U CHHYCOH1aJIbHOM
pacrpeiesieHuu 1o a3uMyTaibHoMy yrity. Ha ocHoBe ypaBHeHus Jlaminaca 1 rpaHUYHBIX
YCJIOBHUH MOJIy4€HbI BBIPAKEHUS IJIs1 TOTEHIMAJa, HAMPSX)KEHHOCTU U UHAYKIIUMU B 3a30p€, a
TaKOKe JIJIs1 CPETHEH 110 TOJIIIMHE 3a30pa paboueii TapMOHUKH. BBeneHb1 6e3pa3mepHbie
MapaMeTphl, CBA3BIBAIOIIUE 3230P U TOJIIMHY MarHuTa C JIOKaJIbHBIM MOJIOCHBIM IIarom, u
MOKA3aHO MX BJIMSHUE HAa ypoBeHb Mojs. OTMeUYeHa pajuanbHas HEOJHOPOIHOCTh paboyueii
TapMOHUKH, BaXKHAas ISl IPOEKTUPOBAHUS JUCKOBBIX MAIINH U MPOBEPKU YUCICHHBIX
MOJIEIIEN.

Knrouegwle cnoea: nByxporopHas Oecra3oBasi akcHallbHas MalllMHA, TOCTOSIHHbIE MAarHUTHI,

aHaJTUTHYECKasi MOJIENb, Oe3pa3MEpHBIC MTapaMETPHI.

The magnetic field in the air gap of a phase-free two-rotor disc electric motor with permanent
magnets is considered. An analytical model is constructed in cylindrical coordinates with
axial magnetization and sinusoidal azimuthal angle distribution. Expressions for potential,
tension, and induction in the gap, as well as for the average gap thickness of the working
harmonic, are obtained based on the Laplace equation and boundary conditions.
Dimensionless parameters are introduced that relate the gap and thickness of the magnet to
the local pole pitch, and their effect on the field level is shown. The radial inhomogeneity of
the working harmonic is noted, which is important for the design of disk machines and the
verification of numerical models.

Key words: two-rotor phase-free axial machine, permanent magnets, analytical model,

dimensionless parameters.
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Cunre3 0e31aTYMKOBOH CHCTEMBbI YIIPABJICHHUSA NOTPY’KHBIM CHHXPOHHBIM
3JIEKTPONPHUBO/I0M ILIYHKEPHOI'0 HACOCA € YYE€TOM NPOTAKEHHOH MUTAIOLIEH e
AHHMBPOEB B.1., KOTUH J.A., [IOIIOB H.C., IOMAXHWH E.A.

PaccMotpen cuHTe3 0e31aTYMKOBON CUCTEMBI BEKTOPHOTO YIIPABJICHUS [TOTPYKHBIM
CUHXPOHHBIM JIBUTaTEJIEM C IIOCTOSIHHBIMU MarHUTaMu B COCTaBE AJIEKTPONPUBOAA
IUTYH>KEPHOTO HAcoca MasloIeOUTHON CKBaXMHBI. OCOOCHHOCTHIO 00BEKTA SABISETCS
MpOTsHKEHHAS TTUTAIOMIAs 1IeTb — TpaHncpopMaTop u kabenbHast muHus LiuHOU 2000 M — ¢
CyMMapHbIM COIIPOTHUBIICHUEM, NTPEBBIIAIONIUM CONPOTUBIIEHUE CTaTOpa B 5—6 pas.
[Tokazano, yTo npeHedpexeHue napamerpamu uenu B 3J{C-nabmaroaarene NpuBOAUT K
[OTEpE YCTOWYMBOCTH CUCTEMBI. AHAIIUTUYECKH TOJTYyYEHO OTpaHUUEHUE
MIPOIOPLMOHAIBHOTO K03 PHIIMEeHTa peryasTopa ToKa, BHITEKAIOIIEe U3 YCIOBHS 3amaca o
YCUJICHUIO Ha PE30HAHCHOM YacTOTe MPUBEIEHHON Lenu Npu KodpduueHTe
nemrnupoBanus (=0,052. s O1eHKH yria U CKOpOCTH poropa npumenén D(C-
HaOI0AaTeNb ¢ ANrOpUTMOM (ha30BOI aBTOMOJACTPOUKH YacTOTHI TBOMHOTO yIiia,
MHBAapUAHTHBIN K 3HAKy CKOPOCTH B PEBEPCUBHOM pexxume Hacoca. [1o pesynbpratam
MMUTAIIMOHHOTO MozieinpoBanus B cpeie SimInTech moarBepkaeHa TOUHOCTh OIICHKHU yTiia
40,005 pax, ycroitunBas paboTta npu peepce U BepUPHUIIMPOBAHO aHATUTHUECKOE YCIOBHE
YCTOMYUBOCTH.

Knrwueswie cnosa: norpyKHOW 3IEKTPONPUBOL, INTYHKEPHBINA HACOC, CHHXPOHHBIN JBUTATEIb
C TIOCTOSIHHBIMUA MarHuTaMu, 0e31aT4YiKoBoe yrpasienue, JJ]C-nabmonarens, ¢pazoBas

aBTOHOHCTpOﬁKa HaCTOThI I[BOP’IHOFO yria, METO KCJIACMbIX ITOJIFOCOB.

The synthesis of a sensor-free vector control system for a submersible synchronous motor
with permanent magnets as part of an electric drive of a plunger pump in a low-flow well is
considered. A special feature of the facility is an extended supply circuit — a transformer and a
cable line 2000 m long — with a total resistance exceeding the resistance of the stator by 5-6
times. It is shown that neglecting the circuit parameters in the EMF-observer leads to a loss of
stability of the system. A limitation of the proportional coefficient of the current regulator has
been analytically obtained, resulting from the gain reserve condition at the resonant frequency
of the reduced circuit with a damping coefficient of {(=0,052. To estimate the angle and speed
of the rotor, an EMF-observer with a double-angle phase auto-tuning algorithm, invariant to

the speed sign in the reverse pump mode, has been applied. Based on the results of simulation



modeling in the SimInTech environment, the accuracy of the angle estimate £0,005 rad, stable
reverse operation, and the analytical stability condition were verified.

Key words: submersible electric drive, plunger pump, permanent magnet synchronous motor,
sensorless control, EMF-observer, phase auto-tuning of the double angle frequency, desired

pole method.
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CuHTe3 3HeprocoeperauMx 3aKOHOB YIPaBJIeHHs YJIEKTPONeYaMH CONMPOTHBJIEHHS
MO3XEUYKOB B.A., JJOBYAKOB B.1.

[TokazaHo, 4TO pacueT MporpamMMbl YIIPABICHUS dJEKTPHUCSCKUMH MTeYaMH COIPOTUBIICHHUS,
ONTUMATHHOU MO KPUTEPHIO 3aTPAT YHEPTHH, MOXKET OBITH BHITIOTHEH MTOCPEICTBOM
JUHEWHOTO MPOrPaMMHUPOBaHUS, a peaTH3alys OJTYYCHHOW MTPOrpaMMBI — METOJIOM
VIIpaBJICHUS C MPOTHO3UPYIOIICH MOIEIBIO, TIO3BOJISTFOIIUM KOMIIEHCHPOBATh MOTPEITHOCTH
MPOrPaMMHOTO YIIPABJICHUS B PE3YJIbTATE HCIIOIH30BAHHS OOPATHOM CBSI3U.
CdhopmynmpoBana MmaTreMaTHdecKasi IOCTAHOBKA 33J]a4H CHHTE3a YHEProcOeperaronmx
3aKOHOB YIIPABJICHUS JICKTPOIICYaMH COIPOTUBIICHUS M MIPEIUIOKEH METOJI €€ PEIICHHUS,
00eCTIeYNBAOIINH 110 CPAaBHEHHUIO C M3BECTHBIMH METOAMH CYIIECTBEHHOE COKPAIIICHHE
3aTpar 3HEPTUU MPH YIPABJICHUH TI€YbI0, BRICOKYIO TOYHOCTh PETYIHPOBAHUS TEMIIEPATYPHI,
a TaKke BOZMOXKHOCTh y4eTa OrpaHUYCHUN HA 3HAYCHUS PETYIUPYEMOI BETMUUHBI U
VIPAaBISIONIET0 BO3ACHCTBHI. PaccMOTpeH mpuMep peanu3aiiy mpejiaraeMoro MeToja.
Knrwouesvie cnosa: >nexTpudeckas edb COMPOTUBIICHUS, SJHEProcOeperaronne 3aKOHbI

yIpaBieHUs, YIIPABICHUE C MPOTHO3UPYIOLIEH MOJIENbI0, ONTUMU3ALIU.

It is shown that the calculation of the control program for electric resistance furnaces, optimal
according to the criterion of energy consumption, can be performed by linear programming,
and the implementation of the resulting program by a control method with a predictive model
that allows compensating for errors in program control as a result of feedback. A
mathematical formulation of the problem of synthesizing energy-saving laws for controlling
electric resistance furnaces is formulated and a method for solving it is proposed, which
provides, in comparison with known methods, a significant reduction in energy consumption
during furnace control, high accuracy of temperature control, as well as the possibility of

taking into account restrictions on the values of the controlled value and control action. An



example of the implementation of the proposed method is considered.
Key words: electric resistance furnace, energy-saving control laws, control with predictive

model, optimization.
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YnpasieHue mycKoM JIEKTPHYECKMX MAIIMH B KAPbEePHOH MOOWJIBHOI MUKPOCETH
MAJIA®EEB C.H1., MAJIA®EEBA A.A., CEPEELPEHHUKOB H.A., YUCTAKOB B.C.
PaccMmoTpensr 0COOEHHOCTH SHEPTETHUECKUX MPOIIECCOB B MOOUITbHON KapbepHOM
MHKPOCETH C JU3ETb-T€HEPATOPHOU SFHEPreTUUECKON YCTAHOBKOM MPU BKIIOUYECHUH
ACMHXPOHHBIX JABUTaTEIEH COM3MEPUMON C ICTOYHUKOM SHEPTUU MOUTHOCTHU. BrinonHeno
HCCIIEIOBaHUE YACTOTHOTO IyCKa aCUHXPOHHOI'O ABUTATENsl IPU PETYIUPOBAHUYU YaCTOTHI
BpaLEHUS JU3€EJIbHOTO ABUTATENsl. BrIBEeAEHBI ypaBHEHUS ISl TyCKOBOTO MOMEHTA
ACUHXPOHHOTI'O JIBUTATEINSI PU MOAKIIOYEHUN K HCTOYHUKY COU3MEPUMOM MOIITHOCTH C
perynupyeMon yactotoi. [IpuBeneHs! pe3yapTaThl MOJEIMPOBAHUS U SKCIIEPUMEHTAIBHBIX
UCCIIEIOBAaHMI MTPOIIECCOB B MOOMIBHON MUKPOCETH.

Knioueevie cnoga: ropHbIe NPEANPUATHSI, MUKPOCETh, U3€Ib-T€HEPATOPHAS SJHEPreTUYECKas
YCTaHOBKA, CHHXPOHHBII T€HEPATOP, ACHHXPOHHBIN JBUTATENb, YIPABICHUE,

MOJCIIMPOBAHHUC.

The features of energy processes in a mobile mining microgrid with a diesel generator set are
reviewed when asynchronous motors of comparable power to an energy source are turned on.
A study of frequency start of an asynchronous motor when controlling the rotation speed of a
diesel engine has been performed. Equations are derived for the starting torque of an
asynchronous motor when connected to a source of commensurate power with an adjustable
frequency. The results of modeling and experimental studies of processes in a mobile
microgrid are presented.

Key words: mining enterprises, microgrid, diesel generator set, synchronous generator,
asynchronous motor, control, modeling. start-up of electric machines in a mobile mining

microgrid.



Onekmpomexnuka, 2026, Ne6, cmp. 92-94

ABTOpBI HOMepa



