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MopenupoBaHue H aHAJIU3 pacnpefeJuTeJbHbIX ceTed ¢ HeCMMMeTPHYHbIMHU
HArpy3KaMH NPH IBYXKOHTYPHOM IONEPeYHOM PeryJIupOBaHUM PEKHMOB HX PadoThl
ACTAIIEB M.T'., JEMNJIOB C.H., MUKPIOKOB B.B., HACOB A.B., 3JIbXOJIN
AXME]Jl M.

[IpencraBieH MoaXo K MOJIEIMPOBAHUIO PEKUMOB paObOTHl PaCHpECTUTEIbHBIX CeTeH C
HECUMMETPUYHBIMH Harpy3kamu B cpeae MATLAB Simulink npu npuMeHeHnN YCTPONUCTB C
JIBYXKOHTYPHBIM yIipaBiieHueM. B nmporpamMmMuoii cpeie Simulink BeImosHEeH pacyeT
YCTaHOBUBILHUXCS MTPOLIECCOB HA OCHOBE MOJIENIEH PacpeIeIUTENbHON CETH, Harpy3Ku U
YCTPOMCTB YIpaBJIEHUS, ONIPEAEICHBI TOKU U HAIIPSDKEHUS BO BCEX AJIEMEHTax cxeM. B
nporpammHoii cpene MATLAB 3anans! npoduiu Harpy3Ku, Ha OCHOBE PAaCCUMTAHHBIX
3HAYEHHUI TOKOB M HAIIPSDKEHUH, a TAK)KE 33JIaHHBIX PEryJIUPOBOYHBIX XapaKTEPUCTUK
YCTPOMCTB, C HOMOIIbIO OMOJHUTENBHBIX OJIOKOB pacyeTa aKTUBHBIX M PEaKTUBHBIX
MOIITHOCTEH B (hazax CeTH, BHIMOJHSACTCS BHIYUCICHUE U 3aJaHHe BO3ACHCTBHUI Ha YCTPOWCTBA
ynpasieHus. JlononHuTenbHbIe OJ0KU 0 U3MEPEHHUIO M BHIUMCICHUIO aKTUBHBIX U
PEaKTUBHBIX MOITHOCTEW B PA3JIMYHBIX y3J1aX paclpeaesIuTeIbHON CETH, pEaTM30BaHHbIE B
MATLAB, no3BossitoT orieHUBaTh 3)PEKTUBHOCTH PabOTHI OTJAEIHHBIX OJIOKOB M CUCTEMBI B
uenoM. IIpemaraemslil oX0/1 O3BOJISAET ABTOMAaTUYECKH PACCUUTHIBATh YCTAHOBUBILNECS
PEKUMBI PACHPEICTUTEIFHON CETH TPU PA3IHMYHBIX NMPO(UIISIX HATPY3KU U pa3IMYHBIX THUIIAX
YCTPOWCTB ynpaBieHus. B kauecTBe nprMepa NpUBEIEHBI pe3yJIbTaThl pacyeTa U aHAJIn3a
PEXUMOB pabOTHI paclpeeTUTEeNbHON CeTH P MATH PA3IUYHBIX POPUIIAX HATPY3KH MpU
pa3aesbHOM M COBMECTHOM ITPUMEHEHHMH JIBYX YCTPOMCTB YIPABIEHUS: PEryIsaTOpa
AKTUBHOW MOILHOCTH U KOMIIEHCATOPA PEAKTUBHOM MOIIHOCTH. [ToKa3aHbl BO3MOXKHOCTH
M0JIX0J1a PU OlleHKaX 3 (HEKTUBHOCTH MPUMEHEHUS PAa3INYHBIX TEXHOJOTUI U YCTPOICTB
yIpaBlIeHUS peKUMaMi padOThl paclpeeIUTEIbHBIX CETEH, a TAK)KE BbISIBICHUS
OTpaHUYEHU MPU UX MPUMEHEHUHU B 3aBUCUMOCTH OT MpodHIei Harpy3Ku.

Knioueesvie cnoga: pactpeienTeNbHbIE CETH, IBYXKOHTYPHOE IIOIIEPEYHOE PETYINPOBAHUE,

HECHUMMETPUYHBIE HATPY3KH, ITIONIEPEUYHBIN PETYIATOP, CAMMETPUPYIOLLIEE YCTPONCTBO,



CTaTMYECKUN KOMIIEHCATOP PEAKTUBHOM MOITHOCTH, 3JIEKTPOMarHUTHBIE MPOLIECCHI,

moaenupoBanue, MATLAB Simulink.

An approach to modeling the operating modes of distribution networks with asymmetric loads
in the MATLAB Simulink environment when using dual-circuit control devices is presented.
In the Simulink software environment, steady-state processes are calculated based on models
of the distribution network, load and control devices, currents and voltages in all circuit
elements are determined. Load profiles are set in the MATLAB software environment, based
on the calculated values of currents and voltages, as well as the set adjustment characteristics
of the devices, with the help of additional calculation blocks for active and reactive capacities
in the phases of the network, the effects on control devices are calculated and set. Additional
units for measuring and calculating active and reactive capacities in various nodes of the
distribution network, implemented in MATLAB, allow you to evaluate the efficiency of
individual units and the system as a whole. The proposed approach makes it possible to
automatically calculate the steady-state modes of the distribution network for different load
profiles and different types of control devices. As an example, the results of calculating and
analyzing the operating modes of a distribution network with five different load profiles are
presented with the separate and combined use of two control devices: an active power
regulator and a reactive power compensator. The possibilities of the approach are shown in
evaluating the effectiveness of various technologies and devices for controlling the operating
modes of distribution networks, as well as identifying limitations in their application
depending on load profiles.

Key words: distribution networks, double-circuit transverse regulation, asymmetric loads,
transverse regulator, symmetrical device, static reactive power compensator, electromagnetic

processes, modeling, MATLAB Simulink.
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Peanm3anms ycTpoiicTB MONEPeYHOro peryJHpoBaHUsI NPU CHMMETPHPOBAHUH
PeKMMOB PadoThI YeTHIPEXNPOBOAHBIX ceTell ¢ HeCHMMETPHYHBIMU HATPy3KaMH
[TAH®WJIOB J1.11., ACTAILEB M.IT'., HACOB A.B., 9JIbXOJIM1 AXME]/[ M.

OnuuM 13 3(h(HEeKTUBHBIX METOJI0B OOPHOBI ¢ HECUMMETPHUEH HAarpy3KH SBISAIOTCS



TEXHOJIOTUH MOTIEPEYHOTO PErYIIMPOBAHUS PEKUMOB PAOOTHI AIEKTPOCETH, KOTOPHIE
MO3BOJISIOT YIPABJIATh TOKAMU M MOIIHOCTSMU (aKTUBHOW U pEaKTUBHOM) B pa3HbIX (hazax.
Bb100p KOHKPETHOT'O METO/1a TIONIEPEYHOTO PETYINPOBAHMS 3aBUCUT OT THIIA U
pacrpeneeHust Harpy3Ky 1o ¢a3aM CeTH, a TaKXkKe OT TpeOOBaHHUH K Ka4eCTBY
3NeKTpo3Hepruu. PaccMoTpeHa 3ajaua CMMMETPUPOBAHUS PEKUMOB paOOTHI
YETHIPEXITPOBOIHBIX TPeX(ha3HBIX CeTell ¢ HECUMMETPUYHBIMH HAarpy3KaMH ¢ TIOMOIIbIO
peryasTopa MOITHOCTH, TOCTPOSHHOT'O Ha OCHOBE OAHO(A3HOTO TpaHChopMaTopa 1
PEaKTUBHOTO 3JIeMeHTa. Perynupyemsbiii 0OMEH akKTUBHBIMH U PEAKTUBHBIMH MOITHOCTSIMH
MeXay (pazaMu ceTH OCyNIECTBISETCS PErYIATOPOM MOITHOCTH ITYTEM JTUCKPETHOTO
ynpasienus ko3hduuuenrom Tpanchopmaru TpanchopmaTopa U COnpoTUBICHUEM
PEaKTUBHOTO 31eMeHTa. [IpuBeIeHbl aHANUTUYECKHE BBIPAYKEHHSI, OTMCHIBAIOIINE
3NIEKTPOMAarHUTHBIE TIPOLIECCHI B (ha3ax peryasTopa MOIIHOCTH U ceTH. PaspaboTaHbl
METOJIMKH pacyera MapaMeTpoB dJIEMEHTOB CXEMBI PETYIIATOpa A1l CHMMETPHUPOBAHUS
aKTHUBHBIX MOIITHOCTEH B (hazax CETH MPH Pa3IMYHBIX COOTHOIIECHHUIX aKTUBHBIX MOLTHOCTEH
B (hazax Harpy3kH. [IpeacTaBineHb! pe3ynbTaThl pacueToB MapaMEeTPOB PETYIIATOPA MOIIHOCTH
¥ MOJICJIUPOBAHUS PEKUMOB pabOTHI CETH TPH Pa3INIHOM NpoduIIe Harpy3KH.

Kntouegvie cnosa: aeTeIpexnpoBOAHAS paclpeeIUTENbHAS CeTh C HECUMMETPHUYHOMN
Harpy3KoM, peryysiTop MOIIHOCTH, CHMMETPUPYIOIIEe YCTPOMCTBO, KOMIICHCAIUS

PEaKTUBHOM MOIIHOCTH.

One of the effective methods of combating load asymmetry is the technology of transverse
regulation of the operating modes of the power grid, which allow you to control currents and
capacities (active and reactive) in different phases. The choice of a specific method of
transverse regulation depends on the type and phase distribution of the load in the network, as
well as on the requirements for the quality of electricity. The problem of balancing the
operating modes of four-wire three-phase networks with unbalanced loads using a power
regulator based on a single-phase transformer and a reactive element is considered. The
regulated exchange of active and reactive capacities between the phases of the network is
carried out by a power regulator by discrete control of the transformer transformation
coefficient and the resistance of the reactive element. Analytical expressions describing
electromagnetic processes in the phases of the power regulator and the network are given.
Methods have been developed for calculating the parameters of the controller circuit elements

for balancing active capacities in network phases with different ratios of active capacities in



load phases. The results of calculations of the parameters of the power regulator and modeling
of network operation modes with different load profiles are presented.
Key words: four-wire distribution network with an unbalanced load, power regulator,

balancing device, reactive power compensation.
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IHoynpoBoAHMKOBOE BHICOKOBOJBLTHOE KOMMYTAIIMOHHOE YCTPOMCTBO Pery1upoOBaHUsA
HANPSKeHNs VIS MacJIsiHbIX TpaHcdopmaTopos kiaacca 6-10/0,4 kB

PAIIIUTOB IT.A., ACTAILIEB M.T'., TIAH®UJIOB JI.U., KY3EHEB JI.C.,
KPACHOIIEPOB P.H., IEMHXJIOB C.H.

[IpennoxeHbl CXeMOTEXHUUECKHE PEIIECHUS U allTOPUTMbI (YHKIITHOHUPOBAHUS
MaJIorabapuTHOTO MOJIYIPOBOAHUKOBOTO BHICOKOBOJIBTHOI'O KOMMYTAITMOHHOTO YCTPOHCTBA
(BKY) perynupoBanus HanpspKEeHUS 101 HArpy3Ko, IpeIHa3HauYe€HHOTO ISl MAaCIISTHBIX
repMETHYHBIX TpaHcdopmaTopoB kinacca 6—10/0,4 kB. YcTpoiicTBo paccunTaHo Ha
pa3MelieHne B COCTaBe TUIIOBBIX TPaHC(HOPMATOPHBIX MOACTAHIUI U 00ecTIeunBaET
BO3MOKHOCTh MO(a3HOTO U3MEHEHHS YPOBHEH HANpPsDKEHUS HAa CTOpOHE noTtpeduterns. Cxema
Kax/10#1 (pa3bl ycTpoiicTBa BHIIIOJHEHA Ha 0a3e ABYHANPABICHHBIX TUPUCTOPHBIX KIIOUYEH U
YIpaBIsieMbIX pelie U 00eCcTIeYuBaeT MATh TUCKPETHBIX CTYEHEH peryiupoBaHus B
nuanasone =5 % c marom 2,5 % oT HOMHHaNBHOTO 3HAaYeHUs. Pa3paboTan cnocob
NIEPEKIIIOUEHNUS CTYIIEHEN PETyIMPOBaHUs HA OCHOBE KOHEUHOTO aBTOMATa C CEMBIO
COCTOSIHUSIMH, B KOTOPOM THPUCTOPHBIE KIIFOUH 3a€HCTBOBAaHbI TOJIBKO B IIPOLIECCE
koMmmyTanuu. [Ipeaoxensr Tpu anroputMa 6e3aBapuitHON CMEHBI CTyNICHEH TTPH
MIPOM3BOJILHOM XapaKTepe Harpy3ku 0e3 nmpepbiBaHus HANPsHKEHUs y NoTpeduTeneil; mojaHoe
BpeMs IepeKIItoUeHus coctabisieT He 6onee 0,5 ¢. [IpuBeeHbl pe3ynbTaThl UMUTALMOHHOTO
moenupoBanus B cpere MATLAB Simulink, noarsepanBiiie KOppeKTHOCTh aJrOPUTMOB
MEPEKITIOUEHHUS U CTaOMIIM3AINIO BBIXOHOTO HanpshkeHus Ha ypoBHe 220 B + 5 % npu
AKTUBHOMW, aKTUBHO-UHAYKTUBHOM M aKTUBHO-EMKOCTHOM Harpyske. [IpeactaBieHsl
PE3YNIBbTAThI SKCIIEPUMEHTAIILHBIX UCCIICIOBAHUI MaKeTHOTO 00pasina ofaHoi ¢azel BKY,
MOJATBEPAUBIINX PAOOTOCTIOCOOHOCTD MPEIOKEHHBIX PEIICHUH.

Knrouegwle cnoea: macisiHblil repMeTUYHBINA TpaHC(HOpPMATOP, PETYIUPOBAHNE HATIPSKEHUS

M0J1 Harpy3KOH, MOTYIPOBOAHUKOBOE BEICOKOBOJIBTHOE KOMMYTAIMOHHOE YCTPONCTBO,



TUPUCTOPHBIN KJIH0Y, ITYHTUPYIOLIEE pejie, UMUTAIMOHHOE MOJEIMPOBAHNE, MAKETHBIN

oOpaserr.

Circuit design solutions and algorithms for the operation of a small-sized semiconductor high-
voltage switching device (HVSD) for regulating voltage under load, designed for oil-sealed
transformers of class 6-10/0 4 kV, are proposed. The device is designed to be placed as part
of typical transformer substations and provides the possibility of phase-by-phase change of
voltage levels on the consumer side. The circuit of each phase of the device is based on
bidirectional thyristor switches and controlled relays and provides five discrete control steps
in the range of = 5 % in increments of 2,5 % of the nominal value. A method has been
developed for switching control stages based on a finite state machine with seven states, in
which thyristor switches are involved only in the switching process. Three algorithms are
proposed for trouble-free stage change under arbitrary load conditions without interrupting
consumer voltage; the total switching time is no more than 0,5 s. The results of simulation
modeling in the MATLAB Simulink environment are presented, confirming the correctness of
switching algorithms and stabilization of the output voltage at 220 V + 5% under active,
active-inductive and active-capacitive loads. The results of experimental studies of a mock-up
sample of one phase of the HVSD, which confirmed the operability of the proposed solutions,
are presented.

Key words: oil sealed transformer, voltage regulation under load, semiconductor high-voltage

switching device, thyristor switch, shunt relay, simulation, mock-up.
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IIpnMeHeHNne HeiipoceTeBbIX AJTOPUTMOB B CHCTeMAaX YNPaBJIeHHS TUCKPEeTHBIMH
CHMMeTPO-KOMIIEHCHPYIOIIUMH YCTPOiicTBAMHU

MOCTOBOJ JI.B., ACTAIIIEB M.T'., PAILIUTOB I1.A., CTOMHOBA A.M.
PaccmaTpuBaeTcsa mpuMeHEHHE HEHPOCETEBOIO aJITOPUTMA B CUCTEME YIIPABIICHUS
JUCKPETHBIMU CUMMETpO-KOMIIeHcupyromumu ycrpoiicteamu (CKVY), npeaHasHaueHHbIMU
JUIS. YMEHbBILIEHUSI HECUMMETPUU PEKUMOB TPEXPa3HOM pacpeeuTeIbHON CeTH U
KOMIIEHCAIIMU PEAKTUBHOW MOIIHOCTH. [IpenioxkeHo ucnoab30BaTh HEUPOCETEBOM alTOPUTM
B IMCKPETHOM PETYJISATOPE CUCTEMBI YIPABICHUS Il BBIOOpA ONTUMAIBHBIX YIPABIISIOMINX

napamerpoB CKVY, obecnieunBaromumx MakCuManbHbIA K03QPuuueHT 3¢ (HeKTHBHOCTH paboThI



pacnpenenuTesbHoN ceTu. Takoi moaxo/ MO3BOJISET YUUTHIBATh HETMHEWHBIN XapaKTep
B3aUMOCBS3EH MKy MapaMeTpaMH peKMMa CETU U JUCKPETHBIMU COCTOSIHUSIMU CUJIOBOM
4acTH ycTpoucTsa. IIpencraBiieHbl CTpYKTYpbl HEMPOCETEBBIX MOJEIIEH JUCKPETHOIO
PErynsaTopa, oMCcaHbl COCTaB BXOAHBIX TaHHBIX (MPU3HAKOB), BBIXO/IHBIEC YIIPABISIOLINE
napameTpsbl U Tporieypa ooydeHnus mojeneit nist asyx ronosoruit CKY. Paccmorpen
opsI0K GopMUPOBaHHUs 00yUaroIeil BEBIOOPKH Ha OCHOBE ITAJIOHHOTO pacyéTa, mpu
KOTOPOM JIJIs1 KaXKJIOTO PEXKUMa CETH OMPEIEAETC ONTUMATIBHOE TUCKPETHOE COCTOSIHIE
yctpoiictBa. [lokazaHo, 4To MpuMEHEHHE YTOUHSIOUIETo nepedopa Hanbosee BepOsSTHBIX
COCTOSIHHM, CPOPMUPOBAHHBIX HEUPOCETEBON MOJIEIBIO, TTO3BOJISET MOJIYYUTh BHICOKYIO
TOYHOCTH BBIOOpA YIPABJISIFOIIETO BO3ICHCTBHUS IPU COXPAaHEHUH MTPUEMIIEMOM
BBIUUCIIUTENEHON ciiokHOCTH. PesynbraTsl MogenupoBanus B MATLAB Simulink
MOATBEPKIAIOT pabOTOCIIOCOOHOCTD MPEIOKEHHOTO T0/1X0/1a, () (PEKTUBHOCTH
HEHPOCETEeBOro PEryNATOpa MPHU BHIOOpE AUCKPETHBIX YCTAaBOK U €0 MEePCHEKTUBHOCTD IS
MMOCTPOEHHUS UHTEIJIEKTYaIbHBIX CUCTEM YIPABIICHUS TUCKPETHBIMU YCTPOUCTBAMH CHIIOBOM
AIEKTPOHUKHU.

Knrwueswie cnosa: nelipoHHas CETh, CHAMMETPOKOMIIEHCUPYIOIIEE YCTPOMCTBO, CUCTEMA
yYIpaBJICHUS, TUCKPETHBIA perysTop, KoddduimeHT 3¢ HeKTUBHOCTH, KOMIIEHCAIIUS

PEaKTUBHOM MOILIHOCTH, CAMMETPUPOBAHNE AKTUBHON MOILIHOCTH.

The application of a neural network algorithm in a control system for discrete symmetry-
compensating devices (DCS) designed to reduce the asymmetry of three-phase distribution
network modes and reactive power compensation is considered. It is proposed to use a neural
network algorithm in a discrete controller of the control system to select the optimal control
parameters of the control system, ensuring the maximum efficiency of the distribution
network. This approach allows us to take into account the nonlinear nature of the relationships
between the parameters of the network mode and the discrete states of the power part of the
device. The structures of neural network models of a discrete controller are presented, the
composition of input data (features), output control parameters and the training procedure for
models for two topologies of the control system are described. The procedure for forming a
training sample based on a reference calculation is considered, in which the optimal discrete
state of the device is determined for each network mode. It is shown that the use of a
clarifying enumeration of the most probable states formed by the neural network model
allows for high accuracy in selecting the control action while maintaining acceptable

computational complexity. The simulation results in MATLAB Simulink confirm the



operability of the proposed approach, the effectiveness of the neural network controller in
selecting discrete settings, and its prospects for building intelligent control systems for
discrete power electronics devices.

Key words: neural network, symmetric compensating device, control system, discrete

regulator, efficiency coefficient, reactive power compensation, active power symmetry.
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JHeprodpekTHBHBIE TOMOJOTHN MHOTOYPOBHEBBIX Npeodpa3oBaTeieid 3J1eKTPUIeCKOM
JHEPrum

BOPOHUMH N.I1., BOPOHHUH I1.A., KY3UH C.IO.

PaccMoTpensl 0cOOEHHOCTH TTIaBHBIX 0a30BBIX TOMOJIOTHM, TAKUX KaK HHBEPTOP C
(bUKCUPOBAHHOM HEUTPATHLHON TOYKON, MHBEPTOP C «IIJIABAIOIIMMY KOHICHCATOPOM H
KaCKaJJHO-MOCTOBasi UHBEPTOPHAs sSYCiKa ¢ M30JUPOBAHHBIM UCTOYHUKOM MTOCTOSIHHOTO
ToKa. OTMEUEHO, UTO Ka)KJasi U3 PACCMOTPEHHBIX TOIMOJIOTUN UMEET BaXKHbIE IOCTOMHCTBA U
3aHHUMAET OIpeACNICHHYIO HUIIY B TPOMBIIIJIEHHOM puMeHeHuu. Taxoke obcyxaaercs
OTHOCHUTEJIbHO HOBasl TOTIOJIOTHSI TPEXYPOBHEBOTO MHBEpTOpa Ha 6aze T-o0pa3HOro MocTa.
[ToxpoGHO paccmoTpeH sHeproddHEeKTUBHBIN pexuM padoThl T-00pa3HOro MOCTa ¢
napajuieJIbHbIM PE30HAHCHBIM KOHTYpOM. PaccMoTpeHo nprMeHeHue B KauecTBe
YHUBEPCATBHON MOYJIBHOM sTYeUKH T-00pa3HOTro MOCTa ¢ MHTETPUPOBAHHBIM PE30HAHCHBIM
KOHTYPOM JIsI IOCTPOEHHUSI 3HEPT03(PHEKTUBHBIX OA30BBIX TOMOJIOTUI MHOTOYPOBHEBBIX
WHBEPTOPOB HAMPSIKEHHUS.

Knroueewie cnoea: MHOTOYPOBHEBBIN HHBEPTOD, (PUKCUPOBAHHAS HEHTpaJIb, IJIABAIOIIUI

KOHJICHCATOP, KaCKaIHbIN MocCT, T-00pa3HbIii MOCT.

The features of the main basic topologies, such as an inverter with a fixed neutral point, an
inverter with a «floating» capacitor, and a cascade-bridge inverter cell with an isolated DC
source, are considered. It is noted that each of the considered topologies has important
advantages and occupies a specific niche in industrial applications. A relatively new topology
of a three-level inverter based on a T-shaped bridge is also being discussed. The energy-
efficient operation mode of a T-shaped bridge with a parallel resonant circuit is considered in
detail. The use of a T-shaped bridge with an integrated resonant circuit as a universal modular

cell for building energy-efficient basic topologies of multilevel voltage inverters is



considered.
Key words: multilevel inverter, fixed neutral, floating capacitor, cascade bridge, T-shaped

bridge.
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JHepProonTUMAaJIbHOE YIIPpaBJIeHHEe JJIEKTPONPHBOAAMH )KMBOTHOBOIYECKHX
KOMILIEKCOB /ISl CHCTEeM KOPMJICHHS U 10CHHS

SUTI'AHIIWH B.I'., XAJINYJUIMH I.T., SATUAYJUINH JI.P., KAIIIAIIOB 1.A.
PaccMoTtpena metoarka NOBBIIIEHHS dSHEPreTuueckor 3((HEeKTUBHOCTH SIEKTPOIIPUBOIOB
KUBOTHOBO/JUECKUX KOMILJIEKCOB JJIs1 CUCTEM KOPMIIEHUS U JTOEHUS IIYTEM COIIACOBAHUS
TEXHOJIOTUYECKOI0 PACIIMCAHNUS, YACTOTHOI'O PETYJIUPOBAHNS U OTPAHUUYEHUS TUKOBBIX
Harpy3ok. OObeKTaMu aHaIKM3a SBJISIOTCS ITHEKOBBIN MUTATENb, BAKYYMHBIA U MOJIOYHBII
HAaCcOCHI, pabOTaIOIINE B MOBTOPSIOMIUXCS ITUKIIAX C pa3IMUHOMN 3arpy3koi. [Ipennoxen
pacu€THBIN KpUTEpHUil yAETHHOTO SHEProNnOTPEOICHUS, YUUTHIBAIOIINN POU3BOJUTEIBHOCTD,
JUTUTETHHOCTD IIUKJIA, TOTEPH JABUTaTENs U TPEOOBAHMS K CTAOMIHPHOCTH BaKyyMa.
[IpencraBiena nH)eHepHas cxemMa 00beKTa, paCUETHbIE 3ABUCUMOCTH IS OLICHKU SHEPTHU
LIMKJIa ¥ cpaBHEHUE 0a30BOTr0 ¥ ONTUMU3UPOBAHHOTO pexkuMoB. [lokazaHo, 4To HanGOIbIIHI
pe3epB SKOHOMUU CBSI3aH HE C OTKIIOYEHHEM 000PYIOBaHHUs, a C IEPEHOCOM YaCTH OIepaluii
B UHTEPBAJIbI HEMMKOBOM 3arpy3Ku U CHUKEHUEM YacCTOThI BPAILIEHHUs] HACOCHBIX arperaToB
IIPY COXPAHEHUH TEXHOJOTUYECKUX OIPaHUYEHUM.

Knioueevie cnoga: )xMBOTHOBOTYECKHE KOMIUIEKCHI, CHCTEMbBI KOPMJICHHSI U IOCHUS,

ANEKTPONPUBOJI, SHEPTOMOTPEOICHUE, TEXHOJIOTHYECKUHN IIUKI.

The method of increasing the energy efficiency of electric drives of livestock complexes for
feeding and milking systems by coordinating the technological schedule, frequency control
and limitation of peak loads is considered. The objects of the analysis are screw feeders,
vacuum and milk pumps operating in repeated cycles with different loads. A calculation
criterion for specific energy consumption is proposed, taking into account productivity, cycle
duration, engine losses and vacuum stability requirements. An engineering scheme of the
facility, calculated dependencies for estimating cycle energy, and a comparison of basic and
optimized modes are presented. It is shown that the greatest savings reserve is associated not
with equipment shutdown, but with the transfer of some operations to off-peak loading

intervals and a decrease in the rotational speed of pumping units while maintaining



technological limitations.
Key words: livestock complexes, feeding and milking systems, electric drive, energy

consumption, technological cycle.
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HNHTenekTyaIbHAS TUATHOCTHKA ACHHXPOHHBIX 3JIEKTPOIBUTaTe el
KHUBOTHOBOJAYECKHX KOMILJIEKCOB M0 TOKOBBIM M BUOPAIIMOHHBIM MPHU3HAKAM
HYPUEB N.T'., CAOUYJUINH JI.H., CABUPOB P.®.

[IpencraBnena MeToIMKa IMATHOCTUKA ACUHXPOHHBIX 3JIEKTPOABUTATENIEH
KUBOTHOBOJYECKUX KOMILJIEKCOB IO COBOKYITHOCTH TOKOBBIX, BAOPAIIMOHHBIX U TETUIOBBIX
npu3HakoB. PaccMoTpeHbl 0cOOeHHOCTH paboThl ABUTATENEH B MPUBOIAX HACOCOB,
BEHTUJISITOPOB, TPAHCIIOPTEPOB U POOOTU3UPOBAHHBIX MEXAHU3MOB, II€ OTKA3
ANEKTPOABUTATEINSI IPUBOJIUT HE TOJIBKO K MPOCTOI 000pyAOBaHUs, HO U K HAPYIICHUIO
TEXHOJIOTUYECKOT0 PEKHUMa COJIEpKaHusl )KUBOTHBIX. [Ipemnoxeno hopMupoBanme
JIMarHOCTHYECKOT0 BEKTOPA, BKIIOYAIOIIETO CIIEKTPaIbHbIE COCTABIISIOINE TOKA,
BHOPOCKOPOCTH, TEMITEpATypy KopIiryca, KO3 OHUITMEHT MOIITHOCTH M OCTaTOYHBIN MTPU3HAK
sHepreTruueckoit 3P pekTuBHOCTH. [IprBeACHBI pacYéTHBIE COOTHOIICHUS IS YaCTOT
OOKOBBIX TOJIOC, UHTETPATBHOTO UHICKCA COCTOSIHUS U TIPaBHUIIa KiIaccu(PUKaIIH.
BrimonHeHo conocTtaBieHre 0a30BOT0 MOPOrOBOrO KOHTPOJISI U HHTEIIEKTYa IbHOM
00pabOTKH MTPU3HAKOB.

Knrwouegwie cnosa: KUBOTHOBOAUECKUE KOMIUIEKCHI, ACHHXPOHHBIN JIBUTaTeNb, IMATHOCTUKA,

CIEKTPAJIbHBINA aHAJTN3 TOKA, BUOpALKs, TEXHUYECKOE COCTOSHUE.

A diagnostic technique for asynchronous electric motors of livestock complexes based on a
combination of current, vibration and thermal characteristics is presented. The features of the
operation of motors in the drives of pumps, fans, conveyors and robotic mechanisms are
considered, where the failure of the electric motor leads not only to equipment downtime, but
also to a violation of the technological regime of animal husbandry. The formation of a
diagnostic vector is proposed, including the spectral components of the current, vibration
velocity, body temperature, power factor and a residual sign of energy efficiency. The
calculated ratios for the sideband frequencies, the integral state index, and the classification
rules are given. A comparison of basic threshold control and intelligent feature processing has

been performed.



Key words: livestock complexes, asynchronous motor, diagnostics, spectral analysis of

current, vibration, technical condition
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IHoBbIlIeHNE JHEPreTHYECKOH I(P(PEeKTHUBHOCTH CHCTEM MUKPOK/IUMATA
KMBOTHOBOJYECKHMX IIOMEIIeHUI CPeACTBAMH CHJI0BOM 3JICKTPOHUKH

CTVYIIMHA A.A.. TAHOWJIOB U.A., TBIHYEHKO 1.A., KYKAPLIEB B.A.,
ITAHOUJIOBA T.A., TBIHYEHKO B.B., CIIPUH/DKYK M.B., JOPO®DEEB E.M.
PaccmarpuBaeTcs pacu€THO-MHKEHEPHAsE METOAUKA ITOBBIIICHUS YHEPIETUYECKON

3¢ HEKTUBHOCTH CUCTEM MUKPOKIIMMATA )KUBOTHOBOJUECKUX nomenieHuid. ChopmMynupoBan
TEIUIOBOM OaJaHC NOMEIIEHUS, IPUBEICHBI 3aBUCMOCTH MOLITHOCTH BEHTWIALIUHU OT pacxoja
BO3JyXa U NPEJIOKEH KPUTEPUI OLICHKH YAEJIBHBIX 3aTpaT 2JICKTPOIHEPTHH Ha
MOJIEPKaHUE MUKPOKIMMAaTa. BBIIIOJIHEHO CpaBHEHUE PEIEHHOIO U MJIaBHOTO
pEryIUpOBaHMsl, I0KAa3aHA POJIb YaCTOTHO-PETYIMPYEMBIX IPUBOAOB B CHU)KEHUH SHEPTUU
BEHTWISILIUM U CTAOMIIN3alMHU TEMIIEPATYPHOU TPAEKTOPHUH.

Knrwoueswvie cnosa: ;xnBOTHOBOTYECKNE TIOMEILEHUS, MUKPOKIIUMAT, S3HEPro3(h(heKTUBHOCTB,

TEIUIOBOU OajlaHC, CPEICTBA CUIIOBOM 3JIEKTPOHUKH.

A computational and engineering technique for increasing the energy efficiency of
microclimate systems in livestock facilities is considered. The thermal balance of the room is
formulated, the dependences of ventilation power on air consumption are given, and a
criterion for estimating the specific cost of electricity for maintaining the microclimate is
proposed. A comparison of relay and smooth control is performed, the role of frequency-
controlled drives in reducing ventilation energy and stabilizing the temperature trajectory is
shown.

Key words: livestock facilities, microclimate, energy efficiency, thermal balance, power

electronics.
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MopnyibHasi 3JIeKTPOMeXaHnYecKasi CHCTeMa ABTOMaTH3HPOBaHHOM (pepMbl ¢ 0011eit

DC-mmHoii u 0ydepHbIM HAKONIUTEJEM SHEPr UM

EBCIOKOB /1.1IO., ITAHOHUJIOBA T.A., CTYIIMHA A.A., KYKAPLIEB B.A.,



TBIHYEHKO f.A., CITPUH/DPXYK M.B., TBIHYEHKO B.B., KO3EHKOBA T'.JI.
[IpennoxeHna CTpykTypa MOAYJIbHOM JIEKTPOMEXaHUUECKON CUCTEMBI ABTOMAaTU3UPOBAHHOMN
¢bepmbl Ha ocHOBe o601meit DC-munbl. PaccmaTtpuBaroTcst pUBOIBI KOPMOpPa3AaTYMKa,
POOOTU3UPOBAHHOTO MAHUITYJIATOPA, BEHTWISILIMKA U HACOCOB, pabOTAIOUINE C Pa3IMYHBIMU
rpadukamu Harpy3ku. [lokazaHno, 4To 00beAMHEHHE TPUBOIOB Yepe3 DC-1uHy mo3BoJsieT
HCIIOJIb30BaTh PEKYIIEPUPOBAHHYIO SJHEPIUI0 TOPMOKEHHUS, YMEHBIIUTD ITPOBAJIbI
HaIpPsDKEHUA U YIYYIIATh YIPaBIsI€eMOCTh BHYTPEHHUX SHEPIeTHUECKUX TOTOKOB.
[IpuBeneHbl pacu€THBIE BBIpAXKEHUS I BHIOOpA EMKOCTHU IIMHBI, OLEHKU YHEPTHH
pekynepanuu 1 Ko3pQHUIMeHTa HCIOIB30BaHUS MOITHOCTA MOYJIEH.

Knroueswie cnosa: aBTomaTu3upoBaHHas ¢pepMa, MOYJIbHAS SJIEKTPOMEXaHUYeCKast CUCTEMA,

DC-mmHa, HaKOIIUTENb SHEPTUH, PEKYIIEpALIUs DHEPTHH.

The structure of a modular electromechanical system of an automated farm based on a
common DC bus is proposed. The drives of a feed dispenser, a robotic arm, ventilation and
pumps operating with different load schedules are considered. It is shown that combining
drives via a DC bus makes it possible to use the recovered braking energy, reduce voltage
dips and improve the controllability of internal energy flows. Calculated expressions are given
for selecting the bus capacity, estimating the energy recovery and the power utilization factor
of the modules.

Key words: automated farm, modular electromechanical system, DC bus, energy storage,

energy recovery.
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AHaJIM3 pe;KMMOB PadoThI JJIEKTPOABHUIraTe/ieil B pOOOTH3UPOBAHHBIX (hepMax ¢ Y4ETOM
NMOBTOPHO-KPATKOBPEMEHHOI HArpy3KH

BAJIMEB A.P., IMUTPUEB A.B., HEXXMETJMHOBA ®.T.

PaccMoTtpena metonka aHainM3a pexkMMOB PaOOThI 3JIEKTPOIBUTATENIeH pOOOTU3UPOBAHHBIX
¢dbepm. OcoOEeHHOCTh TAaKUX MPUBOJIOB 3aKIIOYAETCS B TOBTOPEHUH KOPOTKHUX Y4aCTKOB
pasroHa, NO3UIMOHUPOBAHUS, YAEP>KaHUS, TOPMOXKEHUS U XoJiocToro xoza. [Ipennoxeno
MCIOJIb30BaTh IUKIOTPAMMY MEXaHU3Ma, YKBHBAJIEHTHBI MOMEHT, KOX(PHUITUEHT
MPOJIOKUTENIBHOCTH BKIIFOUEHHSI M TETUIOBYIO MOJIEJNb MepBOro nopsiaka. [IpuBeneHs
pacuétHbie (OPMYIIBI, a TAK)KE OLICHKA BIUSAHUS MEPETPY30YHBIX YUaCTKOB Ha

TEeMIIepaTypHbIi 3anac ABUraTelns. Pe3ynbpraTel OpHeHTHPOBaHbI Ha BBIOOP ABUraTeNs U



apameTpoB IIPHUBOJIA [T POOOTU3NPOBAHHBIX CHCTEM KOPMIICHHSI, COPTUPOBKH U JTOCHHUSL.
Knroueswie cnosa: podbotusnpoBanHas ¢pepma, JIeKTPOIBUTATENb, IOBTOPHO-

KpaTKOBpeMCHHBIfI PCKUM, SKBUBAJICHTHBII MOMCHT, TCIIJIOBAasA MOJCJIb, IUKJIOTpaMma.

The method of analyzing the operating modes of electric motors of robotic farms is
considered. The peculiarity of such drives is the repetition of short sections of acceleration,
positioning, holding, braking and idling. It is proposed to use a cyclogram of the mechanism,
an equivalent moment, a switch-on duration coefficient, and a first-order thermal model.
Calculation formulas are given, as well as an assessment of the effect of overload areas on the
temperature reserve of the engine. The results are focused on the choice of motor and drive
parameters for robotic feeding, sorting and milking systems.

Key words: robotic farm, electric motor, repeated-short-term mode, equivalent moment,

thermal model, cyclogram.
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IIpuMeHeHne YacTOTHO-PEryJIMpyeMbIX IPUBOIOB B CHCTEMAaX }KHBOTHOBOACTBA C
OLICHKOM 3HeprocoepeKeHHus1 M Ka4eCTBa JJIEKTPOIHEePIruu

KAJIMMYJUIMH M.H., HYPUEB U.T"., TAJIMEB N.I".

PaccmoTrpeno npuMenenne yactoTHo-perynupyeMbix npuBoaoB (UPII) B cucremax
BEHTUJISILIMH, BOJOCHA0XKEHUS U TPAHCIOPTUPOBAHUS KOPMOB Ha )KMBOTHOBOYECKHX
komruiekcax. Ilokaszano, uro suepreruueckuii ekt YPII nomkeH oieHuBaTHCSI COBMECTHO
C BIUSTHMEM Ha KaueCTBO 3JIEKTPOIHEPTUH, MOCKOIBbKY PeoOpa30BaTeIN YaCTOThI SABIISIOTCS
HMCTOYHMKAaMH TaPMOHMYECKUX COCTABISAIOIIMX TOKa. [Ipennoxkensl pacu€THbIE 3aBUCUMOCTH
JUTSI OLIEHKU MOIIHOCTH IIPH PEryJIMPOBaHUU PACXOAA, YAECIBHOW SKOHOMUU SHEPTUU U

K03 puIMEeHTa FTApMOHUYECKUX UCKAKECHUN. PaccMOTpeHbI BAapHaHThI TPUMEHEHHSI CETEBBIX
npocceneit 1 EMC-punbTpos.

Kniouegvie cnoga: )xMBOTHOBOIUECKHE MPEANPUATHS, CACTEMbI BEHTHIISILIUH,
BOJIOCHA0KEHUS U TPAHCIOPTUPOBAHUS KOPMOB, YaCTOTHO-PETYJIUPYEMBIN MTPUBO/I,

9HEpProcOepeKeHne, KaYeCTBO AIEKTPOIHEPTHH.

The application of frequency-controlled drives (VFDs) in ventilation, water supply and feed
transportation systems at livestock complexes is considered. It is shown that the energy effect

of the CHP should be evaluated together with the effect on the quality of electricity, since



frequency converters are sources of harmonic current components. Calculated dependences
are proposed for estimating power during flow control, specific energy savings, and harmonic
distortion coefficients. Application options for network chokes and EMC filters are
considered.

Key words: livestock enterprises, ventilation, water supply and feed transportation systems,

frequency-controlled drive, energy saving, electricity quality.
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DJIEKTPOMATHUTHAsI COBMECTHMOCTh CHJIOBOT0 M M3MEPUTEIbHOI0 000py10BaHNUS
aBTOMATU3HPOBAHHBIX (pepM

SATUAYJUIVH JL.P., KAJIMUMVYJUIMH M.H., XAJINYJUIMH J.T.

Paccmotpena npo6Giema snekTpoMmarauTHOM coBMectuMoctr (OMC) obopyaoBaHus
aBTOMAaTH3UPOBAHHBIX (epM. OObEKTaMu aHaJH3a SIBISIOTCS YaCTOTHO-PETyJIUpyeMbIe
AJIEKTPOIPUBO/IBI, 000PYI0OBaHNE CHIIOBBIX MIKA(OB, TaTYUKU, KOHTPOJIIEPHI U
MIPOMBILIJIEHHBIE CETU Nepeaadn JaHHbIX. [Ioka3zaHo, 4TO pOCT YKcCia CUIOBBIX
npeoOpa3zoBareseil yBeIMUrnBaeT BEPOATHOCTb MPOBOJUMBIX M U3JIy4aeMbIX [TOMEX,
BIIMAIOIINX HA U3MEPUTEIbHBIE KaHalbl. [Ipeuioxkena MeToiuka pacuéra U HH)KEHEPHOU
OLIEHKH ITOMEXOBBIX CBA3€H, BKJIIOYAIOLIAsl KAPTY UCTOYHUKOB U IPUEMHUKOB, U3MEPEHNE
YpOBHS IPOBOAMMBIX ITOMEX, PAcU€T ocinaliaeHust GUIbTpa U OIIEHKY MOTPEIIHOCTH TaTYMKOB
JI0 ¥ TIOCJIE MEPONPUATHIA, HAPABJIECHHBIX Ha coBepieHcTBOBaHue DMC.

Knrwoueswie cnosa: aBTomaTH3upoBaHHas pepMa, CHIOBOE U U3MEPUTENILHOE 000PYI0BaHUE,
4aCTOTHO-PETYJINPYEMBIH 3JIEKTPOIIPUBO/I, JEKTPOMArHUTHAsE COBMECTUMOCTD, IIOMEXH,

GbuIbTp, U3MEpUTETHHBIE KaHAIbI.

The problem of electromagnetic compatibility (EMC) of automated farm equipment is
considered. The objects of analysis are frequency-controlled electric drives, power cabinet
equipment, sensors, controllers, and industrial data transmission networks. It is shown that an
increase in the number of power converters increases the likelihood of interference conducted
and emitted, affecting the measuring channels. A method for calculating and engineering
evaluation of interference communications is proposed, including a map of sources and
receivers, measurement of the level of interference, calculation of filter attenuation, and

estimation of sensor error before and after measures aimed at improving EMC.



Key words: automated farm, power and measuring equipment, frequency-controlled electric

drive, electromagnetic compatibility, interference, filter, measuring channels.
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Hcnonb3oBanne ycrpoiictB FACTS nJist noBbIlIeHUS YCTOHYHBOCTH JHEProCHCTEMbI
FAJIAMETOB A.b.,, MYCAXAHOBA I'.C., UCAEBA T.M., AT'YBJIBI T.I'.

PaccMmoTpens! MeTOBI aHaIM3a YCTOHUMBOCTH SHEPTOCUCTEM € YUETOM 00JIaCTH UX
MpUMEHUMOCTH 151 pacuera pexuMoB ¢ JISIT CBH. ITokazaHo, 4To 111 MOCTPOEHUS
aJITOPUTMa aBTOMATHU3UPOBAHHOTO MOUCKA PELIeHUs1 HeoOxoauma (popMannsanus OTAeIbHBIX
9TaroB — IUAarHOCTUKU NPUYUH PACXOJUMOCTH WINA OTCYTCTBHS PELIEHHs HA OCHOBE aHAJIN3a
JAHHBIX, CXEMBI U PEXKHUMa JI0 U B IIPOLIECCE PELICHHUS YPABHECHUM YCTAHOBUBILETOCS PEKUMA.
Pammonansnoe pazmenienue ycrpoiictB CTATKOM u 00beIMHEHHOTO PErysiTopa MOTOKOB
MOIIHOCTH MO3BOJISIET YJIYYIIUTh TEXHUKO-3KOHOMUYeckHe nokaszarenu JIC. [lokazaHo, uTo
Haunbosee 3 (HEeKTUBHBIM YCTPOHCTBOM 11715l 0OecrieueHUs] YCTOHUYUBOCTH SIBIISICTCS
00BbETMHEHHBIH PETYIISITOP NOTOKOB MOIIHOCTH; €CJIM B CXEME OTCYTCTBYET KOJIbLIEBBIE
HEOJHOPOHBIE CETH, TO IO KPUTEPHIO SIKOHOMUYHOCTH YCTAHOBKU I(PPEKTUBHBIM MOXKET
okazatbcss CTATKOM, oGecnieunBarOmuil CTaTAHYECKYIO0 M THHAMUYECKYIO YCTOMYHUBOCTb.
[TpuMeHeHne KOMIIEHCATOPOB PEAKTUBHOW MOILTHOCTH MOXKET OKa3aThCs 3()p(HEeKTUBHBIM B
CTALlMOHAPHBIX PEXKUMAX MPHU TUCKPETHOM yIpasieHHH. OOLIM anropuT™ pacyera pexuma
JOJKEH OBITh OCTPOEH AN TUPYIOIUMCS K YCIOBUSAM peIIaeMoi 3a1a4u, a TaKKe
o0ecreynBaTh HaICKHYIO CXOIUMOCTh K (PU3UUECKU pealln3yeMoMy peteHuo. s
NOJTy4eHUsl (PU3NYECKH PeaTM3yeMOro PEeLIeHHUs YPaBHEHHI YCTaHOBUBIIIETOCS PEKUMA
anektpudeckoi cetu ¢ JIDIT CBH npemyioxkena MeToarka, OCHOBaHHAas Ha BBOJE PACUETHBIX
onopHbIX PU y370B.

Knioueesvie cnoga: >neKTpo3HEpreTnyeckas CUCTEMa, yCTOMUNBOCTh, HEJTMHENHbBIE YpaBHEHUS
YCTaHOBMBILIETOCS peKnUMa, CTaOMIBHOCTh HanpshkeHus, ycrpoiictBa FACTS, STATCOM,

00BETMHEHHBIH PETryNATOP MOTOKOB MOIIHOCTH.

Methods for analyzing the stability of power systems are considered, taking into account the
scope of their applicability for calculating the modes of ¢ of the SVN transmission line. It is
shown that in order to build an algorithm for automated solution search, it is necessary to

formalize individual stages — diagnostics of the causes of divergence or absence of a solution



based on data analysis, scheme and mode before and during the solution of steady-state
equations. The rational placement of the STATCOM devices and the combined power flow
controller makes it possible to improve the technical and economic performance of the EES. It
is shown that the most effective device for ensuring stability is a combined power flow
controller; if there are no ring heterogeneous networks in the circuit, then according to the
criterion of cost-effectiveness of the installation, a static current providing static and dynamic
stability may be effective. The use of reactive power compensators can be effective in
stationary modes with discrete control. The general algorithm for calculating the mode should
be built adaptable to the conditions of the problem being solved, as well as ensure reliable
convergence to a physically feasible solution. To obtain a physically realizable solution to the
steady-state equations of an electric grid with an overhead transmission line, a technique
based on the input of calculated reference PU nodes is proposed.

Key words: electric power system, stability, nonlinear steady-state equations, voltage stability,

FACTS devices, STATCOM, integrated power flow regulator.
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dyleKTPOPU3UYeCKHE CBOMCTBA JUITEKTPUYECKOT0 CJ10S THOKHMX MepeMeHHbIX éMKOCTel
HA OCHOBe yIJIepojcoaep Kalleil pe3uHbl

CMUPHOB A.B., TEPEHTBEB A.A., ETOPOB E.H., KOJIbLIOB H.H.

HccnenoBanbl 31eKTpopU3NIECKIE CBOWCTBA PE3UHBI HA OCHOBE OyTaleH-HUTPHUILHOTO
KaydyKa, COJIEpIKalllero AU3JIeKTpUYecKue J00aBKU JUOKCH A TUTaHa, OKCH/IA IMHKA U
TUTaHaTa 0apusi, B KaUE€CTBE YyBCTBUTEIBLHOTO MIEMEHTA (JIUIICKTPUIECKOTO CJI0sT) THOKOM
MEPEMEHHON EMKOCTH B JAaTYMKE CUCTEM JUCTAHIIMOHHOTO KOHTPOJISI JaBJICHUS B
aBTOMOOWJIBbHBIX mMHaX. Ha o6pasuax pezuns! Tonuuuoi ot 0,3 10 1,5 MM ¢ HaKJI€eHHBIMH C
00enx CTOPOH MEIHBIMH 3JIEKTPOJaMH U3MEPSIIUCH YAEIbHOE IOBEPXHOCTHOE
ANEKTPUYECKOE COMPOTHUBIICHUE, TUAIEKTPUYECKask IPOHUIIAEMOCTh U DJIEKTpUUECcKast
EMKOCTh KOHJIEHCATOpa JaTYMKa KOHTPOJIs faBieHus. [lokazaHo, 4To ¢ yBeIMYCHUEM

CoJZiep KaHus TUOKCUIa TUTAaHA TUAJIEKTpUYecKasi IPOHUIIAEMOCTh U Y/IeTIbHOE
MTOBEPXHOCTHOE 3JIEKTPUUECKOE COMPOTUBIICHHE PE3UHBI YBEIMUNBAIOTCS, IIPU BBEICHUU
TUTaHaTa Oapusi — yMeHbatoTcsi. CoBMECTHOE BBEJCHHE TUOKCUIA TUTAHA C OKCUIOM I[MHKA
MPUBOAUT K PE3KOMY POCTY AUIIEKTPHUUECKON MPOHUIIAEMOCTH H YICIBHOTO
MIOBEPXHOCTHOT'O COTIPOTHUBIICHUS; C YBEIMUCHUEM COJIEPKaHMsI TUOKCH/Ia TUTAHA U TUTAaHATa

Oapusi eMKOCTh KOHJIEHCATOpa JaTuhKa KOHTPOJIS AaBiieHus yBennuusaetcs. [Ipu



YBEJIMUYEHUU U30BITOUHOTO JIaBJICHUS 3JIEKTPUUECKasi EMKOCTh KOHAEHCATOpa CO CI0EM U3
PE3UHBI, CO/IEPIKAIINM BCE UCIIOIB30BaHHbIE AUAJICKTPUUECKUE 100aBKH, yBEITHUNBACTCS.
[Tpu yBenmueHuy, a 3aTe€M YMEHbBIICHUU U30BITOYHOTO JIaBIICHUS HAOII0JaeTCs
HE3HAYUTENIbHBIN TUCTEPE3UC IIIEKTPUUECKON EMKOCTH KOHIEHCATOPA, YTO OTPAHUYHUBAET
HCIIOJIb30BaHUE YIIIEPOJICOAEPKALIEH PE3UHBI B KAUECTBE JUAIEKTPUUECKOTO CIIOS JaTYMKa
JTABJICHUSL.

Knroueswie cnoea: aBToMOOUIIBHBIC ITMHBI, TUCTAHIIMOHHBIA KOHTPOJIb JaBICHUS, JaTUHK
KOHTPOJISI TaBJICHHUS, YTJIEPOJACOAEpKAIIas pe3uHa, AUIIEKTPUUECKUI CIIOH, YAEIbHOE
ITOBEPXHOCTHOE CONPOTUBJIEHUE, TUIICKTPUUYECKASI IPOHULIAEMOCTb, JJIEKTpUYECKast

€MKOCTb.

The electrophysical properties of rubber based on nitrile butadiene rubber containing
dielectric additives of titanium dioxide, zinc oxide, and barium titanate as a sensing element
(dielectric layer) of flexible variable capacitance in a sensor for remote tire pressure
monitoring systems have been studied. The specific surface electrical resistance, permittivity,
and electrical capacitance of the pressure monitoring sensor capacitor were measured on
rubber samples with a thickness of 0.3 to 1.5 mm with copper electrodes glued on both sides.
It is shown that with an increase in the content of titanium dioxide, the dielectric constant and
specific surface electrical resistance of rubber increase, and decrease with the introduction of
barium titanate. The combined introduction of titanium dioxide with zinc oxide leads to a
sharp increase in the dielectric constant and specific surface resistance; with an increase in the
content of titanium dioxide and barium titanate, the capacitor capacity of the pressure
monitoring sensor increases. As the overpressure increases, the electrical capacity of a
capacitor with a rubber layer containing all the used dielectric additives increases. When the
excess pressure increases and then decreases, there is a slight hysteresis of the capacitor's
electrical capacity, which limits the use of carbon-containing rubber as a dielectric layer of the
pressure sensor.

Key words: automobile tires, remote pressure monitoring, pressure monitoring sensor, carbon-
containing rubber, dielectric layer, specific surface resistance, dielectric constant, electrical

capacity.
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