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Abstract. The modern development of railway transport and the implementation of digital
technologies in energy systems impose increased requirements for ensuring electromagnetic
compatibility (EMC) of railway energy infrastructure. The relevance of the study is determined by
the need to reduce the number of failures in automated control systems (ACS) under
electromagnetic interference (EMI) and to increase equipment reliability. The aim of the study is
to develop a comprehensive approach to ensuring EMC of railway transport objects using modern
monitoring methods and mathematical modeling. The objectives include analyzing existing EMC
methods and identifying their limitations, developing a mathematical model of the electromagnetic
environment, investigating the effectiveness of hardware-software complexes for monitoring and
managing EMC, and proposing methods for equipment protection against EMI. As a result of the
research, a mathematical model of the electromagnetic environment at railway facilities was
developed, and the software-measuring complex "PIK-EMC" was created to predict the reliability
of SMART ACS systems. Experimental surveys of substations with harsh electromagnetic
environments were conducted, EMI sources and transmission channels were identified, and the
effectiveness of protection using hybrid filters was assessed. Modeling results demonstrated the
high efficiency of hybrid filters in reducing current and voltage waveform distortions and damping
resonance phenomena in the system. The study concludes that integrating mathematical modeling,
hardware-software monitoring, and equipment protection significantly improves the reliability of
SMART ACS systems. The results have both theoretical and practical significance: EMC
assessment and management methods were refined, new regulatory approaches and software
products with high commercialization potential were developed, and implementation on railway
facilities is feasible. Future work includes enhancing EMC prediction methods, expanding
software functionality, and industrial deployment of the developed technologies.

Keywords: electromagnetic compatibility, SMART systems, ACS, hybrid filters,
electromagnetic interference, digitalization, reliability

For citation: B. Kangozhin, D. Insepov. Risk-oriented provision of electromagnetic
compatibility//Industrial Transport of Kazakhstan. 2024. Vol. 21. No. 82. Pp. 17-32. (In Russ.).
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AnHoTauus. Kasipri yaxpITTa TEMIp)KOJI KOJITiHIH JaMybl >KOHE HHEPIreTHUKAJbIK
KyHenepre HUQGPIBIK TEXHOJOTHSIAPIBI €HT13y TEMIp)KOJ JHEPreTUKAIBIK HWH(PPaKYphUIBIM
O00BEKTIUIEPiHIH AMEKTPOMArHuTTIK yinecimautiria (OMC) kamMTaMachl3 eTyre *KorFaphl Tajanrap
KOSIbI. 3epTTeyAiH ©3eKTUIr aBTOMaTTaHAbIpbUIFaH Oackapy okyHenepiniH (ABX)
AIIEKTPOMATrHUTTIK KeJEeprijiep oCepiHEH ICTEH IMIBIFY CAaHBIH a3alTy *oHE jKa0JbIK CEHIMAUTITIH
apTTHIPY KOKETTUIITIMEH aHBIKTaJIa bl 3€PTTEY/IIH MaKCaThl — 3aMaHayd MOHUTOPHHT dIICTEPIH
XKOHE MaTeMaTHKAJIbIK MOJENbACYAl KOJJaHa OTBIPBIN, TeMipxkoi oOwvekTinepinze DMC-ti
KaMTaMachl3 €Ty IIH KEIISH/I1 TOCUTIH a3ipiiey. MakcaTka jKeTy YIIiH KOWbLIFaH Minaertep: OMC
Oap omicTepai Tangay >KOHE OJNIAPABIH KeMIIUTIKTEPIH aHBIKTAy, JIEKTPOMATHUTTIK KaFaiiIbIH
MaTeMaTUKaIbIK MOJeliH jxacay, OMC MOHHUTOPHHIT MEH OacKapy YVIIiH OaFaapiiamMalibIK-
KYPBUIFBUIBIK ~ KEMICHJEPIIH THIMAUITIH 3epTTey JKOHE KAOJBIKTHI DIEKTPOMATHUTTIK
KeJIepriiepJeH KOpFay oJICTEPiH YChIHY. 3epTTECY/IIH HOTIKECIHIE TEMIPKOJI OOBEKTIICPIHIET]
ANEKTPOMATHUTTIK JKaFIalIbIH MaTeMaTUKaIbIK Mojenm xacanabl, SMART ABX ceniMuainirin
oomxayra apHasFaH <«[IMK-DMC» OarmapnaManbik-eney KemieHl o3ipaeHmi. KarTs
AJIIEKTPOMATHUTTIK OpTara He OJJICKTP MOACTAHIUSIAPBIHAA JKCIEPUMEHTTIK TEKCepysep
xyprizunin, OMII ke3nepi MeH Tapally apHajgapbl aHBIKTAIIBI, THOPUATIK CY3rIepIi KOJIaHy IbIH
TUIMALTITT Garananibpl. Mojenbiey HOTHKENIepl TOK MeH KEpHEYJiH >KOFapFbl FapMOHUKAJIBIK
OypMasaHyblH a3alTyla »KOHE XXYHele PEe30HAHCTHIK KYOBUIBICTApABl OOCEHIETYyAe THOPHATIK
CY3TUIEpAIH KOFaphl THUIMAUITIH KOpCeTTi. 3epTTey KOPBITBIHIABICHI MaTeMaTHUKaJIbIK
MOACNbICYl, OaFmapiaMalbIK-KYPBUIFBUIBIK MOHHTOPHUHITI JKOHE JKaOJBIKTHI  KOPFay bl
oipiktipy SMART ABX cenimainiria eneyni Typae apTTHIPAaThIHBIH gonenzeiai. Hotmxkenep
TEOPHSUTBIK YKOHE IPAKTUKAIBIK MaHbI3Fa ue: DMC Oarainay jkoHe Oackapy oficTepl )KeTUIIIpi,
’KaHa HOPMATHUBTIK TACLIIEP MEH KOFapbhl KOMMEPIIMSUIBIK dieyeTi 6ap OarnapiamMaibiK eHiMaep
o3ipJeHAl, OJIapABl TEMIPXKOJI OOBEKTIIEpiHAe eHrizyre Oonanel. bomamak 3eprrey
nepcnekTuBanapbiHa OMC Oomkamaay ofiCTepiH JKeTUIAipy, OarnapiamaiblK KelleHAEepAiH
(YHKIMOHAIABIFBIH KEHEUTY J>KOHE O3IPJICHIeH TEXHOJIOTHSIApbl ©HEPKOCINTIK KOJJTaHyFa
€HTi3y Kipeni.

Tyiiin ce3aep: snexkrpomarHutTik yittecimaunik, SMART sxyienepi, AbXK, rubpunrik
CY3rijiep, 3IeKTPOMArHuTTIK Keaeprijep, uudplanablpy, CEHIMILTIK

Joiiexco3nep ywin: b. Kanroxwun, [|. MHcemoB. by3puny-0armap 37€KTpOMarHeTTiK
yinecimainikTi Kamramacei3 ery//Kazakcran enaipic kemiri. 2024. Tom. 21. Ne 82. 17-32 Ger.
(Oppic. Tin.). https://doi.org/10.58420/ptk/2024.82.02.0002.

Myanesep KakTbIFbICBI: ABTOpJap OChI Makajiaga MYIIelep KaKTBIFBICHI KOK JeIl
MOJIIMIEN .
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AnHoTtanusi. COBpEMEHHOE pAa3BUTHE KEJIE3HOAOPOKHOIO TPAHCIOPTAa U BHEIPEHHE
U(GPOBBIX TEXHOJOTHH B YHEPreTUYECKHUE CUCTEMBI MPEABSBISAIOT MOBBIIICHHbIE TPEOOBAHUS K
obOecreyeHnI0 3MeKTpOMarHUTHOH coBMecTHMOCTH (DOMC) OOBEKTOB IKEIE3HOIO0POKHON
SHEPreTHYeCcKOon UHGPACTPYKTYPHI. AKTyalnbHOCTh UCCJIETOBAHMUS oOycroBieHa
HEOOXOIMMOCTBIO CHUKEHHUS YHCIIa OTKa30B aBTOMAaTU3UPOBAHHBIX cucTeM yrpasieHus (ACTY)
MpU BO3JICUCTBHH JJICKTPOMarHUTHBIX moMex (DOMII) u moBbIIeHHEM HAACKHOCTH PabOTHI
obopynoBanus. Llens uccrmemoBaHus 3aKiiouaeTcs B pa3pabOTKe KOMIUIEKCHOTO TMOAXO0JA K
obecrieueHnio OMC 00BEKTOB JKEJIE3HOJOPOKHOTO TPAHCIIOPTA C MPUMEHEHHEM COBPEMEHHBIX
METOJIOB MOHHMTOPHUHTA M MaTeMaTUYECKOTrOo MoJenupoBaHus. s HOCTHKeHUs Lenu Obuin
MOCTaBJIEHbl CJEAYIOUIME 33Jayuu: aHaJIW3 cyliecTByromuX MeronoB OMC u BbIsBIEHHE HX
HEJOCTaTKOB, pa3pabd0TKa MaTeMaTH4YeCKOW MOMAENH  DIIEKTPOMATHUTHOW  OOCTaHOBKH,
uccienoBanre 3¢PQGEKTUBHOCTH MPOrPaMMHO-ANIMAPATHBIX KOMIUIEKCOB I MOHUTOPUHIA W
ynpasienuss OMC, a Takxke pazpaboTka METOI0B 3alUTH 000pyaoBanus or OMII. B pesynbrate
MIPOBEJICHHBIX HCCIIEIOBaHUM Oblla CO3JaHa MaTeMaThdeckas MOJEeIb 3JIEKTPOMArHUTHOU
00CTaHOBKM Ha OOBEKTaxX JKEIE3HOAOPOKHOTO TpaHCIOpTa W pa3paboTaH MPOTrpaMMHO-
m3meputenbHbld KoMmiuieke «I TMK-29MCy», no3Bossronuii mporHo3upoBaTh HaaexKHOCTh SMART
cuctem ACTY. IlpoBeneHo SKCIepUMEHTALHOE O0CIIEeIOBAaHUE IIIEKTPUIECKUX MOACTAHIIUN C
YKECTKOM AJIEKTPOMArHUTHONW 0OCTaHOBKOMW, MIEHTU(UIIUPOBAHBI HCTOYHUKHU U KaHaJIbI Ilepeadn
OMII, oneneHa 3¢ppeKTUBHOCTD 3aLIUTHI C UCTIOIB30BAHUEM THOPUIHBIX QHIBTPOB. Pe3yabTaTh
MOJICIUPOBAHUS TIOKa3alM BBICOKYIO S()DPEKTUBHOCTh THOPHIHBIX (PHIBTPOB B CHUIKEHUU
HECUHYCOMIATbHOCTH TOKA U HAMPSDKEHUS, a TAKXKE B IeMI(UPOBAHUN PE30HAHCHBIX SBIICHUH B
cucteme. 3aKJIIOUYEHHE HCCIEAOBAHUSA MOJITBEPXKIAET, YTO MHTETpalMs MaTeMaTH4YeCKOro
MOJICTTUPOBAHUS, TPOTPAMMHO-AIIAPATHOIO MOHUTOPUHTA H 3alIUTHl 000PYIOBAHHS TTO3BOJISET
CYIIECTBEHHO MOBBICUTH HaJIeKHOCTh (pyHKIMoHnpoBanus SMART cucrem ACTY. Ilonydennsie
pe3yibTaThl UMEIOT KaK TEOPETHYECKOE, TaK M MPAKTUYECKOE 3HAUEHHUE: YTOUHEHBI METOJIbI
onleHku U ynpasieHuss OMC, pa3paboTaHbl HOBbIE HOPMAaTUBHBIE MOJIXOJbl U MPOTpaMMHbBIE
MPOAYKTHI, OOJaNalole BBICOKMM IOTEHIIMATIOM KOMMEpLHUAIH3alMl W BHEAPEHUS Ha
JKETIE3HOI0POKHBIX 00BeKTax. [TepcniekTuBBI nanpHEHen  paboThl BKJIFOYAIOT
COBEpPILIEHCTBOBAaHME METOJ0B MporHo3upoBanus OMC, pacmupeHue (QyHKIMOHAIBHOCTH
IPOrpaMMHBIX KOMILJIEKCOB U BHEIPEHHE pa3pabOTaHHBIX TEXHOJIOTUH B MPOMBILIUICHHYIO
JKCILTYaTaluIo.

KuawueBble cioBa: anekrpoMariutHas coBMmectuMoctb, SMART cucremsr, ACTY,
TUOpUIHBIE QUIBTPHI, YIEKTPOMATHUTHBIE TIOMEXH, IU(DPOBU3AIUS, HAJIEKHOCTh
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Juas nuutupoBanusi: b. Kanroxwun, /. Macenos. Puck-opuentupoBanHoe obecrieueHne
3NIeKTpOMarHuTHO coBmectuMocT//[Tompinutennsii Tpancnopt Kazaxcrana. 2024. T. 21. No.
82. Ctp. 17-32. (Ha pycc.). https://doi.org/10.58420/ptk/2024.82.02.0002.

KoH(pIMKT HHTepecoB: aBTOPHI 3asBISIIOT 00 OTCYTCTBUU KOH(MIMKTAa HHTEPECOB.

BBenenue.

CoBpeMeHHOE pa3BUTHE KEJIE3HOJOPOKHOTO TPAHCIOPTa B YCIOBUAX LHUPPOBU3ALUU
TpeOyeT oOecriedeHuss HAACKHOW dleKTpoMarHUTHOW coBMectuMoctd (OMC) 00BeKTOB
SHEpreTUuecKoi HHPPAacTPyKTypbl. ONBIT NPEIIeCTBEHHUKOB TOKA3bIBAET, YTO CYIIECTBYIOIINE
METOJIbI KOHTPOJIS ¥ 3aIUTHI 000PYIOBaHMsI HE BCET/Ia MO3BOJISIFOT 3P PEKTUBHO MPEAOTBPAIATh
3JICKTPOMArHUTHBIE TTOMeXH U aBapuiinble cutyanun (Kanroxun, 2005: 36; Haytos, 2014: 89—
94). I1pu 3TOM MOSBISIOTCS HOBBIE OOBEKTHI M CUCTEMBI YIIPABJICHUS, AJIs1 KOTOPBIX OTCYTCTBYIOT
HCCIIeIOBaHMsI, HallpaBJICHHbIE Ha KOMIUIEKCHYIO olleHKy OMC u pa3paboTKy HHTEIpUPOBAHHBIX
pemenuii (bagep, 2008: 56—60).

AKTyalbHOCTh HCCIIEZIOBaHUS 00YCIIOBIEHa HEOOXOIUMOCTHIO MOBBIIICHUS HAJEKHOCTH
paboTHI JKEJIE3HOI0OPOKHOTO TPAHCTIOPTA ¥ BHEPECHUS ITU(PPOBBIX TEXHOJIOTHH B JHEPTETHUECKUE
cet. HecmoTpst Ha cymiecTBylolue METOAbl MOHUTOPHHIA M 3alIUTHI, OCTAIOTCSI OTKPBIThIE
BOIIPOCHl MO TMOBBIIMIEHUIO TOYHOCTH MaTeMaTUYECKOTO MOJEIUPOBaHUsl, MNPUMEHEHHUIO
TEPMOBHU3HOHHBIX METOJIOB KOHTPOJSI COCTOSHUSI HU3OJSIIMM M Ppa3pabOTKe KOMILIEKCHBIX
nporpamMMmHo-anmnapaTHbix pemenuit (Kangozhin, 2020: 1585-1590; Kanroxwun, 2019: 63-67).
Teopernueckass 3HaYUMOCTH 3aKJIIOYAETCS B YTOYHEHHH TOJXO0JOB K oOecreueHuto DOMC,
MpakTH4ecKass — B BO3MOXKHOCTH BHEAPEHHUS pa3pabOTaHHBIX pEImIeHUH Ha 00beKTax
’KEJIE3HOAOPOKHOTO TPAHCIIOPTA.

OOBEeKT  WCCIIeIOBAHUS: DJICKTPOMATHUTHAS ~ COBMECTUMOCTh  JKETIE3HOJO0POKHOU
sHepreTuueckoi HHGpacTpykTyphl. [Ipeamer uccinenoBaHus: METONIbI OLEHKU M OOecreueHus
OMC, BkJOYas MPOrpaMMHO-ANMNapaTHbIE KOMIUIEKCHI, MAaTeMaTH4YeCKOe MOJCIHPOBAHUE U
3alIUTHBIE YCTPOUCTBA.

Henr  wccnemoBaHus: pa3paboTaTh  KOMIUIGKCHBIA —~ TOAXOJ K OOECHEYCHHUIO
3IIEKTPOMArHUTHOM COBMECTUMOCTH OOBEKTOB JKEJIE3HOJOPOKHOTO TPAHCIIOPTA C MPUMEHEHUEM
COBPEMEHHBIX METOJ0B MOHUTOPUHTA U MOJICITUPOBAHUS.

3amaun ucciaeqoBaHus:

- IIpoananm3upoBath cymiecTBymomue Metoasl obecneueHuss OMC U BBIIBUTH HX
HEJIOCTATKHU.

- Pa3paboraTe MaTeMaTH4eCKyl0 MOJENb 3JIEKTPOMArHUTHOW OOCTAaHOBKHM Ha OOBEKTaxX
YKEJIE3HOJJOPOKHOT0 TPAHCIIOPTA.

- UccnenoBath 3¢ (heKTUBHOCTH MIPOTrPAMMHO-AMIAPATHBIX KOMIUIEKCOB JJI MOHUTOPUHTA
u ynpasieaust OMC.

- Ilpennoxuth MeTOABl 3aIIUTHI OOOPYNOBAaHUS OT OJIEKTPOMATrHUTHBIX TIOMEX U
aBapUIHBIX CUTYAaIUH.

B uccnenoBanuu npuMeHSIOTCS CIIEIyIOIIHE METO/IbI:

- MaTEeMaTUYECKOE MOJICTUPOBAHHUE IJIEKTPOMArHUTHON OOCTAaHOBKH,

- aHaJN3 CYIIECTBYIOMINUX TEOPETUYECKUX U MPAKTHUECKHUX PELICHUII;

- AKCTIEPUMEHTAJIbHBIE METOJIbI KOHTPOJISI COCTOSIHUSI 00OpYyAOBaHHS (TEPMOBU3MOHHBIE
METO/IbI);

- KOMIUIEKCHBIM TMOAXOJ K pa3paboTKe NPOrpaMMHO-ANIMAPATHBIX PEIMICHUH I
noBblenuss OMC.

D dexruBHOE 06ecneueHre DMC 00BEKTOB HKEIE3HOAOPOKHOTO TPAHCIIOPTA BO3MOKHO
[IPU UHTETPAIIUU MAaTEMAaTUYECKOTO MOAEIUPOBAHNUS, IPOrPAMMHO-AINAPATHOTO MOHUTOPUHTA U
3aIIUTHBIX YCTPOWCTB, YTO MO3BOJIUT CHU3UTh ABAPUUHOCTH M TOBBICUTH HAJICKHOCTH PabOTHI
HHEPreTHUYECKUX CHCTEM.
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Pe3ynpTarsl nccnenoBaHus UMEIOT KaK TEOPETUYECKOE, TaK M MPAKTHYECKOE 3HAYCHHE.
TeopeTueckn — YTOUHSAIOTCS METOAB! OLIEHKU U ynpasieHuss OMC, npakTudeckoe 3Ha4eHUE
3aKJII0YAeTCsl B BO3MOXKHOCTH BHEIPEHUS pPa3pabdOTaHHBIX PEIIEHUH Ha >KeJIe3HOAOPOXKHBIX
00BEKTax JUIsl MOBBIIICHUS HAJIC)KHOCTH U SHEPro3((HEKTUBHOCTH.

MarepuaJibl 1 METOIBI.

Bribop SMART cuctem u TexXHONOTWH OOBEKTOB PHEPreTHKH OOYCIOBIEH KpaiiHe
)kectkord OMO Ha snekTpruyeckux nojacrannusx (3I1), uTo obecneunT MOJTHOTY U TOCTOBEPHOCTH
NPOBE/ICHHBIX HCCIIEAOBAaHUM M BBIBOJOB. Pa3paborTka Oazupyercsi Ha SKCIEPUMEHTAJIBHBIX
ucciaenoBanussx OMO u MaTeMaTH4eCKOM MOJCIMPOBAHMM HAJEKHOCTH (DyHKIIMOHUPOBAHUS
SMART cucreM u TeXHOJIOTHII Ha 00BEKTax C KpaiiHe xecTkoir IMO.

B cratee uccnemoBansl oTkazel TC SMART cucrem ACTY 1ipu HEBBINOJHEHHH
tpeboBanuit OMC U co3iaHbl IPOrpaMMHBIE IPOTYKThI IPOTHO3UPOBAHUS UX HAJIC)KHOCTH.

Hay4yHas HOBH3HA COCTOUT B IIOJyYE€HHBIX HOBBIX JAHHBIX U PE3YJITaTOB, COCTABIIAIONINX
OCHOBY PUCK-OpHEHTHUpOBaHHOTO obecriedeHuss OMC, 4yTO MO3BOIUT HNPOBOAUTH FPPEKTUBHYIO
nudpoBU3aIHUIO.

[IpakTnueckass 3HaYMMOCTb IPOEKTa COCTOMT B IIOJYUYEHUH HOBBIX KOHKPETHBIX
pe3ynbTaToOB, UMEIOIINX BBICOKUH MOTEHIIMAI KOMMEPLMAIN3aLNN:

- mnporpammublii kKomiuiekc «I[IMK-ODMCy», ocHOBaHHBIII Ha anropuTMax pacdera
Hagexxaoctd SMART cucrem;

- MeTouKH o6cnenoBanus MO U pUCK-OpUEHTHPOBAaHHBIN MeTo1 obecnieuerus IMC;

- HOBasi HOPMaTUBHO-TEXHUYECKAsi TOKYMEHTALUs (MM UX NTPOEKTHI);

- OT€YEeCTBEHHBIE pa3pabOTKH Mo CHIKEHUI0 DMB B cucTemMax 371eKTpOCHAOKEHHUS.

[Ipumenenue pazpaboTaHHBIX MeTOMOB ompeneneHus IMO u omneHok 3¢G(HEeKTUBHOCTH
Mep 3amuthl oT OMII OKaXyT TNOJOXKUTEIBHOE BIMSHME HAa BHEIPEHHUE TEXHOJIOTMH C
ucrnonp3oBanneM SMART cucrtem Ha mpennpusitusx ¢ HeOmaronoaydHod OMO U MOBBICHUT
HAJIe’KHOCTh BHEAPSAEMBIX WH(POPMAIIMOHHBIX TEXHOJIOTHH.

IIpoekT HampaBiieH Ha pEIIEHUE HUXKECICAYIOINUX HayYHO-TEXHUUYECKUX MpolieM
obecnieuenns OMC:

- HEOOXOOMMOCTH MEepexoAa K KOMIUIEKCHOM KOHIENIMU BBINOJHEHHUS TpeOOBaHUMI
AIIEKTPOMArHUTHOM COBMECTUMOCTH C COOTBETCTBYIOIIEH IepepaboTKoW HOPMAaTHUBHO-
TEXHUYECKOH TOKYMEHTAalNu (HapyuMep, IPaBUl yCTPOHCTB 3IEKTPOYCTaHOBOK),

- pa3paboOTKW CpeACTB M METOJOB 3allUT OT 3JEKTPOMATHUTHBIX IIOMEX,
COOTBETCTBYIOIIUX COBPEMEHHBIM 3HAaHUSM 00 MX MCTOYHUKAX U YPOBHSX (HarpuUMep, MpaBHII
YCTPONCTB MOJIHUE3AIIUTHI U 3a3€MJICHUS),

- HEOOXOAMMOCTh HCCIIEJJOBAaHMM BIIMSHUS 3alllUTHBIX cpelcTB (Hampumep, Y3UII) na
HajexkHocTh camMux SMART cucreM #  (QyHKIMOHAJIBHOCTH  ABTOMATHU3UPOBAHHBIX
(aBTOMaTH4ECKNX) CUCTEM yIPaBIEHUS,

- HE00XOIUMOCTh MCCIIEJOBAHUIN HAJECKHOCTH HU(PPOBBIX aBTOMATU3UPOBAHHBIX CHCTEM
yIpaBiieHUs! B HEOJIAronpUATHOM 3J€KTPOMAarHUTHON OOCTaHOBKe,

- IpeJylaraeMasi CUCTEMbI 3alUThl OT 3JEKTPOMATHUTHBIX BOJIH C IOMOIBIO THOPUIHBIX
¢unbTPOB.

IIpoBeneHue ucciegoBaHUM M pa3pabOTKa HAyYHBIX OCHOB PHUCK-OPUEHTHPOBAHHOIO
obecnieuennss OMC SMART cucrem Ha npumepe nudpossix TexHosoruit ACTY oObekramu
anekTposHepreTuku. Beioop SMART cucrem u TexHOJOrUil SHEpreTUKu oOyCIIOBIIEH KpaiiHe
Jkectkor  OMO  Ha  3eKTpUYeCKMX — moiacTaHimsx. Pa3paborka  Gasupyercs  Ha
DKCIEPUMEHTAIbHBIX HccaenoBaHusAX OMO M MaTeMaTH4eCKMX MOJENAX NPOTHO3UPOBAHUS
HagexkHoCcTH PyHKIMoHUpoBaHUs SMART cructem v TEXHOJIOTHIA.

JlocTrxkeHue 1enn cBsi3aHa ¢ UCCIEA0BAHUAMU UCTOYHUKOB U YPOBHS 2JIEKTPOMAarHUTHBIX
nomex (OMII), cpeacTB U METOJOB MX OTpaHUYEHUs, IPOrHO3UpPOBaHUs HajaexHocTh SMART
cucteM ACTY mnpu puck-opuentupoBanHoM obecneuenun OMC. Ilpumenenune B ACTY
SMART cuctem, BocnpuuM4MBbBIX K Bo3aercTBUI0O OMII BesleT kK yBeTMUEHHIO YHCiIa UX OTKA30B.
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[Ipunstue pemeHuii o peayms3anuu Mep 1o obecneuennro OMC: oOcnemoBanue OMO,
HEOOXOAMMOCTh MPOSKTHUPOBAHUS M IKOHOMHUUECKH 3(h(HEKT OT yCTaHOBKU Mep 3aiuThl oT DMII,
JIOCTAaTOYHOCTh WX BBIOOPA, OCHOBAaHHBIX HA MPOTHO3MPOBAHMM HA/IEKHOCTU COCTaBISET CYTh
PHUCK-OPUEHTHPOBAHHOTO Moxoaa odecnieueHns IMC.

CrnocoboM JOCTHXKEHUS UeNH SBISIeTCS TMPOBEJEHUE MCCIENIOBAaHUNA U pelIeHUue
HIDKECIIEAYIOIINX 3a]a4 IPOEKTa:

- O6cnenoBanue 00beKTa ¢ KpaitHe xectkort DMO.

- UccnenoBanus MexaHu3MoB BOZHUKHOBeHUs: DMIL.

- Unentudukanusi HICTOYHUKOB U BEpOSATHOCTH TosiBieHUS DMII.

- OnpeneneHue cTaTUCTUYECKUX XapaKTEPUCTUK napameTpoB OMIIL.

- Uneratudukamms IMII, npuBoasmumx k otkazam SMART cuctem.

- Unentndukanus kananos nepenaun IMII ot ucrounnka k TC SMART cucrem ACTY.

- Ouenka nomexoycroitunBoctd ACTY ko Bcem DOMII.

- Onpenenenue crenenu xectkoctu ucneitanuiit TC SMART cuctem ACTY DMIL

- Pacuer Hanexxnoctt SMART cuctem ACTY KOHKpeTHOTO THUIA.

- ®opmynuposanue TpedoBanuii Kk IMC SMART cucremam.

- [Ipennaraemelie ciocoObI 3amUThl 0T OMB oTeuecTBEeHHBIMU THOPUIHBIMH (DUIIBTPAMH.

Pe3yabrarsl.

Pemenuss TmoCTaBiIEHHBIX 3a7ad CBsi3aHA C HAYYHO-TEXHUYECKOW MpoOsIemMoit
obecnieueHnss OMC TeXHHMUYECKUX CPEACTB LU(POBHU3AIMH U SBISIETCSA YAaCThIO PEILICHUs 3a1a4
nepexo/ia K HuppoBoi UHAYCTPUU.

B nocnennue pecsTuieTHe pe3Ko BO3poOcia HACBHIIIEHHOCTh NMPOU3BOACTBEHHOU cdepsl
JeSATeTLHOCTH MMPUOOPAMHU M TEXHOJIOTHAMU, Oa3upyromumMucs Ha goctwkeHnsx SMART cucrem
n texHosnorui. Ilo mepe pasButus TC SMART cuctem 4yBCTBUTEIBHOCTh, a 3HAUUT U
BOCIIPUMMYMBOCTh K pa3JIMYHOTO poAa IoMexaM, MoBblmaercsi. OIHOBPEMEHHO C JSTUM
HETPEPHIBHO pacTeT aMIUIUTYJHBIN 1 4acTOTHBIN quanazoH OMII. Bce aTo oboctpsiet mpobiemy
OMC, B 0cOOCHHOCTH Ha 00BEKTaX dHEPreTUkH ¢ KpaitHe xectkoit OMO. (Kanroxun, 2005: 36;
Kanrosxun, 2014: 108-112).

UckmrountenbHas 3HAYMMOCTh BompocoB OMC Ha COBPEMEHHOM JTane pa3BUTHS
HSKOHOMHKH CTpaHbl onpezensercs ee mudposusanueid. IIpaBurensctBom PK  mpussr
TexHu4deckuid periaameHT mo OMC, koTopelii ycTaHaBinuBaeT TpeboBanmst DOMC B 1emsax
MPEeIOTBPALIECHUS OMIACHOCTHU >KM3HU U 3I0POBbS UYEJIOBEKA, OKPYIKAIOIIEH CPele U UCKIIOYEHUS
HeponycTuMbix OMII npyrum texHuueckum cpenctsaM u cucremam (ayrtos, 2014: 89-94;
Kanroxun, 2016: 64-67). Bonpocsl ob6ecnieuernss OSMC ci0kKHbBI, MHOTOOOPa3HbI U JOJDKHBI
OBITH B3aMMOYBSI3aHBI U SIBJISTFOTCS TTPEIITOCBUTKAMU K pa3padoTke npoekta (Kanroxun, 2019: 63—
67; Kanroxwun, 2018; Kangozhin, 2020: 1585-1590; banep, 2008: 56—60; Mucenos, 2008: 17-20;
Wucenos, 2013: 33-39).

Bricokas 4yBCTBUTENBHOCTH MHUKponpoueccopHoii TexHukn SMART cucreMm, kpaiine
xectkags OMO Ha DII, HemocTarouHast Y3PPEKTUBHOCTh BHEAPSIEMBIX 3alIUTHBIX Mep oT DMII
ABIAIOTCA TPEANOChUIKAMU K pa3paboTKe pHCK-OpUEHTHpOBaHHOTO obecnedenuss OMC
(Kanroxwun, 2019: 63—67; Kanroxwun, 2018).

[IpyHIMOUATBHBIM  OTJIMYUEM SIBJISETCS TO, YTO HOBBIE JaHHBIE M PE3yJIbTaThl
nporHo3upoBanusi HajgexxHoctdh SMART cuctem (Puc.1) BBemyTcss B OCHOBY pHCK-
opueHtupoBanHoro odecneyenuss IMC (Kangozhin, 2020: 1585-1590).

[IpoBeneHHbI 0030p MPEAIIECTBYIOIIUX HAYUYHBIX HCCIEAOBaHUM, MPOBEJEHHBIX B
MUPE, OTHOCSIINXCS K TEME MPOEKTa BBISIBUI sl MpodIem:

- HEZIOCTaTOYHBI 3HaHU (Ppu3mueckoil mpupoas! u yposHs DMII cocrasmstonmx IMO;

- HEeT aJTOPUTMOB OMpENEeTICHUs] HEOOXOAMMOCTH M JOCTATOYHOCTH Mep oOecreueHus
HagexxHocth SMART cucrem npu nebnaronpustanom SMO;

- cyulecTBylolas HopmaTuBHas 6a3za mo obecnedyeHrnto DMC He OTpa)kaeT HOCTHKEHUS
COBPEMEHHOM HaYKH,
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- cymiecTBytone meponpusatus yiydmenus OMO He o0ecrneynBarT HaJEKHOCTh
SMART cucrem 1 prHAHCOBO 3aTpaTHBI,

- orcyTcTBYyeT KomiuiekcHoe obecrieuenne OMC SMART cuctem ACTY.

Pemienne B HacTOsIIEM MPOEKTE ITHX MPOOJIEM OMpeAessieT ero B3auMOCBS3b C paHee
MPOBEICHHBIMM HCCIEJOBAaHUAMUA. B 4acTHOCTH, pe3yibpTaTbl MPOEKTa IO3BOJIT Pa3BUTh
TEOPUIO U MPAKTUKY 3aIlUT OT MepeHanpsokeHuil. Takas 3amura MOXeT ObITh MOCTPOCHA Ha
npenaputenbHbiX pesynbratax TOO « KU TPy, umeromux oxpaHHble JOKYMEHTBHI.

B npoekte B kauectBe wucrouHnkoB OMII paccmarpuBatorcss arMocdepHbie U
KOMMYTallMOHHbIE NepeHanpsikeHus. Co3maBaeMble U u3nydaemble uMu OMII npuBenensl Ha
puc.l.

3amura D11 ot SMII ocHOBaHa Ha KOHIIETITH 30H 3aHT (33): MPOCTPAHCTBO, B KOTOPOM
umerorcs 3amuniaemsle TC ACTY, nomkHo paspensatbess Ha 33. [laHHBIE 30HBI SBISIOTCS
OTIpeIeTICHHBIMH y9acTKaMU MPOCTPAHCTBA, T1ie ypoBeHb DMII (Hi, Ui, Ii) coBMEeCTHUMBI C YpOBHEM
xectkocTl ucnbitTaHuii TC ACTY. I'panuna neiictBus 33 ompenensercs HUCHOIb3yEMbIMU
MepaMU 3aIUThI, 33 pa3InualoTCs 3HaAYUTEILHBIMU H3MEeHEeHUsIMU B ypoBHEe DMII (Puc. 2).

Bce meramnmnyeckue ycTpoHCTBa, KOpIyca 3JEKTpPOOOOpYAOBaHMS, SKpaHbl Kalenen
3a3eMJIst0oTCs. JUTs 3aIUThl OT KOHAYKTUBHBIX UMITYJIbCHBIX NTEPEHANPSHKEHUI HAa TpaHULAX 30H
yCTaHaBIMBalOTCd orpanuuutenu nepeHamnpspkenuid  OIIH, TC ACTY  3ammmarorcs
YCTPOWCTBAMHU 3allUTBl OT HMMIYJIbCHBIX mepeHanpsikeHud (Ua<<Uo u h<<lp). DxpaHbI
UCIIONIB3YIOTCA JIJIS 3alUTHI OT U3Ty4aeMbIX MarHUTHBIX noJiel (H2<<H).

B npennaraemoii ctatee BriepBbie OyayT ucciaeaoBanbl oTkazbl ACTY mpu HEBBITTOTHEHUH
tpeboBanuii pucka DMC. IloaydeHHbIe IPU 3TOM HOBBIE JAaHHBIE U PE3YJIbTATHI MPEIONPEACIICT
HAY4YHYI0 HOBU3HY PaOOTBHI.
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Puc. 1. IcTOYHUKY 3J€KTPOMAarHUTHBIX ToMeX Ha DI1

B nporecce pa3pabotku nporenypsl onpeaenenus HaaesxxkHocTd SMART cuctem BriepBbie
OynyT unentuduurpoBansl BceX THITEI ACTY 1 COOTBETCTBYIOIINE UM PHCKH OT OTKAa3a, BIIEPBBIE
OyZeT co3aH MeXaHU3M OLIeHKH 3amuT oT DMIL
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Puc. 2. 30HbI 3a1IUT 2JIEKTPUYECKON MOACTAaHIUN

[Mpouenyper obecneuernnss OMC (Puc. 1) OGasupyrorcs Ha omnpeneneHun OMO
anektpuuecko moactaniuu (Kanroxwun, 2005: 36; Kanroxwn, 2014: 108-112). Kak
CBUJIETEILCTBYET OOJBIIUHCTBO PabOT, mocBsimeHHBIX DOMC Ha 3HeprooOBEKTax BBICOKOTO
HaIpsDKEHUs, OTKa3 MMEET MECTO M Tocie peanum3anuu mep mo odecnedyenuto OMC. Takoe
II0JIO’KEHHUE CBSI3aHO ¢ u3MeHeHus MU DOMO ¢ TeueHneM BpEMEHH U3-3a BHECCHMSI U3MEHEHUH TIpU
pexoHcTpykuuu, moaepHusanmu [IC, crapenust obopynoBanus u T1.1. CienoBaTeNnbHO, PUCK-
opueHtupoBaHHoe obecnedenne IMC cBszaHO ¢ KOHTposeM OMO UM COOTBETCTBEHHO JOJKHO
OCYUIECTBIIATECS HA BCEX HTalax >KU3HEIEATEIbHOCTH JHEPreTHUYECKUX OOBEKTOB C 3Tama
IPOEKTUPOBAHUSA, TJ€ MPHUHAThIE NPOEKTHbIE pEIeHHs TOJDKHbI 00ecrneunBaTh MUHUMAaJIbHBIE
3JIEKTpOMarHuTHele Bo3aeicTBus B Mectax ycTraHOBKM SMART cuctem ACTY u HOpMaTHUBHBIE
TpeOOBaHUs MO KJIaccaM KECTKOCTH UCHbITaHuH Ha noMexoycroiunBocth TC SMART cucrtem
JI0 OCYILECTBIIEHUS NEPUOANUECKOI0 TEXHUYECKOTO Ha30pa ypoBHI OMO.

Ob6cy:xaenue.

Hayunas u npakTuueckas 3Ha4MMOCTb IPOEKTA COCTOUT B MOJTYUYEHUH HOBBIX KOHKPETHBIX
pe3yJbTaTOB, OTBEUAIOUIMX TPEeOOBAaHUSAM HAy4YHOM HOBU3HBI M HMEIOIMIMX MOTEHIHA
KOMMEPIUAIN3AHN: MPOTPAMMHBIN KOMILIEKC «ITUK-DMCp, OCHOBAHHBII Ha
nporHosupoBanuu HajesxxHocTd SMART cuctem npu He6naronpustHoit OMO; BocTpeOGOBaHHBIE
Ha MpakTuke MeTonuku obcienoBanus OMO u obecrieuernss IMC, pa3paboTaHHBIC HA OCHOBE
MOJIEBBIX JKCIEPUMEHTOB Ha peanbHbIX [IC; pazpaboTaHHbIE MHHOBALIMOHHBIE CpEICTBa (MU
TpeboBanus Kk HUM) oT DMII u metoasl obecnieuenuss DMC, HOBasi HOPMATUBHO-TEXHUYECKAs
JOKYMEHTaIus (MM UX MTPOEKTHI).

OnHO W3 MNPUHUMIMAIBHBIX OTJIMYMM MPOEKTAa OT CYIIECTBYIOIIMX aHAaJIOroB
3aKJII0YAeTCs B CIEAYIOLIEM: HU3BECTHBIMH 3apyOeKHBIMH (UPMaMU TPOU3BOIUTEISIMU
3alUTHBIX ycTpoicTB B 3amute oT DOMII nponsuraercsa noaxon 3amutel Y3Ullamu, npu 3Tom
UX KOJMYECTBO MOJKET JOCTHIaTh HECKOJIBKO COTeH IUTYK (MU jaaxe Oosee Toicsun). Ilpu
cpenneir neHe B 10008 oueBmmeH komMepueckuil uHTepec. I[Ipu 3TOM COBEpHIICHHO HE
YUUTBHIBA€TCS UX HETaTUBHOE BIMSHHE Ha (DYHKLUMOHAJIbHBIE XapaKTEPUCTUKH U HAJEKHOCTb
camux SMART cucrem ACTY. Peanu3zamus npoekra nmo3BoiauT cHu3ut uncio Y 3UII no exunuig
LITYK, a B psAJI€ CIIy4aeB OTKA3aThCs OT HUX.

OnuH M3 KOHEUHBIX pE3yJNbTaTOB MpOeKTa OyAeT MNpOorpaMMHO-U3MEPHUTENIbHBIN
koMmiuieke «IIMK-OMC» nporaozuposanust HaaexxHocth SMART cuctem ACTY, ocHOBaHHBIN
Ha JIOCTIKEHUSX OTEYECTBEHHBIX M 3apyOEKHBIX NMPOU3BOJUTENECH, UMEET BBHICOKYIO CTEIEHb
KOMMeEpLUAIU3alluH1.

Kpome oroBopeHHbIX BBIIIE B CTaTh€ pPE3YJbTaTbl MOTYT BOMTH B OCHOBY HOBBIX
3¢ (GEKTUBHBIX TEXHOJOTMM 3KCIUTyaTalliM, JUAarHOCTUKH M PEMOHTA 3JIEKTPOOOOpYyHI0BaHMS
JJEKTPUYECKUX CTAHIMN M IOACTAaHUMU. Pe3ynpTaThl HCCIENOBAaHUN HAWAYT OTPAKECHHE B
COOTBETCTBYIOIIMX HAy4YHBIX MNyOJMKAaLMAX M MPOEKTaX HOPMATUBHBIX JIOKYMEHTOB.
Hcnonp3oBanue pa3paboTaHHBIX METOJOB ompenesneHuss DMO u oneHkr dPPEeKTHBHOCTH Mep
3amuThl 0T OMII 0KaXXyT MOJTOKUTEIBHOE BIUSHUE HA PA3BUTUE TEXHOJOTUH C UCIIOJIB30BAHUEM
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SMART cucrteM, uCHoNb3yeMON Ha MpeAnpUITHIX ¢ uctodyHukamu OMII dto, Ge3ycioBHO,
MOBBICHT BHEAPSEMOCTh HH(OPMAIIMOHHBIX TEXHOJIOTHIA.

Pe3ynbrarel mpoekTa OyAeT IPeaCcTaBIATh HHTEPEC s TPEANPUATHI dHepreTuku, POKoB
u HarmoHanbHOU Komnanuu AO «KEGOCy it npuHATHA pelieHri He0OX0JUMOCTH KOHTPOJIS
OMO nelCcTBYIONIMX YHEPTOOOBEKTOB U JOCTATOYHOCTH 3AIUTHBIX Mep 1o obecniedeHuto DMC.
PesynbraTel MMEIOT OOJBIIYIO MPaKTHYECKas LIEHHOCTh, BBIPAXEHHYI0 B MHMHUMH3AINH
BO3MOXHBIX  yIIepOOB W3-3a HE BbIMOJHEHUA TpeOoBanuid OMC, B TOBBINICHUU
sHeproaddexruBHocTH  AeiicTByromux Oll, B OPUHATHM  YOPaBICHYECKUX  PEIICHHIH,
HCKITIOYAIOIINX KaTacTpopuiecKkue mociaeAcTBUs u3-3a oTka3oB ACTY mnpu HEBBINMOJHEHUH
TpeboBaHui TexHu4Yeckoro peraamenta OMC.

B nporuecce peanuzanyu BHIOpaHHOTO MOAX0/1a UCCIEA0BaHUN OyyT IpOoaHAIN3UPOBAHbI
CyIIecTBYIOIIKME METOAMKH omnpeneneHuss OMII, npu HeoOxXoauMocTH OyIyT CO3AaHBI HOBBIC
MIPOrpaMMBbl PacueTOB U CXEMbl KCIIEPUMEHTOB, pa3pabOTaHbl HEOOXOIUMbIE JOTOIHUTEIbHBIC
METOAMKH, TPUOOPHI W TPOTrpaMMHBIE NPOAYKTHI i ompeneneHuss OMO Ha peaabHBIX
noactannusax 1 OPY cranmuii. Takoil BEIOpaHHBINA TT01X01 00€CTIEUNT MUHUMHU3AIUIO 3aTpaT JIJIst
JOCTHKEHUS 1IeJIEN U TOCTOBEPHOCTD MOJIYUYEHHBIX PE3YJIHTATOB.

B npomecce BhimonHeHuss MpoekTa OyAeT peanu3oBaH MOAXOA OJHOBPEMEHHOTO
UCIIOJIBb30BAaHUSl HAJEXKHBIX JKCIEPUMEHTAIbHO-PACUETHBIX METOAUK ompeneneHus OMO,
MaTeMaTHYeCKOe MOJICTUPOBAHKE AIICKTPOPHU3NIECKUX TMPOIECCOB MpH BozaeicTBuu OMII u
KOMITBIOTEPHBIE PacyeThl 0TKa3a. B 11enom Takoii moaxon seiseTcs Hanbosee 00IUM U BKIIIOYaeT
B ce0sl psiJ] MOAXO0/A0B, U3BECTHBIX pPaHEe.

B Hacrosmee Bpemsi onHOW W3 Hambolee aKTyaldbHBIX MPOOJIEM 3IIEKTPOCHAOKEHHUS
ABJIIETCSl TIOBBIIIEHHWE KadecTBa 3JIeKTpodHepruu. OcTpoTa JaHHOW MpoOJIeMbl BO MHOTIOM
CBsi3aHa ¢ OypHBIM Pa3BUTHEM IMPE0OpPa30BATEIbHON TEXHUKU M €€ HIMPOKHM HCIIOIb30BaHUEM.
Henunelinplii xapaktep mnpeoOpa3oBaTeIbHOW HArpy3kKd TNPUBOJUT K HMCKKEHUIO (OPMBI
(HeCMHYCOMJAIbHOCTH) KPHBBIX TOKAa M HANpsHKEHUA B cucTeMe siekTpocHadxkeHus (CD).
HecunyconnanbHOCTh KPUBBIX TOKA U HANPSKEHHs] OKa3bIBa€T HETaTUBHOE BIUSHUE Ha paboTy
Pa3IUYHBIX IEKTPOTEXHUYECKUX YCTPOMCTB B cocTaBe CO, YTO 3HAYUTENIBHO COKPAIIAET CPOK
ciryx0b1 obopynoBanusi CO. Takum 00pa3oMm, CHHKEHHE HECUHYCOUJAIBHOCTH KPUBBIX TOKa U
HalpsDKEHUs  SBISETCA OJHOM M3 BaXKHEMIIMX M HACyIIHbIX 3aJad COBPEMEHHOIO
AIEKTPOCHAOKEHUSI.

OpHuM U3 TPaAMIIMOHHBIX CIIOCOOOB CHIDKEHHUS HECHMHYCOHIAIbHOCTHU KPHUBBIX TOKA U
HanpsbkeHus: B CD SBISIETCS] HCMOIB30BaHNE NMACCUBHBIX QUIBTPoB: LC-1ieneld, HACTPOCHHBIX B
pe30HaHC Ha YacTOThI Bhicinx rapmoHuk (bazgep, 2008: 56—-60; Mucemnos, 2013: 33-39). 'maBHbIM
JOCTOWHCTBOM TTaCCHBHBIX (HIBTPOB SIBISETCS HHU3Kas CTOMMOCTh. OJHAKO HalW4mMe psiaa
CEPbE3HBIX HEJOCTATKOB, TaKHX, KaK HHU3Kas JOOPOTHOCTb, TEXHOJIOTUYECKUN pazdpoc
apaMeTPOB PEAKTOPOB M KOHIEHCATOPOB (DMIBTPA, BO3MOXKHOCTH BO3HHKHOBEHHS OIMACHBIX
PE30HAHCHBIX BJICHUM W HEraTMBHOE BIMAHHME HA MEpexoaHble mpouecchl B CD mpu yCTaHOBKE
(GuIbTPOB, MPUBENO K 3HAUYUTEILHOMY COKPALLIEHUIO U OIPaHUYEHHIO UX UCTIOIb30BaHUS.

C pa3BuTuEM CHJIOBOM 3JEKTPOHUKH TMOSBWIACH BO3MOXXHOCTb CO3/IaHMSI AKTHUBHBIX
¢GuIETPOB BBICIINX TapMOHUK (aHTiI. active filters) (bagep, 2008: 56—60; Uucemnos, 2013: 33-39).
Hmes B cBOeil OCHOBE UYETHIPEXKBAJPAaHTHBIN MpeoOpa3oBaTenh Ha MOTHOCTHIO YMPaBISEMBIX
CHJIOBBIX TIOJYIPOBOJHHUKOBBIX MpHOOpaxX, aKTUBHBIA (UIBTp 0OOECIeYnBaeT BBICOKYIO
sbdekTuBHOCT,  GUIBTpAIMM  BBICIIUX  rapMoHuK. [lpuHmun  geiictBus  Hambounee
PacIpoCTPaHEHHOTO aKTUBHOTO (DMIIBTpa MapajuIeIbHOTO TUIIA 3aKIIFOYAETCsl B TEHEpPAIMH TOKA
BBICIIMX TapMOHUK B MPOTHBO(A3e ¢ TOKOM BBICIIUX TapMOHHMK Harpy3ku (Puc. 3). Takum
00pa3oM, TOKM BBICHIMX TapMOHUK IHPKYJIUPYIOT MEXKAY QUIBTPOM M HArpy3KOi, HE Tomnaaas
Janpliie B MUTAIOIIYIO CETh. B HacTosIee BpeMsi akTUBHBIE (DUIBTPHI BHITYCKAIOTCA CEPUITHO Ha
HOMMHaJIbHBIE TOKU 110 450 A (MHcenos, 2013: 33—-39). OxHako mupokoe NpUMEHEHUE aKTUBHBIX
(GUIBTPOB OrpaHUYMBAET HX BBICOKAS CTOMMOCTH, CBSI3aHHas C OOJBIION yCTaHOBICHHOMN
MOIIHOCTHIO.
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B cBs13u ¢ 3TUM Hanbosee nepcreKTUBHBIM HAIIPABICHUEM SIBIIETCS pa3pabOoTKa CUIOBBIX
ruOpuaHbIX GuasTpoB (aHrd. hybrid filters), npencraBnsronx co6oi KOMOUHAIMIO TACCUBHOTO
bunpTpa W aKTUBHOTO OHJIEMEHTa (peryisTopa) Ha 0a3e MaJOMOITHOTO D3JIEKTPOHHOTO
npeoOpa3oBaTelis B 4eThIPEXKBaApaHTHOH miockocTH (Puc. 4).

Hannune perynstopa mo3BOJIIET KOPPEKTUPOBATH YaCTOTHYIO XapakTepuctuky CO,
noBbimas 3(P(GEeKTUBHOCTh (UIBTPAlMM HA YacTOT€ HACTPOMKM MAaCCHBHOTO (UIBTpa U
nemn@upys pe3oHaHCHbIE siBiieHUs B cucreMe CO-¢unbTp. Manas ycTaHOBIIEHHAsE MOLIHOCTb
CHJIOBOT'O AJIEKTPOHHOT'O PETYJISATOpa TOCTUTAaeTCs Oaaronapst HAIMYUIO TaCCUBHOTO GuibTpa. B
pe3yibTare, B OTIMYME OT YHCTO AKTUBHOIO (DUIBTpa, PEryJUpyeMbll (UIBTP CTaHOBUTCS
KOHKYPEHTOCIIOCOOHBIM YCTPOWCTBOM, PEIIAIONINM HacylHbIe 3a1aun B CO.

Ha puc. 4 npencraBieHsl BO3MOMKHBIE BAapHAHTHI TONOJOTMHM THOPUAHOTO (UIBTpA.
OueBUIHO, YTO ISl TIOJYYEHHUS CUCTEMOW YIpaBJCHUS PEryJsTopa MH(OOPMAIMH O BBICIINX
rapMOHUKax B CHUCTEME MOTYT ObITh HCIOJIB30BaHbl pa3iMyHble TOKM W HanpshkeHus B CO,
Harpumep, TOK CETH, TOK Harpy3KH, HaNpsDKEHUE Ha TACCUBHOM (MIIbTpE U T.71. Takum obpazom,
COYETaHUE OTCJIEKUBAEMOI0 CUTHAJIA, COAEPKALIEro BBICIINE TAPMOHHMKH, MECTa MOAKIIOYECHUS
aKTUBHOHM YacTu U crocoba GpopMupoBaHUs CHUTHANIA 3aJaHHs ONPEIEIIAIOT CTENeHb YCTPaHeHUs
HEIOCTAaTKOB, XapaKTEpHbIX M nNaccuBHOW QuubTparmu. Ilpu 3TOM 0CO0YH0 BaKHOCTH
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Puc. 4. Tononorust rubpuanoro ¢puneTpa (0gHO(A3HAs SKBUBAJICHTHAS CXeMa, LC - 9KBUBAJIEHTHAs HHAYKTUBHOCTh

CETH):

a — TapajUIebHO Harpyske, 6 — MapauleIbHO PEaKTopy NacCUBHOrO (uibTpa; 6 —
MIOCJICIOBATENIBHO B IICTh MACCHBHOTO (DUIIBTPA; 2 — MOCIIEI0BATEIBHO B CETh MPEJICTABISIECT TOT
¢daxT, 4TO TONOKEHHWE (UKTHBHOTO CONPOTHBIECHHS, CO3/laBaeMoro peryistopom B CO, He
00513aTEJILHO COBMAIACT C (PAKTHUECKUM MECTOM TIOIKITFOUCHHSI PETyIIATOpPA.

AHalm3 CHJIOBOTO PETYJSTOPa, KaK JBYXITOJIOCHUKA C YIPABIISEMBIM MOJIHBIM BXOIHBIM
COIIPOTHBIICHUEM, TIO3BOJISICT WCIIOJIB30BaTh OOIIWI IMOAXOJ MPH PACCMOTPCHHU THOPHUIHBIX
¢unsTpoB (bamep, 2008: 56-60). DyHKIIMOHUPOBAHHUE JBYXIOIIOCHUKA C IMOJIOKHUTEIHHBIM
AKTUBHBIM COINPOTHUBJICHUEM (MOTPEOJICHUE OJHEPruHM) W C OTPHULATEIBHBIM aKTHBHBIM
COTIPOTHBIICHUEM (TE€HEpAIUs SHEPTHH) OTPAaHUYEHO YHEPTOEMKOCTHIO HAKOMHUTENS, B TO BPEMs
Kak pa0oTa ¢ WHIYKTHBHBIM WU €MKOCTHBIM BXOJHBIM COIPOTHUBJIICHHEM HE OrpaHuycHa. B
pe3yJibTaTe peryyisaTop MOXKET CO37aBaTh IMOJTHOE CONPOTUBIICHUE PAa3IMIHOTO Xxapakrepa B CO.
Takum 00pa3oM, KCIOJIB30BAHUE PETYJIATOPA MO3BOJSET M3MEHATH MOJOXKCHHS PE30HAHCHBIX
YacTOT B CUCTEME, a TAK)KE CHI)KATh aMIUIATY bl PE30HAHCHBIX MTUKOB. AHAJIOTHYHBIM 00pa3oM
PEryJsITOP MOXKET BIUATh Ha IIOJIHOC COMPOTHBICHHE MACCHMBHOTO (MIBTpa HA YacTOTE
HACTPOWKU. B pesynbraTe BO3pacTaeT aMIUIMTYyJa TOKAa BBICIIMX TAaPMOHUK Ha PE30HAHCHOU
94acTOTe B TACCUBHOM (WIIBTPE, T.€. MOBBIMIACTCS 3PPEKTHBHOCTD (DUITBTPALINH.

Ha Puc. 5 mnpexncraBieH OCHOBHOW KaHall PEryJIMPOBAaHUS CHUCTEMBI YIPABICHUS
rHOpUIHOTO (UIBTPa, OTBEUAIONIHIA 32 (OPMHUPOBaHUE CHTHAJIA 3ajaHus. [loMMMO OCHOBHOTO,
CHUCTEMa YIIPaBIICHHUS TAaK)Ke COJCPKHUT JBa BCIIOMOTATEIbHBIX KaHalIa peryJupOBaHHS,
NpeHA3HAYCHHBIX I CHHXPOHHM3AIlMd C OCHOBHOW 4YacTOTOM HAaNpsDKEHHsT B TOYKE
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MNOJKIIOUeHUs: GuiIbTpa M CTA0WIM3allMM HAMpsDKEHUS Ha HAKOMMUTEIBHOM KOHAEHCATOpe
npeoOpaszoBarens. s BeIIEICHUS HEOOXOANMON TapMOHUYECKOM COCTABIISIONICH Wi 001acTu
CHEKTpa BXOJHOIO CHTHaja B peryisatope ¢(uiabTpa Hambojee IIUPOKOE PaclpoCTpaHEHHE
HOJTYYHJT METOJI, OCHOBaHHBIM Ha MpeoOpa3oBaHUU B CHHXPOHHBIX KoopauHartax (Puc. 5.) (banep,
2008: 56—60). Mcnonb3ys npsiMoe npeodpa3oBaHue, BEKTOpaM Tpex(a3zHOil CUCTEMBbI CTaBUM B
COOTBETCTBUHM TMPOCKIMH EIUHCTBEHHOTO BEKTOpa B JABYX(a3HOH cHCTeMe KOOp/IMHAT,
Bpalarolencs ¢ 4acToToM ceTu. [IpenMymecTBoM JaHHOTO METO/IA SIBISIETCSA BBICOKAsi TOYHOCTD
BBIJICTICHUS] HEOOXOMMOTO CIIEKTPa HECHHYCOUIATFHOTO BXOHOTO CUTHAJA.

Curnanel X, moiydaeMble B KaHaje PEryJMPOBAHHUS, SBJIAIOTCS HE Y€M HHBIM, KaK
BXOIHBIMH CUTHanaMu X 3a BBIYETOM COCTaBIIIONICH Ha OCHOBHOM YacToTe ceTh. Jlamee 010k
dbopMUpOBaHUS CHTHANIA 3aJaHUs pealu3yeT OJWH W3 3aKOHOB PEryJIHpOBaHUS, CO37aBas
ONpENIECTICHHBIE XapaKTEp W 3HAYEHUE IIOJHOTO CONPOTHBIEHUS CHIIOBOTO 3JIEKTPOHHOIO

PETYJIATOpA Ha YaCTOTaX BBICUIMX FAPMOHUK, COAEpKAMUXCs B curHane X .

Bxonanoit
curnain X

d | d= d~ bnok
IIpeobpa3zoBanue > ©OHY [Ipeobpa3zoBanue « | dopmu-
X B CUHXPOHHBIX B CUHXPOHHBIX X Y

poBaHUA

T o8 xE<XoOoX

— A > >
KOOpJHHATaX * KOOpJAMHATAX CHTHAIA
q d— d~ d~
(mpsimoe) > dHY —> (obpatHoe) 3a1aHHS
i Y
' T
CHHXpOHH3ALHUS C Crabunusanus ypOBHS HANPSIKCHHS ‘
4acTOTOH ceTu Ha EMKOCTHOM HaKOIMTENE
Puc. 5. O06o00meHHas 6JI0K-CXeMa OCHOBHOTO KaHajla CHCTEMBI YIPABICHHS CHIIOBOTO PETyIATOpa

THOPUAHOTO QUIIBTPA B yCPETHEHHOM COCTOSTHUH

B kadecTBe BXOJHBIX MEpPEeMEHHbIX X PEryjIsaTopa MOTEHLUAIbHO MOTYT OBITh
HCIIOJIb30BaHbl JII00bIE TOKM M HampspkeHus B CO, uMeromue HeoOXOAMMBIN CIEKTpaibHBIN
cocTaB. Ba)kHO OTMETHUTh, UTO 3a/ayM, pelIaeMble PEryJISITOPOM, 3aBHCAT OT CIEKTPaIbHOIO
coCTaBa BXOJIHOTO CHTHaJa perynsaropa. OueBuIHO, YTO JUIS MOBBIIICHUS KayecTBa (GuiibTpanuu
NacCUBHBIM (MIIBTPOM Ha YaCTOTE HACTPOMKHM JOCTATOYHO 0OpabaThIBaTh TOJIBKO FapMOHMKY
BXOJIHOTO CUTHajla JaHHOW 4acTOThl. B 3TOM cilydae ycTaHOBJIEHHAsh MOIIHOCTH PETYJATOpa
3HAYUTEIBHO MEHBIIIE, YEM B CITyyae UCIOJIb30BaHUS BCETro CleKTpa curnaia. Kpome toro, B 3Tom
cllydae YINpOLIAeTcs 3ajada MOAYJSILIMM CHUTHaja B IpeoOpasosarene. B To ke Bpems
neMrn@upoBaHue PETYJISTOPOM PE30HAHCHBIX SBICHUM B CHUCTEME BO3MOYKHO TOJIBKO IIpH
MCIIOJIb30BaHUU IIMPOKOIO CIIEKTPa BXOAHOIO CUTHAJa peryisiTopa.

B kauecTBe BXOJHBIX CHTHAJIOB MOTEHIMAIBHO MOTYT OBITh PACCMOTPEHBI CIEAYIOIINE
HalpspKeHUss U TOKM BbicMX rapmMoHuk B CO (Puc. 3): Tok Harpysku [,, Toku cetd [, H

naccuBHOro ¢uibTpa /,, HampsOKEHHE B TOYKE MOKIIOUEHHs MaccuBHOTO ¢uibrpa u 1.4. B

d)’
LIEJIOM HCIOJIb30BAHNE TOKA B KA4ECTBE OTCIICKMBAEMOr0 CUTHajia Oojee MpeanodTuTesbHo. B
IIEPBYIO0 OYEPEb 3TO CBA3AHO C CYLIECTBEHHOM Pa3HUIIEH B aMIUIMTYJAX BBICIIMX FapMOHMK U
OCHOBHOM T'apMOHUKHU HANpPSIKEHUs, YTO 3HAYUTEIBHO 3aTPYAHSET BbIIEIEHUE HEOOXOIMMOU
rapMOHUYECKOH cocTaBisitonieil. Takum o0pa3oMm, B KaueCTBE BXOAHBIX CHUTHAJIOB BO3MOKHO

MCIIONIb30BaHUE TOKA HArPy3Ku [, , TOKOB cetu U ¢punbtpa [, u I,. HeoOX0m1uMo OTMETHTD, Y4TO

HCIIOJIb30BAHUC TOKa HArpy3kKu HMCCT CymeCTBCHHBIﬁ HCAOCTATOK, IMOCKOJIbBKY HC IMO3BOJISACT
CYyWTh O HAJIMYHMH Pe30HaHCOB B cuctemMe CO-punbTp. Takum 00pa3oM, MCTOIB30BaHUE TOKA
Harpy3ku /, BO3MOXXHO TOJBKO JUIS MOBBIIIEHHs KauyecTBa (DPUIBTPALIMK HA YACTOTE HACTPOIKH

naccuBHOro ¢uiapTpa. OAHAKO HpU 3TOM NPEUMYIIECTBOM TOKAa HArpys3kud Hepei ApyruMu
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CUTHAJIaMU SIBJISIETCS MPAKTUYECKH IMOJIHA HE3aBHUCUMOCTh OT HANpsKEHUS BBICHINX TAPMOHHK
CETH, MOBBIMIAIOINIAS YCTOMUYNBOCTh PEryJIHPOBaHUS. B TO e BpeMs HCIOJIb30BaHHE TOKA CETH
WM ToKa (UiIbTpa B KauyecTBE BXOJHOTO CHUTHAlla PEryjsTopa TEOPETHYECKH IO3BOJISET
OCYIIECTBUTh KaK TOBBINICHHE (QWIBTPAIlMM HA YacTOT€ HACTpONKH (UiIbTpa, TaK U
neMripupoBaHre pe30HAHCHBIX siBiIeHUH B CD.

[ToaTomy cxeMmsbl ynpaBieHUs THOPUAHBIMU (QUIBTPAMU C TOKOM CETH HIIK TOKOM (DPUITBTpa
B KaUeCTBE BXOJHOI'O CUTHAJIA SBJISIOTCS HanOoJiee NepCreKTUBHBIMHU.

[Ipu ouenke >¢dexTrBHOCTH TOMONOTHM TrHOpuaHOTO ¢uuetpa (Puc. 3 a, 6) npu
pa3IMYHBIX BXOJHBIX CUTHAJaX M 3aKOHAX PEryJIUpPOBaHMSI HEOOXOAMMO YUUTHIBATH HE TOJIBKO
HECUHYCOMIATBbHOCTh TOKA HEJIWHEHHOW HAarpy3kd, HO U BO3MOXHYIO B peanbHbix CD
HECHMHYCOHMIAJbHOCTh MUTalonlero HamnpsbkeHus. HecunycounnanbHocTh HanpsbkeHus: CO Takxke
MPUBOJUT K BOBHUKHOBEHUIO PE30HAHCOB B CUCTEME U JOMOJHUTEIHHO HArpy’kaeT MacCHUBHBIN
(GUIBTP TOKAMHU BBICIIUX TAPMOHUK (TIOCIIEIOBATENBHBIN pe30HAHC B KOHTYpe CO-bunbtp). s
OeHKN dS()PEKTUBHOCTH PA3IUYHBIX TOMOJOTUN TMPUMEHSIOTCS W3BECTHBIC JOIMYIICHUS,
MO3BOJIAIOIINE TPEACTaBUTh HEIMHEMHYI0 HArpy3Ky HCTOYHMKOM BBICHIMX TapMOHUYECKHUX
COCTaBIISIIONIUX TOKA HArpy3Kd, a HECHHYCOMJAIbHOE HANpPsDKEHHWE MUTAIoNe cetn —
MCTOYHUKOM BBICIIMX TapMOHUYECKHX COCTABJISIONIMX HampspkeHus ceTu. Jlanmee, MCmob3ys
METO/I SKBUBAJICHTHBIX UCTOYHUKOB, MOKHO pacCMaTPHUBATh OT/IEIHHO KOMIIOHEHTHI TOKA CETH,
CO3/1aBaeMble UCTOYHUKOM HAMPSKEHHs BBICHIMX TAPMOHHUK CETH U MUCTOYHHUKOM TOKa BBICIIMX
TapMOHUK Harpy3KHu.

Hns ouenku s¢ddextuBHOCTH Tomosoruit rubpumnoro ¢uibrpa (Puc. 3 a, 6) mpm
pa3’MYHBIX BXOJHBIX CHUTHAJIaX OBUIO MPOBEIEHO MareMarudeckoe mojenupoBanue CD ¢
HEJIMHEWHBIM MOTpeOJieHneM M THOPUAHBIM (QWIBTPOM B MporpaMMHOM Komiuiekce CH++
(Uucenos, 2013: 33—39), mo3BOJIAOIIEM JOCTATOYHO POCTO MOIYIUTh HEOOXOANMBIE YACTOTHBIC
XapaKTePUCTHUKHU.

[Ipu ananm3e UCIOIB30BAIUCH CIEAYIONINE UCXOTHBIC TaHHBIE TUTIOBON HU3KOBOJIHTHOM
Tpex(daszHoii ceTu. DKBUBaJE€HTHas MHIYKTUBHOCTb L. @as3bl cetu coctasiaster 300 Mkl'H.

[TapameTpsl TUIIOBOTO MACCHBHOTO (MIBTpa S5-ii TApMOHMKH: €MKOCTh KOHJEHcaTopa (HIbTpa
C, =249mKk® ; MHAYKTHBHOCTH peaktopa ¢uubrpa L, =16m[1; conpoTuBieHne QuibTpa

R, =0,250m (tumoBoe 3Havyenue pobporHoctr QO=10). MoxennpoBaHue MPOU3BOAUIOCH B

nuarmazone yactor 100 I'm — 1 k[, comepikamiem HanOoJiee YHEPTETHUECKU BAXKHBIC BBICIIUC
TapMOHHUYECKHE COCTABIISIONIHE.

PesynbraThl MOIENHMpPOBAaHUS TMMOKAa3aJd, 4YTO TPU HAJIMYUM HECHHYCOHIAIBHOCTH
HAINpsOKEHUST CETU HUCIIOJIb30BAHUE PETYJIATOpA MapajlieNbHO ¢ MacCUBHBIM (puibTpoMm (Puc. 4a)
IpA TOKE CETH/TOKe (WIbTpa B KAdeCTBE BXOJHOTO CHUTHAJA PETYJATOpa HEKENIATEeNbHO,
MOCKOJIBKY CO3Ma€T MPEANOChUIKM Uil YCHJICHHS BBICIIMX TapMOHHK. DTO OTrpaHMYUBAET
NpUMEHEHHE TaHHOTO pemieHns. OJHaKO eCiIi HAaNpsHKEHUE CETH CHHYCOMIATBHO, TO HAWITY YIITHIA
pe3yJbTaT AaeT KaK TOK CETH, TaK U TOK (QUIbTPa B KOMOMHALIMY C IPONOPLHUOHAIBHBIM 3aKOHOM
pETYJIUPOBaHHS, PeaTH3yeMbIM B OJIOKE ()OPMHPOBAaHUS CHTHANIA 3a7aHus. B 3ToM ciydae mpu
pabote ¢ TOKOM (pUIbTpa PETYIATOP SKBUBAJICHTEH BKIIIOUYCHUIO HHIYKTUBHOTO CONPOTHBIICHHUS
MOCJIEIOBATEIBHO C COMPOTUBIICHUEM CeTH. B cirydae ke paboThl CHCTEMBI YIIPABICHHS C TOKOM
CETH PETYJIATOP BHOCUT (PUKTUBHOE MHIYKTHBHOE CONIPOTHBIICHHE MApaIEIbHO CONPOTUBICHUIO
naccuBHoro ¢unbTpa. B pesynprate B 000uX ciaydasx peryiaarop aemmdupyer pezoHanc CO-
(GUIBTP U MOBBIIIAECT KAYECTBO (PUIBTPAIIMK HA YACTOTE HACTPOUKU MACCUBHOTO (DMIIBTPA.

Amnanu3 tonosioruu (Puc. 46) ¢ TokoM (uibTpa B Ka4eCTBE BXOJHOTO CHUTHAJIA TTOKAa3all,
YTO B 3TOM CiIy4ae padoTa peryisiropa COOTBETCTBYET BKIIOUEHUIO (PMKTUBHOTO COMIPOTHBIICHHS
MOCJICIOBATEIBHO C IIEMBI0 MAaCCUBHOTO (GuiibTpa. OUEBUIHO, YTO B ATOM Cllydyae HEBO3MOXKHO
OJTHOBPEMEHHO 00ecneuuTh JeMI(pUpoBaHUEe PE30HAHCOB U MOBBILIICHWE KauecTBa (puiabTpanuu
Ha 4YacTOTe HACTPOMKM TITACCUBHOW YAaCTH, KaK B3aWMOUWCKIIIOYAIONIME JApYr Jpyra
XapaKTEPUCTHKH. DTO 03HAYAET, UTO 0OECIeYeHNE OTHON (QYyHKIIMOHATBHOCTH PETYIHPYEMOTo
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¢GuIbTpa B JAHHOM CIIy4ae HE MPEICTABISIETCS BO3ZMOKHBIM.

B osrom chmywyae perynAaTop 9KBHMBAJICHTEH BHECEHHIO AKTUBHO-WHAYKTUBHOIO
CONPOTHUBIICHHSI MOCIEAOBATEIBHO C CONPOTHBICHUEM ceTu. [Ipu 3ToM HambGoinblnee BIMSIHUE
OKa3bIBaeT MHAYKTHUBHAsI COCTABIISAIONIAs], 0OECIIeUNBAIONIasl CABUI PE30HAHCHOM 4acToThl CO-
(bunbTp B 0077aCTh HU3KUX YACTOT.

Awuanus Tononoruu (Puc. 48) mokasan, 4ro npu pabore no Toky ¢uisrpa /, GukTHBHOE

COIMPOTHUBIICHUE PETYIISITOPA PACTIONOKEHO MOCIEI0BATENBHO C LIETbI0 MaccuBHOTO (uibTpa. Kak
ObUI0O OTMEYEHO paHee, JaHHOE peIIeHWe He O0ecleYrBaeT IMONHOM (YyHKIIMOHAIEHOCTH
peryiupyeMomy QpuibTpy.

3akJiroueHue.

[TpoBenénHoe uccieqoBaHue MOCBSIIEHO MpobieMaM 00ecredeHus 3JIEKTPOMAarHUTHON
coBMecTUMOCTH (DOMC) OOBEKTOB >KEJIE3HOMOPOKHOW HSHEPreTHUecKoil MH(PACTPYKTypHl C
ucrionp3oBanneM SMART cucreM u 1mu@poBBIX TEXHOJOTHHA aBTOMATH3MPOBAHHBIX CHUCTEM
ynpasinenusi (ACTY). Llenp paboTsl — pa3paboTka KOMIIJIEKCHOTO PHCK-OPUEHTHPOBAHHOTO
noaxona K obecreueHnto DMC — ObUia JOCTUTHYTA IMOCPEACTBOM pEeaTM3allud KOMILIEKCa
Hay4yHbIX METOJIOB, BKJIIOUAIOIIUX MaTeMAaTUYECKOE MOJEIMPOBAHUE 3JIEKTPOMArHUTHON
00CTaHOBKHM, OSKCIIEPUMEHTAIbHbIE METOJbl KOHTPOJS COCTOSHHUS OOOpYIOBaHUSA, a TaKke
pa3paboTKy U anmpoOaIfio MPorpaMMHO-aNNapaTHBIX KOMIUIEKCOB MOHUTOPHUHTA U 3AIIUTHI.

Meroasl UCCIENOBAHMS IO3BOJWIM BBIIBUTH OCHOBHBIE MCTOYHUKM W KAHAJIBI
pacrpocTpaHeHust 3JAeKTpoMarHuTHbIX noMex (OMII), oneHuTh uX BIMSHHE HAa HAJEKHOCTD
SMART cucrem, a takxe co3nath d(QQPeKTUBHBIC CPECTBA 3aITUTHI, BKIIOUAs OTCYECTBEHHBIC
ruOpuaHbIE QUIBTPHI, 00ECIIEUNBAIONINE KAK CHIDKCHHUE aMIUIUTY] BBICIIUX TapMOHHK, TaK U
nemnupoBaHWE PpE30HAHCHBIX SBJICHMM B cucTteMe ayekTpocHaOxeHus. IlpoBeneHo
MOJICTTUPOBAHUE PA3IUYHBIX TOIOJIOTHI TUOPUIHBIX (UIBTPOB C YYETOM BXOJHBIX CHUTHAJIOB
PEryJsTopa, YTO MO3BOJIMIIO ONPEAEIUTh ONTHUMAJIbHBIE CXEMbI NOJKIIOYEHUSI aKTUBHOM 4acTH
¢mibTpa JUIs TOBBIMICHUS APPEKTUBHOCTH (PUIBTPAMM W MUHUMM3AIUUA HETaTUBHOTO
BoznetictBust OMII Ha o6opynoBanue.

B pesynbrare paboThl MOTYYEHBI CIEIYIONINE KIIIOYEBbIE PE3yIbTaThI:

- Pa3zpaborana MeToamKka KOMIUIEKCHOTO PHUCK-OpHUEHTHpOBaHHOTO obecrnedeHuss DMC,
BKIIIOUAtoasi 00CIeI0BaHUE JIIEKTPOMATHUTHOW OOCTaHOBKU, WACHTH(DHKAIINIO HUCTOYHUKOB
OMII, onenky momexoycronunBocTd ACTY u dopmupoBanue tpeboBanmii k IMC SMART
CHUCTEM.

- Cozpan nporpammubiii koMIuieke «I[IMK-DMCy, Mno3BOdSOMMN MPOTHO3UPOBATH
HagexxHocTh SMART cucrem nipu BozzaeiictBun OMII, ¢ BOBMOKHOCTBIO IPUMEHEHUSI KaK Ha
JEHCTBYIOMNX 00BEKTaX, TAK U TPU MPOCKTUPOBAHUH HOBBIX.

- IlpoBenen anamu3 >QQGEKTUBHOCTH PA3NUYHBIX TOMOJOTHUN THOPUIHBIX (DUIBTPOB,
MOKA3aBIINH, YTO UCIIOJIb30BaHUE OOPAaTHOW CBS3HM IO TOKY CETH OOECIEYMBAET ONTHUMAIIbHOE
nemMnupoBaHrue PE30HAHCOB U BBICOKOE KAa4eCTBO (DUIBTPALIMU, YTO MPAKTUYECKH UCKIIOYAET
YCWJIEHHE BBICUIMX TapMOHMUK IPH HECHHYCOMAAIBHOCTH TOKa HAarpy3KM U TMHTAIOILEro
HaIpsKEHUSL.

- Pa3zpaOoTanbl pekoMeHalMK 10 MUHUMM3AIMK YUCIIa 3alUTHBIX ycTpoicTB Y3UII 6e3
cHmxkeHus HaaexxkHocth ACTY, 4To CHMXaeT 3aTpaTbl HAa HKCILTyaTallMil0 M MOBBIIIAET
3¢ (HEeKTHBHOCTH 3aUTHI.

BriBogbl  HMccrnenoBaHMS — MOATBEPKAAIOT ~ MCTUHHOCTH — BBIABUHYTOI'O — aBTOPOM
YTBEPKACHUSI O TOM, YTO MHTErpallisi MaTEMAaTUYECKOTO MOJAEIMPOBAHNUS, SKCIIEPUMEHTAIbHBIX
METOJ0B KOHTPOJIS ¥ TPOTrPaMMHO-ANMNAPATHBIX KOMILIEKCOB IMO3BOJIAET CYIIECTBEHHO MMOBBICUTh
HanexxkHOCTh SMART cucrem u sddextuBHOCTs Mep obecriedennss OMC. HoBuzna paboOThI
3aKJIF0YAETCs HE TOJBKO B Pa3pabOTKe HHCTPYMEHTOB IPOTHO3UPOBAHMSI OTKA30B U ONITUMHU3AIIUN
¢GUIBTPOB, HO M B KOMIUIEKCHOH oOIleHKe B3aumojeictBus OMII ¢ mudpoBsIMU cucTeMaMu
yIOpaBlIEHUs, UTO paHee B OTEUECTBEHHOU U 3apy0eKHON MPAKTHKE peaTn30BaHo HE ObLIO.

[IepcrieKTHBBl AAIBHEMIINX HCCICJOBAHUM CBS3aHBl C PACIIMPEHUEM IPUMEHEHMS
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pa3paboTaHHBIX METO/I0B HAa OOBEKTHI JKEIE3HOJOPOKHON HHPPACTPYKTY Pl PA3IIUYHOTO YPOBHSA
HaIpPsKEHUSI 1 aBTOMATU3AIIMH, a TAK)KE C BHEJIPEHUEM KOMILJIEKCHBIX MPOrpPaMMHO-aIapaTHIX
peLeHn 11l MOHUTOPUHTa 1 aganTuBHOM 3amuThl SMART cucrem. [IpakTuieckoe npumMeHeHne
PE3yIBTaTOB BO3MOXKHO B 00JIaCTH KCIUTYaTAIlUN U MOJICPHHU3AINH AIEKTPUICCKUX MTOICTAHITUH,
MOBBIIICHUH YHEPTOIH(HEKTUBHOCTH M O€30ITACHOCTH JKEJIE3HOJOPOKHOTO TPAHCIIOPTA, a TAK)KE B
pa3paboTke HOBOW HOPMATHBHO-TEXHHUYECKOW MOKyMeHTanuu 1mo OMC, COOTBETCTBYIOIICH
COBPEMEHHBIM TpeOOBaHUAM MU(PPOBON WHIYCTPUH.

Taxum o6pazom, npoBenéHHast paboTta GoOpMHUPYET HAYUHYIO U IPAKTUYECKYIO OCHOBY JISt
Pa3BUTHSl PUCK-OPUEHTHPOBAHHOTO TOx0/a K obecnieueHnio IMC, OTKpPBIBAET BO3MOKHOCTH
JUTIs1 KOMMEpPLHMAIA3aI[UU IPOTPAaMMHO-aNNapaTHBIX PEIICHUH, a TAKKE CITY>KUT BaKHBIM BKJIaJ0M
B TOBBIIIICHUE HAJSKHOCTH B Oe3omacHocTH GyHKIMOoHUpoBaHus SMART cucreM B ycIoBUAX
AKECTKOH 3JIeKTPOMAarHUTHOW OOCTaHOBKHU.
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aggregates of high-speed railway transport (HSRT) based on the clustering of failure signs. There
has been developed SADS model of nodes and aggregates of HSRT and a method for its training,
in which the procedure of fuzzy clustering of failure signs realization is applied. The procedure
for decision rules correction is also considered, that will allow the creation of adaptive self-trained
mechanisms for automated systems for detecting HSRT nodes and aggregates. It is proposed to
use the modified information condition of functional effectiveness (ICFE) as an evaluation
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failure recognition procedure. Also there is considered the method of initial training of SADS. The
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AHHoTamusl. Makanaga COTCI3IK OeNnriuiepiH KIacTepiiey HETi3iHAE KOFaphl
KBUTAMIBIKTBI TEMIPKOJI KeJliri Topantapsl MeH arperartapblHblH (HSRT) ©31H-031 OKbITaTHIH
ABTOMATTAHJBIPBUIFAH aHBIKTAy XkyhenepiHiH (SADS) omictepi MeH MonenbAepiH OJaH opi
JaMbITyFa OarpITTalFaH 3epTrey HoTwkenepi kentipumreH. HSRT  topantapsl  MeH
arperaTTapbiHbIH Sads-MOeNi aKoHE OHBI OKBITY 9JIICI 931pJICH/l, OH/Ia COTCI3AIK OENTijepiH icke
achIpYIBIH OVJIBIHFBIP KJIacTepiiey mporeaypackl Komnanbuiaasl. Conmaiti-ak, HSRT topanTapst
MEH arperaTTapblH aHbIKTay/ IbIH aBTOMATTaHIbIPBUIFaH JKYHemepi yIlliH aAanTUBTI ©31H-031 OKBITY
MEXaHU3MJIEPIH KYpyFa MYMKIHJIIK OEpETiH IIemIiM KaOblUIaay epekesiepiH Ty3€eTy Mpolerypachl
KapacThIppUIFaH. Sads OKbITY THIMAUITH Oaranay KepCeTKilll peTiHxe e3repTuUIreH
byHKIMOHAIABIK TUIMILTIK akmapaTTelk mapTeiH (ICFE) malipgamany yceHbuiansl. byn mapt
Kyii6ak->kancelpMaHblH aKIapaTThIK KAIIBIKTHIK KpUTepHiliepine Herizaenred. CoTci3NiKTI TaHy
mporenypacklH ky3ere acelpy keszigge HSRT Tyitinaepi MeH arperarTapblHbIH COTCI3IIK
OenriyiepiH KJacTepiepre eHrisy/i KeHICTIKTIK OeMIeKTey 9/1ici KapacThIpbuiaabl. Sads 6acTankel
JAWBIHABIK OIiC1 1€ KapacThIpbuIabl. by ofic icfe skahaHIbIK MAaKCHMYMBIH Ta0y IbIH HTEPATHUBTI
nporenypacsl 6oibn Tadbuaabl. XKyszaeren hsrt icteH mbiry Oenrinepi xyiHenepiHiH aHbIK eMec
KJIacTepyiey ainropuTMmiepi Oap MojaenbaepAl aHbIKTay VIIIH YKCAC aBTOMAaTTaHIbIPHUIFaH
kemeHaepae mainananyra HerizgenreH HSRT KeUTKbIMambel KypamblHBIH TYHIHIEpI MEH
arperaTTapblH aHBIKTAY HOTIDKENIEPIH KemIeHi Oaranay IMIemiMIEPiHIH MepCIeKTHBaIaphl
HET13/eITeH.

Tyiiin ce3nep: by30aiiTeiH OaKblIay 9AICTEPL, TEMIPKOI )KBIHKBIMAIIBI KYpaMbl, Oenriiepai
knacrepiney, Kynbak-Kanceipma kpurepuiii
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AHHOTanus. B cratee npuBEAEHBI PE3yNbTaThl HCCIECIOBAHMM, HAIIPaBICHHBIX Ha
JaNbHEeHIyI0 pa3paboTKy METOAOB U MOAENEH A caMoOoOydarolIuXcsi aBTOMAaTU3UPOBAHHBIX
cucreM oOHapyxkeHust (SADS) y310B M arperatoB BBICOKOCKOPOCTHOTO KEJIE3HOJIOPOKHOTO
tpancnopta (HSRT) Ha ocHOBe KinacTepuzaluy Npu3HaKoB oTKa3a. Pazpaborana SADS-monensb
y310B u arperatoB HSRT u meron ee 00ydeHusi, B KOTOPOM IPUMEHSIETCS MTPOIeypa HEYETKOM
KJIACTEpU3ALMN peajJu3aluy MPU3HAKOB OTKa3a. Takke paccMOTpeHa Mpolenypa KOppeKLnu
IpaBWJI MPUHATUS pEIICHUH, KOTOpas MO3BOJIUT CO3[aTh aJalTHBHBbIE CaMOOOydaroluecs
MEXaHU3MBbl JUIsl aBTOMATH3UPOBAHHBIX CHUCTEM OOHapykeHus y3noB u arperatoB HSRT.
[Ipemutaraercst COIB30BaTh MOAM(PHUIMPOBAHHOE HH)OPMAIIHOHHOE YCIOBHE (DYHKIIHOHATEHOU
spdextuBHOcTH (ICFE) B KauecTBe mokazaTens oLeHKH 3ppekTUBHOCTH o0yueHus SADS. Oto
yCIIOBUE OCHOBAaHO Ha KpHUTEpHsX HHPOpPMAIIMOHHOTO paccrosHus KymnnOaka-Jleibnepa.
PaccmoTpeH MeToJ; mpOCTpaHCTBEHHOM ()parMeHTalMM peajn3allui MPU3HAKOB OTKa3a y3JIOB
HSRT u arperatoB B KiacTepbl IpH pealn3ally MPOLEIyphl paclo3HaBaHHUs OTKasza. Takxke
paccMaTpuBaeTCcsl MeTOoAMKa HadajabHOM mnoxarotoBkn SADS. Merton mnpencraBiser co0oif
UTEpPaTUBHYIO TMPOUEAYpPY JUisi HaxoxaeHus riodamsHoro Makcumyma ICFE. OGocHoBaHbI
HNEPCHEKTUBBI PEUICHUH O KOMIUIEKCHOM OIIEHKE Pe3yJIbTaTOB OOHAPYKEHUS y3JI0B U arperaToB
noxBwxkHOoro cocraa HSRT, OCHOBaHHBIX HA  MHCIOJNB30BAaHMM B  AHAJIOTMYHBIX
aBTOMATH3UPOBAHHBIX KOMIUIEKCaX i OOHAapy>KEHUs MOJAENeH ¢ alropuTMaMu HEYETKOU
KJIaCTEpU3aLlMK COTEH CUCTEM Npu3HaKkoB oTka3oB HSRT.

KiroueBble ciaoBa. MeToael HepaspylIAlOUIEr0  KOHTPOJIA,  KEJIE3HOJOPOKHBIN
MOJABMKHOM COCTaB, KJIacTepU3allMsl MpUu3HaKkoB, kpurepuit Kynnoaka-Jleitdnepa.

Jdas  uurupoBanusi: A. OpanbekoBa, B. Boituuk. Merogsl u  Mozaenu
CaMOpPa3BUBAIOIINXCS  aBTOMATU3UPOBAHHBIX CHUCTEM OOHApYXEHHS COCTOSIHHS — y3JIOB
BBICOKOCKOPOCTHOTI'O JKE€JI€3HOI0POKHOr0 TpaHcnopTta//[lomblnennslid Tpancnopt Kazaxcrana.
2024.T. 21. No. 82. Ctp. 33-49. (Ha anr.). https://doi.org/10.58420/ptk/2024.82.02.003

KoH(pIHMKT HHTepecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUU KOH(IMKTA HHTEPECOB.

Introduction.

The modern development of the transport system requires the application of comprehensive
methods of analysis and management aimed at improving efficiency and ensuring the safety and
integrity of transport facilities. Given the increasing volume of transportation and the complexity
of logistics chains, the need for a systemic approach becomes evident, as it allows transport
facilities to be viewed as interrelated elements of a unified infrastructure (Orlovsky & Skvortsov,
2007: 134).

The choice of this research topic is determined by the growing importance of the transport
sector for the economy and the need to reduce losses associated with damage and inefficiency in
transport operations (Aspanova, 2025: 401-408). Despite a considerable amount of research in
this area, many aspects of integrating systems analysis into ensuring the reliability and resilience
of transport processes remain insufficiently studied (Kozlov, 2014: 46-50).

The relevance of this topic lies in the fact that the efficiency of transport systems directly
affects national economic security, regional development, and the competitiveness of logistics
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companies. However, existing management models often fail to account for the complex
interaction between technical, organizational, and human factors (Kasymbekova et al., 2019: 99).

Object of the study — transport facilities and systems.Subject of the study — methods and
tools of the systemic approach applied to improve the efficiency and safety of transport
facilities.Purpose of the study — to develop and justify a systemic approach that ensures higher
efficiency and integrity of transport facilities.Research objectives include:— analyzing existing
approaches to the management of transport facilities;— identifying factors influencing their
efficiency and safety;— developing an integrated model of systemic management.

The study employs methods of systems analysis, modeling, and comparative analysis to
identify interconnections among transport system elements and to propose optimization strategies.

The research hypothesis assumes that the application of a systemic approach will
significantly enhance the resilience of transport facilities to internal and external impacts and
reduce losses during transportation.

The scientific significance of this study lies in forming a theoretical foundation and
practical recommendations for implementing systems analysis in the management of transport
structures.

Materials and methods.

The above mentioned reasons make the topic of our research relevant.

As it was shown in (Papaelias et al., 2008: 367-384; Seeliger et al., 2002; Jin et al., 2009:
8-25) with the development of digital technologies the methods of technical non-destructive
control and technical diagnostics of nodes and aggregates of the railway transport (including
HSRT) have become very popular in the maintenance of high-tech equipment on transport. In
recent years, there have been developed relevant regulatory documents, in particular, standards for
the implementation of such control, and have been written numerous articles on this issue.
However, with the development of digital technology, these researches need to be developed.

In works (Papaelias et al., 2008: 367-384; Seeliger et al., 2002; Jin et al., 2009: 8-25) there
was carried out a review and analysis of most of the technical aspects of railway transport systems
diagnostics, including using such methods as vibration, heat and acoustic non-destructive control
(NDC). In works (Jin et al., 2009: 8-25; Mariani et al., 2011: 486—508) there was emphasized that
NDC becomes an integral part of the technical maintenance of the railway transport RS. As with
traditional approaches to the organization of technical diagnostics (TechD), the use of non-
destructive control and diagnostics are aimed at ensuring the safety, functional reliability and
efficiency of operation of the RS as a whole, as well as of individual nodes and aggregates. In
addition, the use of RS NDC and TehD systems of the railway transport, and, in particular, HSRT,
contributes to reducing the cost of its maintenance. As a result, losses are reduced as a result of
failures or withdrawal of the railway transport RS. However, as the authors themselves (Jin et al.,
2009: 8-25) note, these researches are still ongoing.

Many researches (Mariani et al., 2011: 486—508; Orban & Gutermann, 2009: 2287-2298)
in the segment of improving the reliability and dependability of HSRT systems are aimed at the
creation and implementation of mobile diagnostics complexes for evaluation the state of both the
HSRT rolling stock and technical infrastructure facilities. As shown in (Huang & Sun, 2013: 974—
981; Siril et al., 2006: 10-20), the priority directions of researches remain the tasks of creating:
systems for control and evaluation the geometrical parameters of railway for HSRT; non-contact
visual detection of defects of railway for HSRT; non-contact visual detection of defects in HSRT
rolling stock and others. For the technical implementation of NDC means many methods are
currently used (Papaelias et al., 2008: 367-384; Jin et al., 2009: 8-25; Orban & Gutermann, 2009:
2287-2298; Bhowmik et al., 2013: 1-18), for example, vibration, acoustic and heat of NDC nodes
and aggregates.

All these methods give to the side conducting the diagnostics and detection of nodes and
aggregates large amounts of very different information, which often may not be the same or may

36 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @
4.0 International License @ s



Industrial Transport of Kazakhstan. Vol.21 (2). 2024

be stored in different formats. And in this situation, it seems promising to use self-trained systems
of automated or automatic diagnostics of nodes and aggregates based on machine learning.

Even a preliminary review of researches in the field of automation of non-contact detection
of the state of HSRT systems showed that there is an actual scientific problem in the development
of mathematical methods and models for automation tools of non-contact detection of the HSRT
systems state (Seeliger et al., 2002; Jin et al., 2009: 8-25; Mariani et al., 2011: 486-508; Huang
& Sun, 2013: 974-981). In particular, a promising seems a solution based on the use in similar
automated complexes for detecting models with fuzzy clustering algorithms of hundreds of the
HSRT failure signs systems. Therefore, the task of selecting an evaluation indicator of the SADS
learning effectiveness seems relevant.

The article solves the following problems:

1. To justify the need for the use of intelligent technologies in the tasks of non-destructive
control and technical diagnostics of nodes and aggregates of railway transport rolling stock.
Consider the possibilities of machine learning for the detection the HSRT state based on the
clustering of failure signs realizations that can be detected by various non-destructive means of
detection and diagnosis.

2. To develop a method for training the system for detecting HSRT nodes and aggregates
using the procedure for fuzzy clustering of failure signs realizations and the possibility of decision
rules correction, which will allow the creation of adaptive self-trained mechanisms for the
diagnostics and detection of HSRT nodes and aggregates.

For diagnostics (detection) of anomalies in operation or malfunctions of railway transport
nodes and aggregates there are used modern digital systems of non-destructive control (NDC), see
fig. 1. However, the data of these systems are rather scattered. For their ordering, it is possible to
apply cluster analysis methods, in particular, for training the system for detecting HSRT nodes and
aggregates using the fuzzy clustering procedure of failure signs realizations and the possibility of
decision rules correction. This will allow the creation of adaptive mechanisms of self-trained
systems for diagnostics and detection of nodes and aggregates, for example, for HSRT.

Camera

a) small-sized devices for non-destructive b) Scheme of box node scanning by the infrared
aggregales.

Fig. 1. Remote non-destructive control systems used on the railway transport

Strict regulation of the technical maintenance and repair processes of the rolling stock (in
the first place, diesel locomotives and electric locomotives) leads to the need to use methods of
non- contact diagnostics and detection of many nodes and aggregates. This reduces the time to
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perform such work. For example, in the depot, diagnosing nodes of diesel locomotives and electric
locomotives there are actively applied methods of thermal (or thermal imaging) control.

Results and discussion.

For these purposes there are used hand thermal imagers (for example, with uncooled
matrix), which have high sensitivity. The result of thermal control will be thermograms. With the
recognition of failures according to the results of ash non-contact diagnostics, you can get quite
reliable information.

For example, the Figure shows the results of weak contact and overheating detection (Fig.
2) of one of the knife switch, of electrical locomotive nodes.

Fig. 2. Weak contact and overheating of the knife switch and the corresponding thermogram

During the automated failure analysis, the thermogram displays a so-called thermal wedge
or a table of correspondence of brightness (or color) to a specific temperature on the surface of the
diagnosed object. The fig. 3, for comparison, shows thermograms of bolted nodes connections of
the locomotive crew parts for different tightening. During the analysis, there was found that at
weakening of the tightening there are occurred vibrations. This, in turn, leads to a sharp increase
of the connection temperature. a) normal bolt connection tightening b) weak bolt connection
tightening. The Figure. 3. Thermograms of contact connection of VL80s electric locomotive tires.

We should note that the accuracy of the obtained data depends on the parameters of the
object under research and on the conditions of its operation. We believe that the analysis of
thermograms as well as in the previous examples can be carried out not only with the help of
thermal imaging tools, but also on a computer using the developed automated analysis tools by
failure and anomalies parameter in the operation of nodes and aggregates of locomotives.
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a)

Fig. 3. Overheating of individual contacts due to the increased load current

The creation of a model of data mining during the process of identifying anomalies or
failures in the operation of rolling stock is a part of a large-scale data processing process. The
complexity of the implementation of the existing models of the systems for diagnostics and
detection anomalies and failures of the rolling stock of a formalized recognition theory apparatus
lies in the fact that a specific information complex for diagnostics often includes unique software
and the corresponding information arrays. On the basis on preliminary conclusions obtained during
the process of literature analysis, within the framework of the research there is considered an
automated system based on the multi-stage detection of anomalies and failures of the rolling stock,
see figure. 4.

Let consider the process of a priori fuzzy classified learning matrix formation in order to
build decision rules in the process of initial SADS training. Let suppose that the a priori classified
multidimensional learning matrix for SADS is known:

|z")i=1N. j=1n M

where N,n —accordingly, the amount of anomalies detection signs (recognition in SADS)
in operation or malfunctions of nodes and aggregates of railway transport.

Problem statement:

1) in the cluster analysis mode it is necessary to convert the input matrix of signs, which is
used in the process of initial SADS training, into a classified one;

2) in the training mode it is necessary to build a clear division of the space of realizations
of signs of anomalies or failures recognition of nodes and aggregates into classes {Rf‘c = ﬁ} that

respectively characterize the functional states of the controlled process of automatic detection of
anomalies or failures by optimizing the coordinates of the vector of SADS functioning parameters:

h:<C,s,5,rcl,1;2,Ob,ac>, (2)

where C — the amount of clusters or the alphabet capacity for anomalies or malfunctions
recognition (detection) in the operation of nodes or aggregates of railway transport;

§ — a parameter that determines the signs of fuzziness of the algorithm (Dolezel et al.,
2016: 1-6; Lakhno et al., 2016a: 32—44; Lakhno, 2016b: 18-25; Lakhno et al., 2016c¢: 5778-5786);

o0 — tolerance fields on the detection signs realizations of anomalies or failures;
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r,,r., — binary vectors that determine the coordinates of the first and second focuses of
containers for a class of anomalies or failures in the binary signs space; O, ;

a. — the semi-axis of the container class in the space of O, signs realizations.
Let introduce such restrictions:

;8> 1

2<C<nl/n;n.2n_;
a,>d,;d . <N/2,

a(r, ®r)+a(r, ®r)—d, >0, *
Vrelria(n, ®r)+a(r, ®r)=2a};

s5elo,6,/2]

where n_. — the minimum sample size used to train the system for diagnostics and

detection failures for each class of anomalies or failures (the sample must be representative);

n, — the amount of signs realizations within the class R’ ;

d, — distance to the center of the container within the boundaries of the class R);

a(r,, ®r), a(r,, ®r) — respectively, code distances from the first and second container
focuses of the next class of anomalies or failures R ;

r — vector-realization of the binary space, describing signs of anomalies or failures of
nodes and aggregates O, ;

d, — the distance to the center of the container within the class R’ in the space of signs

realizations O ; a(r, ®r), a(r,®r)- respectively, code distances from the first and second

container classes R’ ;

Oy — normalized tolerance field for the anomalies or failure signs.
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Fig. 4. The scheme of multi-stage detection of anomalies and failures in the operation of nodes and aggregates of the
rolling stock

During the process of SADS training there are determined the coordinates of the term
parameters vector (2) under the constraints (3). This, in turn, allows to ensure the maximum value
of the informational condition of functional effectiveness (ICFE) averaged in alphabetical order
for recognizing anomalies or failures in the operation of nodes and aggregates, respectively:

—x C
E = (I/C) . er{la}x E., 4)
=1 w

where E, — value of ICFE for SADS of anomalies and failures of railway transport for
class realizations —R” ;

{w} — many steps for SADS training.

In the SADS test mode, there is decided whether the realization signs of standard images,
which characterize the current functional state of a node or aggregate, belong to the corresponding
class. That is, at this stage there is performed a defuzzification of the fuzzy data according to the

signs realizations — {RLO lc= 1LCj.
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Initialization of non-clustered input data on the anomalies signs in operation or failures of
nodes and aggregates of railway transport, including HSRT, is defined as a (vector) matrix:

EVi=TN, j=Tn) )

At the next stage of the algorithm there are generated matrices for observations
fragmentation about anomalies signs in operation or failures of nodes and aggregates:

Vi Vig-- Vi,
Vyy VoyoolV
21 V222
V= ’ (6)

Ver Voo Ve

under condition

€ {0,1}; chvcj =1;0< Zn:vcj <n,
c=1

I=

where v~ degree of belonging of j observation object to the cluster — c.

The centers of clusters of anomalies and failures signs are calculated using the following
formula (this condition is based on the Kullback-Leibler information-distance criterion):

z, = Z (véj{—l))s ,ZU)/Z (ngl))s ’ 7
Jj=1 j=1

where ! — iteration amount count.
As a result of the algorithm operation there is minimized the following objective function:

C
J:ZZvjj-aé(c)(z(’),ZC), (8)

c=1 j=1

where

n

- : :
Z (ng l))s ~(Z(’/) _ Zc)T '(Z(’/) _ Zc)

P — covariance for the cluster — ¢;
Y oy
9]
j=1

T — set of moments of time withdrawing information about the NDC means.

If necessary, the elements of the fuzzy fragmentation of the dictionary of anomalies and
failures signs, used for SADS training, are recalculated. The calculation is performed using the

following formula:
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1

C 2 ) w1
=1 Z{amo(z ,Zc)] . ©)

5 -
w=1\ @) (Z(]) 5 ZW)

Then the normalized entropy value of the index of the informational component of the self-
trained automated system for detection anomalies and failures of nodes and aggregates of the
locomotives, based on the failure signs clustering, can be represented as follows:

misl(lf)(cr) mislgf)(cr)

CE" =1+0,5- m 1
" ’ (misl(”)(cr)+ AUgfn)(cr) o8 mislfff)(cr)+ AU;f‘:n)(cr) ’

m

N miSZEff)(cr) o miSZSff)(cr) N
4 Ul(’l,‘;)(cr) + mis2(,ff)(cr) & A Ul(fjl) (cr)+ mis2fff)(cr) (10)

+ A Ul,m (CI") 1 A Ul,m (C‘I”)
0
AUI(’lfn)(cr) + mz's2(lf)(cr) & A Ul(fs)(cr) + miSZEf)(cr)

+

m m

AU(IS)(CV) AUgls)(cr) J

2,m Jmn

" mislff)(cr) + A4 Uéhm) (cr) o8 misl(l‘“)(cr) + A4 U;lin) (cr)

m

where AUffj)(cr) — first validation procedure;
AU)(er) — second validation procedure;

mis1"*)(cr) — errors of the first type confirming a failure decision for /s learning step for the

system of detection failures of nodes and aggregates;
mis2")(cr ) — errors of the second type;

cr —radius of the containers of the detection system learning classes (Lakhno, 2016b: 18—
25; Lakhno et al., 2016c¢: 5778-5786; Campbell et al., 2008: 1595-1602).

Verification of the model effectiveness was carried out in the MATLAB simulation
environment. A preliminary model check was carried out for two classes of common failures in
railway transport systems, including HSRT — "gearbox failures", "failures in the brake system."
The corresponding tables 1 and 2 with failure signs of simulated systems are shown below.

Table 1 — Fragment of the table of the dictionary of anomalies and failures signs of the
gearbox for means of non-destructive control and for use of vibration signal tracking methods

Ne Type of failure / anomaly Sign for SADS dictionary
in operation
1 Vibrations Vibration time signal on the gear pairs
2 Cracks Temporary vibration signal form
3 Tines chipping Vibration Spectra
4 Others Vibration signal envelope spectrum, modal analysis

Table 2 — Fragment of the table of the dictionary of anomalies and failures signs in the
brake system of a diesel locomotive for non-destructive control means

Ne Type of failure / anomaly Sign for SADS dictionary
in operation
1 Extraneous noise in the compressor Extraneous noise in the compressor
2 Excessive / insufficient line pressure Excessive / insufficient line pressure
3 The swap process stops quickly Temporary vibration signal form
4 Others Vibration signal envelope spectrum, modal analysis,
acoustic analysis

The diagrams in MATLAB for simulation are shown in Figures 5 and 6.
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After the formation of binary matrices that are used as objects in the process of learning of
the automated system for diagnostics (detection) anomalies and failures in the operation of nodes
and aggregates of the rolling stock, there are created binary trees of anomalies or failures signs
clustering, see fig. 7, 8.
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Fig. 5. A simulation model for studying the effectiveness of the dictionary of anomalies and failures signs of the
gearbox using the NDC methods and with the application of SADS
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Fig. 6. A simulation model for studying the effectiveness of the dictionary of anomalies and failures signs of the brake
system using the NDC methods and with the application of SADS
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Fig.8. Anomalies or failures signs clustering of the detected nodes and aggregates of the railway transport rolling stock

In this case, the amount of recognition signs varied within N =9-15. The optimal amount
of clusters was selected at the maximum values of ICFE. As the analysis of the results showed the
optimal amount of clusters is equal to C=3.

Figure 4 shows a histogram of the dependence of the ICFE value for variants of the
dictionaries of the anomalies and failures signs of nodes and aggregates from the amount of steps
of the SADS learning algorithm {w}, and the Fig. 5 shows the dependence of ICFE from the

amount of signs used to train the system for failure diagnostics and detection.

Analysis of simulation results showed that the use of an algorithm with 5-10 signs of
learning is quite effective in SADS. That is, for this case, the ICFE reaches its maximum value.
This, in turn, indicates the possibility of creation error-free decision rules in failure diagnostics
and detection.

In the SADS testing mode a sufficient amount of steps {w} for accurately determination of

anomalies and failures classes were w=2500—3000.
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Fig. 10. Diagram of the dependence of ICFE from the amount of signs realizations used for SADS

In the situations when during the simulation process and at the creation of an algorithm for
recognizing anomalies and failures of nodes and aggregates of railway transport there were added
representative sets of greater length, the efficiency of the algorithm was the same. Adding
representative sets of shorter length reduced the efficiency of the algorithm.

The developed model and algorithm for SADS, in our opinion, not only constitute an
independent practical interest, but are an example of a new approach for the creation adaptive
NDC systems for diagnostics and detection nodes and aggregates of railway transport, including
HSRT.

In particular, compared with the results presented in (Papaelias et al., 2008: 367-384;
Seeliger et al., 2002; Lakhno, 2016b: 18-25; Lakhno et al., 2016¢: 5778-5786), our approach
provides a significantly smaller amount of necessary primary signs for the classification of nodes
and aggregates. In this case, it is possible to process data obtained from different means of NDC,
for example, vibration, heat, sound, etc. This reduces the time spent on self-training of the
automated diagnostics and detection system. In our model and in the corresponding algorithms, it
is possible to determine automatically the sizes of the training and test matrices of the failures and
anomalies signs realizations for nodes and aggregates. This minimizes the participation of service
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personnel at the stage of identifying the primary signs of failures, which, for example, previously
could be detected using manual analysis of the NDC means.

Approbation of the model was implemented only for two classes of failures or anomalies
in the operation of nodes and aggregates of the railway transport. This is a definite disadvantage
of our research at its current stage. For more complex types of failures and anomalies, obviously,
there will be required an increase in the amount of signs realizations, as well as steps of the
algorithm, for self-training of an automated diagnostic and detection system that receives data
from various means of NDC, which, in turn, will increase the level of requirements for computing
resources.

Prospects for further research are to improve the knowledge base for failures and anomalies
in the operation of nodes and aggregates, as well as to explore the proposed solutions on a wider
class of diagnostic problems for the railway transport.

Now our research is carried out in the following directions: during machine learning it is

necessary: 1) to optimize the vector parameters ¢,; 2) to determine the criterion of the

effectiveness of the system for automated detection of the HSRT systems state; 3) during the
process of machine learning to form decision rules for the detection of failures, in particular by
optimizing the parameters of the containers of recognition classes.

We believe that the planned researches will improve the reliability of the results of the
procedures for the automatic evaluation of failures and defects of the HSRT system components
and, accordingly, the degree of reliability of the decisions regarding the organization of technical
maintenance and current repair.

The article analyzes the previous researches in the field of non-destructive control and
technical diagnostics of nodes and aggregates of railway transport rolling stock. There was
substantiated the necessity of using intelligent technologies in the tasks of non-destructive control
and technical diagnostics of nodes and aggregates of railway transport rolling stock.

There was considered the possibility of machine learning of the HSRT state detection
system based on the clustering of the failure signs realizations that can be detected by various
means of detection and diagnostics.

It was shown that the use of NDC and diagnostics methods separately from each other is
not always advisable. Simultaneous diagnostics and detection simultaneously by several methods
uniquely gives a more complete picture of the object of study. There was substantiated the
perspectives of decisions on the complex results evaluation of the detection of nodes and
aggregates of the HSRT rolling stock based on the use of models with algorithms of fuzzy
clustering of hundreds of failure signs of the HSRT systems.

Conclusion.

This study aimed to address the critical need for advanced methods of diagnostics and
monitoring in high-speed railway transport (HSRT) systems through the development of self-
trained automated detection systems (SADS). The research focused on integrating intelligent
technologies and machine learning techniques into non-destructive control (NDC) processes for
the detection of anomalies and failures in nodes and aggregates of railway rolling stock. The
proposed SADS model utilizes fuzzy clustering of failure signs and iterative training procedures,
enabling adaptive and self-learning mechanisms capable of improving the functional reliability of
HSRT components.

The results demonstrated that applying fuzzy clustering for the classification of failure
signs allows for effective recognition of both common and complex anomalies in railway transport
nodes and aggregates. The proposed method of decision rule correction within the SADS
framework ensures that the system can continuously improve its diagnostic accuracy, minimizing
human intervention and reducing the time required for the detection and evaluation of failures.
The study also introduced the modified Information Condition of Functional Effectiveness (ICFE),
based on the Kullback-Leibler information-distance criterion, as a reliable metric for assessing the
efficiency of the system’s learning and performance. Simulation experiments in MATLAB showed
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that the SADS model could accurately detect anomalies and failures using a relatively small
number of failure signs, confirming the effectiveness of the proposed approach for practical
implementation.

The findings highlight several important aspects. First, the integration of multiple NDC
methods—yvibration, thermal, and acoustic analyses—within a unified automated system provides
a more complete and accurate understanding of the technical condition of HSRT nodes and
aggregates. Second, the use of adaptive self-trained algorithms reduces dependency on manual
analysis and allows for rapid processing of large and heterogeneous data sets generated by modern
diagnostic systems. Third, the methodology provides a framework for systematic evaluation of
equipment condition, contributing to predictive maintenance strategies that can minimize
operational disruptions, reduce maintenance costs, and enhance the overall safety of high-speed
railway transport.

From a theoretical perspective, the study contributes to the development of a systematic
approach for combining machine learning, fuzzy clustering, and NDC techniques in the railway
transport domain. The research confirms the hypothesis that the application of a systemic, adaptive
approach improves both the resilience and operational efficiency of transport systems. The
proposed model also establishes a basis for further research in expanding the diagnostic
capabilities of automated systems to a wider range of HSRT failures and anomalies, optimizing
learning parameters, and integrating additional intelligent tools, such as neural networks and
hybrid algorithms.

Practically, the study provides railway operators, engineers, and transport managers with
methodological guidelines for implementing adaptive SADS in existing maintenance routines. The
approach not only increases the reliability and safety of railway operations but also supports the
development of predictive maintenance plans and reduces downtime caused by unexpected
failures. Moreover, the framework can be extended to other areas of transport infrastructure
requiring continuous monitoring and diagnostics, offering significant potential for technological
advancement and economic efficiency.

In conclusion, the research demonstrates that intelligent, self-trained automated systems
for detecting anomalies and failures in HSRT nodes and aggregates represent a promising and
effective tool for improving both the efficiency and safety of railway transport operations. The
study lays a solid foundation for future investigations, including the refinement of algorithms,
expansion of diagnostic data sets, and application of the developed methods to more complex
systems, ensuring long-term improvement in the operational reliability and sustainability of high-
speed railway networks.
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Abstract. This article explores the importance of integrated software platforms in the
automation of industrial processes. In the context of rapid digitalization and technological
modernization, the implementation of automated control systems has become essential for modern
enterprises. The aim of this research is to analyze the capabilities of the Trace Mode 6 software
platform for optimizing engineering design and management processes, as well as to demonstrate
its application in education. The study objectives included analyzing the structure of the software
system, defining the principles of mathematical modeling using FBD-block diagrams, and
evaluating the efficiency of its implementation in industrial control systems. The research draws
on both domestic and international sources, complemented by real-world project examples. The
results demonstrate that the Trace Mode 6 platform provides high efficiency in designing and
monitoring technological processes. It supports five modern programming standards (SFC, LD,
FBD, ST, IL), allowing automation at all levels of production systems. The “Navigator” module
offers students a flexible and intuitive environment for engineering projects and practical training.
In conclusion, the integrated Trace Mode 6 software serves as a key tool for accelerating the digital
transformation of engineering education and industrial processes. It not only enhances production
efficiency but also develops students’ practical and technical competencies.
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AnHoTamusi. byn  Makamaga — eHIIPICTIK  TpomecTepii aBTOMaTTaHABIPY 1A
MHTeTpalsUIanFad OaraapiaamMalblK maTgopmanapabl naiananyablH MaHbI3bl KAPaCThIPbLUIAIbL.
Kazipri Tamma mmdpraHablpy MEH TEXHOJOTHSUIBIK IKAHFBIPTYABIH JIaMybl OHIIPICTIK
KOCIMOpBIHAAp YIIH aBTOMATTAHABIPBUIFAH Oackapy JKYHWeNIepiH eHTi3yal KaXxeT eTeli.
3epTTeyiH MaKcaThl — MHKCHEPITIK jko0aliay MeH 0ackapy MpolecTepin oHTaiianasipyna Trace
Mode 6 OGarmapiamaiblK TUIATGOPMACHIHBIH MYMKIHAIKTEPIH Tajjay KoHE OHBIH OimiM Oepy
MPOLECIHACTI KOJNIAHBUIYBIH KOPCETY. 3epTTey MIHACTTEpl peTiHie OarmapiaMaliblK KYWEHIH
KYpbUIBIMBIH Tangay, FBD OnokThIK nuarpaMmarnapbl apKbUIbl MaTeMaTHKaIbIK MOJAEIbACY
NPUHIUNTEPIH aHBIKTAy JKOHE OHAIPICTIK OacKapy »KyHelepiHae OHBIH THIMILUIIrIH Oaranay
KapacThIpbUIAbL. 3epTTey OaphIChbIHIa OTAaHABIK KOHE IIETENIIK aBTOpIapIbIH eHOEKTepl, COHaM-
aK MPaKTUKAIBIK jko0anap MeH eHAIPICTIK MbIcajiap KoJgaHbuiasl. HoTmxkenep kepceTkeHae,
Trace Mode 6 OarmapiamainblK TUIaTGOpMachl TEXHOJOTHSJIBIK MpoLEcTepi jkobanay MeH
OakplIayaa xorapel TuiMauTikke ue. On 6ec 6armapnamanay crangapreia (SFC, LD, FBD, ST,
IL) Herizmenim, eHaipic KylenepiHiH OapJbIK ACHIeHiHAC aBTOMATTAHIBIPY/IbI KY3€re achlpyFa
MYMKiHIIK Oepeni. barmapnamansiy ‘“HaBuratop” momyni OifiM anlymisliapra HHKEHEPIIK
xoOanapapl OpbIHAAY/la MKEM[I TOCUT YCBIHAABI JKOHE MpaKTHKAIbIK cabakraplia KoJJaHyFa
MyMmKiHIiK Oepeni. KopeiTeiHasinaili kene, Trace Mode 6 uHTerpamusuianra OargapiamMalibik
KamMTaMachl3 €Ty MHXXCHEpJiKk OuriM Oepy MeH OHIIPICTIK TpouecTepliH MHQPPIIbIK
TpaHC(OPMAIMACHIH JKEAENJICTeTIH MaHbI3ABl Kypan Oonbin  Tadbutagpl. On  eHIIpICTIK
JKyHenepIiH THIMIUIITIH apTTRIPYMEH KaTap, CTYIEHTTEPAIH TOKIpHOEIiK JaFIbUIapbIH JaMBITYFa
MYMKIHJIIK Oepei.

Tyiiin ce3aep: aBromarTaHablpy, Trace Mode 6, wuHXeHEpIiK kobaiay,
MHTEerpalysulanFan Oarnapinama, 6ackapy xKyieci, OHIipic, TEXHOIOTUSIIBIK POIIECC
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AHHOTanusi. B cratbe paccMarpuBaercs 3HaY€HHE MHTETPUPOBAHHBIX MPOIPAMMHBIX
wiathopM B aBTOMATH3ALWHU TPOU3BOICTBEHHBIX IpoueccoB. CoBpeMeHHas MUPPOBU3ALMS U
TEXHOJOTMYecKass MOJEpHU3alMs TpeOYyIOT BHEIPEHHs AaBTOMATU3UPOBAHHBIX  CHCTEM
yIOpaBJIEHUS Ha IMPOMBIIIIEHHBIX Npeanpustuax. Llenp uccienoBaHus — NpoaHaIU3UpOBaTh
BO3MOXXHOCTH mporpamMmHoi miardpopmsl Trace Mode 6 g onTUMH3alMM HHXKEHEPHOTO
POCKTHPOBAHUS U YIIPABJICHUS, a TAKKE MTOKa3aTh €€ MPIMEHEHHE B 00pa30BaTeIbHON TPAKTHKE.
B 3agaum uccieoBaHus BXOOWIM: aHAIM3 CTPYKTYpPbl IPOrPAMMHOM CHCTEMBI, ONpEAESICHUE
IPUHLMIIOB MAaTEMaTU4YECKOro MoJenupoBaHus ¢ mnomouipto FBD-010k0oB M oneHka
3¢ (HEeKTUBHOCTH HUCHOJIB30BaHUS IJIATPOPMBI B MPOU3BOACTBEHHBIX YcloBHsIX. B paGote
UCTIOJIb30BaHbl OTEYECTBEHHBIC M 3apyOe)KHbIE HAyYHbIE WCTOYHHMKH, a TaKKe IMPHUMEpH M3
NPAaKTHYECKUX MPOEKTOB. Pe3ynbTarhl mokazanu, yTo mnporpamMmuas miatdopma Trace Mode 6
OTIMYAETCA BBICOKOH 3()(PEeKTHBHOCTBIO MPH MPOEKTUPOBAHHHM M KOHTPOJIE TEXHOJIOTHMYECKUX
npoiieccoB. OHa moaIep )KUBaeT MATh cCTaHAapTOB nporpammupoBanus (SFC, LD, FBD, ST, IL),
YTO I03BOJIAET OCYILECTBIIATh aBTOMATH3ALUI0O HA BCEX YPOBHSX NPOU3BOJACTBEHHBIX CHCTEM.
Monyns “HaBuratop” aenaet miargopMy yaI0OHO! I CTYyICHTOB HHKEHEPHBIX HAIPABJICHUH U
crocoOCTByeT (OPMHUPOBAHUIO MPO(HECCHOHAIBHBIX HABBIKOB. B 3akiioyeHne 0TMEYaeTcsi, 4To
MHTETPUPOBAHHOE MporpaMmMHoe obecnieueHue Trace Mode 6 siBisieTcs Ba)KHBIM HHCTPYMEHTOM
muGpoBol TpaHChOpPMAMKM HWHKEHEPHOTO O00pa3oBaHMA W MPOMBIIUICHHOCTH, MOBBIIIAs
3¢ (HEeKTUBHOCTH MPOU3BOACTBEHHBIX MTPOLIECCOB M KAU€CTBO MOATOTOBKH CIIEIIUATICTOB.

KawueBble ciaoBa: IlaBromaruzanusi, Trace Mode 6, nHXeHepHOE MPOSKTHPOBAHMUE,
MHTErPUPOBAaHHAs IPOTPaMMa, CUCTEMA YIIPABJIEHUS, IPOU3BOICTBO, TEXHOJIOTUYECKHM MPOLECC

Jas uurupoBanusi: Y. Ymberos, JI. Hcaiikuna. OcyliecTBIEHHE COBEPLUICHCTBOBAHUS
CUCTEM  aBTOMATHU3alMd NPOEKTHUPOBAHMUS  Y3JIOB  YCTPOMCTB  MAIIMHOCTPOUTEIBHOTO
npousBocTBa//Ilompinuiennsiit Tpancnopt Kaszaxcrana. 2024. T. 21. No. 82. Ctp. 50-59. (Ha
ka3.). https://doi.org/10.58420/ptk/2024.82.02.004

KoH(pJIMKT HHTepecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUU KOH(IMKTA HHTEPECOB.

Kipicne.

Kazipri 3amanfbl MalMHa >Kacay cajachl OFapbl TEXHOJOTHSJIBIK KYpACNITIKIEeH
CHUMATTaJNaAbl JKOHE OHMIPICTIK TpouecTepiH OapiblK KE3eHIHAE O3bIK KOMIBIOTEPIIiK
TEXHOJIOTHSUTAPBI  eHTi3yAl Tamanm eremi (AckapoBa, 2024: 15-17). Engin HMHIYCTPHSIIBIK
KE3CHIHJET] FBUIBIMH 3€pTTEyJIep MEH TEXHOJOTHSUIBIK IPOTPECTiH KaJbIITaCybl KEHECTIK
KE3€HMEH ThIFbI3 OainmaHbicThl (ApkemeB, 2014: 109—-122). MamuHanapablH TYHiHAEpT MEH
OenmiekTepiH jxo0anayabl aBTOMATTAHABIPY OHMIPICTIH THUIMAUILIH apTTHIPYIBIH, Xobajay
YaKbITBIH KBICKAPTYIBIH JKOHE JKOFapbl JAJIIKTI OHIMACP/l OHAIpYre KETETIH HIBIFbIHIAPIbI
TOMEHJIETYIiH Heri3ri (akTopsl 6ombin Tabbutansl (Morokina, Umbetov, Mailybayev, 2020).

TakpipeiniTel  TaHmay Herizgemeci. Conrbl  xbugapsl CAD/CAE  xyienepiH koHe
ABTOMATTAHJBIPBUIFAH XK00aay MHTETpAlHsIIaHFaH MIaTGOpMaIapbIH €HT13yTe KhI3BIFYIIBLTBIK
KapkbIHBI ocyie. MSC Software, Adams, SimDesigner sxone Simufact additive CHAKTBI meTenaik
nrenrimMaep ke 06osica 1a, OTaHIBIK OHIIPIC caachlHa OCHl KYpallaapAbl TOJBIKKAH/IbI OHIIPICTIK
MpoIIecCKa eHrizy Macenenepi memraMeir kaiaeim oTblp (Khasanova, Khasanov, 2019).
barpapnamanslk memiMaepl craHgapTTay IblH JKETKUIIKCI3/Ir, UHTEerpalusIaHFal xKyhenepl
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KEIICH Il KOJIIAHYABIH IIEKTEeYJ TOKIPUOECI YKOHE €HTi3y IIBIFBIHIAPBIHBIH KOFaphl OOTYbI
3epTTey1i KaXKeT €TeTiH MpoOIeMabIK jKaF/iail TYFbI3aIbl.

TakpIpbIITBIH ~ ©3€KTLTIT. Bym  3epTTeymiH ©3eKTUIri OTaHABIK MalluHa Kacay
KOCIMOPBIHAAPBIHBIH  0oceKkere KaOUIeTTLNrH apTThIpy MAaKCaThIHAA 3aMaHayd IUQPIBIK
TEXHOJOTHSUIap/Abl €HT13y KaXeTTUIINIMEH aHBIKTalaAbl. ABTOMATTaHIBIPBUIFAH jK00aay >KoHE
Tajuay cajxachblHa apHAJFaH KemTereH 3epTreyiep Oap Oonca aa, optypii CAD/CAE xyilienepin
WHTErpalusuiay MeH OYKiJ eHAIpic MpoleciHe KoJaaHy OOWBIHIIA KEIIeH I 3epTTeysep oTe a3
(Morokina, Sergeev, Porozov, 2010; Umbetov, Morokina, 2020). by MoceneHi memnry eHaipic
IIBIFBIHIAPBIH a3alTHIN KaHa KOWMaH, jkoOayaHFraH OeJIeKTep MEH TYHIHIAEPAiH ISJIIirT MEH
CEHIMJIUIITIH apTThIpyFa MYMKIHAIK Oepei.

3eprTey 00BEKTICI — MalllMHA YKacay OHJIpICiHAe TYHiIHAep MeH OemeKkTep i xkobamay
JKOHE aBTOMATTaHIBIPY TMpouecTepi. 3eprrey TMoHI— MamlMHa Kacay callachlHAa
AaBTOMATTaHJBIPBUIFAH jkoOallayFa apHaiFaH OarnapiaMaiblK >KOHE amlmapaTThIK Kypaijap,
conpaii-ak optypni CAD/CAE xyiienepin HHTerpanusiiay oicTepi.

3epTTeyaiH MakcaThl — MalllMHa TYHIHACPiH aBTOMATTaHABIPBUIFaH ko0ajay Kyhenepin
KETUIIpyre OaFbITTAaIFaH JMIICTEMEINIK XKOHE MPAKTHKAIBIK TOCUIACPl d3ipiey, OaraapiaMabiK
OHIMIEP apachIHIAFbl ©3apa OPEKETTI TUIM/II YUBIMIACTBIPY JKOHE OJIap/abl OHAIPICTIK MPOIECCKa
MHTETpalysiay MyMKIHIITH KAMTaMachI3 eTy.

3epTTey MiHIETTEDI:

- MammHa Ty#iHgepi MeH OeJIIeKTepiH aBTOMATTaHIBIPBUIFAH oOajay dmicTepi MeH
KYHenepiH Tanaay;

- Oprypai OarmapmaManblK KypanfapAbl HHTETpalusUIayAarsl mpolieManap MeH
HIEKTEYJIEp/Ii aHBIKTAY;

- JKobamay pmonuiriH apTThlpy YIIIH MYJIbTH(GU3UKAIBIK MOAEIBACYI KOJIJaHy
oiCTEMECIH d31pIey;

- Trace Mode GarnapiamansIk muiatdopmacel MeH O6acka nnterpauusuianran CAD/CAE
HISNIMACPiH KOJJaHy MYMKIHIIKTEPiH 3€PTTEY;

- ¥YChIHBUIFAH INENIMACPAl MalllMHA Kacay KOCIMOPBIHAAphIHA CHTri3y OOWBIHIIA
YCBIHBICTAp Kacay.

3eprrey oaicTepl — OaraapiaMaliblK OHIMIEPAl CATBICTRIPMAIIBI TAJIIAY, TEXHOIOTHUSIIBIK
MpOIECTePi MOJENb/ICY JKOHE OHTAWIaHIBIPy, MyIbTU(GU3UKATIBIK MoAenbaey, FBD-6mokTapsl
MeH PLC-mporpammanayasl KOJJaHy, HWHTETpalllsUIaHFaH  I[IENNMAEPAIH  THUIMIUTITIH
MpaKTUKAIBIK MbIcanaap apkeuisl 6aranay (Khasanov, Akhmetov, 2021; Zhussupov, Mailybayev,
2019).

3eprrey runore3ackl — 3amaHayn CAD/CAE  xyilenepiH HHTerpauusiaHFaH
aBTOMATTaH/BIPbUIFaH ko0asay miardopMaceiHaa OipiKTipy MallMHA TYHIHAEPiH >koOaayIbIH
camachlH €ldyip apTThIPalbl, KoOallay YaKbITBIH KhICKAPTAIbl JKOHE JKaHA TEXHOJOTHSIIAP.IBI
SHTi3yTre KEeTeTIH Kap KbUIBIK IILIFBIHIAPABI a3aiTalbl.

FruibiMu JkoHE TPAKTHKAIBIK MOHI — aJIBIHFAH HOTFDKEJICPI HHXKEHEPIIK MaMaHJIbIK
CTYJIEHTTEpPIH OKBITY MPOIECIHJE KOJJaHyFa, COHJAl-aK HAKThl MAIIMHA Kacay OHMIIpiCciHIe
JKOFapbl JONJIIKTI OeJmiekTep MeH TyHiHaepAl *olanay MEH eHIIpic THIMAUIIH apTThIpyFa
MYMKIHJIIK Oepe/i.

Marepuajagap MeH daicrep.

3epTTey OapbIChIHAA TapuUXWU JEPEeKTep MEH apXHUBTIK MaTepuaijap JAa TajlJaHIbl
(bapmakoBa, KacsimoBa, 2020: 45). by eHOekTep aliMaKTBIK €pEKIIeNIKTeP/l aHBIKTAy1a KOHE
3epTTey ofiCTeMEeCiH HaKThIIay1a nainansl 6omasl (Auapees, 2011: 230). Kasipri Tagaa mammuHa
acay OHJIPICIHAEC MYJIbTUAUCUMIUIMHAPIBIK 3€pTTEyJIep XKYPrizy YIIIH MYJIbTU(U3UKAIBIK
MOJIENIbJICY 3epPTXaHAChIH KYpy ©3eKTi Macene Oousbin oThlp (Morokina, Umbetov, Mailybayev,
2020). My#nnaii 3epTxaHa 00bEKTIJIEp Typajibl TOJIBIK aKITApATThl dKUHAKTAKN ajajbl, COHBIH 1II1H]IE
3D Moaenbaep, )KeNiTiK KeHICTIKTET1 3aMaHayH BeO-0pTa, YaTTapIbIH aTpuOyTTaphl, OeiHE KoHE
ayano marepuangap, conmai-ak 3D-anummammsutap (Khasanova, Khasanov, 2019). Byn omic

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 53
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 21 (2). 2024

WHXXEHEPJIIK IIEeINMACPIIH JOJIIrIH apTThIpyFa, *ko0ajay YaKbITBIH KBICKApTyFa, OHIIPICTIK
npoIecTep/Ii OHTAMIaHIBIPYFa KOHE calaHbl OaKplIayFa MyMKIiHIK Oepei.

3epTxaHaiblK JKYMBICTAPJABIH HETi3ri MIHAETI — OHJIPICTIK JKOHE MPOTOTHUITIK
KYPBUTFBLIAPIBIH KYPBUTBIM/IBIK JKOHE TUHAMHUKAIBIK KACUSTTEPIH dKOFaPHI JAIIIKIICH MOJICIBCY.
bipiami  ke3eHae  OOBEKTIHIH  TEOMETPHSUIBIK  JKoHE  (U3MKANBIK  CHUIIaTTaMajiapbl
anbikranangsl. Cyper 1 MSC.MARC OarnmapinamacbiHIa €Ki eJeMai TOpAbIH Oip KadaTsl yII
eJmeM/Il KabaTka TYpJICHIIPITYiH KepceTei. by ke3eHae MaTepHallIbIK KaCUEeTTEeP, eKapaIbIK
[IapTTap, )KYKTEMeENep )KoHe alFallKel TapaMeTpliep aHbIKTaNa sl Marc OaraapiaMachl allIbIHFBI
Tanaay by HoTHXKRenepin 2D-3D jaHa Tangay MoJeiMeH aBTOMATThI TYPJI€ CAIBICTBIPAIbI, OYIT
WH)KEHepre OOBEKTIHIH MiHE3-KYJIKBIH JKaH-KakKThl Oaranmayra MyMKiHmiK Oepeni (Morokina,
Umbetov, Mailybayev, 2020: 1515, Sergeev, Porozov, 2010).

Exinmi kesenne Oemmiektepni kobamay ymiiH Simufact additive Oarnmapiamacsr
KOJIJIaHBIIabI.

—— === W Ww o

[ Process [0.00 %] | 5.
| Base plate

©
U

Process

Cyper 2. Simufact additive OargapiamackiHIa apHAbl BOKCENb/Ii TOPMEH JKacallFaH €CeNTiK YATicl

54 This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives @
4.0 International License @ g



Industrial Transport of Kazakhstan. Vol.21 (2). 2024

Cyper 1 MSC.MARC OGargapiaMacbiHaa €Ki eImemMai TOpabIH Oip KadaThl Yl eJmemMIl
KabaTKa TypJIeHAIpiTyiH Kepcerei. by ke3eH e MaTrepuaiIbiK KacHeTTep, MeKapaiblK MapTrap,
KYKTEMeNlep JKOHE allFalllKpl TapameTpiiep aHbIKTananasl. Marc OarmapiamMachl  ajlIbIHFbI
Tannay by HoTmkenepin 2D-3D jxaHa Tangay MOJelliMeH aBTOMATThI TYPJE CATBICTBIPAIBI, OYIT
WHXXEHEpPTre OOBEKTIHIH MiHE3-KYJIKBIH JKaH-KaKThl Oaranayra MyMKiHIIK Oepemi (Morokina,
Sergeev, Porozov, 2010).

Exinmn  kesennme Oemmektepai »kobOamay ymiiH  Simufact additive OGarmapiamachl
Konmanbuiansl. Cyper 2 6armapiiaMmaia apHaiibl BOKCEIb/I1 TOP apKbUIbl KO3FAITKBIII (hparMeHTiH
xobanmay kepcerinren. barmapaama NASTRAN, PATRAN cHsKTBI KOFaphl JACHTCHIII
XKyHhenepMmeH OipikTipisieni, Oy Kypemi KypbUIFbUIapAsIH O6IIIeKTepiH )xobanayaa AepeKTepain
ceHiMauIiri MeH ganuirin kamtamacheis eteai (Umbetov, Morokina, 2020). Simufact additive
OarmapiamMachkl apKbUIBI MaTepUaIIapAblH KaOaTTBIK KYPBUIBIMBI, KBUTY 9cepi, KOHE KaTaro
mpoiieci ecenTeneni, Oy ©HAIPICTIK MPOTOTHUIITIH camachlH alJblH ana OopkayFa MYMKIHIIK
Oepeni (Morokina, Umbetov, Mailybayev, 1994: 1-10).

benmexkrepain AMHAMUKAIBIK KOHE CEpHiMAI KacueTTepiH 3eprrey yuiiH Adams
Oarmapiamacel mainananputanel. Cyper 3 yirak KaHAaThl  MEXaHW3alUSACHIHBIH — KYMBICHIH
moxenbaeyai kepcereni (Khasenova, Khasanov, 2019: 20-25).

Adams Oarmapnamacsl opOip AJIEMEHTTIH CEepPHIMIALIITIH €CKepil, SHEPrusl IIBIFBIHBIH
€CernTeyTre JKOHEe TOPAINTHIK (popMaTTa KbUTy IepEKTEpiH Kobamayra MyMKiHIik Oepeni. XKobanay
nporieci Keneci Ke3eHaepai KaMTHIbL:

- Keprinikri (ycak YSAIIBIKTI) aHATUTUKAIIBIK MOJACIB KYPY;

- JKykremernep MeH meKapaibIK MIapTTap sl KOJIJIaHy;

- DIIEMEHTTEp MEH MaTepUAIIBIK KACUETTEP/IiH jKaHa MOJICIIIH TaFalbIHIAY;

- ANIBIHFBI TaNJayIblH HOTIKENepi Herizinge mnapamerpiepai Tysery (Khasanova,
Khasanov, 2019).

MonenbiH op 37ME€MEHTI HaKThl Oip aliMakka THECuTi, ajl MIeKapalblK TopanTap OapIbIK
HIeKapaiap/a KaitagaHajasl. By a1eMeHTTepiH Kallbl CaHbl TOpanTap CaHbIHA KapaMacTaH
Ti30EKTI TypAe ecemnTenyiH KaMTaMmachi3 eTeli. OpOip ecemnrey MXKeKe MPOoIecTep apKbLIbl
XKYPri3ijiei, an Tajnaay ablH 9pTYPIli Ke3eHIEPiHe IPOIIeCTEp 63apa IEPEKTEPMEH anmacasl. by
aKmapaT ajamacy OaiilaHBIC IPOTOKOJIBIMEH JKY3€Tre achIpblIajibl, an opOip Kiactep Topadbl Kell
nporeccopiblk MamuHa Oona amanel. MSC  Oarmapiiamanapbl MaTpUIQIBIK [ISIIiMAEPi
napajienb OpblHAayFa MYMKIHIIK Oepeni, OyJl ecenTey YyaKbIThIH alTapiblKTail KbICKapTalbl
(Morokina, Umbetov, Mailybayev, 2020).
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MonenbneyaiH coHFbl Ke3eHiHAe SimDesigner Oarmapmamachkl KosmanbLiaabl. CypeT
4 GarpmapiaMaja yIIakrapAasl jkoOanmay OapbIChIHAA KYKTEMeNepli KOJAaHy KepCeTUIreH.
SimDesigner MSC Nastran, Marc, Adams CHIKTB HMHTErpalUsaHFaH OaraapiiaMajibiK
OHIMJIePAiH (PYHKIMOHAIIBI MYMKIHIIKTEpiH maiaananaasl. JKputy )KYKTEMENEpiH ecenke any,
nehopMaIUsIIBIK ChIHAKTAp bl OaKblIAy KOHE HHXKEHEPIIIK )K00aHbl Oaraiay apKbLUIbl MOACIBICD
YKOFapBI JIQIIIKIICH JKOHE )KburnaMasikieH Tekcepineni (Khasanov, Akhmetov, 2021).

CoHBIMEH KaTap, 3epTXaHAJBIK MOJEbACYC KOJJAHBLIATBIH OapiiblK OaraapiaMaliblK
OHIMJIEpP/IC JEPEKTEePi BU3YyAIHM3AIUIIAY, C€CENTEy HOTIKEICPIH Taijay >KOHE MPOTOTHIITI
BHUPTYAJIJIbI OPTAChIHJA TEKCEPYy MYMKIHAIKTEpl KapacThIpbulFaH. bysl Tocin skobanay camachiH
apTTHIPAJbl, KATEIIKTEP CaHBIH a3alTabl )KOHE OHIIPICTIK MPOLECTepPre EHri3y Ke3iHAe YaKbIT
IIBIFBIHAAPBIH KbIcKapTaasl (Morokina, Katsan, Umbetov, 2018).
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Cyper 4. SimDesigner 6argapaaMachinia XyKTeMesep apKbUIbl YIIaKTapasl xobanay

WHTerpanusuianFan o/iicTeMe 3epTTeyijiepre:

- opTYpni U3MKaNbIK TpouecTepAi (KbULy, MEXaHWKa, JMHAMHUKA) OipikTipin
MO/JICNIBJICYTE;

- OHJIIPICTIK KYPBUIFBUIAPABIH CEHIMAUTITIH aJIJbIH ana Oaraiayra;

- OHJIIPICTIK MPOIIECTEP Il ABTOMATTAH/IBIPYFa;

- MaTepUANIBIK PECypcTap MEH SHEPIUsHBI THIM/II Naiiananyra MyMKIHAIK Oepei.

Ochl  omicTeMelniep OKUBIHTBIFBI Ka3ipri 3amMaHayW MalldHA Kacay eHIIpiciHe
TEXHOJIOTHSUIBIK ~ TIPOLIECTEPl  OHTAMJIAHIBIPYIBIH HETI3ri Kypaibl OONbIT  TaObLIaIbL.
WNHuTerpanusinanran 6armapiaamManblK OHIMISPAl KOJJIaHy 3€pTTEeYJIEPAiH CCHIMIUIITIH apTThIPHIII,
OHJIIPICTIK >k00anapibl aBTOMATTAaH/ABIPY1a THIM/I MIeIiMIep KaObu1iayFa )KaFaai xacanapl, Oyt
OHTIPICTIH SKOHOMHKAJIBIK THIMIUTITIH )XOHE KaYINCI3/iTiH apTThIpyFa bIKIAI eTe/I.
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HaTu:kesiep MeH TaJIKbLIay.

OTaHOpIK ©HEpKacilm VIIH HHTerpalysiaHFaH  OaraapiaManblK Iiargopma  Kypy
KOKETTUIIr KyH TopTiOiHae Typ. MHTerpamusianran OarmapiaMaiblK jKacakTamMa OHIIPICTIK
mporecTepai Oackapyabl OHTAWIAHABIPYFa, acmanTtapibl OakKbpUIdy PEKUMIiH, TEXHOJIOTHSUIBIK
nporiecTepii backapy jkKoHE KYPBUIFbUIAP/IBI )KOOaIay MYMKIHIIKTEPIH OIpIKTIpyre OarbITTa FaH.
Ocpinaii OarnapiamanblK ©HIMHIH MbIcaibl petinae Adastra Ltd kommanusicsl a3ipieren Trace
Modebarnapnamachin aiityra 6onazasl. Kazipri tanna Trace Mode OarmapiiaMachIHBIH 6-HYCKAChl
OHEPKOCINTIH TYpJl caiajnapblHAa KCHIHCH KOJJAHBLIAABI JKOHE JKYWeNl TYpIe JaMBITBUIBII
keneni. byn Oarmapnama eHAIPICTIK MPOIECTEPHAiH Ke3-KelareH OeiriH aBTOMaTTaHABIPYFa
MYMKIHIIK Oepei, cededi OapibIK meHreieri opoip xxo0a OipbIHFal acaNThIK XKYie/e jKoHe Oip
xo00a menoOepinae kypoutansl (Adastra Ltd, 2022).

ABTOMAaTTaHIBIPBUTFAH OacKapy JKyieciH jko0anay TEXHOJOTHSICH JepeKTep 0a3achiH,
PLC 6ackapynbi, OPC cepBepiH, onepaTop/IbIH 3KYMbIC OPHBIH, 5Ka0bIKTapbl, IEPCOHANIBI )KOHE
aKrapar eHJIipiCiH KaMTH bl barmapiaMansik Kypas 0akpliay pexxuMiH xobanay 6apsickiHa Oec
Oarmapiamaniay TUTIH KonmmaHyFa MyMkiHaik Oepeni: SFC (Sequential Function Chart), LD
(Ladder Diagram), FBD (Function Block Diagram), ST (Structured Text) »xone IL (Instruction
List). bys crangapTTap nH)XeHepiepre, kocion OaraapiaMalisl eMec 060Jca J1a, Tepesesiep pexumi
apKbLUIBI )KO0aay skacayra MyMKiHIiIK Oepeni (Morokina, Umbetov, 2020).

AcnanTbIK OJOKTHIH AM3alHBIH KapacThIpaThIH 0OJICAaK, ONIIEHETIH MOHAEP KIpiC kKoHe
IIBIFBIC APTYMEHTTEpl apKbUIBl OpHATBUIAJBl. OpOip CUTHANFa TUN, OWUT >XKoHEe Oacka naa
napaMmetpiiep Oepineni, ocbUIaiillia HETi3ri METPOJOTHSUIBIK MapameTpriep aHblKTanaisl. Cyper
5 FBD-0n0KTapbIlHBIH MaTEeMaTUKAJIBIK Oafjapiiamanay TUIIH KOJJaHy apKbUIBl CHUTHAN aiy
MPUHILINIIH KepceTei. JlepekTep curHaibl MaTeMaTHKaJIbIK MOJAETBACP TYPIHAE OHeNe Il )KOHe
FBD Onokraper peringe Oepineni. bynm Tocinm umxeHepinik jxo0amayna HAKThl YaKbITTaFbl
JIEpEeKTepMEH >KYMBIC iCTeyTre KoHE MPOTOTUNTEPAIH (PYHKIMOHAIIBIFBIH al/IbIH ana Oaranayra
mym™mkiazik 6epeni (Khasanova, Khasanov, 2019).
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Cyper 5. FBD anarpammanapbl apKbLIbl MaTeMaTHKAIIBIK jk00aj1ay IpHHIMIL

Trace Mode GarmapiaMachbiHBIH YKOHOMHKAJIBIK MOJYJI koOajapabl Kypy OapbIChIHAA
pecypcTap MeH a0 IbIKTap IbIH aFbIM/IaFbl CUIIATTAMAJIAPBIH, XKOHJIEY MEH TOKTAIl KTy YaKbITHIH,
MaTepHAIABIK pecypcTapFa KaThICThI MaiimMerTepli eckepeni. COHbIMEH KaTtap, oOayiap.ibl
MOOUIBAI KYPBUIFBLUIAD apKbUIBI OaKbpUIayFa 00Jianel, OYJI OHIIPICTIK MpOIecCTepi KallbIKTaH
Oackapynbl xxeHunereni (Adastra Ltd, 2022).

barnapnamansik Kypanasq “HaBurarop” momymi OinmiM anmymisiiapra bIHFAIbel sxo0a
TYpiH TaHmayFa MYMKIHIIK Oepemi. backapy KypbUIFBUIApbIH Kypy OapbIChIHIA Keleci
poreaypaiap KOJJaHBUIAIbI OMepaTop HeMece OUTIM alylibl pecypcrap/IeTeKTopiap TOOBIH
KypaJibl, CUTHAJI T€HEPATOPbIH TaHIAaWIbl (CHHYCOUIANBIBI, KE3ICHCOK, TPEH/TI), NepeKTepi
OHJICY ANTOPUTMACPIH KOJJaHAAbl. byJl mporectep apKbUIbI CTYJIEHTTEP MPAKTUKAIBIK JKOHE
3epTXaHaJBIK JKYMBICTApJa HAKThl OHIIPICTIK >Xargaijaapibl MOICIBbACH allajibl, XOHE Oy
OarmapramMalblK OHIM HHXKEHEpIIiK OiniM Oepy camachlH apTThIpyFa MyMKiHaik 6epeni (Morokina,
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Sergeev, Porozov, 2010).

Kopsira kene, Trace Mode 6 unTerpamnusiianran OarnapiamMaibiK m1aT(opMacs:

- OHJIIPICTIK MPOIECTEP Il ABTOMATTAHIBIPYIBIH THIMI1 KYPaJIbl OOJIBIT TaOBLIA b,

- JIepeKTep/ii HAKThl YaKbIT PEXHMIHJC OHJEY OHE BU3yalW3alMsIay bl KaMTaMachl3
eTeni;

- MH)KEHEPIIiK jko0aayaa MpaKTUKAJIBIK )KOHE 3€PTXaHANBIK JKYMBICTApAbI KOJIIAy YIIiH
KOJIaMJIbI;

- pecypcTapibl, KaOIbIKTapbl *KoHE IKOHOMHMKAJBIK €cenTeylsiepAl THiMal OacKapyra
MYMKIHIIK Oepe/i.

Ocpinaiiia, oTaHIBIK ©HEPKACIN YIIIH MHTErpalMsulaHFaH OarjapiiaMaiblK jKacaKTama
KOJIJIaHy apKbUIBl OHIIPICTIK MPOIECTEP/i OHTAMIAHIBIPYFa JKOHE HWHXKEHEpNiK OuriM Oepy
camachlH apTThIpyFa HAKThl MYMKIHAIKTEp TybIHIAWAbl. byn ocipece aBuamms, SHEpreTHKa,
MallliHa JKacay >koHe 0acKa J1a >KOFapbl TEXHOJIOTUSIIBIK cajlajlap YILIiH ©3€KTI.

KopbITbhIHABI.

3eprrey HoTHxkenepi KazakcTaHHBIH JIeyMETTIK )KOHE SKOHOMMKAIIBIK JaMy Ke3eHIEpiHIH
FBUIBIMH TIpOIIeCTEpMEH OaiianbIChiH KopceeTeni (Apkemes, 2014: 118). ConsiMeH KaTap, YJITTHIK
Tapux NEeH MOJIEHUETTIH FhUIBIMHU JaMyFa 9cepl Typalibl TY>KbIpbIMIAP AJABIHFbI 3€pTTCYJIEpPMEH
coiikec keneni (Ackaposa, 2024: 17; bapmakosa, Kaceimosa, 2020: 150).

Ocbl  3epTTey JKYMBICBIHBIH HOTIJKECIHAE MHTEerpalMsiaHfaH OarJapiiaMalbIK
wiarGopManapabl OTAHIBIK OHEPKICINKE EHTI3yMIH FHUIBIMU-TOXKIPHOCTIK MaHbI3AbLIBIFBI
aHBIKTAIABl. 3epTTEYMiH 0acThl MaKcaThl — OHIIPICTIK MPOIECTEpi aBTOMATTaHABIPY apKbLIbI
THIMAUTIKTI apTTBIPY, pecypcTapabl YHEMCY XKoHEe MHKEHEPIIiK OiiM Oepy KyleciHe 3aMaHayH
NPaKTUKAJIBIK KYpalaapabl eHrizy 0osjsl. 3epTrey OapbIChlHAA MYJIbTU(GU3UKAIBIK MOJEIbILY
onicTepi, cUMyISLUs koHe 3D BH3yanHM3amMs TEXHOJOTHSUIAPHl KEHIHEH KOJJAaHBUIABI, Oy
OH/IIpiC 0OBEKTIIEPIH jK00aMay MEH TalIayIbIH ISJITIH apTThIpyFa MYMKIHIIK Oepei.

Mogenpaey JkoHe — CUMYJSIIMS — HOTwkenepi  kepcetkeHned, MSC  Software
To0bIHBIH MSC.MARC, Adams, Simufact Additive, SimDesigner 6arnapiamanapsl opTypii
JEHrelIerT UHKEHEPJIK ecenTeplal TUIMII IIelmyre MyMKIHAIK Oepeni. byn Oarnmapiamanap
AJIEMEHTTIK MOJEIbJCY, LIeKapalblK LIapTTapAbl KONJaHy, MaTepuangap MeH OeJIeKTepaiH
KaCHETTEpiH TaralbIHay CHSKTHI KEHICH 1 3epTTey NMpPOoIeciH Kouaaiael. Ochl aTdopmanapsi
naiganaHy  apKbUIbl  OHIIPICTIK  OOBEKTIIEpHiH  (PU3MKANBIK JKOHE  (PYHKIIMOHAIIBIK
CUIaTTaMallapblH JKOFapbl JQAIKIECH Oarajayra, COHJAN-aK opTYpJli cleHapuiliep OOMbIHIIA
TOXKIPUOEIIK TeCTIIeY KYprizyre 00mabl.

ConbiMen kartap, Trace Mode 6 uHTerpanmsinanrad Oarjapiamachl  ©HAIPICTIK
npouecTepl 6aKpliay, TEXHOJIOTHSUIBIK KaOAbIKTapibl 0acKapy >KoHE MHKEHEpIIiK »oOanapibl
Kypy YIIiH THIMAI Kypan Oomnbin TaObUtanbl. barnapiamaHblH MyJIbTUCTaHIAPTTH KYPBUIBIMBI
(SFC, LD, FBD, ST, IL) unxenepaepre kaciou OarnapiaMaliibl 6oamMacTaH xo0anap/sl xkacayra
MYMKiHIIK Oepexni. byn OumiM Oepy canachlHIa MpPaKTHUKANBIK cabaKTap[bl XKETUIAIpY XKoHE
CTYJIEHTTEP1H KOCiOU JaFIblIapblH apTTHIPY YIIIH €peKIe MaHbI3Fa He.

3eprTey HOTHXKeJepi KOPCETKEHIEH, MHTETpalysUIaHFaH OafapiaMallbIK
wiargopmanapapl  KOJNJAaHy OHIIPICTIK MPOLECTepl aBTOMATTAHIBIPYAbl TOMEHJerinen
OarpITTapAa KETUIAIpYre MyMKiHIIK Oepexni:

- OHJipic 00bEKTUIEPIHIH HAKTHl YaKbITTaFbl MapaMeTpiiepiH OakblUiay >KOHE JepeKTepl
OHIIEY;

- DHeprus, yakpIT )KOHE MaTEPUANIBIK peCypcTapsl THIMII TTalijanaHy;

- WmxeHepnik xkobajaya MPAaKTUKAJIBIK JKOHE 3€pTXaHAJBIK JKYMBICTapblH CalachlH
apTTHIPY;

- ABTOMAaTTaHABIPbUIFaH Oackapy yhenepiH xobanay apKblIbl OHAIPICTIK KayiNCi3miKTi
KaMTaMachI3 eTy;

- CTyneHTTep MEH MHXKEHepIepre obainay, Tajjiay KoHe TOKIpHOeIiK SKCIIEpUMEHTTEP
XKYPTi3y YIIiH HHTETpalUsUIaHFaH Kypaiaap YChIHY.
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3epTTey  KOPCETKCHICH, OTaHABIK OHEPKACIN  cajachblHIa  WHTErpalisulaHFaH
OarmapramanblK  ©HIMIEpPAl CHTri3y apKbUIbl  OHIIPICTIK TMPOLECTepAl  OHTaMIaHIBIPY,
HIBIFBIHIAP/IBI a3alTy, OHIM CalachlH apTTHIPY KOHE MHKCHEPIIK KaJApiaplbl KOCiOW Typrbiaa
JMaibIHaay MYMKIHJIT] 6ap. bonmarmakra OyJr OarbITTHl JAMBITY apKbUIBI MYJIbTHIACIUTUTHHAPITBIK
3epTTey OpTaJBIKTapblH KYpYy, OHIIPICTIK oHE OimiM Oepy canachlHIa WHHOBALUSIIBIK
HIeHTiMIEp/Ii eHTi3y nepcreKkTuBanapsl keHeiieni. CoHbIMEH Karap, 3aMaHayd OarJapiaMaiiblK
Kypajiap apKbUIbl OHIIpIiC MeH Oi1iM Oepy mpoliecTepiH UHTErpalUsiay JIJIiH TEXHOIOTUSIIBIK
JlaMy CTpaTerusiChIHa YJIeC KOCaIbl.

KopeiTa aiiTKaHna, MHTErpalysuiaHFaH OaraapiiaMaiblK IutaTdopManapibl MmanganaHy
OTaHJABIK OHJIPICTIH TUIMIUITIH apTThIpyFa, WHKEHEPIiK KoOajmayIsl >KETUIIIpyre MXKoHe
CTYACHTTEPIH NPAaKTUKAIBIK JaFIbIIAPbIH 1aMBITyFa HAKThI FHUTBIMU JKOHE TPAKTUKAJIBIK HET13
Oepeni. by 3eprTey HoTHKENEepl aBHALUs, YHEPTETHKA, MAIlIMHA Kacay kKoHe 0acKa Jja KOFaphl
TEXHOJIOTHSUTBIK cajajiap YIIiH ©3eKTi OOJbIm TaObLIaabl JKOHE OHIIPICTIK aBTOMATTaHABIPY
CaJIaChIH/IaFbI KEJIEIICK FHUTBIMH 13/ICHICTepre OarbiT Oepe/ti.
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Abstract. This article analyzes the current situation in the transport services market of the
Republic of Kazakhstan and the need for new logistics solutions. The paper details the technology
of piggyback (trailer-on-flatcar) transportation, which is a type of combined transport that merges
the advantages of rail and road transport. The author examines the global experience of piggyback
systems, specifically the American "TOFC" (piggyback) system. A set of technical, technological,
organizational, and regulatory measures necessary for implementing this technology in
Kazakhstan is proposed. The article describes the types of piggyback terminals, requirements for
specialized rolling stock, the main stages of organizing transportation, as well as issues of liability
distribution and tariff calculation. The primary goals and objectives for the development of
piggyback transportation are identified.
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AnHoramusi. byn wmakama Kazakcran PecnyOiMKachlHBIH — KONIK  KbI3METTEpi
HAPBIFBIHAAFEl  Ka3ipri >Karmalapl >KOHE JIOTHMCTUKAIAFbl JKaHA MIEHIMACPAIH KaKETTUIIriH
KapacTbipaabl. JKyMbpIcTa KOHTpEIJIepsiK TachiMaiiay TEXHOJIOTUACH —erKeH-Terxeini
CUMATTaJaAbl, OYJl TEMIp)KOJI KOHE aBTOMOOWIIb KOJNITiHIH apTHIKIIBUIBIKTAPBIH OipiKTIpeTiH
apajiac TaceIMalay Typl OoOJIbIT TaObuTaIbl. ABTOP KOHTPEUJIEPNIK >KYHEIEpIiH OIeMJIIK
Toxipubecin, artam aitkanma amepukaHablKk «TOFC» (murrubsk) KyWeciH Tammaijibl.
Kazakctanna ocbhl TEXHOJOTHMSIHBI €HTI3y YIIIH KaKeTTI TEXHUKAJbIK, TEXHOJOTHSIIBIK,
YUBIMIACTHIPYIIBIIBIK KOHE HOPMATUBTIK-KYKBIKTHIK IIIapajiap KelleHi YChIHbUTFaH. Makanaaa
KOHTPEWJIepIiK TepMHUHAIAAPABIH TYpJiepl, MaMaHAaHIbIPbUIFAaH IKbUDKbIMAIbl KypamFa
KOWBLIATBIH TallalTap, TachIMAIIAYIbl YUBIMIACTHIPYIBIH HETI3TI Ke3eHIepi, COHIai-ak
KayarnKepIIunKTi 66y koHe TapudTiK MeJepieMeNep/l ecenrTey Maceenepi KapacThIPbLIaIbl.
KonTpelinepmnik TachiManaayapl JAMBITYIBIH HET13T1 MakcaTTapbl MEH MiHACTTEP] alKbIHJAIFaH.

TyiiiH ce3mep: KOHTpEWIEPIiK TackiMalijay, apajac TackiMajjaay, TeMIpXKOJ KeJiri,
aBToMoOmiIb keiri, TOFC, murru6sk, T0rucTHKa, TEPMUHAI, )KBUDKBIMAIBI KypaMm, Ka3zakcran

Hoaiiexco3nep ymin: [I. Jbxymanosa, H. JXKakaraeBa, M. Kapabacos, K. Tanacnekos, A.
KycinbexoB. Kazakcran PecnyOnukacbiHIa KOHTPEHIEpPIiK TachIMalaay TEeXHOJOTHSICHIH
KOJIZIaHy apKbUIbI JIOTUCTUKAIBIK HHOPaKYpBUIBIMIBI keTuinipy//Ka3akcran enaipic kemiri. 2024.
Tom. 21. Ne 82. 60-66 6et. (Opsbic Tin.). https://doi.org/10.58420/ptk/2024.82.02.005
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AHHOTanus. JlaHHas cTaThsl MOCBAIIEHA AaHAIW3Y TEKYyIIeW CUTyallud Ha pPBIHKE
TpaHCHIOPTHBIX ycnyr PecnyOnukm KaszaxcraH ¥ MOMCKY HOBBIX JIOTUCTUYECKHX perieHuil. B
pabore moApOOHO  paccMaTpUBAETCs  TEXHOJOTHS  KOHTPEHJIEPHBIX  IEPEBO30K  Kak
MEePCIEKTUBHBIA BUJ KOMOWHHMPOBAHHOTO TPAHCIOPTA, OOBEAWHSIOMUNA TMPEUMYIIECTBA
JKEJIE3HOJJOPO’)KHOTO U aBTOMOOWMIIBHOTO COOOIEHUs. ABTOPOM HW3yY€H MHPOBOW OIBIT
OpraHu3aIi KOHTPEHIEPHBIX CUCTEM, B YaCTHOCTH aMepukaHckas cuctema « TOFCy (murru6sk).
[IpemyioxkeH KOMIUIEKC TEXHUYECKHX, TEXHOJIOTHYECKUX, OPTraHU3aIllMOHHBIX U HOPMATHBHO-
MPaBOBBIX MEp, HEOOXOIUMBIX MJisi BHEAPEHUs JaHHOW TexHosioruu B Kaszaxcrane. B cratbe
OMHUCAHbl THUMBl KOHTPEWJIEPHBIX TEPMHUHAJIOB, TpPEeOOBaHUA K CICHHAIU3UPOBAHHOMY
MOJABMKHOMY COCTaBy, OCHOBHBIE JTambl OpraHU3AIlMU TIEPEBO3KH, a TaKKe BOIPOCHI
pacmpesielieHrs OTBETCTBEHHOCTH U pacdeTa TapudHO# cTaBku. OnpenaeneHbl OCHOBHBIC IETU U
3a/1auu JJI Pa3BUTHSI KOHTPEIJICPHBIX MTEPEBO30K.

KiioueBble ¢JI0Ba: KOHTPCWIEPHBIE TMEPEBO3KHA, KOMOWHUPOBAHHBIM TPAaHCIIOPT,
JOTUCTHYECKAasT WHMPACTPYKTypa, KEIE3HOIOPOXKHBIA TPAHCIIOPT, TEPMHHAJIBI, HOPMATHBHO-
npaBoBOe o0ecreueHue, TpancnopTHas cuctema Kazaxcrana

Jasa nutupoBanusi: [{. Jbxymanosa, H. XakaraeBa, 1. Kapabacos, K. Tanacniekos, A.
XKycinbekoB. CoBepIICeHCTBOBAHUE JIOTUCTUYECKOW WHPPACTPYKTYPHl MyTeM MPHUMEHCHUS
TEXHOJIOTHH KOHTpEUIepHBIX nepeBo3ok B PecryOnmke Kazaxcran // [IoMbINIIEHHBIN TPaHCIIOPT
Kazaxcrana. 2024. T. 21. No. 82. Crp. 60—66. (Ha pycc.).
https://doi.org/10.58420/ptk/2024.82.02.005

KoH}auKT HHTEpecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUH KOH(DINKTAa HHTEPECOB.
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BBenenue. HoiHennss cuTyanus Ha pplHKE TpaHCIOPTHBIX yeiyT PecnyOnku Kazaxcran
CTHUMYJIMPYET K IMOMCKY HOBBIX pelIeHui B Joructuke. OJHUM U3 TAKUX MOXET CTaTh BHEAPCHHE
TPAHCTIOPTHOTO COOOIIEHUS, KOTOPOE XapaKTepU3yeTCsl OTCYTCTBUEM MEePerpy304HbIX MyHKTOB.
JlanHast TEXHOJOTHS TPAHCHOPTHPOBKH TIOMOXET YIYYIIUTh HENPEephIBHOCTh IpOIEcca
nepeBo3ku. KoMOMHUpOBaHHAs MEPEeBO3KA HKENE3HOA0POKHBIM U aBTOMOOMIIBHBIM TPAHCTIOPTOM
SBIIsIETCA O0Jiee HaJIe)KHOM, Tapu(HAast CTABKA ITOJy9aeTCsl MEHbBIIE, a TAK)KE CHIKAIOTCS 3aTPATHI
JUISL TIOJICPYKAHUST SKOJOTHH, 3a CUYET JKEJIEe3HOJOPOKHOTO TpaHCIOpTa M MOOUIIBHOCTH
aBTOMOOWIBHOTO. IMEHHO 3TH IpeuMyIiecTBa O0bEANHSIET B ceOe KOHTpEeNiepHas repeBo3ka. B
Coenunennsbix [lltatax Amepuku u B EBpornie maHHBIN BU TEPEBO30K UCIIONB3YETCs Ooiee 5 er.

Konrpeiinepusie (contrail) mepeBo3ku (amepuk. «railintermodaly wmmm «piggiback» -

«IUTTHOPK») — OSTO KOMOWHHPOBAHHBIC JIBYX BHUJIOB II€PEBO30OK: JKEIC3HOJAOPOXKHOH U
ABTOMOOWJIBHOH, MPU UCTIOIB30BAHUHN KOTOPHIX MEPEBO3UTCS TPEHIep, MOMYIPHUIICTT HITU ChEM-
HBIH Ky30B (swap body) 6e3 BOJUTEIISI u TATa4Ya Ha KEJE3HOOPOKHON

wiardopme (TOFC - trailer on flatcar). Cnemyer 3amMeTHTh, YTO TEpPEBO3KAa KOHTEHHEPOB 0e3
aBTOMOOWJIBHBIX IACCH HE SBISETCd KOHTPEUJIEpHOW TIIepeBO3KOM, a OTHOCHUTBCH K
JKEJIE3HOJOPOKHOM  TPaHCIOPTUPOBKE  KOHTEHHepHOro rpy3a. Camopasrpy:karomuecs
KOHTeHHepHbIe M1aT(GopMbl 00eCcIIeYrBalOT IEPEBO3KY KOHTEHHEPOB 0€3 aBTOMOOMIIBHBIX IIACCH.

OnHol U3 epBbIX KOHTPEUJIEPHBIX CUCTEM SIBIISIETCA aMepUKaHCKas TpelsepHas cucTeMa
nepeBo3ok "TOFC" (traileronfletcar -ToejUnep Ha mnatdopme). DTa cUCTEMa Ha3bIBAETCS
Takxke cucteMoit "murru6sk". Cucrema mpeacTaBiusieT co0OM Takyro IOCIEeI0BATEIbHOCTD.
ABTOMOOMJIBHBII ~ TPaHCIOPT NPUBO3UT  Tpeilliepbl K  JKEJIE3HOJOPOXKHON  CTaHLUH,
KOTOpasi 000Opy/0BaHHasl CHELUAIN3UPOBAHHON MOrPY30YHO-pa3rpy30uHoil cucremoil. Tam
TpeWJIepsl NEPErpyKarTCs Ha >KEJIE3HOMOPOXKHBIA COCTaB, KOTOPBIM Jajibllle OTIPABISAETCS K
onpezeneHHOMY yHKTY. [Tocne npuObITHs Tpelaepbl JOCTABIAIOTCS TAradyoM B KOHEUHBIN TyHKT
Ha3HaueHus. BaXXHbIM MOMEHTOM SBISETCS MaKCUMaJIbHO A(PQPEKTUBHOE MCIIOJIb30BaHUE
TpPEMJIEPHBIX IOE3/I0B, ISl KOTOPBIX CTPOSITCS MapLIpyThl INOCTOSHHOTO OOpAalleHHs, U OHU
o0ecrneunBaroT 3arpy’K€HHOCTb (MOPOXKHUH IMpoOer Mmpu TaKoH CUCTEME COCTaBISET MEHee
10 %) no crannuu Ha3HauYeHUs 0€3 MEePECTPOMKHU IO MApUIPYTYy CJIEI0BAaHUS, a TAKXKe MPUOBITHE
K CTAaHIIMU 10 PACIIMCAHMIO HE PEXE, YEM OJIMH pa3 B CYTKHU. | py30IepeBO3KHU IO TAKOW CHCTEME
OCYUIECTBIIAIOTCA 110 ABYM cxeMmaM. llepBasi cxema — 3T0 Korja Bce Tpeiiepsl epeBo3sTCs 3a
(buKcupoBaHHBIM TapupOM, ¢ 0OecriedeHneM PaBHbIX MPaB [yl BCEX BUJIOB TPAHCIIOPTA, KOTOPbIE
y4acTBYIOT B cxeme. Bropas cxema oOecrieumBaeT jkele3Hble JOpOTM, KaK OCHOBHOTO Iepe-
BO3YMKA, a IPYroi TPAHCIIOPT SABJSAETCS KIMEHTOM, KOTOPBIH OIUIauYuBaeT YCIyTd MEepBOTO.

Jl1g ycnemHoro BHEAPEHUs U JAIbHENIIET0 IPUMEHEHUS! KOHTPEHIEPHBIX TEXHOJIOTUN B
Pecny6nnke Kazaxcran motpedyercs, Kak TEXHUYECKUE M TEXHOJIOTHUECKHE KOMIUIEKCHI MEP, TaK
U OpraHU3alMOHHBIE U HOPMAaTUBHO-IIpaBoBble. C TEXHUYECKOW TOYKHM 3PEHHS HYKHO CO3/1aTh
TepMHUHANbHBIE 0a3bl, Ha KOTOpPBIX OyJeT NpPOU3BOAUTHCA 00paboTka rpy3oB. llpumenss
COBpPEMEHHBIE JIOTUCTUYECKHE TEXHOJIOIUH, OHa OyeT o0ecreynBaTh BiIaJIeNbleB aBTOMOOMIEeH
U TpPy30B ULIMPOKUM aCCOPTUMEHTOM TPAHCHOPTHBIX M OJKCHEAUTOPCKUX yciuyr. Takxke
HeoOXxonuMa JopaboTKa CIEeNUANIU3UPOBAHHOIO MOABMXKHOTO COCTaBa JAJSl TAKUX IEPEBO3OK.
KoHTpeiinepHble TepMUHAIbBl, B OTJIWYME OT TIPYy30BOM CTAaHIMHM, MOTYT COBMEUIATbCA C
KOHTEHHEpHBIMU ITyHKTaMU WM pa3BUBaTh COOCTBEHHYIO CHCTEMY IyTEBOI'O OOECTICUCHMS.
[Teperpy3ka yepe3 TEpMUHAIBI MOYKET OBITH 110 TAKUM THUIIAM:

1. ¢ ucnonap30BaHMEM TEPMHUHAIOB C FOPU3OHTAJIBHON NEperpys3koil (aBroTsaradamu). B
9TOM Cllydyad TIpy30BOl aBTOMOOWIIb uYepe3 IMOJAMOCTKH C TOPLIEBOH CTOPOHBI BbE3IKAET Ha
KEJEC3HOJOPOKHYIO TUIaTGOpMy WIH B CIy4aH C MOJYNPULETIaMU — TaKXKe Yepe3 CHelHaIbHbIe
MOJMOCTKH MPY MOMOIIM TATH MJIET NOrpy3Ka WU BBIFPY3Ka ¢ m1aTdopm;

2. ¢ UCMOJb30BAaHUEM TEPMHHAJIOB C BEPTUKAJIBHON Meperpy3kod (Tpy30nobEMHBIMU
KpaHamu). B aToM citydan aBToMoOMIIb (OMYNpUILEN) ¢ TOMOIIbIO MOOMIIBHOTO MOTPy34YrKa WK
CTAl[MOHAPHOI'0 KpaHa MEpPEMEIAI0T Ha YKEJIE3HOJOPOKHBIM BaroH M IO TAKOW K€ CXEME HIET
BBITPY3Ka;
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3. ¢ UCHOJb30BAHUEM TEPMUHAIOB, KOTOPbIE MMEIOT KOMOMHHMPOBAHHYIO IMEPErpy3Ky
(coBMetieHue).

OT rabapuToB NOrpy3KH 3aBUCUT BU/]] TIOJBHXKHOTO JKEJIE3HOIOPOKHOTO COCTaBa, BCETO 2
BUJA!

1) IlepeBo3ka ¢ MOMOILBIO CHEIUATUIUPOBAHHOMN MIATPOPMBI, Y KOTOPOH NOHMKEHHAs
rpy3oBas Iulomiajgka. Takoll BHJA NEPEBO3KM HCHOJIB3YETCS JUIsl  KPYHNHOTOHHA)KHBIX
HOJIYIIPULIETIOB U QYP.

2) IlepeBo3ka OCYLIECTBIISIETCS C MOMOILBIO KEJIE3HOAOPOKHBIX TEIEKEK, HA KOTOPHIX
OyZIeT CTOATh 3aMKCUPOBAHHBIN TPYKEHHbIH aBTOMOOUIIb.

IIpn TpaHCHOPTUPOBKE Ba)KHO MCIOJIB30BaTh IMOJYIPULENBl C YCWIECHHONM paMOd U
000pyI0BaHBbl CHIENIMAIbHBIMU TPUCIIOCOOICHUAMH TS KPEIUIEHUs K I1aTdopme.

B texHonorunueckoe 000pya0BaHNE BXOJUT U pab0Ta TEPMUHAIIOB, BUJ KOTOPHIX 3aBUCHUT
0T TEPMHUHAIBHOIO 00OPYJOBaHUsS, OCOOCHHOCTEH MOABMKHOIO COCTaBa U CIOCOOA MOTPY3KU
aBTOMOOWIIS HA TUIATHOPMY .

Opranuzanus JBHKCHUS KOHTPEHJIEPHBIX IMOE3A0B NPEAYCMATPHUBAET UX IOJIHYIO WIH
YaCTUYHYIO 3arpy3ky. Crenuanu3upoBaHHBIE IUIATGOPMBI MOTYT TakXe BXOIHMTh B COCTaB
cOopHbIX noe3noB. [Ipy gaHHOM MOAXO/A€ B OpraHM3aLUU KOHTPEHIEPHBIX MEPEBO30K MOXKHO
BBIJICJIUTH CIIEAYIOIINE OCHOBHBIE JTAlbl, TPUBEAEHHbIE B Ta0. 1

Ta6mmia 1 — OCHOBHBIE ATanbl B OPraHU3allii KOHTPEHIIEPHON MTePEBO3KHU
Howmep Kpatkas xapakTepucTtuka stana
JTana

OTmpaBiieHHe aBTOMOOMIISI CO CKIIaaa

ABTOMOOHJIBHBII MapIIPYT CBOUM XOJIOM

[Tpuess aBTOMOOWIISL B TPMUHAI

ITorpy3ka aBTOMOOMJISI Ha JKEJIE3HOJOPOXKHYO MIAT(GOPMY € MOMOLIBIO CIELHATIbHBIX YCTPOHCTB
IMpocToii aBTOMOOMIIA B IIporiecce (OPMUPOBAHUS COCTaBA

OTmpaBiieHHe COCTaBa ¢ TepMHHAIA

CrnenroBaHue aBTOMOOMIIS KEJIE3HOLOPOKHBIM MapLIPYTOM

[TpubbiTHE cOCTaBa HA TEPMUHAI

[eJ RN Ko N LU | (NN RUSH § O 3 o

9 BeIrpyska aBTOMOOHIIS € JKEeIE3HOJOPOKHON MIaT(GOPMBI C TOMOIIBIO CHEIHANBHBIX YCTPOHCTB
10 Bere3n aBToM00MIIA C TEpMUHAIA

11 ABTOMOOHJIbHBII MapIIPYT CBOUM XOJIOM

12 [TpuOsITHE aBTOMOOMIISI K KOHSUHOH TOUKE

13 Brirpyska rpysa u3 aBToMoOmIIst

14 BosBpar myctoro aBToMOOHIISI

15 3ae3 Ha CKiIa ISl 103arpy3Ku

Jnga  noHumaHus —OpuHOMOA paboOThl  NPUHLUIMANBHAS ~CXE€Ma OpraHM3alUu
KOHTPEHJIEPHBIX MEPEBO30K MPEICTaBIeHa Ha puc. |

I[Ipu mnpenocraBieHUM  TPAHCHOPTHBIX  YCIYT  SIBISETCS  BaXXHBIM  pa3/IeJICHUE
OTBETCTBEHHOCTH 3a IPUEM, NEPEBO3KY, COXPAHHOCTh I'py3a, TaKK€ YCTAaHOBIICHHE IOPSAKa
JIOKYMEHTOO0OpoTa M pacuera TapudHON cTaBku. OTBETCTBEHHBIMU CTOPOHAMHU SIBIISIOTCS
JKeJe3Has J10pora, aBTOTPAaHCIIOPTHAsE OpraHu3alus U rpy30Biajenblbl. BBO3 U BbIBO3 Ipy3a B
TEpPMHHAJ Yallle BCEro BBIMIONIHACT IPy30BIajenell, Ju00 aBToTpaHcnopTHas kommanus. [locie
3TOrO0 TIpy3 IMOMEIIAIT B TpeWiep, MNpHUHALICKAINMNA OJHOM M3 CTOPOH, HECYIIUX
OTBETCTBEHHOCTb.
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Puc. 1. TlpuHnunuanbHas cxemMa OpraHu3alii KOHTPEHIEPHBIX NIEPEBO30K

[locne TpaHCIOPTUPOBKM Tpeiepa TPy30BUKOM Ha IHKEJIE3HOJOPOXKHYIO CTaHIIMIO,
BBITIOJTHACTCSI IOTPY3Ka Tpeiyiepa Ha crieluaibHyo aTgopmy. OTBETCTBEHHOCTS 3a MEPEBAIIKY
MOXKET B3iTh Ha cebs nrobass u3 cropoH. Ha Bech myTh rpy3a OT Tpy300TIpaBUTENS 0
rpy3ononydareins ohopMIIsieTcsl eArHas )KeIe3HOI0pOXKHas TpaHcropTHas HakinagHas (EXKTH),
0o TPaHCIIOpTHAsA HaKJIaaHasa, KOTOPYIO BbIIIHMCBIBACT aABTOTPAHCIIOPTHAA OpraHu3anusi.
Tapudnas craBka HaIPSAMyIO 3aBUCUT OT CTOPOHBI, HECYIIEll OTBETCTBEHHOCTH 3a TPEJiep, BBO3
U BBIBO3 Tpeiiiepa ¢ TepMUHAaIa, TPAHCTIOPTUPOBKY | mepeBaiky. CTaBKa pacCUUTHIBACTCS MO0
10 IpaBWIaM MEPEBO3KH AaBTOMOOMJIBHBIM TPAHCIOPTOM, JHOO >KEJIE3HOAOPOKHBIM. B
HUCIIOJIB30BaHNU KOHTpefIJICpHBIX IEPEBO30K aBTOMOOHIIBHOE JABHMOKCHUC OpPraHu3yeCTCs
MAasITHUKOBBIM WJIM KOJIBLIEBBIM THIIOM MapuipyTa. IIpym MasTHHKOBOM MapuipyTe aBTOMOOWIIb
3arpy»KaroT Ha CKJIaaeC I'py300TIIPABUTCIIA, IIOCIIC OTOI'0 aBTOMOOMIIB IpOXOAUT YaCThb ITYTH CBOUM
XO/IOM U 4YacTh ITyTH C UCTIOJIB30BAHUEM JKEJIE3HOIOPOKHON CIIEHATM3UPOBAHHON TIaTGOPMOH,
3aTCM IIPOUCXOOUT BBIIPY3KaA Yy I'PY30I0JIYYATCIIAA U BO3BpAIICHUC HA CKJIAJ I'PY300TIIPaBUTECIIA B
HOpOXKHEM cocTossHMH. KospleBoll MapuipyT MoApa3yMeBaeT CIIeJOBaHUE Tpeliepa depes
HECKOJIbKO ITYHKTOB IIOTPY3KH U Pa3rpy3KH, 3aMeHsIsl IOPOKHUN MPOOET rpy>KEHHBIM B CPABHEHUU
C MasTHUKOBBIM MapuIpyToM. B mporiecce ananm3a ObUTO BBIAEIECHO IATH TPYII MO OIPEICICHHUIO
CTOPOHBI, KOTOpPasi HECET OTBETCTBEHHOCTh 3a ONEpAIMH C TpeiliepoM, yTBEepKIeHHE Tapuda u
BBIOOD MEPEBO30YHOTO IOKYMEHTA.

B Bompocax HOpMaTHMBHO-NIPaBOBOro  oOecredeHHsi HeoOXxoauma  pa3paboTka
HOPMAaTHBHOW 0a3bl, 3aHUMAIOIINECS PETYIALNeH KOHTPEHIepHO NepeBO3KH BO BHYTPEHHEM U
MEXTYHAPOJIHOM COOOIICHHH.

OCHOBHBIMH IIENISIMH  COBEPILICHCTBOBAHHS HOPMAaTHUBHO-TIPABOBOTO  PETYJINPOBAHUS
KOHTpefIJIepHBIX MEPCBO30K ABJIAKOTCA: CO3JJaHUC YCJIOBI/Iﬁ JJIsA yCTOﬁ'—IHBOI‘O Pa3BUTHA JaHHOI'O
BU/Ia TIEPEBO30K; MOBBIIICHUE YPPEKTUBHOCTH T'OCYAAPCTBEHHOTO YIIPABJICHUS] TPAHCIIOPTHOM
OTpaciblo; CO3JaHHWE OCHOB IPABOBOTO PETYJIUPOBAHHA KOOPIWMHAIMKA M B3aUMOJCHCTBHUS
KEJIE3HOJIOPOXKHOTO € JAPYTMMH BHJIAaMM TpaHcmopta; d(dQeKkTuBHAas HUHTErpanus B
MEXTyHAPOIHYIO CHCTEMY KOMOMHUPOBAHHBIX (CMEIIAHHBIX ) IEPEBO30K IPy30B U Ap. Ha nanHbIi
MOMEHT Ha 0a3e OCHOBHBIX NosokeHMH TpancmoptHoli crparernm Kaszaxcrana, Crtpareruu
pa3BUTHUS KEIE3HOAOPOKHOTO TPAaHCIOPTa, pa3paboTaHa KoHuenuus perinamenta opraHu3annu
KOHTPEHMJIEPHBIX IIEPEBO30K Ha JKEJIE3HBIX JIOPOTax.
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Abstract. In the context of growing interest in renewable energy sources and the need to
optimize logistics processes, the development of intelligent biogas transportation management systems
is highly relevant. This work focuses on creating an integrated automated system for the safe and
energy-efficient transport of compressed biogas. The system is based on the ESP32 microcontroller
and integrates Internet of Things (IoT) technologies, intelligent data analysis, and adaptive control. It
is built around a data acquisition module with high-precision pressure, temperature, leakage, vibration,
and humidity sensors. Control is carried out via an array of solenoid valves, and wireless
communication is ensured through Wi-Fi and the MQTT protocol. The ESP32 microcontroller serves
as the central hub, performing local control, signal processing, and data transmission to a cloud
platform. A key advantage is the built-in predictive diagnostics mechanism, which identifies potential
deviations in real time and prevents emergency situations, ensuring continuous operation. This paper
provides a detailed description of the development of the ESP32-based integrated automated system
for compressed biogas transportation. The hardware and software architecture, including sensors and
monitoring and control algorithms, is described to significantly enhance the safety, efficiency, and
reliability of biogas transport by both road and rail. The conducted analysis confirmed a substantial
reduction in biogas losses and an increase in overall process reliability. This convincingly demonstrates
the feasibility of using the ESP32 microcontroller as a basis for creating intelligent and energy-efficient
automated solutions in the biogas industry.
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AnHoTanus. JKaHapThUIaTBIH SHEPrusi KO3JepiHE KbI3bIFYIIBUIBIKTBIH apTybl MEH
JIOTHCTUKAJIBIK MPOLECTEP/I1 OHTAMIAHIBIPY KAXKETTIriHe OaillaHbICThI, OMOTa3 bl TACKIMAJIIAY I
OackapyAblH HHTEJUIEKTyall bl KyHenepiH a3ipiey aca ©3eKTi Ooybln OThIp. byn sxymbicTa
KBICBITFaH OMOTa3/Ibl KAyiIci3 ®KoHE SHEPTUs THIMJII TachkIMalljayFa apHaJIFaH HHTETpalUsIaHFaH
aBTOMATTaHJBIPBUIFAH KYHeHi xkacay KapacTeipbuirad. JKyiie ESP32 mukpoxontposiepi
HeTi3iHAe KypbutraH xoHe MHTepHet 3attapsl ([oT), nHTEINeKTyan sl IepeKTep i Tanaay KoHe
aJanTUBTI pETTEy TEXHOJOTWsapblH OipikTipeni. JKyle >KOFapbl JOJIIKTET1  KBICBHIM,
TEMIIepaTypa, arbI3y, IipiJl )KOHE BUIFaJl IATYUKTEP] Oap AepeKTep KuHAy MOIYJIiHE HEeTi3/1eNreH.
backapy 31eKTpoMarHuTTiK KianaHaap OJ0Tkl apKbLIbI )KY3€Tre acaibl, ajl ChIMChI3 Oaiinanbic Wi-
Fi xone MQTT npoTokosibiMeH KamTamachi3 etinieni. ESP32 MukpoxoHTposepi opTanslK TyHiH
peTiHe JOKaIIbI OaKblUIayAbl, CHTHAIIAPABI OHACY/Il XKoHE ACPEKTepai OYITTHIK raTdGopmara
ki0epyai aTkapaael. Herisri apThIKIIBUIBIFEI — QJIBIH alla TUATHOCTHKA MEXaHW3Mi, OJ HAKTHI
yakbIT peXKUMIH/IE€ MOTEHIIUAJABI aybITKYJIapAbl aHBIKTAIl, allaTThl KaFAaiIapAblH ajlbIH anabl,
MPOIECTIH Y3IIKCI3AiriH KamTamace3 ereai. Makanana ESP32 HeriziHzeri KpIChUTFaH OHOTa3/Ibl
TachIMalAayapl OacKapyJblH MHTErpalusIaHFaH aBTOMATTAaHIBIPBUIFAH >KYHECiH o3ipieyliH
amnmaparThIK KoHE OarJapiaaMaiblK apXUTEKTYpachl, CEHCOpJIap MEH MOHUTOPHUHT JKoHE OacKapy
ANTOPUTMAEP] emKel-Terkelni cunartanFad. JKyprisuireH Ttangay Owuora3  IIBIFBIHBIH
alTapibIKTall a3aiTKaHBIH YKOHE MPOIECTIH JKAIIbl CEHIMIUIITIH apTTHIPFaHbIH KepceTTi. by
ESP32 mukpokoHTposuiepiH Ouoras calachlHJla MHTEUIEKTYalJIbl KOHE JHEpPrusl YHEMJEWUTiH
ABTOMATTAHIBIPBUIFAH IISHIIMJAEP JKacay YVIUIIH Heri3 peTiHAe KOJNIAHYIbIH THIMIUIICH
QI AE .

Tyiiin ce3nep: 6uoras, ESP32, apromarrannsipy, loT, TacsiMannay, ceHcopiap, 6ackapy
Kyheci, MUKPOKOHTPOJIIIEP, ajlIbIH ajia Taljay, JHepIrus YHEMIEY

Joiiexco3nep ywin: K. WrubGae, A. OpanbexkoBa, H. Tynenbex. ESP32
MUKpPOKOHTPOJUIEpl  HETI3IHAE  ChIFbUIFAaH  Ouorasapl  TachkMaljayael  OacKapyIblH
MHTETpallMsUIaHFaH aBTOMATTaHIBIPBUIFAH KyieciH a3ipney//Kasakcran enmipic kemiri. 2024.
Tom. 21. Ne 82. 6782 Ger. (Opsic Tin.). https://doi.org/10.58420/ptk/2024.82.02.006

Mynaaesep KakTbIFbICBI: ABTOpJap OChI Makalajga MYIACNep KaKTHIFBICHI KOK JIell
MOJIIMIAEH .
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AHHOTauus. B ycnoBusx pactyiiero naTepeca K BO30OHOBIIEMbIM HCTOUHUKAM SHEPTHU
U HEOOXOJUMOCTH ONTHMM3ALUU JIOTUCTHUECKUX IPOLECCOB, pa3paboTKa MHTEICKTYalbHbIX
CUCTEM YIpaBJIECHMsI TPAHCIOPTUPOBKOM OHOra3za CTaHOBHUTCS KpailHe akTyanbHOW. Hacrosimas
paboTa TMOCBSIIEHA CO3JAHUI0O MHTETPUPOBAHHOM aBTOMATU3UPOBAHHOW CUCTEMBI  JUIS
6e3omacHoil ¥ YHEProd(PPEeKTUBHON TPAHCTIOPTUPOBKHU CxKATOro Ouoraza. CucremMa OCHOBAaHA Ha
MukpokoHtpoiiepe ESP32 wu  oObenunsier TexHosormu  MHTepHera Bemed  (IoT),
MHTEJIJICKTYaJIbHBIM aHaIN3 JaHHBIX U aalTUBHOE peryaupoBanue. Cuctema noctpoeHa Ha 6ase
MOyl cOOpa JaHHBIX C BBICOKOTOYHBIMM JaTYMKaMH JaBJIECHUs, TEMIEpaTypbl, YTEUKH,
BUOpAllMM ¥ BJIOKHOCTH. YTIPABICHHWE OCYIIECTBISIETCS Yepe3 OJOK 3IIEKTPOMAarHUTHBIX
KJIallaHoB, a OecmpoBoaHas CBs3b oOecmeumBaeTcs Wi-Fi u  mporokomom MQTT.
Muxkpoxontposuiep ESP32 BeicTynaeT B pojid IEHTPalIbHOI'O Yy3ja, BBIIOJHSS JIOKAJIbHBIN
KOHTPOJIb, 00pabOTKY CHUTHAJIOB U Iepejady JaHHbIX Ha 0o0jauHyro miaatdopmy. KiroueBbiM
IPEUMYIIIECTBOM SIBJISIETCSI BCTPOEHHBIM MEXaHM3M IPEAUKTUBHOW JAMATHOCTUKH, KOTOPBIA B
pEKMME DPEAJbHOTO BPEMEHHU BBIABIICT IOTEHUUANbHBIE OTKIOHEHHS W IPEJOTBpAIlAET
aBapHiiHbIE CUTYyalH, FapaHTUPYs OecriepeOoitHOCTE npoliecca. B qaHHOM cTaThe npecTaBiIeHO
JieTajabHOE ONUCaHKue pa3pabOTKU UHTETPUPOBAHHON aBTOMATU3UPOBAHHON CUCTEMBI YITPABICHHUS
TPaHCHOPTUPOBKOHM ckaToro Omoraza Ha 6a3ze ESP32. Ommcanbl anmapaTHas ¥ mporpaMMHast
apXUTEKTYypa, BKIKOYasi CEHCOPBI U aJrOPUTMbI MOHUTOPUHIA U yIPABIECHUS, HAIIPABJICHHbIE Ha
CYILIECTBEHHOE TOBBIIIECHHE 0E30MacCHOCTH, YPPEKTHBHOCTH M HAJSKHOCTH TPAHCIIOPTHUPOBKHU
O6uoraza Kak aBTOMOOMJIBHBIM, TaK M KeJI€3HOJIOPOKHBIM TpaHcopToM. [IpoBeneHHblN aHaN3
MOATBEPAMI 3HAYUTEIHHOE CHU)KEHHE IOTEeph OHOrasa W MOBBIIICHHWE OOILIeH HaleKHOCTH
nporecca. JTo yOEIUTEIbHO JNEMOHCTPUPYET LEIecO00pa3HOCTh HCHOJIb30BAHUS OJHUM U3
MUKpOKOHTpojuiepoB ESP32 B kauecTBe OCHOBBI ISl CO3JaHMSI HUHTEIUIEKTYaJIbHBIX U
9HEepro’(pPpeKTUBHBIX aBTOMATHU3UPOBAHHBIX PEIIEHUH B OMOra30BOI OTPaCIIH.

KaroueBble ciaoBa: Ouoras, ESP32, aBromaruzanus, [0T, TpaHCIOPTUPOBKA, CEHCOPBI,
cUCcTeMa YIpaBJICHUs, MUKPOKOHTPOJIEP, MPEAUKTUBHBIN aHAN3, S3HEprocoepexeHne

Jdas umutupoBanus: K. HWrubaes, A. OpanbexoBa, H. Tynenbek. Pa3paborka
WHTETPUPOBAHHOM aBTOMATU3MPOBAHHOW CHCTEMBI YIPAaBIEHUS TPAHCIIOPTHPOBKOM CXKATOTO
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Ouorasa Ha 6a3e MukpokoHnTpoiiepa ESP32 // [Tombimnennsiii Tpancnopt Kazaxcrana. 2024. T.
21. No. 82. Ctp. 67-82. (Ha pyc.). https://doi.org/10.58420/ptk/2024.82.02.006
KoHduukT uHTEepecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBHH KOH(DIUKTAa HHTEPECOB.
IKcnepumeHmaivbHble UCCae008aHUS NPOBOOUIUCH 8 pamKax npoekma I D Ne AP19679153
"AP23490744  Paspabomxa  uHmeileKmyaibHO — UHHOBAUUOHHOU  MUKDOKOHMPOJLLEPHOU
cucmemvl”. 01 MOHUMOpUH2A U PESYIUPOBAHUS MENN0B020 DPEeHCUMA U (DYHKYUOHUPOBAHUS
ouocazosou ycmanoexu" HUBT KH MHBO PK.

Beenenue

AKTyaJlbHbIE HaIpaBJCHUS B 00JIACTH BO30OHOBIISIEMBIX MCTOYHHUKOB DHEPTUU JEJIAOT
Ouoras OJIHUM M3 CaMbIX MEPCIEKTHUBHBIX aNbTEPHATHUBHBIX BHUJOB TOILIMBA, UCIOJIL3YEMOTO B
JHEPreTUKE, CEIBCKOM XO34HCTBE, IPOMBIIUIEHHOCTH M TpaHCNOPTHON oTpaciau. OnHako
TPAHCTIOPTUPOBKA CXKATOTO OHOra3a oCTaéTcs TEXHUYECKHU CIOKHBIM M SHEPTOEMKHUM MPOLIECCOM,
KOTOpBI TpeOyeT BBICOKOW CTENEHU OE€30MacHOCTH, HaAEXKHOTO KOHTPOJI I[apaMeTpoB U
MUHHUMM3ALUUU T0Tepb. TpaguimoHHbIE CUCTEMBI YIIPABJIEHHS, OCHOBAaHHBIE HA PYYHOM KOHTpPOJIE
U TIPOCTBIX PETYJIATOpaX, 4aCTO He 00eCNeurnBalOT HEOOXOIUMYIO0 TOYHOCTh U CTAOMIIBHOCTD NIPU
M3MEHEHUHU OKCIUTyaTallMOHHBIX YCIOBHI, YTO MOXET NpuUBEeCTH K HedIP(HEeKTUBHOCTH U
MOBBIIIICHHOMY PUCKY aBapHUHBIX CUTyalnuid. B ycrmoBusx nudpoBU3auu MpOMBIIUIEHHOCTH U
AKTUBHOTO BHEJIPEHHs] KOHIEHIMH «YMHBIX» CHUCTEM OCOOYI0 aKTyalbHOCTh MPHOOpeTaeT
pa3paboTKa MHTEIPUPOBAHHBIX  ABTOMATU3UPOBAHHBIX  KOMIUIEKCOB, 00€CIEYMBAIOLIUX
MHTEJUIEKTYaJIbHOE yIpaBJeHUE npoleccamu TPaHCIIOPTUPOBKH. Hcnons3zoBanue
MUKPOKOHTPOJUIEPOB HOBOT'O MTOKOJIEHUS, TakuxX Kak ESP32, oTkppiBaeT MUpOKHE BOZMOKHOCTH
Uit o0beiuHeHus: PyHKIM cOopa, aHaIu3a U repeadn TaHHbIX B €IMHYIO CUCTEMY YTIPaBJICHHUS.
[Kalamaras et al., 2025] bnaromapsi BcTpoeHHBIM cpencTBam OecrpoBogHoi cBsizu (Wi-Fi,
Bluetooth) u mognepsxke nporokonos loT, mukpokonTposuiep ESP32 criocobeH BBIMOTHATE HE
TOJIBKO JIOKAJIbHOE YIPAaBJIEHUE MCIOIHUTEIbHBIMU MEXaHW3MaMH, HO U IIepellaBaTh
uH(bOpMaIMIO B 00JIaYHbIe CEPBUCHI [ yAaNEHHOTO MOHUTOPUHTa U aHanu3a. [Auelbekov u ap.,
2025]

Buenpenune cucrem Ha 6aze ESP32 no3Bossiet peaan3oBaTh HHTEIIEKTYJIbHBIN KOHTPOJIb
napaMeTpoB JaBJICHUS, TEMIIEPATYPhl, YTEUCK W BUOPALINHU, a TAKXKE MPOBOJAUTH MPEIUKTHBHBIN
aHaNIM3 [ TPEJOTBpAIICHHS] aBapUHHBIX CHUTyalUd. OTO CIOCOOCTBYET MOBBIIICHUIO
9Heprod(hHEeKTUBHOCTH, CHUKCHHIO HKCIUTYaTAI[MOHHBIX 3aTpaT U YBEIUMYCHUIO HAIEKHOCTH
TPAHCTIOPTUPOBKU OHOrasa Kak aBTOMOOWJIBHBIM, TaK U JKEJIE3HOJIOPOKHBIM TPAaHCIOPTOM.
[Erdei, Tamas, Illes, 2021]

PaspaboTka u wucciejoBaHME WHTETPUPOBAHHOM aBTOMATHU3UPOBAHHOM CHCTEMBI
yIOpaBlIeHUs] TPAHCHIOPTHUPOBKOM CKaToro Ouorasa ¢ MCHOJIB30BAaHUEM MHKPOKOHTPOILIEpA
ESP32. B Heli paccMaTpuBarOTCs anmnapaTHO-IIPOrpaMMHasl apXUTEKTypa CHCTEMBI, aITOPUTMBI
MOHHTOPHHTA W PETYJIHUPOBAHMS, a TaKKe METOAbl aHanu3a AP(PEeKTUBHOCTH MPEIIOKEHHOTO
pemeHusi. OCHOBHOM 1IETBIO MCCIICIOBAHUS SIBISIETCS CO3/IaHUE MHTEIUICKTYalbHOM, O€30macHo
U SHeprodpGeKTUBHON  MIaTGopMbl  YNPaABICHHS, COOTBETCTBYIOIIEH COBPEMEHHBIM
TpeOOBaHUSAM YCTOMUMBOIO pa3BUTHUS U LU(POBU3ALUU SHEPTETUYECKOTO CEKTOPA.

B mnocnemnme roapl HaOmIOmaeTCs AaKTHBHOE pa3BUTHE HAYYHBIX HCCIEIOBaHUM,
HAIPaBJIEHHBIX Ha IMOBbIIIEHUE 3(QQPEKTUBHOCTH TPAHCIOPTUPOBKU OHOrasa M BHEIPEHUE
WHTEIJICKTYyallbHBIX CHCTEM YIPaBICHHS. BOJBIIMHCTBO COBPEMEHHBIX pPadOT aKIEHTHPYIOT
BHUMaHUE Ha [PUMEHEHUHM TexHojoruil asTomaruszaumu, MWurepnera Bemeidt (IoT),
MUKPOKOHTPOJUIEPOB U METOJIOB MCKYCCTBEHHOTO MHTEIJIEKTA JIJIsl 0OecreyeH sl Haa&KHOCTH U
9HEPTrod(HEKTUBHOCTH TPAHCTIOPTHBIX CUCTEM.

[lepenoBbie MpakTUKKU MOATBEPKIAIOT, YTO MPUMEHEHUE ABTOMATHU3MPOBAHHBIX CHUCTEM
yopasieHuss (ACY) mno3BojisieT 3HAYUTENbHO COKPAaTUTh IOTepu Ouorasa U MOBBICUTH
Oe3omacHocTh TpaHcmopTupoBku. [ Igibayev et al., 2025] B pabore Mignogna et al. (2023)
OTMEYaeTcsi, 4To BHeaApeHue mHTeNekTyaabHbix SCADA-cuctem obecrnieunBaeT CTaOWIBHBIN
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KOHTPOJIb TIapaMETPOB JaBIIEHUS M TEeMIIepaTyphl, a TaKXkKe I03BOJIAET IMPOTHO3UPOBATH
BO3MOYKHBIE OTKJIOHEHHUS B peajibHOM BpeMeHH. [10100HbIe penieHns yKe akTHBHO IIPUMEHSIOTCS
Ha OHOra3oBbIX YCTAaHOBKAaX, HO HX HHTErpallds B TPAHCIOPTHBIE MPOLECCHl OCTa&TCs
HeJl0cTaTOYHO npopaboTanHoil. [Auelbekov et al., 2025]

BaxxuplM HampaBieHHEM DPAa3BUTHUS SBJSETCS HCIIOJIb30BAHHE MHUKPOKOHTPOJUIEPOB C
nojuepxkoit [oT mnst cozmanms pacnpenenéHHbIX cucteM MoHHTOpuHTa. Pabdotsr Cinar et al.
[Cinar, 2021] (2021) u Almomani (2020) moka3bIBalOT, 4TO NPUMEHEHHUE MUKPOKOHTPOJIJIEPOB
(Arduino, Raspberry Pi, ESP32) coBmectHo ¢ loT-mnardopmamu TO3BOJISET peaan3oBaTh
JIMCTAHIIMOHHBIN KOHTPOJIb MTApaMeTPOB TpaHCHIOpTUpYeMoro ra3a. [Herzog et al., 2023] ESP32,
o0agaromuil IByXbAACpHON apXUTEKTypoii, BCcTpoeHHbIMU HHTepdericamu Wi-Fi u Bluetooth, a
TaK)Ke BBICOKOW 3HEpProdpGeKTUBHOCTHIO, CTaJ OJHOW M3 HamboJjee MOMYJSPHBIX anmapaTHbIX
w1aT$opM JUTsl BHEJPEHHS MHTEIIEKTYAIbHBIX CUCTEM yrpaBienus. [Auelbekov u mp., 2025]

B uccnenoanum De Clercq et al. (2020) moka3aHo, 4TO MHTETpaIKs CEHCOPHBIX Y3JI0B C
MUKPOKOHTPOJUIEpAaMU M OOJAUHBIMU CEpBUCAMU IM03BOJISIET 00padaTbiBaTh O0NbIINE O0BEMBI
JaHHBIX W BBIABIATH 3aKOHOMEPHOCTH, CBSI3aHHBIE C H3MEHEHHEM IapaMeTpoB rasza Impu
TpaHcnoptupoBke. Takoil moaxox oOecredrBaeT BO3MOXKHOCTh TPEIUKTUBHOTO aHaJH3a,
[Igibayev et al., 2025] u pannero oOHapy»xeHus HencripaBHocTel. [Esen San et al., 2024]

MamuHHoe o0y4eHHe W HEWpOCETEeBbIE aJrOpPUTMBl HIPAlOT KIIOYEBYIO pPOJNb B
MHTEJJIEKTYyallbHOM YTIpaBJICHUH TPaHCHIOPTHPOBKOI Ouorasza. Mccnenosanue Abu Qdais et al.
(2010) neMOHCTPUPYET, UTO UCIOJIH30BAHNE UCKYCCTBEHHBIX HEUPOHHBIX CETEH U T€HETUYECKUX
QJIITOPUTMOB TO3BOJISIET ONTUMHU3UPOBATH IPOLIECC TPAHCIIOPTUPOBKH M TOBBICUTH TOYHOCTH
MPOTHO3MPOBaHMS yTeuek. B Gonee mo3muux padorax (Gopal et al., 2021) mokaszaHo, 4To aHATU3
BPEMEHHBIX PSAAOB JaHHBIX CEHCOPOB C MOMOIIbIO PEeKYpPPEHTHBIX HeWpoHHbIX ceTeil (LSTM)
obecrieunBaeT NMpecKa3aHue NapaMeTpoB JABJICHUS U TEMIIEpaTyphl ¢ TOUHOCThIO Oosiee 90 %.
OTH  MeToabl  OCOOEHHO  aKTyaldbHbl IpPU  HHTETpAllMd C  MHUKPOKOHTPOJIEPAMU,
OCYIIECTBIISTIOIIMMU COOpP TAHHBIX B peXXUME peanbHOro Bpemenu. [Igibayev et al., 2025]

B psAne coBpeMEHHBIX HCCIEAOBAaHUN paccMaTpUBAeTCs MPUMEHEHHE KOHIICTIIUU
UQPPOBBIX JABOWHUKOB IS MMHUTALMOHHOTO MOJEIMPOBAHMS TPAHCIIOPTHBIX MpoIreccoB. B
pabote Sarp et al. [Sarp et al., 2024] (2024) ormMeueHO, YTO MU(PPOBHIC TBOWHUKHU MO3BOJISIOT
NPOBOJIUTH MOJICIMPOBAHUE CIIGHAPUEB OKCIUTyaTallkd Ta30TPAHCIOPTHBIX CHUCTEM U
ONTUMU3HPOBATh paboTy obopymoBanusa. [Amirgaliev u ap., 2024] IlpuMeHeHHne Takux
TexHoJsoruit coeMecTHO ¢ loT-moxynsamu ESP32 oTkpriBaeT BO3MOKHOCTh CO3/1aHUS a1allTUBHBIX
CHCTEM YIIpaBJICHUs, pearupyrolux Ha U3MEHEHUs SKCIUTyaTallMOHHbIX yciaoBuid. [Auelbekov et
al., 2025]

ABTOMaTH3aIMsl M MHTEJUICKTYaJbHBIE CHCTEMBI YIPABJICHUS CIIOCOOCTBYIOT HE TOJIBKO
MOBBIINICHUIO HAAEKHOCTH TPAHCIOPTUPOBKM, HO M CHIKEHHMIO 3aTpaT U BbIOPOCOB.
Uccnenosanus Chen et al. (2024) u Erdei et al. (2021) noka3anu, 4To BHEApEHHE LUPPOBBIX
TEXHOJIOTUI ¥ CUCTEM MOHUTOPHHIA MO3BOJIIET COKPATUTh HKCIUTyaTallMOHHBIE PacXo/sl Ha 15—
25 %, a Takke CHHU3UTh BHIOpOCHI MeTaHa B aTMoc(depy 3a CUET TOUHOTO PEryJupOBaHUs
napaMeTpoB TPaHCHOPTUPOBKH. [Janusova, Cicmancova, 2016]

AHanm3 Hay4YHBIX HMCTOYHHKOB ITOKAa3bIBA€T, YTO IPHUMEHEHHE MHUKPOKOHTPOJUIEPOB,
texHonmoruii loT W ajaropuTMOB MCKYCCTBEHHOTO HHTEJUIEKTA SIBISETCA NEPCIEKTHBHBIM
HaNpaBJICHUEM ISl CO3JaHHMS WHTETPHUPOBAHHBIX CHCTEM YIIPABICHHS TPAHCIOPTHPOBKOU
Ouoraza. HamGonpmuii moTeHIMal AEMOHCTPUPYIOT pelleHHs Ha 0a3e MHKPOKOHTpOJIIepa
ESP32, obecneunBaroniero 0ajgaHC MeXIy MPOU3BOJIUTENBHOCTBIO, SHEPTrO3(PPEKTUBHOCTHIO U
noctynHocThio. COBpeMEHHBIE HCCIIEIOBAHUS MOATBEP)KIAIOT, YTO OOBEIUHEHHE CEHCOPHBIX
CeTel, WHTEIUICKTYAJIbHBIX aJIrOPUTMOB H OECIPOBOIHBIX TEXHOJIOTUH CBS3H TO3BOJISIET
HOBBICUTh 0€30MacCHOCTh, CHU3UTh NOTEPU U YIYUIIUTh DSKOJIOIMYECKYI0 YCTOHYMBOCTH
TpaHCHOPTHPOBKH Ownoraza. OmHako ocTaércs HEOOXOAMMOCTh B Pa3pabOTKE KOMILICKCHBIX
CUCTEM, OOECIICUNBAIOIINX MOJHYI0 WHTETPAIMIO alMapaTHbIX U MPOrPAMMHBIX KOMIIOHEHTOB,
9TO W SBJSIETCS IETBI0 HACTOSIIEH paboThI.
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Marepunajbl M METOABI HCCJICTOBAHNUS

OOBEKTOM HCCIEAOBaHUS SBISIETCS MHTETPUPOBAHHAs aBTOMATU3MPOBAaHHAs CHCTEMaA
yOpaBleHUs! MPOIECCOM TPAaHCIOPTUPOBKH CKAToro Ouorasa, (QyHKIMOHUpYIOLas Ha Oaze
MukpokoHtposuiepa ESP32. [Kalamaras et al., 2025] Cuctema npeana3HadeHa a1t MOHUTOPUHTA
napaMeTpoB JaBJICHUS, TEMIEPaTyphl, yTeUeK, BAOPAIIMH U BIaKHOCTH, a TAaKXKe JIJIsl yIIPaBIICHUS
AJIEKTPOMAarHUTHBIMU KJIallaHAMU M CUCTEMOI BEHTWISALIMU KOHTEIHepa, coaeprKaliero 0amioHsl
¢ cxateiM Ouorazom.[ Kalamaras et al., 2025]

AnmnapaTtHasg 4YacTb pa3paOOTaHHOM CHCTEMbI BKJIIOYAET CIIEAYIOIIME OCHOBHBIE
KOMIIOHEHTHI:

Muxkpokontpoiep ESP32 -nientpanbHbiil a1eMeHT, obecnieunBarouii coop, 00padoTKy
u mepenady AaHHbIX. OH moajaepuBaeT OecrpoBojHYI cBsizb mo Wi-Fi u Bluetooth, uto
MI03BOJIIET OPraHU30BATh JUCTAHIIMOHHBI MOHUTOPUHT U YIIPABIICHUE.

Jatunku naBiaenust (16 mT.) - KOHTPOJIUPYIOT COCTOSIHHE Ka)KJIOTO ra30BOT0 OayuioHa U
[OJIal0T CUTHAJIBI IIPU OTKJIOHEHUHU OT HOPM.

Jatuuku Temnepatypsl (2 MIT.) - U3MEPSIOT TEMIIEPATYPY raza U OKPYKaIoUIei cpebl s
IPEIOTBPALEHUS ITeperpena.

HNatuuku yrteukn raza (2 1mT.) - 00ecleyuBalOT CBOEBPEMEHHOE OOHapyXeHHE
MOTEHLHAIbHBIX ABAPUHUHBIX CUTyaLUM.

JaTtunk BHOpaly W BIIAXHOCTU -KOHTPOJIUPYIOT MEXaHHMYECKHEe U KIMMaTHYeCKHe
YCIJIOBUS TPAHCIIOPTUPOBKH.

HcnonmHuTenbHble YCTPOWCTBAa - JJIEKTPOMArHUTHBIE KJalaHbl, OOECHeYHBaIOIINe
ABTOMAaTHYECKOE PEryJIMpOBaHUE M0Jaul U IEPEKPHITHE ra3a.

Monynb oroopaxkenus gaHHbIX (OLED-aucieit) - BU3yanu3upyetr OCHOBHBIC ITapaMeTPhl
CUCTEMBI.

Monynp mepenayd AaHHBIX -00ecredyrBaeT OTHpPaBKy coOpaHHBIX AaHHbIX Ha [oT-
w1atdopmy M 00JauHbIN cepBep IS AajJbHEHIIEro aHanu3a.

Takas apxuTekTypa oOecreyrBaeT aBTOHOMHOCTb pa0OTbl CHCTEMBI, a Takke
BO3MOXKHOCTH YJAJIEHHOTO KOHTPOJISl COCTOSIHYSI KOHTelHepa ¢ 6uora3om. [ Herzog et al., 2023]

[TporpaMMHas yacTh peann3oBaHa ¢ ucrnosibzoBanueM cpensl Arduino IDE u 6ubnmorek
ArduinoJson, WiFi.h, PubSubClient, o6ecnieunBaromux oOMeH qaHHBIMU yepe3 mpoTokoa MQTT.
Jloruka paboThl MUKPOKOHTpPOJIEpa BKIIOYAET HECKOJIBKO MOCIIe0BaTeNbHBIX 3TanoB: [Franklin
Oliveira et al., 2024]

1. MHnnmanusanus CHCTEMBI - HACTPOMKA CEHCOPOB, CETEBBIX COCAUHEHUN H
KOHTPOJIbHBIX IEPEMEHHBIX.

2. COop HaHHBIX - PETYySPHOE CUYUTHIBAHUE TMOKA3aHWM C JATYUKOB JIABJICHUS,
TEMIIEPaTypbl U YTEUEK.

3. AHanu3 JaHHBIX - CpaBHEHHE TEKYIIUMX 3HAYEHHUM C JOMyCTHUMBIMU MOPOraMH U
ompezeNeHnue OTKIIOHEHUH.

4. VYipaBieHrue HCHOJHUTEIBHBIMU MEXaHHW3MaMH - aBTOMAaTHYECKOE BKIIFOUEHUE
BEHTWISIIIMM U TIEPEKPBITHE KIIAMIAHOB MPH BBISBICHUN aHOMAJIHIA.

5. [Tepenaya nudopmanuu - myoaukanus JaHHbIX Ha oOnaunyto loT-mnatgopmy st
Buzyanuzaiuu u xpanenus (InfluxDB, ThingsBoard niu Blynk).

6. JlokanpHas MHAMKALMS U KYpPHAIMPOBAHHUE - 3alUCh KPUTUYECKUX COOBITHH Ha
SD-kapTy 715l HOCIIEYOUIEro aHaIn3a.

JIOTIOJIHUTENBHO PEATU30BaH AJTOPUTM NPEAUKTUBHOW JUArHOCTHKH, OCHOBAHHBINM Ha
aHaJIn3€ BPEMEHHBIX PSAAOB JAHHBIX C HCIOJIB30BAHMEM METOJA OSKCIIOHEHIMAJIBHOTO
CrJIQXXUBaHUS, 4YTO IO3BOJIIET BBIABIATH paHHUE MPHU3HAKUM HEUCIPABHOCTEH WM yTEyek.
[Auelbekov u ap., 2025]

g noareepxkaeHust 3pPeKTUBHOCTH pa3pabOTaHHON CUCTEMBI IPUMEHEHBI CIEIYIOLIIE
METO/IBI:
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- MonenupoBanue paboThl cHUCTeMBI - B mporpamMmHbix cpeaax MATLAB/Simulink u
Proteus BBIMOJHEHO MMHTALMOHHOE MOJEIMPOBAHUE B3aUMOJCHCTBUS MHUKPOKOHTpOJUIEpA C
CEHCOPHBIMU MOJYJISIMH U UCTIOTHUTEIBHBIMU ycTporicTBamu. [Auelbekov et al., 2025]

- DKcrepUMEHTAIbHbIE HCIBITAHHUS - MPOBEIEHBI JJAOOPAaTOPHBIE TECTHl ¢ MMHUTAIMEH
yTeueK, N3MEHEHHEM JaBJICHUS U TeMIIepaTyphl Ui OLICHKU CKOPOCTH PEaKIIUU CHCTEMBI.

- CraTucTU4ecKuid aHaJN3 JaHHBIX — BBITIOJIHEH C MCIONb30BaHueM Oubnmorexk Python
(Pandas, NumPy, SciPy) nmns pacuéra cpemHux 3HAYeHWH, UCIIEPCHH ¥ TOYHOCTH
IPOTHO3UPOBAHUS TAPAMETPOB.

- Onenka 3Hepro3GpPeKTUBHOCTHU - ONPEEICHO IHEProNnoTpeOIeHne MUKPOKOHTPOILIEpa
U niepuepuitHBIX YCTPONCTB MPU Pa3HBIX pexXUMax paboThI.

Jns ananm3a 2¢@GEKTUBHOCTH aBTOMAaTU3UPOBAHHONW CHCTEMBbl HCIOJIb30BAJIHCH
CJIeIyIOIIME MTOKA3aTeNH:

- CHmxeHue noreps 6uorasa (%) - OTHOILIIEHHE yTeUeK /10 U MOCIe BHEAPEHUS! CUCTEMBI.

- Bpemst peakumu cuctembl (MC) - CKOPOCTh OTKJIMKAa HAa aBapHiiHOE H3MEHEHUE
apaMeTpoB.

- DHepronoTpebaeHue (BT 4) - pacxo 37IEKTPO’HEPTUHU B CTAHAAPTHOM LIUKJIE
TPaHCTIOPTUPOBKH.

- HapéxnocTs nepenaun nanubix (%) - CTaOUIBLHOCTD CBS3H MPH UcTioyib3oBanuu Wi-Fi u
MQTT.

- DOkoHomuueckas 3()()EKTUBHOCTh - YMEHBUICHWE SKCIUTyaTallMOHHBIX 3aTpaT Ha
obcimyxuBanue u MoHuTOpUHT. [Erdei, Tamas, Illes, 2021]

st mpoBepKku pabOTOCIIOCOOHOCTH CUCTEMBI OblIa coOpaHa jJabopaTopHasi yCTaHOBKA,
Moienupytomias KouTeitHep ¢ 16 GamnoHamu cxaroro Ouorasa. [lapameTpsl cpebl H3MEHSUIINCH
HCKYCCTBEHHO, a JaHHBIE C CEHCOpPOB aHAIM3MPOBAIKNCH B PEaJbHOM BpeMeHH. McmbITanus
nokasaiau, 4yto cuctema Ha 0Oaze ESP32 obGecrneunBaer cTabuipHyro Tmepefady AaHHBIX,
CBOEBPEMEHHOE pearupoBaHHE Ha aBapHIHBIE CUTHAJBl W 3HAYUTEIHHOE CHIDKCHHE BPEMEHHU
oOHapyxeHus yreuek.| Igibayev et al., 2025]

Oo0cy:xnenue

Pesynapratel  mpoBeAEHHOrO  HMCCIEAOBAHMA  TMOKa3bIBalOT,  4YTO  BHEJpPEHHUE
MUKpPOKOHTPOJUIEPHBIX TEXHOJOIMM M METONOB aBTromaTu3anuu Ha 0Oa3ze ESP32 B mpouecc
TPAHCTIOPTUPOBKU CKAaTOr0 Ouoraza TMO3BOJIET CYLIECTBEHHO TOBBICUTH 3(()EeKTUBHOCTD
CHCTEMBI, CHU3UTh IIOTEPU U 00eCIIeUnTh BEICOKUI YPOBEHBb 0€30M1acHOCTH AKCILTyaTanuu. B xoze
paboThl OBUIM MPOAHAIM3UPOBAHBI COBPEMEHHBIE MOIXOABI K YIPABICHHIO TPAHCIIOPTUPOBKOM
rasza, Bkitouas loT-TeXxHOMOruM, MUKPOKOHTPOJIEPHBIE CUCTEMBI, IPEIUKTUBHYIO aHATUTHKY U
obnaynbie matdopmel MoHUTOpUHTA. [Cinar, 2021]

NuTerpanus MukpokonTposuiepa ESP32 B cucremy ynpasieHus 03BOJINIa OPIraHU30BATh
HETIPEPHIBHBIIT MOHUTOPHHT ITapaMeTPOB T'a3a — JMaBJICHUS, TEMIIEPATyPhl, yT€UYEK U BUOPAIIH -
¢ mocruenyomeil o0pabOoTKON JaHHBIX B PEKUME PEaJbHOTO BPEMEHHU. DKCIIEPHUMEHTAJIbHBIC
pe3yJbTaThl TOKa3aik, 4To mNpuMeHeHne [oT-7aT4nkoB W MHUKPOKOHTPOJUIEPOB ITO3BOJISET
CHHM3HTb noTepu 6uorasa 10 25-30 % 1o cpaBHEHHIO C TPATUIIMOHHBIMHU CUCTEMaMH YIIPABICHHSL.
[Kalamaras et al., 2025] DTo qocTuraercs 3a cuér:

- ABTOMATUYECKOTO pETyJIWpOBaHUs JaBleHUS B OamioHax u TpyOompoBonax,
MPEIOTBPALIAIOIIET0 YTEUKY U U30BITOUHOE JIaBJICHHUE;

- paHHEro oOHapy>KeHHs OTKJIIOHEHUH IMapaMeTpoB Ha OCHOBE JJAHHBIX C CEHCOPOB;

- OTIEpaTHBHOTO cpabaThIBaHUS HCIIOTHUTEIHHBIX MEXaHU3MOB (DJIEKTPOMArHUTHBIX
KJIAIIaHOB U BEHTWJISIMH ), YTO MOBBIIIAET 0€30MaCHOCTh M HAAEKHOCTh pabOThI CUCTEMBI.

Kpome toro, mukpokonTposuiep ESP32 oGecrieunBaer ObICTpYyI0 00pabOTKy CUTHAJIOB (B
npenenax 200-300 mc), 4yTO nenaeT BO3MOXKHBIM CBOEBPEMEHHYIO PEAKIMI0 Ha KPUTHUECKHE
CUTYAIMH U MCKITIOYAET 33JCPKKH B yIIPABICHUH.
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AJTOpUTMBI aHalNW3a MJaHHBIX, pPEaTU30BaHHbIE B MPOrPAaMMHON YacTH CHCTEMBI,
IPOIEMOHCTPUPOBAIH BHICOKYIO 3()(heKTUBHOCTH IIPU MTPOTHO3UPOBAHNH U3MEHEHUI ITapaMeTpoB
TPaHCIIOPTUPOBKH. Vcronb3oBaHue NPEeAUKTUBHBIX METOAOB, [Igibayev et al., 2025] mo3BonuIo:

- BBIBJISITH TEHACHLUUM WM3MEHEHMsI JaBJICHHUS M TEMIEpaTypbl O BO3HUKHOBEHUS
KPUTHYECKHUX 3HAYCHMUIA;

- IPOTHO3UPOBATh BO3MOXKHbIE YTEUKH WJIM HEMCIIPABHOCTHU HA PAaHHEN CTa/luu;

- aBTOMATUYECKH KOPPEKTHPOBATh pabOTy CUCTEMBI 0€3 yuacTHs oreparopa.

AHanu3 BpeMEHHBIX PsIOB JaHHBIX C CEHCOPOB, peanu3oBaHHbIN cpernctBamu ESP32 u
007a4HOl aHAIMTUKH, 00eCTIeYI TOUHOCTh MPOTHO3UPOBAaHUA yTeuek Ha ypoBHe 90-92 %. D10
MOJTBEPKJIaeT MOTEHIIMAJ IPUMEHEHNST MUKPOKOHTPOJUIEPOB HE TOJBKO JUIsl cOOpa JaHHbBIX, HO
U Ui pealv3allid MHTEJUIKTYaJbHBIX ajJrOpUTMOB aHalu3a Ha JIOKaJbHOM ypoBHe (edge
computing).

B npomecce pa3paboTku CUCTEMBI NPUMEHSIIOCH LU(POBOE MOIECIUPOBAHHUE C
ucnonb3oBanueM MATLAB/Simulink, 94To mo3Bosimio npoTecTupoBaTh JOTHKY B3aUMOICHCTBUS
MUKPOKOHTPOJUIEpA C CEHCOPAMH U UCIIOJIHUTEIbHBIMU YCTPOHCTBAMHU. DTO IO BO3MOXHOCTH
ONTUMU3UPOBATh ANTOPUTMBI PEryJIMPOBAHUS M MHUHUMHU3HUPOBATh BpPEMsS pPEAKLMHU CUCTEMBI.
[Sarp et al., 2024]

Wnterpanus ESP32 ¢ o6naunsiMu loT-mumardpopmamu (Hanpumep, ThingsBoard u Blynk)
ofecreynyia BU3yalIM3alMIO MMapaMeTpPOB B PEaTbHOM BpPEMEHU M BO3MOXHOCTH YJaIEHHOTO
ynpasieHusi. Takoil MOAXOJ TO3BOJIMJI PEaJH30BaTh KOHIEHIHMIO IU(PPOBOTO JBOMHMKA, TIE
JMaHHble C (U3UYECKOM CHCTEMbl aBTOMAaTHYECKH OTOOpa)kaloTCsi B BHUPTYalbHOW cpene U
AQHAIM3UPYIOTCS 7S IPUHATHUS YIIPABICHUECKUX PELICHUM.

BHenpenune  aBTOMAaTM3WpPOBAaHHOW  CHCTeMBbI  ympaBieHus Ha  0aze  ESP32
MPOIEMOHCTPUPOBAJIO 3HAUUTEIILHBIA IKOHOMHYECKHUH 3 (eKT. AHAIN3 MTOKA3aI:

- CHH)KEHHE IKCIUTyaTallMOHHBIX 3aTpat Ha 15-20 % 3a cuét yMmeHblIeHus noTeps Ouorasa
U onTuMu3anuu sHepromnoTpedenus; [Erdei, Tamas, Illes, 2021]

- COKpallleHHe BpeMEeHH TeXHUUYECKOTO 00CIy KUBaHUs O1aroaaps yaan€HHOMY
JUarHOCTUPOBAHUIO U aBTOMAaTUYECKOMY KOHTPOJIIO;

- TIOBBIILIEHUE CPOKa CIIyKObI 000pYyT0BaHUS 32 CUET CHIKEHUSI aBaPUIHBIX HArPy30K.

C 5KOJIOTHYECKOM TOUKM 3PEHHS CUCTEMa CIIOCOOCTBYET YMEHBILICHHIO BHIOPOCOB METaHa
Ha 20-25 %, 4TO COOTBETCTBYET NPHUHIIUIAM «3E€JIEHON YHEPreTUKN» U YCTOMYMBOTO Pa3BUTHUA.
bnarogapss TOYHOMY KOHTPOJIIO NAapaMETPOB TPAHCIOPTUPOBKH CHMIKAETCS PUCK yTEUeK, YTO
JenaeT mporecc Oosnee Oe30MacHBIM M JKOJOTHYECKH ycToW4mBBIM. [Janusova, Cicmancova,
2016]

HecMmoTpsi Ha mosyyeHHbIE MOJIOKUTEIbHBIE PE3YJIbTaThl, UCCIIEJOBAHUE BBISIBUIIO P
OrpaHUYEHUH, TPEOYIOLINX JaTbHEHIIEr0 COBEPILICHCTBOBAHUS CUCTEMBI:

- HeoOxonuMmocTh pa3paboTku enuHoi loT-mmatdopMbl UIsi MHTETpalMU JaHHBIX C
pPa3HbIX YCTPOUCTB U MOJYJIEH;

- OrpaHUYEHHbIE BBIYMCIUTENbHbBIE pecypchl MUKpoKoHTposiepa ESP32 npu pabote ¢
OOJBIIMMU MACCUBAMU JIaHHBIX;

- 3aBUCUMOCTb OECIIPOBOTHON CBSA3H OT YCJIOBHM OKpY KaloUle cpebl U MoMeX B KaHalle
neperaqm.

B Oyayuiem npenmnosiaraetcss HHTErpanusi TEXHOJIOTMA MalllMHHOTO 00y4eHus aiis Oolee
TOYHOT'O MPE/ICKAa3aHUs TApaMETPOB CUCTEMBI, a TAK)KE UCIIONIb30BaHKE OJI0KUYCHH-TIaThOpM I
obecnieueHust 3amuImENHOCTH JaHHbIX. [Esen San et al., 2024] JlonosHuTensHOE HANpaBICHUE -
BHepeHne 0ecripoBoAHbIX MPOoTOK0I0B LORaWAN u 4G/5G nns pacimpenus paguyca 1eicTBus
CUCTEMBI U BO3MOXKHOCTH €€ TIPUMEHEHUS B yJIaIEHHBIX pailoHax.

OO6cy>xaeHne pe3yIbTaToB UCCIeI0BaHN T0Ka3ajl0, 4YTO IPUMEHEHUE MUKPOKOHTpOJIIepa
ESP32 B wuHTErpupoBaHHOM cHCTEME YIpaBJICHUS TPAHCIOPTUPOBKOM cxaToro Ouorasza
obOecrieunBaeT MOBbIMIEHHE JI(PGEKTUBHOCTH, HSHEPrOIKOHOMUYHOCTH H  OKOJOTHYECKOU
ycToH4YMBOoCcTH mpouecca. Pa3paboraHHas cuctema Joka3ajga BO3MOXHOCTb CO3/JaHUA
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MHTEJJICKTYallbHOM, HAAEKHON U aJanTUBHON apXHUTEKTYpPhl, COCOOHON (YHKIMOHUPOBATH B
YCIOBUSX peaJIbHOU dKCILTyaTanuu. McnonszoBanue Texnoaorui [oT v npegukTUBHOrO aHanusa,
ABIIIETCS TEPCIEKTUBHBIM HAMpaBiICHUEM Js JaJbHEUIIEro pa3BUTHUS HHTEIIEKTYallbHBIX
TPAHCIIOPTHBIX CUCTEM B Onora3oBoit orpacnu. [Igibayev et al., 2025]

HccnenoBanue mo3Boiuio pa3paboTaTh W MPOBEPUTHh B JCHCTBHUH HHTEIPUPOBAHHYIO
AaBTOMATU3MPOBAaHHYIO CHUCTEMY, YIPABISIOUIYI0 TPaHCIOPTUPOBKOM cxkaToro Ouorasa.
KitroueBbIM 371eMEHTOM CUCTEMBI siBIIsieTCst MUKpOoKoHTposuiep ESP32. TlonyueHHbIe pe3yabTaThl
HOATBEPAMIN YPPEKTHBHOCTD MPEATIOKEHHOTO PEUICHNS U TIOKA3aIHd €0 MPEUMYIIECTBO Tepes
TPaAULMOHHBIMU METOJaMH KOHTPOJISI M pEryJIMpOBaHUs MapaMeTpoB OHorasa.

Ob6pabotka naHHBIX OT loT-CeHCOpPOB, OTCIEKMBAIOMIMX [ABJICHUE, TEMIEPATypy M
HaJIM4YUEe YTEYeK rasa, MOATBEpIWia, 4TO BHeApeHue MukpokoHTposiep ESP32 mmardopmsl
MO3BOJIUJIO:

- CHU3UTH noTepu 6uorasza Ha 25-30 % 3a cu€T panHero BoisiBieHus yTeuek [Cinar, 2021]
Y aBTOMAaTUYECKOT0 PEryJIMpOBaHUs 1aBICHUS;

- MOBBICUTH TOYHOCTb OIPEJCNICHUs] OTKJIOHEHUH mnapameTpoB 1o +2 % Omarogaps
BBICOKOI 4acTOTE OIPOCca CEHCOPOB U alTropuTMaM (pUiIbTpalyy JaHHBIX;

- TIOBBICUTH 0€30MacHOCTh OKCIUTyaTallud KOHTeWHepa 3a CuéT MTHOBEHHOIO
cpabaTbIBaHMA 3aUIUTHBIX MEXaHU3MOB IPU MPEBBIIICHUN JOMYCTUMBIX 3HAYCHUH JaBICHUS WIN
TEMIIEPATyPhI.

Taxum 06pazom, ucnonszoBanue ESP32 obecnieunBaeT NOCTOSIHHBINA KOHTPOJIb COCTOSHUS
CHUCTEMBl U TPENOTBpAIIaeT KPUTUYECKUE CUTYallMHU, CBSI3aHHBIE C YTEUYKaMH M TEPErPEBOM.[
Igibayev et al., 2025]

[Ipumenenne ESP32 mo3BOiMIO 3HAYUTENBHO COKPATHTh JHEPro3arpaTbl CHCTEMBI.
HcnprTanus nokasaiu:

- CHWXeHMe sHepromorpebieHns Ha 20-25 % 1O CpaBHEHHIO € TPaJUIMOHHBIMU
KOHTpOJIJIEpaMH 3a CYET UCIIOJIb30BaHus pexkuma Deep Sleep v onTUMU3HPOBaHHBIX aJITOPUTMOB
00paboTKHN JaHHBIX;

- yMEHBUICHHWE 3aTpaT Ha NHUTaHUE TEpPUPEPUIHBIX YCTPOHCTB (CEHCOPOB H
MCIIOJTHUTENIbHBIX MEXaHU3MOB) 3a CYET LIUKINYECKOTO PEXXHMa OIpoca;

- BO3MO>XHOCTb aBTOHOMHOM pa0OThI CUCTEMBI MPU MUTAHUU OT aKKyMYJIATOPOB 110 72
yacoB 0e3 Moa3apsaKu.

Otn pe3yNbTaThl JEMOHCTPUPYIOT BBICOKYIO 9HEepro’PPeKTUBHOCTD
MUKPOKOHTPOJUIEPHBIX PELICHUH B TPAaHCIIOPTHBIX cucTemax 6uorasa. [Kalamaras et al., 2025]

[IporpammHas yacTh CUCTEMBI, peaj30BaHHas Ha MUKpokoHTpouiepe ESP32, Bkimtouaer
aJanTUBHBIE aJTOPUTMbl MOHMTOPMHTAa W TPEAUKTUBHOTO aHalIM3a JaHHBIX, KOTOpbIE
obecrieumu:

- IPOTHO3UPOBAHUE M3MEHEHHMI JABJIEHHMS C TOYHOCTBIO 0 95 % Ha ocHOBe aHamu3a
BPEMEHHBIX PSIOB;

- oOHapy’XeHHE aHOMAJIMH M yTeUeK B pealbHOM BPEMEHH C 3ajepkkoil He Oosee 0,3
CEKYH/IbI;

- AaBTOMAaTMYECKOE pEeryJIMpOBaHME TMOJauyd Traza IOCPEACTBOM 3JIEKTPOMArHUTHBIX
KJIAIIaHOB NP TOCTHKEHUU KPUTHUECKUX ITapaMETPOB.

Takas cucrema ymnpaBieHUs 00ecleYMBAeT HE TOJBKO pEaKUHI0 Ha COOBITHSA, HO U
CIIOCOOHOCTh K MPEAYNPEKIACHUI0 aBaApUUHBIX CHUTYyallMi, YTO SBJISETCS Ba)XHBIM 3JIEMEHTOM
WHTEJUIEKTYaJIbHBIX cucTeM Oe3omacHocTu. [Igibayev et al., 2025]

B pamkax wuccrnenoBaHusi Obula BBIMOJIHEHA MMMTAIMOHHAs MOJENb CHUCTEMBI B cpejie
MATLAB/Simulink, a Takxe BuU3yanu3amus TapaMeTpOB B PEAJbHOM BpPEMEHH C
ucnonb3oBanueM loT-mnatdgopmer ThingsBoard. [Sarp et al., 2024] 3to no3Boauio:

- TMOBBICUTh TOYHOCTb Pacdy€ToB U O0TpabOTaTh aJrOPUTMbI PEryJUpOBaHUs B LU(POBOM
JIBOMHHKE;
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- COKpaTUTh BpeMsi HacTpoilku cucrembl Ha 15-20 % 3a cu€r npeaBapuUTENbHOTO
MOJIETTUPOBAHUS;

- co31aTh yAOOHBINH HHTep(delic BU3yalbHOT0 KOHTPOJIS ISl yAAJIEHHOTO ONepaTopa.

[Ipumenenne 1HMQPOBBIX BOMHHMKOB TIOKA3al0 BBICOKYIO AS((EKTUBHOCTh IS
ONTHMU3ALIUU JIOTUKH pabOThl MUKPOKOHTPOJUIEpA U MUHUMHU3AIMHM PUCKOB MPU BHEJIPEHUH B
peasIbHbIE YCIOBHUS.

Buenpenue pa3paOoTaHHON CHUCTEMbI MO3BOJMIIO CYIIECTBEHHO YIYyYIIWUTh MOKa3aTelH
9KOJIOTUYECKON U IKCILTYyaTallMOHHON O€30MaCHOCTH:

- CHWXEHHE BBHIOpOCOB MeTaHa B atMocdepy Ha 10 25 % 3a cu4€T CBOEBPEMEHHOTO
obOHapyxenus yreuek; [Erdei, Tamas, Illes, 2021]

- moBbIIeHUE Han&xHOCcTH obOopymoBanus Ha 20-30 % Omaromapsi mpeaOoTBPAIICHUIO
NEPErPy30K U NEPErpeBa;

- obecrnieueHre yCTOMIMBOM PabOThl CHCTEMBI B THana3oHe Temiepatyp ot —20 mo +60 °C,
YTO JIeJIaeT €€ NMPUMEHUMOM B Pa3JIMUHbIX KIUMaTH4ecKux yciioBusax Kazaxcrana u LlenTpanbHOM
A3sun.

Pa3paborannas apxutektypa Ha 6aze ESP32 neMoHcTpupyeT ycTOMYMBOCTD, HAAEKHOCTD
Y DKOJIOTUYECKYI0 0€30MacHOCTh MPU KCILTyaTalliy B TPAHCHIOPTHBIX cUCTEMax Ouorasa.

PesynpTaTel  NpOBENEHHOTO  UCCIENOBaHUS  NOATBEPXKIAIOT, 4YTO  INPUMEHEHHE
MUKpokoHTpojuiepa ESP32 B aBTOMaTHM3MPOBAHHBIX CHUCTEMaX TPAHCHOPTUPOBKH CHKATOTO
Ouoraza oOecriednBaeT 3HAYUTEIbHOE TMOBBIIICHHE dS()(HEKTUBHOCTH, OE30MaCHOCTH U
HHEPrOPKOHOMHYHOCTH Tpollecca. BHeapeHue WHTENIEKTyalbHbIX alTOPUTMOB YIIPaBIICHUS,
mdpoBoro moaenupoBanus u loT-uHTErpanuy Mo3BOINIO:

- CHU3UTH NoTepu Ouorasa Ha 25-30 %;

- YMEHBIINUTH IHEpronoTpediienne Ha 10 25 %;

- IOBBICUTh TOYHOCTb KOHTPOJISI IAPaMETPOB U IPOrHO3UPOBaHUs yTeuek 10 90-95 %;

- YIY4YIIUTh HKOJOTHYECKHE TOKAa3aTeNn 3a CUéT CHMKEHHUs BhIOpocoB Mmerana [Erdei,
Tamas, Illes, 2021].

PaspaboTannas cuctema MOXET OBITh BHEJPEHA B COCTaBE TPAHCIIOPTHBIX KOHTEHHEPOB
IUisi 6uorasza, a TakkKe aJanTHpoOBaHa JUIsl APYTUX BUIOB CxkaTbiX ra3oB. OHa oOecreduBaeT
KOMIUIEKCHOE YIIpaBJIEHNE, MOHUTOPUHT U aHAJIU3 COCTOSIHUS CUCTEMBI B pealbHOM BPEMEHH, YTO
nenaer e€ MEepCreKTUBHBIM PEHIeHHEM MJII COBPEMEHHBIX SHEPreTHYEeCKHX M TPAHCIOPTHBIX
npeanpustuid.[ Auelbekov u np., 2025]

Ha wuzobOpaxenun pucyHok 1 mpencraBieHa CTPYKTypHasi CXe€Ma HHTETPUPOBAaHHOM
CHUCTEMBl yIpaBIEHUS W MOHHTOPHHTa MapaMeTpPOB CKaToro OWorasa, OCHOBAaHHOW Ha
mukpokontposiepe ESP32. Jlannas cuctema mpeaHazHaueHa s oOecrieueHuss 0e30macHOM,
9HEeprodPpPpeKTUBHOMN M Ha/IEKHON TPAaHCHIOPTUPOBKU OMOrasa ¢ UCMOJIb30BAaHUEM COBPEMEHHBIX
texnonoruit arepuera Bemeii (IoT).

Muxkpokontpoiep ESP32 — sBnsercss UEHTpaldbHBIM 3JIEMEHTOM cuctembl. OH
OCyIIECTBIIAET cOOp, 0OpabOTKY M aHAW3 JAHHBIX, MOCTYMAIOMUX OT PAa3JTMYHBIX CEHCOPOB, U
dbopMuUpyeT yIpaBIAIOIINE CUTHAIBI JIJIsl UCIIONHUTENBHBIX YCTPOUCTB. biaronaps BCTpOCHHBIM
Wi-Fi u Bluetooth untepdeiicam ESP32 oGecneunBaer nepenady HaHHBIX Ha yAadEHHBIN
MOHHTOP WJIM 00JIaYHYIO MIaTGopMy IS BU3yalu3alliy U aHaIu3a.

JlaTunku (CeHCOPHBIN YPOBEHD):

- Hatuuku naBnenusi (Pressure sensors) — yCTaHOBIEHBI HAa KaxaoMm u3 16
ra3oBbIX OAJIJIOHOB U 00ECIIEUNBAIOT U3MEPEHHE IaBJICHUS B PEKUME PEAIbHOTO BPEMEHHU.

[Ipu npeBbllIEeHUN TOMYCTUMBIX 3HAYEHUN CHCTEMa aBTOMAaTUYECKH MOAAET KOMaHly Ha

OTKJIIOUEHHUE TI0JJauH rasa.

- HNatuuku temmepatypsl (Temperature sensor) —  KOHTPOJHPYIOT

TEMIIEpaTypy BHYTpU OalJIOHOB U OKpY’KaIOLIEH Cpenpl, MpenoTBpalas MeperpeB u

M3MEHEHUE TUIOTHOCTH Tasa.
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- Jatunku yteukn ra3a (Gas leak sensor) — GUKCHpPYIOT KOHIIEHTPAIHIO
METaHa B BO3/yXe, YTO MO3BOJSIET CBOEBPEMEHHO OOHAPYXHUTh YTEUKH M aKTUBUPOBAThH
aBapUiHBIC MEXaHHU3MBI.

- Hatunku Brnaxksnoctn u BuOpammu (Humidity m Vibration sensors) —
PETUCTPUPYIOT BHEIIHHUE BO3ACUCTBUS, BIUSIOIINE Ha O€30MaCHOCTh TPAHCIIOPTUPOBKH,
TaKkhe KaK BUOpAIUY MU JBYKCHUU WM U3MEHEHUE KITMMATHYECKUX YCIIOBH.

- GPS-Momynb — OTCII@KHBAET TEKYIIEe MECTOIOJIOKEHUE TPAHCIOPTHOTO
KOHTEHHEepa M TepefaeT KOOPAMHATHI B CHCTEMY MOHUTOPHHIA JUIS JIOTMCTHYECKOTO

aHaJIn3a.
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Puc.1. CTpykTypHas cxemMa CHCTEMbI YIPaBJICHHU TPAHCIOPTUPOBKOH CkaToro 6uorasa Ha 6a3e MUKPOKOHTpOJUIEpa
ESP32

1. UcnonuurtenbHbIe yCTPOUCTBA!

- DOnexTpoMarauTHele kinanaHbl (Solenoid valves) — perymupyroT momauy
rasa, OTKpbIBas WJIM MepeKphIBasi MOTOK B 3aBUCHMOCTH OT KOMaHJ, MOCTYMAIOIIUX OT
MUKPOKOHTpPOJUIEpA.

- Penetinbie momymu (Relay modules) — ofecrneunBaroT KOMMYTAIHIO
UCTIOTHUTENIBHBIX IeTed W YNPaBISIFOT pabOTON KIIaraHOB, CUCTEMbl BEHTWISIUH U
ABApUIHON CUTHAJIN3ALUY.

- Cucrema omoBemeHuss u gucruieid (Monitor) — 0TOOpaxaroT TeKyIiee
COCTOSIHUE CHCTEMBI, MapaMeTpbl [aBJCHHs, TeMIepaTypbl U MPEAYNPEKICHUS O
BO3MOXKHBIX HEUCIIPABHOCTSIX.

2. OYHKIMYU CBSI3U U MOHUTOPHUHTA:

- Cuctema Britoyaer OecrnpoBOAHON wuHTepdelc mnepesadyud JaHHBIX,
MO3BOJIAIOIININ B pealbHOM BPEMEHHU OTCJICKUBATh COCTOSIHUE KOHTEHHEepa 1 ONepaTuBHO
pearupoBaTh Ha aBAPHITHBIC CUTYaITHH.

- JlanHble MOTYT mepenaBaThCs HAa LEHTPAJIbHBIA IUCIETYEPCKHUM IMyHKT,
cepBep WM MOOUITFHOE MIPHIIOKEHUE OmepaTopa sl YIAIEHHOTO KOHTPOJIS.

Pa3zpaborannas cxema obecrnieunBaeT KOMIUIEKCHYO aBTOMAaTH3AIHIO
TPaHCHOPTUPOBKH Ounorasa, BKJIIOYAIOUIyI0 cOOp, 0OpabOTKy M aHanmM3 JaHHBIX, a TaKxKe
MHTEJJIEKTyallbHOE yIpaBiieHue mpoueccoM. CucTeMa MoBbIIaeT 0e30MacHOCTh U Ha/IeKHOCTh
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TPAaHCTIOPTUPOBKH 3a CUET NMpeAWKTUBHOro aHaimsa [Igibayev et al., 2025], cBoeBpeMeHHOTO
OOHapyXEeHUS yTEUYeK U AaBTOMATHYECKOrO pEryJupoBaHus JAaBieHus. lcnosb3oBaHue
Mukpokontpoiuiepa ESP32  oOecneunBaeT BBICOKYIO TOYHOCTH H3MEpPEHUM, HHU3KOE
SHEPromnoTpeOICHHe W BO3MOXKHOCTh MACHITAOMPOBAHUS MO/ PA3IHYHBIC MPOMBIILICHHBIC
3a/1a4i.
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Puc.2. MHoroypoBHeBas loT-apxurekTypa CHCTEMBI YIpaBICHHUS TPAHCIIOPTUPOBKOU C:KaTOro Omorasa Ha Oaze
MuKpoKkoHTpoiutepa ESP32

Ha wu300paxkxeHun pHUCYHOK 2 TMpejACTaBlIeHAa MHOTOYpOBHEBAas  apXHUTEKTypa
WHTEIPUPOBAHHON AaBTOMAaTU3MPOBAHHON CHCTEMBI YIPABICHHS TPAHCIOPTUPOBKOM CKATOIO
Ouorasa, B OCHOBE KOTOpOH ucmnojib3yercss MukpokoHTpoiuiep ESP32. Cucrema oObenunser
CEHCOpHBIE YCTpOiicTBa, 1II03 cOopa naHHbIX, loT-mutardpopMy W aucneTdyepckuil LEHTp,
bopMHpysl €IMHYI0 HMHTEJIEKTYalbHYI0 HH(QPACTPYKTYpy Uil MOHMTOPUHIA W yNpaBJIEHUS
napameTpamu 01orasa B peajbHOM BPEMEHHU.

Ha 3TOM ypoBHE pacnosokeHbl CEHCOPbI, MOAKIIOUEHHbIE K MUKpOKOHTpouiepy ESP32,

KOTOpPBIN OCYLIECTBIISIET coop u HEPBUUYHYIO 00paboTKy JTAaHHBIX.
OCHOBHBIE CEHCOPHBIE MOYJIU BKJIIOUYAIOT:
. HNatunku npasineHus (Pressure sensors) - KOHTPOJMPYIOT JaBJIEHHUE B
ra3oBbIX OasIoHax U TpyOONnpoBOAaX.
. Hatuuku Temmepatypsl (Temperature sensors) - GUKCHPYIOT TemIieparypy
Ouorasa M oKpy»arolueil cpebl, IpeAoTBpallas Neperpes.
. Hatunku yreuku ra3a (Gas leakage sensors) - BBISBISIOT yTE€UKH METaHA U
(bopMHpYIOT aBapUNHHBIE CUTHAJIBI.
. Hatunku BnaxHocTn u BuOpaumu (Humidity m Vibration sensors) -

OTPEIeNIAI0OT COOTBETCTBEHHO YPOBEHb BIIAXXHOCTH CpEAbl U CTENEHb MEXaHMYECKUX
Kosie0aHuit 000pyT0BaHUS.

. GPS-monyne (GPS sensor) - ompenensieT TEKyIIee MECTOIMOJIOKEHUE
TPAHCIIOPTHOI'O KOHTEHHEpa.
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CoOpaHHbIe JaHHBIE TMOCTYMAalOT Ha MHUKpokoHTposuiep ESP32, koTopblii BBITIONHSET
peBapUTENbHYI0 (PHIBTPALMIO CUTHAJIOB, ONPEACTSeT KPUTUUIECKHE COCTOSHHS U YIPaBISET
WCIIOJIHUTEIIbHBIMA ~MEXaHU3MaMHU - OJJIEKTPOMATHUTHBIMU KJIAllaHAaMM, BEHTWISALHUEH U
aBapHUITHOM CUTHAJIU3alUEH.

Muxkpoxontposuiep ESP32 BeimonHseT QyHKIMHM WHTEIEKTYaIbHOTO IIIJTI03a, CBA3BIBAS
CEHCOPHYIO CETh C BHEITHUMHU KOMMYHUKAIIMOHHBIMU KaHaiaMu. OH 00eCrieYnBaeT:

. IpeoOpa30BaHUE AHATIOIOBBIX CUIHAJIOB OT JATYMKOB B IU(PPOBYIO hopmy;

. AHaJIU3 MOJIyYEHHBIX JaHHBIX B pEaJbHOM BPEMEHU;

. (dbopMHpOBaHUE YIIPABISAIOIIUX KOMaH/ 1)1l UCIIOJIHUTENbHBIX YCTPOUCTB;

. nepenayy naHHbIX 1o mnporokody MQTT wmu HTTP na o6naunyro loT-
miaThopMmy.

Ucnonb3oBanne ESP32 mo3Bosisier peann3oBaTh aBTOHOMHBIA pexuM pabOTBHl ¢
BO3MOXKHOCTBIO OecripoBogHor cBsizu  uepe3 Wi-Fi, LTE-monmem wumu  NB-loT-momynb,
noakirouaemMbiit o uaTepdeiicy UART.

Ha sTtom ypoBHEe ocyiecTBisieTcsl nepenaya JaHHBIX OT MUKpOKOHTposuiepa ESP32 k
o0na4yHo mIaTdopMe U TUCIIETYEPCKOMY LICHTPY .

JL1s1 CBSI3M UCIONB3YHOTCS:

. LTE u NB-IoT - mns nepenaun TeaeMETpUYECKUX JAHHBIX B PEAILHOM
BPEMEHY;

. GPS - ans onpeneneHusi MECTOIONOKEHHUS U (POPMHUPOBAHUS MAPIIPYTOB
TPaHCIIOPTUPOBKY;

. CrnyTHUKOBas CBSI3b - IPU pabOTe B YHAANEHHBIX PErHOHAX 0€3 MOKPHITHS

COTOBOM CETH.

[lepenaBaemble nMaHHBIC BKJIIOYAIOT TEKYIIUME 3HAUCHHS JIABJICHUS, TEMIIEPATYypHI,
KOOPJIMHAT U COOOIIEHUH 00 yTeUKax.

Hannsle, coopannbie ESP32 u nepenanHble uepes3 ceThb, MOCTYNAOT Ha oOsayHyto loT-
wiatrGopMy, KOTOpasi BBINOJHSET aHAIUTUYECKYIO OOpabOTKy, XpaHEHHWE W BHU3YaJU3alUI0
UHPOpPMALIUH.

[TnaTdopma obecrieynBaer:

. aHAJIU3 MMapaMeTPOB TPAHCIIOPTUPOBKH B PEAIbHOM BPEMEHU;

IIPOTHO3MPOBAHKUE aBAPUMHBIX CUTYyalMd C HCIOJb30BAHHEM AJITOPUTMOB MAIIMHHOIO
oOyuenus [Esen San et al., 2024];

. (hopmupoBaHHe YBEIOMIICHUH M OTYETOB JIsI ONIEPATOPOB;
. WHTETPAIUIO C BHEIIHUMHU cHcTeMaMu ympasieHus (Hampumep, SCADA
nnu ERP).

Taxum obpazom, loT-maTdopma UrpaeT posib UHTEIUIEKTYaJIbHOTO YPOBHS 00paboOTKH,
r7ie JaHHble, mocTymaromme or ESP32, npeobpasyroTcss B IMarHOCTHYECKYIO U YIIPaBICHYECKYIO
UH(OPMALHUIO.

Ha BepxneM ypoBHe ocyuectBisierca unrerpauus loT-mnardopmsl ¢ koprnopaTuBHON
cucreMmoii ynpasnenus npeanpuaruem (ERP, nanpumep SAP/C) u nucneTdyepckum LHEHTPOM.

31ech peanusyroTcs:

. LIEHTPAIM30BaHHbBIN KOHTPOJIb 32 TPAHCIIOPTUPOBKOM Onorasa;

J aHaJIN3 SKCIUTyaTallMOHHBIX JTAHHBIX U (OPMUPOBAHUE OTUETOB;

. MPUHITHE PEIIEHUH O TEeXHHYECKOM OOCIy)XMBaHMM WJIH H3MEHEHUU
MapupyTa,

. BU3yalH3alisl JaHHBIX B BUAE TpaduKOB, TaONHIl U aHATHUTHUYECKUX
MmaHeJei.
[IpencraBnennass cucreMa OOecleYMBAET TMOJHYIO HMHTETPAllMI0 BCEX ypOBHEH — OT

ceHcopoB u MukpokoHTposiepa ESP32 no loT-mmardopmsr u ERP-cuctems! npennpusrus.
Taxkoit moaxo.1 I03BOJIAET:
. aBTOMATHU3HPOBATh KOHTPOJIb TPAHCIIOPTUPOBKH OMOrasa;
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. MOBBICUTH TOYHOCTh MOHUTOPUHIA U 0€30MaCHOCTh 3KCIIITyaTalluH;

. CHHM3HTb NIOTEPHU T'a3a U 3aTpaThl Ha 00CITy)KUBaHUE;

. peanu3oBaTh NPEAUKTUBHYIO AHAIIMTUKY U UHTEJUIEKTYaJIbHOE YIIPABICHHUE
IIPOLIECCOM.

MHoroypoBHeBasi apXHTEKTypa ¢ wHcnonb3oBaHueM ESP32  gBisercss KIIO4YeBBIM
AJIEMEHTOM B ITIOCTPOEHUH UHTEIUIEKTYaJIbHOW CUCTEMBI TPAHCIIOPTUPOBKH CKaToro 6uorasa. OHa
oOecreyrBaeT HaAEKHYIO CBSI3b MEXKIY IOJEBBIMH YCTPOMCTBAMHU, OOJIAYHOW aHAIUTUKON U
ONEpPAaTOPCKUM YIPABICHHWEM, 4YTO JEJaeT CHCTEMY aJalTUBHOW, SHEProdpQGEeKTUBHOH U
YCTOMYMBOM K BHEIITHUM Bo3aeicTBUsIM. [Igibayev et al., 2025]

3akiao4enue

[IpoBenénHoe  uccienoBaHue  MOATBEPAWIO  A(D(PEKTUBHOCTH  MCIOJIB30BAHUS
MUKpokoHTpojuiepa ESP32 B cocTraBe HMHTErpHMpOBaHHOW aBTOMATU3HMPOBAHHOW CHCTEMBI
yIpaBleHUs! TPAaHCIIOPTUPOBKOM CxkaToro Ouorasa. PaspaboranHas apXxuTeKTypa, OCHOBaHHas Ha
texHoiorusx MWurepnera Bemei (IoT), mnpoaeMoHCTpHpoBana BO3MOXHOCTh —CO3/aHUs
MHTEJJIEKTYyallbHOM HHQPACTpyKTyphl, 0OecreuMnBaroieil BHICOKHA ypOBEHb O€30MacHOCTH,
9HEProd(PPEeKTUBHOCTH U IKOJIOTUIECKON YCTOWIMBOCTH TPAHCIIOPTHOTO MPOIIECCa.

OcHoOBHbIE pe3yJbTaThl padOThHI BKIIOYAIOT:

. CHmxenne motepb Omorasza Ha 25-30 % Omarogapsi aBTOMaTHYECKOMY
pPEryIMpOBaHUIO JABJICHUS M CBOEBPEMEHHOMY OOHApY>KEHHUIO yTeueK C IOMOIIbIO
JATYUKOB U aIrOpUTMOB 00paboTku curHanoB ESP32.

Cokpamenne sHeprozarpar Ha 15-20 % 3a CuU€T MHTEIUIEKTYyalbHOTO YIPABICHHS
[Kalamaras et al., 2025] wcmonHHTENHHBIMH MeXaHU3MaMHU (KJIalaHAMH, BEHTHISIUECH) H
ONTUMHU3AIMH PAOOTHI CUCTEMBI B 3aBUCUMOCTH OT TEKYIIUX yCIOBUH.

[loBpIlIEHNE TOYHOCTU AMATHOCTUKH U NIPOTHO3UPOBaHUs aHOManui 10 90-95 % 3a cuér
unrerpanuu loT-mmaTdopmel U anroputMoB MammHHOrO0 0o0ydyeHusi [Esen San et al., 2024],
aHAJM3UPYIOUIUX JIaHHbIE, mocTynatomue or ESP32.

. Vayumenne noructudeckoit sddextuBHOocTH Ha 20 % Onaromaps
ucnonp3oBaHuto  GPS-mMomynst 111  MOHUTOpMHIAa MaplIpyTOB M I€OJIOKALUU
TPAHCIIOPTHBIX KOHTEHHEPOB.

CHmxenne BeiOpocoB merana [Erdei, Tamas, Illes, 2021] B armocdepy Ha 25 %, 4TO
MOBBIIIAET FKOJIOTHUECKYI0 O€30MaCHOCTh U YCTOWYNUBOCTD CUCTEMBI.

Pa3zpaboTanHas cucrema MO3BOJISET B PEaJbHOM BPEMEHH KOHTPOJIMPOBATH JABIICHHE,
TeMIepaTypy, YTeUku U BUOpanuu, nepenasas ganubie Ha loT-muiardopmy u B aucneryepckuii
LEHTp AJs aHalu3a U NpuHATHS pelieHuil. Mcnonb3oBanue ESP32 B kadecTBe IIEHTPalIbHOIO
MUKpPOKOHTpoOJUIepa oOecredrBaeT aBTOHOMHOCTh paboThl, 6ecipoBonyto cBsa3b (Wi-Fi, LTE,
NB-I0T) 1 BO3MOKHOCTh MacIITAOUPOBAHMSI HAa PA3TMYHBIC TUIBI TPAHCIIOPTHBIX CUCTEM.

Cucrema peann3yeT NPUHIMIIBI HHTEJUIEKTYaIbHONH aBTOMATHU3AIUU:

. aHaJu3 apamMeTpoB OMOTasa B AMHAMHUKE;

. aBTOMATUYECKOE pearnpoBaHKe Ha aBapUIHbIC CUTYalUH;

. NPEIUKTUBHOE NMPEAYNPEKICHIE HEUCTIPABHOCTEH;

. UHTETpalio C KOpPIOpaTUBHBIMM U oOnauHbiMu miaTdpopmamu (ERP,
SCADA).

HecmoTpss Ha JOCTUTHYTBIE pe3yJIbTaThl, OCTAIOTCS HAMpaBiICHHUS I JalbHEUIINX
UCCIICA0BAHUM:
. COBEpUICHCTBOBAHNE AJIFTOPUTMOB AJANTUBHOIO YIIPAaBJICHUS JJI Pa3HBIX
KITUMATHYECKHUX U SKCIUTyaTallUOHHBIX YCIOBHIA;
. BHEJPEHHUE TEXHOJIOTMH OJIOKYEHH JUIsl 3allUThl JAHHBIX U YJIy4IIEHHUS
KrOepOe30NacHOCTH;
pacmmpenue ¢yHkiuuoHanbHocTH loT-mmatgopmel 3a cy€T 1UGPOBHIX JBOWHUKOB U
Mojesneit mammHHoro ooydenus [Esen San et al., 2024];
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. MacIITaOMpOBaHUE PpELICHUs [UId I[POMBIIUIEHHBIX TPAHCIOPTHBIX

KOMIUIEKCOB € Pa3IMuHON KOH(UTypanueil KOHTEHHEPOB U CEHCOPHBIX CUCTEM.

Pa3zpaGoTanHass KOHCTPYKTHUBHAsl MOJie/Ib KOHTEHHEpa ¢ CUCTEMOH ympaBieHHs Ha 0aze
ESP32 nemoHCTpUpyeT BHICOKHIA yPOBEHb HHTETPALUU (GU3UIECKUX U HUPPOBBIX KOMIIOHEHTOB.
KonreliHep, ocHaIEHHBINH JaTYMKaMK JaBJieHUs, TemIeparypsl, yreuku u GPS, obGecnieunBaer
Ha&KHYI0 OCHOBY Uil O€30MacHOr0 XpaHEHUS M TPAHCIOPTHUPOBKM CXATOTO Ouorasa.
MuxkpokonTtposuiep ESP32, sBisisich HeHTpaabHbIM 3B€HOM aBTOMATU3ALUH, BBITOIHSET (PyHKIIUH
cObopa, aHamM3a W TMEpeJadd JaHHBIX, YMPaBJICHUS WCIIOJHUTEIFHBIMU YCTPOHCTBAMU U
B3aUMO/JICHCTBUSA C 00JIAUHBIMH CEPBUCAMMU.

Wuterpanus ¢usndeckoro obopynoBaHus KoHTeWHepa u nu¢pposoit loT-mmardopmsr
CO3/1aeT E€IUHYI0 MHTEIUICKTYalbHYI0 CHCTEMY, CIIOCOOHYI0 HE TOJBKO OTCJIEKUBaThb U
peryiupoBaTh napameTpsl Ouorasa, HO ¥ MPOTHO3UPOBATH BO3MOXHBIE PHCKH. Takoil moaxon
COOTBETCTBYET COBPEMEHHBIM CTaHJApTaM «YMHBIX» JHEPreTHUeCKUX TEXHOJOIMH U
o0ecrieuynBaeT  TEXHHUYECKYIO, OKOHOMHYECKYI0 M  DIKOJOTHYecKyl  3(pdeKkTuBHOCTH
TPaHCHOPTUPOBKH OHOrasa.

Coueranne WHXEHEPHOTO MPOCKTHUPOBAHMS KOHTEHHEpa M BCTPOCHHOM CHCTEMBI
ynpaBieHuss Ha Oa3e MukpokoHtpoiepa ESP32  ¢dopmupyer enunyro, Oe3omacHyio Hu
aJaNTHBHYIO TUTAT(HOPMY TPAHCHIOPTHPOBKH C)KAaToro Ouorasza. Takoil momxoj oOecrieuynBaeT
KOMIUIEKCHOE B3aUMOJICHCTBME alllapaTHbIX M IMPOIPAMMHBIX KOMIIOHEHTOB, MOBBIIIAs
HA/ICKHOCTh, TOYHOCTH MOHHUTOPHMHTAa M OBICTPOTY pEakIUH CHUCTeMBL. Peann3zoBaHHas
apXUTEKTypa COOTBETCTBYET COBPEMEHHBIM CTaHJapTaM aBTOMAaTH3alMM M (PYHKIMOHAJIbHOU
0e3onmacHOCTH, OOBENUHSAS WHXKEHEPHYIO 3(P(PEKTHBHOCTH C JKOJIOTUYECKOH YCTOMYMBOCTHIO
TPAHCHOPTHBIX TEXHOJIOTHH.
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