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THIS DOCUMENT ANALYZES THE PROTECTIVE DEVICES USED IN THE
ALMATY SIGNALING AND COMMUNICATION DISTANCE AND PROPOSES THE
DEVELOPMENT OF AN INTELLIGENT AUTOMATED SAFETY SYSTEM FOR
UNGUARDED RAILWAY CROSSINGS.
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Abstract. The article is devoted to a comprehensive analysis of protective devices deployed
within the Almaty Signaling and Communication Distance of JSC “NC Kazakhstan Temir Zholy”
and to the development of scientifically substantiated proposals for implementing an intelligent
automated safety system at unguarded railway crossings. The relevance of the study is determined
by the persistently high accident rate at railway crossings: according to JSC “NC KTZ”, during the
first 11 months of 2025, 10,668 violations of crossing regulations were recorded at railway crossings
of the Republic of Kazakhstan, while up to 50% of road accidents were associated with vehicles
passing at a prohibitive signal indication. The aim of the research is to analyze the current condition
of the protective infrastructure of the Almaty signaling and communication distance and to perform
a comparative evaluation of technical solutions aimed at improving safety at unguarded crossings,
followed by substantiation of the optimal alternative. The study is based on industry statistical data,
regulatory and technical documentation, research findings of PGUPS, and scientific publications on
crossing automation issued between 2018 and 2022. Research methods include systems analysis,
comparative technical analysis of three alternative technical solutions (video surveillance, mirrors,
and optical infrared sensors), and functional reliability assessment methods. The results demonstrate
that the application of a three-pair optical infrared sensor system integrated with ALS-ARS coding
circuits enables automatic detection of vehicles at crossings, determination of vehicle speed, length,
and direction of movement, and generation of a control code for locomotive braking with a response
delay of less than 1 second — without operator participation and without dependence on lighting or
weather conditions. The practical significance of the work lies in the creation of methodological
foundations for modernization of unguarded crossings within the Almaty signaling and
communication distance in accordance with Industry 4.0 principles, integration into the SCADA
system of the dispatch center, and implementation of predictive maintenance functions.
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Annorammsa. Maxkama «KTXK» ¥K» AK Anmarel naObuigaHmslpy KoHE OaiiaHbIC
TUCTAHIMACBIHIA TaiiajaHbUIaThIH  KOpIIay KYPBUIFBUIAPBIH KEIIEHIl Tajjayra >KoHE
KY3CTUIMEHTIH TEMIp)KOJl OTKENJepiHAe KayilCi3MiKTI KamMTaMachl3 €TYAIH HMHTEIICKTYal bl
aBTOMATTaHIBIPBUIFaH XYHECIH €HTi3y OOMBIHIIA FRUTBIMU HET13/IEITeH YCHIHBICTAP/IbI d31pJeyre
apHaiFaH. 3epTTey TaKbIPBIOBIHBIH ©3EKTLIIr TEMIpXOJ OTKEeNAEPiHICT] TYPaKThl amaTThUIBIK
nexreiiimen tycigmipineni: «KTX» ¥K» AK nepexrepi Ooiibiamma, 2025 xpuiasiH 11 alibiHmga
Kazaxcran PecrryOaukachiHBIH TEMIpKOJ ©TKENepiHAe KOJIJaH oTy KaruaaigapsiH Oy3yasiH 10
668 xarmaifbl TIPKEJITEeH, all )KOJI-KoJiK OKurainapbiHbIH 50 %-Fa AeiiHTi 0eiri THIbIM CaTyIIbl
CUTHAJI Ke3iHJEe KoK KypalJapblHbIH ©TyiMeH OailaHbIcThl OOJFaH. 3epTTEyIiH MakcaThl —
Anmatbl aObUIAAHIBIPY JKOHE OaillaHbIC JUCTAHLMACHIHBIH Kopiiay HH(PPaKYPhLUIBIMBIHBIH
Ka3ipri SkarjaiiblH Tanjgay »>KoHE KY3eTUIMEHTIH eTKeljepAeri KayilncCi3mikTi apTThIpyFa
OarpITTAIFAH TEXHHUKAJIBIK IMICHIIMIEPAl CaJbICTRIpMaNbl Oarajay apKbUIBl OHTaWJIbl HYCKAaHBI
Herizzey. 3epTTey MaTepHalfapbl PeTiHAE CallalblK CTATUCTHUKAIBIK JEPEKTep, HOPMATHUBTIK-
texHuKanblK Kykarrama, [II'VIIC 3eprrey HoTmkenepi xone 20182022 xpuimapaarbl ©TKEN
ABTOMATHKACBhIHA ApHAIFAH FHUIBIMHU JKapUSUIAHBIMAAD TNalAaNaHbUABL. 3€pTTeYy OJiCTepiHe
KYHENK Taijgay, yil OamamManbl TEXHUKANBIK Imemnnmal  (OeliHeOakpuiay, alHamap JKoHE
ONTHUKANBIK  WHQPAKBI3BLT ~ JATYUKTEP)  CANBICTBIPMANIBI  TEXHUKAIBIK  Tajjay  JKOHE
GyHKIMOHAIABIK CeHIMAUTIKTI Oaramay omicrepi kipai. Hormxenep AJIC-APC  konray
CXeMallapbIMEH WHTETpaIMsUIaHFaH YII KYIThl ONTUKAIBIK WHOPAKBI3BLUT JATUYUKTEP KYHECIiH
KOJIZJaHy TEMIp)KOJ OTKEIIHACTI KONIK KypajJdapblH aBTOMATThl aHBIKTAy/Abl, OJIAPIBIH
JKBUTIAM/IBIFBIH, Y3BIH/IBIFBIH KOHE KO3FaIbIC OAFbITBIH €CENTey[i, COHAaii-aKk | cekyHATaH a3
KITIpICTICH JIOKOMOTHBTI TEXKEyTre apHaJFaH 0acKapyIibl KOATH KAJIBINTACTRIPYAbl KaMTaMachI3
eTeTiHiH kepcerTi. JKyle omepaTOpIbIH KaTBICYBIHCBHI3 KOHE >KapBIKTAHABIPY MEH aya paibl
JKaFIaiapelHa TOyenci3 JkyMbic ictedmi. Ilpaktukanblk MaHeBABUIBIFEI — Industry 4.0
KaFugaTrTapblHa Ccoiikec AJMarhl Na0BUIAAHABIPY OJKOHE OalaHBIC AMCTAHIUSCHIHIAFBI
KY3CTUIMEHTIH OTKENJEpAl JKaHFBIPTYIBIH OMICTEMENIK HETI3epIH d3ipieyae, OJIapbl
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nucrierdepinik opTtanbIKThiH SCADA xylieciHe HHTEeTpalysiiayaa )KoHe TPEIUKTUBTI TEXHUKAIBIK
KbI3MET KopceTy (QyHKIMAIAPBIH iCKEe achIpya.

Tyiiin ce3aep: TEMIpPKOJ OTKEN, KY3eTUIMEHTIH OTKEJ, ONTHKANBIK nartdukrep, AJIC-
APC, etken curnamusanuscel, SCADA, Ko3fanpic KayilCi3[iri, MPEeIUKTUBTI TEXHUKAIBIK
KbI3MET Kopcety, Industry 4.0, AnmaTsl 1a0bUTIAHIBIPY JKOHE OalIaHBIC TUCTAHIIUSCHI
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AnHoTanusa. CTaTbsl MOCBAILIEHA KOMIUIEKCHOMY aHAJU3y OrPa)XJAIONIMX YCTPOUCTB,
JTUCIIOITMPOBAHHBIX Ha 06a3e AnMaTtuHCKoOW nuctanmu curHanu3anuu u cBsizu AO «HK «Kazakcran
TEMIp JKOJIbI», M pa3padOTKe HAy4YHO OOOCHOBAHHBIX TIPEIUIOKEHHH 10 BHEIPEHHIO
MHTEJUIEKTyalIbHON aBTOMAaTU3UPOBAHHOM CUCTEMBI 0OeCIeUeHNs 0€3011acCHOCTH Ha HEOXPaHSIEMbIX
KEJIe3HOIOPOXKHBIX Iepee3iaX. AKTyaTbHOCTh TEMbI 00YCIIOBIIEHAa yCTOWYMBOM aBapUHHOCTHIO Ha
JKene3HonopoxkHbIX nepee3nax: mo AaHHbiIM AO «HK «KTX», 3a 11 mecsueB 2025 roma Ha
nepeesnax PecryOnuku Kazaxcran 3apukcupoBano 10 668 HapylieHuit npaBui mpoesa, Ipu 3TOM
110 50 % DOpPOKHO-TPAHCIIOPTHBIX ITPOUCHIECTBUI CBSI3aHBI C MPOE30M TPAHCIIOPTHBIX CPEJICTB HA
3anpelaronmil curdan. Llenp ucciienoBaHus — aHaiu3 TEKYIIEr0 COCTOSHHS OrpakIAroLIen
UHPPACTPYKTYPbl AJIMATUHCKOM TUCTAHLIMU U CPABHUTENIbHAS OIICHKA TEXHUYECKUX pEIIeHUI 1o
MOBBINICHUIO OE€30MAaCHOCTH HEOXPAHSEMBIX TIepee30B C IMOCIEAYIONMM O0OOCHOBAaHHEM
ONTUMAJILHOTO BapuaHTAa. B KauecTBe maTepualoB MCIOJB30BAaHbI OTPACIEBBIE CTATUCTHUYECKHE
JaHHblE, HOPMATUBHO-TEXHUYECKas JOKyMEHTalus, pe3ynapTarsl uccienoanuit I[II'YIIC u
nyOnukaiuu 1o nepee3aHoi aBromatrke 2018-2022 romoB. MeTonbl UCCIIeIOBaHMS BKIIIOYAIOT
CHUCTEMHBIN aHaJIU3, CPABHUTEIBHBIM TEXHUYECKHM AHAIN3 TPEX AJIBTEPHATHUBHBIX TEXHHUUYECKUX
pemieHnii  (BumeoHaOMIONCHWE, 3epkaya, ontudeckue WMK-matymku) W METOIBI  OLIGHKH
(YHKIMOHATBHON HaAE&KHOCTU. Pe3ynbTaThl JEMOHCTPHPYIOT, YTO IMPUMEHEHHE TpPEXMapHOU
CUCTEMBbl ONTUYECKUX MH(PPAKPACHBIX JATYMKOB B MHTErpalliK co cxemMaMmu koauposanusi AJIC-
APC ofOecrnieunBaeT aBTOMAaTHYECKOE OOHApYKEHHE TPAHCIIOPTHOTO CPEICTBA Ha TMepeesse,
BBIUMCIIEHUE €0 CKOPOCTH, JJUHBI U HAINPaBJICHUs BUKEHUS, BRIPAOOTKY YIpaBISIONIEro Koja
JUISE TOPMOXKCHHS JIOKOMOTHUBA C 33JIepKKO MeHee | cekyHapl — 0e3 yuyacTus oreparopa u 0e3
3aBHCHUMOCTH OT YCJIOBMI OCBEIIEHHOCTH WM morofsl. [Ipakrnyeckas 3HAUMMOCTh COCTOMT B
CO3/IaHUU METOJIMYECKUX OCHOB I MOJEPHHU3ALMU HEOXPaHSEMbIX MEepee3ioB AJMATUHCKOU
qucTaniuu ¢ yuétoM npuHuioB Industry 4.0, uarerpanuu B cuctemy SCADA aucneruepckoro
[EHTpa U peann3anud QYHKIUN TPEAUKTUBHOTO TEXHUIECKOTO 00CTYKUBAHMSL.
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AJMAaTUHCKOM AMCTaHIMM CUTHAJIM3AIMM W CBSI3M U pa3paboTKa WHTEJUIEKTYyallbHOW CHCTEMBI
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pycc.).
KondaukT nHTEpecoB: ABTOPHI 3asIBISIFOT 00 OTCYTCTBUU KOH()IMKTA HHTEPECOB.

Beenennue.

XKene3HnomopokHbIe Tiepee3 bl MPEACTABISIOT COOOH TOYKHM HAMOOIBIIECH KOHIIEHTPAIHH
pUCKa B CHUCTEME B3aUMOJCUCTBUS JKEIC3HOJOPOKHONH M aBTOMOOWJIBLHOW HMH(PACTPYKTYPHI.
OnacHocTh 00yCNOBIIEHA MPHUHIIUIHATBLHON HECOBMECTUMOCTHIO JMHAMUYECKHUX XapaKTEPUCTHK
TPAHCIOPTHBIX CPENICTB: TOPMO3HOM My Th Tpy30Boro noeszaa maccot 30004000 T npu HavaIBEHON
ckopoctu 80 km/4 nocturaer 800—1200 M, Tora Kak cpeiHeCTaTUCTUYECKUN BOAUTEIh IPUHUMAET
perieHre 0 TOPMOKEHUH Mpu BuauMocTH nipersarctBus 3a 40—-60 m (Kyrens, [1IBenos, 2022: 84—
95). Oro ompenenseT NPUHLMIUAIBHYI0 HEBO3MOYKHOCTH IIPEJOTBPAILLEHMS CTOJKHOBEHMS Ha
nepee3zie CUJaMH TOJIBKO BOAMTENS aBTOMOOWIIS WM MAallMHHMCTA NMPU OTCYTCTBMU HAAEKHOU
ABTOMATU3UPOBAHHOM CUCTEMBI CUTHATTU3ALIUH.

[To mamaeiM AO «HK «Kazakctan temip >xombl», 3a 11 mecsmeB 2025 roma Ha
KEJIe3HOIOPOXKHBIX Tepee3nax PecrnyOmuku Kaszaxcran 3aduxcupoBano 10 668 HapyiieHuii
npaBui mnpoezga. Jlo 50% popoxHo-TpancnopTHbX mpoucmiectsuit (ATII) npoucxomst B
pe3ysibTaTe Mpoe3ja aBTOTPAHCIIOPTA Ha 3allpellaloimuid curuai, 1o 14% aBapuii — BCleACTBHE
o0be3na omyuieHHoro nuiarébayma. IlpuBenéHHble naHHBIE CBUICTEILCTBYIOT O KPHUTHUYECKOU
3HaYMMOCTH TEXHUUYECKUX CPEJICTB NPUHYIUTEIBLHOIO OTPAHNYEHUSI CKOPOCTH U CBOEBPEMEHHOIO
WH(GOPMHUPOBAHKS JIOKOMOTUBHON Opuransl o Hamuymu TpaHcnopTHoro cpenactBa (TC) Ha
nepeese.

AnmaTuHCKas qucTannus curHamm3anuu U cBsizu (CuC), odcmyxuBaromias 548,35 kM myTeit
1 32 cTaHIMHU, OKA3bIBACT TEXHUUECKOE OOCITyKMBaHUE 57 Tiepee3aM, U3 KOTOPBIX 35 SBISIFOTCS
HeoxpaHsgembiMHu. Peanmnsyemas ¢ 2020 roga mporpamMma COKpAIIEHHs KOJIMYECTBa MEPEe30B
(3aMeHa My TenpoBOIaMH, 3aKPhITHE MaJIOACSITEIbHBIX TMHHIA) TO3BOJIIIA YMEHBIIUTh UX YUCIO C
74 o 57 n canzuth konuuectBo JTII BaBoe. Bmecte ¢ Tem ocTaBinecs: HEOXpaHseMble TIepee3 bl
MO-TIPEKHEMY XapPaKTEPU3YIOTCS MOBBIIICHHBIM PUCKOM aBapUHHOCTHU, MOCKOJBKY YPOBEHb HX
TEXHUYECKOH OCHAUIEHHOCTH HE COOTBETCTBYET COBPEMEHHBIM TpeOOBaHUSIM B 00JacTH
MHTEJUICKTYalIbHON TPAaHCTIOPTHOU MHPPACTPYKTYPHI.

AHanu3 Hay4HbIX MyONMKalMi MOKa3bIBA€T, YTO CYIIECTBYIOIIME TEXHUUECKUE PELICHUS
JUIS. HEOXPaHSEMBIX Mepee3IoB — CUCTeMbI BUAeoHaOmoneH s ([JembsHoB u np., 2020: 32-36) u
3epkanbHas curHanuzanus (Cobones, 2005: 2) — o0nagatoT NPUHIMITMAIBHBIMUA OTPaHUYEHUSIMH,
MPEMSATCTBYIOUMMHA WX 3(()EKTHBHOMY TNPUMEHEHHI0O B aBTOHOMHOM pexume. MccremoBaHus
M[I'VIIC (Tapacos, 2014: 1) m pa3paboTKH B 00JACTH MHUKPOIPOILECCOPHON Tepee3THOM
curHanuzauuu (JIsuoit, ['umanstunoB, 2018: 40—42) yka3pIBalOT Ha IEPCHIEKTUBHOCTD PUMEHEHUS
AKTUBHBIX ONTUYECKUX JATYMKOB B cocTaBe MHTerpupoBaHHbIX cucteM AJIC-APC. Mexny tem
KOMIIJIEKCHOTO TEXHUKO-3KOHOMUYECKOTO CpaBHEHHSI alTbTEPHATUBHBIX PEIICHUN TPUMEHUTEIHEHO
K ycnoBusiM AnmaruHckod auctaHmuu CuC ¢ 00OCHOBaHHMEM apXHUTEKTYPbl HHTETPAIlUH
npeiokeHHoN cucteMbl ¢ o0bekTamu SCADA He mpelcTaBleHO B IOCTYIHON TUTEparype, uyTo
OTpesieNsieT HAyYHYI0 aKTyaJlbHOCTh HACTOSIILIETO UCCIIEJOBAHUSI.

OOBeKT wuccreoBaHUS — OTpaKIAloIIUe YCTPOWCTBA, AWCIOIMPOBaHHbIE Ha 0aze
AnmaTtuHckor muctanmmu curHanmzaumd U cBsisu AO «HK «KTX», B mepByro ouepenb
HEOXpaHsIeMbIe JKEIe3HOAOPOXKHbIE mepee3libl y4acTkoB Anmartel—Otap, Anmarte—Kamuaraii u
JKeTbIreH—AJTBIHKOJIb.
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[Ipenmer uccnenoBaHus — TEXHUYECKHUE PEIIEHUS MO aBTOMATH3alMU OOHApyXEeHUS
TPAHCHOPTHBIX CPEICTB HAa HEOXPAHAEMBIX IEepee3laXx W HMHTErpald CUCTEM IE€PEe3THOU
curHanuzanuu ¢ ycrporctsamu AJIC-APC u SCADA.

Hens wuccnemoBanuss — pa3paboTka ©M  OOOCHOBaHME ONTHMAIBHOTO BapuaHTa
MHTEJUIEKTYyaJIbHONM aBTOMAaTU3UPOBAHHOW CHUCTEMBbI oOecreueHus] 0€301MacHOCTH HEOXPaHSIEMBbIX
YKEJIE3HOJOPOKHBIX Tiepee3ioB AyiMatuHCKOM juctaHimu CuC Ha OCHOBE CpPaBHHUTEIBLHOTO
aHaJM3a aJbTEePHATUBHBIX TEXHUUECKUX PEIICHUH.

3anaum uccae0BaHuUs:

— TMPOAHAIM3UPOBATh CTPYKTYPY M KOJMYECTBEHHBIH COCTAaB OrPa)KIAIONIMX YCTPOUCTB
AnmatuHckoit nuctaniu CuC, TMHaAMHUKY U3MEHEHHUs! KOJIMYecTBa mepee3ioB 3a nepuox 2020—
2025 rofoB ¥ CBSI3aHHYIO aBAPUITHOCTB;

— CHUCTEMaTH3UpOBaTh NPUYMHBI HEIPPEKTUBHOCTH CYLIECTBYIOUIMX pEIICHUN Ul
HEOXPaHIEMBIX Iepee310B (BUICOHAOIOACHNE, 3epKaa);

— 00OCHOBATh MPUMEHEHUE TPEXMAPHOM CHCTEMBI ONTUYECKUX MH(PPAKPACHBIX JATYHKOB
KaK ONTUMAJIbHOTO CPEJCTBA OOHAPYKEHHUSI TPAHCTIOPTHBIX CPEJICTB;

— pa3paboTarh (HyHKIMOHAIBHYIO CXEMY MHTETPAIlMd ONTHYECKOW CHUCTEMBI CO CXEMaMH
koaupoBanusi AJIC-APC u o6sextamu SCADA nucneTdepcKoro meHTpa;

— chopMmynupoBaTh TMPEANIOKEHHUS TIO peau3aluyd MPUHIUIOB TPEAUKTUBHOTO
TeXHUYeCKoro obcmykuBanus (predictive maintenance) TPUMEHHUTEIBHO K OTPaXXTAFOIINM
YCTPOKCTBAaM JIMCTAHIIUH.

Hayunas HoOBu3Ha pPabOTBI COCTOMT B pa3pabOTKe KOMIUIEKCHOW WHTETPAIlMOHHOMN
apxutekTypbl  «mepee3n—T C—okomotuB—SCADA»,  o0ecrieunBaromeii  aBTOMaTU4ecKoe
OTIpe/IeTICHNE MECTOIOJIOKEHUSI, CKOPOCTH, JUIMHBI U HAIPaBICHHS IBMXKEHUS TPAHCIIOPTHOTO
Cpe/ICTBa Ha HEOXPAHIEMOM IIepee3/ie C BpeMEHEM OTKJIMKA MeHee 1 CeKyH[bl, BRIpaOOTKON Koza
topmokerusi AJIC-APC u nepengaveil 1aHHBIX B JUCIETYEPCKYIO CUCTEMY B PEXKUME PEATBLHOTO
BpemeHH. [IpakTuueckas 3HAUMMOCTb 3aKJIIOYAETCS B MPUMEHUMOCTU TPEUIOKEHHBIX PEIICHUN
JUISl IO3TAIHOM MOJICPHM3AIIMU BCeX 35 HEOXpaHsAeMbIX nepee3aoB AIMaTHHCKON auctaHimn CuC
B pamKax peanu3aimu llporpammbl pa3BUTHS TpaHCHOPTHOH HHMpacTpyKTypsl PecmyOnmku
Kazaxcran.

Marepuanbl 1 MeTOABI.

Nudopmanmonnyro 6a3y HCCICIOBAaHUS COCTaBISIOT: OQUIIMAIBHBIE CTATHUCTUYCCKUE
nmanaeie AO «HK «Kazakctan Temip OJbD» O HapyLICHHAX MpPaBUI Mpoe3da IMepee3ioB U
aBapuitHocTu 3a mepuoa 20202025 rofoB; TEXHUYECKHE MACIOpTa OTPaKIAIONIUX YCTPOWCTB
Anmarunckoi nuctanunu CuC; HopmatusHble JokyMeHTsl MK PK u I1TO, pernamentupyromniue
YCTPOMCTBO U 3KCILTYaTaIHIO KEJIE3HOJOPOKHBIX IIEPEE310B; pe3yIbTaThl HAYUHbIX UCCIIEI0BAaHUN
[I'VIIC, PT'YIIC u MTT'Y B obmactu nepee3nHoi aBroMaTuku 3a 2014—2022 roasr; TeXHUYECKHE
XapaKTEPUCTHKH TPOMBIIUICHHBIX ONTHYECKHX HH(PaKpacHBIX naTdukoB cepuii Banner, SICK
Sensor Intelligence, Balluff u oreyecTBeHHBIX aHAIOTOB.

[IpriMeHeHbI crieayrome MeTo bl UCCIIEI0BaHMS:

— CHUCTEMHBI aHanu3 — IS JEKOMITO3UIMU MPOOJieMbl 0€30MacHOCTH HEOXPaHSEMBIX
nepee310B Ha TEXHUYECKHE, OPraHU3allMOHHbBIE U PETYJISITOPHBIE COCTABIISIIOILUE;

— CpaBHUTENbHBIA TEXHUIECKUN aHAIIN3 — TSI OLIEHKH TPEX aTbTEPHATUBHBIX TEXHUYECKUX
pemiennii (BumeoHaOIONEHHE, 3€pKalibHas cucTema, onrtudeckue MK-matumku) mo eaumHOMY
Ha0Opy KpUTEPUEB;

— (YHKIMOHAJIbHO-CTPYKTYPHBIM aHaINW3 — JUIsl CUHTE3a UHTErPAllMOHHONW apXUTEKTYpbI
cucreMsl «1aT4uK—KOHTpouIep—AJIC-APC-SCADAy»;

— METOJl OLEHKM BPEMEHU PEaKLUUH CUCTEMbl — JJISi MOATBEP)KICHUS BBITOJIHUMOCTH
HOPMaTUBHOTO TPEOOBAHUS MO 33/I€PIKKE CUTHAIA;

— METOJ TEXHUKO-3KOHOMHUYECKOTO CPABHEHUSI — JJISl OLIEHKU OTHOCUTEIBHON CTOMMOCTH
Y 9KCIUTyaTallMOHHBIX PACXO0B alIbTEPHATHBHBIX PEIICHU.
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['mmore3a wccnenoBaHus: TPUMEHEHUE aKTHMBHOW ONTHYECKOW CHCTEMbI OOHApY)KEHUS
TPaHCIIOPTHBIX cpencTB, uHTerpupoBanHoi ¢ cucremamu AJIC-APC u SCADA, oGecnieunBaer
JOCTaTOYHBIM YpPOBEHb aBTOMAaTH3allMd KOHTPOJIS Mepee3fia Uil HCKIIOYEHHUS YeJIO0BEYECKOIrO
daxTopa U3 NEMOYKH MPUHATHS PEIICHUS 0 TOPMOKEHUH TI0e3/1a TIPH 3aJepKKE CHCTEMBI MeHee |
c.

Pe3ysbTaThl necse10BaHusA.

ANMaTuHCKas AUCTaHIMS CUTHATU3AIMH U CBSI3U SIBJISIETCS OTHUM U3 HauboJiee TEXHUYECKU
ocHalEHHbIX noapazaenenuil xo3saricrea CLIb AO «HK «KTX». ITo cocrosauto Ha 2025 roa
NPOTSHKEHHOCTh AUCTAaHIMU COCTaBisieT 548,35 kM, TeXHMUYecKash OCHamEHHOCTh — 616,804
YCIIOBHBIX TEXHUYECKUX eANHUIL. J[MCTaHIMs 00CTyKUBaeT TpH y4acTka: Anmarei—OTap, ATMaThl—
Kanyaraii u XKeTbireH—AJITBIHKOJIb, BKITFOYas 32 CTAHIMM Pa3JIMYHBIX KJIACCOB.

K oCHOBHBIM aBTOMATHUYECKUM OTPAKJAIOLIUM YCTPOMCTBAM AUCTAHLIUN OTHOCSITCS:

— JKEJIe3HOI0POKHBIE Tepee3 bl (OXpaHseMble U HEOXpaHsIeMBbIE);

— ycTpoiicTa 3arpaxkacaus nepeesaa (Y3ID);

— ycTpolicTBa KOHTpouIsa cxoja noasuxHoro coctaa (YKCIIC);

— CHCTeMBbl aBTOMAaTMYECKOIO AMArHOCTUpOBaHMs mnoABmxkHOro cocraBa (KTCM —
KOMILJIEKC TEXHUUYECKUX CPEJCTB MOHUTOPUHTA);

— KOHTpoJIbHO-TabaputHbie ycrpoiicta (KI'Y).

CooTHOLIIEHHE OrPAKIAIIINX YCTPOHCTB, TMCIOMPOBAHHBIX
Ha 0a3e AJIMATHHCKON JUCTAHIIUY CUTHAJIU3AINHA U CBA3H

40

(7,9%) B [lepee3nsr — 214 (42,4%)

B V3II (ycTpoiicTBa 3arpakx IeHUs
nepeesnos) — 152 (30,1%)

B VKCIIC (ycTpoiicTBa KOHTPOJIS
€X0J1a MOJBIDKHOIO COCTaBa) —
78 (15,5%)

KTCM (xoMIIIEKC TEXHUIECKUX
cpeactB moHutopunra) — 40 (7,9%)

B KTV (koHTpOJIbHBIE IPY30IPHEMHBIE
ycrpoiictea) — 21 (4,1%)

Puc. 1. CooTHOLIEHNE OTPaKIAIOMINX YCTPOMCTB, TUCIONNPOBAaHHBIX Ha 06a3e AMATHHCKOM JUCTAaHIWH CHTHATU3ALNH 1
CBA3M

Oco0oe MecTo cpe Orpa)IaroliX yCTPOUCTB 3aHUMAIOT JKEIE3HOAOPOKHBIE MEPEE3 bl
— MecTa IEepeCceueHus JKeNe3HOH M aBTOMOOMIBHOW Nopor B oxHOM ypoBHe. Ilo xapakrtepy
00CITy>KMBaHUS TIepee3/ibl MOAPA3ACIAIOTC Ha OXpaHsieMble (C KPYIJIOCYTOYHBIM JI€KYPHBIM IO
nepee3ny, KOHTPONHMPYIOIIMM paboTy muiar0ayMoB ¥ aBTOMAaTUKH) W HEOXpaHIEMbIC
(oGopyioBaHHBIE TOJBKO aBTOMATWYECKUMM Iular0aymMamMM MM CBETOBOM M 3BYKOBOM
CUTHAJIM3aLUeH, TNO0 HE NMETOIINEe HUKAKMX TEXHUYECKUX CPENICTB YIPABIICHHUS IBUKCHUEM).

B pesynbrare peanuzanuu KOMIUIEKCHOW NpOrpaMMbl IOBBIIIEHUs O€30MIaCHOCTH Ha
nepeezgax 3a nepuox 2020-2025 romoB KOJIWYECTBO HKEIE3HOAOPOXKHBIX IEPEE3I0B IO
Anmarusckod nuctanuuu CuC cokpatuiiochk ¢ 74 10 57, 4T0 COOTBETCTBYET CHMKEHUIO Ha 23%.
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CokparieHne JTOCTUTHYTO 3a CYET CTPOUTEIhCTBA IYTEMPOBOAOB, BBOJA B OKCIUTyaTaI[HIO
00BE3/THBIX aBTOAOPOT U 3aKPBITHS MAIOACATENbHBIX JKEIe3HOAOPOKHBIX JIMHUH.
KonnuecTBeHHass TMHAMUKA MEPEE3I0B U CBS3aHHOW aBapuitHOCTH 3a nepuoj 20202025
rOJIOB IpeJIcTaBIeHa B Tabmmie 1.
Tabnuna 1 — JlnHamMuKa U3MEHEHHUsT KOJIMYECTBa JKeIe3HOI0pokHbBIX nepee3oB u JITIT mo
Anmarunckon nuctaniuu CuC, 2020-2025 rr.

Koun-Bo mepeesnos B T.4. B T.U. Komaectrso JTII
T'on [Ipumeuanue
(Bcero) HEOXpaHsIeMbIe OXpaHsieMbIe (oTH.)

2020 74 47 27 100 % (6asa) Hlo peamusauuu nporpamms1
JMKBU/IALINH TIEpee3 0B

2021 70 44 2 -85 % 3akpeiTHe 4 TIepee3ioB, BBO 2
Iy TEHPOBOJIOB

2022 67 0 25 729 CTpOHTENBCTBO OOBE3THBIX
aBTOJIOPOT

2023 63 40 23 ~58 % 3aKpbITHE MaNOCATCIIbHBIX JIUMHUN

2024 60 37 23 529, IIpomomxenue mporpaMmsl
MOJIEpHHU3ALINH

2025 57 35 2 50 % Coxkpamenne JTII B 2 paza

otHOcuTensHO 2020 1.

Jlannble TaOnuubl 1 MOATBEpPXKAAIOT MPSIMYI0 3aBUCUMOCTh MEXAY KOJIUYECTBOM
JEeNCTBYIONIMX MEpPEe30B M YHCIOM JOPOKHO-TPAHCHOPTHBIX MpoucitiecTBUid. CokpalleHue
4yucia nepee3noB ¢ 74 mo 57 enuHMIl 00€CTICUMIIO CHIDKCHHE aBapUWHOCTH TPHUMEPHO BIBOEC.
Bmecte ¢ Tem 35 neiicTBYIOIIMX HEOXpaHSIEMBIX IMEPEe3 0B MPEACTAaBIAIOT cO00M OCHOBHOM
HMCTOYHUK OCTATOYHOTO PUCKA, TOCKOJIbKY IMEHHO Ha HUX KOHIIeHTpupyeTcs 6oabimnacTBo A TTI.
Cratuctuka AO «HK «KTX» 3a 2025 rog cBUAETENBCTBYET O CIEAYIOIIEM pacHpeeIeHUN
MPUYMH aBapuii: Mpoe3] Ha 3ampemaronuii curHan — a0 50 % ciydaeB; 00be3[l 3aKphITOro
nuarbayma — 14 %; HEUCIPaBHOCTh TEXHUYECKUX CpPeACTB mepee3na — a0 10%; mpouue
npuduHbl — 26 %.

Konn4yecTBO 0OXpaHsieMbIX U HEOXPAaHsAEMBIX Nepee310B
no Aamatrudckoi qucranuun CuC B paspese 00C/1y:)KHBaeMbIX Y4aCTKOB

90

82

80
70
60
50
40
30

KonuuecTtBo nepeesnos, €.

20
10
0

Anmatsi-OTap Aamartei-Kamuarai JKeThIreH—AJITBIHKOJIb
B Oxpassiemble nepee3abl B Heoxpansemble nepees/ibl

Puc. 2. KonnuecTBO OXpaHsAEMbIX U HEOXPaHIEMBIX Iiepee3ioB o AiMatiHckoi qucraniu CuC B paspese
00CITy)KHBaEMbIX Y4aCTKOB
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JIMHAMHMKA YMEHbIIEHUsI KOJIMYEeCTBA JKeJIe3HOOPOKHBIX Mepee310B
o AnmatuHckoi guctannuu CuC, 2020-2025 rr.

500
464 —e— Bcero nepeesos

= 401 —#— OXpaHsieMble I1epee3/ibl

400 —&— HeoxpaHsiemble nepeess

350 325
299

300
250

155 146
3 128
150 114

KomnuvectBo nepee3nos, €.

100

50

2020 2021 2022 2023 2024 2025
Tonsl

Puc. 3. luHamMyKa yMEHBIICHNS KOJTMYECTBA KEIE3HOAOPOKHBIX Tiepee3ioB o AnmatuHckoi auctanuuu CuC, 2020—
2025 rr.

BrisBnenHble dKCMTyaTallMOHHBIE HEAOCTATKU MEpPee3/10B, HETAaTUBHO BIUSAIONINE Ha
0€30MacHOCTh JOPOXKHOTO ABMXKEHHS, BKIIOYAIOT: OTCYTCTBHE HOPMATHBHOW BUIMMOCTH
npuOIMIKaoIIerocss Moe3/1a; OTCYTCTBHE IMONEPEYHBIX IUIOMAA0K TMepe] IMepee3aoM;
HallM4Kue 3aCOPEHUN U BHITPEOOB MEXKIy MyTSIMU; HEMOJIHYIO 000pYyIJOBAHHOCTh MEpee3a0B
JTOPOKHBIMU 3HAKaMH; OTCYTCTBHUE cBeTOodOpa U 3BYKOBOW CHUTHaIM3aluu; HepaboTaromiee
Hapy»HOE OCBEIICHUE; MOBPEKIEHHBIE MOKPHITHS, TPEOYIONMME KamUTaJIbHOTO PEMOHTA.
[TepeuncieHHble HEOCTATKH B COBOKYITHOCTH (POPMUPYIOT CUCTEMHBIM HHGPACTPYKTYPHBII
PHUCK, NI yCTPAHEHUS KOTOPOTO HEIOCTATOYHO OPTaHU3AIMOHHBIX MEp — HEOOXO0IUMO
TEeXHHUYECKOE pelIeHne, obecrnevyuBaroliee aBTOMaTHUUYEeCKOe OOHapy)XKeHHWE HEeIITAaTHBIX
CUTYaIluil U UCKJIFOYEHHE YeT0BEUECKOro (hakTopa.

B pamkax HacTosiero MccleloBaHUsS MPOBEAEH CPaBHUTENIBbHBIM aHalU3 TPEX
KJIACCOB TEXHUYECKHX pEIIeHHH, pa3zpaboTaHHBIX HayuHbIMU KosuiektuBamu [II'VIIC u
Ipyrux Beaymux mnpoduiabHbiXx opranusanuii (Tapacos, 2014: 1; JIsHoi#, 'uManbTUHOB,
2018: 40-42; dembsiroB u np., 2020: 32-36; Yebnakos, Karaes, 2020: 5-7).

Bapuant 1: Cucrema Buaeonabmonenus. Cucrema mpeacrtaBiseT coboit cetp IP-
BHjicokamep (4 u Ooliee), OXBATHIBAIOIINX 30HY Tepee3fa, ¢ mepeaaueii BUACOJAaHHBIX Ha
06710k 00paboTKH 1 XpaHeHUsI HHGOPMAIIMH, a 3aTeM Ha aBTOMaTU3HPOBAHHOE pabodyee MECTO
JIEXKYPHOTO AUCIETYepa WM HEMOCPEICTBEHHO Ha JIOKOMOTHUB. Cucrtema oOecrneduBaeT
HaOJI0/IeHHEe B pEXHUME peaJbHOro BpPEMEHH, OJHAKO o0JiafaeT NPUHIUIHAIbHBIM
OTpaHWYEHHEM: TMPH JBYX3BEHHOW Ienu mnepemaun uHopmanuu (BUAEOCHCTEMA —
TUCTIeTYEp — MAIIMHUCT) 3aJiepkKka Mexay ooHapyxkenueM TC Ha mepee3nie U BEIpaOOTKOU
VIPaBJISIONIETO BO3AEHCTBUS cocTaBisieT 5—20 ceKyH/, 4TO MpU CKopocTH moesaa 80 km/4
skBUBaNECHTHO 110—440 M HeKOHTpoOJIMpyeMoro Tipodera. JlonmoJTHUTEIbHBIM OTPaHUYCHUEM
ABJSAECTCS HEOOXOMUMOCTh HMCKYCCTBEHHOTO OCBCIICHHS B TEMHOE BpEMS CYTOK, UYTO
SKOHOMHUYECKH HelelecooO0pa3Ho Ha mepee3ax C Majloll HHTEHCHUBHOCTBIO JOPOKHOTO
JBUKECHUS.
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Buneoxamepa 1
(ceBepo-3anaj)

Buzneoxamepa 2
(ceBepo-BOCTOK)

Hanpaginenne
JABHXKCHUA

@ Buzaeoxamepa 3 //
(oro-3amaj)

N @ Buzneokamepa 4
2 j (¥0ro-BoCTOK)

JlucneTdepeKHii MyHKT
APM nucnerdepa
® l - pa)
< I <= K
BJok 06paboTku 1 [« [~ < O
I
ABMHEX Kanasn cBssn : S
VenoBHble 0603HaYEHHS: > — —— (4G/LTE, omoam;oxuo, ———=
l:l 3oHa 0630pa BHIEOKAMED e e i : JloxomoTHB
* Ouenka ckopocTH : e (cucrema AJIC-APC)
l:l Koutponmpyemas 30Ha (nepeesn) * dopMHpOBaHHE TPEBOTH g

== Kanan nepesauu JaHHbIX

Puc. 4. Cxema YCTaHOBKU CUCTEMBI BPIZ[eOHaG]'I}O}IeHI/If{ Ha HCOXPAHSCMOM IIEPEEC3AC

BapuanT 2: Cucrema 3epkai. [IpegycmaTpruBaeT yCTaHOBKY 3€pKal Ha JICBOW 000YHHE 110
XOJly IBHKEHUS TSl PACHIUPEHUS TIOJIs 3pEHUST BOJAUTENSI aBTOMOOUIISI OTHOCUTEIFHO COCTOSIHUS
JKEJIE3HOJOPOKHBIX Iy TEH Mepe T mepee3 oM. MeTo I SBISETCS MAaCCUBHBIM: OH HE MPEIOCTABIISICT
HUKakoW WHpoOpManuy MammHucTy o Haymuun TC Ha mepeesze, He QYHKIIMOHUPYET B TEMHOE
BpeMsi CYTOK 0€3 MOTOJHUTEIHLHOTO OCBEHICHHS M HE O0eCnednBaeT aBTOMATHYECKOTO
BO3nelicTBUS Ha JBwkeHue moe3na. [lo omenke (CoGomes, 2005: 2), maHHBIH METOJ MOMKET
MPUMEHSTHCS JIUIIb B Ka4eCTBE BCIIOMOTATEIBHOTO CPEACTBA, HE 3aMEIIAIOIIEr0 AKTHBHBIC
TEXHUYECKHE CUCTEMBL.

CxeMa yCTaHOBKHM 3epKajia
Ha JIeBOH 000YHHe HEOXPAHAEMOro nepeesaa

————Ocb B3IIs1/12 BOAUTEINS

3epKajio YCTaHOBJICHO Ha JIEBOH 000UHHE
Ha BbICOTE 2,5-3,0 M

’ VYcnoBHbIe 0003HAYEHHS

Hanpan.'lelme JABHKCHHA
noesjaa ciesa

———~ Hanpasnenue 0630pa BIEBO

I
! S 6
| arpaBJICHUE 0030pa BIIPABO
I

3o0Ha 0630pa BIEBO

3ona 0630pa BrpaBo

? TTonoxenue 3€pKana

Bux co CTOPOHBI BOAHTEJISA

0630p Bnpaso
(BCTpeuHOE Hampar/eHHe
moesza)

0O630p BIEBO 110 400600 M

(Hanpas/eHUE JIBHAKCHHST
noesia ciesa)
110 400-600 M

?

eHHe
aBTOTPaHCIIOPTA

BOJIMTCJIL, HAXOIACh NEPE/L NEPEE3IOM,
@ depe3 3epKaio KOHTPOIIMPYET MPHOIDKEHHE
noesjia B oBomx HanpasJICHHAX.

H
:

P

Puc. 5. Cxema ycTaHOBKH 3epKall Ha Tiepee3 e
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Bapuant 3: Cucrema onTudeckux WH(MPAKpaCHBIX JATUYUKOB (TIpeajiaracMoe PEIICHHUE).
Cuctema BKIIIOYAET TpH Maphbl uznyyarenei (1-3) u npuéMHUKOB (4—6), pacroioKeHHBIX MOMEePEK
30HBI JBWXXEHUS TPAHCIOPTHBIX CPEICTB uepe3 rmepee3n, W Onok ympasinenus (7),
ocymiecTBIsOMUN nudppoByro 006paboTky curaanoB. MupakpacHbiii quana3zon padotsl (850—
1550 uM) obOecrmeuMBaeT TMOJHYI HE3aBUCUMOCTH OT OCBEUIEHHOCTH; aKTHUBHAS MOIYJISIUS
U3JTYYCHHUs UCKIIIOYAET JIOKHbIE CpadaThIBAaHUSI OT COJTHEUHBIX 3aCBETOK.

Cxema yCTaHOBKH TPEXNIAPHOH CHCTEMBbI
ontuuyeckux MK-gaTunkoB Ha nepeessie

Hznyqarenn Hpuémuukn
(s1eBasi cropona) (npasasi cTopona)

30Ha KOHTPOJIS
(obnacthb aeicTBrs

Hanpasnenue | T e S,
JIBHKCHHA 10€371a :

©)
s

______________________ =[] | ——— T N
ooo e

———  HK-nyun (HeBHAMMbIC)
B0k ynpasnenus

(o6paboTka cHrHAIOB) J 30Ha KOHTPOJIS

{ K ycrpoticTsam nepeessiHoii CHrHaIM3auun ] [ K cucremam XKAT / AJIC-APC

———  KaGesbHbIC IMHUU CBSA3U
(cBeTOBaA M 3BYKOBAs CHIHAJIM3ALIHA) (mepeaya CHrHaia Ha JJOKOMOTHB) J

@ Howmepa 71eMeHTOB CHCTEMBbI

Puc. 6. Cxema ycTaHOBKH TpéXmapHOH cucteMsl ontrdecknx MK-naTankoB Ha nepeesne

[lo mocnemoBaTenbHOCTH NEPEKpPHITUS HUH(QpPaKpacHbIX Jydeld OJIOK ymHpaBieHUS
OIIpEEIISIET:

— HalpaBJICHHE ABMKEHUS TPAHCIOPTHOTO CPeACTBa (K IMepee3y Wiu OT Iepee3na);

— ckopocTh TpancnoptHoro cpeactBa UTC u3 cooTHOIIEHWS pAaCCTOAHHSA MEKIY
JTy4aMH U BPEMEHHU TIEPEKPBITHS:

vre = Atz
e AT Ati2 ,
i (] PacCTOAHUEC MECXKAY ITapaMU JaTYUKOB (M), BPpCMCHHOU MHTCPBAJ

MEXKy IEpPEKPhITUEM [IEPBOU U BTOPOH map (c);
— 1nuHy TpaHcnoptHoro cpexacrsa L TC:

LT1C = v1C - tokk ()

rae tokk — MOJHOE BPEMs MEPEKPBITHUS OJHON Mapbl JATYUKOB (C).

Ha ocHOBaHMM MOTyYEHHBIX TapaMETPOB OJIOK YIPABICHUS PACCUUTHIBAET 0XKMIaEMOE
BpeMsi OCBOOOXICHHS Tepee3qa tex U CPABHHUBACT €T0 CO BpeMEHEM HpHOBITHS moe3na tm,
onpenensembiM cuctemoit AJIC-APC:
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Ltc + Lnep

tes = VTC

3)

rae Lnep — nnnMHA mepee3na (paccTOsSIHUE MEXIY OrpakIeHusMu, M). Eciau tes > tu,
CHCTE€Ma MHHMIMHUPYET MOJauy OTPAHUYMBAIOLIETO WJIM 3alPENIAONIEro KOJIa B PEIbCOBYIO
[eMb JJIs BRIPAOOTKU YIPABISIONIET0 BO3ACHCTBUS HAa aBTOCTOI HIJIM PETYJISTOP CKOPOCTH
JJOKOMOTHBA.

[TapameTrpsl mpenaraeMbpix K TPUMEHEHHUIO ONTHYECKUX MH(PPAKPACHBIX JATYUKOB
ompeJieJIeHbl HAa OCHOBAHMH aHaJIu3a MPOMBIIIIEHHBIX 00pa3oB U TpeOOBaHUIl K Tepee3THOM
curHanu3anuu (Jlsnoit, 'mmaneruHOB, 2018: 40-42). CBomgHas Tabnuia mapaMeTpoB
npejacTaBjeHa B TabauIe 2.

Tabnuna 2 — Texuudeckue napameTpsl onTuueckux MK-naTyukoB 11 TpUMEHEHUS
Ha mepeesiax

ITapamerp 3HavyeHue / AuanasoH 3HAUMMOCTb AJISl IEPEE3AHON CUTHATTU3AUHI
Paboyast nmHa BOJIHBI 850-1550 um (MK-nuanason) He tpeOyeT BUAMMOro OCBeleHUs

Jlo 300 M (IpOMBIIILIICHHBIC

JanbHoCThb neiicTBus JocTaroyna asst 30HBI IPUOMKEHHS K TIEpee3 Ty

00pa31sl)
Juana3on pabouux remneparyp —40...+70 °C [IpumennMEI B KJIMMaTHYeCKUX ycinoBuax Kaszaxcrana
Bpems oTkirka <5wmc ObecneynBaeT peakuuio CucTeMsl < 1 ¢
CreneHs 3alUThHl KOpIyca [P67 u BoILIE 3ammra OT MbIIH, BOBI, CHETa, 00JIeIeHEeHUS
YCcTOHYMBOCTE K TOMEXaM Bericokast (akTHBHASI MOTYJISIIIHS) Vckmotaer n0ibie CpabaThiBati OT COMHEIHBIX

3aCBCTOK

Uucno nap uznyyareab—
3 (MuHUManbHAs KOHGUrypanus)  OnpeneneHue HapaBICHUs, CKOPOCTH, ITHHBI TC

TPUEMHHUK
WuTepdeiic BEIXOTHOTO Juckpertnsrii (pene) / RS-485 / CommecTMocTs ¢ Komrposiepamit TUTK i SCADA
CHTHaa CAN

Hmskas gacrora TO, npumenumocts predictive

Hapa6otka Ha otka3 (MTBF) >100 000 4 .
maintenance

Jannbie Tabaumel 2 MOATBEpPXAalT, uTo ontudeckue WMK-maTyuku TOITHOCTHIO
YIOBIETBOPSIOT IKCIUTyaTAlHOHHBIM TPEOOBAHUSAM TEPEe3THON CHTHAITM3AIMU: AUANA30H
pabounx Temmnepatyp (—40...+70 °C) oxBaThIBaeT KJIMMAaTHUYECKHE YCIOBHUS BCEX PETHOHOB
obcnyxuBanus AnmaruHckoil nuctanumum CuC; cremeHs 3amuthl [P67 oOecmeduBaer
YCTOMYHUBOCTh K aTMOC(HEpPHBIM BO3JCUCTBUAM; BpeMs OTKJIHWKa < 5 MC TapaHTHPYyeET
CyMMapHYI0 3aJIepKKY CUCTEMBI «JIaTUUK—KOHTpOJIIep—penbcoBas 1enb» He 6oxee 0,5-1,0
c.

KommuekcHas cpaBHUTENbHAS OI[EHKA TPEX PACCMOTPEHHBIX TEXHUYECKUX PEIICHUM
u unrerpupoanroro Bapuanta (MK-matuuku + AJIC-APC + SCADA) no 12 kpurepusm
npeacTaBieHa B Tabnuie 3.

Tabnuma 3 — CpaBHHTENbHAs OLIEHKA TEXHHUYECKUX PEHICHUN I HEOXPaHSIEMBIX
1epee310B

HK-pgaTunkn AJIC-APC unTerpanus
3epkanbHast
[Napametp Buneonabmonenue crcTeMa (mpenmnaraemoe (KoMIUTEKCHOE
peueHue) peteHme)
Tpebyer <lc+
5-20 ¢ (omepatop — peby
Bpewmst peakiun cructeMbl MammscT) BU3YAJILHOTO <1 c (aBTOMaTHYECKN) ABTOMAaTHYECKOE
KOHTpPOJIS BO3JICHCTBHUE HA TATY
Pabora B TeMHOe BpeMst TpeOyet oTnensHOTO He tpeGyet moncBeTku
P peoy HeaddexrrBaO TPeby n He tpebyer moaceetku
CYTOK OCBEILEHUS (UK-auamna3on)
PaboTa B ClIOKHBIX OrpanuueHa (TyMmaH, Orpanmicia TIpakTudecku 00ObIe TIpakTudecku 00ObIe
MOTOIHBIX YCIOBUAX OCaJIKH) P yCIIOBHUSA yCIIOBHUSA
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3epkanbHast

HNK-natunkn

AJIC-APC uHTeTpanus

[Napametp Buneonabmonenue crcTema (mpenmnaraemoe (KoMIUTEKCHOE
penreHue) petieHue)
Iepenaua maHHBIX Uepes pucrierdepa IIpsiMo B penbcoByio Ipsimast maTETpaIys C
OTtcyTcTBYET
MAaIIUHUCTY (3anepikka) nemns / AJIC AJIC-APC
Ha (c pacuérom
OmnpeneneHne CKOPOCTH Pacuetno [a (1o mepekphITHIO
OtcyTcTBYeT . BO3MOXXHOCTH
TC (BHICOAHATIUTHKA) mydeit)
OCBOOOXK/ICHHS )
Omnpenenenne a (1ocne0BaTeNIbHOCTh
e Ha (Buneoananmutuka) Her Ha( rocien Ja

HaIpaBJICHUS IBHKEHUS mydeit)
Onpenenenue anunael TC [pubnmwxénno Her [Ja (Bpems mepekpoitus)  [a
HUcknrouenne

Yactuyno Her ITonnocteio ITonnocTteio
YeNoBEYeCKOro (haKTopa
WuTerpanus ¢ Ja (momnas

a (OrpaHUYeHHO Her BosmoxHa
SCADA/ACY Jla (orp ) MHTETPALHs)
CTouMOCTb BHEIPEHUS Cpennsas + CAPEX
AP Bricokas Huskas Cpennsis et
(oTHOCHT.) HMHTErpaIu
PexoMeHI0BaHHOCTH IS
A 8 OrpaHudeHHO Her Ha OnrumansHO

HEOXPAaHACMBIX IEPEC3I0B

CpaBHHUTENBHBIA aHAIH3 (Tabaua 3) 0JJHO3HAYHO CBHUJIETEIBCTBYET O MMPEBOCXOICTBE
IpeyIaraeMoro pemenus Ha ocHoBe ontuyeckux MK-natuukos ¢ uarerpauneit AJIC-APC no
KJIFOYEBBIM KpPUTEpHUsAM Oe3omacHocTH: BpemeHeMm peakiuu (< 1 ¢ mporuB 5-20 ¢ y
BUJIEOCHCTEM H  (AKTHUUECKOTO OTCYTCTBUS pPEaKIUU Yy 3€pKaTbHOH  CHUCTEMBI),
HE3aBUCHUMOCTBIO OT OCBEUIEHHOCTH, IMOJHBIM MCKJIIOUEHHEM YeJIOBeUYecKoro (akropa u
BO3MOYHOCTBIO TPSIMOTO YIPABISIIONIETO0 BO3JCHCTBHUS Ha TATY Moe3qa. DKOHOMHYECKHE
nokazarenu (CpegHsss CTOMMOCTb BHEAPEHHS) TpPU CONOCTAaBUMBI C  CHCTEMOM
BHUJICOHAOMIOICHNS, TOTJa KaK OINEpalMOHHBIE pPACXOJbl CYIIECTBEHHO HMXKE 3a CYET
MEHBILIETO KOJIMYECTBAa OOCITYKMBAa€MbIX KOMIIOHEHTOB U OTCYTCTBUS TpeOOBaHUN K
OCBEIIEHHUIO.

[Ipennaraemas WHTETpUpPOBAaHHAS CUCTEMa (PYHKIHMOHHUPYET MO CIEAYIOIIEH JIOTHKE.
[Ipu BCTyIJIEHHMM TPaHCIOPTHOTO CPEACTBAa B KOHTPOJIUPYEMYIO 30HY Iepee3na OJIoK
ynpasienus (koatposuiep Ha 6a3ze [1JIK) ¢pukcupyer nmocnenoBarenbHoe nepekpuitue map MK-
JaTYUKOB, BbluuciseT napameTpsl TC (CKOpOCTh, IJIMHY, HalpaBlI€HUE) U ONpEAeisieT
oXugaemMoe BpeMsi ocBoOoximeHus mepee3ga mo (opmyne (3). Kontpomnep momydaer oT
cuctembl AJIC-APC undopmanuio o npuOIMmKeHHH II0e3/a U ero CKopocTu. Jlornka npuHATHS
pelIeHUsT pealn3yercss MporpaMMHUpyeMbIM JorudeckuM koHTposuiepom (ITJIK) mo
ClelyIoUIeMy alroOpUTMYy:

— ecimu tee < tn: mepee3q OCBOOOIMTCS 1O MpHXoaa Toe3dga — BbIpabOTKa
pazpematoniero kojga AJIC (3en€Hblii acleKT);

— €ClU tes > tn pu 3amace BpeMenu 30—60 c: BrIpaboTKa KOJa OrpaHUYEHUSI CKOPOCTH
AJIC (5k€nThIil acTeKT, CHIXKEHHE CKOPOCTH 10 40 Km/49);

— ecnH teg >> tn mut TC 0CTaHOBUIIOCH HA TIepee3/ie: BhIpad0oTKa 3aMpelaronero Kojaa
AJIC (xpacHBbIH acleKT, aBTOCTOII).

W3meHeHne Kolla B PENIbCOBOM LIEMH BOCHPUHUMAETCS WHIYKTHUBHBIMU KaTylIKaMu
JTOKOMOTHBA, U cucteMa APC aBTOMaTHuecKku BO3JEHCTBYET Ha TOPMO3HYIO CUCTEMY TO€3/a
0e3 BMelIaTeNbCTBA MAIIMHHUCTA. ApPXUTEKTypa TMepeladyd JaHHBIX peaJu3yercs [0
caenyromieit cxeme: gatunku — [1JIK — moxayinb cBsas3u (RS-485/Ethernet) — SCADA-cepBep
nuctanuu CuC — pabouee mecto nexypHoro aucnetrdepa (JAHLL).
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Puc. 7. DynkunonansHas cxema uarerpanun cucremsl MK-garunkos ¢ AJIC-APC u SCADA

[Tepenaua Tenmemetrpuu B cuctemy SCADA mo3BosisieT peann3oBaTh (GYHKIIHH
OPEeIUKTUBHOTO TeXHHUYECKoro obcnyxuBaHus (predictive maintenance): HempepbIBHASA
perucTpanus IMapaMeTpoB COCTOSIHUS JaTYMKOB (YpPOBEHb CHUTHalla NPUEMHHUKA, YHUCIO
cpabaTbiBaHUi, BpemMsl HapaOOTKu) GopMupyer 0a3y HaHHBIX IS aJrOPUTMOB MAIIMHHOTO
o0y4eHMs!, BBISBISIIONINX JerpaJalliOHHble TPEeHAbl (CHU)KEHHE YPOBHS CHUTHalla H3-3a
3arpsi3HEHHs] ONTUKM, HapacTaHHe 4YHUCiIa JIOKHBIX cpabarbiBaHuil) 3a 14-30 nueit 1o
BO3MOXKHOTO  OTKa3a o00OpyaoBaHMs. OTO  MO3BOJAET HEpPeHTH  OT  IJIAaHOBO-
OpeynpeUTeIbHOTO K  YCIOBHO-INIAHOBOMY TEXHHUYECKOMY OOCITYKMBaHHUIO, CHU3HUB
COBOKYITHBbIE 3aTpaThl HA TO orpaxaaroniux yCTpOMUCTB IO pacUE€THBIM OLlEHKaM Ha 3545 %.

3akJlouenue.

ITpoBenéHHOE uCCIENOBAHME TMO3BOJISIET CHOPMYIMPOBATH CIEAYIOIIHE OCHOBHBIE
BRIBOABLI. AnMaTtuHcKas JaucTtaHnus curHaamsanumu u cBai3u AO  «HK  «KTX»y,
obcmyxuBaromasi 548,35 kM myTedl m 57 KEIe3HOMAOPOKHBIX Tepee3noB (M3 KOTOPhIX 35
HEOXpaHsIEeMbIX), peanu3zoBana 3a mnepuox 2020-2025 romoB mnporpamMmy COKpalleHUs
KOJIUecTBa mepee3noB Ha 23 %, uyTo oOecnedmio CHIKEHUE aBapuiiHOCTH BABOE. BMecTe ¢
TE€M OCTABUIMECS HEOXPAHSEMBbIE NEpPEE3/bl MO-IIPEKHEMY SBISIOTCS 30HAMHU KOHIIEHTpaluu
pUCKa, TIOCKOJIBKY CYIIECTBYIOIIMHA yPOBEHb HX TEXHUYECKOW OCHAUNIEHHOCTH HE
o0ecrieuynBaeT HCKIIOUYECHHS UYeJIOBEUYEeCKOTo (akTopa u3 mpouecca npeporspamenus JTII.
CpaBHHUTEIBHBIA aHaIW3 TPEX KIACCOB TEXHUYECKUX pEIICHUH (BUICOHAOIIOICHHE,
3epkasibHasi cucteMa, ontuueckue MK-natymkn) mokasan NpUHLHMIIAAIBHOE MPEUMYIIECTBO
AKTUBHBIX ONTUYECKUX CHUCTEM IO KPUTEPHUSM BpeMeHM peakuuu (< 1 ¢), HE3aBUCUMOCTH OT
OCBEIIEHHOCTU U TOTOJHBIX YCJIOBHH, MOJHOTO aBTOMaTuU3Ma OOHApYKEHUS M BBIPAOOTKHU
YIPaBISIONIETO Bo3ielicTBys. Pa3paboTana GyHKIMOHATBHAS apXUTEKTYPa HHTETPUPOBAHHON
cucreMbl  «UK-natunku—IIJIK-AJIC-APC-SCADA», peanu3syromei: aBTOMaTUYECKOE
OTIpe/IeJIEeHUE CKOPOCTH, JJIMHBI M HampaBieHus IBHkeHUss TC; BBIUYHMCIEHHE OXKHUJIaeMOTro
BpEMEHU  OCBOOOXIEHHUS Iepee3nia; BBIpabOTKY  cooTBeTcTByromero koma AJIC
(pa3pemaroiero, OrpaHMYMUBAIOLIETO WM 3alPeIlaloIero) ¢ BpEMEHEM 3a/1epKKU MeHee | c;
nepenauy tenemerpun Ha SCADA-cepBep nucraniuuu CuC B peXnMe peaJbHOTO BPEMEHHU.
Wnuterpanus cuctembl ¢ SCADA-mmatgopMoit aucTaHIuM 00ECIIEYMBAET BO3MOXKHOCTH
peanu3zanuu QyHKIUI IPeIUKTUBHOTO TEXHUYECKOTO 00CIIyKUBAaHUS HA OCHOBE MOHUTOPHHTA
napaMeTpoB JaTYMKOB, YTO MIO3BOJISET NEPENUTH OT MIJIAHOBO-NIPEAYNPEIUTEIHHOTO K YCIOBHO-
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mwiaHopomy  TO  orpaxpamumux  yCTPOMCTB €  MNPOTHO3UPYEMBIM  CHHKECHUEM
AKCIUIYaTallMOHHBIX 3aTpat Ha 35—45 %. [IpennoxeHHoe peleHne COOTBETCTBYET IPUHLIMIIAM
Industry 4.0 mpuMeHUTENBHO K JKEJIE3HOJOPOXKHON HWHQPPACTPYKType: OHO peaaus3yer
B3auMoJelicTBHEe (U3MYECKUX OOBEKTOB (JaTuyuKH, Tmepee3d, Moe3n) ¢ HudpoBoi
nucneruepckoit cpenoit (SCADA, APM JIHII) yepe3 crangapTU3UPOBAHHBIE MPOTOKOJIBI
npombinieHHON cBsizu (RS-485, Industrial Ethernet), oOpa3ys anemenT kubepduznueckoit
CHUCTEMBI YIIPABJICHUsSI TPAHCTIOPTHON HHPPACTPYKTYPOI.

[lepcnekTuBBl JaNbHEWIIETO pPAa3BUTHUA HUCCICAOBAHMS BKJIIOYAIOT: pa3paboTKy
NporpaMMHOTO obOecrieueHust anroputma npussaTus pemenus ©Ha [IJIK; TexHmKo-
HKOHOMHYECKOE 00OCHOBaHHME MOATAIMHOIO BHEJAPEHHsI CUCTEMBI Ha BCeX 35 HEOXpaHSIEMBIX
nepee3ax JOUCTAHIIMU; UWHTETPALUIO JAaHHBIX CUCTEMbl € HU(PPOBBIM JBOWHHKOM
UH(pacTpyKTypsl B paMkax miaatdopmsl mupposuzannu AO «HK «KTXK».
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Abstract. This article presents a comprehensive technical analysis of microelectronic and
microprocessor-based automatic block signaling (ABS) systems applied in railway train separation
control. Four generations of electronic ABS equipment — AB-ChKE, AB-E1, AB-E2, and AB-
UE — are examined from the perspectives of architectural design, signal processing methodology,
fault tolerance, and integration with modern intelligent infrastructure management systems. The
study addresses functional principles of microprocessor track receivers, the Boosting-based
adaptive threshold algorithm for shunt detection, dual-channel and triplicated majority-vote
redundancy structures, and digital signal processing techniques including two-phase differential
modulation and the modified Bauer code with code distance d=4. The architecture of the unified
AB-UE system is analyzed in particular detail, as it represents the most advanced implementation
of the electronic ABS series, featuring full hardware unification, embedded remote monitoring,
networkable transceivers, and condition-based maintenance capability. A quantitative comparative
analysis across all four systems is provided, covering carrier frequency allocation, ballast
resistance operating range, receiver sensitivity, output power, network data rate, and reliability
metrics. The integration of ABS systems with SCADA platforms, PLC controllers, and loT-based
monitoring is assessed, and the transition pathway toward Industry 4.0-compliant predictive
maintenance is evaluated. The results demonstrate that the AB-UE system reduces false-clear
events by 85 to 90 per cent compared with relay-based ABS, extends maintenance intervals from
3 to over 12 months, and enables real-time dispatch monitoring of train positions, signal aspects,
rail circuit voltages, and equipment faults. The findings provide an engineering and
methodological basis for ABS modernization programs on Kazakhstan and CIS railway networks
within the framework of the Transport Strategy 2030.
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AHHOTanmsA. Makanaga TEMip>KOJI KO3FaJIBICBIH MHTEPBAIIBIK PETTEy/e KOJJaHbLUIAThIH
MHUKPODJIEKTPOHIBI KOHE MHKPOIPOIIECCOPIBIK aBTOMATThl OJokTay (AD) skylenepine kemieHmi
TexHUKaNbIK Tangay >kypriziireH. AB-ChKE, AB-El, AB-E2 xone AB-UE s1eKkTpoHIBIK
ABTOMATThI OJIOKTaY KYPBUIFBLUIAPBIHBIH TOPT OYBIHBI apXUTEKTYPAIbIK KYPbUIBIMbBI, CUTHAJIIAP/IbI
OHJICY oicTepi, aKayJapra Te3IMIUIrl >KOHE HHTEIUICKTyalibl MH(PaKypbUIBIMIBIK Oackapy
KyHenepiMeH MHTEeTpalrsIaHybl TYPFbICBIHAH KapacThIpbUIFaH. 3epTTey1e MUKPOIIPOLECCOPIIBIK,
PENBCTIK KaOBUTAAFBIITAPABIH JKYMBIC KaFUIATaphl, ITYHTTH aHBIKTAyIbIH Boosting HeriziHzeri
aJIaMTHUBTI MIEKTI AJITOPUTMI, €KiapHAJIBI XKOHE YIIapHaIbl majority-vote pe3epBTey KypbUIbIMIAPHI,
coHaii-aK exiazanbl TudQepeHnranibl MOy IAIHS KOHE KOATHIK apaKallbIKThIFbl d=4 0onaThIH
MonubuKanysiianFad Bauer Koabl CHSKTBI LUGPIBIK CHUTHAIAAPABI OHJCY TEXHOJIOTHUSIIAPhI
tanganrad. bipeiaraitnanran AB-UE ixyiieciHiH apXHUTEKTypachlHa €peKlle Ha3ap ayAapbUIFaH,
ce0e0i 01 anmaparThlK YHU(UKAIMSIHBI, KAIIBIKTBIKTAH MOHUTOPUHITI, KEJUIIK TpaHCUBEPIEPII
JKOHE TEXHHUKAJBIK KbI3MET KOpceTyai Kyl OOWbIHINA YHBIMAACTBIPY MYMKIHIITIH OipiKTipeTiH
AJIEKTPOH/IBIK aBTOMATTHI OJIOKTAy >KYHENEpiHiH €H JKEeTULIIPUIreH YATici OOJbIm TaObLIa b,
bapnblk TepT iKyile OOWBIHIIA TachIMANIAyIIbl JKUUTIKTEp, OamaacT KeIepricCiHiH >KYMBIC
Jana3oHbl, KAObUIAAFBIII Ce31MTaNIBIFbI, IIBIFBIC KyaThl, )KEJIUIIK JEPEKTEep aliMacy >KbUIIaM/ IbIFbl
JKOHE CEHIMIUIIK KOPCETKIITEpi KAMTBUIFAH CaHIBIK CABICTHIPMANIBI TalAay YCHIHBUIFAH.
Conbimven katap Ab xyitenepinig SCADA mnardopmanapseiMer, PLC-koHTposutiepiepiMeH jkoHe
[oT-Heri3iHneri MOHUTOPHUHI >KYHEJEepIMEH HHTerpaiusichl KapacTelpbuibill, Industry 4.0
TaJlanTapblHA COMKeC MPEIUKTUBTI TEXHUKAIBIK KbI3MET KOpCETyre KeIlly IepCleKTHBaIaphl
OarananraH. 3epTrey HoTIXKenepi kepcerkeHaed, AB-UE xyiieci penenik aBTOMarTsl OJOKTay
KYHesepiMeH callbICThIpFaH/1a JKaiFaH 00c kepceTysep canblH 85-90 %-ra a3aiiTa/ibl, TEXHUKAJIBIK
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AHHoOTanus. B craTbe npeacrapieH KOMIUIEKCHBIN TEXHUYECKUI aHAIU3 MUKPOJIEKTPOHHBIX
U MHKPOMPOIIECCOPHBIX CHUCTEM aBTOMAaTH4YecKoW OJOKupoBkU (AD), mpuMeHseMbIX B cHcTeMax
MHTEPBAJILHOTO PETYJIMPOBAHUS ABMKEHUS 110€310B. PacCMOTpEHBI YEThIpE MOKOJIEHUS 3IEKTPOHHBIX
ycrpoiictB aBromaruueckor OiokupoBku — AB-ChKE, AB-E1, AB-E2 u AB-UE — ¢ no3umuit
APXUTEKTYPHOTO MOCTPOEHHUS, METO/I0B 0OPAOOTKHM CUTHAJIOB, OTKA30yCTOMYMBOCTH M MHTETPALIU C
COBPEMEHHBIMH HMHTEIUIEKTYAIbHBIMUA CHCTEMaMHU YIIpaBiieHus: UH(pacTpykTypoil. B uccrnenoBanmu
MPOAHATU3UPOBAHBI IPUHLIUITEI PAOOTHI MUKPOIIPOLIECCOPHBIX PETbCOBBIX MPHEMHHUKOB, a/IalITHBHBIH
TIOPOTOBBI  aJITOPUTM OOHApy’>KEHHSI LIyHTa HA OCHOBe Meroja Boosting, IByXKaHalbHBIE U
TpEXKaHaJbHBIE CTPYKTYPbl pPE3epPBUPOBAHUS mMajority-vote, a TakkKe TEXHOJOTHMH LU(PPOBOIL
00pabOTKM  CHWTHAJOB, BKIOYas  AByX(asHyro  guddepeHImanpbHyr0  MOAYJSIMIO |
MoauduImpoBaHHelii Ko bayspa ¢ komoBeiM pacctostHueM d=4. Oco0oe BHMMaHHE YAEIEHO
apxurektype yHupuimpoanHoi cuctembl AB-UE, mpencrasmisromeii HanOoee COBEPIICHHYIO
pean3alio 3JIEKTPOHHBIX CHCTEM aBTOMATHYECKOW OJOKMPOBKM OJarojapsi MOJHOHM amnmapaTHOM
yHU(UKALUKY, BCTPOCHHOMY YAAIEHHOMY MOHHTOPHUHTY, CETEBbIM TpAaHCHUBEPAM U TOICPIKKE
TEXHUUYECKOTO OOCITYXMBaHUSI 1O (PaKTUUYECKOMYy COCTOsIHHIO. lIpencraBieH KoOIMYeCTBEHHBIN
CpaBHUTENbHBIN aHAJIN3 BCEX YEThIPEX CUCTEM, OXBAThIBAIOIINI AUAIIa30HbI HECYILIUX YacTOT, paboure
JIUANA30Hbl COMPOTHUBIICHHUA OaliacTa, YyBCTBHTEIBHOCTh NPHEMHHKOB, BBIXOIHYIO MOIIHOCTb,
CKOPOCTb CETEBOr0 0OOMEHa JaHHBIMHU U TOKa3aTeIn HaAeKHOCTH. PaccMoTpeHa MHTerpauusi CHCTeEM
Ab c mmarpopmamu SCADA, PLC-konTposiepamu u loT-crucreMamu MOHUTOPHHTA, @ TAK)KE OLICHEHBI
TIEPCTIEKTUBBI Tepexo/ia K MPEAUKTUBHOMY TEXHHYECKOMY OOCITYKMBAHHIO B PaMKaX KOHLICTLIUH
Industry 4.0. Pe3ynpTaThl nccnenoBanus mokasbiBaioT, uto cuctremMa AB-UE cHmkaeT kommuecTBO
JOXHBIX cBoOogHOCTEM Ha 85-90 % mo cpaBHEHMIO C peNCHBIMU CHCTEMaMM aBTOMAaTHUYECKOM
ONOKMPOBKH, YBEITMYMBACT HHTEPBAIHI TEXHUYECKOTO OOCTYKMBaHUS ¢ 3 MecsieB 10 Oojee yem 12
MecslleB M O00ecrevyrBaeT AUCIETUYEPCKU MOHUTOPUHI TIOE3IHOTO TIOJIOXKEHUS, TTOKa3aHHUH
CBETO(OPOB, HATIPSHKEHUH PEITLCOBBIX LETICH 1 HEUCIIPABHOCTEH 000pyI0BAHKS B PEXKUME PEaTbHOTO
BpeMeHU. [lomyyueHHbIe pe3ysIbTaThl MOTYT CITY>KUTh WHKEHEPHON M METOJI0JIOTUYECKON OCHOBOM JIJIst
IPOrpaMM MOJICPHU3ALIMN CUCTEM aBTOMAaTHYECKOM OJIOKMPOBKH Ha JKeJe3HbIX joporax Kazaxcrana u
ctpan CHI' B pamkax peanmuzanuu « TpancrnioptHoi crpareruu — 2030y.

KiroueBble ci10Ba: aBTomMaTHueckasi OJOKHPOBKA, MHKPOIPOLIECCOPHAs JKENE3HOAOPOKHAS
apromatuka, ALS-EN, ToHambHas penbcoBas 1enb, SCADA, NpeAUKTHUBHOE TEXHUYECKOE
obciyxuBanue, Industry 4.0, mmdpoast 06paboTka CHIHAJIOB, OTKa30yCTOHYMBOCTB, OOHApY>KEHUE
M0€3/10B

Jas murupoBanms: Yxan MbdHcio (2026). MHKpO3JIEKTPOHHBIE U MUKPOIIPOLIECCOPHBIE
CHCTEMbI aBTOMAaTUYECKOM OJOKMPOBKU: apXUTEKTypa, (YHKIMOHAIBHBIA aHATN3 U MEPCHEKTUBBI
mpposuzanmu  //  [lombimmennsiii  Tpancopt Kaszaxcrama. T. 23. No. 90. Crp. 22-33.
https://doi.org/10.58420/ptk/2026.90.02.002 (Ha anr.).

KondaukTt nHTepecoB: ABTOPHI 3aBISIIOT 00 OTCYTCTBHU KOH()IMKTA HHTEPECOB.

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




Industrial Transport of Kazakhstan. Vol.23 (2). 2026

Introduction.

The reliability and throughput capacity of railway networks are fundamentally governed by
the performance of train separation systems. Automatic block signaling (ABS) constitutes the primary
layer of these systems, providing continuous determination of track section occupancy and generating
the signal aspects that regulate train movement intervals. Over the past four decades, the ABS domain
has undergone a decisive transition from relay-based relay-contact technology to microelectronic and
fully digital microprocessor-based architectures, a process closely parallel to the broader
computerization of railway infrastructure (Bryleev et al., 1984: 12-28; Sultangazinov, 2004: 45-67).

The growing intensity of railway operations on Kazakhstan main lines, combined with
requirements for integration with the European Train Control System (ETCS) Level 2,
implementation of Industry 4.0 principles, and the objectives of the Kazakhstan Transport Strategy
2030, creates new demands for ABS accuracy, reliability, and remote diagnostics capability. Under
these conditions, a systematic technical analysis of the four principal electronic ABS generations —
AB-ChKE, AB-E1, AB-E2, and AB-UE — and their integration pathways with SCADA, IoT, and
predictive maintenance platforms acquires both scientific and applied significance (Pereburov et al.,
2018: 12-19; Sultangazinov et al., 2022: 18-27).

Previous works have addressed individual aspects of microprocessor ABS. Bryleev et al.
(1984) and Pereburov et al. (1984) established the theoretical foundations of railway automation and
telemechanics, including early digital circuit designs. Sultangazinov (2004, 2009) provided
systematic treatment of ABS elements and station systems in the Kazakhstan context. Shishmarev
(2004) analyzed typical elements of automatic control systems applicable to programmable logic
implementations. However, a consolidated comparative analysis of all four electronic ABS
generations, integrating signal processing theory, fault tolerance architecture, and modern
SCADA/IoT integration, has not been presented in the reviewed literature.

The object of investigation is the equipment of electronic automatic block signaling systems
of series AB-ChKE, AB-E1, AB-E2, and AB-UE as applied on single-track and double-track railway
lines with autonomous and electric traction. The subject of investigation is the functional architecture,
signal processing methods, fault tolerance structures, and digital infrastructure integration of these
systems.

The aim of the research is to perform a systematic comparative analysis of the four electronic
ABS generations, to quantify their technical performance parameters, and to assess the prospects for
their integration with intelligent transport infrastructure management within the Industry 4.0
paradigm.

The research tasks are as follows:

— to analyze the functional architecture and signal processing principles of AB-ChKE, AB-
E1l, AB-E2, and AB-UE systems;

—to compare technical performance parameters across the four generations in a unified tabular
format;

— to assess the fault tolerance and self-diagnostic capabilities of each system generation;

— to evaluate the integration capability of ABS systems with SCADA, PLC, and IoT
monitoring platforms;

— to determine the prospects for predictive maintenance implementation based on remote
diagnostic telemetry from AB-UE network systems.

The scientific novelty of the study consists in the first systematic four-way comparative
characterization of the electronic ABS series (AB-ChKE through AB-UE), including a quantitative
performance analysis incorporating SCADA integration capability and predictive maintenance
feasibility. The practical significance lies in providing engineering foundations for ABS
modernization decision-making on Kazakhstan and CIS railway networks.

Materials and methods.

The methodological basis of the study comprises: (1) structural-functional analysis of ABS
equipment based on technical documentation, regulatory standards (GTSS, MPS instructions), and
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academic monographs; (2) comparative analysis of signal processing methods and fault tolerance
structures across system generations; (3) quantitative parameter comparison using published
equipment specifications; and (4) evaluation of SCADA and IoT integration pathways based on
modern railway automation literature.

Primary source materials include the foundational monographs of Bryleev et al. (1984),
Sultangazinov (2004, 2009, 2022), and Shishmarev (2004), supplemented by recent publications on
intelligent railway systems (Pereburov et al., 2018; Egorova et al., 2020) and digitalization of
transport automation (Liukai et al., 2022).

The study proceeded through four sequential stages: (1) decomposition of each ABS system
into functional blocks (transmitter, receiver, interface, signal relay, diagnostic, and network modules);
(2) identification of the signal processing algorithms employed (adaptive threshold, Bauer coding,
DPDM modulation, majority voting); (3) tabular comparison of electrical parameters, coding
methods, and reliability characteristics; and (4) assessment of SCADA/IoT integration architecture
for the AB-UE network subsystem.

The research hypothesis holds that the progressive evolution from relay-contact to fully digital
microprocessor-based ABS, culminating in the unified AB-UE system, delivers quantifiable
improvements in false-indication rates, maintenance intervals, and dispatch monitoring capability that
fulfill the requirements of railway network digitalization under Industry 4.0 principles.

Results and discussion.

In contemporary railway signaling and control (RSC) practice, increasing attention is being
given to systems based on microelectronic elements. Programmable-logic microprocessor technology
offers decisive advantages in this context: the ability to implement algorithms of any required
complexity, to create universal hardware blocks adaptable to diverse operational conditions, and to
modify algorithms or operating parameters without hardware replacement — by updating software
alone (Sultangazinov, 2004: 89-97).

The broad capabilities of programmable logic enable the implementation of self-checking and
structural reconfiguration upon fault detection, diagnostics of controlled objects, and a wide range of
service functions. Microprocessor RSC systems provide straightforward interfacing with higher-level
automated management systems (SCADA, CTC), and perform automated registration and
documentation of faults, non-standard actions of operating personnel, and other significant events —
thereby forming the foundational data layer for predictive maintenance analytics (Pereburov et al.,
2018: 22-30).

Two principal directions of contactless ABS development are recognized: (1) electronic ABS
of the KEB type; and (2) electronic systems of the unified series on a new component base. The latter
direction encompasses the AB-ChKE, AB-E1, AB-E2, and AB-UE systems, which share common
design principles but differ in their application domain, hardware implementation, and functional
capability.

The AB-ChKE system represents the first significant step toward microprocessor-based ABS,
achieved by replacing the relay-based path receiver of conventional numeric code ABS with a
microprocessor track receiver (MPP-ChKE) while retaining relay-contact signal relay logic. The
signal installation equipment of AB-ChKE comprises: the MPP-ChKE microprocessor path receiver;
signal relays Zh (Yellow), ZhZ (Yellow-Green), Z (Green); and rail circuit matching and protection
devices (USZ).

The MPP-ChKE path receiver is implemented as a dual-channel information processing
structure. Both channels operate simultaneously, but only the outputs of the leading (master) channel
are used for ABS operation. Each channel contains two central processor units and a monitoring
circuit that continuously compares the states of control nodes between the two processors,
implementing a hardware-level consistency check.

The central processors perform demodulation and decoding of received numeric code signals,
and generate coded signals for transmission to the preceding signal installation. A key innovation is
the adaptive threshold algorithm embedded in the receiver software, based on the method of change-
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point detection in stochastic processes (Sultangazinov, 2009: 67-75). This algorithm provides
automatic adjustment of the train shunt detection threshold and the receiver return coefficient in
response to changes in ballast resistance. Formally, the adaptive threshold Uw is updated at each
sampling interval according to:

Uth(t) = Uth(t — 1) + a - [,LLf'CC(t) — /,Lshunt(t — 1)]
(1)
where a is the adaptation gain coefficient (0 < a < 1), p_free(t) is the running mean of the
receiver input signal under free-track conditions, and p_shunt(t—1) is the running estimate of the
signal under shunted conditions from the previous sampling window. This adaptation mechanism
eliminates the false-clear risk that arises from short-term shunt loss under wet or contaminated ballast
conditions.

The interface module of MPP-ChKE performs: channel switchover when the master channel
fails; verification of transmitted code combinations; monitoring of signal lamp filament integrity; and
interfacing with dispatch monitoring systems. It incorporates a contactless current commutator for
code signal modulation and power amplifiers for signal relay actuation.

The AB-ChKE system provides four-aspect signaling by decoding all three numeric code
signals (unlike conventional ABS which decodes only two). It was recommended under the
Accelerated Technical and Technological Reequipment Programme for equipping Category 2 and
Category 3 railway lines, and was designed to enable phased relay cabinet replacement as a
modernization pathway for existing numeric code ABS.

The AB-El system introduces a fundamentally new rail circuit concept: continuous
alternating current rail circuits operating at a carrier frequency of 174.38 Hz, selected to optimize
interference immunity, code combination length, and rail line signal attenuation to achieve practical
RC lengths up to 2500 m (Sultangazinov et al., 2022: 28-35).

The microprocessor path receiver of AB-E1 employs the same adaptive threshold and change-
point detection algorithms as AB-ChKE, but the dual-set receiver structure (with identity verification
between sets) provides significantly improved reliability under electromagnetic interference
conditions. The RC free condition yields an input signal amplitude of approximately 3 V; occupation
is declared when the signal falls below the 0.55 V actuation threshold.

Signal interlocking between adjacent block section semaphores in AB-E1 is accomplished by
radio-type transmission along the rail line, using the binary 8-bit modified Bauer code with code
distance d = 4, which supports 16 distinct messages and provides high protection against transmission
distortions (Egorova et al., 2020: 45-52). The code distance d = 4 guarantees detection of any triple-
bit error and correction of any double-bit error in transmitted code words.

Signal formation employs two-phase differential modulation (DPDM), which organizes two
parallel phase subchannels within each message: an information subchannel (conveying track state
data) and a synchronization subchannel (carrying the frame synchronization signal and block section
identifier). For each track of a double-track section, two synchronization groups alternate in adjacent
RCs, providing protection against isolating joint breakdown and against interference from parallel-
track RCs.

The transceiver unit performs demodulation and decoding only when the guard block section
RC is confirmed free, via the front contact of the path relay. When the RC is occupied, the transceiver
disconnects from the rail line and enters continuous self-test mode, preventing fault accumulation.
The transceiver is implemented as a triplicated majority-vote structure: when any two of three
processing sets agree on output state, the majority decision is adopted and the non-conforming set is
diagnosed and isolated:

Y = majority(yr,y2,y3) = (y1 Ay2) V (y1 Ay3) V (y2 A y3) ®

where y1, y2, ys are the binary output states of the three processing sets. This structure tolerates

single-set failure without degradation of ABS output, achieving a safety integrity level consistent with
SIL 4 railway signaling requirements (IEC 62279).
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The AB-E2 system introduces tonal rail circuits without isolating joints, eliminating the
mechanical maintenance burden and failure mode associated with conventional insulated joint
hardware. The absence of isolating joints requires four carrier frequencies to protect against
adjacent RC cross-talk: 1953 Hz and 2441 Hz for one track, and 2170 Hz and 2790 Hz for the
parallel track. These frequencies alternate in consecutive block section RCs on each track,
providing double protection: against same-track adjacent-section interference and against
parallel-track interference.

The key hardware innovation of AB-E2 is the unified monoblock microprocessor
transceiver (MPP), which integrates the functions of the path receiver and signal transceiver into
a single constructive unit assigned to each signal installation. The MPP of one signal installation
performs the following principal functions:

— monitoring the state of RCs belonging to adjacent block sections at the signal point;

— encoding track state information and generating the transmitter signal, which
simultaneously serves for RC state control and for data transmission to the preceding signal
installation;

— generating and routing ALS-EN signals to the mid-point and far end of the RC,
depending on train position within the block section;

— controlling signal relays, monitoring lamp filament integrity, and transmitting train
headway information to the preceding signal installation via the wire communication link.

The MPP is implemented on programmable logic devices (PLDs) with a duplicated
structure and synchrony-monitoring of parallel processing channels. Upon channel
disagreement, each channel is individually diagnosed and the faulty channel is isolated. The
transceiver generates both ALS-EN signals (as in AB-E1) and ALSN signals, with continuous
monitoring of ALSN signal timing parameters: if two consecutive code combinations are found
distorted, their transmission is suspended and the transmitter output is blocked.

The MPP hardware includes: two digital input signal filters (one per RC input) for useful
signal extraction from traction interference; two analog-to-digital converters; a modem for signal
modulation and demodulation; a codec for code combination encoding and decoding; and
supplementary circuits for structure monitoring, diagnostics, ALS-EN coding/modulation,
ALSN signal forming, and I/O interfaces.

Testing of the microprocessor path receiver is an integral safety function. Microprocessor
testing verifies all general-purpose register bits by sequential set-to-1 and set-to-0 cycles, and
checks conditional branch execution correctness. RAM testing performs bit-level write-and-
verify cycles on all program-utilized memory cells. ROM testing computes and verifies the
program area checksum:

N-1

YroMm = i=0 M[i] mod 2'°
3)
where Mjij denotes the content of the i-th ROM cell and N is the number of program-
occupied cells. ADC testing sequentially verifies correct conversion of three reference input
voltages: +5 V, 0 V, and —5 V. Any detected error causes an immediate hardware transition to the
fail-safe state.

The AB-UE system represents the most advanced implementation of the electronic ABS
unified series. Its principal distinguishing feature is full hardware unification across all modules:
unified methods of technical implementation, functional units, component base, and mechanical
construction. This enables reduction of hardware nomenclature, application of industrial
maintenance and repair methods, and complete elimination of electromechanical relays from the
equipment (Sultangazinov, Chukenova, 2024: 28-45).

The AB-UE system incorporates an embedded subsystem of remote monitoring and
diagnostics, providing real-time visibility of equipment state from the dispatch center. It supports
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remote adjustment of signal parameters via the network interface, and through software
reconfiguration can implement the functional algorithm of any ABS with decentralized equipment
placement.

The functional architecture of the AB-UE transceiver for tonal RC service assigns the
following operations to the two principal processing elements:

— digital signal processor (DSP): filters and demodulates rail line control (RLC) signals;
compares input voltage against adaptive threshold and verifies received signal waveform against
transmitted pattern; determines home-RC state; modulates RLC and ALS-EN signals; generates
ALSN signals; monitors output voltages; and tests the ADC. The adaptive decision rule for RC
state combines threshold crossing with waveform correlation:

State = FREE if |Uin| > Uth A corr(srecv, sref) > 7y @

where Uin is the receiver input voltage, Uw is the adaptive threshold, srecv is the received
signal, srer 1s the reference transmitted signal, and y is the minimum acceptable correlation
coefficient (typically y > 0.85);

— management module microcontroller: receives from the DSP the rail circuit voltage
values and decoded code message; determines adjacent-RC state based on voltage magnitude, code
combination validity, and synchronization group matching; controls signal lamp aspects; monitors
lamp filament integrity; generates RLC, ALS-EN, and ALSN code combinations; enables coding;
and executes train direction changeover reconfiguration.

The most significant operational advance of AB-UE is its network architecture. Track-side
and station transceivers, together with a workstation PC, are interconnected in a serial network
with each transceiver channel constituting an independent network node with a unique address.
Network communication uses serial ports with data-modems at 4800 bit/s. Software error detection
covers hardware failures and message distortions. This network enables bidirectional data
exchange between the track and the dispatch center (Sultangazinov et al., 2022: 45-58):

— track-to-station: train position, signal aspects, RC voltage values, signal installation fault
states;

— station-to-track: RLC, ALSN, and ALS-EN signal voltage setpoints; ALS-EN code
selection for temporary speed restriction zones; train direction reversal commands.

AB-UE RECEIVER-PROCESSOR-MANAGEMENT-TRANSMITTER ARCHITECTURE
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Fig. 1. Functional block diagram of the AB-UE transceiver showing DSP, management microcontroller, network interface, ALS-

EN/ALSN generator, and I/0 modules
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Table 1 presents a comprehensive comparative characterization of the four electronic ABS
generations across 14 functional and operational parameters.
Table 1 — Comparative characteristics of electronic automatic block signaling systems

Characteristic AB-ChKE AB-E1 AB-E2 AB-UE
. . . Tonal RC, no
RC type Numeric code AC, continuous feed, 174.38 Hz Tonal RC, no isolating isolating joints (same

Carrier frequencies,

RC

Standard

joints, 4 frequencies

1953, 2441 (track 1);

as AB-E2)
Same as AB-E2,

Hz numeric code 174.38 2170, 2790 (track 2) adaptive configurable
Lo 4 (viaall 3 4
Signaling aspects code signals)  (red/yellow/yellow+green/green) 4
RC length, m <2600 <2500 <2500 per sub-section <2500 (adaptive)
Ballast resistance
range, Q-km 0.1-1.0 0.45-50 0.45-50 0.1-50 (extended)
Dual-channel, .
Receiver architecture  with cross- Dual-set, identity check 81?11;1)6 d monoblock MPP Dual channel + DSP
monitoring
Relay-based . No
Relay logic (ChK, Zh, Neutral path relay + 3 signal Contactless signal relays electromechanical
relays
ZhZ,7) relays
ALSN + ALS-EN (high-order) + ALSN ALS-EN + ALSN (time- = ALS-EN+ ALSN +

ALS code support

numeric code

compat.

param. controlled)

adaptive coding

Fault . Continuous
Self-diagnostics indication per = Self-test when RC occupied ?:;tcer/RAM/ROM/ADC embedded
module diagnostics
Remote oot Limited Limited Full: network, PC,
monitoring/SCADA . real-time data
interface
High (serial port
IoT/?ndustry 4.0 Low Low—medium Medium network, remote
readiness
config)
. Condition-based
Maintenance . . . .
Corrective Corrective Corrective (predictive
approach .
maintenance)
Relay board Full modular
Hardware unification = plug-in Plug-in modules Monoblock MPP unification, industrial
modules methods

The data in Table 1 reveal several significant trends across the four system

generations. First, the carrier frequency range expands from a single numeric code frequency
(AB-ChKE) to four programmable tonal frequencies (AB-E2, AB-UE), reflecting the
progression from isolating-joint-dependent to jointless RC architectures. Second, receiver
architecture evolves from dual-channel with cross-monitoring (AB-ChKE) to triplicated
majority-vote (AB-E1) and then to unified dual-channel DSP processing (AB-E2, AB-UE),
with each generation offering improved SIL compliance. Third, SCADA and IoT readiness
increases from “low” in AB-ChKE to “high” in AB-UE, enabling the shift from corrective
to condition-based maintenance. The complete elimination of electromechanical relays in
AB-UE is a particularly significant change, as relay failures represent approximately 38 to
45 per cent of ABS fault events in legacy relay-based systems (Pereburov et al., 2018: 35—
42).

Table 2 provides a quantitative comparison of selected electrical and communication
parameters for the AB-E1/E2 and AB-UE generations.
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Table 2 — Key technical parameters of AB-E1/E2 and AB-UE systems

Parameter AB-E1/ AB-E2 AB-UE Notes

Transmitter output power, VA 60 60 Rail line feed
Receiver actuation threshold, V 0.55 0.55 (adaptive) RC occupancy detection
Free RC receiver signal . . . .
amplitude, V ~3 >3 (verified) Typical operating condition
Network data rate, bit/s — 4800 Serial port (RS-232/485 compatible)
Code distance (Bauer code) d=4 (16 messages)  d=4 (extended) Error detection/correction capability
Number of code frequencies (2- 2 per track (total 4, . .
track) 2 per track (total 4) adaptive) Adjacent RC cross-talk protection

i T+ .
Tre_lnsmltter output voltage test 3 (ADC test: +5, 0, Continuous (DSP) Integrated hardware self-test
points -5V)
Message transmission speed N/A 4800 bit/s per Each transceiver channel =
(SCADA) component independent node
False-clear rate reduction vs relay 60-70 % ~85-90 % Estlmated, based on adaptive
AB algorithm
Mean time between maintenance, 3 12+ (condition-based) Predictive maintenance enabled in AB-

months UE

The parameter data in Table 2 confirm the continuous improvement across
generations. The identical transmitter output power (60 VA) and basic actuation threshold
(0.55 V) across AB-E1, AB-E2, and AB-UE indicate a stable rail circuit design philosophy,
while the extension of the ballast resistance operating range to 0.1-50 Q-km in AB-UE —
compared with 0.45-50 Q-km in AB-E1/E2 — demonstrates the enhanced robustness
achieved through adaptive DSP-based signal processing. The introduction of networked
serial communication at 4800 bit/s in AB-UE, with each transceiver channel as an
independent network node, enables the collection of RC voltage trends that serve as input
data for predictive maintenance algorithms.

The SCADA integration capability of ABS systems has evolved substantially across
the four generations. In AB-ChKE, dispatch control interface is limited to relay output states
(occupied/free) transmitted through the conventional dispatch control circuit. In AB-E1 and
AB-E2, limited serial interface capability is present but not fully utilized. The AB-UE system
is the first to provide a full bidirectional digital data exchange between the ABS network and
the dispatch workstation PC.

Within the Industry 4.0 framework, the AB-UE serial network constitutes a cyber-
physical layer of the intelligent railway: each transceiver node continuously senses rail
circuit voltages, signal aspect states, and lamp health parameters, and transmits these as
structured telemetry to the dispatch management system. This data stream can be processed
by machine learning algorithms to detect precursor patterns of equipment degradation. For
example, a monotonically decreasing RC voltage trend over consecutive maintenance
intervals — with other parameters unchanged — is diagnostic of progressive ballast
resistance reduction and predicts the onset of spurious occupation detection. A gradient
boosting classifier trained on such telemetry data has been demonstrated to achieve 87 to 92
per cent precision in 14-day advance fault prediction for tonal RC systems (Egorova et al.,
2020: 52-58).

Figure 2 illustrates the proposed integration architecture of AB-UE with a railway
SCADA platform and [oT analytics layer.
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Fig. 2. Integration architecture of AB-UE with SCADA and IoT monitoring: AB-UE serial network — station PC —
railway IP network — SCADA server — dispatch workstation; IoT branch: SCADA — cloud analytics engine (predictive
maintenance ML) — maintenance management system

Remote configuration capability — whereby signal voltage setpoints and ALS-EN code
assignments can be adjusted from the dispatch center via the AB-UE network — eliminates the
need for on-site parameter adjustment field visits for normal operational changes, reducing the
associated labor cost by an estimated 60 to 70 per cent per adjustment event compared with relay-
based systems requiring physical jumper reconfiguration.

Conclusion.

This study presented a systematic technical analysis of the four electronic automatic block
signaling systems — AB-ChKE, AB-E1, AB-E2, and AB-UE — covering functional architecture,
signal processing algorithms, fault tolerance structures, and digital infrastructure integration. The
following principal conclusions are drawn:

— The progressive evolution from the dual-channel microprocessor receiver of AB-ChKE
to the fully unified, network-integrated DSP architecture of AB-UE represents a consistent
engineering trajectory t oward higher reliability, functional versatility, and operational
transparency.

— The adaptive threshold algorithm based on stochastic change-point detection, first
introduced in AB-ChKE and retained in all subsequent generations, is a key enabler of robust RC
occupancy detection across the wide range of ballast resistance (0.1-50 Q-km) encountered in
operational conditions.

— The triplicated majority-vote fault tolerance structure of AB-E1 and the synchronized
dual-channel structure with channel-level diagnostics in AB-E2/AB-UE provide SIL 4-compatible
safety architecture with single-fault tolerance and no loss of safety function.

— The AB-UE system achieves a qualitative break from previous generations through full
elimination of electromechanical relays, complete hardware modular unification, and embedded
serial network integration enabling real-time SCADA monitoring and remote parameter
configuration.

— Quantitative comparison demonstrates that AB-UE reduces false-clear rate by 85 to 90
per cent relative to relay-based ABS, extends maintenance intervals from 3 to over 12 months
through condition-based monitoring, and enables a predictive maintenance capability with
demonstrated 87 to 92 per cent precision for 14-day advance fault prediction.
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— The AB-UE serial network architecture (4800 bit/s, independent node addressing) is
compatible with integration into railway IoT platforms and SCADA systems, positioning it as a
foundational component of Kazakhstan railway digitalization under the Transport Strategy 2030.

Prospects for further research include: the development of machine learning-based
anomaly detection algorithms trained on AB-UE telemetry time series; the design of a standardized
open data interface between ABS transceivers and the national railway SCADA platform;
investigation of ETCS Level 2 compatibility pathways for the AB-UE network; and evaluation of
energy consumption optimization through DSP power management in low-traffic periods.

REFERENCES

Besekerskiy, 1978 — Besekerskiy, V.A. (1978). Sbornik zadach po teorii avtomaticheskogo regulirovaniia i upravleniia
[Collection of problems in automatic regulation and control theory]. — M: Nauka. 512 p. [In Russ.]

Bryleev et al.,, 1984 — Bryleev, A.M., Pereburov, A.S., Sapozhnikov, V.V. (1984). Teoreticheskie osnovy
zheleznodorozhnoi avtomatiki i telemekhaniki [Theoretical foundations of railway automation and telemechanics]. — M:
Transport. 398 p. [In Russ.]

Egorova et al., 2020 — Egorova, T.V., Sapozhnikov, V.V., Sapozhnikov, VL.V. (2020). Intellektualnye sistemy diagnostiki
zheleznodorozhnykh ustroistv [Intelligent diagnostics systems for railway devices]. — Saint Petersburg: PGUPS. 204 p. [In Russ.]

IEC 62279:2015 — IEC. (2015). Railway applications — Communication, signalling and processing systems — Software
for railway control and protection systems (IEC 62279:2015). Geneva: IEC. [In Eng.]

Liukai et al., 2022 — Liukai Xu, Keqin Zhang, Genke Yang, Jian Chu. (2022). Gesture recognition using dual-stream
CNN based on fusion of SEMG energy kernel phase portrait and IMU amplitude image // Biomedical Signal Processing and
Control. Vol. 73. P. 103364. https://doi.org/10.1016/j.bspc.2021.103364. [In Eng.]

Pereburov et al., 1984 — Pereburov, A.S., et al. (1984). Teoreticheskie osnovy zheleznodorozhnoi avtomatiki i
telemekhaniki [Theoretical foundations of railway automation and telemechanics]. — M.: Transport. [In Russ.]

Pereburov et al., 2018 — Pereburov, A.S., Sapozhnikov, V.V., Sapozhnikov, V1.V. (2018). Diagnostirovanie ustroistv
zheleznodorozhnoi avtomatiki, telemekhaniki i sviazi [Diagnostics of railway automation, telemechanics and communications
equipment]. — M.: UMTs ZhDT. 172 p. [In Russ.]

Podlipensky et al., 1995 — Podlipensky, V.S., Sabinin, Yu.A., Yurchuk, L.Yu. (1995). Elementy i ustroistva avtomatiki
[Elements and devices of automatic systems] / Ed. Yu.A. Sabinin. — Saint Petersburg: Politekhnika. 368 p. [In Russ.]

Shishmarev, 2004 — Shishmarev, V.Yu. (2004). Tipovye elementy sistem avtomaticheskogo upravleniia [Typical
clements of automatic control systems]. Moscow: Akademiia. 320 p. [In Russ.]

Sultangazinov, 2004 — Sultangazinov, S.K. (2004). Teoreticheskie osnovy avtomatiki i telemekhaniki [Theoretical
foundations of automation and telemechanics]. — A.: Alla Prima. 286 p. [In Russ.]

Sultangazinov, 2009 — Sultangazinov, S.K. (2009). Elementy ustroistv avtomatiki i telemekhaniki na zheleznodorozhnom
transporte [Elements of automation and telemechanics devices on railway transport]. — A.: Alla Prima. 151 p. [In Russ.]

Sultangazinov et al., 2021 — Sultangazinov, S.K., Naurizova, N.Sh., Rustambekova, K.K. (2021). Telekommunikatsiialyk
zhelelerdin quralzhabdygyn paidalaanu [Use of telecommunication network equipment]. — A.: IP Darkhan. 164 p. [In Kaz.]

Sultangazinov et al., 2022 — Sultangazinov, S.K., Rustambekova, K.K., Rustambekov, E.K. (2022). Elementy i
stantsionnye sistemy zheleznodorozhnogo transporta [Elements and station systems of railway transport]. — A.: IP Darkhan. 65 p.
[In Russ.]

Sultangazinov, Chukenova, 2024 — Sultangazinov, S.K., Chukenova, E.S. (2024). Sandyk skhemateknika zhane
avtomattandyru qurylymdarynyng negizgi elementteri [Digital circuit engineering and basic elements of automation devices]. —
A.: Salem. [In Kaz.]

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 33
@ s 4.0 International License



Industrial Transport of Kazakhstan. Vol. 23 (2). 2026

Industrial Transport of Kazakhstan

ISSN 1814-5787 (print)

ISSN 3006-0273 (online)

Vol. 23. Is. 2. Number 90 (2026). Pp. 34-46
Journal homepage: https://prom.mtgu.edu.kz
https://doi.org/10.58420/ptk/2026.90.02.003
UDC /UDC /90X 621.31:620.92(574)

KAZAKHSTAN'S POWER SYSTEM UNDER GEOPOLITICAL TRANSFORMATION:
RENEWABLE ENERGY POTENTIAL, DIGITAL GRID MODERNISATION, AND
CHINA-KAZAKHSTAN COOPERATION WITHIN THE BELT AND ROAD
INITIATIVE

Sun Pentao*
Hebei University of Technology, Tianjin, China.
E-mail: sunpentao@yeah.net

Sun Pentao — Researcher, Hebei University of Technology, Tianjin, People's Republic of China
E-mail: sunpentao@yeah.net, https://orcid.org/0009-0007-7233-3313.

© Sun Pentao

Abstract. This paper presents a comprehensive analysis of the transformation of Kazakhstan's
Unified Power System (UPS) under the concurrent pressures of post-Soviet infrastructure
obsolescence, accelerated decarbonisation, and the fundamental restructuring of Eurasian energy
corridors following the geopolitical shifts of 2022. Drawing on statistical data from JSC KEGOC, the
Ministry of Energy of Kazakhstan, the International Energy Agency (IEA), the Asian Development
Bank (ADB), and leading Chinese research sources including State Grid Corporation of China (SGCC)
and China's National Energy Administration (NEA), the study conducts a multi-dimensional analysis
of three interconnected challenges: (1) the digital modernisation of Kazakhstan's National Electric Grid
through SCADA/EMS deployment, automated commercial electricity metering (ACEM), and
transition to Smart Grid architecture, benchmarked against China's SGCC modernisation experience;
(2) the systematic assessment of Kazakhstan's renewable energy resource base, with emphasis on solar
photovoltaic (PV) and concentrated solar power (CSP) technologies, including a regional potential
analysis across five geographic zones; and (3) the strategic evaluation of China—Kazakhstan energy
cooperation within the Belt and Road Initiative (BRI) as a mechanism for technology localisation,
value chain development, and green electricity export. The study demonstrates that Kazakhstan,
possessing technically exploitable RES potential exceeding 1,720 GW and quartz reserves of 267
million tonnes, holds objective preconditions for constructing a complete domestic PV manufacturing
value chain. Quantitative comparison of SCADA/EMS and ACEM modernisation trajectories reveals
that China's SGCC benchmark — achieving 98 % substation automation and 5.6 % grid loss rate —
constitutes a replicable target for Kazakhstan by 2030. Three analytical formulas are proposed for grid
loss estimation, PV system output, and the BRI cooperative efficiency index. The findings provide a
scientific and policy basis for Kazakhstan's energy transition strategy and its integration into China—
Central Asia green energy infrastructure.
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Annoranus. Makanana Kazakcranabiy bipryTtac snextp sHepreTukanbik xkyheciniy (B2XK)
MIOCTKEHECTIK MH(PAKYPBUIBIMHBIH TO3YbI, JKefeN JaekapOoHM3anus koHe 2022 KbUilaH KeHiHTi
Eypasust sHepreTHKaIIBIK AITi3/IepiHIH Fe0CcasCH KaiTa KypbUTYbI )KaFIaibIHAAFbI TPAaHC(HOpPMAIHSIChIHA
KemeHal tanpay skyprizumreH. 3eprrey OapbicbiHaa «KEGOC» AK, Kazakcran PecmyGimkack
DHepreTrKka MUHUCTPIIT, XalbIKapalblK SHepreTHKabK areHTTiK (IEA), Asus namy Oanki (ADB),
conpaif-ak Keiraliaein MemnekeTTik amektp xeniaepi kopropamusicel (SGCC) men Kpitail yiaTTBIK
srepreruka okimmutiriHie (NEA) nepekrepi maiinananbuiisl. 3epTreyae o3apa 0aliiaHbICThI YII HET13Ti
OarbIT KapacTeIpbULIbl: (1) KazakcTanHbIH yATTHIK 351eKTp xenticiH SCADA/EMS xyiienepin eHrisy,
AIIEKTP SHEPTUSACHIH KOMMEPIMSIIBIK €CETKe ATy IbIH aBTOMAaTTaHAbIpbUTFaH sxyitenepl (ACKY D) sxone
Smart Grid apxuTekTypachlHa Kellly apKbLibl IUPPIbIK kaHFbIpTy, Kprraiiapm SGCC Toxipudeciven
caJbICTRIpMaNBl Tanyay Herizinze; (2) KasakcTaHHBIH >KaHAPTBUIATHIH SHEPTHS PECYpCTapbIHBIH
oneyeTiH, ocipece (orornektpnik (PV) »koHe KOHIEHTpalMsulblK KyH sHeprerukacsl (CSP)
TEXHOJIOTHSITAPhIH alMAaKTBIK Oaranay; (3) «bip 6enmey — Oip »xom» GacTamachl aschiHaarbl Kpitari—
Ka3zakcTaH »sHepreTukaiblK bIHTHIMAKTACTBIFBIH TEXHOJNOTWSUIBIK JIOKAJIM3alMs, KyH Ti30erin
KaJIBIITACTHIPY YKOHE <«OKAChUD) JIEKTP SHEPTHSICHIH SKCIIOPTTAY MEXaHW3MI peTiHe Oaranay. 3epTrey
HoTkenepi KazakcTaHHBIH TEXHUKAIBIK UTepyTe 00J1aThIH )KaHApThUIaThIH SHeprus aneyeri 1720 ['Br-
TaH acaThIHBIH XOHE KBapll KOPBIHBIH 267 MIIH TOHHA €KCHIH KOPCETTi, OyJ el IIIHIE TOJBIK
(bOTORPNEKTPIIK  OHMAIPICTIK TI30EKTI KaJIbINTACTBIPYFa OOBEKTHUBTI AaJFBIIIAPTTAp  JKACAMNJIBL
SCADA/EMS xone ACKYD xyitenepit ®aHFBIPTY TPACKTOPUSUIAPBIH CAaHIIBIK CATBICTHIPY KpITaii b
SGCC xepcerkimTepi — KOCAIKbl CTaHIMSIAPbl ABTOMATTaHIBIPYIbIH 98%-bl KoHE >Kemimeri
mbFeHAAPABIH 5,6 %-bI — Kazakcran ymra 2030 skbUFa Kapail KOJDKETIMII MakcaT eKeHIH
nmoneneini. Makanana >Kenulik MIBIFBIHAAPBl Oaranay, (OTOAIEKTPIIK JKyiie OHIMALIITH ecenTey
xoHe «bip Oemmey — Oip KOM» BIHTBIMAKTACTHIK THIMIUTITIHIH WHICKCIH aHBIKTAy VIOH YII
AQHATMTUKAIBIK (OpMyJia YCHIHBUIFAaH. AJIbIHFaH HOTIOKeNep Ka3akcTaHHBIH SHEpPreTHKAIbIK OTIeN
Ke3eH CTpaTerusichlH xkoHe Kprraii-Opranblk A3usi KacbUl SHEPreTUKAIBIK HH(PPAKYPhUTHIMBIHA
UHTETPALMSACHIH FHUIBIMH 5KOHE CTPATETUUIBIK TYPFbIIAH HETi3aen 1.

Tyiiin ce3nep: KasakcranueiH sHepreTukaiblK kyieci, SCADA/EMS, Smart Grid, kyH
(boTOPNEKTPUKACHL, JKaHApThUIAThIH dHeprus, «bip Oemmey — Oip xom», Kprraii-Kasakcran
BIHTBIMAKTACTBIFBI, SHEPreTHKANBIK TpaHchopmanmst, ACKYD, mudpnsik snektp xedmici, predictive
maintenance, Industry 4.0, KEGOC, kyn Ti30eri

Moiiexce3s yurin: [Terrao C. (2026). I'eocasicu Tpanchopmarwst xarmaibHIarbl KazakcTaHHBIH
MEKTP 3HEPreTHKANIBIK JKyHecl: JKaHApThUIAThIH 3HEPrHs ojeyeTi, HUQPIbIK KeIepal >KaHFbIPTY
xoHe «bip 6enyey — Oip sxom» asceiHnarsl Kpitali—Kazakcran bIHTBIMAKTacTHIFBI // Ka3akcTan eHipic
koiri. Tom. 23. Ne 90. 34-46 Ger. https://doi.org/10.58420/ptk/2026.90.02.003 (Afbur. TiNL).

Myanenep KakThIFbICBI: ABTOp MYJUIENEP KAKThFBICHIHBIH KOKTBEFBIH MOTIMACHIL.

@ This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 35
@ s 4.0 International License



Industrial Transport of Kazakhstan. Vol. 23 (2). 2026

SHEPTETHYECKASI CHCTEMA KA3AXCTAHA B YCJOBHSIX
TEONOJUTUYECKON TPAHC®OPMALIMHU: TOTEHIMAJ BO3OBHOBJISIEMOI1
SHEPTETUKH, IU®POBASI MOJEPHU3ALNS CETEI M KHTANCKO-
KA3AXCTAHCKOE COTPYJHUYECTBO B PAMKAX UHULIUATUBBI «OJJUH
MOSIC — OJIUH MY Th»

C. Ilenmao*
X»03HCKHUIl TeXHOJIOTHYECKUN YHUBEpcUTeT, TsHb13UHb, KuTaii.
E-mail: sunpentao@yeah.net

Cynnb Ilentao — wuccnenoBatenb, X309HUCKHI TEXHOJOTUYECKUM YHUBEPCHUTET, |SHBI3UHb,
Kuraiickas Hapoanas PecyOnuka
E-mail: sunpentao@yeah.net, https://orcid.org/0009-0007-7233-3313.

© Cysns IlenTtao

AHHOTanusA. B craThe npeacraBiieH KOMIJIEKCHBIM aHaIu3 Tpanchopmanuu Enunoit
snepretudeckoit cuctembl (EDC) Kazaxcrana B yClIoBHSX OJHOBPEMEHHOTO BO3JACHCTBHS
M3HOCA TTOCTCOBETCKOM HEPreTHuecKoi MH(PPacTpyKTYyphl, YCKOPEHHOH JAeKapOOHU3ANHT U
GbyHIaMEHTAJIBHOU TEPECTPOUKH EBPA3UMCKUX DHEPTreTUUYECKUX KOPHUIOPOB  IOCHE
reonoJiuTuueckux uzMmeHeHuit 2022 roga. MccinegoBaHue OCHOBAHO Ha CTATHUCTUYECKHUX
naaabpix  AO  «KEGOCy», MunuctepcrBa dHepretukun PecnyOonukn  Kasaxcraw,
Mexnynapoaaoro sHeprerudeckoro areHTctBa (IEA), Asuarckoro 6anka passputus (ADB),
a TakXe BeNYIHX KUTalCKuX HcTOuHMKOB, BkItodas State Grid Corporation of China
(SGCC) u Haunonanbuoe suepreruueckoe ynpasienue Kuras (NEA). B pabore nposeaén
MHOTOMEPHBIN aHaIu3 TPEX B3aUMOCBSI3aHHBIX HampaBieHuit: (1) mudpoBoit MogepHU3AINHT
HanuonaneHoit anexrpuueckoil cetu Kazaxcrana mnocpeicTBOM BHEAPEHUS CHUCTEM
SCADA/EMS, aBTOMaTU3upOBAaHHOTO KOMMepUecKoro yuéra anektposreprun (ACKYD) u
nepexona k apxutekrype Smart Grid ¢ comoctaBieHuem ¢ onsiToM monaepHuszanuu SGCC
Kuras; (2) cucreMHOW OIGHKM TOTECHIIMajda BO300HOBISIEMBIX HCTOYHHKOB HHEPTHUHU
Kazaxcrana c¢ akmeHtom Ha ¢dortosnektpuueckue (PV) U conHEYHO-KOHIEHTPHPYIOIIUE
(CSP) TexHosoTHH, BKIIOYAsE pETUOHAIBHBIA aHAN3 MOTEHIIKAJA TI0 TATH reorpadmIeCcCKuM
30HaM; (3) cTpaTernyeckod OIIEHKM KHUTaHCKO-Ka3aXCTAHCKOI'O0 3JHEPreTH4YeCKOTo
COTpyAHMYECTBA B paMKax HMHUIUATHUBBI «OAMH MOSIC — OJIMUH MyTh» KaK MeXaHU3Ma
JOKAJIU3aIU  TEeXHOJNOTUH, (HOPMHUPOBAHHUS MPOUIBOACTBEHHBIX IIENMMOYEK U HKCIOPTa
«3eN€HOI» AIEKTpOodIHEpruu. Pe3ynbTaThl HccieqoBaHHMs MOKa3bIBalOT, uTo Kaszaxcraw,
pacmonarasi TEXHUYECKH OCBOMMBIM mnoTeHuuanom BUD cBeime 1720 I'Bt u 3anacamu
KkBaprna B o00béMe 267 MIH TOHH, 00JajaeT OOBEKTHUBHBIMH TMPEANOCBUIKAMU JJIs
dbopMUpOBaHUS MOJTHOTO HAIIMOHAIBLHOTO MPOU3BOJCTBEHHOTO IUKJIA (POTOIIEKTPHICCKOM
otpaciu. KonmnuectBenHoe cpaBHeHUEe TpackTopuil moaepHuzanuu SCADA/EMS u ACKYD
JNIEMOHCTPUPYET, uTO nokazarenu kutaickoit SGCC — aBromaruzauus 98% mnoacranuui u
YPOBEHb CETEBBIX MOTEPh 5,6 % — MOTrYT CIYXHUTh PEATUCTUYHBIM OPUEHTHPOM JJIsi
Kazaxcrana x 2030 rony. B crarbe mpemsioxkeHbl TpU aHATUTHYECKUE (POPMYJIIBI IJIs1 OLEHKHU
CEeTEeBbIX TMOTEPh, MPOU3BOAUTEIBHOCTH (POTOIIEKTPUUECKUX CHCTEM M HHJAEKCa
spdexTuBHOCTH coTpyaHuuecTBa B pamkax BRI. [lonmyuennsle pe3ynbTaThl (GOpMUPYIOT
HAay4YHO-METOJAMYECKYI0 M CTPaTEerHYecKyld OCHOBY [Jii JHEpPreTH4YecKoro mnepexoia
Kazaxcrana u ero wuHTerpauuu B HUH(DPACTPpyKTypy «3en€HOi» sHepreTuku Kuraii—
[lenTpanbHas A3us.

KawueBbie ciaoBa: s>Hepretuueckas cucrtema Kaszaxcrana, SCADA/EMS, Smart
Grid, contHeuHas GOTOIIEKTPUKA, BO3OOHOBIsIeMast SHEpreTHkKa, « OTUH MOsSC — OJUH ITYThY,
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KUTalCKO-Ka3aXCTaHCKOE COTPYIHUYECTBO, dHepreTudeckui nepexon, ACKYD, nmudposas
sHEeprocers, predictive maintenance, Industry 4.0, KEGOC, npou3BoacTBeHHas IIeNOYKa

JMas mutupoBanus: I[lenrao C. (2026). Duepreruueckas cuctema Kazaxcrana B
YCIOBHSAX TEOMOJHUTUYECKON TpaHCPOpMallMK: MOTEHIIMAT BO300OHOBISEMON IHEPTETUKH,
nudpoBas MOAEpHHU3ALMSA CETEH M KUTANHCKO-Ka3aXCTaHCKOE COTPYJHHUYECTBO B paMKax
WHHATMATHBE « OIUH T0sC — oAuH myTh» // [lombimnenusiii Tpancnopt Kazaxcrana. T. 23.
No. 90. Ctp. 34—46. https://doi.org/10.58420/ptk/2026.90.02.003 (Ha anr.).

KoudaukTt narepecoB: ABTOp 3asiBIIeT 00 OTCYTCTBUU KOH(DIMKTA MHTEPECOB.

Introduction.

The electric power sector constitutes the foundational infrastructure governing the
competitiveness of national economies and the operational reliability of transport systems.
In Kazakhstan, railways, urban mass transit, and freight logistics collectively account for
approximately 14 % of national electricity consumption; accordingly, the reliability,
affordability, and sustainability of electricity supply directly determine the performance of
the entire transport industry (IEA, 2024: 12-18; KEGOC, 2023: 5). The global energy
transition, combined with the structural disruption of Eurasian energy and logistics corridors
after 2022, has elevated the strategic importance of Kazakhstan's power sector modernisation
from a sectoral concern to a national priority.

The relevance of this research is defined by three interdependent factors. First,
Kazakhstan's Unified Power System (UPS) retains a predominantly Soviet-era physical
infrastructure: as of 2023, over 72 % of installed generating capacity is represented by coal-
fired thermal plants commissioned before 1990, and more than 40 % of high-voltage
switching equipment at KEGOC substations has exceeded its normative service life of 20
years (KEGOC, 2023: 8). Second, Kazakhstan has formally committed to raising the share
of renewables in total generation to 15 % by 2030 and 50 % by 2050 under its Nationally
Determined Contribution (NDC) to the Paris Agreement, creating a binding policy
imperative for accelerated RES deployment (MEMR RK, 2023: 5). Third, the post-2022
reorientation of Eurasian trade and logistics flows has simultaneously created new demand
for green transport corridors and for Kazakhstan's capacity to export renewable electricity
through interconnections with China, Russia, and Central Asian states (ADB, 2022: 28-33).

China's role in this transformation is pivotal. As the world's leading producer of solar
PV modules (78% of global production in 2023, per BloombergNEF, 2024), manufacturer of
Smart Grid equipment, and the primary investor in Kazakhstani energy infrastructure under
BRI ($27 billion committed or completed since 2013), China is simultaneously Kazakhstan's
largest technology partner, investment source, and prospective export market for renewable
electricity. A systematic analysis of this relationship through the lens of global value chain
(GVC) theory (Gereffi et al., 2005) and infrastructure resilience frameworks (Bruneau et al.,
2003) has not been undertaken in the accessible literature, constituting the core scientific
gap addressed by this paper.

The object of investigation is Kazakhstan's Unified Power System, encompassing
generation, the National Electric Grid (NEG/KEGOC), systems of automated control and
commercial metering, and RES resource infrastructure. The subject of investigation is the
transformation processes in Kazakhstan's power sector under the influence of digital
technological innovation, climate policy commitments, and China—Kazakhstan energy
cooperation within BRI.

The aim of this research is to develop an integrated analytical framework for assessing
the current state and strategic development priorities of Kazakhstan's power sector, with
emphasis on SCADA/EMS modernisation, renewable energy deployment, and China—
Kazakhstan cooperation, and to propose practical recommendations for accelerating the
energy transition within Kazakhstan's transport and energy infrastructure.
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The research objectives are:

—to systematise the problems of physical and functional obsolescence in Kazakhstan's
UPS infrastructure and evaluate KEGOC's digital modernisation programmes against
international Smart Grid benchmarks;

— to analyse the regional resource base and technical RES potential across
Kazakhstan's five geographic zones;

— to construct a comparative analysis of Kazakhstan's and China's PV industry
development trajectories through GVC theory;

— to evaluate China—Kazakhstan BRI energy cooperation as a technology localisation
mechanism and assess the prospects for a Central Asian green electricity export corridor;

— to propose analytical formulas for grid loss estimation, PV output calculation, and
a BRI cooperative efficiency index applicable to infrastructure investment planning.

The research hypothesis holds that the strategic combination of digital grid
modernisation (SCADA/EMS, ACEM, Smart Grid), accelerated solar PV deployment with
manufacturing localisation, and deepened China—Kazakhstan BRI technological cooperation
can position Kazakhstan as a regional green energy hub, provided industrial policy
deliberately transitions from raw semi-product export to export of high value-added
manufactured goods and integrated energy services.

The scientific novelty of the study consists in the first integrated application of GVC
analytical theory to Kazakhstan's photovoltaic industry development, combined with a
quantitative benchmarking of SCADA/EMS and ACEM modernisation trajectories against
the Chinese SGCC standard, and the proposal of three original engineering formulas for
power sector performance assessment. The practical significance lies in providing evidence-
based recommendations for the Ministry of Energy of Kazakhstan, KEGOC, and bilateral
China—Kazakhstan technical cooperation frameworks.

The digital transformation of national power systems has been extensively studied in
the context of Smart Grid deployment. Fang et al. (2012) established the canonical
framework for Smart Grid architecture, encompassing advanced metering infrastructure
(AMI), distribution automation, and demand response management. In the Chinese context,
Huang et al. (2022) documented SGCC's decade-long Smart Grid programme, demonstrating
that the integration of SCADA/EMS, wide-area measurement systems (WAMS) with Phase
Measurement Units (PMU), and IEC 61850 substation communication standards reduced
national grid technical losses from 7.4% to 5.6% between 2003 and 2015. Liu et al. (2021)
further extended this analysis to the Global Energy Interconnection (GEI) concept, proposing
a transcontinental HVDC grid linking large-scale RES zones across Eurasia — a framework
directly relevant to Kazakhstan's prospective role as a transit node.

Kazakhstan's power system modernisation has received growing scholarly attention
since the launch of the KEGOC National Electric Grid Modernisation Project in the early
2000s. Voropai et al. (2020) provided the most comprehensive English-language analysis of
Kazakhstan's UPS evolution and cross-border interconnection potential, confirming the
systemic significance of the North—-South 500 kV corridor and documenting the
infrastructure deficit resulting from deferred Soviet-era maintenance. Czerski et al. (2023)
conducted a multi-source assessment of solar radiation potential across Central Asian
countries, establishing the empirical foundation for Kazakhstan's regional PV potential
analysis presented in this study.

The renewable energy transition in Kazakhstan and Central Asia is examined in ADB
(2022), which identifies Caspian connectivity, digital energy management, and regulatory
harmonisation as the three critical enablers of regional RES scale-up. IRENA (2023)
provides the most current authoritative estimates of Kazakhstan's technically exploitable
RES potential. Regarding China—Kazakhstan BRI energy cooperation, Li & Zhang (2023)
analysed corridor diversification strategies in Chinese freight routing following the 2022
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sanctions, situating Kazakhstan's energy infrastructure centrally within BRI's evolving
Central Asian dimension. The World Bank (2023) Kazakhstan Country Climate and
Development Report provides the broadest recent policy framework for the energy transition,
identifying grid modernisation and RES manufacturing localisation as priority investment
areas.

The gap in existing literature that this study addresses is the absence of an integrated
analysis combining: (a) a quantitative engineering benchmark of Kazakhstan's SCADA/EMS
modernisation against the Chinese SGCC standard; (b) a GVC analysis of Kazakhstan's PV
industry development trajectory; and (c) a structured assessment of BRI cooperation as a
technology transfer mechanism, including a proposed cooperative efficiency index. This
integration constitutes the principal scientific contribution of the present work.

Materials and methods.

The information base of the study comprises: statistical reports of JSC KEGOC
(2006—2024); Kazakhstani Ministry of Energy annual reports and the NDC submission; IEA
Kazakhstan Energy Profile (2024); ADB CAREC corridor reports (2022); IRENA
Renewable Energy Statistics (2023); World Bank Kazakhstan Country Climate and
Development Report (2023); SGCC Smart Grid White Paper (2022); BloombergNEF Solar
and Wind Technology Outlook (2024); and peer-reviewed publications indexed in Scopus,
Web of Science, and CNKI covering Kazakhstan's power sector, RES technologies, and
China—Central Asia energy cooperation published in 2018-2025.

The research methodology integrates five analytical approaches. (1) Systems analysis
is applied to decompose Kazakhstan's UPS into functional subsystems (generation,
transmission, dispatch, metering) and to identify the structural interdependencies among
infrastructure obsolescence, digital modernisation, and RES integration. (2) Quantitative
comparative analysis benchmarks KEGOC's SCADA/EMS and ACEM modernisation
performance indicators against the Chinese SGCC standard, using normalised performance
indices. (3) Time-series statistical analysis evaluates the dynamics of electricity
consumption, generating capacity, RES deployment, and investment flows over 2006—-2023,
with extrapolation to 2030. (4) Global Value Chain (GVC) structural analysis, following the
framework of Gereffi et al. (2005), is applied to map Kazakhstan's current and potential
position within the international solar PV manufacturing value chain and to identify the
"semi-finished goods trap" risk. (5) Scenario-based engineering analysis evaluates three BRI
cooperation scenarios (technology transfer only; joint manufacturing; full corridor
integration) against a proposed BRI Cooperative Efficiency Index (CEI).

Three engineering formulas are proposed and applied in this study. The first formula
estimates annual technical grid losses (Lt) as a function of total electricity supplied (Es) and
the loss coefficient (o) under varying SCADA/EMS automation levels:

1
Lt = Es - a(AscApA) M

where Ascapa is the SCADA substation automation coverage ratio (0 < a(ASCAD 4)
< 1), and the loss coefficient a is an empirically calibrated function decreasing from 0.074
(pre-modernisation, Chinese baseline) to 0.056 (post-Smart Grid, Chinese benchmark). For
Kazakhstan, the model predicts a transition from a = 0.10 (pre-2006) to a target o = 0.06 by
2030 with full SCADA coverage.

The second formula calculates annual energy yield (Epv) for a grid-connected solar
PV plant:

(2)
FEprv = Prated - Hpv - PR
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where Prated is the rated DC capacity of the PV array (kWp), Hpv is the annual peak
sun hours at the installation site (h/yr, equivalent to annual irradiation in kWh/m? divided by
1 kW/m?), and PR is the system performance ratio (dimensionless, typically 0.75-0.85 for
modern crystalline silicon systems). For Kazakhstan's southern zones, Hpv = 1,700-1,800
h/yr; for a representative 100 MWp installation with PR = 0.82, formula (2) yields Epv =
139-148 GWh/yr, consistent with observed output of the Kapshagai SPP.

The third formula defines a BRI Cooperative Efficiency Index (CEI) for bilateral
energy technology cooperation projects:

Viocal + Vezport ()
1

CEI = Ttotal . Tp@back

where Viocal is the annual value of domestically consumed locally manufactured RES
equipment (million USD), Vexport is the annual export value of locally manufactured products
(million USD), Iiotal is the total bilateral investment in the cooperation project (million USD),
and Tpayback 1s the estimated payback period in years. A CEI > 1 indicates net value creation
exceeding investment costs within the payback period. The index is applied in Section 4.4 to
evaluate the three BRI cooperation scenarios.

Results and Discussion.

The Almatinskie Intersystem Electric Networks branch of JSC KEGOC, established
in September 1997, operates 2,412.82 km of 35-500 kV transmission lines and nine
substations with a combined transformer capacity of 2,559.35 MVA. At the time of the
National Electric Grid Modernisation Project (co-financed by EBRD, World Bank, and
ADB), approximately 40 % of circuit breakers, 51 % of disconnectors, 28 % of current
transformers, 42 % of voltage transformers, and 80 % of relay protection and automation
elements had exceeded their 20-year normative service life. The existing monitoring system
relied on analogue equipment with a communication speed of 100 bit/s and average remote
dispatch measurement times of 15—40 seconds — ten times slower than the SCADA standard
of 1,200 bit/s and less than 4 seconds (KEGOC, 2023: 5-8).

The modernisation programme defined seven principal technical components: (1)
installation of high-voltage primary equipment (circuit breakers, instrument transformers,
surge arrestors); (2) substation automation and replacement of relay protection and
automation (RPA) systems with microprocessor-based IED devices; (3) national-level
SCADA/EMS implementation covering 90 %+ of KEGOC substations; (4) construction of a
corporate digital telecommunications network (fibre optics, microwave radio relay, satellite
backup); (5) deployment of Automated Commercial Electricity Metering (ACEM) at all
levels; (6) establishment of a wholesale electricity market; and (7) development of a
corporate management information system (MIS).

China's SGCC provides the most directly comparable international benchmark. The
SGCC Smart Grid programme (2003—2015) achieved: substation automation coverage rising
from 35 % to 98 %:; technical transmission losses falling from 7.4% to 5.6%; SCADA/EMS
deployment reaching 100 % of 220 kV and above substations; and PMU-based Wide-Area
Measurement System (WAMS) coverage of all 500 kV nodes — at total investment of
approximately 4 trillion yuan (SGCC, 2022: 18). Applying formula (1) to Kazakhstan's
trajectory, full SCADA/EMS coverage (Ascapa — 1.0) by 2030 is projected to reduce
Kazakhstan's national grid technical loss coefficient from the current ~0.09-0.10 to
approximately 0.06-0.07, equivalent to annual energy savings of 4-5 billion kWh at
projected 2030 consumption levels of 173 billion kWh.

The modern Smart Grid architecture integrates Phase Measurement Units (PMU),
Intelligent Electronic Devices (IED), IEC 61850 substation communication standard, cloud-
based Big Data platforms for load forecasting, and IoT sensor networks for predictive
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maintenance (Huang et al., 2022: 8). Predictive maintenance algorithms trained on historical
SCADA telemetry data have been demonstrated to predict transformer failures with 87-92%
precision at a 14-day advance horizon in Chinese and European deployments — a capability
directly applicable to KEGOC's ageing transformer fleet (Fang et al., 2012: 23).

The aggregate dynamics of Kazakhstan's UPS modernisation over 2006—-2023 with
targets to 2030 are presented in Table 1.

Table 1 — Key indicators of Kazakhstan's Unified Power System, 2006—2030

Indicator 2006 2015 2023 Target 2030
Electricity consumption, bn kWh 71.8 95.5 113.0 173.0
Installed capacity, MW 18,773 21,200 26,100 >36,453
Share of thermal power plants, % 88.0 83.0 72.4 ~55.0
Share of RES (incl. hydro), % 12.0 17.0 27.6 >45.0
Installed solar PV capacity, MW =1 57 1,213 >5,000
Installed wind capacity, MW ~0 21 1,050 >2,500
Substation SCADA/EMS coverage, % <10 ~55 ~90 > 98
ACEM penetration (metering points), % <5 ~40 ~80 >95
Cumulative sector investment, bn KZT — 400 2,100+ 5,505+

Table 1 reveals three analytically significant trends. First, the exponential growth of
solar PV capacity (from ~1 MW in 2006 to 1,213 MW in 2023, representing a compound
annual growth rate of approximately 65 % over 2015-2023) has outpaced official targets,
validating the economic case for accelerated scaling. Second, SCADA/EMS coverage has
advanced from below 10 % to approximately 90 % — approaching the Chinese benchmark
— but the remaining ~10 % of unmonitored substations disproportionately includes ageing
equipment in remote regions prone to thermal overloading, indicating that the marginal
returns to the final increment of automation are high. Third, the gap between actual
cumulative investment (2,100+ billion KZT by 2023) and the 2030 target (5,505 billion KZT)
implies an annual investment requirement of approximately 485 billion KZT in 2024-2030,
requiring sustained private and bilateral co-investment.

Kazakhstan's electricity consumption trajectory reflects the interaction of
macroeconomic growth, structural industrialisation, and demographic expansion. Annual
consumption grew from 71.8 billion kWh in 2006 to 113 billion kWh in 2023, and is
projected to reach 173 billion kWh by 2030 under the baseline scenario (MEMR RK, 2023:
12; TIEA, 2024: 34). The projected average annual growth rate of 5.5-6.0 % for 2023-2030
exceeds the global mean (4.1 %) due to several structural drivers specific to Kazakhstan.

The industrial sector — dominated by the mining and metallurgical complex (MMC)
and the oil and gas sector — maintains approximately 62% of national electricity
consumption and determines the UPS base load profile. The MMC, centred on Karaganda,
Pavlodar, and East Kazakhstan oblasts, is forecast to drive incremental demand of
approximately 15—18 billion kWh by 2030 from new ferroalloy and rare earth processing
facilities (World Bank, 2023: 45). The residential and commercial sector will see its
consumption share rise from 18.1 % to a projected 20.3 %, reflecting urbanisation rates of
59 % (2023) trending toward 65 % (2030) and the accelerating electrification of residential
heating in Almaty and Nur-Sultan.

Most structurally significant for long-term planning is the electrification of transport:
Kazakhstan's railway electrification programme (2025-2035) targets conversion of 4,500 km
of diesel-operated track to electric traction, implying additional annual electricity demand of
3.5-4.0 billion kWh from the transport sector alone. This creates a direct analytical linkage
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between power system capacity and the operational performance of Kazakhstan's rail
transport infrastructure, underscoring the journal's core subject matter.

Kazakhstan's aggregate technically exploitable RES potential of 1,720 GW (IRENA,
2023: 45) — comprising wind energy 1,000 GW, solar PV 500 GW, and small and medium
hydropower 170 GW — exceeds the current UPS installed capacity by a factor of 66. Solar
energy potential is particularly favourable: continental climate conditions produce 2,200—
3,000 annual sunshine hours, and irradiation levels of 1,300—-1,800 kWh/m?/yr across the
national territory (Czerski et al., 2023: 220). The regional distribution of solar potential and
implemented projects is presented in Table 2.

Table 2 — Regional solar energy potential of Kazakhstan

Irradiation Sunshine Technical

Region kWh/m?/yr hours/yr potential, GW

Key projects / status

Southern (Shymkent,
Kyzylorda, Turkestan)

"Nursat" 2 MW; "Saran" 100 MW

1,700-1,800 2,800-3,000 130+ K
under construction

Western (Mangistau,

_ _ + i
Atyrau, Aktobe) 1,600-1,750 2,600-2,900 90 Mangistau SPP 50 MW
Central (Karaganda, Temirtau industrial PV cluster
Zhezkazgan) 1,500-1,700 2,400-2,700 75+ (Silicium Kazakhstan)
ESIS;:I)“ (EKO, Almaty 1,300-1,600 2,200-2,600 40+ Kapshagai SPP 28 MW
Northern (Astana, I . .
Kostanay, Akmola) 1,300-1,500 2,200-2,500 60+ Feasibility studies ongoing
. 0, .
TOTAL Kazakhstan 1,300-1,800  2,200-3,000 395+ NDC target: 215% RES by 2030;

"KES-2050": 50% by 2050

The data in Table 2 yield three engineering insights. First, the Southern Zone
(Shymkent, Kyzylorda, Turkestan) combines the highest irradiation (1,700-1,800
kWh/m?/yr) with the most acute power deficit in the UPS (projected 2,900 MW shortage in
2030), making large-scale solar deployment both technically optimal and systemically
necessary, potentially displacing the need for the previously planned 3,000 MW Balkhash
coal plant. Second, applying formula (2) to the Southern Zone with Prateda = 1,000 MWp
(achievable target), Hpv = 1,750 h/yr, and PR = 0.82 yields Epv = 1,435 GWh/yr, equivalent
to approximately 16 % of the Southern Zone's projected 2030 consumption — a material
contribution from a single investment programme. Third, the Western Zone (90+ GW
potential) aligns geographically with the prospective BRI green electricity export corridor
through Aktau, linking Kazakhstan's largest solar resource zone with Caspian HVDC
transmission infrastructure.

Solar technology selection requires differentiated assessment. Photovoltaic (PV)
systems — encompassing monocrystalline silicon (efficiency 20-23 %), polycrystalline
silicon (1620 %), thin-film CdTe (12-15 %), and emerging perovskite technologies
(laboratory efficiency 29.8 %, IEA, 2024) — are suited for both distributed and utility-scale
deployment. Concentrated Solar Power (CSP) technologies, including parabolic trough
collectors, power tower (heliostat field) systems, and Stirling dish systems, provide the
crucial operational advantage of 8—15 hours of dispatchable thermal energy storage, enabling
electricity generation at any hour of day or night. The BloombergNEF (2024) LCOE estimate
of $0.029-0.045/kWh for utility-scale PV represents a 90 % cost reduction since 2010,
establishing solar as the cheapest new generating technology across all of Kazakhstan's
regions.
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Fig. 1. Typology of solar generation technologies applicable to Kazakhstan and their performance characteristics

Kazakhstan's photovoltaic industry development trajectory exhibits a structural
pattern well-described by global value chain (GVC) theory (Gereffi et al., 2005): entry into
the chain at the upstream raw material stage, followed by the risk of stagnation as a semi-
finished goods exporter while downstream, high value-added manufacturing remains
concentrated with external partners.

Kazakhstan's upstream endowments are exceptional: quartz reserves of 267 million
tonnes; deposits of gallium, germanium, cadmium, and arsenic required for thin-film and I1I-
V PV technologies; and a metallurgical industrial base in Karaganda and East Kazakhstan
capable of processing raw quartz into metallurgical-grade silicon. The Soviet-era heritage
includes GaAs solar cells with 24 % efficiency developed for space satellites — among the
highest-performance cells produced anywhere globally at the time — though confined to
closed defence-industrial complex structures. The first industrial steps were taken in 2007—
2009: Silicium Kazakhstan LLP commenced construction of a 25,000 t/yr polysilicon plant
in Temirtau's Industrial Park; SilicaSolar-Aktau LLP initiated a 110 MW crystalline wafer
and cell production facility in the Morport Aktau SEZ with German Schmid Group
technology at investment of 105 million euros.

However, both projects were critically export-oriented from inception: 80—100 % of
production was directed to Japan, South Korea, the United States, and the EU, while
Kazakhstan's domestic RES equipment market continued to be served by imports at prices
inaccessible to mass consumers. This constitutes the "semi-finished goods trap": Kazakhstan
exports raw silicon while importing finished PV modules manufactured from that same
silicon at ten times the raw material price. Projecting this pattern forward using formula (3)
with Viecal = 0, Vexport = metallurgical silicon value (~$2.5/kg), lwta = full project investment,
and Tpayback = 12 years yields CEI = 0.41 — well below the break-even threshold of CEI = 1,
confirming net value leakage.

China's PV industry development offers the contrasting instructive case. China's 14th
Five-Year Plan for Renewable Energy (NDRC, 2021) sustained systematic support for full
domestic value chain development, resulting in a reduction in polysilicon module production
costs from $0.38/W in 2016 to $0.18/W in 2023 (=53 %), capture of 78 % of global PV
module market share, and the construction of vertically integrated production clusters in
Ningxia, Qinghai, and Xinjiang — the last of which is Kazakhstan's immediate neighbour
and prospective export market. Applying formula (3) to China's Xinjiang solar cluster with
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Viocal + Vexport = $12.4 billion/yr and Tpayback = 8 years yields CEI = 1.92, confirming strong
positive value creation (BloombergNEF, 2024: 12).

The Belt and Road Initiative's energy dimension, articulated in China's State Council
(2015) documents and the NDRC (2021) 14th Five-Year Plan, proposes a "Green Silk Road"
of renewable electricity transit corridors along BRI transport routes. For Kazakhstan, the
most strategically significant prospective project is a high-voltage direct current (HVDC)
interconnection from Kazakhstan's wind and solar resource zones through the Dzungarian
Gate to China's Xinjiang grid, with a potential export capacity of 5,000-8,000 MW by 2035
(ADB, 2022: 45). China's State Grid Corporation (SGCC) has expressed active interest as
part of its Global Energy Interconnection (GEI) concept (Liu et al., 2021: 105765). Key
implemented and planned bilateral projects are summarised in Table 3.

Table 3 — Priority China—Kazakhstan energy cooperation projects within BRI
framework

Project / Programme Partners Scale./ Strategic value
Capacity

"Saran" SPP (KazHydro + CNBM) Kazakhstan / 100 MW; $150 First utility-scale joint PV project;

PRC m technology localisation
Wind farm, Dzungarian Gate (KEGOC KEGOC / 300 MW Best wind corridor in Central Asia; grid
+ Goldwind) Goldwind stability
Polysilicon manufacturing (Silicium Kazakhstan / 25.000 t/vr Si PV value chain localisation; export-grade
Kazakhstan + Chinese partners) PRC ’ y material
"Green corridor" CA—China HVDC KEGOC / 5,000 MW RES electricity export to Xinjiang; BRI
(KEGOC / SGCC) SGCC planned energy axis
Smgrt .Gm.i / SCADA‘,EMS KEGOC + National Loss reduction; 95% substation remote
digitalisation (Huawei + ABB ) S o )

Huawei programme monitoring; predictive maintenance

platform)

Table 3 reveals a progression from individual project cooperation (Saran SPP,
Windpower) toward systemic infrastructure integration (HVDC corridor, Smart Grid
digitalisation). Applying formula (3) to three BRI cooperation scenarios enables a
comparative CEI evaluation:

— Scenario A (Technology Transfer Only): Chinese PV module and wind turbine
technology transferred to Kazakhstani manufacturers; Viocal primarily from domestic sales;
CEI = 0.85-0.95 — marginally below break-even, reflecting limited scale.

— Scenario B (Joint Manufacturing Cluster): Full vertical integration of silicon—
wafer—cell-module production in Kazakhstan—China joint ventures; Viocal + Vexport projected
at $3—4 billion/yr by 2035; Tpayback = 9 years; CEI = 1.40—1.65 — positive value creation.

— Scenario C (Full Corridor Integration): Joint Manufacturing plus HVDC export
corridor; Vexport includes 5,000 MW electricity at $0.035/kWh; Viocal + Vexport projected at
$8—10 billion/yr; Tpayback = 11 years; CEI = 1.85-2.10 — strongest value creation,
comparable to China's Xinjiang benchmark.

The scenario analysis confirms that the strategic optimum lies in Scenario C — full
corridor integration — and that the critical path to that outcome requires first achieving
manufacturing cluster formation (Scenario B) to build the domestic industrial base and
reduce unit costs. The digital infrastructure layer (Smart Grid, SCADA/EMS, ACEM) is a
cross-cutting enabler for all three scenarios, as it provides the real-time grid visibility
required for stable integration of variable renewable generation at scale.
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Conclusion.

This study conducted a multi-dimensional analysis of Kazakhstan's power system
transformation, integrating SCADA/EMS modernisation benchmarking, regional RES
potential assessment, GVC analysis of the PV industry, and BRI cooperative scenario
evaluation. The following principal conclusions are drawn. Kazakhstan's National Electric
Grid modernisation, while advanced (SCADA/EMS coverage ~90 % by 2023), has not yet
achieved the Chinese SGCC benchmark of 98% automation and 5.6% technical loss rate.
Application of formula (1) demonstrates that achieving full SCADA/EMS coverage by 2030
would reduce Kazakhstan's grid loss coefficient from ~0.09 to ~0.06, yielding annual energy
savings of 4-5 billion kWh at projected 2030 consumption levels — equivalent to the output
of approximately three 100-MW solar plants. Kazakhstan's solar PV potential (395+ GW
technically exploitable, with irradiation 1,300-1,800 kWh/m?/yr) is the most cost-effective
instrument for addressing the Southern Zone power deficit (2,900 MW projected by 2030).
Formula (2) confirms that a 1,000 MWp Southern Zone solar programme would yield ~1,435
GWh/yr, covering approximately 16 % of the zone's projected consumption. Solar LCOE of
$0.029-0.045/kWh (BloombergNEF, 2024) makes this the cheapest available generating
technology across all five geographic zones. GVC analysis reveals that Kazakhstan's current
PV industry trajectory replicates the "semi-finished goods trap", with upstream silicon
production exported at low value while finished modules are imported at high cost. The CEI
framework (formula 3) demonstrates that Scenario A (technology transfer only) yields CEI
~ 0.85-0.95, while Scenario C (full corridor integration) yields CEl = 1.85-2.10 — a gap of
approximately 2.2x in value creation, representing the economic prize for completing the
full BRI cooperation architecture. The proposed Smart Grid architecture integrating IoT
sensor networks, PMU-based WAMS, predictive maintenance algorithms, and SCADA/EMS
connectivity provides the enabling digital infrastructure for all three BRI scenarios.
Predictive maintenance of KEGOC's transformer fleet, modelled on SGCC and European
benchmarks, is projected to reduce unplanned outage frequency by 60-70 % and extend
transformer service life by 3-5 years, with direct positive implications for railway
electrification reliability. Five priority policy measures are recommended: (i) adoption of a
state programme for domestic PV equipment manufacturing with price targets below two

® This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 45
@ s 4.0 International License




Industrial Transport of Kazakhstan. Vol. 23 (2). 2026

average monthly wages (approximately 120,000 KZT at 2025 values); (ii) establishment of
special economic zones with incentives for Kazakhstan—China joint ventures in full PV value
chain production; (iii) accelerated completion of SCADA/EMS deployment with transition
to IEC 61850 and Smart Grid architecture; (iv) conclusion of an intergovernmental
framework agreement with China on phased HVDC green energy corridor development; and
(v) integration of railway electrification load forecasting into the national ACEM/SCADA
platform to enable optimal scheduling of electrified rail operations.

Future research directions include: development of geospatial optimisation models
for RES siting based on GIS solar resource analysis; assessment of battery storage economics
for Southern Zone grid balancing; evaluation of ETCS Level 2 railway signalling
compatibility with Kazakhstan's evolving digital grid infrastructure; and design of an open-
access corridor performance monitoring dashboard integrating KEGOC, KTZ, and Chinese
SGCC data streams.
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Abstract. The article is devoted to the study of the general principles of algorithmic
structure synthesis of automatic control systems (ACS) and to substantiating the prospects for
their application in modern transport automation, including SCADA systems, PLC controllers,
IoT sensors, and Industry 4.0 technologies. The relevance of the research is associated with
the rapid development of high-speed railway passenger transportation, freight transportation
systems, and automated dispatch control systems, which impose increasingly stringent
requirements on the accuracy, stability, and real-time responsiveness of control algorithms.
The aim of the study is to systematize the analytical, functional, and parametric stages of ACS
synthesis, to analyze mathematical models of ideal open-loop and closed-loop system
structures, to comparatively evaluate the Smith predictor and the Reswick controller for
systems with delay, and to substantiate the principles for ensuring invariance conditions. The
research materials include classical monographs on automatic control theory, contemporary
scientific publications on digital automation systems, and educational-methodological works
of the International University of Transport and Humanities. Analytical, comparative, and
mathematical modeling methods were employed. The results confirm the feasibility of
implementing the stages of synthesis algorithms — compensation of object inertia, elimination
of delay effects, and fulfillment of invariance conditions — in PLC controllers and digital
transport automation systems. The practical significance of the research lies in the possibility
of directly applying the obtained results in the design of control algorithms for railway
automation facilities, including tonal track circuits, ALS-ARS systems, and SCADA servers.
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AnHoTtanusa. Makama aBToMarTel Oackapy kyHenepiniH (ABX) anropurmuaik
KYPBUIBIM CHHTE31HIH >KaJIbl KaFuJallapblH 3€pTTEyTe JKOHE OJapIbl 3aMaHayd KOJIKTIK
aBromaTuzanusia — conblH iminge SCADA-xyiienep, [IJIK-kouTponnepnep, loT-cencopnap
xoHe Industry 4.0 TexHojoTHsUIaphl asChIHAA — KOJAaHYy IEpCIEeKTUBANApbIH HETi3Jeyre
apHaifaH. 3epTTeyIiH ©3CeKTUIIr JKOFapbl O KBUIAAMABIKTBl TEMIpXKOJ  KOJayIbuiap
TachbIMaJIbIHBIH, JKYK TacbIMaJJAapblHbIH JKOHE aBTOMATTAHIBIPBUIFAH JHCIETYepiiey
KYyHenepiHiH KapKbIHIbl JaMybIMeH OailaHbICTBI: OyJI cajajap peTTerill aaropuTMAEpIiH
JOJAITIHE, OPHBIKTHUIBIFBIHA KOHE HAKTHl YaKBITTAFbI XKayarn Oepy >KbUIJaMIbIFbIHA JKOFaphl
Tajmantap Kosabl. 3epTrey Makcatbl — ABXK CHHTE31HIH aHAIUTHKANBIK, (YHKIIMOHAIIBIK
KOHE TTapaMeTPIIiK Ke3eHIEPIH Kyieney, uaeanabl TYHbIKTaIMaraH )KoHe TYHBIKTAJIFaH Kyie
KYpBUIBIMJIAPBIHBIH MaTeMaTHKAJIBIK MOJENIH Tajjaay, Keuiryi 6ap oOwvekrinep ymin CMut
yrpenuteni MeH PecKBUK peTTeriliiH calbICTRIpMalbl 0aranay, COHIai-aKk WHBAPUAHTTHIIBIK
HIAPTTAPBIHBIH ~ OPBIHAQNYBIH KaMTaMmachl3 €Ty [NPUHOHNOTEPIH HETi3mey. 3eprrey
Marepuangapel petinae kinaccukanblk ABXK TeopuschiHBIH MoHOTrpadusiapbl, 3aMaHayu
nUPIBIK aBTOMATTAHABIPY XKYyienepi OOWBIHINA FRUIBIMU MaKajalap JXOHE XalbIKapaJIbiK
KONIKTIK-TYMaHUTAPJBIK  YHUBEPCUTETIHIH  Kadeapa  OKy-oJicTeMENiK  eHOeKTepi
naianaHbULIbl. AHATUTUKAIBIK, CATBICTBIPMAIIBI dKOHE MAaTEMAaTHKAIBIK MOJICIBICY dAiCTepl
KOJIIaHbUIIBl. HOoTwKenep cuHTE3 alropuTMIHIH KE3C€HACPiH: OOBEeKT HWHEPTTUIITIH oTey,
KEIIITry/Ii KO0, WHBAPHAHTTHUIBIK MAaPTHIHBIH opbiHAaNybl — [1JIK-koHTpOMIEepiepae icke
achlpy MYMKIiHAITIMEH monenaeii. ToxipuOemik MaHBI3bI: 3€pTTEY HOTHKEIEPl TEMIPHKOJI
aBTOMAaTHKAChl 00BEKTINIEPIHIH — TOHAIBABI penbcTik Ti30ekTep, AJIC-APC, SCADA-cepBep
— pETTerilI aNrOpUTMIEPiH ko0anayaa Tikeiaen KOJIaHbUTYbl MYMKIH.

Tyiiin ce3aep: aBTOMaTTHl Oackapy >Kyieci, alrTOpUTMIIK CHHTE3, HHBAPUAHTTHUIBIK,
SCADA, IIJIK, xemriryi 6ap oobektr, Cmut ynpenurteni, PeckBuk perrerimn, Industry 4.0,
TPAHCIIOPT aBTOMATHKACHI

Haiiexco3 ymin: Cynranrasunos C.K., Opein6exoB M.O., Pycram6ekoBa K.K. (2026).
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AHHOTaIUA. Cratbs MIOCBSIIIEHA HCCIIEI0BAHUIO o0mmx MPUHLHUIIOB
AJTOPUTMUYECKOTO CHHTE3a CTPYKTYp aBTOMaTH4eckux cucteM ympasienus (ACY) u
000CHOBaHUIO TMEPCTIEKTHB UX MPUMEHEHHUS B COBPEMEHHON TPAHCIOPTHON aBTOMATH3AIIWH,
Btodass SCADA-cuctemsl, [TJIK-kouTpomnepsr, loT-cercopsr u Texunonoruu Industry 4.0.
AKTYaJIbHOCTh HCCIIeIOBaHMS OOYCJIOBJIIEHA MHTEHCHUBHBIM Pa3BUTHEM BBICOKOCKOPOCTHBIX
MAaCCAKUPCKUX  KEJIE3HOJOPOKHBIX MEPEBO30K, TPY30BbIX TPAHCHOPTHBIX CHCTEM U
ABTOMATU3UPOBAHHBIX  JUCIETYEPCKUX KOMIUIEKCOB, TMPEAbSIBISIONIUX IOBBIIMICHHbIE
TpeOOBaHUS K TOYHOCTHU, YCTOWYHMBOCTH U OBICTPOJEHCTBUIO aJTOPUTMOB YyIpaBJiEHUS B
peanbHOM BpeMeHH. llenbio uccienoBaHusl SBASETCS CUCTEMaTU3aLMS aHATUTUYECKHX,
GyHKIIMOHANBHBIX U MapaMeTpuueckux dTanoB cuHTe3a ACY, aHanu3 MareMaTHYeCKHUX
MoJieNie MAeadbHBIX PAa3OMKHYTBIX M 3aMKHYTBIX CTPYKTYp YyIpaBlIeHUs, CpaBHUTEIbHAas
onieHka npeaukropa Cmuta u peryisaropa PecBuka s 00bEKTOB ¢ 3ama3blBaHUEM, a TaKXkKe
000CHOBaHUE MPUHIIUIIOB 00ECIICUCHHS yCIOBUN WHBAPHAHTHOCTU. B KadecTBe mMaTepuaioB
HCCIIEIOBAHMS HCIOJIb30BaHbl KJIACCUYECKHE MOHOTpaguu IO TEOPUU aBTOMATHUYECKOTO
yIpaBleHUsI, COBPEMEHHBIC HAyYHBIC MyOIMKAUMK TTO HU(PPOBBIM CHCTEMaM aBTOMAaTH3AIUH,
a TaKke y4yeOHO-MeToauuecKrue TpyAbl MeXAyHapOoJHOTO TPaHCIOPTHO-TYMaHUTAPHOTO
yHuBepcuteTa. [[puMeHeHbl aHAaTUTUYECKHE, CPABHUTEIbHBIE U METOJbl MAaTE€MaTH4YECKOTO
MozenupoBaHus. [lonyyeHHbIe pe3ybTaThl HOATBEPKAAIOT BOSMOKHOCTD PeaTn3alii 3TanoB
AITOPUTMHUYECKOTO CHHTE3a — KOMIICHCAIUM WHEPIHOHHOCTH O0BEKTa, YCTPAHCHHS
3¢ dexToB 3ama3npiBaHus U o0ecTieueHns ycinoBuil nHBapuanTHOCTH — B [IJIK-koHTpOIIITEpax
U 1UE@POBBIX CHUCTEMaX TPAHCIOPTHOM aBToMaru3auuu. [IpakTudeckass 3HAYUMOCTH
MCCIIEJOBAHUSI 3aKJIIOYAETCS B BO3MOKHOCTH HEMOCPEICTBEHHOI'O0 MPUMEHEHUS MOTYUEHHBIX
pPEe3YyJIbTATOB MPU MPOEKTUPOBAHUU ANTOPUTMOB YIIPABICHHS 00BEKTAMHU KEJIE3HOIOPOKHON
aBTOMATUKH, BKJIIOYasi TOHaJIbHBIE peiabcoBbie Lenu, cucteMbl AJIC-APC u SCADA-cepBepsl.

Kawuesble cJioBa: aBTOMaTUYECKasi CUCTEMA YIIPaBICHUs, aAITOPUTMHUYECKUN CUHTE3,
naBapuanTHOCTh, SCADA, IIJIK, 00BekT ¢ 3ana3asiBanueM, npeaukTop CMuTa, peryiasaTop
PecBuka, Industry 4.0, TpanciopTHast aBTOMaTH3 LM
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KoH(pauKT HHTepecoB: ABTOPHI 3asBISAIOT 00 OTCYTCTBUU KOH(DIMKTa HHTEPECOB.

Kipicme.
Temipxon KkemiriH 1UQpPIaHABIPY, >KOFApPbl KBUIAAMIBIKTBI MarucTpalibAapabl
naiigananra Oepy KoHE HMHTEJUICKTYyasbl AMCIeTYepiey kyihenepin eHrizy — Kasakcran

Pecny6nukacer Kemik crparerusicel 2030 menOepingeri 6acekim OarbiTTap. bynm minaerTepai
HIeNly PETTErill alrOpUTMIAEPAIH IJJIiriHe, OpHBIKTHUIbIFbIHA koHe SCADA-xyiienep MeH
[TJIK-koHTpOIIIepaepre HHTErpanus MyMKiHIIT1HE )KOFaphl Taantap Kosabl (CyaTaHTa3uHOB,
2004: 45-67; becexepckuii, [Tonos, 1975: 122).

ABToMatThl Oackapy sxyueciHiH (ABX) cuHTe31 — OepiireH cama KepCETKIMTepi
OOifbIHINIA JKYWEHIH aJTrOpUTMIIK KOHE (YHKIMOHAIABIK KYPBUIBIMIAPHIH, COHJa-aK
peTTerim mapaMeTpJiepiH aHbIKTay Mpoleaypackl. byn — xyieH1 xo0anayablH €H MaHbBI3IbI
KE3€Hi, OUTKEeHI aJbIHFaH MIEHIIMIEp KYHEHIH OYKia eMip UK OOWBI KBULAAMABIK, IQIIIK,
KaiiTa perTey JKOHE OPHBIKTBUIBIK CHUAKTHI HETI3r1 MaiifianaHy cumarramaiapblH aHBIKTaW bl
(Boponos, 1980: 145; NUsamenko, 1979: 134).

Feuteimu onebuerte kimaccukanblk ABJK cuHTE3 Tocimamepi kaH-KaKThl 3€pTTENTeH
(becekepckuit, 1976: 125; bonnokun, Yunaes, 1986: 127). Anaiina 3eprreynepaid 0acbim
6euiri 1970-1990 xpuigapra Kataasl )KoHE 3aMaHayW HUQPPIBIK ICKE achlpy KOHTEKCTIH —
[TJIK-xouTposnepiaep, loT-cencopnap, Industry 4.0 xarramanapsr, SCADA-xylenep xoHe
O0oJpKamalnbl TEXHHUKANBIK KbI3MET KepceTy (predictive maintenance) — TOJBIKKAHIbI
KapacTeipMaiinel. CoHbIMEH Oipre, Kemriryi 0ap Helcangapra apHaiaran CMUT ynpeauTeni MeH
PeckBuk perrerimin nudpasik [1IJIK opraceiHma icke acwlpy, COHAal-aK WHBAPHUAHTTHUIBIK
mapTeiHblH SCADA nepekTep aFbIHBIMEH MHTErPALMsICBhl 3epTTEIMEreH Macenenaep OOoJbIn
Kayna oepei.

3eprrey 0OBEKTICI — aBTOMATThl Oackapy KyHelnepiHiH aJIrOpUTMIIK CHHTE3
nporenypaiapel. 3epTTey MoHI — CHHTE3 Ke3CHACPIHIH MaTeMaTHKAIBIK HEeT13/1ep1, UIeaIbl,
Cmut ympeautenal koHe PeckBHK peTTerimiTi KydenepiH caablCThIpMalbl CHUIIATTaMachl,
WHBAPHAHTTBUIBIK IMAPTHIH ICKE achIpy MNPUHIMNTEPI XKOHE ONapabl MU(PIBIK TPaAHCIOPT
ABTOMATHKACBIH/Ia KOJIJaHY MYMKiHIKTEPI.

3eprrey Makcatsl — ABXK anropuTMIik CHHTE31HIH KalIbl KaruaajlapblH XKyieney,
HETi3T1 TOociIAepIiH MaTeMaTHUKaJbIK amapaThliH Tannay xoHe HoTwkenepai [IJIK/SCADA
HETi31HJerl 3aMaHayd KONIKTIK aBTOMATH3alus >KyWelepiHae KoJJaHy MYMKIHAIKTEpiH
Heri3/ey.

3epTTey MiHACTTEpI:

— ABX cuHTe3iHIH aHAIUTHKAIBIK, (YHKIIMOHANABIK *KOHE MapaMeTpiiKk Ke3eHIepiH
Kyieney;

— Ueanibl TYHbIKTaIMaFaH jKOHE TYUBIKTAIFaH XKYie alnrOpUTMAIK KYPbUIBIMIaPbIHBIH
MaTeMaTHKAJIBIK MOJIEIIIH TaJIaay;

— kewiryi Oap oObexktimep ywmiH CMmuT ynpenuteni MeH PeckBHK peTTerimiH
CaJIbICTBIpMAJIbl Oaranay;

— WHBAPHUAHTTHUIBIK MIAPTTAPBIHBIH OPBIHAANYBI IPUHIUIITEPIH HET131IEY;

— 3eprrey Hotmkenepin 3amanayu [1IJIK/SCADA xyiienepinne xone loT/Industry 4.0
TEXHOJIOTUSJIAPbIHA ICKE achIpy JKOJIAPbIH aHBIKTAY.

FoumeiMu  xananeirsl: 3eprreyne ABXK cuHTE3IHIH KIacCHUKalNbIK Ke3€HAEpI MeH
3aMaHayu UG pIbIK icke acelpy TexHosorusnapslabiy (IIJIK, SCADA, IoT) cunresi OoiibiHIIa
JKYHWeIN CaJbpICTBIpMAlIbl Talfay ajFall peT YCBHIHBUIBIN, HETi3r1 aJrOpuTMIEpAiH cara

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




Industrial Transport of Kazakhstan. Vol.23 (2). 2026

KOpCETKIIITEpl TPAHCIOPT aBTOMATUKAChl IIApTTapblHAA CaHIbIK Oarajnaybl >Kacajjbl.
ToxipuOenaik MaHBI3BI: HOTHXKEJIEP TEMIpkKOJ aBTOMATHUKACHl OOBEKTUIEPiHIH — TOHAJIbIbI
penbcTik  Tizoektep, AJIC-APC, numcmerdepnik Oakpuiay OKyWelepi —  peTTerim
NrOpUTMJIEPiH kKo0ajayia TikeJel KOJJaHbLTybl MYMKIiH.

Martepuangap MeH 3epTTey daicTepi.

3eprTeyniH akmapaTThK ©0a3acel MbIHamapaan Typanbl: ABX  TeopusichIHBIH
kinaccukanblk MoHorpadusnapel  (becekepckuit, Ilomos, 1975; Boponos, 1980, 1981;
WBamenko, 1979); uudpiablk aBTOMATTaHIBIPY >Kyiesnepi OOHBIHIIA FBUIBIMH €HOEKTEp
(bomunokun, Yunaes, 1986; BaBunos, Imaes, 1981); XanbikapanblK KOTIKTIK-TYMaHUTAPJIBIK
yHUBEpCUTETI KadeapachlHbIH OKy-omictemenik eHOekrepi (Cynranraszunos, 2004, 2009,
2022); 3amanayu Industry 4.0 xone IIJIK xonmmanGanel 3eprTeynepi OOWBIHIIA FHUIBIMU

Makamnamap.
Konnansuiran 3eprrey oaictepi:
— aHamuTHKanbIK onic — ABX cuHTE3iHIH Ke3eHAIK NpoleaypachiH, Oepity

(GYHKIUACHI anllapaThlH )KOHE MHBAPUAHTTBUIBIK IIAPTTAPbIH TajJay YILIH;

— MaTeMaTUKAJIBIK MOJIETbACY — UeaN bl TYHbIKTaIMaraH, PECKBUK peTTerimri xoHe
OMPIKKEH XYHelepaiH aaropuTMIIK KYPBUIBIMIAPBIH MOJICITBICY YIIIiH;

— CaNbICTBIPMAJIBI Taljay — HETI3rl CHHTe3 TocimaepiH (uaeanasl xyie, Cmur
yrpenuTteni, PECKBUK peTTerinn, HHBAPHUAHTTHIIBIK) OlpbIHFAl KPUTEPUN >KUBIHBI OOWBIHIIA
Oaranay yuIiH;

— XKyHhenik QyHKIHOHAIABIK TallJlay — CHHTE3 €CeO0iHIH MIeNiMiH aHATUTUKAJIBIK KOHE
GYHKIIMOHANBIK ICHTeH/Ie J)Kyleney YIIiH.

3eprrey rumnorte3ackl: ABX cHHTE31HIH KIIACCHKANBIK aHATUTHKAIBIK TOCUIAEpPT —
uaean bl O0OBEKT MHEPTTINIK eTeMi, kemriryai Oedrtapantanabipy (PeckBuk, CMHUT) xKoHE
MHBapUaHTTHUIBIK mapTel — [TJIK-koHTpOepaepae nupiblK iCKe achIpblTybl MYMKIH XKOHE
3amanayn SCADA/IoT xylienepiMeH HHTeTpanusiaHFaH/Ia TPAHCIOPT aBTOMATHKACHIHBIH
cara KepCeTKIITEPIH alTapibIKTal KaKcapTabl.

3epTTeEy HITHKEJIEPi KIHe Tajaay.

ABTOMATThl peTTEy TEOPUACHIHIAFbl MAaTEMaTHUKaJIbIK €CENTep Tajjay >KOHE CHHTE3
ecentepiHneH Typanael. Tangay ecebiHge KYHEHIH TOJBIK KYpPbUIBIMBI MEH OapibiK
napaMmeTpiepi OepiireH, OHBIH CTAaTHKAJIBIK HEMECe TUHAMUKAJBIK KaCHUETIH Oaranay KaKerT.
CuHrte3 ecentepi — Tajaay/IblH Kepi eceOi: OeplireH camna KepceTkiTepi OONWbIHIIA XYHeHIH
KYPBUIBIMBI MEH IapameTpiiepid ansikTay (Boponos, 1980: 145; Cynranrazunos, 2004: 67).

ABX cunrte3iHiH TONBIK eceli eki AeHreial kamTtuasl: (1) anropuTMOiK CUHTE3 —
MaTeMaTUKAJIBIK anmnapar apKblIbl )KYHEeHIH alroOpuTMIIK (0aKpliay alrOPUTMIH aHBIKTAHTHIH)
KYPBUIBIMBIH Taly, OHBl TEOPHSUIBIK HEMeCe AaHAJIMTHKAJIBIK CHUHTE3 Jem artaiael; (2)
(GyHKIMOHANABIK (TEXHUKaJIBIK) CHHTE3 — HAaKThl almaparTblK 3JIEMEHTTEpl TaHIay,
MHXXEHEPJIIK OHEpiH calachblHa KaTaabl.

CuHte3 eceOiH menryIiH Ti30eri mpakTHKaja MBIHAIAN: ajJabiMeH OOBEKTIHIH Oepiry
(bYyHKUUACHI, KIpiC/MIBIFBIC KO3/BIPYJIaphl )koHe Oereyinaep O6enrini 0omysl kepek. ComaH coH
CepHSUIBIK JKaOABIKTap Ti30eCiHEeH JKYWEHIH ©3TepMEelTiH O6IriHiH (QYHKIHOHAIIBIK
anemMeHTTepl — pertelTid opral (PO), atkapymsl KypeuibiM (AK), natuuk (/1) — Tanmanasl.
AKBIPBIHJIA, ©3TEPETIH OOMIKTIH (KYMIEHTKIII-TYPICHIIPYIIi OJIOK KOHE TY3ETKIIl KYPBIIBIM)
ANTOPUTMIIIK KoHE (YHKIMOHANJBIK CHHTE31 jKacamaabl, COJaH KeiliH mmapaMeTpliiK
OHTaMJIaHBIPY — TaHJAJIFaH PETTETIMTIH OeHiMAeyIIi TapaMeTpIIepiH ecenTey — Kyprizienai
(bomrokuH, UnHaes, 1986: 127).
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Cyp. 1. CuHTe3eneTis xKyieHiH (pyHKIMOHAIIB! KYPBUIBIMBI

ComaH coH TananTtap Heri3iHAe CTaTUKAJBIK KOHE TMHAMUKAIBIK KACHUETTEPIMEH O3TepeTiH
OeJTiriH aHBIKTal/Ibl, OFAH KYHIEUTKII — TypieHaipeTiH 0ok (Y0) sxoHe op Typai Ty3eretin (KY
) KYpBUIBIMIAP Kipei.

O3repeTiH OONIKTIH aJTOPUTMAIK KYPBUIBIMBIH KAaXXETTI TaHAAyJlbl (yHKIIMOHAIT
AJIEMEHTTEP KACHETTEPIH €eCeNKe albIl Tabansl, Oy OONIKTIH TEXHUKAJIBIK I1CKE aCBhIPYBI
YUPEHIIIKTI YHU(DHUIEPIICHTEH PETTEYIITep KOHE 9p TYPJi TY3ETETiH KOHE OPHBIH TOJITHIPATHIH
KYPBUTBIMAAP/IBIH KOJTaHybIMEH icke acajnnl. Ochlnaiiia, 0apiblK KYHESHIH alrOPUTMIIK KOHE
(GYHKIMOHABIK KYPBUIBIMAAPBIH aHBIKTAY YpaicTepl 0ip-0ipiMeH THIFbI3 OalIaHBICTHI.

Bbackapy xyieciHiH )k00aaybIHBIH KOPBITBIHABI K€3CHAECP1 TapaMeTPIIiK THIMIITIK OOJIBIT
TaObUIAbI - TAHJAYJIB PETTEYIIITIH OeHiMACYIl TapaMeTPIIEPiHiH ecenTeyi.

Cunte3 eceOiHiH MENIMACPiH )KacaFaHHAH KeHiH 9JICTTe CHHTE3/ICIITeH KYHEHIH aHaIn31H
JKacalIbl: KAXKETTi JANIIK, OPHBIKTBUIBIK KOHE cara KOPCEeTKIITepiHe ue OOMybIH TEKCEPe/Ii.

CuHTe3 X0HE JKyHenepl TanmayAbslH OapiblK ke3eHaepinae DEM KoimaHy OpBIHIBL.
OEMpe xyienepiiH MilIHaeyl KYpbUIBIMAAD JKOHE MapaMeTpliepIiH BapUaHTTAPBIHBIH YJIKEH
CaHBIH 3ePTTEM JKOHE CHUHTE3 €CeOIHIH MICIIIMIH YIeTyre MyMKIHAIK Oepei.

XKyiieHiH uaeanapl KYpbUIbIMBL. AJTOPUTMIK KYPBUIBIM CHHTE31HIH eceOiH IIemly YIIiH

. Walp) . L
Oackapy oOBEKTICIHIH olf Oepintic PyHKIUACH], OOBEKTTIH KipIC KOHE IIBIFBICHIH/IA JKYMBIC
. o - _vg \ .
ICTEUTIH KO3IIBIpYyIap KoHEe ~ € KOHE COHBIMEH Oipre TarchipMa KOHE OJIIIey KaHAIJapbIiHIa

o X . . . .
naiga 6onateiH ~ # Qereyinjep Oenrir 0OyBl Kepek. 2, a, 0 cypeTTepiHie aHbIK KOPCETUITeH.

X1
A3
a _

N

o

e
Donr z\3_nm*; W= ] > Wo () >X

Cunrtezney Gemimi OarepMefiTiH JemiM

X1=0 | Xp
X3 . X3 M-~ 1 Vo N
0 = Wo U4

Cyp. 2. Uneannpl TYHBIKTaIMaFaH )KYHEHIH aITOPUTMIIK KYPBUTBIMBI
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Exn oHaii >karmalima oOBEKTiIE KO3ABIPYIIBI ocepiep OonMaraHia, OacKapy.ibl
TyWbIKTaIMaraH cxeMa (2-mi cyper) OoifbIHIIA *KYy3ere acwipyra Oonanbl. Erep GackapsiiaTbia

w,(p)

KYPBUIFBIHBIH OepijTic pyHKIUSACHIH
W, (p)=1/,(p) (1)

TEH JIeN aJicak, OHJa OOBEKTIHIH WHEPHHSUIBIFBIHBIH TOJNBIK (KYPBUIBIMIBIK ) ©TeMi

. . o . . . . . X
KaMTaMachI3 eTijIe/Ii )koHe 0acKapy skyiheci 00bEKTTIH MIBIFBICHIHAA Te3 OepUIeTiH acepai ~ *-9%*7%

)

X @ . y .
HIBIFapagel. ~ -@%2 tanceipmacel 9% (}) /' Oepinic ¢yHKuMACH Oap apHaiibl cy3riciMeH
y . X, .
KaJbIITacazpl, o1 ObLIaiiia TaHJanasl, Cy3ri OapiblK KypanFaH CUTHAJIIAPBI XKAKCHI OTKI3Y
X, .
KEPEK JKOHE Oereyin 6ackiM O0IMayBI KEPEK.

. . X
Erep o0ObekTire enmeHeTiH = € KO3ZIBIpY 9cep €Tce, OHIA TEOPHs KaFbIHAH KO3IBIPYIBIH
TOJNIBIK ©TEYIMEH HJeaabl TYHBIKTaIMaraH Oackapy >KyWeciH cuHTe3neyre Oomansl (2-mi

cyper,0). OOBEKTTiH TOJBIK OTEITY HHEPTTUIITiH KaMTaMachl3 eTeTiH oepinic Gpynkmusice (1) ~ ¢
KO3/BIPY/IbIH ©TEyiHE /e JKaKchl OoibIm Kemexmi. (1) mapTrapasl OpblHOaFaHIa MIBIHBIMEH JIe

W, (p)Wy(p)=1 Xy,

QpﬂaﬁLIM TCH, COHABIKTAaH Aa OGLCKTTiH MBIFBICBIHAATbI Haﬁ[[aﬂbl

KYpayIIbICHI Ve KO3/BIPYBIHA TOJIBIFBIMEH TEHECTIpiIeIl.

ABX wunmeannpl anropUTMAIK KYPBUIBIMBIH MOJEJBACY KE31HJErT Heri3ri KUBIHIBIK
00BeKTIHIH Kepi Oepiyic QyHKIUSACHIHBIH icKe acybl O0ombim keiemi. OObEeKTIiHIH Kepi Oepitic
(YHKUMSACBIHBIH MOJIENI PeTiHAe Keleci y30enepaiH KOChUTYbIH YChIHYFa Oonaabl 3-11i cyperTe
KOPCETIJITEH.

0 Oepimic koddduimeHTi yiakeH OonFaHga y30enepAiH OSKBUBAICHTI Oepiftic
(GYHKIMSICBIHBIH KOCBUTYJIaphl KeJleci Typ/ie 00Jabl

W(p)=ko/(L+koWy(p))=1/Wy(p) (®)

Ko

\ 4

Cyp. 3. Kepi 6epinic pyHkuusceiabHE Mogeni 1/W0
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X . o .
Erep "¢ ko3melpynsl enmieyre Oonmaca, OHIA WACANABl TYWBIKTAIFaH JKYWCHIH

. Wy(p) . . X, .
KYPBUIBIMBIH Ta0y YIIIiH 00BEKTIHIH MOJIEJII KOMETIMEH KO3/BIPYIbIH )KaHaMa OUbIH
naigananyra 0omasl 4-11i. a-cypere KopCeTireH.
AHBIK, erep

W,,.(p)=Wy(p) 3)

MOI[GJIBI[iH IMBIFBICBIHAA aHBIKTAJIAaThIH CHUI'HAJI

Ngpe =X — X, :(.\'y +x, )—.\'yM =X, @

X . . N
€ jkaHaMa OJIIIECHIEeH KO34bIpY Oosca >koHe OHBI 2-11i O CYPETTCI1 CcXeMalarbllan

YW, (p

0(}) ) Oepimic  (QyHKIMSACHIMEH OacKapbUIaTBIH KYPBUIFBIFA CHTI3TCHIE  HMICaNIbI

TYWBIKTaIMaFaH KYpbUIBIMIBI XKaHaJaH aimyFa Oomajsl. OFaH KypbUIBIMIBIK TYpPJICHIIPTIIITEp
Do X yae o

epexeci OOMBIHIIA CUTHAJIBIH 0acKapylibl KYPBUIFBIHBIH KipiCiHE aybICThIpyFa OOJajibl

’KOHE eKIHILII CyMMaTopFa cajryra 0oJaabl.

Wo

Wowm

W

Wowm

Cyp. 4. ineannsl TYHBIKTaIFaH )XYHEHIH alTOPUTMIIK KYPBIIBIMBI
1/Wy(p)

o\pP 1K1 OH Kepi OalilaHbICTIeH KaMThUIFaH 0oaibl,

L . : E=X,—X :

an OipiHmI CyMaTTOpIaH KeHiHri CHrHAn KATEHIH CHrHAIBIHA 3 colikec Kenei.

CoHFbIChl JKYHMEHIH TYHBIKTaJIFaHBIH KoHE Oepimic (yHKIuschl Oap OonaThiH (IUTPUX TIK

TOPTOYPHINI) PETTEyINNMEH Kepi OalIaHBICKaH Tepic KaruJachlHA COMKEC JKYMBIC 1CTCUTIH
oinmipeni:

Conpna Gackapy1bl KYpbUIFbI
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-\ v(p) 1/Wy(p)
W, (p)=——= e
P ) 1=, (o)) ®

k,=m
Monens MeH OOBEKTIHIH Jon Kence perrerimn (5) P -MEH TPOIOPIIOHAIIBI

TYPIHIE KYMBIC ICTEH1, OJ KO3JBIPY KOHE TalChIpMa apHACBIMEH HOJIK KaTeJiKKe cail OOoJbII
: y X, #0 X, =0 y .
keneni. XKanmel xafmaiaa, erep HKOHE Oosica uaeanpl TYHBIKTAIFaH KYHEeHIH
ANTOPUTMAIK KYPbUIBIMBI (7.4-1111 O CypeT) KOFaphlia TYCIHAIPUITEH IBPUCTUKAIIBIK JKOJIMEH €Ki
KYpBUTBIMIApABIH Oenriiepin e3 OoWbIHIa TipkecTipeai. by maeannbl KypbulbIMIa peTTeTinTe

1K1 OH Kepi OaiitaHbIC, / 0 y30eci, @A sxoHe omTUMAaNbI cy3ri - 9% Gomanwel. Miaeansl
TYWBIKTAJIFaH PETTETITIH Oepisic GyHKIUACHI

W

— = — — 6
E.\l(.p) l_d)onm(})) WO(P) ©

()= 2P __Ponn(P) 1

) - o
y30eci CBIPTKbI KO3ABIPYIapAbIH YTHIMABI CY3TIeyAl )KY3ere achlpabl JKOHE

X, o . 1/Wy(p) o .
: ¥TbIMJIbI TallChIpMaHbl 1CTCII IIbIFapanbl. ) 06L€KTT1H KEp1 MOACII1 OHBIH
HHCPUUAIIBUIBIFBIHBIH OPHBIH TOJITBIPpAABI, aJl oM (p) TY3Yy MOI[C.]—Ii O6'BeKTTiH IIBIFBICBIHIAa¥ bl
X

y

KYpayIIBbICBIH €CeNTEHIi.

Wneanaer kocy xyheciMeH 6ipre 0ObeKTIHIH Kepi MOJIENi TypiHerici 0ackapy KyileciHiH
nmapaMeTPITiK JKOHE KYPBUIBIMIBIK CHHTE31HIH NPUHIUIHAIIB HETi3i OOJBIN KeJeli, al TACiI
00BEKTIHIH HHEPTTLIITIH OTEY 9/1ici Ien aTaaaibl.

CuHTe3lIey/IiH TPAKTUKAIBIK eCenTepiHae KebOiHece OOMiKTIK (MapaMeTpiikK) oTy
KOJIJIaHBLIAAbI - OOBEKTIHIH TYPaKThl YaKbITTApbIHBIH Oip ekeyiH >k010. O YIIiH MHepUUAITBIK
00BEKTIMEH Ti30eKTeH

s
3

(7)

TOl e T02 Z:>T03 p

> .. .. . . . .
MYH/IaFbl On Oepinic pyHKIMSICHIMEH OipIHIITI-eKIHIII PETTIK

TIPKEUTIH Y30€H1 KOCaIbl

Wi(p)=ki (Tp1p +1)T; o0 +1)

/
2

(8)

o yuin Tkt =015 Tz =Toos ki =1/kq

Kemriryi 6ap oObekTire apHanrad uaeanasl perrerim. Kermriryi 6ap nuaepTTi 00beKTizepre
apHaJIFaH WICaIbl PETTETIINTIH KYPBUIBIMBIH JKOHE Oepiiic (YyHKIMACHIH aHBIKTAWBIK, OHBI
KOPBITBUIFaH Oepiic GyHKIUACHIMEH CUMATTayFa 00Iaabl:

Wy (p)=Wy(p)e ©)

® This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 55
@ s 4.0 International License



Industrial Transport of Kazakhstan. Vol. 23 (2). 2026

Walp) . . . .
MyHnaarb OU ‘ OOBEKTTIH HMHEPUUSUIBIK OOJITiH CHIATTAUTBIH OOJIIeKTI —

. To . .. . .
paroHanbl GyHKIUS; — 00BekTTiH Taza kemiryi. Erep (9)-asl (6) Koiicak peTTerimriH
+p7y
Gepimic ¢ynkimscsEza € keOelTkimi maiga Oonanpl. COHIBIKTaH A, UIBIFAPBUIFaAH
peTTeriul KYphUIBIMBIH OHANUTY MaKCaThIMEH OHE OHBIH TEXHUKAJBIK 1CKE aCyblH OHAWUTY YIIIH
UIeaIbl XKYHe KeliryMeH OepiieTiH KO3AbIpY Ikl KOCyFa *KoJ 0epy Kepek, siIFHU

-p7

D, (P)=Dn(P) =D, (P)e (10)

2

r (s
@ R R : : N
MYHJaFbl ~ @%7% (]) ) - 77 xone " curnangap yuiiH yreimael cysri. CoHpa calikec,
Kemiryi 6ap oObeKTTep YIIiH UAeal bl PETTEYIIITI ajlaMbI3

pu ! . ’ L P27 W.vl / )
1-2,,.,(p Je o(p

/
>

(11

071 PecKBUKTIH peTTeyimri 1emn ataiasl.
5-111 cypeTTe KepceTireH KypblabiMFa 1 1-epHEKKe colikec kenemi. PeckBuk Taza kenriryi

)

Oap y30e perreyimnHiH imKi Kepi OaiaHbIChl, OOBEKTIHIH MIBIFBICHIHAA Y OacKapbUIAThIH
ocepaiH Tarbl Oip e3repylHeH KaHJal CUTHAJI Taiga OoNyblH OoJDKaWabl. OWTKeH1 Oy
OaiimaHbpIcTap OH, OHJA OOJKANATBIH CUTHAN OFaH TEH OOBEKTIHIH HAKTHI HIBIFBIC CHUTHAIBIHA

2
)
yHeMmi (Oeiftapan Kajaablpaibl) OPHBIH TOATHIPabl. KOPBITBIHIBI CUTHA ? rex KaHa aJFallKsbl

. X X X . . ..
yaKbIT Ke3iHJe CBIPTKbI acepiep - , 2% Hemece € ©3repiCTCpiHCH KCHIH IIBIFAIbI.

Ocplnaiiiia, Heri3ri KOHTYp/AaH Ta3a Keuiry o IIBIFapbLIa b

PeckBuk perTeyimniMeH KYyHEHIH eneyili KEeMIIUIri OHBIH OOBEKTIHIH KEIIryiHiH a3
BapHalMsIapblHA ChIH KO31IMEHIIT1 OOJIBIN TaObLIadbI.

OOBeKTTiH Kemiryin OeWTapanTaHIblpy WACACHIH COHBIMEH Oipre Oip yurigeri
perreyimTepal KaMTUTBIH CMHT YHOpeauTenai apKbUIbl JKY3€re achpbUIafbl 7.6-1IbI CypeTTe
KOPCETILJITeH.

(k, — »)

P " yiken Oepimic koaddunmentinge Cmur ynpenwiereni Oap perrerimi

PeckBuk perrerinrine ~ 9% HKBHUBAJICHTT1 OOJIBIN KENETiHIHE KO3 KETKI3yre KHUbIH eMeC:

L W, (p)
Wcmm(\p)z . 7 - T =
1+W, (p )W (p)l1—e 770 )
1 1 1 (12)

~
~o

/W, (p)+W5 (p)l1-e 270 ) 1-e 7270 Wi (»)

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



Industrial Transport of Kazakhstan. Vol.23 (2). 2026

Perynsrop Pecksuka

(I)()[ 1T W > ”/A eP™ —> X
gl

Cyp. 5. PeckBuk perrerii 6a3acslHIaFbl KeLIiryMeH o0beKkTiHi 6ackapy »KyHeciHIH Ueatabl KYpbUIBIMBI

XB

; , |
>O——O——{ W | Wo(1-e7%) —

Wo(1-e7)

Cyp. 6. CMuT ynpenurei HeTi3iH/e KeIIiryMeH 00beKTiHI 6acKapy JKyHeciHiH Haeanabl KYpPbUIBIMEL

CMUTTIH yHpeauTeTiMeH JKYHeHI KEHUACTYIl TEXHHUKAIBIK TYPFbIAA JKYy3€re achlpy
OHaliFa COFaJibl, OUTKEH1 OOBEKTTIH Kepi Oepiic GYyHKIMACHIH MOJENbICYTe KepeK O0omMaiib.

Typakranran jxoHe abaiyaymisl KyHelnepaeri MHBApUAHTThUTBIFBIHBIH JKY3€Te achIPYHI.
ABTOMATTBI KYHECIHIH CHHTE31HIH 0ac MakKcaTTapbIHBIH Oipi OpHANACTHIPBUIFAH KOHE OTIIEINi
TOPTINTEPAETI THICTI AQIIITIHIH KamMTaMachl3 eryi Oombill TaObutanbl. OpHalacThIPBUIFaH
TOPTINTEPAETI KYWUENEepiHIH IONJIrT acTaTU3MHBIH PEeTi KOHE allllaK CaJlbIHFaH HOOaWIbIH
kod(dduimeHTiH  yiakeiTe kakcaptyra Oosanmel. CoHbIMEeH Oipre, oxerrterized Oipak,
OPHBIKTBUIBIKTBIH KOPbI a3asi/ibl, TEPOCTIMENIIK YIIKee Il KOHEe OTIeNl TOPTINTeperi KyieciHiH
monmiri  azagel. OpHAJaCTBIPBUIFAH JKOHE OTHENl TOPTINTEepAeri JoNJIrT MIapTTapbIHBIH
apachIHaFel Kapama-KalIIbUIBIKTapIbl KO THIMII KYPaJIbIMEH MHBAPUAHTTHUIBIKTHIH KY3€re
aCBIPYBI ©TEM CBIPTKBI 3CEP KOJIBIMEH KBI3MET KOPCETE/II.

"MuBapuaHTTHUILIK" Oip (PM3MKANIBIK IIaMaHbIH EKIHITICiHE Toyenci3airin ounnipeni. AbT-
Jla TIBIFBIC (0acKapbUIATHIH IIaMa HEMECE KaTEHIH CHTHAJIBI) IIaMajapbiHBIH KipiC dcepiiepiHEeH
Toyenci3mikrepal Kapaiael. TypakTany skyhenepaeri KO3IBIPYIIbI dcepleH OacKapbUIaThIH
[IaMaHbIH TOYEJICI3MIKTEPIH ayFa YMTBUIAIbI, adailiayIisl Kyienep/e - OepiieTiH ocepAcH KaTe
CUTHAJIBIHBIH TOYEJICI3/iri.

ABX uHBapWaHTTBUIBIK ocep OOMbIHINIA Oackapy apKbUIbl >KeTe[l,0acKapbhlUIaThIH dcep
KO3BIPAThIH dCEP/iH e3repyiHe OaillaHBICTBI KypbUlaabl. Erep Ko3abIpyIlIbl ocep eJmIeHETiH
OoJsica, Oackapy NpPHMHIMII KOJJAAHBUIATBIHBI aHbIK. Ko3aplpy OolbIHIIA Oackapy HPUHITUIITI
ozerTe (KypaMaubl XKylie) aybITKy1ap OOibIHIIAa OackapyMeH Oipre KOJAaHbUIabI.

TypakTbl KOMOWHHPIICHTCH >XYHEHIH alTOPUTMIK KYPBUIBIMBIH KO3ABIpY OOMBIHIIA
eTeyll OaliaHbICTIEH KapacTelpyfa Oonaabl 7.7-111 cypeTTe KepceTulreH Otey OailiaHbICHI
IIBIFBIC IIaMachlHA TaHOAMEH ocep eTelli, OJ OpAalbIM IIBIFBICKA KO3IBIPYIBIH JCEpPiHiH
TaHOachIHA Kepi Oonazsl. Ko3aplpy OolibIHINA KyHeHIH 6epitic pyHKIHUICH
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a(p) o ()= ()W, ()W, (p)
p)= =

(p) 1+77,(p) Wy (p) (1)

Wylp) o Wo(p)

MYH/IaFbI - colkeciHIe 0acKapylibl JKOHE KO3IBIPYIIBI dcep
OoiipIHIIIa 0OBEKTTIH Oepistic PYHKIUSIIAPHL;
w,(p) .
— Oarmapiaynibl KYpbUIBIMHBIH Oepiic yHKIHICHI,
Welp) .
- OPHBIH TOJITBHIPATHIH KYPBUIBIMHBIH O€piTic (PyHKIUACHI.
Z
Wi € ) Woz
r .‘: r >
Wy > o ——>X

Cyp. 7. ABX aparnac KypbUIBIMHBIH OacKapy ocepiHjeri OaiaHbIC KOMIICHCAIUSCHI
x(7) 2L | : ..
backapeuiaTeiH  11aMa KO3JIBIpYyFa toyenni emec, erep (13) Oepinic
(bHYKUIMACH HOJNITE TeH OoJica

D,,(p)=0 (14)

erep OHBIH allbIMbl HeJITe TeH Oojca Oyn Oomysl MyMmKiH. Ko3meipyra Kaparanpaa
TYPAKTAHABIPBUIATBIH HIaAMaHbIH HHBAPHUAHTTBUIbIFbIHBIH IIAPTHI OCBLAaH

Wo ) =W (p)W,(p)Wo(p)=0 (15)

15-mapt, KO3ABIpYyIIBIIaH [IaMaHBIH TOYEJICI3MITiHIH TaObICHl YIIH KO3IBIPYIIHI
z\t) . . . . Do

OOMBIHIITA KYMBIC iCTEreH €Ki mapajiellb KaHaJJapblH TUHAMHUKAIBIK KacheTi Oipaei
OO0JTyBI YIIIiH KePEKTITiH OUTipeal,0TeUTIiH KYPBUIBIMHBIH OepijTic (pyHKITUACH.

We(p)=Wo (p)/W,(p)Wo(p) (16)
Abaitaymibl kyhenepae OepiareH KO3IbIpydaH KaTe CHUTHAIBIHBIH TOYEJCI3ITiHe KETY
kepek. Cxemanap yIiH 8-Cyperre ocepMeH .y KOHE KATEHIH CHUTHAJIBI si) apasbIFbIH/IA

Oepiic GYHKIMS KeNTipiIreH:

1- (p )H"y(p)ﬂ'o(p)

Dy, (p)= (a7

L+, (p) Wy (p)

17- GyHKIHSIHBI HOJITE TEHECTIPE OTHIPBIN OEpIreH dcepre OalIaHBICTHI aHTy KATECiHIH
WHBApUAHTTHUIBIFBIHBIH IIAPTHIH TA0AMBI3
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1= ()W, (p)Wo(p)=0

(18)

OyaaH eTyIi KYphUIBIMHBIH KEPEKTi Oepiic (yHKIMSCHI IIBIFaIbI

We(p)=LW,(p)Wy(p)

W

r

AA

X3 c

(19)

Woz

Wo

W,

—>X

Cyp. 8. Bepinetin acep OoitbiHia eteyi GainansicbiMeH ABJK KOMOUHHPIICHTCH KYPBUTBIMBI

Heri3ri cunTe3 TocinaepiHiH XKYHei caabICTBIPMabl CHITATTaMachl 1-KecTe e YChIHBUIFaH.
Kecrte-1. ABX cunTe3 anropuTMAepiHiH CaNbICTBIPMAIIbI CUIIATTaMAaChl

Cunres Tociil

KonnaHy caJiacbl

O06BeKT MOAEI

Perrerim
KYPBUIBIMBI

CTaTHKaJbIK KaTe
Kemiryre
TO3IMIIIK

SCADA
UHTETPAIUACH

udpisik icke
aceIpy

¥ ChIHBLIATBIH
KOJIJaHy

l-kecTe pepekTepi MbIHANAPAbl ANKBIHAANIBI.

Wneanap

TYHMBIKTaJIMaFaH xyhie

Ko3npipy emieHetin

KyHenep

Wo(s) Gepimic
(hyHKIUSCHI

Ti30ekri Ty3eTKim +

cysri

Hennix (mmeammbt
JKaraana)

JKorapsl (cy3rimen)
MywmKkiHn

OEM apkbuibt

Kapanaiisim
o0BeKTiIep

CMuT anjapiH-ana

00JDKAYIIBICHI

Keriryi 6ap
o0OBeKTiIEep

Wo(s)-e”(-ts)

[NA + Cmur
yrnpeauTeni

Henmix

JKorapsl

MymMKkiH

OEM / ITJIK

Kemiryi 0.3-5 ¢

PeckBuk perrerimti

Tasza xewriryi 6ap
o0BeKTinep

Wo(s)-e™(-ts)

PeckBuk perrerimri
(imxi OKB)

Henuix (Moxens gon

VHBapHaHTTBUIBIK IIAPTEI Gap
OipiKKeH Kyie

TypakraHablpy oHe
abaimaymsl xyhenep

Wo(s) + Wi(s) Ko31bIpy
apHaChl

Ti30ekri perrerinr + eTeymri
OaiiTaHbIC

Hennix (nmHBapuaHT. mapt

KEJITeH/IE) OpbIHIAJICA)

O6’f>eKT Kelliryine Oprama

cesimTal

MymKiH Toneik (ITJIK + SCADA)
OEM / IIJIK ITJIK + IoT xarTamanapsl

Kemiryi >5c¢

Kypaeni TeXHOIOTHSIIBIK
yaepicrep

bapnblK KapacThIpbUIFaH CHUHTE3

tocinaepi [IJIK-konTposuiepnepne mudpiblk icke acwhlpbUlybl MyMKiH; Oy Industry 4.0

napaaurMacbiHa — (U3HKAIBIK OOBEKTINepHiH (IaTYUKTEp, peTTerimrep,

aTKapy1Ibl

MexaHusmaep) nudpabik qucnerdepiey oprackiMer (SCADA, APM) ctangapTThl XaTTamanap
apkpuiel (OPC UA, MQTT, Modbus TCP) 6ipikTipinyine — caii keneai. CMUT ynpeauTeniMeH
JKyHe TpaKTUKAIBIK 1CKE achIpyIbIH J>KCHUIAITIMEH apTBHIKIIBUIBIK Oepeni, an PeckBuk
perrerimii 00bEKT KEIIIryiHe XKOFaphl Ce3IMTAIIBIKKA OalIaHbICTBI OOJKaMAaIlbl TEXHUKAIBIK
KbI3MET KepceTy (predictive maintenance) >KyHelepiMEH HWHTETPAlMsICHIH Tajam eTejl.
WMHBapuaHTTBUIBIK IAPTHI 6ap OipiKKeH JKyie jKoFapblia aTadfaHIapAblH 1IIHAET1 eH KOFaphbl
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cama KepceTkimTepin 6epeni, Oipak ecentey KapKbIHABUIBIFE 1a koraphl (MBamenko, 1979:
134).

TpaHncmopt aBTOMAaTHKAchl IIAPTTAPBIHIAFBl calla KOPCETKIMTEPIHIH CaHIbBIK
CaJIBICTBIPMACHhI 2-KGCTCI[€ ¥ChIHBLJIFaH.

Kecte-2. ABX Heri3ri TocinmepiHiH cama KepceTKimTepl (TpaHCIOPT aBTOMATHKACHI
MBICAJIbIHIA)

.. [IU perrerim Wneannmsl xyiie (00BEKT Cmut + MHBapuaHTTBUIBIK
Carma kepceTKini .
(KITacCHKAIIBIK) oTeMi) JaL5 0 [IapTHIMEH
?Tnem YAepic YaKBITHI tP, 815 36 47 25
Acsin ety 6, % 15-25 5-10 3-8 <5
CTaTHKaNbIK KaTe €, % 0-3 =0 =0 =0
XKuinik xxonarer Qp, pag/c  0.5-2 2-5 1.5-4 2-6
OpHBIKTBUIBIK KOpbI Af, b >12 >10 >12 >14
Otey nmopexeci, % — 70-90 80-95 90-98
TIK-na icxe ackipy o Wb (MozenbMeH) Uo Uo (TOMBIK)

MYMKIiH/IiT1

2-KecTe HOTWKENEpl CUHTE3/IH HEFYPIIbIM KETUIAIPUITeH TOCUIACpPIH KOJJAaHFaH CailblH
OTIMeIN YAepiC YaKbITHIHBIH 3—5 ece, achlll KeTyAiH 3—5 ece, CTaTUKAJBIK KaTeHIH HOJTe KaKblH
OOJATBIHBIH, all OPHBIKTBHUIBIK KOPBIHBIH cakTanaThiHbIH noienaeiini. [IJIK opraceiHma Gapibik
AITOPUTMACP/Il ICKE achIpy MYMKIH OOJIFaH/IBIKTaH, aTAJIFaH HOTHKEJIEP TEMIPHKOJ TUCTIETUEPITIK
opTtanblKTapblHblH ~ SCADA-xyiienepiMeH  OIpiKTIpUIreéH aBTOMATTAaHIBIPbUIFAaH — Oakbliay
KYHenepin xobanay/a MpaKTHKAIBIK MOH-MaFbIHAFa He.

3amaHayu TpaHcHopT apromaru3auusAchiHblH Industry 4.0 mapaaurmacel  ABX
ITOPUTMJIIK CHHTE31HEe MBIHA/Iall KOCHIMIIIA TAJIANTap/Ibl KOS/IbI: HAKTHI YaKbITTaFbl xkayan (Real-
Time Control); Gomkamansl TeXHHKaNbIK Kbi3MeT kepcery (Predictive Maintenance); loT-
ceHcopiapMmeH y3aikci3 gepekrep ammacy; SCADA mnatrdopmaceiven OPC UA/MQTT
xXaTTamanapbl apkKpulbl uHTerpamms; Impaslk eri3 (Digital Twin) apKpulbl BUPTYaJIIbI
komuccusuiay (bonnokun, Uunaes, 1986: 127; Cynranra3suHos u nip., 2022: 65).

Y ChIHBUIATBIH WHTErpanus apxutekrypackl MbiHamai: Jataumkrep (IoT) — TIJIK
(perrerim anropurm: [TNJ/Cmut/MuBapuant) — OPC UA mmo3 — SCADA cepsep — APM
nucrietyep. bomkamanel TexHukanblk Kbi3MeT (Predictive Maintenance) nenreitinge SCADA
JIEpeKTEp YaKbIT CEpUSACHl MAIIMHAIBIK OKBITY MOJEiHEe Oepiiim, peTTerim napamMeTpiepiHiH
nerpananusicel 14-30 kyH OYphIH aHBIKTANAAbl. ByJl TOCT TEeMip)KOJI aBTOMAaTHKACBHIHJIAFbI
TOHaJbABl penbeTik Tiz0ekrep MeH AJIC-APC xyifenepinae THIMAI €KEHI AQJeNACHICH
(Cynranrazunos, 2009: 97).

KopbIThIHABI.

3epTTey HOTIDKENEpl HETi3iHAe MbIHAMal Heri3rli TYXbIpeiMaap skacanabl. ABX
CHUHTE31HIH ece0l aHATUTHUKAIBIK, (PYHKIMOHAIJBIK JKOHE MapaMeTpiIiK Ke3eHIEpIACH TYpPaJbl;
CHHTE3 TPOIEAypachl OOBEKTIHIH HMHEPIUSIBIFBIH OTey, KEIIryAl OehTapanTaHabIpy >KOHE
WHBApPUAHTTHUIBIK [IAPTTAPhIH KAMTAaMachl3 €Ty MPHHIMITEPIMEH aHbIKTanaabl. Maeanssi

y y Wy(s) = 1/Wo(s) .
TyWBIKTaIMaFraH  Kyieze HIapThl  OpBIHJAJFaHIa OOBEKTiIHIH
MHEPIVSUIBIFBI TOJBIKTAN ©TeNe li; TYWBIKTaIFaH Kykee iKi oH Kepi 0ainaHbIChl Oap peTTerim
HOJIIIK CTaTUKAIIBIK KaTeH1 KamTamachi3 etei. Kerriryi 6ap oobexTinep yiria PeckBuk perrerimii
MeH CMUT yripeuTesti THIM/I merriMaep 0ombi Tadbutaasl: CMUT yIpeauTei MPaKTHKANIBIK iCKe
aceIpyJIbIH S>KEHIAiIriMeH, PeckBuMK perrerimi imki Ooibkaymibl OaillaHbIc MeXaHU3MIMEH
epexmeneneni; ekeyin ae IIJIK-opraceima nmdpislk icke aceipyra Oomansl. TypakTaHIbIpy
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Wi (s)

() — — Wy(s)
. . Wik(s) . .
)KyHenepiHae WHBAPUAHTTBUIBIK IIAPTHI , abaitmaymsl xyienepae (19)

dbopMyIiackl OpBIHIANFAHAA KYHEHIH MIHE3[IEMENiK OJTUHOMBI ©3repMeili — OPHBIKTBHIIBIKKA
acep eTIIMEN 1, ajl MIBIFBIC IIIaMa KO3ABIPYIIIBI dcepAeH Tayenci3 0omaapl. CabICTRIPMAIIBI TAIIAY
(1-2-xecrenep) CHHTE3IH KETUIAIPUITCH ATOPUTMACPIH KOJIJAHFAH A OTIIET YACPIC YaKbIThI 3—
5 ece, acwim KeTy 3—5 ece a3aibIl, OPHBIKTHUIBIK KOPBlI CAaKTaJIAaThIHBIH Jonenaeiai. bapiabik
KapactelpsutFad Tocingep [IJIK-xonTpomnepaepae icke aceipburybl MyMKiH sxoHe SCADA/IoT
KYHenepiMeH UHTerpalisiiayFa skapaMibl.

XKanmer anranga, )Kypri3iireH 3epTTey aBTOMATThl OackKapy KYHeJepiHiH KIaCCHUKAJbIK
AITOPUTMIIK CHHTE3 KaFujaajgapbl Kasipri HU(PIBIK KOJIKTIK aBTOMATH3allvs >KaFJaibIHIa
©3CKTUIIMH CaKTaUThIHBIH Janenaeiini. OO0beKT MHEePIMSUIBIFBIH OTeY, KEIIryl OojpKay *KoHe
CBIPTKBI KO3JIBIPYJIapFa KAaTHICTHl HHBAPHAHTTHUIBIKTHl KAMTAMACKI3 €Ty MPUHIUIITEPI TEMIipKOJI
aBTOMATHKACHI, TUCIIETYEPIIiK 6acKapy, penbcTik Tizoekrep, AJIC-APC sxane SCADA Herizingeri
OakpuTay XKyHenepiH xobanayaa THIMII KOJIaHBLUTY bl MYMKIH.

3eprrey Hotmkenepi Industry 4.0 TyxbsipeiMaamacs! xkarmaiibinga ABXK cunTe3iH Tek
TEOPHSUIBIK €CETl PETIH/IE eMeC, HAaKThl ITU(PIIBIK HHGPAKYPBUTBIMMEH OailTaHbICKaH MHYKCHEPITIK
MiHJIET peTiHAe KapacTelpy KaxkeTTirin kepceteni. IIJIK-koutpomnepnep, loT-cencopnap, OPC
UA/MQTT xarramanapsl xoHe SCADA-cepBepiiep apKpUIbl 0ackapy alrOpUTMIEPIH HAKTHI
YaKpIT pPEXUMIHAE 1ICKe achlpy KONIKTIK OKYHeNepAiH CeHIMAUIIiH, JONJITH JKoHe
JTUArHOCTUKAJIBIK MYMKIHIIKTEPIH apTTHIPAIBI.

[IpakTUKanblK TYpPFBIAAH ajfaH/Aa, aJIbIHFAH HOTWXKEJep TEMIpXKOJd KeJIriHJeri
aBTOMATTaHJBIPBUTFAH  Oackapy  OOBEKTLIEPIHIH  peTTey  alrOpPUTMIEpIH  d3ipieye,
KOJIJAHBICTAFbl JKYHenepai >KaHFBIPTYJa JKoHE HU(PIBIK TUCTETYepley KeIIeHAEpiH Kypyaa
nanganaHbpTybl MYMKIH. Ocipece Kemniryi 6ap oObekTuiepAl 6ackapy, mapaMmeTprepi e3repeTin
TEXHOJIOTHSUIBIK YZepicTepi TYpaKTaHIBIPY >KOHE CBHIPTKBI dcepiepAl eTey MIHACTTepi YUIiH
YCBHIHBUIFAH TOCUTAEP/I1H MHKCHEPIIIK MaHBI3bI JKOFaPHI.

Opman opi 3eprrey OarbiTTapsl perinae I1JIK-opracbiHna MHBapHAHTTBHUIBIK IIAPTHIH
TOXKIpuOemK Tekcepy, CMUT xkoHe PeckBHK peTTerimrepiH HAaKThl TEMIp)KOJ aBTOMATHKACHI
oObexTinepinae coiHay, SCADA-cepBepMeH OipiKTIpiIreH OoJpKamalibl TEXHUKAIBIK KbI3MET
KOpCEeTy alTOPUTMJIEPIH 9d3ipiiey, COHJaH-aK KOJIKTIK OOBEKTUICPHIH HUQPIBIK eri3faepiH
KaJIBIITACTBIPY apKbUIBI PETTETIII AITOPUTMACPIH BUPTY bl KOMHUCCHUSIIAY YCHIHBLIAIBI.
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Abstract. The assessment of the environmental value of IT projects is one of the most
active interdisciplinary topics in modern project management, located at the intersection of
environmental impact assessment (EIA), green-IT engineering and multi-criteria decision analysis
(MCDA). The aim of this article is to systematise existing methods of environmental value
assessment of projects and to identify the opportunities for their digitalisation in the management
of IT projects. The research methodology is based on a structured literature review of 32 peer-
reviewed publications (Scopus, ScienceDirect, MDPI, SpringerLink, 2014-2025) and a
comparative analysis of seven international and national standards (ISO 14001:2015, ISO
14040:2006 LCA, GRI 300-series, ESPOO Convention, Equator Principles, KZ Environmental
Code 2021, Concept Green Economy RK 2050). The results demonstrate four dominant clusters
of environmental assessment methods — qualitative (Leopold matrix, checklists), quantitative
(LCA, carbon-footprint), MCDA-hybrid (AHP-TOPSIS, PROMETHEE) and Al-based (machine-
learning surrogate models, NLP for EIA documents) — and reveal that the digital Leopold matrix
combined with expert-augmented Al agents shows the highest applicability for IT projects
(combined coverage index of 0.86 and operational maturity of 0.71). The paper specifies
methodological requirements for a multidimensional environmental value model intended for an
Al-augmented decision-support tool in IT-project management. The findings are relevant for
academic researchers, environmental analysts, PMOs and government agencies working on green-
IT initiatives in Kazakhstan and the EAEU region.
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AnHotanusi. UT-xo0anmapaplH SKOJOTHUSIIBIK KYHIBUIBIFBIH Oaranay Kasipri 3amMaHFbI
#K00aHbl OacKapyAblH €H OelceHl MoHApalbIK TaKbIPHIITAPBIHBIH Oipi OONBIN TaObLIAABI, O
KopIiaraH opTtara acepai 6aranay (EIA), xaceut UT-unkeHepus koHe KOKPUTEPHAIIBI TalIay
(MCDA) TorbichIHAa OpHANTAacKaH. MakamaHblH MakKcaThl — JKOOalaplblH AKOJOTHSIIBIK
KYHJIBUTBIFBIH OaFajiay/iblH KOJIJAHBICTAFbI SJICTEpiH JKyHeney jkoHe onapasl MT-xobamapasr
O6ackapy mieHOepiHae UU(PIAHABIPY MYMKIHAIKTEpiH alKpiHAay. ©OjicHama — Scopus,
ScienceDirect, MDPI, SpringerLink 6azanmapsinan 2014-2025 >xpuimapsl skapusuianFad 32
MUPEICH3UUIAHFaH €HOCKTI KYPBUIBIMIBIK IOy JKOHE JKETI XaJIbIKApPAIbIK IE€H YIITTHIK
CTaHJAPTTHI CANBICTHIPMAITBI Tasaay. HoTmkenep sKoIoTHsUIBIK Oaraiiay ofiCTepiHiH TOPT 0achiM
KJIACTepiH kKepcerei: camansl (Jleomonsa MaTpuiackl, Tizimaep), cauabik (LCA, kemipTeri i3i),
MCDA-rubpuarik (AHP-TOPSIS, PROMETHEE) xone XW-nerizingeri (machine-learning
surrogate models, NLP EIA-kyxartapra). Lludpmasik Jleononsa MaTpumiacekl MeH capantaMabIK
Al-arentrepnin yinecimi UT-xob6amapra eH >Korapbl KOJIAHBUIFBIIITHIKTE KOpceTenl (KaMTy
uHaekci 0,86 xoHe omepanusbik skerimmirt 0,71). KememnmieMai SKOIOTHUSIBIK KYHIIBUIBIK
yJIriciHe KOWBUIAThIH 9/1iICHAMAJIBIK TalanTtap TYKbIpbiMaanasl. Hotmxenep Kasakcranaarsl sxoHe
EADO enpepingeri xacbm W T-0acramanapiabl icke achIpyIIbl 3epTTEYILIUIEP, SKOJOTHSIBIK
capanmbiiap, PMO-6emimiienepi MeH MEMJIEKETTIK OpraHaap YIIiH ©3€KTi.

Tyiiin ce3aep: skonorHsIIBIK k002, U T-x00a, Jleononsa Mmatpumacel, EIA, 3K0TOTHSUITBIK
KYHBUIBIK, KONIKpUTepuaiabl Oaranay, K/-arent, eMipiik UK Tajaaay, TYPaKThl JaMy
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Annoramusi. Onenka skonorudeckod neHHoctu WT-mpoekToB siBhsieTcs OnHON U3
HauboJee aKTUBHO Pa3BUBAIOIIMXCA MEKIUCIHUILUTMHAPHBIX TEM B COBPEMEHHOM YIIPaBJICHUU
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MIPOEKTAMH, pPACIIOJIOKEHHOM Ha CTBIKE OLICHKHM BO3JCHCTBHA Ha OKPYXKAIOIIYIO Cpeay
(Environmental Impact Assessment, EIA), green-IT wumHXeHepuH W MHOTOKPUTEPHAIHLHOTO
ananmu3a pemenuit (MCDA). llenp cTaThmi — CHCTEMAaTH3UPOBATh CYIICCTBYIOIINE METOJbI
OLIEHKU KOJIOTHUYECKOW IIEHHOCTHU MPOEKTOB U OINPEJCIUTh BOZMOKHOCTH MX IM(PpOBH3aLUU B
pamkax  ynpaBieHuss ~WT-npoexkramu. Merogosiiorus  HCClI€NOBaHUA  OCHOBaHa  Ha
CTPYKTYPUPOBAaHHOM JIMTEpaTypHOM o0030pe 32 peueHszupyembix mnyomaukammid (Scopus,
ScienceDirect, MDPI, SpringerLink, 2014-2025 rr.) u CcpaBHUTEIHLHOM aHAJM3€ CEMU
MEXIyHapOAHbIX U HalunoHanbHBIX cTaHaapTos (ISO 14001:2015, ISO 14040:2006 LCA, GRI
cepusi 300, Kowsenmusi ESPOO, Equator Principles, Dxomormueckuii komekc PK 2021,
Konnenuus «3enénas skonomuka PK 2050»). [TonyuenHble pe3yabTaThl AEMOHCTPUPYIOT YETHIPE
JOMHUHUPYIOIIMX KJIaCTE€pa METOJOB HKOJOTMYECKOM OIEHKU: KadecTBeHHblE (MaTpHla
Jleomonba, 4ek-mucThl), konudectBeHHbie (LCA, yrineponnsiii ciien), MCDA-rubpunasie (AHP-
TOPSIS, PROMETHEE) u UH-meToas! (surrogate-moaenu MammHHOro o0y4eHus, NLP-ananu3
EIA-noxymeHTOB). YCTaHOBIEHO, YTO KOMOHMHauusi uu¢poBoil wmarpuubl Jleomonbaa ¢
JKCTepTHO-ycwiIeHHbIM HUW-arenToM oOecreuynBaeT HaWBBICIIYI0 TpUMEHUMOCTh st MT-
npoekToB: kKoddduuuent nmokpeitus 0,86 u onepanuonansHas 3penaocts 0,71. ChopmynnpoBaHbl
METOJIOJIOTUYECKUE TpeOOBaHUsI K MHOTOMEPHON MOJENIH 3KOJOTHYECKOW LEHHOCTH,
IpeAHa3HAaYeHHON g uHTerpauuu B MM-MHCTpyMEHT NOAACPKKU NPUHATHS PELICHUN B
ynpaBieHun WT-npoexramu. Pe3ynbrarel aapecoBaHbl HCCIENOBATENSAM, HKOJIOTHYECKUM
aHanuTukaMm, PMO-nogpasneneHusiM U rocyaapcTBeHHbIM opranam PecnyOmuku Kazaxcran u
ctpan EADC, peanu3zytomum green-1T nHULIMATUBBI.

KuroueBbie cioBa: skonoruyeckuit mpoekt, UT-npoekr, matpuna Jleononbna, EIA,
9KOJIOTUYECKAs HIEHHOCTh, MHOTOKpUTEpHAJIbHAS olleHKa, I/ -areHT, oneHka )KU3HEHHOT 0 IUKIIA,
YCTOMYMBOE pa3BUTHE

Juas murupoBanus: Mykamerani E. (2026). MeTonbl O1leHKH SKOJIOTHYECKON IEHHOCTH
UT-mpoekToB: cucremaTrueckuii 0030p // [Tompiniennsiii Tpancnopt Kazaxcrana. T. 23. No. 90.
Ctp. 63-71. https://doi.org/10.58420/ptk/2026.90.02.005 (Ha pycc.).

KoH(pIHMKT HHTepecoB: ABTOPHI 3asBISIIOT 00 OTCYTCTBUU KOH(IMKTAa HHTEPECOB.

Beenenue.

[IpobremMa KOMIUIEKCHOM OIIEHKH BO3JCHCTBUS MPOCKTOB HAa OKPYKAIOUIYIO Cpexy
ABJIETCS KJIACCUYECKON B IPUPOIOOXPAHHOM AEATEILHOCTU U 9KOJIOT0-9KOHOMHUYECKOM aHAIIN3E,
OolHaKo e€ mepeHoc B IIOcKocTh ympasieHuss WT-mpoekramu mnoTpedoBan CyleCTBEHHON
MeToAoIorndeckoi agantanuu. Ha npotsokeHnn 6ojiee yeM IEeCTHIECATH JIET HHCTPYMEHTapui
OLIEHKM SKOJOIMYECKOW IIEHHOCTH pa3BUBAICA B pamkax mnporenyp Environmental Impact
Assessment (EIA), opopmnennsix HanmonansasiM akToMm CIIA 00 oxpaHe okpy»xaroleii cpeibl
1969 roma (NEPA) u Kousenumeir Ocno 1991 roma (UN ECE, 1991). 3a sto Bpems
chopMupoBalcs ycToWuuBblii Habop TexHuk: marpuna Jleomonpaa (Leopold, 1971), meromst
HanoxxeHust kapt McHarg (1969), onenka >xu3nenHoro nukia Life Cycle Assessment mo ISO
14040:2006, pacuét yrnepognoro cineaa no GHG Protocol. Bee st MeTonsl coznaBanuch s
(U3UUECKUX TPOEKTOB — CTPOMUTENBHBIX, HMH(PACTPYKTYpHBIX, HSHEPreTUYECKUX — U
HEI0CTaTOYHO a/IallTUPOBAHBI K clielU(UKe HU(POBBIX MPOEKTOB.

B 10 xe BpeMs UT-nipoeKTs caMu CTaHOBATCS UCTOYHUKOM 3HAYUMOIO HKOJIOTHYECKOTO
BO3JICUCTBUSA: IO JaHHBIM MexayHapogHoro »sHeprerudeckoro areHTcTBa (IEA, 2023),
rio0abHOE OTPEOICHHUE FIEKTPOIHEPTHU LIEHTPAMHU 00pabOTKU JaHHBIX B 2022 roy COCTaBUIIO
okoiio 460 TBt 4, unu 1,7 % mupoBoro norpednenus, u k 2030 romy moxet BeipacT 10 800
TB1'u. JlononuutensHo MT-cekrop (opmupyer okono 60 MIH TOHH 3JEKTPOHHBIX OTXOOB
exerogqao (UN Global E-Waste Monitor, 2024). OmpnoBpemenHo WT-TIpoeKTHI SBISIOTCS
MOIIHBIM MHCTPYMEHTOM CHMKEHHUSI SKOJIOIMYECKOM Harpy3Ku B JIPYTMX OTpacisix: yMHbIE
CYETYMKH, ONITUMU3ALINS JTOTUCTUKHU, TOUHOE 3eMileieNine, LU pPOBbIe ABOMHUKH.
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OTa JABOMCTBEHHOCTh CO3JA€T YCTOMYMBBIA MCCIEAOBATEIbCKUNA  3alpoc: Kak
KOJINYECTBEHHO U MHOTOMEPHO OIIEHMBAThH HKOJIOTUUECKYIO IeHHOCTh U T-poeKkToB Tak, 4ToObI
YUHUTHIBATh OJJHOBPEMEHHO MX COOCTBEHHBIN IKOIOrHUECKUil ciel U 3G (eKT, OKa3bIBAEMBbIi MU
Ha cTOpoHHHUE mpouecchl. OTBeT TpeOyeT CHUHTE3a METOIO0B HPUPOIAOOXPAHHOW HKCHEPTH3BI
(mpexxne Bcero matpuilsl Jleomonpaa u LCA) ¢ COBpeMEHHBIMH METOAAMHU HMCKYCCTBEHHOTO
MHTEJUIEKTa, CIIOCOOHBIMHM aBTOMATH3UPOBATh COOp U MPeoOpabOTKy SKOJIOTHYECKUX TAaHHBIX,
MOBBICUTH BOCIIPOU3BOJIUMOCTb SKCIEPTHBIX OLIEHOK U CHU3UTh Tpyao€MKoCcTh EIA-nponenyp.

AKTyabHOCTh ~ TEMBl  ONpeAessieTcss  TpeMs  OOCTOSTEIbCTBaMHU.  Bo-mepBbIX,
Oxonorunueckuit konekc Pecrryonuku Kazaxcran B penakmuu 2021 roga u Konnenmmst «3enénas
skoHoMuKa 2050» (Vka3z Ilpesunenta PK Ne 577 or 30.05.2013) mnpenycmarpusaroT
0053aTeNbHOCTD MPOIIEAYPHI OLIEHKU BO3JICHCTBUS Ha OKPY>KAIOLIYIO CpeLy AJIs IIUPOKOro Kiiacca
MIPOEKTOB, BKIIFOYasi MHBECTULHMOHHO 3HaunMble U T-nHuImaTuBsl. Bo-BTOpBIX, B akaeMUYECKOM
auteparype purcupyercst ycTonuuBbIi poct myonukanmii mo green-IT u Al-augmented EIA: mo
JaHHBIM Scopus, yucio crateit no teme «Al + EIA» Boipocno ¢ 41 B 2018 roxy no 312 B 2024
roay. B-TpeThux, cylecTByIOIIME METOIbl OLEHKH pa3paboTaHbl pa3pO3HEHHO U PENKO
UHTETPUPOBAaHBl B €IWHBIA IM(POBOH HMHCTPYMEHT, NMPUTOAHBIA K HCHonb3oBaHui0 PMO-
noapazaeneHusmMu MT-koMmaHui.

OOBEKT uccie0BaHus — OIIEHKA SKOJIOTHYECKOM IEHHOCTH MPOEKTOB B yripasiaeHuu U T-
npoektamu. [IpenmMer — MeToabl 1 MOJEIN OLEHKH SKOJOTMYECKOW EHHOCTH, IPUMEHHUMBIE K
WUT-poexktam u pomyckarome unudpoBusamuio. Lleap cratbu — cHCTEMaTH3HpPOBATH
CYIIECTBYIOIIME METOJbl OLEHKM HKOJOTMYECKOM IIEHHOCTH MPOEKTOB U  ONpPENEIUTh
BO3MOXXHOCTH HMX LU(pOBU3AaLMU B pamkax ymnpasieHus MT-mpoekramu, 9TO COOTBETCTBYET
MEepBOM 3a7ja4e JUCCEPTALINH.

3anauu: (1) yTouHUTh NOHIATHIHBIN anmapar «3kojioruueckas ieHHoctb U T-nipoektay; (2)
BBIMOJIHUTD KJIACCU(UKALIMIO CYIIECTBYIOMIMX METOAOB OLIEHKH U MPOBECTH UX CPABHUTEIbHBIN
aHanu3; (3) npoananmsupoBath poib MT-pemenuit (mpexzae Bcero HUPPOBOW MaTpPUIIBI
Jleononbna n U-areHTOB) B 9KOJIOTHYECKOM OLICHKE; (4) chopMyTHpOBaTh METOI0JIOTUUECKHE
TpeOOBaHUS K MHOTOMEPHON MOJIENIN OLICHKH SKOJIOTHYeCKOi ieHHOoCcTH U T-poeKToB.

Hayunas rumotesa. I{udposas Tpanchopmanms kmaccuueckux mnporeayp EIA — B
IIEPBYIO OYepeab MaTpHILbl JIeonoabpaa — NoCpeACTBOM €€ MHTErpallii C MHOTOKPUTEPUATIbHBIM
anamuzoM (MCDA) nu UM-arenTamMy aBTOMaTU3UPOBAHHON OIICHKM TMOBBINIAET MOJTHOTY OXBaTa
9KOJOTHYECKON 1eHHOCTH WU T-npoekToB U CHMKAET TPYIOEMKOCTh SKCHEPTHOM MPOLETYypPbl HE
MeHee yeM B 3—5 pa3 npu COXpaHEHUH BOCIPOU3BOJUMOCTHU PE3YJIbTaTOB.

3HaunMocTb. Teopernueckuil BKiIag — (HOpMUPOBaHHE €AMHOM THUIOJOIMH METO/I0B
OLIEHKH AKosiornyeckoil neHHoctu UT-npoektoB u crneundukanys TpeboBaHUM K MHOTOMEPHOH
mozenu u comyrcTByromeMy HWM-arenty. Ilpaktuueckas 3Ha4MMOCTB — BO3MOXHOCTH

UCTIONIB30BaHUSl  PE3YJIbTaTOB  HCCIENOBaHMA MPH  pa3pabOTKe  KOPIMOPATHBHBIX U
rOCYJapCTBEHHBIX HHCTPYMEHTOB 3KOJOTMYECKON IKCIEPTU3bI LIU(PPOBBIX HHUIIMATHUB.

MarepuaJjbl 4 METOBI.

Mertonosiorust paboThl ONMUPAETCS HA MPUHLUIBI CTPYKTYPUPOBAHHOIO JINTEPATYPHOIO
0630pa mo PRISMA-2020 ¢ nomosHeHHSAMHA TSI TPEIMETHOW 00JIaCTH SKOJIOTHIECKOHN OICHKH.
ITouck mpoBoamiics B 6a3zax Scopus, ScienceDirect, MDPI, SpringerLink 3a nepuoz suBaps 2014
— anpenb 2025 roma ¢ ucnosnb3oBaHueM Jornueckux 3ampocoB Buya: TITLE-ABS-KEY
(environmental impact assessment OR Leopold matrix OR life cycle assessment) AND (IT project
OR "digital project OR green IT OR artificial intelligence).

[Tocne ynanenus ayOIuKaTOB M MPUMEHEHUS KPUTEpHUEB 0TOOpaA (S3bIK — AHTIMHCKUIA,
PYCCKUH, Ka3aXCKUH; MUTHPYEMOCTh > 3 JUIsl CTaTel crapiie TpEX JIeT; 00s3aTeIbHOS HATNIHE
METOAOJIOTMYECKOr0 omnucaHusi) u3 487 mepBOHAyalbHBIX 3amuceil Obulo ocTaBieHO 32
peleH3UpYEMBIX MyOIMKauK. [[OMOTHUTEIHHO MPOaHATHM3UPOBAHBI CEMb MEXTYHAPOIHBIX H
HalMoHanbHBIX cTa”gaproB: ISO 14001:2015 «Environmental management systems», ISO
14040:2006 «Life cycle assessment — Principles and framework», GRI 300-s1 cepus
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(Environmental Standards), KouBenmuss Ocmo 1991 roma, Equator Principles 4 (2020),
Dxonoruveckuii koaekc Pecryonuku Kazaxcran 2021 rona, Konnenmus «3enénas sxonomuka PK
2050».

AHanuTHuecKas Mmpoueaypa cocTosuia u3 Tpéx sranoB. Ha mepBoM sTame mo Kaxaomy
HMCTOYHHUKY (PUKCHUPOBAIIUCH: THUIT METO/a (KaUYECTBEHHBIHN / KOMMYEeCTBEHHBIN / rTuOpuanbiii / -
YCHUJICHHBIH), OXBaThIBaeMble KOMIIOHEHTBHI OKpYKarwouei cpenbl (atmocdepa, ruapocdepa,
mutocdepa, Omochepa, anTpomochepa), creneHp (popmanuzanuu (BepOaibHAs, TaOJIMYHAS,
MaTeMaTH4ecKasl), YpPOBEHb aBTOMAaTH3alluu (pydHas, TaOMUYHBIN KaJbKyIsATOp, BeO-
npunoxkenue, M-arent). Ha BTopoMm sTane MeTopl rpynIUpPOBAINCH B KIACTEPhI; HA TPEThEM
JTame KIacTepbl CPABHUBAIKUCH 1O JBYM HHTETPAIbHBIM TPHU3HAKAM: HHJIEKCY TOKPBITUS
(Coverage Index, CI) u onepannonansHoit 3penoctu (Operational Maturity, OM).

Coverage Index onpenensiiicst Kak 10Jis yYUTHIBAEMBIX KOMIIOHEHTOB OKPY>KaIOIIeH cpeibl
ot st Bo3MoxHBIX: CI = m/5. Operational Maturity — sxcnieptHO 1o 1ikaze [0; 1] Ha ocHOBe
4yeThIpéX Kpurepuen: dopmanuzanus anropurma (0,25), crannapruzanus uaaukaropos (0,25),
Hajmuure mnporpamMMmHor peanmmzanuu  (0,25), Hammume mnpakTudeckux kedcoB  (0,25).
TpuaHTynsusl BBIOJIHAJACH 32 CYET COIMOCTABIICHUS JAaHHBIX HAYYHBIX MyOIuKanmuii ¢
HOpMAaTHBHBIMHU NokyMeHTamH u TexHudeckumu otuétamu IEA, GRI, UN ECE; Cohen's kappa
MEXIy IByMs KojupoBirkamu = 0,84.

[TonsTHe «3KOJOTHYECKass IIEHHOCTh TpoekTay. TepmuH «environmental value of a
project» Bomén B akagemuueckuid obopor B cepemuHe 1990-x romoB B pabortax Costanza c
coaBTOpaMH MO dKocucTeMHbIM ycimyram (Costanza, 1997: 254). B ymnpaBieHuu NpoeKTaMu
KOHIICTIIUS ToTy4miia pa3Butue B padorax Silvius (2017: 1483), Marcelino-Sadaba (2015: 110),
Bertoni (2020: 6), kOTOpble pacCMaTPUBAIOT YKOJOTUYECKYIO IIEHHOCTh KaK OJTHO W3 U3MEPCHHMA
oO011el IEHHOCTH MPOEKTa Hapsily ¢ SKOHOMHUYECKUM U couuanbHbIM. [IpumenutensHo xk UT-
MPOEKTaM 3KOJIOTHYECKas IEHHOCTh OIpelessieTcsl KaK «COBOKYNHBIM BKJIAJ IPOEKTa B
COXpaHEHHE M YIIYUIICHHE COCTOSHHS OKPYXKAIOLIEH cpelapl Ha BCEX ATanax €ro >KU3HEHHOTO
UKJIa, U3MEPSEMBIN MO HECKOJbKUM KOMIIOHEHTaM OKpPYXalollel cpelbl U COMpPOBOKIAEMbII
JOCTAaTOYHO HU3KHM COOCTBEHHBIM YKOJIOTUYECKUM CIIEZIOMY» (aBTOpCKast (GOpMYITUPOBKA).

Marpuna Jleononbaa. Metoa, npemyioxennsiid JIlrorepom JleononsaoM U coaBTOpamu B
1971 rony nns myxn ['eomoruueckoit cmyk0n1 CILIA (Leopold et al., 1971), cran ogaum u3
HauOosiee pacrpocTpaHéHHBIX HHCTpyMeHTOB EIA. Matpuia npencraBiseTr co0oil TByMEpHYIO
Ttabnuiy pasmepHoctd 100x88: Mo ropu3oHTanu — THUIBI MPOEKTHBIX BosaercTBuil (100
KaTerOpUi: CTPOUTENBCTBO, OSKCIUTyaTalMs, YTHIN3ALUsA), 1O BEPTUKATH — KOMITOHEHTHI
OKpYyXarorie cpenbl (88 kaTeropuii: Ka4ecTBO BO3yXa, MOYBBI, OMOJIOTHYECKOE pa3HOOOpasue).
Ha mnepeceueHusix 3KcCrepThl TPOCTABIAIOT JBE OIECHKKM B nuamazone [l1; 10]: Beaumumny
BozaeiicTBus (Magnitude) u ero 3Haunmmocts (Importance). MtoroBas skonoruueckas OIeHKa
MPOEKTA CKIAJbIBACTCS U3 Mpou3BeeHUi M X | mo BceM siueiikam ¢ BO3MOKHOCTBIO PA3JIOKEHHUS
M0 KOMIIOHEHTaM U BUJaM BO3JeiicTBHil. HecMOTpst Ha BO3pacT MeTo/a, €ro akTyaJlbHOCTh HE
cHu3mIack: B 0030pe Pavlickova (2013: 8) mokazano, uto marpuia Jleormonbaa octaérest 6a30BbIM
uHctpymeHToM EIA B 40 % npouenyp B crpanax OOCP.

CunbHBIE CTOPOHBI MaTpHUIBl Jleomonbaa — HATIATHOCTh, OTCYTCTBHE TPEOOBaHHS K
BBICOKOMY YPOBHIO (opManu3aiuu, JETKOCTh KOMMYHUKAMU C He-3kcrepTamu. CrnaObie
CTOpPOHBI — CyOBEKTHBHOCTH OlleHOK Magnitude u Importance, OTCyTCTBHE KOJHMYECTBEHHBIX
eIVHUI] U3MEPEHUS, OTPAaHUYCHHAs CPABHUMOCTh MEX]y MPOEKTaMu. JTH CcIa0O0CTH 4aCTUIHO
MPEOJI0JICBAIOTCS B COBPEMEHHBIX «PaCIIMPEHHBIX» Bepcusix MaTpuisl: weighted Leopold matrix
(c Becamu kKOMIIOHEHTOB), fuzzy Leopold matrix (c Heuétkumu onienkamiu), digital Leopold matrix
(c mporpaMMHO¥ MOAEPKKON 1 aBTOMAaTU3UPOBAHHBIM arperupOBAHUEM ).

Onenka xuzHennoro mukna (LCA). Meton, dopmanuzoBanubsiii B ISO 14040:20006,
paccMaTpUBaEeT SKOJIOIMUECKYI0 Harpy3Ky IMPOIyKTa WK IPOEKTa Ha BCEX dTanax: 100bI4a ChIpbs,
MIPOU3BOJICTBO, HCTONb30BaHue, yruinn3amnus. LCA BkirodaeT yeTsipe (asbl: onpeneseHue enu
u obnactu uccnenosanus (Goal & Scope), maBenrapusanus (Life Cycle Inventory, LCI), onenka
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BozneiictBus (Life Cycle Impact Assessment, LCIA), uarepniperamnus. Jns UT-nmpoektor LCA
0COOCHHO Ba)KHA HA 3Tarle OIEHKHU DKOJIOTUYECKOW HArpy3KH 000pyIOBaHUS U MHPPACTPYKTYPHI
(data centers, ceTeBoe 000OpyAOBaHHE, MOJIB30BATEIHCKAE YCTPONCTBA). OMHAKO KIACCUYECKUN
LCA TpynoéMoK: TUIIOBOE UCCIIEJOBAHUE 3aHUMAET 3—6 MEeCSIeB SKCIIEPTHON pabOoThl U TpeldyeT
noctymna k LCI-6a3am nannsix (Ecoinvent, GaBi).

Pacuér yrnepoanoro cnena. Cormacno metononorun GHG Protocol (Greenhouse Gas
Protocol Corporate Standard, 2015), BEIOpOCH MApHUKOBBIX Ta30B Pa3ICISIOTCS HA TPU 00JIACTH:
Scope 1 — mpsiMble BBIOPOCHI OpraHU3aIiy; Scope 2 — KOCBEHHBIE BBIOPOCHI OT TOTPEOICHUS
ANEeKTpOodHEeprun; Scope 3 — Mpoyue KOCBEHHBIE BBIOPOCHI (BKJIIOYAsl MOCTAaBUIMKOB U
nonp3oBareneit). s UT-npoekroB Hanbosee 3Ha4nMMbI Scope 2 (moTpebiieHue 3JIeKTPOIHEPTHH
cepBepoB) u Scope 3 (mpou3BoACTBO M yTrim3aius obopynoBanus). Coefficient-based meroas
pacuéra CTaHIapPTU3UPOBAHBI U JIETKO MOJIAI0TCSI aBTOMATH3AIUH.

MCDA-rubpuaabsie MeToabl. METObI MHOTOKPUTEPUATHLHOTO aHATN3a TPUMEHSIOTCS TS
WHTETpaIli PAa3HOPOJHBIX 3KOJOTHYECKUX HWHAWKATOPOB B EIWHBIA ToOKa3aTenb. Hamboiee
pactipoctpanensl AHP-TOPSIS, PROMETHEE, ELECTRE, fuzzy AHP. Ilo nanuemm Cinelli
(2021: 75), B uccnenoBanusix sxonorudeckoii orenku nons AHP-TOPSIS cocrasisier 36 %, fuzzy
AHP — 19 %, PROMETHEE — 13 %. I'uOpuansiii noaxon «Jleomonsa + AHP-TOPSISy»
npHOOPEN MOMYJISPHOCTh B MOCIEIHUE TSTh JIET: OH MO3BOJSET MPEOJ0JIETh CYOBEKTHBHOCTh
Jleononbaa 3a cy€T hopMaTM30BaHHOTO ONIPEACIICHHS] BECOB KOMITOHEHTOB uepe3 AHP.

NHN-meTonwr skonorunueckoi oneHku. C MOSIBICHHEM METOJIOB TITyOOKOTO OOy4YeHHS H
OOJIBIITUX SI3BIKOBBIX MOJIEeH BO3MOXKHOCTH aBToMmaru3anuu EIA cymecTBeHHO pacHIupHiInCh.
Mihai (2022: 14) mnokazana »s¢dekTuBHOCTS convolutional-neural-network-moneneit ans
KJaccu(puKaluyu CIyTHHKOBBIX CHUMKOB TPU OLICGHKE Jerpananuu 3emenb. Wang (2023: 1078)
peanusoBan NLP-areHTa s aBTOMaTHYE€CKOTO HM3BJICUCHHUS KOJIOTMYECKUX WHIUKATOPOB W3
EIA-otuéroB Ha anrmuiickoM si3bike (F1=0,83). Zhao (2024: 6) npennoxun generative-Al-arenra
JUIs cocTaBieHus: yepHoBuKa EIA Ha ocHOBE TEXHUYECKHX Cenn(UKAIIUI POEKTa; SIKCIIepTHAS
orieHka kauectBa — 4,2 u3 5. TH paboThl GOPMHUPYIOT OCHOBY JJIS IPEIJIAraeMOTO B HACTOSIIEM
uccienoBannu MM-arenra sK0IOrHYeCcKoi olleHKH Ha IUQpoBoil MaTpuile Jleomonpaa.

[IpoGenbl B CyIMIECTBYIOMUX UCCIEAOBAHUAX. TPH KITFOUEBBIX MTpolesa COXpaHsroTcs: (a)
OTCYTCTBYeT yHu(uIMpoBaHHass 1udpoBas Bepcus Marpuilel Jleomonbaa, CHeUATBHO
amantupoBadHas Kk UT-npoekram; (6) M-unctpymentsl EIA pa3BuBaroTcst pa3po3HEHHO U HE
WHTETPUPOBAHBI B OOIIYI0 METOAMKY OLEHKH; (B) POCCHUHCKOS3BIYHBIE U Ka3aXCTAaHCKUE
UCCJIEIOBaHMs N0 Teme ManouucieHHbl (3a 2014-2025 roasl — nump 7 myOnMKanuii), 4To
dbopMupyeT pervoHanbHBIA HCcIeAoBaTeIbCKUN mpoden. Hacrosimas crtaThs oTBe4YaeT Ha
npoOersl (a) ¥ (B) Ha KOHIIETITYaJIbHOM YPOBHE.

Pe3yabTaTsl 1 00cy:KaeHMe.

CucremaTtu3zanusi METOAOB B ueThlpe kiactepa. [lo pesynbraram o630pa 32 nybaukanuu
pacrlpenenuiInch Mo YeThIpEM KiacTepaM CJleayouM o0pa3oM: KaueCTBEHHBIE METOIbI
(JIeomonba, yek-nMCThI, SKCIEPTHBIE MIKaJbl) — 8 myOnukanuii (25 %); KoMUM4eCTBEHHbIE METO/1bI
(LCA, GHG, unnekcs! 3arpsizaenusi) — 10 (31 %); MCDA-rubpuansie (AHP-TOPSIS, fuzzy
AHP, PROMETHEE) — 9 (28 %); U-metonsr (ML/DL/LLM-arentsr) — 5 (16 %). CpaBHeHUE
knacTepoB mo uHAekcy nokpeitus (CI) u omeparnmonanbHoi 3penoct (OM) mpeactaBieHoO B
tabnuue 1.

Tabmumna 1 — CpaBHeHUE KJIacTepOB METOJOB OIEHKU 3Kojorndeckoil neHHoctu MT-
npoektoB [Comparison of method clusters for environmental value assessment of IT projects]

Kuacrep TunuuHble MPEICTABUTEIN CI OM Jlosst B BBIOOpKE,
%
KauecTBeHHBIC Martpuna Jleononbaa, 4eK-IUCTHI 0,80 0,55 25
KonunuectBeHHbie LCA (ISO 14040), GHG Protocol 0,75 0,70 31
MCDA-rubpunnsie AHP-TOPSIS, fuzzy AHP, PROMETHEE 0,85 0,60 28
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HNU-metonst ML/DL/LLM-arents1, NLP no EIA 0,90 0,55 16
I'nbpun «Jleononsn + | Ludposoii Jleononsa + Al-arent 0,90 0,71 —
NN» (mpemnaraeMsiit)

13 tabmuipl 1 cnemyeTt, YTO HU OJIUH U3 «YUCTBIX» KJIACTEPOB HE JIUJUPYET OHOBPEMEHHO
no o0OMM HWHTErpaJbHBIM mpHu3HaKaMm. KauectBeHHbie meToasl (Jleomomnba) obecriedmBaroT
npuemiemoe nokpsitue (CI = 0,80), Ho cnabwl o 3penoctu. KonmnuectBeHusie Metosl (LCA)
BBICOKO3pENbl 10 aJIroputMy, HO 3arpartHbl B peanmuzauuud. MCDA-ruOpuabl cuiabHBI 110
HOKPBITUIO, HO TPeOYIOT 3HAUUTENBHBIX SKCIEPTHBIX pecypcoB. MM-mMeTonbl NepCneKTUBHBI 110
MOKPHITHIO, HO OIEpalnuoHaibHO He3penbl. [Ipemraraemas ruOpuaHas cxema «IU(POBOM
Jleononpn + MHM-arent» nocruraer CI = 0,90 u OM = 0,71 — Hannyummii pe3ynbTar, 4To U
000CHOBBIBaET €€ BHIOOP [ NajbHEIel pa3paboTKH.

JlekoMmo3unus oxBaTa MO KOMIIOHEHTaM OKpy»katomel cpeabl. [lomHoTa oxBara msTu
KOMITIOHCHTOB OKpy»aromiei cpeasl (atmocdepa, ruapocdepa, murtochepa, Ouocdepa,
aHTporocdepa) B pazpes3e KIacTepOB METO/I0B: KaUeCTBEHHBIE METO/IbI TIOKPBIBAIOT B CpeHEM 4
u3 5 komnoHeHToB (JIleononba — Bee 5); konmuuectBenHbie — 2—3 (LCA B ocHOBHOM atMmocdepa
u nmutocepa); MCDA-rubpuast — 4; U-meToapl — 45 (3aBUCHUT OT MOAa4u). ITO 3HAUUT, YTO
Jleononsa u MM-meTo 61 Hanboee yHUBEPCATbHBI B TOKPBITUH KOMIIOHEHTOB, YTO MOBBIIIAET UX
CHUHEPTHIO.

Hudposuzamus matpunsl Jleononsaa. Hudposas Bepcust matpuisl Jleononsaa (digital
Leopold matrix, dLM) npeacrapusieT cod60i MporpaMMHYyI0 pearu3alnio KIacCCHUeCKONH MaTpHUIIbI
C MATHIO KITFOYEBBIMU paciirpeHusiMy: (1) MHTepaKTUBHBINA BBOI OlleHOK Magnitude u Importance
C aBTOMaTHUYEeCKOM mpoBepkoii rpanul [1; 10]; (2) moanepKka SKCIEPTHBIX BECOB KOMIIOHEHTOB
yepe3 AHP; (3) aBTomaTtnueckuit pacu€T arperupoBaHHBIX IOKa3aTelied MO0 KOMIIOHEHTaM H
BUJaM Bo3zeiicTBuii; (4) Bu3yanm3amus B Buie TtemiaoBod kapTel (heatmap); (5) skcmopt
pe3ynbratoB B (opmar, coBmecTuMbii ¢ ESG-oTuérHOCTRIO. B Tabmume 2 mpencraBieHa
CTPYKTypa LudpoBoit Marpuibl Jleononsaa, anantuposanHas k M T-npoexram.

Tabmuma 2 — Crpykrypa 1mudpoBoii Marpuinbsl Jleomonsaa, amantupoBanHod k MT-
npoektaM [Digital Leopold matrix structure adapted for IT projects]

KommnoneHt cpezst IToaKOMITOHEHTBI Tuns! Bo3aerictBuit UT-npoexTa IlIxana oueHku
ATmocdepa KagecTBo BO31IyXa, BHIOPOCHI [MoTpeGienne snekTposHepruu cepsepos, | M, I € [1; 10]
CO2, mym OXJIAKICHUE
T'unpocdepa Bopomorpebiienne, crouHbIe OxJaxieHue aTa-LeHTPOB, M, 1€[1;10]
BOJIbI BoJj0COepeKeHNE B CMapT-CUCTEMax
JIutocdepa ITouBbl, TBEpABIE OTXOBI, €- Vrunusanus obopynosanus, pusndeckas | M, I € [1; 10]
waste HHpaCcTpyKTypa
Buocdepa Buopasnoobpasue, sxocucremsl | KocBeHHOE BiHsiHME uepe3 M, 1€ [1;10]
HHDPaCTPyKTypy U IOTpedIIeHHE
SHEPruu
Amntponocgepa 3nopoBbe, TaHAmAdT, VYcnoBus Tpyza, udposast HHKITIO3HS, M, 1€[1;10]
KyJbTypa ESG-penyranus

ArperupoBaHHas SKOJOTHYECKasl IIEHHOCTh MpoeKkTa B IudpoBoil matpuiie Jleomompaa
onpeneisieTcsl Kak B3BEIIEHHas cyMMma npousBeaeHuil Magnitude X Importance mo Bcem
KOMITOHEHTaM:

VEw=Xcwc - EC@G)Mi-1i)c/Nec, Xcwc=1,

/1€ C — UHJEKC KOMIIOHEHTa OKpYy arollei cpeipl (5 KOMIIOHEHTOB); W_C — 3KCIEPTHBIN
BEC KOMIIOHEHTa, moixy4eHHbI MeTogoM AHP; M _ij u [ ij — oOlleHKHM BEeJIHMYMHBI U 3HAYUMOCTHU
BO3JCUCTBUS s stueiiku (i, j) B TMOAMATpHIe KOMIIOHEHTa C; N ¢ — HOPMHUPOBOYHBIN
K03 puumeHT (Yuciao 3anoiaHeHHbIX sueek X 100). 1o 1aéT conocTaBUMYIO MEX1y MPOeKTaMU
mkany V_Env € [0; 1].
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Pons UM-arenta. MM-areHT 3KOJIOTHYECKON OIEHKH, WHTETPUPOBAHHBIN ¢ IU(POBOI
Mmatpuielr Jleomonbaa, BeIMONHAET 4eThipe (QyHkmuw: (1) aBTOMaTHYECKOe MpPEN3aroTHeHHE
Magnitude u Importance Ha ocHoBe mnacmopra mpoekta W LLM-BBIBOJOB M3 TEKCTOBBIX
TOKYMEHTOB (project charter, Texuudeckue crenupukanun); (2) MpoBepKa COTIACOBAHHOCTU
SKCTIEPTHBIX OIICHOK W CHTHAJW3amusa O BhIOpocax; (3) cpaBHEHHE TEKYIIEro MpoekTa ¢ 0a3oi
uctopuueckux EIA-kelicoB u npeioxkeHne aHaiaoros; (4) renepanus yepHoBuka EIA-oTuéra Ha
OCHOBE 3aIlOJTHEHHOW MaTpuilbl U pacu€toB LCA.

Apxutekrypa MH-arenta npeamnonaraeT 4eThIpEXCIoiiHyI0 CTpyKTypy: data layer (6a3a
EIA-xeticoB u LCI-nannpix); LLM-layer (Llama-3-8B wnu GPT-4 nns NLP); reasoning layer
(AHP-TOPSIS + dLM pacuétsi); Ul layer (Streamlit-uarepdeiic ¢ BO3SMOKHOCTBIO SKCIIEPTHOM
koppekuun). IlogpoOGHoe omucaHue apXUTEKTypbl BBIXOJWUT 3a pPaMKH HACTOAILIEH CTaTbU U
IpeIaraeTcs B CMEKHOM My OJIMKAIINH.

CpaBaenue co cuenapueM pyunoro EIA. IlpenBapurenbHble OIIEHKH (Ha OCHOBE TPEX
NWJIOTHBIX KEHCOB) MOKa3bIBaIOT, YTO IMppoBas Matpuna Jleomonsaa + UHM-areHT cokpararor
Tpynoémkoctb EIA-nporienypsr ¢ 280 denoBeko-4acoB (KJIACCHUECKHI PYyYHOH MOAX0a) 10 78
4esnoBeKko-yacoB (3,6 pasa), mpu 3TOM CpEAHEE YHCIO IMPOIYIIEHHBIX SYE€EK MAaTpHLIbI
yMmeHnbaercs ¢ 12 % no 4 %. 9To sMOMpUYecKH MOATBEPKIAET TUIIOTE3Y O 3HAYUMOM CHUKEHHUH
TPYAOEMKOCTH MPH LHU(POBU3ALINH.

3akio4eHue.

PeanuzoBana nenp ucciaeaoBaHHS — CHCTEMATHU3MPOBAaHBl CYIIECTBYIOLIME METOJBI
OILICHKH SKOJIOTMYECKON IIEHHOCTH MPOEKTOB M OMpPEEICHbI BO3MOXHOCTH MX HU(PPOBU3ALINU B
ynpasnenuu WT-npoekramu. llens peann3oBana depe3 CTPYKTYpUpOBaHHBIM 0030p 32
nmyOIuKanuil ¥ CpaBHUTENbHBIN aHaJIN3 CEMU CTaHIapTOB.

[losnydyeHbl Tpu OCHOBHBIX pe3yibTara. Bo-NEepBBIX, CYHIECTBYIOIIME METOABI OLIEHKH
3KOJIOTMYECKON IIEHHOCTH CUCTEMATU3UPOBAHBI B YETHIPE KJIACTEPA; YCTAHOBJIEHO, YTO HU OJIMH
U3 «YHUCTBIX» KJIACTEPOB HE JINJUPYET OJHOBPEMEHHO IO MOKPHITHUIO U 3pEIOCTH, TOrJa Kak
rubpunHas cxema «mudposoir  Jleomompny +  HWH-areHT»  gocTHraeT  HaMIYUIIHX
KoMOuHUpoBaHHbIX nokasareneit (CI = 0,90, OM = 0,71). Bo-Bropsix, pa3paboTana cTpyKTypa
nudposoit Marpuiel Jleononpaa, agantupoBanHas kK MT-mpoekraMm, ¢ MATHIO KOMIIOHEHTAMU
OKpy>katomien cpeapl u mkanoit M, I € [1; 10]. B-tpeTbux, copMyIMpoBaHbl METOI0JIOTHYECKHE
TpeboBanus kK UM-areHTy 3KOJIOTHYeCKOM OIEHKH.

l'unoresa o 3HaUMMOM CHIDKEHHH TpynoéMKocTH EIA npu nndpoBr3anuy moarepkacHa
Ha NWIOTHBIX JAHHBIX: COKpALIEHUE TpyAo3aTpar B 3,6 pa3za Ipu OJHOBPEMEHHOM MOBBIIIECHUN
MOJTHOTHI 3aIMOJIHEHUsST MAaTpUIlbl. [lepcreKTHBBl JalbHENIe paboThl BKIIIOYAIOT: (a) MOJHYIO
nporpamMmMHyto peanusanuio MM-arenra; (6) ampobOamuio Ha peaibHBIX KazaxcTaHckmx MT-
MpoeKTax; (B) MHTETpaluio ¢ HallMOHaNbHOU cuctemMoil ESG-oTuéTHOCTH; (T) BalMalivio yepe3
CpaBHEHHME C 3aKJIFOUEHUSIMU CePTUDUINPOBAHHBIX IKOJIOTUYECKUX aYIUTOPOB.

brnaromapuoctu. ABTOp BbIpaXaeT NPU3HATEIBHOCTh HAYYHOMY PYKOBOJIUTENIO
Konecnukosa K. B., mokTop TexHHUeckux-HayK, mpodeccop, 3a KOHCYJIbTAIUA TPH TTOJATOTOBKE
UCCIIEIOBaHUS.
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based on the defence-in-depth principle, including technical, procedural, organizational, and
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AnHoTanusi. 2022 XpUIAaH KEHIH JKacaHIbl MHTEIJICKT TEXHOJOTHUIAPBIHBIH OacKapy
KbI3METIHJE J>Kalmaid Tapanybl YHBIMIApIbIH JKOOANBIK KEHCeNepi KEe3JECEeTiH ToyeKelaep
JmaHAIaQTRIH cammaibl TYpAe 3repTTi. MakalaHbIH MaKcaThl — YKaCaH bl HHTEIIEKTTI )KOOATBIK
KbI3METKE WHTETpalusiay TOYEKEJAEpiH Kyieley »KoHE Ka3ipri 3aMaHfbl XaJbIKapasbIK
CTaHJAPTTap MEH HOPMATHBTIK TallaTapFa HETI3JEITeH MHUTHUTAILUS CTPATETUsIIAPBIHBIH KOII
JeHreini JkyieciH yceiHy. 3epTrey xanblkapanblk craaaprrapasl (ISO/IEC 23894:2023,
ISO/IEC 42001:2023, ISO/IEC 22989:2022), Eyponanbik OaKThIH KacaHabl HHTEIUICKT TYPasibl
pernamentia (EU Al Act, 2024), PMBOK 7-6acbutbiM HYCKaynbIiFbiH, Project Management
Institute, McKinsey Global Institute, Gartner, Deloitte Tanmamanbik ecenTepiH )KOHE aaTOPUTMIIK
JKayanmKepIIUNK TeH TYCIHAIPUIETIH >KacaHAbl MHTEIJIEKT Macenenepi OONBIHIIA FBUIBIMU
oneOMeTTI CabICTRIPMAITBI TANIAy HeTi31Hae opbIHAaNIbl. OH €Ki HEeT13T1 TOYeKeN opKaliChIChIHBIH
BIKTUMAJIJIBIFBI MEH OCEpiH Oaranail OTBIPBIN TOPT CaHATKA (TEXHUKAIBIK, YIUBIMAACTHIPYIIBUIBIK,
STUKAJIBIK, KYKBIKTBIK) >KYHENIEHTeH; «TepeHIikke KopraHy» (defence in depth) xarmmaTeiHa
HET13/Ie/IreH, TEXHUKAJBIK, PACIM/IIK, YHBIMIACTHIPYIIBUIBIK JKOHE PETTEYLIUIIK OaKbuIayiap/ bl
KAMTHUTBIH KOI JICHIeHIl MHUTHTalus YJTICI 931pJEHTEH; TYPaKThl MOHUTOPUHTKE apHaJFaH
TOYEKeN WHAUKATOPJIAPBIHBIH KUBIHTHIFBI YCHIHBUTFaH. HoTiKenep x00abIK KbI3METTE jKaCcaH bl
WHTEJUICKT TOYEKeAepiH OacKapyAblH KEIICH I TOCITIHIH KOJIIaHBICTHUIBIFBIH PacTalIbl.

Tyiiin ce3mep: Toyekenmepni Oackapy, *KacaHAbl HHTEUIEKT, >koOamapabl Oackapy,
ISO/IEC 23894, ISO/IEC 42001, EU Al Act, TepeHmikke KOpraHy, KOHTYpAaFrbl ajam,
ANTOPUTMIIK O1pHKAKTHLUTBIK

Hoiiexco3nep ymin: Peickenmi XK. (2026). Kacanmpl WHTEUIEKT TEXHOJOTHSIAPHIH
KOOABIK KBI3METKE MHTETpalusiay TOyeKeNJIepiH Oackapy: JKIKTEIy JKOHE MUTHIralus
crparerusmapel  //  Kazakcran  enmipic  kemiri. Tom. 23. Ne 90. 72-82 Oer.
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YIPABJIEHUE PUCKAMM UHTETPAIIMU TEXHOJIOT'MA HCKYCCTBEHHOI'O
HUHTEJVIEKTA B ITIPOEKTHYIO JEATEJIBHOCTDb: KTACCUPUKALIUA U
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AHHOTamusi. MaccoBoe pacnpoCTpaHEHHUE TEXHOJOTHI MCKYCCTBEHHOTO MHTEUIEKTA B
yIpaBJIeHYECKOH JesTenbHocTH nocie 2022 roga KaueCTBEHHO U3MEHHIIO JIaHAmA(PT PUCKOB, C
KOTOPBIMU CTAJIKMBAIOTCS MPOEKTHBIE OPUCH opranu3anuii. Llenb ctaThul — cuctemMaTHu3upoBaTh
PUCKH WHTETPAIlMN UCKYCCTBEHHOTO HMHTEJIEKTa B MPOCKTHYIO ACSITENLHOCTh M MPEJIOKHUTD
MHOTOYPOBHEBYIO CHUCTEMY CTpaTe€rMii WX MUTHUTAlMM, OINHUPAIONIYIOCS Ha COBpPEMEHHbBIE
MEXIyHapOIHbIE CTAaHIAPTHI U HOPMATUBHEIE TpeOoBaHus. McciaenoBaHue BHITIOTHEHO HA OCHOBE
CpPaBHUTEIBHOTO aHanmu3a MexayHapoaHslx crangaptoB (ISO/IEC 23894:2023, ISO/IEC
42001:2023, ISO/IEC 22989:2022), Pernamenra EBpomeiickoro Coro3a 00 HCKyCCTBEHHOM
unremiekte (EU Al Act, 2024), pykoBoactBa PMBOK 7-ro u3nanusi, aHaTUTUYECKUX OTUYETOB
Project Management Institute, McKinsey Global Institute, Gartner, Deloitte u HayuHOU
JUTEpaTyphl 1O NPoOJeMaTHKE aIrOPUTMUYECKOW OTBETCTBEHHOCTH M OOBSICHUMOIO
HCKYCCTBEHHOT'O MHTEeIeKTa. CHCTEeMaTU3UPOBAHBI JBEHAANATH KIIFOUEBBIX PUCKOB IO YETHIPEM
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KaTeropusaM (TeXHUYECKre, OpraHu3aliOHHbIE, STHYECKHE, IPABOBBIE) C OLIEHKOI BEPOSITHOCTH U
BO3,Z[€I>1CTBH$I KaXxXa0ro, pa3pa60TaHa MHOT'OYpOBHEBasA MOACIIb MUTHUTI'AllUH HA OCHOBC IPUHIUIIA
«anmuTtel B TioyomHy» (defence in depth), Bkimrouaromas TEXHUYECKHE, MPOIEAYPHBIC,
OpPraHU3aIMOHHBIE M PETYJATOPHBIC KOHTPOJIM; MPEUIOKEH HaOOp MHIUKATOPOB pPHUCKA IS
PEryasipHOrO MOHUTOPHHTA. Pe3ynbTaThl MOATBEPKAAIOT IPUMEHUMOCTH KOMILJIEKCHOTO MOIX0Aa
K YTIPaBJICHUIO PUCKaMH UCKYCCTBEHHOTO MHTEIUIEKTa B IPOSKTHON JIEATEIILHOCTH U (POPMHUPYIOT
OPUEHTHPHI [ TOCIIETYIONINX UCCIIEOBAHUMN.

KiroueBble cii0Ba: ynpaBieHUE PUCKAMU, MCKYCCTBEHHBIN WMHTEJUIEKT, YNpPAaBICHHE
npoektamu, ISO/IEC 23894, ISO/IEC 42001, EU Al Act, 3amura B TiTyOHHY, 4€JIOBEK B KOHTYPE,
AJITOPUTMHUYUCCKA NPCAB3ATOCTD

Jas  uutupoBanusi: Peickenau K. (2026). VYmpaBineHue puckamu HHTETpaIdn
TEXHOJIOT U HCKYCCTBCHHOI'O HMHTCIIJICKTA B IIPOCKTHYIO ACATCIIBHOCTDL: KJIaCCI/I(I)I/IKaL[I/ISI )41
crparerun muturanuu // [lomeimuiennsii TpancopT Kazaxcrana. T. 23. No. 90. Ctp. 72-82.
https://doi.org/10.58420/ptk/2026.90.02.006 (Ha pycc.).

KoHn(aukT uHTEpecoB: ABTOPHI 3asBJISIOT 00 OTCYTCTBUH KOH(IMKTAa HHTEPECOB.

Beenenue.

VYnpaBieHue pHCKaMH OTHOCHTCA K YMCIy (PyHAaMEHTaIbHBIX 00JacTel NMPOEKTHON
JIeATEITLHOCTH M 3aKPEIJICHO B OOJIBIIMHCTBE MK IyHapoaHbIX cTaHaapToB: PMBOK Guide 7-ro
mznanus, PRINCE2, ISO 21500:2021. Opnako MaccoBOo€ paclpOCTpaHEHHE TEXHOJIOTUM
HMCKYCCTBEHHOTO MHTEJUIEKTA B YIIPABICHUYECKOM JesaTenbHOCTH mociie 2022 rona, CBA3aHHOE C
NOSBICHMEM OOJIBIIMX S3BIKOBBIX MOJIENEH M CHCTEM T'€HEpaTMBHOTO HCKYCCTBEHHOI'O
MHTEJUIEKTa, KAYECTBEHHO U3MEHMIIO XapaKTep PUCKOB, C KOTOPBIMH CTAJIKMBAIOTCS POEKTHBIE
oucel oprannzanuii. Bo3HUKIM HOBbIE KaTErOpUH yrpo3, He MPpeyCMOTPEHHbIE KITAaCCUYECKUMHU
peecTpaMu PHUCKOB: aJTOPUTMUYECKHUE HCKAXKEHHUS, «TaUTIOLUHALMNY) OOJIBIIMX S3BIKOBBIX
MoJieNiel, HapylleHHe NPUBATHOCTH IpH MpUMEHEHHHM cucteM people analytics, mpaBoBas
HEOIPEAeIEHHOCTh B OTHOIIEHHMM OTBETCTBEHHOCTH 3a pPEIIECHUs, IMPHUHATBIE C Yy4acTHEM
UCKyCcCTBEHHOT0 MHTeIekTa (Brynjolfsson, 2022: 274).

AKTyanpHOCTb TE€MBI ONpEAesseTcs TpeMs OOCTOSATENbCTBAMHU. Bo-NepBbIX, COINIacHO
otuéty McKinsey 3a 2024 rox, 10 47% COTpYAHUKOB BBIPA)KatOT TPEBOT'Y OTHOCUTEIBHO BIMSIHUS
HCKYCCTBEHHOI'O MHTEJUIEKTA Ha UX paboTy, 4TO cO34a€T cepbE3HbIE OPraHU3aLMOHHBIE PUCKU
COIIPOTHUBJIEHUS] M3MEHeHUsM. Bo-BTopbiX, npunatue B 2024 rony Pernmamenrta EBponeiickoro
Coro3a 06 nckyccrseHHoM nntemekre (EU Al Act) u ctanmapra ISO/IEC 42001:2023 «Cuctema
MEHEJKMEHTa HCKYCCTBEHHOI'O MHTEIUIEKTa» C(HOPMHUPOBAIIO HPUHIMIHAIBHO  HOBYIO
HOPMAaTUBHYIO Cpeay, TpeOyloIlyl0 OT OpraHu3aluid IepecMoTpa MOJUTUK U TPOLELyp
NPUMEHEHUs] UHTEUIEKTYaJbHBIX TeXHoJoruil. B-tpetpux, B Pecnybnuke Kazaxcran npunsra
Konuenmus pa3Butus HCKyccTBeHHOro wuHremiekra Ha 2024-2029 ronel, ompezensromas
pa3BUTHE MHTEIUIEKTYAJIbHBIX TEXHOJOIMH KaK CTpAaTerH4ecKUil IPUOPUTET, YTO 00YCIOBIUBAET
HE00X0IMMOCTh (HOPMUPOBAHHS HAITMOHATBHON METOIOJIOTUH YIIPABICHHSI COOTBETCTBYIOIUMH
PHCKaMHU.

OOBEKTOM HCCNEOBAHNS BBICTYNAET MPOLECC YIPABIEHUS PUCKaMU B TPOECKTHOU
NeSATEIbHOCTH B YCJIOBHUSAX MHTETpallMd TEXHOJIOIMH HCKYCCTBEHHOro HHTemekTa. IIpeamer
UCCIICIOBAaHNST — KJIACCH(HUKAIMs PUCKOB M CTPATETHH WX MUTHTAllMA TPUMEHHUTENBHO K
pa3IuYHbIM (a3aM )KU3HEHHOTO IIUKJIA IPOEKTa U YPOBHAM MIPUHATHS YIIPABICHUECKUX PEIICHUI.

Henp paboThl — cUCTEMATU3UPOBATh PUCKU MHTErPALMU UCKYCCTBEHHOIO MHTEIIJIEKTA B
HPOEKTHYIO JEeSITEIbHOCTh U NMPEITI0KUTh MHOTOYPOBHEBYIO CUCTEMY CTpaTeTruil MX MUTHTALUH,
ONMPAIOUIYIOCS] HA COBPEMEHHBIE MEXKAYHApPOJHbIE CTAaHIapThl 1 HOPMAaTUBHbIE TPEOOBAHMUS.

3amaun  UCCIEAOBaHMS: IMPOAHAIM3UPOBATh KOHIIENITYaJbHBIE OCHOBBI YIPaBJICHUS
pUCKaMU B MMPOEKTHOM AESITEIbHOCTH B YCIOBUAX NPUMEHEHUS HHTEIJIEKTYyaIbHBIX TEXHOJIOTHIA;
CHUCTEMaTH3HpOBAaTh  KJIIOYEBbIE  PUCKM IO  YETHIpEM  KaTeropusM  (TEXHUYECKHE,
OpraHu3aIMOHHBIC, STHYECKUE, TPABOBBIC) C OIICHKON BEPOSITHOCTH M BO3JIEHCTBUS; pa3paboTaTh
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MHOTOYPOBHEBYIO MOJI€JIb MUTUTAIlMM HA OCHOBE NPHUHLHUIA «3alIUThl B T[IyOUHY»;
chopMyaHpoBaTh HAa0OpP WHAMKATOPOB pPHUCKA JJIS PEryJIspHOTO MOHUTOPHHTA; 000OUIUTH
TpeOOBaHUS NEUCTBYIOIIMX MEXKIYHAPOIHBIX CTaHIAPTOB UM HOPMATHUBHBIX aKTOB K CHCTEME
yIpaBJICHUS] pUCKAMHU UCKYCCTBEHHOTO MHTEJUICKTA.

l'unore3a wucciaenoBaHus: NPUMEHEHUE KOMIUIEKCHOW MHOTOYPOBHEBOM CHUCTEMBI
MUTHTAIllMM PUCKOB, OXBATHIBAIOUICH TEXHUUYECKUE, NPOIEAypHbIC, OpPraHU3AlMOHHBIE H
PEryJSTOpPHbIE KOHTPOJHU, OOECIeYMBAET CYIIECTBEHHOE CHIKEHHE COBOKYIHOIO pHCKa
MHTETPAllil HMCKYCCTBEHHOTO HWHTEIUIEKTa B MPOCKTHYIO JAEATENIbHOCTh MO CPAaBHEHUIO C
¢dbparMeHTapHbIM IPUMEHEHUEM OTAEIBHBIX KOHTPOJIbHBIX MEXaHU3MOB.

MeTtoapl uccleAOBaHUs: CUCTEMHBIN aHAIN3, CPABHUTEIBHBIA aHaIN3 MEXIyHAapPOIHbBIX
CTaH/JapTOB M HOPMATHBHBIX aKTOB, KJIAcCHU(UKAIUS PUCKOB MO MaTpUIE «BEPOSTHOCTb—
BO3/ICHUCTBHE», METOJ] JEKOMITO3UIIMU CTPATETHii MUTUTALIMU 110 YPOBHIM KOHTPOJIEH, KOHTEHT-
aHAJIN3 HAy4YHOH JINTEPATyPhl U aHAJTUTHYECKUX OTYETOB MEXKITYHAPOAHBIX OpraHU3aIuil.

MarepuaJibl 1 METO/bI.

MartepuanaoM HcCCI€IOBaHUS TOCTYXKWUJIM TpPU TPyNmbl HUCTOYHHKOB. IlepBas —
NEHCTBYIOIIME MEXAyHApOJIHBIE CTaHAApThl B OOJIACTH  yNPABJICHUS HCKYCCTBEHHBIM
uHTeuiektom u npoektamu: ISO/IEC 22989:2022 «Information technology — Artificial
intelligence — Artificial intelligence concepts and terminology», ISO/IEC 23894:2023
«Information technology — Artificial intelligence — Guidance on risk management», ISO/IEC
42001:2023 «Information technology — Artificial intelligence — Management systemy», ISO
21500:2021 «Project, programme and portfolio management — Context and concepts»,
pyxoBozactBo PMBOK Guide 7-ro nznanus, PRINCE2 7-ro u3nanus. Bropass — HOpMaTHBHbIE
npaBoBbie akThl: Permament EBpomneiickoro Coro3a 00 uckycctBenHoM uHTeIekTe (EU Al Act,
2024), 3akon Pecrybnuku Kazaxcran «O mepcoHANBHBIX JaHHBIX M WX 3amuTe», KoHnemnus
pa3BUTHS UCKYCCTBEHHOTO MHTELIeKTa B Pecniybnuke Kazaxcran va 2024-2029 roasr. Tpetbst —
aHATUTUYECKHE OTYETHI MEKIAYHAPOAHBIX oprann3auuii: Project Management Institute (Pulse of
the Profession 2024, Al in Project Management: A Practical Guide), McKinsey Global Institute
(The State of Al in 2024), Gartner (The State of Al in Project Management 2025), Deloitte Insights
(State of Generative Al in the Enterprise, 2024), Stanford Institute for Human-Centered Al (Al
Index Report 2025).

B metoauueckoM ammapaTe MpUMEHEHBI YeThIpe TpymIbl MeTonoB. [lepBas — meTozbl
CTPYKTYpPHOTO aHalu3a: KiIacCU(UKalUs PHUCKOB IO TUIY HCTOYHHUKA (TE€XHOJIOTHYECKHIA,
YEJIOBEUECKUI, OpraHu3allMOHHBINA, PETYJATOPHBIM), IO YPOBHIO TPUHATUS pEILICHUs
(omepanvoOHHBINA, TAKTHUUECKHM, CTpaTernueckuii), mo ¢azaM >KHU3HEHHOTO IHUKIA MPOEKTa
(MHUIMANKSA, TUTAHUPOBAHKE, MCIIOIHEHIE, MOHUTOPHHT M KOHTpPOJIb, 3aBepiieHue). Bropas —
METOJIbl aHANIM3a PHUCKOB: PEECTp PHCKOB, MaTpHIla «BEPOSTHOCTH—BO3ACWUCTBHUEY», aHAIH3
KOpPHEBBIX NpHUYuH (root cause analysis), creHapHblii aHanu3. TpeTbsi — METOABl CHHTE3a
CTpaTeruii MUTHTAIlUU: JEKOMIIO3HIIUS TI0 YPOBHSM KOHTPOJEH B COOTBETCTBUU C MPHUHIIUIIOM
«3amuTel B r1youny» (defence in depth), ¢popmupoBanue miuana pearupoBaHus, pa3zpadoTka
WHANKATOPOB PAaHHEro MpenynpexaeHus. UeTBépras — METOIbl CPABHUTEIBHOIO aHaIH3a:
COTIOCTaBJICHHE TPEOOBAHMH MEXKIYHAPOIAHBIX CTAHAAPTOB W HOPMATHBHBIX aKTOB, BBISBIICHHE
o0m1ero siapa u crnenuGUIecKux MoNT0KEHHH.

CucremMaTu3alis pUCKOB BEITIOJTHEHA B COOTBETCTBUU ¢ NpuHIMIaMu ctanaapta ISO/IEC
23894:2023, kOTOpbIHA OMmpenensieT PYKOBOJACTBO IO YIPABICHUID PUCKAMH HCKYCCTBEHHOTO
MHTEJIJIEKTA U MHTETPUPOBAH ¢ 001uM cTtanaapToM puck-meHemxmenta ISO 31000:2018. Onenxka
BEPOATHOCTH W BO3ACUCTBHUA KAXKIOTO pHCKa TMpOBeIeHA IO TPEXYPOBHEBOW IIKale
(HM3Kast/CpeiHssA/BBICOKAsl) HAa OCHOBE aHalM3a MEXIYHApOJHOW TPAKTHKH TPUMEHEHUS
MHTEIJICKTYalbHBIX TEXHOJIOTHI B MPOEKTHOW NEATENBHOCTH M IMyONUKAIHiA 10 mpobieMaTHke
AITOPUTMUYECKON OTBETCTBEHHOCTH.

VYmopaBieHne  pUCKaMH  HMCKYCCTBEHHOTO  HMHTEIJIEKTa  KaK  CaMOCTOSTENIbHAs
UCCIIeIoBaTeNbCKasi 007acTh CPOPMUPOBATIOCH B TIOCIETHHE TISITH JIET B CBSI3M C MacCOBBIM
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pacrpocTpaHEHHEM WHTEIUICKTYaJIbHBIX TEXHOJIOTUH B YIPABICHYCCKON M COIMATHHO 3HAYMMOM
NesITeIbHOCTH. TeMIbl MyOMMKAaIMOHHONW aKTUBHOCTH B JAHHOM 00JIaCTH CYIIECTBEHHO BO3POCIH
HauymHas ¢ 2020 roma u pe3ko yBenudmimch nociie 2022 roma. AHanm3 OMOJIUOMETPUIECKUX 0a3
naHHBIX Scopus m Web of Science mokaseiBaer, 4to K KoHITy 2025 roma COBOKYITHOE YHCIIO
nyOnukanuii mo temMe «Al risk management» mpesbicuiio 3800, mpuuém Gonee 65% u3 HHUX
npuxoautcs Ha nepuon 2022—-2025 ronos.

KoHmentyanpHple OCHOBBI ~ aJTOPUTMHYECKOH OTBETCTBEHHOCTH W IPEIB3SITOCTH
MHTEJUIEKTYaJIbHBIX CHUCTEM PAacCMOTPEHbI B (pyHIameHTanbHBIX padorax O’Hwun, BhIIBUBIIEH
MEXaHU3MBI COIMATBPHON IUCKPUMHUHAIINY, BO3HHUKAIOIIAE IMPH TPUMEHEHUU HETMPO3pPaYHbIX
anroputmudeckux cuctem (O’Neil, 2016: 41). byuonamsu u I'ebpy B pabore «Gender Shades»
JNOKYMEHTHPOBAIH CHCTEMAaTHUECKUE HWCKAKCHUS KOMMEPUYECKHUX CHCTEM KOMITBIOTEPHOTO
3peHHs B OTHOIIEHHUH JIML pa3InyHoro noia u pacsl (Buolamwini, Gebru, 2018: 12). 3y60¢¢ B
KOHIICTIIIUH «HAJA30PHOTO KalUTAIM3May» O00OCHOBAJa PUCKU SPO3UU MPHBATHOCTH B YCIOBUSX
MacCOBOTO BHEJPEHHS HMHTEUIEKTYalbHBIX TexHojoruii (Zuboff, 2019: 376). Dtu paboTs
c(hOpMHUPOBAITM METOJOJIOTHYECKYI0O OCHOBY [UISI TIOCJIEAYIONIMX HCCICIOBAHUN ATHUECKUX
PHCKOB IPUMEHEHHS UCKYCCTBEHHOT'O HHTEIJICKTA.

[lpuHIMIBI ~ OTBETCTBEHHOTO  NPUMEHEHUS  MCKYCCTBEHHOTO  HMHTEIEKTAa B
YIPABICHYECKON  JIEATENPHOCTH CUCTEMAaTHU3UPOBaHBI B  OOHOBIEHHBIX PEKOMEHIAIUSIX
Opranu3anuyi SKOHOMHYECKOTO COTPYIHUYECTBA M Pa3BHTHS, BKIIOYAIONIUX ISATh KIFOYEBBIX
TpeOOBaHUIT: HHKITFO3UBHBIN POCT, TPO3PAYHOCT U 00BICHUMOCTD, HAJIEKHOCTh U O€30MMaCHOCTbD,
MOJIOTYETHOCTD, yBakeHHE paB uenoBeka (OECD, 2024). AHanmornyHbIe TPUHITUTIBI 3aKPETUICHBI
B MaTepuaiax BceMuUpHOro 3KOHOMUYECKOro ¢GopyMa, B YACTHOCTH B CEPUU AHATUTHUECKUX
nokymeHToB Al Governance Alliance (WEF, 2024).

Mutcrenar u coaBtopsl B pabore «The Ethics of Algorithms» npemnoxunu
[IECTUKOMITOHCHTHYIO KapTy STHUYECKUX BBI30BOB aJTOPUTMHUYECKUX CHCTEM, OXBATHIBAIOIIYIO
HeyOenuTeNnpHbIe  J0Ka3aTelIbCTBA,  HEMOJHBIC  JJOKA3aTelIbCTBA,  HEBEPHO  IOHATHIC
JIOKa3aTeNIbCTBa, HEPABHBIN PEKUM, MpeoOpasyroriue 3¢ (et u oTcnexnBaemMocts (Mittelstadt
et al, 2016: 5). Jomwm-Bene3 u Kum chopmynupoBanu KOHLIENTyalbHbIE OCHOBBI
UHTEPIPETHPYEMOTO MAITMHHOTO O0YYEHUS KaK CAMOCTOSATEIBHOM UCCIIE0BATEILCKOM 001acTh
(Doshi-Velez, Kim, 2017: 7). ®nopuauii B8 moHorpaduu «The Ethics of Artificial Intelligence»
000CHOBaJI HEOOXOJUMOCTh KOMIUIEKCHOTO TOIXOAa K OTHYECKOMY PETYJIHPOBAHUIO
UHTEJUICKTYaJIbHBIX CHCTEM, OOBEAMHSIONIETO TEXHHUECKUE, OPraHU3aIllMOHHBIC U COIUAIIbHBIC
mepsl (Floridi, 2023: 132).

Kputnueckue pabotel benmep u coaBTopoB «On the Dangers of Stochastic Parrots»
MOCTaBWJIM TIOJI COMHEHHE BO3MOXKHOCTH JOCTM)KEHHUS IOJJIMHHOTO TOHUMaHHS OOJBIIMMHA
SI3BIKOBBIMU MOJICJISIMA U OO0O3HAYMJIM CIIEUU(UUECKAE PUCKH, CBSI3aHHBIC C UX NMPUMECHEHUEM
(Bender et al., 2021: 615). Bommacanu u coaBTopsl B pabote «On the Opportunities and Risks of
Foundation Models» cuctemaruzupoBaiu pucku 6a30BbIX MOJIENIeH HCKYCCTBEHHOTO HHTEIIICKTA,
BBIJICJIMB MX CHelH(UIecKre CBONCTBA — KOHILIEHTPAIMIO, TOMOT€HU3AINIO, IMEPIKEHTHOCTh
(Bommasani et al., 2021).

[IpuMeHUTENTPHO K YNPaBICHUIO MPOEKTAMH CIIEHUAIBHOE 3HAUYCHHE HMEIOT OTYETHI
Project Management Institute, B uactHocTu pykoBoacTBO «Al in Project Management: A Practical
Guide», B KOTOPOM CHCTEMAaTU3UPOBAHBI IPUHITUITBI MHTETPAIIH UCKYCCTBEHHOTO WHTEIUICKTA B
NPOCKTHYIO JCATEIBHOCTh, BKJIIOYAsl YNPaBJICHUE COOTBETCTBYIOMIMMHU puckamu (PMI, 2024).
Crammapt ISO/IEC 42001:2023 «Cucrema MEHEIKMEHTa HWCKYCCTBCHHOTO WHTEIUICKTAY,
NpUHATHIN B iekadpe 2023 roja, ycTaHaBIMBaeT TPEOOBAHMUS K YIIPABICHUIO KU3HEHHBIM IIUKIIOM
MHTEJUIEKTYaJIbHBIX CUCTEM, OXBATHIBAIOIINE MOJUTHKY B 00JIACTH HCKYCCTBEHHOTO MHTEIICKTA,
OILICHKY PUCKOB M BO3/ICHCTBUH, yIIPaBJICHUE TaHHBIMHU, 00ECIICUCHUE KAueCTBA U HEMPEPHIBHOTO
coepmiercrBoBanus (ISO/IEC 42001, 2023: 18). Crangapt ISO/IEC 23894:2023 comepxuT
CHCIHATM3UPOBAHHOE PYKOBOJCTBO IO YIPABICHHIO PUCKAMH HMCKYCCTBEHHOTO HHTEIUICKTA,
MHTETPUPOBAHHOE ¢ OOLIMM cTaHAapTOM puck-meHeakmenTa ISO 31000:2018.
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B oTeuecTBeHHOI Hayke UCCIENOBaHHS IO TEMaTHKE YIPaBICHUS PUCKAMU
MCKYCCTBEHHOT'O MHTEIUIEKTa HAaXOJATCS Ha dTane cTaHoBIeHHsA. TypcyHOaeBa paccMaTpHBaeT
MPUMEHEHHE MCKYCCTBEHHOTO WHTEIEKTa B TOCYAApCTBEHHBIX MPOEKTaX LH(PPOBU3ALNU
Pecny6nuku Kaszaxctan u cBsizaHHble ¢ 3TUM BBI3OBBI (TypcyHOaeBa, 2024: 84). AXMeTOB H
beranueB mnpeacTaBisOT Keilc-UcciaenoOBaHUE HMHTETPAllMM HMCKYCCTBEHHOTO HMHTEIUIEKTa B
0aHKOBCKOM cekTope KazaxcraHa ¢ akIEHTOM Ha peryJisTopHble TpeboBaHus HaunnonambHOTrO
banka (Akhmetov, Begaliyev, 2024: 52). Ognako B 1eJIOM OTEYEeCTBEHHAs Hay4yHas 0aza 1o
npobJaeMaTuke yrpaBlIeHHs] PUCKAMH MCKYCCTBEHHOT'O MHTEJICKTa B MPOEKTHOU JEATEIbHOCTH
0CTaéTcsl HEIOCTATOYHO Pa3BUTOM, UTO ONpeAesieT HAyYHYI0 HOBU3HY HACTOSIIEH paboThI.

Pe3yabTarsl M 00CyKIeHUeE.

Knaccuguxayus puckos unmezpayuu ucCKyccCmeeHH020 UHMeLLIeKma.

Ha ocHoBaHMM NpOBEIEHHOTO aHalM3a MEXIyHApOJHBIX CTAaHAAPTOB, HOPMATHBHBIX
aKTOB U Hay4YHOU JIUTEpaTypbl chOopMUpOBaHA KilacCU(UKALNS PUCKOB MHTETPALIUN TEXHOJIOTUN
UCKYCCTBEHHOTO HMHTEJJICKTAa B TPOEKTHYIO JEATENIbHOCTb, BKJIIOYAIOLIAsl YETHIPE OCHOBHBIC
KaTeropul — TEXHUYECKHe, OpraHW3allMOHHbIE, THYEeCKHe M MpaBoBble. CucTreMaTH3alus

JABCHAAIATH KIIFOYCBLIX PUCKOB C OLIGHKOﬁ BCPOATHOCTHU U BOB,Z[GI\/'ICTBI/I}I npeaAcTaBJICHA B T3.6HI/H_[C
1.

Tabmuna 1 — CucremaTu3anus pUCKOB MHTETPAIlMM HMCKYCCTBEHHOI'O HHTEJIEKTa B
MMPOCKTHYIO ACATCIBbHOCTD
Kareropus Puck BepositHocts | BoszneiictBue
Texnuueckue Huskoe kauecTBO HaHHBIX Bericokas Beicokoe
TexHnueckue AnroputMuyYeckue OWMOKM ¥ «TaUIIONUHAIMM»  Oonpmnx | Bricokas Cpennee
SI3BIKOBBIX MOZETICH
TexHnueckue Kunbepyrpo3sl ¥ yTeuky AaHHBIX HPH UCIIONB30BaHUM oOnauHbIX | CpemHss Beicokoe
CEPBUCOB
Opranmsarnuondsie | ConpoTHBIEHHE H3MEHEHHSIM CO CTOPOHBI COTPYTHHKOB Bercokas Cpennee
OpraHu3aluoHHbIE Kanposeiit nedurmr koMmnerenmumii B odiaacta A Bricokas Bricokoe
Opranmzanuonnsle | Upe3MmepHas aBTOMaTH3aLus U yTpaTa SKCHEPTHOTO 3HAHUS Cpenusis Beicokoe
DTHyYecKue AnroputMuyecKas OpeAB3sITOCTh U AUCKPUMHUHALM Cpenuss Bricokoe
OrHyeckue VYTpara aBTOHOMHH YEJIOBEUECKOTO PEIICHHS Cpennss Beicokoe
DTHyYecKue Hapymenne npusataocti (people analytics) Cpenuss Cpennee
ITpaBoBsIe Hapymenne 3akoHOAATEIbCTBA O 3alIUTE IEPCOHATIBHBIX JaHHBIX Cpenusis Bricokoe
[IpaBoBbie Hapymenne unTemuiekTyansHONH cOOCTBEHHOCTH Cpenuss Cpennee
[IpaBoBbIe HecootrsercrBue perynupoBanuto (EU Al Act, HanuoHansHble | Huskas Bericokoe
aKThl)

Ipumeuanue — cocmasneno aemopom na ocroge ISO/IEC 23894:2023, EU Al Act 2024 u
ananumuyeckux omuémos PMI, McKinsey, Gartner

TexHUYecKue PUCKH CBSI3aHBI HETIOCPEICTBEHHO ¢ OCOOGHHOCTAMH (PYHKIIMOHUPOBAHUS
CHUCTEM  HCKYCCTBEHHOTO  HWHTCIUICKTa ®W WX  WHQPACTPyKTYpel.  DdHEeKTHBHOCTH
MHTEIJICKTYyallbHBIX CHUCTEM KPUTHYECKH 3aBUCUT OT KauecTBa [aHHBIX, Ha KOTOPBIX OHU
00y4JaroTCsT MU KOTOPBIMU OIIEPUPYIOT; HETOJHBIC, HETOYHBIC, YCTAPEBIINEC WU COACpIKAIINC
OIIMOKW JAaHHBIE MPUBOAIT K OUIMOOYHBIM MPOTHO3aM U PEKOMEHIAIUSAM. Bombline sI3bIKOBbIE
MOJICTT TIOJIBEPIKCHBI SBJICHHUIO «TAJUTIONWHAIMN) — TEHEpAaIlMd BBIBOJOB, BBITIISISIINX
MPaBAONOI00HO, HO COJEPKATENbHO OMIMOOYHBIX, YTO B KOHTEKCTE MPOEKTHOW AESITeTbHOCTU
MOXKET TPHBOJIUTh K BKIIOYCHHIO B JOKYMCHTAIlMIO HEBEPHBIX (DaKTOB, CCBUIOK Ha
HECYIIECTBYIOIINE UCTOYHUKH, (POPMUPOBAHUIO HEMPABUIBHBIX OIIEHOK.
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OpranuzalioOHHbIE PUCKHU CBSI3aHbI C YIPABJICHYECKUMH, KAaAPOBBIMU U KYJIbTYPHBIMU
aCTMeKTaMU HMHTETPAllMM HCKYCCTBEHHOI'O WHTEJUIEKTAa. BHeIpeHune MHTEIEKTYaIbHbBIX
TEXHOJIOTHI MOKET BOCIIPUHUMATHCS COTPYAHUKAMU KaK Yrpo3a UX MO3UIUSAM U KOMIETEHIIHSIM,
YTO TPUBOJIUT K OTKPBHITOMY HJIM CKPHITOMY COINPOTHBICHUIO. DPPEKTUBHOE HCIIOJIB30BAHHUE
MHTEIJJICKTYalbHBIX CUCTEM TPEOYET OT MPOEKTHBIX MEHEKEPOB HOBBIX KOMIIETEHIIMH — OCHOB
aHaJIM3a JIaHHBIX, TMOHUMAHUS BO3MOXKHOCTEH W OTpPaHMYCHUN WHTEIUICKTYaJIbHBIX CHCTEM,
HABbIKOB KPUTHUYECKON OLIEHKM WX pPEKOMEHAAlMii; NeUIUT TaKUX KOMIETEHIMM sBiseTcs
OJTHUM M3 Hamboyiee CephE3HBIX 0apbepoB Ha IMyTH BHEAPEHHs, OCOOCHHO B Pa3BHBAIOIIUXCS
CTpaHax.

DTUYECKUE PUCKU TMPEACTABISAIOT COOOM OTHOCHTENTHLHO HOBYIO 00JacTh BHUMAaHHS, B
KOTOpPOM TOKa HE CIIOKUIIOCH OOHIETPUHATHIX CTaHAapTOB. CHCTEMbl MAIIUHHOTO OOy4YeHUs
HACJIEAYIOT 3aKOHOMEPHOCTH M3 OOy4alomMX JaHHBIX, B TOM YHCIIE CKPBITHIC COLMAJIbHBIC
npenyOekaeHus, YTO B KOHTEKCTE TPOEKTHOW JIEATEIbHOCTH MOXKET MPUBOAUTH K
HECTIPaBeIMBOMY DPACIPECIICHUIO 3a/lad MEXIY YJICHaMH KOMaH/bI, CMEIIEHHBIM OIIEHKaM
MIPOU3BOJUTENILHOCTH, MPUHATUIO PEUICHHUM, YIIEMIISIIOIIUX HWHTEPECHl OMpPENeNEHHBIX TPYIIIL
UpesmepHoe a0BepUe K PEKOMEHIAIMAM HHTEUICKTYalIbHBIX CHCTEM MOXXET NPHUBOJUTH K
OCJIa0JICHUI0 KPUTHUYECKOTO MBINUICHHS U (OPMHUPOBAHUIO YIPABICHYECKON KYJIbTYpHL, B
KOTOPOI1 OTBETCTBEHHOCTb 3a PEIICHHS Pa3MbIBACTCS MEXK/y YETOBEKOM M aJIrOPUTMOM.

[IpaBoBBIE pHCKH OOYCIOBJICHBI HEMOJHON pa3pabOTaHHOCTHIO HOPMATHUBHON 0asbl,
perynupyiomeil MpUMEHEHHE MCKYCCTBEHHOTO HWHTEUIEKTa, U  HEOINpPENeJEHHOCThIO B
pacmipenenieHud  OoTBeTCTBeHHOCTH. Ilpuusitne Permamenta Espomeiickoro Coroza 00
UCKYCCTBEHHOM WuHTeiekTe B 2024 romy yCTaHAaBIMBAaeT CYIIECTBEHHBIE TPeOOBaHUS K
CHUCTEMaM, HCIOJb3yEMBbIM B YMPAaBICHUYECKOW AEITEIbHOCTU (00S3aHHOCTH OLIEHKH PHCKOB,
JOKYMEHTHPOBAHUS, MPO3PAuYHOCTH), HECOOTBETCTBHE KOTOPBHIM MOXET MPUBOAUTH K 3aIPETy
MIPUMEHEHHUS ONpeAeIEHHBIX TEXHOJIOTUH U CYIIECTBEHHBIM CAHKIUAM. B citydae ucnonap3oBaHust
00JIaYHBIX MHTEJICKTYaJIbHBIX CEPBUCOB, PAa3MEIIEHHBIX B HMHOCTPAHHBIX IOPUCAMKIIMAX, MOXKET
BO3HUKATh BOIPOC O 3aKOHHOCTH TPAHCTPAHUYHOU Mepeladyl MPOEKTHBIX JaHHBIX, YTO OCOOCHHO
aKTYaJbHO JJIsl TOCYIaPCTBEHHBIX U CTPATETHUECKU Ba)KHBIX IIPOEKTOB.

MHnozoyposHesas modenb Mumueayuu pucko8 Ha OCHO8e NPUHYUNA «3AUiUMbL 8 2TYOUHYY.

Cucremarnueckas MICHTU(UKALUS PHUCKOB JOJDKHA COMPOBOXKIATHCA pa3pabOTKOM
CTpaTeTruii KX MUTHTAIINH, OMTMPAIOIINXCS Ha MPUHIUIT «3aIUTHl B r1youny» (defence in depth),
3aMMCTBOBAHHBIM M3 TPAKTUKH HWH(GOPMALMOHHOW OE€30MacHOCTH U  aJaNTUPOBAHHBIN K
YIPABJICHUIO PUCKAMH HCKYCCTBEHHOTO WHTeIUIeKTa. COrjlacHO STOMY MPHHIUITY, HAAEKHAs
3alUTa OT PHUCKOB OOecredMBaeTCs HEe OJHOM Mepol, a KOMIUIEKCOM B3aUMOJIOTIOIHSIONINX
KOHTPOJIBHBIX MEXaHM3MOB Ha pa3IMYHBIX YPOBHAX. [IpUMEHUTENHHO K HMHTETPAINU
UCKYyCCTBEHHOT'O MHTEIJIEKTa B MPOEKTHOE YMpaBICHHE STH YPOBHH BKIIIOUAIOT: TEXHUUYECKUE
KOHTPOJIH, MPOLEAYPHbIE KOHTPOJIM, OPTaHU3AIMOHHBIE KOHTPOJIN M PEryJIATOPHBIE KOHTPOJIH.
CTpykTypa MHOTOYpOBHEBOI MOJIENIM MUTHTAllMU TPECTaBlIeHa B TabmuIe 2.

Tabnuna 2 — MHOTOYpOBHEBasi MOJIEIb MUTUTALIMU PUCKOB HHTETPALIMU UCKYCCTBEHHOTO
WHTEIJICKTa

YpoBeHb KOHTpOIEH ConepxaHue Mep LeneBas KaTeropust
PHCKOB
Texnuueckue Banupauust faHHBIX M CHUCTEMbI YIpaBlieHHs KauecTBOM NaHHbIX (data | ITpenmymiecTBeHHO

quality management); MOHHUTOPHHT paOOTBl Mopeneil; 3amMIIEHHAS | TEXHUYCCKHE
UHOGPACTPyKTypa; WU(POBaHHE ITAHHBIX IIPU Tepefaye W XpaHEHHH,;
pUMEHEHHE TEXHOJIOTHH retrieval-augmented generation (RAG)

IpouenypHble PernaMeHThl HCIIONB30BAHUS HHTEIUICKTYAIbHBIX CUCTEM; oOs3arenbHas | TexHudeckue,
JKCIIepTHAs BepUpHUKaLUS CTCHEPUPOBAHHBIX MaTepuaioB; | IPAaBOBbIC
IOKYMEHTHPOBaHHE pelIeHuH U OpMUpOBaHUE «ciena ayautay (audit
trail); mpouemypsl OIIEHKM BO3ACHCTBHS Ha NEpPCOHAIBHBIC JaHHEBIC
(DPIA)
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OpraHu3aIoHHbIe Pacnipenenenne oTBETCTBEHHOCTH U (hopMaIH3alns NPUHIHUIA «4esoBek | OpraHn3annoHHELE,
B KOHType»; OOyueHHE M TIIOBBILICHHE KBaIU(UKAMU KOMAHIBI;, | ITHYECKHUE
¢dopmupoBanne pomu Al champion; co3maHMe THYECKOTO KOMHTETA;
[IPOTPaMMBbl YIIpaBieHus u3MeHeHus MU (MeTomosiorust ADKAR)

Perynsropusie CootBeTcTBHE TpeOOBAaHMSAM HAIMOHAJIBHOTO 3aKOHOJaTenbcTBa U | IIpaBoBEIE, FTHUECKHE
ME>K/TyHapOAHBIX CTAaHIApTOB; BHEAPEHHE CHCTEMBI MeHepkMeHTa M Ha
ocHoBe ISO/IEC 42001:2023; BHyTpeHHHMH ayOuT COOTBETCTBHS;
MOJIUTHKA TPUMEHEHUSI UCKYCCTBEHHOTO MHTEIIEKTa

Ilpumeuanue — cocmasneno agmopom

TexHndyeckne KOHTPOIM HANpPaBICHBl HAa CHIKCHHE PHCKOB, OOYCIIOBJICHHBIX
0Cc00EeHHOCTAMH (DYHKIIMOHHUPOBAHUS MHTEIICKTYIBHBIX CUCTEM. /11 CHIKEHUS pUCKa HU3KOTO
Ka4ecTBa MAHHBIX PEKOMEHAYETCS BHEAPCHHWE CHUCTEMBI YIIPABJICHUS KAadeCTBOM JIaHHBIX,
BKJTIOYAIOLIEH peryJisipHble ayIuThl, (hopMann30BaHHBIE MPOLEAYPHI IPOBEPKH, OTBETCTBEHHBIX
3a Ka4yecTBO OTHACNbHBIX Kareropuid naHHbIX (data stewards). Jlnsg CHKeHHS pHCKa
QITOPUTMUYECKUX OIIUOOK U «TaJUTIOLMHALMI 3((HEKTUBHON MPAKTHUKON SIBJISIETCS] IPUMEHEHHE
MeToz0B retrieval-augmented generation (RAG), mpu KOTOPBIX OTBETHI MOJIENN (OPMHUPYIOTCS HA
OCHOBE BEpU(HIMPOBAHHBIX HMCTOYHUKOB. IS CHW)KEHHS KHOCPPUCKOB HEOOXOIMMO
NpUMEHEHHE KOMIUIEKca Mep MH(POPMAIIMOHHON 0e30MacHOCTH: MCIIONb30BaHUE 3alUIEHHBIX
KOPIOPAaTHBHBIX BEpPCHH CEpBUCOB, MHM(pPOBAaHHWE JJaHHBIX NPU Iepefadye W XpaHCHHH,
peryJisipHbIe ayIuThl 0€30MaCHOCTH.

[MpouexypHble KOHTPOIM OOECHEYMBAIOT CHCTEMHOCTh PabOTHI ¢ MHTEIUICKTYaJbHBIMU
cucreMaMi U (HOPMHUPOBAHHME IOKYMEHTAIBHON 0a3bl JUII BO3MOYKHBIX BHEUIHHX ITPOBEPOK.
OOsi3aTenbHBIM ~ ABJSIETCS TPUMEHEHHE TPHHLUNA BepU(UKAIMU: JIIOObIE MaTepHalbl,
CT€HEPUPOBAHHBIE HHTEIUIEKTYIbHBIMU CUCTEMAMH, JIOJKHBI IIPOXOIUTH IKCTIEPTHYIO IPOBEPKY
mepen WCIOJIb30BaHHMEM B (OPMANBHBIX KOMMYHHKAIHSIX, OCOOEHHO TMPH MOJTrOTOBKE
ouIMaNbHOW JTOKYMEHTAIMH, FOPUAMYECKH 3HAYMMBIX MaTepHajoB, (PMHAHCOBBIX pPacUETOB.
JIOKyMEHTHpOBaHNE pEHICHUH, MNPUHATBIX C Y4YacTHEM HCKYCCTBEHHOT'O WHTEIUICKTa, |
(dhopMHUpOBaHHE «Clle[]a ayuTa» IMpeanojaraeT (GUKCAINIO Ui KaXI0TO 3HAYMMOTO PEUICHUS
VCXOJHBIX JaHHBIX, TPUMEHSBILETOCS alTrOPUTMa, MOJIYYEHHOH pPEKOMEHIALUH, ICHCTBUIM
MPOEKTHOTO MEHEPKEpa Mo Bepu(HKaIuy, OKOHIATEITFHOTO PEHICHUS M €r0 000CHOBAHHS.

OpraHu3alMOHHBIC KOHTPOJIM HANpaBJICHbl Ha CHIDKCHHE PHUCKOB, CBS3aHHBIX C
YeJIOBEUECKUM (HaKTOpOM ¥ KyJIbTYpOW TIPUMEHEHHUS WHTEIUICKTYaJIbHBIX TEXHOJOTHIA.
[Ipeononenue conpoOTHBICHUS U3MEHEHHSIM TPEOYEeT CUCTEMaTHYeCKOi padoThI MO BOBICYEHHIO
koMaHApl Ha ocHOoBe wmetomosiorun ADKAR (Awareness, Desire, Knowledge, Ability,
Reinforcement). [IpuHIMIIIATBEHBIM 3JIEMEHTOM SIBIISICTCS (pOpMalTU3aIMs CUTYalUH, B KOTOPBIX
pelieHre JODKeH TNPHUHUMATh HCKIIOYHUTENBHO YeNIOBEK: (DMHAHCOBBIE pEUICHHS CBBIIIC
OIpeZeIEHHOTO TI0POTa, KaApOBbIE PELICHUs, PEHICHUs O CYIIECTBEHHOM W3MEHEHHH 00b&éMa
npoekTa. OPQPEKTHBHON MpPaKTUKON siBisiercss (opmupoBanue pomun «Al championy —
BHYTPEHHETO 3KCIIepTa, IOMOTAIOUIEr0 KOJUIEraM OCBaWBaTh HOBBIE MHCTPYMEHTHI, U CO3aHUE
THYECKOTO KOMHTETA, PAaCCMaTPHUBAIOIIETO CIIOXKHBIE CIydal NMPUMEHEHUS MHTEJUICKTYalbHbBIX
CHCTEM.

PerynstopHbpie KOHTPOIM 00ECIIEYMBAIOT COOTBETCTBHE MPUMEHEHHS HHTEIUICKTYaTbHBIX
TEXHOJIOTUI JAEHCTBYIOIIUM HOPMAaTHBHBIM TpeOOBaHHAM. BHenpeHue cucTeMbl MEHEIKMEHTA
HCKYyCCTBEHHOT'O MHTEJUIeKTa Ha ocHOBe cranmapra ISO/IEC 42001:2023 mpencrasiser coOoi
TIepeIOBYIO MTPAKTUKY, 00ECIIEYMBAIOIIYI0 CUCTEMAaTHIECKUH TOAX0 K HACHTU(PHUKALIUH, OIICHKE,
00paboTKe ¥ MOHUTOPHHTY PHUCKOB. Takas cucTema J0JDKHA OBITh BCTPOCHA B OOIIYIO CHCTEMY
yIpaBICHUS PUCKAMHU OpPTraHU3allMUd W PETYJSPHO TEPECMATPUBATHCS C YYETOM HBOIIOLUHU
TEXHOJIOTHH,  peryjstopHoro jaHgmadra ©  omneita npuMeHeHus.  COOTBETCTBHE
3aKOHO/IaTENILCTBY O 3aIUTE MIEPCOHATBHBIX JAHHBIX 00ECIICUNBACTCS Yepe3 MPOBEICHNUE OIICHKU
BO3/ICHICTBUS HA TIEPCOHANBHBIC JaHHBIC IPY BHEJIPSHUN HOBBIX HHTEIIEKTYaIbHBIX CHCTEM.
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Hnouxamopul pucka 0ns pe2yiapHo20 MOHUMOPUHEA.

DddexTuBHOE yNpaBIeHHE PUCKAMHU HMCKYCCTBEHHOTO WHTEIUIEKTa MPEIIoiaraet
CUCTEMAaTUYECKU MOHUTOPUHT KJIIOUEBBIX MOKa3aTesled, TMO3BOJSIONIMNA  CBOEBPEMEHHO
BBIBIIATH OTKJIOHEHUS W IPUHUMATh KOppekThpyromue Mepbsl. Ha ocHoBe aHanmmusza
MEXIyHApOIHOU MpakTHKHU U nosioxkeHui ctangapra ISO/TEC 23894:2023 npennosxer Habop u3
JECATH MHIUKATOPOB PHUCKA, PEKOMEHAYEMBIX IS PETYJIIPHOIO MOHUTOPHUHIA B IPOEKTHBIX
oducax, mpeacTaBICHHBIN B TabauIE 3.

Tabmuuna 3 — WHaMKaTophl pUCKAa MHTETPAallMd HCKYCCTBEHHOTO HMHTEIJICKTa IS

EryJISIPHOTO MOHUTOPUHTA

Ne | Unguxarop LleneBoe 3HaueHue

1 Joinst MaTepuanos, creaepupoBaHHbIx M1, mpomeanmx 3KCHepTHYIO BepUPHUKAIHIO 100 %

2 Jlonsa MHTEeNIEeKTyaubHbIX CUCTEM C JJOKYMEHTHPOBAaHHON OLIEHKOH PHCKOB He menee 90 %

3 YacToTa BBISIBICHHBIX CIIy4aeB «TaJUIIOIMHAINI OOJBIINX S3BIKOBEIX MOJIENEH Ha CHUXeHHE IOl K oLy

eMHUIly 00paboTKn

4 Jlonst coTpyJHUKOB, MPOLIEANINX 00ydeHne ocHOBaM npumenenust M He menee 75 %
5 Jloiist MpoeKToB ¢ opMaIM30BaHHON IMOIUTHKOM npruMenenus N He menee 80 %
6 Cpennee BpeMs 0OHapyKEHUS HHIUICHTA, CBI3aHHOTO C MHTEIUIEKTYaIbHOW CHCTEMOM He Gonee 24 gacos
7 UYucno BBISIBJICHHBIX HAPYIICHUH IPUBATHOCTH ¥ 00pabOTKH EPCOHANBHBIX JaHHBIX CTpemiieHHe K HyI0
8 Jlons penrennit, npuHATHIX Ha ocHOBe M-pexomenianuii ¢ skcriepTHON BepuuKarueit 100% nnst penieHuit ¢ BBICOKUM
BO3/CHCTBHEM
9 Jlonst MHTEeNNeKTyalbHBIX CHCTEM, MPOIIEANINX ayJUT HA aTOPUTMHUYECKYIO He menee 70%
TIPEAB3ATOCTh
10 | CootBerctBue npuMensieMbIx cucteM TpedoBanusim [SO/IEC 42001:2023 u [TonHoe cooTBeTCTBHE

HaIlMOHAJIBHOI'O 3aKOHOAATC/ILCTBA

Ipumeuanue — cocmasneno aemopom na ochose ISO/IEC 23894:2023 u pexomenoayuti
PMI

[Ipumenenne mnpeasoxKeHHOro Habopa HWHAWKATOPOB B PEKUME  PErYJISIPHOTO
MOHHMTOPHUHTa OOECTeurnBaeT paHHEE BBISBICHHUE OTKJIOHEHHH U (opMHupoBaHHE OOBEKTHBHON
KapTHUHBl COCTOSIHMSI PHCKOB HHTETpalMM HCKYCCTBEHHOTO HHTEIJIEKTa B IIPOEKTHYIO
JeATEeNbHOCTb. PeKoMeHnyeMas NepUOAUYHOCTh MOHHUTOPHMHIA —  €KEKBapTaJIbHO, C
yIIIyOJIEHHBIM TIEPECMOTPOM peecTpa PUCKOB M CTPATETHil MUTUTALMU HE PEeKe OJHOTO pas3a B
roq. JlomonHuTenbHBIE BHEOUEpEIHbIE IEPECMOTPHI IEIeCO00pa3Hbl MPH CYIIECTBEHHBIX
U3MEHEHHUAX TEXHOJOTHYECKOro JaHamagdTa (BBITYCK HOBBIX MOJENEH HCKYyCCTBEHHOIO
WHTEIIJIEKTA, MOSBJIECHNE HOBBIX KJIACCOB YIpo03), peryasTopHOro jaHamadTa (MpUHATHE HOBBIX
HOPMATHBHBIX aKTOB), a TAaKXK€ MPU BOSHUKHOBEHUHM WHIUJEHTOB, CBA3aHHBIX C MPUMEHEHUEM
WHTEJUIEKTYAJIbHBIX CUCTEM.

[TpuHIMNHATBHBIM YCI0BUEM YPPEKTUBHOCTH MPEIOKEHHOW MHOTOYPOBHEBON MOJIENIN
ABIIsIeTCS €€ MHTerpalus ¢ oOuIei cucteMoi ynpaBieHusl IpOeKTaMu U pUCKaMU OpraHU3aluy, a
HE BBIJENICHHE B 000COOICHHBIN IMpolecc. YIpaBieHne PUCKAMU HCKYCCTBEHHOI'O WHTEIUIEKTa
JOJIKHO OBITH BCTPOEHO B CYIIECTBYIOIIME MPAKTUKHW MPOEKTHOTO YIIPABJICHUS — PEECTPHI
PUCKOB, TPOEKTHBIE KOMHUTETBI, OTYETHOCTh IO MPOEKTaM — C  JOINOJHEHHUEM
CIIeIIUATTM3UPOBAHHBIX KOHTPOJICH M MHIUKATOPOB. Takoi moaxoa o0ecreuynBaeT yCTOWIYNBOCTh
CHUCTEMBI YIIPABIICHUS PUCKAMH U CHI)KAET HAKJIAIHBIE PACXOAbl HA €€ HKCILTyaTalHIo.
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3akiloueHue.

[IpencraBneHHoe wuccileqOBaHUE CUCTEMATU3UPYET PUCKH MHTETpalid TEXHOJIOTUH
HCKYCCTBEHHOTO HMHTEJUIEKTa B IPOEKTHYIO ACATENBHOCTh M IpearaeéT MHOIOYPOBHEBYIO
CHUCTEMYy CTpaTerMii uX MUTUTAlMU, ONUPAIOUIYIOCS HAa COBPEMEHHBIE MEXIYHApPOJHbIC
CTaHJapThl U HOpMaTuBHble TpeOoBaHus. [loaTBepXaeHa rumore3a O 3HAYUMOM CHHKEHUU
COBOKYITHOTO PHUCKAa IPH MPUMEHEHUU KOMIUIEKCHOH MHOTOYPOBHEBON CHCTEMbl MHUTHUTALIUH,
OXBAaTBIBAKOIIEH TEXHUYECKHUE, POLEAYPHbIE, OPraHU3aLMOHHBIE U PETYJISATOPHBIE KOHTPOJIH, 110
CPaBHEHHIO ¢ (PparMEeHTAPHBIM IPUMEHEHUEM OTIEIBHBIX KOHTPOIbHBIX MEXaHU3MOB.

Hayunasi HOBU3Ha paOOTHl COCTOUT B CHCTEMAaTH3allMU JIBEHAIATH KIIOYEBBIX PUCKOB
MHTErPALMKN UCKYCCTBEHHOTO MHTEJUIEKTa B MPOEKTHYIO JACATEIBHOCTh MO YETHIPEM KaTErOpUsM
C OIICHKOW BEpPOSTHOCTH M BO3JCUCTBUS KaXXIOro, pa3padOTKE MHOTOYPOBHEBOW MOJEIH
MUTHTALMA HAa OCHOBE MPHUHIINIA «3allUThl B TIyOuHY», (hopMHpoBaHMH HAOOpa U3 AECATH
WHAMKATOPOB PHUCKA JJISl PEryJsipHOIO MOHUTOpPUHTA, 0000IIEHNN TpeOOBaHUMN EeHCTBYIOIINX
MEXIyHapOJHBIX CTAaHJAPTOB M HOPMATHUBHBIX AaKTOB K CHUCTEME YIIpPaBJICHUS PHUCKaMU
HCKYCCTBEHHOT'O MHTEIJICKTA.

[IpakTrueckasi 3HAYMMOCTh 3AKJIIOYACTCS B MPUMEHUMOCTH MPEIIOKEHHON MOAEIU U
UHAUKATOPOB B JIEATEIBHOCTU MPOEKTHBIX O(GHUCOB OpraHMu3alfil pa3iMyHBIX OTpacieil u
MacmTaboB, Mpu (OPMUPOBAHUU KOPIIOPATUBHBIX MOJUTHUK TPUMEHEHUS HCKYCCTBEHHOTO
WHTEJJIEKTa, B paboTe TrocyJapCTBEHHBIX OpPraHOB, pealU3yOMMX LU(POBBIE MPOEKTHI, B
o0pa3oBaTeNbHBIX  MPOTrpaMMax  IOATOTOBKH  TMPOCKTHBIX  MEHEIKepoB.  Pe3ynbTaTsl
HCCIIEIOBAaHUSI MOTYT OBITh IOJIOXKEHBl B OCHOBY pa3paOOTKH BHYTPEHHUX pPETJIaMEHTOB
OpraHu3alii B OTHOIIEHUU MCIOJIb30BaHUSI MHTEUIEKTYAJbHBIX CUCTEM U MPOBEACHUS OLICHKU
BO3JIeHicTBUS Ha TepcoHanbHbIe AaHHbIe (DPIA) mpu BHenpeHWM HOBBIX HHTEIIEKTYaJIbHBIX
peLeHui.

OrpaHvueHHsi HCCIEJOBAaHUS CBSI3aHbl C JIMHAMMYHOCTBIO TEXHOJIOTMYECKOTO U
peryisTopHoro mnaHamadTa HCKyCCTBEHHOT'O HHTEJUICKTA: TMOSBICHUE HOBBIX MOJENCH H
MIPUHSITHE HOBBIX HOPMATUBHBIX aKTOB OyJleT TpeOOBaTh PEryJIsIpHOTO MepecMoTpa Kak peecTpa
PUCKOB, TaK M CTpaTeruid MuUTUrauvu. [lepcrnexkThBbl JanbHEUIIMX UCCIECAOBAHUM BKIIOYAOT
pa3paboOTKy  KOJIMYECTBEHHOW METOJUKM OIEHKM COBOKYIHOTO pHCKa HMHTETpaluu
HUCKYCCTBEHHOTO HMHTEJUIEKTa B TPOEKTHYIO JACSITENBHOCTh, WCCICIOBAHUE CHEIU(PUKU
yIpaBieHUsT PHUCKaMH Ui aBTOHOMHBIX areHTckux cuctem (agentic Al), crmocoOHBIX
CaMOCTOSITENILHO  IJIAHUPOBaTh W  BBINOJHATH MHOTOIIArOBbIe 3a1adyd, (OpMUPOBAHUE
OTpaCJICBBIX CTAHAAPTOB YIPABIICHUS PUCKAMH MCKYCCTBEHHOT'O WHTEIIIEKTA (ISl OAHKOBCKOTO
CEKTOpa, TOCYJIAapCTBEHHOIO YIpaBjieHHs, He(TerazoBoid oOTpaciu), pa3padOTKy METOTUKU
CTATUCTUYECKON BalUIAIlUU TPEIJIOKCHHBIX WHIMKATOPOB pHCKa Ha MHOXKECTBE MPOEKTOB, a
TaKKe aJanTaluio MPeaoKeHHON MOJIeNH K crenn(uke Ka3axCTaHCKOTO HOPMATUBHOTO OIS U
KYyJBTYPHBIX OCOOCHHOCTEH MPUMEHEHUSI MHTEIJIEKTYaIbHBIX TEXHOIOT M.
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Abstract. This study examines the application of machine learning to personalized
learning in interactive platforms through the example of Learnly. The goal of the paper is
to show how adaptive review scheduling, content generation, and behavioral
personalization can be combined into one scalable product architecture. The study uses a
design-oriented analytical approach based on spaced repetition models, adaptive scoring
logic, and modern distributed system practices. The methods section explains how the SM-
2 algorithm estimates the next review interval through the easiness factor and how SM-17
extends this logic with stability, retrievability, and difficulty variables. The paper also
introduces the concept of the Learnly Intelligence Layer as a proprietary adaptive model
that combines memory dynamics, engagement signals, and Al-assisted content generation.
The results show that such an approach improves session relevance, reduces wasted
repetition, and supports faster educational content production. Moreover, the platform
architecture based on Java, Spring Boot, WebFlux, microservices, MongoDB, PostgreSQL,
Redis, Kafka, and Elasticsearch provides a strong foundation for scaling real-time
personalization. The study concludes that product value emerges not from isolated Al
features but from the coordinated interaction of mathematical scheduling, learning
analytics, generative Al, and resilient system design.
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AnnoTamus. byn 3eprrey Learnly mmardopmacel MbicanbiHAa HWHTEPAKTHBTI
miaThopManapaarbl  KEKEJICHAIPUITEH OKBITYJa MAIIWHAIBIK OKBITYIbl  KOJJIaHY bl
KapacTelpaqbl. JKyMBICTBIH MakcaThl — aJanTHBTI KalTajay JKOCMapjayblH, KOHTEHT
TeHEPALMSICHIH JKOHE MIHE3-KYJIBIKKA HET13/IeNIreH KeKeJleHaipy i 6ip MaciuTadTanaTblH eHIM
apXUTEKTypachblHa OIpIKTIpY MYMKIHAITIH KepceTy. 3epTrey spaced repetition Mmoaenbaepine,
aZanTUBTI Oaranay JIOTMKAachblHa J>KOHE 3aMaHayH YIECTIpUIreH Kyhenep TaxipubeciHe
HETI3JIeJITeH JKOOANBIK-aHAIUTHKAIBIK TOCUIAI KOJIaHanel. Ojictep Oenmiminae SM-2
aNTOPUTMIHIH easiness factor apKplIbl Kelieci KalTajnay WHTEpPBAIBIH Kallail OaralailThIHBI
xoHe SM-17 anropuTMiHIH OYJI TOTHKAaHBI TYPAKTHUTBIK (stability), ecke TyCipy BIKTUMAaJIbIFbI
(retrievability) sxone kublHABIK (difficulty) aifHBIManbIIaphl apKbBUIBI Kallaii KEHEUTETIHI
tycinmipiieni. ConpiMeH Katap, makanana Learnly Intelligence Layer TyXbIpsiMmamacs
eHrizimeai — OyJ >Kajabl AMHAMUKACHIH, MalgamaHylIbl OEJICEHIUIIrT CHTHANIAPBIH JKOHE
JKacaHIbl MHTEJUICKT KOMETIMEH KOHTEHT T'e€HEPAIUsACHIH OIpIKTIPETiH MEHIIIKTI aJanTHUBTI
mMonenb. HoTwxkenep MyHIal TOCUINIH OKY CECCHSUIAPBIHBIH ©3CKTUIITIH apTTHIPATHIHBIH,
apThIK KaWTamaymapabl a3alTaThIHBIH >KoHE OuTiM Oepy KOHTEHTIH JKbUIJIaM jKacayfa
MYMKiHIIK OeperiHiH kepcetemi. ConbiMeH Kkartap, Java, Spring Boot, WebFlux,
mukpocepsuctep, MongoDB, PostgreSQL, Redis, Kafka xone Elasticsearch Herizingeri
wiatgopMa apXUTEKTypachl HAKThl YaKbITTaFbl JKEKEJICHAIpYAl MacmTabrayra Oepik Heri3
Kamaiabl. 3epTTey KOPBITHIHABICHI OOWBIHINA, OHIMHIH KYHIBUIBIFBI JKkekenereH Al
GyHKIUSIapblHAH €MeC, MaTEeMAaTHKAalbIK JKOocmapiay, OKY aHalUTHKAChl, T€HEpaTHBTI
JKacaHIbl HMHTEJJIEKT JKOHE CeHIMII JKYHWENIK apXUTEKTYpaHbIH YiiieciMal e3apa
OpEeKeTTEeCYiHEH KabIITacabl.

Tyiiin ce3nep: mamuHANBIK OKBITY, spaced repetition, Apache Kafka, aganTtusTi
wiatgopmanap, 6iaim 6epy Al, )kekeneHaAIpiIreH OKbITY
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AnHoTanusa. JlaHHO€ HCCIEJOBaHME PACCMATPUBAET MNPUMEHEHUE MAIIUHHOTO
00ydeHus B IEPCOHATMU3UPOBAHHOM 00YyUYEHUN Ha UHTEPAKTUBHBIX I1aTdopMax Ha MpUMEpPE
Learnly. Ilenb paboTsl — noka3aTh, Kak aJJallTUBHOE IIJITAaHUPOBAHNUE TOBTOPEHUM, T€HEpaALIUs
KOHTEHTa M TIOBEJCHYECKass MepCOoHalu3alusi MOTYT ObITb OOBEAMHEHBl B EJUHYIO
MacmTabUpyeMyro apXWUTEeKTypy Nponaykra. VcciaemoBaHue UCHONb3yeT MPOEKTHO-
AQHAIUTUYECKUN TOIXO0J, OCHOBAHHBIM Ha MOJENSAX HMHTEPBaIbHOTO MOBTOpeHUs (spaced
repetition), aganTUBHOW JIOTMKE OIIEHKM U COBPEMEHHBIX MpPaKTHKAaX pacupeaeiEHHBIX
cucteM. B paznene mMeTronoB oOBsCHSETCS, Kak anropuTM SM-2 olleHHBaeT CleIyIOIINi
MHTEpBAJ MMOBTOPEHHS yepes Kodpdumument nérrkoctu (easiness factor), a taxxe kak SM-17
pacmupsieT 3Ty JOTHKY C HCHOJb30BAaHHEM TMEPEMEHHBIX cTabunbHOCTH (stability),
u3Bnekaemoctu (retrievability) m cmoxuoctu (difficulty). B crathe Takxke BBOAUTCS
konuenuusi Learnly Intelligence Layer kak mnpompuerapHOd aJanTUBHOW MOJENH,
00beIUHSIONECH TUHAMHUKY MaMsITH, CUTHAJIbl BOBJICYEHHOCTHU IOJIB30BATENS U T€HEPALHIO
KOHTEHTa C MOMOIIbI0 UCKYCCTBEHHOI'0 MHTEJIEKTa. Pe3yiapTaThl MOKa3bIBAlOT, YTO TaKOM
MO/XO0J] TIOBBIIIAET PEJICBAHTHOCTh YU€OHBIX CECCUM, CHUXKAET U30BITOYHBIC TTOBTOPECHHS U
CIIOCOOCTBYET YCKOPEHHOMY CO3JaHuI0 oOpa3oBaTeiapbHOro KoHTeHTa. Kpome Toro,
apxuTeKTypa miatdopmbl, ocHoBaHHas Ha Java, Spring Boot, WebFlux, MmukpocepBucax,
MongoDB, PostgreSQL, Redis, Kafka u Elasticsearch, o6ecrieunBaet HanéXHYIO OCHOBY I
MacIITaOupOBaHUS MEPCOHANNU3ALUN B peaIbHOM BpeMeHHU. B 3akioueHnn oTMeyaercs, 4To
IEHHOCTh MpoaykTa (opmupyercs He 3a cu€T ornenbHbIX Al-QyHKIuii, a Omaromaps
COTJIACOBAHHOMY  B3aMMOJICMCTBUIO  MaTeMaTUYECKOTO  IUIAHUPOBAHUS, AHAIUTUKHU
o0yueHusl, TEHEPaTUBHOI'O HCKYCCTBEHHOTO HHTEJJIEKTa MU YCTOWYMBOM apXUTEKTYpPHI
CUCTEMBI.

KnawueBble ciaoBa: mamuHHOe oOydenue, spaced repetition, Apache Kafka,
aganTuBHbBIE MIaTGopMbl, oOpa3oBaTenabHbIi Al, mepcoHann3upoBaHHOE 00yUeHUE
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Introduction.

Personalized learning has become one of the most important directions in modern digital
education because users no longer expect platforms to behave like passive repositories of lessons
or flashcards. They expect interactive systems to estimate what they know, identify what they are
likely to forget, and deliver the next action at the right moment (Wozniak, 1990: 1; Wozniak, 2026:
1; Piech et al., 2015: 505-513). In product terms, this means that the value of the platform depends
not only on the amount of available content, but also on the quality of the decision logic that
organizes the learner's experience (Pandey, Karypis, 2019: 384-389).

Learnly can be described as an interactive educational platform in which adaptive review
scheduling, Al-assisted content generation, and engagement management are integrated into one
product flow (Kochmar et al., 2022: 323-349; Waladi, Khaldi, Lamarti Sefian, 2023: 4—15; Ismail
et al., 2023: 741). This paper considers Learnly not simply as a software application, but as a
representative case of how machine learning techniques and memory-based scheduling models
can be used to construct a learning environment that is both user-centered and scalable (Madani et
al., 2023: 1216). The article focuses on the product logic and the intelligence layer rather than on
low-level implementation details.

The purpose of the study is to explain how a personalized learning platform can combine
classical spaced repetition, modern adaptive modeling, and scalable system architecture. The
objectives are the following: first, to present the mathematical basis of SM-2 and SM-17; second,
to show how these models can be interpreted inside an adaptive product such as Learnly; third, to
explain what features can participate in a proprietary Al model for prioritizing study content; and
fourth, to demonstrate why the selected technology stack supports such an approach at scale.

Materials and methods.

The methodological basis of the paper combines algorithmic analysis and system design
analysis. On the algorithmic side, the work relies on spaced-repetition models that formalize how
learning intervals should change after each review. On the architectural side, the study examines
how these decision rules can be embedded into a distributed learning platform that also includes
content generation, analytics, reminders, and search.

Dock er search-engine-serivee

™
(o ) O momeeD®
url-shortener-serivee
)

content-serivee
analytics-serivee
e

Y O e—
—{'® (o)
Nginx

search-engine-serivce

— _J

Fig. 1. Architecture of the Learnly distributed learning platform based on microservices and event-driven interaction

Figure 1 illustrates the architecture of the Learnly platform, which is built using a
microservices approach. The system is deployed in a containerized environment using Docker,
ensuring scalability and isolation of services. Client requests are first processed by Nginx and then
routed through the API Gateway, which serves as a single entry point to the system. The gateway
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distributes requests to the corresponding microservices, including content-service, learning-
service, analytics-service, notification-service, and others.

Each service is responsible for a specific domain, following the principles of separation of
concerns and independent scalability. The platform integrates multiple storage solutions:
PostgreSQL for relational data, MongoDB for flexible document storage, Redis for caching, and
Elasticsearch for search and indexing.

Inter-service communication is performed both synchronously (via REST APIs) and
asynchronously (via message broker Kafka), enabling event-driven interaction and improving
system resilience.

Special attention is given to the content-service, which integrates Al-based generation
modules, enabling automatic creation of learning materials based on user input. This architecture
allows the platform to support key features such as content generation, spaced repetition learning,
analytics, notifications, and search in a scalable and maintainable manner.

Tabmuua 1 — Technology stack of the Learnly platform

Layer Technology

Backend Java 17, Spring Boot
Reactive layer Spring WebFlux
Messaging Apache Kafka
Databases PostgreSQL, MongoDB
Cache Redis

Search Elasticsearch
Deployment Docker

Furthermore, the architecture is designed with production-grade reliability and scalability
in mind. Horizontal scaling is achieved through stateless service design and container
orchestration, allowing individual services to scale independently under varying load conditions.
The use of asynchronous messaging via Kafka decouples services and prevents cascading failures,
ensuring fault tolerance and system resilience. Additionally, caching layers (Redis) and search
indexing (Elasticsearch) significantly reduce latency and improve response times for high-
frequency operations. This combination of design decisions enables the platform to handle large-
scale user activity while maintaining high availability, performance, and extensibility for future
feature integration.

Learning
02
@ 1st  4th 6th 8th repetition

% of memorization

U1 v

Time in Days
Fig. 2. Ebbinghaus forgetting curve and its application in spaced repetition algorithms
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As shown in Figure 2, memory retention decreases exponentially over time without
reinforcement. This phenomenon highlights the necessity of scheduling reviews at optimal
intervals to prevent information loss. To address this challenge, spaced repetition algorithms have
been developed. One of the most widely used approaches is the SM-2 algorithm, which adapts
review intervals based on the quality of user responses. While SM-2 provides a simple and efficient
mechanism for scheduling repetitions, it does not explicitly model the underlying memory
processes. To overcome these limitations, more advanced models such as SM-17 have been
introduced. These models introduce a more detailed representation of memory dynamics by
separating stability, retrievability, and difficulty, enabling more accurate prediction of forgetting
behavior. In the Learnly platform, these theoretical models are extended with a practical
prioritization mechanism that considers user behavior, cognitive load, and learning context to
optimize both review scheduling and content delivery.

In practice, the SM-2 algorithm calculates the next review interval based on the easiness
factor and the quality of the user's response, allowing the system to dynamically adjust repetition
frequency. In contrast, SM-17 introduces a more sophisticated memory model, where stability
reflects how long information is retained, retrievability represents the probability of recall at a
given moment, and difficulty characterizes the inherent complexity of the learning item. This
allows for a more adaptive and personalized learning experience.

To formalize the described memory dynamics and enable quantitative modeling of the
learning process, it is necessary to introduce algorithmic approaches that can translate theoretical
concepts into practical scheduling strategies. In this context, spaced repetition algorithms provide
a computational framework for estimating optimal review intervals based on user interaction and
memory state.

The first baseline is the SM-2 algorithm. In its classic form, the review intervals are
calculated according to formulas (1) and (2). SM-2 uses the easiness factor to increase or slow the
growth of the next interval according to recall quality. This approach remains valuable because it
is interpretable, computationally lightweight, and effective in many real learning scenarios.

The second methodological layer uses the logic of SM-17. In contrast to SM-2, this model
introduces stability, retrievability, and difficulty as separate dimensions of memory dynamics.
Retrievability can be estimated with an exponential decay function, while the next interval is linked
to the stability increase function. These relationships are shown in formulas (3) and (4).

0.1
-0.2

0.3

(B-W) metric

0.5

0.6

-0.7
Retrievability prediction (R)

—SuperMemo 2 by SM17 = SuperMemo 17 by SM2

Fig. 3. Comparison of SM-2 and SM-17 memory models
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Figure 3 summarizes the key differences between the SM-2 and SM-17 algorithms. While
SM-2 relies on a simplified heuristic based on the easiness factor, SM-17 introduces a more
structured representation of memory through stability, retrievability, and difficulty.

This comparison highlights the trade-off between computational simplicity and
modeling accuracy. SM-2 remains efficient and interpretable, making it suitable as a baseline,
whereas SM-17 enables a more precise estimation of memory dynamics, which is critical for
adaptive learning systems.

Tabmuna 2 — Comparison of SM-2 and SM-17 algorithms

Feature SM-2 SM-17

Model type Heuristic-based Memory-based model

Key parameters Easiness Factor (EF) Stability, Retrievability, Difficulty
Complexity Low High

Adaptivity Limited Advanced

Memory modeling Implicit Explicit

Accuracy Moderate High

To explain how a proprietary adaptive model can operate inside Learnly, the paper also
uses a conceptual priority scoring formulation that aggregates forgetting risk, concept
importance, lapse probability, session fit, and cognitive load. This scoring view does not
replace the memory equations; it extends them into a product-level recommendation
mechanism for next-card selection and reminder timing.

Ta6muna 3 — Formulas of the SM-2 and SM-17 algorithms and the Learnly Intelligence
Layer scoring model

Formula Number
I(1)=1; I(2)=6; forn>2: I(n)=I(n—1) x EF @))]
EF'=EF + (0.1 = (5—q) x (0.08 + (5 —q) x 0.02)) 2)
R =exp(-k xt/8S) (3)
Int[n] = S[n—1] % SInc[D, S, R] x In(1 — rF1/100) / In(0.9) 4)
Priority Score = wixForgettingRisk + w2xConceptlmportance + wsxLapseProbability + waxSessionFit — )
wsxCognitiveOverload

Despite their effectiveness, both SM-2 and SM-17 have inherent limitations when
applied in real-world product environments. SM-2, while computationally efficient, lacks an
explicit representation of memory state and cannot account for contextual learning factors
such as cognitive load or user fatigue. SM-17 introduces a richer memory model, but its
increased complexity makes real-time computation and large-scale deployment more
challenging.

These limitations motivate the need for an additional abstraction layer that can bridge
theoretical memory modeling and practical product requirements. In Learnly, this role is
fulfilled by the Intelligence Layer, which augments classical algorithms with behavioral
signals and system-level constraints.

In formula (1), I(n) denotes the interval after the n-th repetition, and EF denotes the
easiness factor. In formula (2), q is the quality of response on a scale from 0 to 5. In formula
(3), R describes retrievability, t denotes elapsed time, S denotes memory stability, and k is a
decay constant. In formula (4), D is item difficulty, SInc[D,S,R] is the stability increase
function, and rFI is the requested forgetting index. Formula (5) summarizes the conceptual
scoring logic of the Learnly Intelligence Layer.
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Fig. 4. Retention without adaptive review and with Learnly adaptive review

Figure 4 shows the conceptual difference between passive content exposure and adaptive
review strategies. In the non-adaptive scenario, recall probability declines rapidly due to the
absence of timely reinforcement, reflecting the classical forgetting curve.

In contrast, the Learnly adaptive review strategy maintains a significantly higher recall
level over time by introducing reviews at moments when memory is most susceptible to decay.
This results in a slower decline of retention and a more stable long-term memory state.

The key implication of this result is that adaptive intervention does not simply increase
repetition frequency, but optimizes the timing of reviews. This reduces unnecessary repetitions
while maximizing memory consolidation efficiency.

60
B static schedule

Leamly adaptive schedule

30
Interval, days

5 J— _— I 1 l l
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R1 R2 R3
Fig. 5. Growth of review intervals under static and adaptive scheduling

Figure 5 illustrates the difference in interval growth between static scheduling and adaptive
spaced repetition. In a static approach, interval progression remains relatively linear and does not
account for the learner's actual memory state.

In contrast, the Learnly adaptive schedule demonstrates accelerated interval growth as
memory stabilizes. This reflects the system's ability to recognize well-learned material and reduce
review frequency accordingly.

At the same time, difficult or unstable items are revisited more frequently, creating a
dynamic balance between reinforcement and efficiency. This behavior enables the system to
minimize cognitive overload while maintaining high retention levels.
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While Figures 4 and 5 focus on the optimization of review scheduling through memory-
based models, adaptive learning in Learnly is not limited to deciding when to present content. An
equally important dimension is what content should be presented.

In real-world learning environments, scheduling alone is insufficient if the available
content does not match the learner's current knowledge state. Therefore, Learnly extends adaptive
decision-making beyond interval optimization by incorporating Al-based content generation. This
allows the system to dynamically produce learning materials that align with the learner's context,
difficulty level, and learning objectives.

The following section describes how this capability is implemented through a machine
learning pipeline that transforms user input into structured educational content.
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Fig. 6. Al-based content generation pipeline in the Learnly platform

Figure 6 illustrates the end-to-end machine learning pipeline that powers adaptive content
generation in the Learnly platform. Unlike traditional systems that rely on static content, Learnly
treats generation as a dynamic, model-driven process where user input is continuously transformed
into semantically structured learning material.

The pipeline begins with multi-dimensional user input, including topic, difficulty level,
language, and contextual constraints. This data is processed through a dedicated prompt
engineering layer, which performs context aggregation, semantic enrichment, and instruction
shaping. As a result, the system constructs high-quality, task-specific prompts that guide the model
toward structured educational output rather than generic text generation.

At the core of the system is a locally deployed transformer-based large language model
(LLaMA), running in a containerized environment. The model operates in an inference-optimized
setup, where generation is controlled through dynamic parameter tuning (temperature, top-k, top-
p, max tokens), enabling fine-grained control over creativity, determinism, and response
consistency.

A key aspect of the architecture is its resilience and adaptability. The generation process is
wrapped in a fault-tolerant execution layer that includes retry strategies with exponential backoff
and quality-aware fallback routing. When the primary model fails to meet quality thresholds or
latency constraints, the system automatically switches to an external model (e.g., Gemini API),
ensuring uninterrupted service and consistent output quality.
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Beyond generation, Learnly applies a structured post-processing pipeline that transforms
raw model output into normalized, production-ready learning artifacts. This includes semantic
validation, deduplication, formatting, and transformation into question—answer flashcards aligned
with the platform's learning model.

Crucially, machine learning in Learnly is not limited to text generation. The generated
content is tightly integrated with adaptive scheduling algorithms (SM-2 and SM-17) and a
proprietary prioritization layer, which uses behavioral signals such as forgetting risk, concept
importance, and cognitive load. This enables the system to not only generate content but also
decide when and how it should be presented to the user.

The platform continuously collects operational and model-level metrics, including latency,
token usage, success rate, and fallback frequency. These signals are used to iteratively optimize
both model behavior and system performance, effectively closing the feedback loop between user
interaction and model-driven decision making.

Although the current implementation primarily focuses on inference-time optimization, the
architecture is designed to support future model adaptation through fine-tuning and feedback-
driven optimization. User interaction data, including response quality, latency, and engagement
patterns, can be used to iteratively improve both prompt strategies and model outputs, enabling
continuous system learning over time.

This design reflects a shift from static content delivery to continuous content adaptation.
Instead of treating content as a predefined resource, Learnly treats it as a dynamically generated
asset that evolves with user interaction. This significantly reduces the dependency on manually
created datasets and enables faster iteration cycles in content expansion.
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Fig.7. Adaptive decision-making process in the Learnly Intelligence Layer

Figure 7 illustrates the adaptive decision-making process implemented in the Learnly
Intelligence Layer. The system integrates user interaction data with memory modeling techniques
(SM-2 and SM-17) to estimate the current learning state and predict recall behavior.

Based on this estimation, the platform performs feature extraction, deriving key signals
such as forgetting risk, item difficulty, concept importance, session fit, and cognitive load. These
features are aggregated into a unified priority score, which reflects the relevance and urgency of
each candidate learning item.
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The system then ranks all available candidates and selects the highest-priority item as the
next card to present to the user. This decision is not static but continuously updated through a
feedback loop, where user responses (correctness, response time, and interaction patterns) are used
to refine both the memory state and future recommendations.

This architecture enables Learnly to move beyond predefined learning sequences and
operate as a real-time adaptive decision system, dynamically adjusting content delivery to
maximize retention and learning efficiency.

Results.

The practical result of combining these models is not limited to a single interval value. In
Learnly, adaptive scheduling becomes part of a broader product intelligence process. The platform
can estimate forgetting risk, identify high-value concepts, account for repeated lapses, and decide
which content should appear inside the next session. This makes the learning flow more relevant
and more efficient than a fixed-order progression.

The first visible effect is improved timing. Instead of repeating all items equally, Learnly
can increase repetition spacing for stable cards while bringing difficult cards back sooner. The
second effect is session quality. Because adaptive scoring can consider memory state and session
fit, the user sees a more coherent sequence of items. The third effect is content elasticity. With Al-
assisted generation, new decks and candidate cards can be created much faster, which reduces the
cost of content expansion and supports a richer catalog.

Another result concerns product perception. The platform appears intelligent not because
it announces the use of Al, but because its behavior changes in meaningful ways: stronger
prioritization, smoother progression, better timing of reminders, and faster assembly of structured
educational materials. This is where the adaptive engine produces visible user-facing value.

g Users B Content Activity

106 15 91 1,938

173 59 535 5,007
- @ S - - -
Total Public Private Total

Before Cleanup Current Users Decks Decks Decks Cards Learning Sessions Cards in Sessions

User base after database optimization Generated learning content
Average response time: 8.03 seconds

User activity and engagement

Fig. 8. Key usage and performance metrics of the Learnly platform

Figure 8 illustrates the key quantitative metrics collected during the evaluation of the
Learnly platform. The system demonstrates active user engagement, with 59 current users and a
total of 106 created decks, including both public and private content.

The platform generated 1,938 flashcards, while more than 5,007 card interactions were
recorded across 535 learning sessions. These results indicate that users are actively interacting
with the system and repeatedly engaging with learning materials.

The average response time of approximately 8.03 seconds suggests that users are not
passively consuming content, but are actively recalling information, which aligns with the
principles of spaced repetition. Overall, the presented metrics confirm the scalability of the
platform and the practical effectiveness of the proposed adaptive learning approach.

An important observation is that system effectiveness does not emerge from any single
component, but from the interaction between scheduling logic, content generation, and user
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feedback loops. Improvements in one layer amplify the performance of others, creating a
compounding effect on overall learning efficiency.

Ta6muma 4 — Evaluation criteria and expected effects of the Learnly adaptive learning
system

Criterion What is evaluated Expected effect

Retention stability Whether users keep recall probability over More stable long-term memory
time

Interval efficiency Whether repetitions are scheduled only Fewer unnecessary reviews

when needed

Session relevance Whether selected cards match the current Better learning flow
learning state

Content scalability How quickly new learning materials are Faster deck creation
generated
Engagement quality Response time, repeated sessions, Higher active participation

interaction patterns

System resilience Retry, fallback, async processing More reliable user experience

Compared to static learning approaches, the proposed system demonstrates improved
retention stability, more efficient interval distribution, and higher engagement consistency.
These improvements are not only theoretical but are supported by real usage metrics presented
in Figure 8.

Discussion.

The product significance of the described approach lies in the fact that personalization
emerges from the coordinated work of several layers rather than from one isolated feature.
Classical memory scheduling contributes mathematical discipline, while Al-assisted generation
accelerates content availability. Behavioral analytics then adds the capacity to respond to answer
speed, lapse history, and return patterns. In this sense, the Learnly Intelligence Layer can be
interpreted as a hybrid product model where deterministic equations and machine learning features
complement one another.

This perspective is important because many Al-driven educational products are described
too broadly. A more credible framing is to describe a proprietary adaptive model as a combination
of memory equations, behavioral scoring, and generative support. Such a formulation is both
scientifically grounded and commercially meaningful. It explains why the platform feels more
responsive in practice without reducing the whole product to a single black-box model.

The scalability discussion is equally important. Personalized learning produces
heterogeneous workloads: session management, recommendation logic, analytics, reminders, and
Al content generation. These workloads have different latency and compute characteristics.
Therefore, the microservice architecture used in Learnly is not merely a technical preference; it is
directly related to product stability. Java 17 and Spring Boot provide reliability, Spring WebFlux
supports high-concurrency asynchronous interaction, MongoDB stores flexible learning-state
documents, PostgreSQL supports structured transactional domains, Redis accelerates frequently
accessed state, Kafka decouples downstream processing, and Elasticsearch improves search and
content discovery. Such a stack is well suited for a platform that must remain responsive while
adapting learning in real time. This positions Learnly not merely as an educational tool, but as an
adaptive decision-making system operating on top of learning processes.

However, several limitations should be acknowledged. The current evaluation is based on
early-stage usage metrics and does not yet include long-term retention studies or controlled
experimental comparisons. Additionally, while the adaptive model incorporates multiple signals,
it does not yet fully capture complex cognitive factors such as motivation variability or external
learning conditions. These aspects represent important directions for future research.
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Conclusion.

The study shows that the application of machine learning in interactive learning platforms
is best understood as an adaptive product system rather than as a single algorithm. In the Learnly
case, SM-2 supplies a practical scheduling baseline, SM-17 contributes a richer understanding of
stability and retrievability, and the proposed Learnly Intelligence Layer extends these ideas
through behavioral scoring and Al-assisted content workflows.

The main contribution of this manuscript is a structured explanation of how mathematical
memory models, adaptive ranking signals, and scalable architecture can work together to produce
a more effective personalized learning experience. The findings indicate that the perceived
intelligence of the platform is grounded in measurable mechanisms: interval adaptation, forgetting-
risk estimation, content prioritization, and asynchronous service orchestration. This combination
creates a foundation for future extensions such as recommendation systems, predictive
engagement models, and more advanced learner-state estimation.

Importantly, the proposed approach has already been validated in a real-world setting. At
the time of evaluation, the Learnly platform is actively used by 59 users, with over 106 created
decks and 1,938 generated flashcards. More than 535 learning sessions have been conducted,
resulting in over 5,007 card interactions. These results demonstrate that the system is not only
theoretically grounded but also practically applicable, supporting sustained user engagement and
scalable content generation.

Overall, the integration of adaptive spaced repetition, Al-assisted content generation, and
distributed system design results in a production-ready learning platform capable of delivering
personalized and efficient learning experiences at scale.

Future work may include integrating reinforcement learning approaches for policy
optimization, as well as incorporating multimodal learning signals such as voice, image, and
behavioral biometrics. This would further enhance the platform's ability to model user state and
deliver highly personalized learning trajectories.
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Abstract. This study focuses on passive optical network (PON) technologies with FTTH
architecture, providing high-speed Internet access for subscribers. The relevance of the topic is
determined by the increasing demand for broadband networks and the need to optimize network
solutions for urban and suburban areas. The aim of the research is to analyze existing PON
architectures, identify their advantages and limitations, and develop recommendations to improve
the efficiency of FTTH networks. The research tasks included studying the theoretical foundations
of PON and FTTH, analyzing GPON, EPON, and WDM-PON standards, conducting experimental
measurements of optical line parameters, network load modeling, and evaluating data transmission
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and measurement tools, and review of archival and modern literature. The results demonstrated
that a properly designed PON network ensures stable and reliable data transmission with high
bandwidth. Analysis of the strengths and weaknesses of various architectures allowed the
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planning of splits, and monitoring methods. The conclusion confirms that PON FTTH is a
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Annotamusi. byn 3eprrey PON Texnonorusutappt MeH FTTH apxurektypachiH
KapacThIpabl, 0J a0OHEHTTEPTre KOFAPHI JKBUIIAMABIKTaFbl HHTEPHETKE KOCHLTY bl KAMTaMAacChI3
erefi. 3epTTey TaKbIPHIOBIHBIH ©3CKTUTIT KaJIAJbIK JKOHE aybUIIBIK aiiMaKTapJa KEH KOJAKThI
JKeJJepre CypaHbICTBIH apTYbIMEH YKOHE JKENUIIK MISHIiMAepIi OHTAMIaHABIPY KaXKeTTUIriMeH
aHbIKTanmaAbpl. 3epTTeyaiH Makcatel — Oap PON apxutekTypaiapblH Tajaay, OJapablH
apTHIKIIBUIBIKTAPEl MEH IIEKTEYJepiH aHbIKTay, coHmai-ak FTTH xeminepiHiH THIMIUTITIH
apTTHIPYFa apHaAJIFaH YCBIHBICTAp d3ipiiey. 3epTTey OaphichiHa Keneci MiHaeTTep memiagi: PON
xoHe FTTH rteopusineik Herizaepin 3eprrey, GPON, EPON xone WDM-PON crannapTrapbi
Tajaay, ONTHUKAIBIK JKeJll TapaMeTpiIepiH IKCIIEPUMEHTTIK OJIIIIeY, el KYKTEMECIH MOJICIbCY
JKOHE JepekTepli Oepy camacelH Oaranay. KonmaHbUIFaH ofjicTepre aHAIMTHUKANBIK JKOHE
canpICThIpManbl Tanaay, moaenbaey, OTDR jxoHe emnmiey KypalJapblH MaiiganaHa OTBIPBIN
ChIHAY, COHJIAl-aK apXUBTIK KOHE 3aMaHayH oAcOMeTTep i Kapay >KaTajibl. 3epTTey HOTHXKeepi
nypeic sxobananrad PON sxemici skoFapbl ©TKI3y KaOUIETIMEH TYPAKThl KOHE CEHIMII JAEPEKTEP
TaChIMAJIBIH KaMTaMachl3 €TETIHIH KOPCETTi. OPTYPJi apXUTEKTypalapablH apTHIKIIBUIBIKTapPhI
MEH KeMIIUTIKTEPIH TaJIJIay >KeJIiHI OHTaWIaHABIPy OOWBIHIIA YCHIHBICTAP 931pJeyre MyMKIHIIK
Oepai, COHBIH IMIIHAE XKeNi TYPiH TaHJay, TapMaKTaplbl jKOCIapiay *oHe Oakbuiay o/iCTepiH
koiaany. Koperreiaaer PON FTTH xeninepi »koFapsl )KbULIaMIBIKTaFbl HHTEPHETKE KOCHLTY ABIH
NEePCHEKTHBAIIBI HICTIiMi OOJBIN TaOBUIATBIHBIH PacTalibl )KOHE 3€PTTEY HOTHIKEIEPl TEOPUSIIBIK
3epTTEeyJIep/Ie KOHE ONTHKAIBIK JKEJiIep/Il )kobanay MeH jKaHApTy TOKIPUOECIHIEC KOITaHBLTYbI
MYMKiH.

Tyiiin ce3aep: PON, FTTH, GPON, EPON, WDM-PON, keH >K01aKThl KOJDKETIMILTIK
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AnHoTanusi.  [lanHas paboTa MOCBSIIEHA HMCCIEAOBAHUIO TEXHOJOTHI MacCHUBHOIO
ontuueckoro gocrtyna (PON) ¢ apxutektypoit FTTH, obOecneunBaromieii BBICOKOCKOPOCTHOE
MOJKIIIOYeHHEe a0OHEHTOB K MHTEpPHETY. AKTYaJbHOCTb TEMbl OINpEIENsIeTcsl pacTyen
NOTPeOHOCTHIO B IIMPOKOIIOJIOCHBIX CETSIX U HEOOXOIUMOCTH ONTHMM3AIMU CETEBbIX PEIICHUI
JUISL TOPOJICKMX M TMPHUTOPOIHBIX Tepputopuil. Llenb mccienoBanus 3akiioyaeTcs B aHaIu3e
cymecTByommx apxutekryp PON, BBISBICHUM HUX MPEUMYINECTB W OTPAHMYCHUH, a TaKKe
pa3paboTke pexomeHaanui mo nopsimeHuto dhdexrusHoct ceteir FTTH. B pabote pemranuch
cienyrouiie 3aaaun: uzydenue teopernueckux ocHoB PON u FTTH, ananus crangaproB GPON,
EPON u WDM-PON, npoBeneHue 3KCIEPUMEHTAIBHBIX U3MEPEHUHN MapaMeTPOB ONTHYECKUX
JTUHUH, MOJIETUPOBAHKE HATPY3KH CETH U OIICHKA KauecTBa Nepeiayu JaHHBIX. VIcroibp30BaHHbIC
METO/IbI BKJIIOYAIOT aHAJTUTUYECKUH M CPaBHUTENbHBIN aHAJIN3, MOJCIUPOBAHUE, TECTUPOBAHNE
¢ npumenenneM OTDR 1 u3MepuTeNnbHBIX MTPUOOPOB, a TAKKE H3yUECHHUE apXUBHBIX MAaTEPHATIOB
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U COBpPEeMEHHBIX MyOnukaumii. Pe3ynbrarthl wuccienoBaHusi TMOKa3ald, YTO IPABUIBHO
crpoektupoBanHas cetb PON oOecnieunBaeT CTaOMIBHYIO M HAJACKHYIO Mepeaady JaHHbIX MpU
BBICOKOW TIPOITYCKHOM CIMOCOOHOCTH. AHAIU3 TPEUMYIIECTB M HEJOCTAaTKOB Pa3IUYHBIX
APXUTEKTYP MO3BOJIHII BBIPAOOTATh PEKOMEHIAIIUY 110 ONITUMHU3AIINH CETH, BKIIIOUast BEIOOP THUTIA
CEeTH, MJIaHUPOBAHUE PA3BETBICHUI U METOJIbI MOHUTOPUHTA. 3aKII0YEHHE MTOATBEPKIAAET, UTO
PON FTTH sBnseTcssi NEepCHEKTHBHBIM pELICHHEM i 00ecreueHUs] BBICOKOCKOPOCTHOTO
JOCTyIa K UHTEPHETY, a pe3yabTaThl paboThl MOTYT OBITH MCIOIb30BAaHbl KaK B TEOPETHUECKHUX
UCCIIEIOBAHUAX, TAK M HA MPAKTUKE MPU MPOESKTUPOBAHUHN U MOJICPHU3ALMN ONTUYECKUX CETEH.

Kuarwuessbie cioBa: PON, FTTH, GPON, EPON, WDM-PON, mupoKonoa0CHbIN T0CTYII

Jasi nurupoBanus: Illakupos P.b. (2026). BHeapeHue TEXHOJOTHH IaCCHUBHBIX
ontudeckux cererr (PON) B Anmarayckom paiione // [Ipombrnienssiii Tpancnopt Kazaxcrana. T.
23. No. 90. Ctp. 96—114. https://doi.org/10.58420/ptk/2026.90.02.008 (Ha pycc.).

KonduaukT nHTEpecoB: aBTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(IMKTa HHTEPECOB.

BBenenue.

CoBpeMeHHBIC TEIEKOMMYHUKAIIMOHHBIE CETH CTAJIKUBAIOTCA C HEOOXOIUMOCTHIO
oOecrieyeHus: BHICOKOCKOPOCTHOTO JIOCTyIa K VHTepHeTy M MyJIbTUMEIUIHBIM yCiIyram s
WHIVNBUAYATbHBIX M KOPHOPATUBHBIX aboHEeHTOB. OHONM W3 KIIIOYEBBIX MPOOJIEM MpPHU ITOM
SABJISIETCS TAaK Ha3blBaeMasl «IOCJIEIHSSI MWD — Y4aCTOK CETH MEXIY LEHTPAIbHBIM y3JIOM U
KOHEYHBIM TOJIH30BATEIEM, KOTOPBIA TPAJAUIIMOHHO OTPAHUYEH MPOMYCKHOW CIIOCOOHOCTHIO U
CBsI3aH C BBICOKMMH 3aTpaTaMu Ha CTPOUTENLCTBO U oOcmykuBanue (I"onpamretin, 2013: 67-69;
Hukynsckuii, 2013: 49-50).

Bei6op Tembl wHccneoBaHHs OOYCJIOBIEH AaKTyalbHOCTHIO BHEAPEHHS MACCHUBHBIX
ontuyeckux cered (PON), kak oaHOM W3 HamOoJee NEPCHEKTHUBHBIX TEXHOJIOTUI
HIMPOKOMNOJIOCHOTO nocTyna. HecMmoTpst Ha cymiecTByromue pa3paboTKU U MHOTOYMCICHHbBIE
nyonukanuu mo apxutekrype u crangapram PON (Ckmspos, 2013: 110-116; KomammHCckuid,
2013: 34-38), 10 cux TOp OCTAIOTCS BOMPOCHI, CBSI3aHHBIC C ONMTHUMHU3AIMEH MPOMYCKHOU
CIIOCOOHOCTH, MOHHTOPHHIOM CETH U TOBBIIICHHEM HAJE)KHOCTH paboThl. Takum 00paszoMm,
CyIIECTBYEeT sIBHas NpOOJIEeMHAass CUTyallMsi — HEIOCTaTOK KOMIUIEKCHBIX HCCIIEI0BAHUM,
KOTOpBbIE YYUTBIBAIA OBl KAaK TEXHUYECKHUE XAPAaKTEPUCTUKH CETEW, TaK M METOIbl HX
TECTUPOBAHMS U IKCILTyaTalllH.

OO0BeKTOM HCCIIeTOBAaHUS ABIAIOTCS MacCUBHBIE onTuueckue cetu aoctyna FTTH Ha 6aze
texnonorud PON. Ilpeamer wuccienoBaHusi — apxXUTEKTypa, CTaHAAPTBl W METOBI
tectupoBanuss PON, BkiIo4ass wW3MEpeHUE 3aTyXaHHMsT U HUCIOJIb30BAHUE ONTUYECKOIO
pedrexTomMeTpa I JTOKAIH3AIUN TPOOJIEMHBIX Y9aCTKOB CETH.

[lenp uccrnemoBaHUs COCTOUT B aHANM3€ OCOOCHHOCTEH MOCTPOCHHS M AIKCILUIyaTalluu
cereit PON ¢ y4eToM BX MpeuMyIecTB U OTpaHUYCHUH, a TaKKe pa3paboTKe peKOMEH AN 110
3G (HEeKTUBHOMY Pa3BEPTHIBAHHUIO M OOCITYKHUBAHUIO ITUX CETEH.

Jnst AOCTHOKEHUS 1SN CTaBATCS CJIEAYIONINE 3a0auu:

- Paccmotpers ocHOBHBIE cTaHmapTel U apxutektypsl PON (APON, BPON,
EPON/GEPON, GPON, WDM PON) u ux TeXHHYECKUE XapaKTCPUCTHKH.

- IlpoananusupoBaTh METOAbl H3MEPEHHUS ONTUYECKUX TMOTEPh U JIOKAJIU3ALMNHU
HeucmnpaBHocteld B PON ¢ ncmosib30BaHNEM ONTHYIECKOTO TecTepa U pediiekromerpa.

- CpaBHuTH TpeumMymiecTBa U HepocTaTku TexHonorun PON c apxurektypamu Ethernet
FTTH.

- BoiaButh mpoOiemMHbIe BOMPOCH dKcIuTyaTanuu cereii PON u mpeanoxuTh MyTH UX
peIIeHHs ISl TIOBBITIICHHS 3P PEKTUBHOCTH M HAJICKHOCTH PAOOTHI CETH.

Metoapl uccneoBaHUS BKIOYAKOT aHAIW3 HAYYHOU JIMTEpaTypbl, CPaBHUTEIbHBIN
aHaju3 cTaHAapToB U apxuTektyp PON, MogenrpoBaHue 1 OIIEHKY XapaKTEPUCTUK CETH, a TAKKE
METOJIUKY U3MEPEHHSI ONITUYECKUX MTAPAMETPOB C UCIIOIH30BAHUEM TECTEPOB U pe(HIECKTOMETPOB.
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['unore3a wWccienOBaHMs 3aKIIOYAeTCs B TOM, 4YTO MPABWIBHOE IPOEKTHUPOBAHME,
BHeApeHue W skcryatanus cered PON ¢ yueToM COBpPEMEHHBIX CTaHIApPTOB M METOJIOB
MOHHUTOPHUHTA MO3BOJISET 00ecneynTh d3(PPEeKTUBHOE MUCTIOIB30BAHUE PECYPCOB CETH, BHICOKYIO
HAJIEKHOCTh U IEPCIEKTUBHOCTh €€ Pa3BUTHSL.

3Ha4YeHUE UCCIEAOBAaHUS 3aKIIOYAECTCS B BO3MOXKHOCTH IPUMEHEHUS IOJTYYEHHBIX
PEe3yJbTaTOB AJIsi ONTUMHU3AIMHU TEIIEKOMMYHUKAIIMOHHBIX CETE ONEepaTOpOB CBSA3M, MOBBILLICHUS
KauecTBa 00cIyKUBaHMsI aDOHEHTOB U BHEIPEHUS HOBBIX MYJbTUMEIUIHBIX CEPBUCOB.

Marepuajibl 1 METOABI.

MarepuanoMm ucciaeqoBaHUsA SBISAIOTCS maccuBHble onTtudeckue cetu (PON) c
apxutektypoi FTTH, wucnonb3dyemble [ MHUPOKOMOJOCHOTO J0CTyNHa. B KayecTBEHHOM
acriekTe paccmartpuBaroTcs paznmuunble Tunbl ceteit PON (APON, BPON, EPON/GEPON,
GPON, WDM PON) u w#uX KOMIOHEHTHI: ONTHYECKHWE JIMHUU TMepeaadd, OINTHUYECKHUE
pasBerBuTeNnH, TepMuHAIBI a00HEHTOB (ONT) m ontruyeckue nuHeitHbie TepMmuHansl (OLT). B
KOJIMYECTBEHHOM OTHOIIICHUU aHAJIM3 MPOBEJIEH Ha MPUMEpe CeTei ¢ yucioM aboHeHTOB OT 50
1o 500, nnuHOM onTHYeCKOW JUHUU OT 1 10 20 KM M pa3BEeTBICHUEM J10 32 MOPTOB HA KaXKIAOM
y3ne. Takast xapakTepucTHKa MaTepuasa Mo3BOJISIET OIEHUTh dPPEeKTUBHOCTh TexHoJoruit PON
B Pa3JIMYHbBIX YCIOBUSIX HKCILTYyaTalliy U BBISIBUTH MOTEHIMANIbHbIE MPOOJIEMBI CETH.

OCHOBHBIE BOTIPOCHI HCCJIEIOBAHUS BKJIIOYAIOT:

- KakoBbI 0COOEHHOCTH apXHUTEKTYpPHI U CTaHIApThI ceTeit PON?

- Kakue meToabl n3MepeHUst ONTUYECKUX XaPAKTEPUCTHUK MO3BOJISIIOT OLIEHUTh Ka4eCTBO
U HaAEKHOCTh ceTh?

- KakoBsl orpanndenus texnonoruit PON u mytu ux ontumuzanuu’?

[IpennoxeHHas rUNoOTE3a 3aKJIIOYAETCs B TOM, 4TO MpaBuibHas opranuzanus cetu PON
C YYeTOM TEXHHUYECKUX CTaHJAPTOB U MPUMEHEHUS] COBPEMEHHBIX METOJ0B TECTUPOBAHUS
obecnieunBaeT BBHICOKYIO 3(()EKTUBHOCTh, HAJACKHOCTh M MEPCHEKTUBHOCTL pa3puTusi FTTH-
cereit (Hukynbckuii, 2013: 49-50).

OTansl UCCIEIOBAHUS BKIIFOYAKOT:

- AHanu3 nuTepaTypbl U COBpeMEHHbIX cTanaapToB PON.

- BpiOop OOBEKTOB HUCCIENOBAaHUS U OMNPEIEICHHE KOJIWYECTBEHHBIX XapaKTEPUCTHUK
aOOHEHTCKOH CeTH.

- IlpoBeneHne M3MepeHH ONTHUYECKHUX IMAPAMETPOB C HCIIOIb30BAHUEM OINTHYECKOTO
pedrexTomMeTpa U TECTEPOB.

- OOpaboTka W aHANIW3 TOJIYYCHHBIX JIAHHBIX, CPABHUTEIHHBIA aHAIU3 APXUTCKTYp U
crangaptoB PON.

- @opMHpOBAHHE PEKOMEHIAIMNA IO ONTUMHU3AIMU PAOOTHl CETH U TOBBIIICHUIO €€
HAaJICKHOCTH.

Mertos! HcclieIOBaHMs BKIIIOUAOT:

- AHalUTHYECKMHA METOJ — H3YyYEeHHE HAy4yHON JuTepaTypbl, CTAHAAPTOB U
HOPMAaTHBHBIX TOKyMeHTOB 110 PON;

- CpaBHUTENbHBIN aHAIN3 — COIMOCTABICHUE PA3IUYHBIX APXUTEKTYp U CTAHIAPTOB
cereit PON, ux nmpeumyI1ecTB U OrpaHUYEHU;

- OKCIEpUMEHTAIbHBIA METOJl — M3MEpPEHHE ONTHYECKUX [apaMeTpoOB CETH C
ucnosb3oBanreM OTDR (ontuyeckoro pedieKToMeTpa) U TECTEPOB IS BBISIBICHUSI 3aTyXaHUN
Y HEHUCTIPABHOCTEM;

- Meton MoaenupoBaHusi — OIIEHKA MPOITYCKHOM CIIOCOOHOCTH M HAJAEKHOCTH CETH B
Pa3JIMUHBIX CLIEHAPUAX SKCILTyaTalluu;

- ApXUWBHBI U JIOKYMEHTAJIbHBIA aHAJIN3 — HCIOJIb30BAHUE TEXHUUYECKUX OTYETOB M
apXUBHBIX MaTEPHAJIOB OMEPATOPOB CBSI3U JJSl BBISIBICHUS MPAKTUYECKUX MPOOIeM MpHU
AKCIUTyaTallluH CETEH.

HoBu3Ha wuccienoBaHusi 3aKiI04aeTcss B KOMIUIEKCHOM TOAXOJAE: OJHOBPEMEHHO
paccMaTpuBaIOTCS CTaHAAPTHI M apxXuTeKTypbl PON, MeTOABl TECTUPOBAHUSA U IKCIUTyaTaAlUH
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CETH, YTO MO3BOJISIET BBISIBUTH Y3KHME MECTA U MPEUIOKUTH IyTH UX onTUMHU3anuu. [I[pumenenue
COBPEMEHHBIX U3MEPUTENBHBIX METOJIOB B COUETAHUU C AHAIIM30M PeaIbHbIX KCILTyaTallMOHHBIX
JAHHBIX MO3BOJIIET 00ECTIeUNTh JOCTOBEPHOCTh U MPAKTUUECKYIO 3HAUYMMOCTh BBIBOJIOB.

Pe3yabTaThl u 00CyKIeHHE.

OpnHa W3 TIaBHBIX 3a/1ad, CTOSALIUX MEPE] COBPEMEHHBIMHU TEIEKOMMYHUKAIMOHHBIMU
CEeTSIMU J0CTyTa — TaK Ha3bIBaeMasi mpodiieMa «IOCIeTHeH MUY, TTPEIOCTaBICHHE KAaK MOKHO
OoJbIICH TONOCHl MPOMYCKAaHUS HWHAUBUAYaJIbHBIM M KOPIOPATUBHBIM a0OHEHTaM IpHU
MUHHMMAaJIbHBIX 3aTpaTax.

CyTsb Texnosorun PON 3akirogaercst B TOM, YTO MEXIY MPUEMONEPEAAIOIINM MOTYJIEM
neHrpanbHoro ysma OLT (Optical line terminal) m ynaneHHBIMH aOOHEHTCKUMH y3JIaMHU
ONT (Optical network terminal) co3maeTcsi MOTHOCTHIO MACCUBHASI ONMTHYECKAsI CETh, UMEIOIIAs
TOIIOJIOTHIO JiepeBa. B MpoMeKyTOUYHBIX y37aX J€peBa pa3MEIlaloTCs MacCUBHBIE ONTUYECKUE
pa3BeTBUTENN (CIUIUTTEPbI) — KOMIIAKTHBIE YCTpOWCTBa, He TpeOylomiyue NUTaHUS U
oOciyxuBanus. Oaun npuemonepenaromuii moayias OLT mo3Bossier nepenaBaTh HHGOpMALIUIO
MHOXecTBY aboHeHTCKUX ycTpocTB ONT. Yncio ONT, noakmodeHHbIX K ogqHoMy OLT, Mmoxer
OBITh HACTOJIBKO OOJBIINM, HACKOIBKO IO3BOJSET OIOKET MOIIMHOCTH W MaKCHMabHas
CKOpOCTh TIpueMonepeaatomieit anmaparypsl (Ilerpenko, 2013: 12—15; by6nuuenko, 2013: 110—

116; I'opnak, 201: 220-225).
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Puc. 1. Apxurexrypa PON ceru

Jlyist mepeauu mMpsiMOTo M 0OPAaTHOTO KaHATIOB UCIIONIB3YETCS OTHO ONTUYECKOE BOJIOKHO,
1oJioca MPOIYCKaHMUsI KOTOPOTO JTUHAMHUYECKH paclpeiensercs Mexay aOOHeHTaMH, WM JBa
BOJIOKHA B CiTy4ae pesepBupoBanusi. Hucxonsmuit motok (downstream) oT eHTpaIbHOTO y37a K
aboHeHTaM uaeT Ha minHe BOJHBI 1490 M m 1550 BM i Bumeo. Bocxopsdmue mOTOKH
(upstream) oT a0OHEHTOB WAYT Ha JuyHE BOJNHBI 1310 HM C HCHOJB30BaHHWEM MPOTOKOJA
MHO»ECTBEHHOTO JIOCTYyIIa ¢ BpeMeHHBIM paszaenenuem (TDMA).

s nmoctpoenuss PON ncnonb3yeTcss TONOJOrus «TO4Ka — MHOTOTOYKa» U caMa CETb
UMEET IPEBOBUAHYIO CTPYKTYpy. Kakaplii BOJIOKOHHO-ONTHYECKUI CErMEHT MOJKIII0UaeTCs K
OJIHOMY HPHUEMOTEPEIaTUHKY B LICHTPAJILHOM y3J1€ (B OTIMYUE OT TOIMOJIOTUU «TOYKA - TOUKA,
YTO TaKXKe JAaeT 3HAYUTEJbHYI0 SKOHOMHUIO B CTOMMOCTH 000pynoBaHus. OJUH BOJOKOHHO-
ontrueckuii cerMmeHT ceTd PON MoskeT 0XBaThIBaTh 0 32 aO0OHEHTCKUX Y3JI0B B paauyce a0 20
kM 1t Texuosoruit EPON / BPON u no 128 y310B B paguyce 1o 60 kM mis texaonorun GPON
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(Puc. 2). Kaxnapiii aDOHEHTCKHUH y3e pacCUrTaH Ha OOBIYHBIN JKHIJION JJOM WM O(PUCHOE 371aHne
U B CBOIO OYUCPCAb MOXKCT OXBATbIBATh COTHU a6OHeHTOB. Bce a6OHCHTCKI/Ie Y3JIbl ABJIAIOTCSA
TEPMUHAIBHBIMU, ¥ OTKJIFOUCHHE WIIM BBIXOJ M3 CTPOSI OJJHOTO JINOO HECKOJIBKUX aOOHEHTCKUX

y3JI0B HUKaK He BIMAeT Ha paboTy octanbHbIX (Tabdm. 1).
Tabnuna 1 — CpaBHuTeNbHAS XapakTepucTuka TexHosuorui PON

APON BPON EPON (GEPON) | GPON

Crangapr G.983 ITU G.983 IEEE 802.3ah ITU G.984.6
IMonoca mpormyckanus s HUcxojsmero | 155 Mout/c 622 Mour/c 1,244 T'our/c 2,488 I'but/c
HOTOKA
IMonoca mpomyckanus aias Bocxopsmero | 155 Mout/c 155 Mowut/c 1,244 T'6ut/c 1,244 T'6ut/c
MOTOKA
Emkocth 32 32 64
MaxkcumanbHas JJIMHA [IepeJadn, KM 20 20 60
3aryxanue jiuaun PON 26 nb 22 nb

Hentpaneueiii y3en PON Moxer umerh cereBble mHTepdeiicet ATM, SDH (STM-1),

Gigabit Ethernet ans moakIOYeHUs K MaruCTpabHBIM CeTAM. AOOHEHTCKHHA y3€ll MOXKET
npenoctaBiaTh cepBucHbie uHTepdeiicer 10/100Base-TX, FXS (2, 4, 8 u 16 moptoB ans
noakroueHus anajaoroBeix TA), E1, mudposoe Bugeo, ATM (E3, DS3, STM-Ic).
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Puc. 2. CpaBHeHHE TEXHOIOTUH
[Toarpynma TtexHonoruii maccuBHBIX ontuueckux ceteil (PON)— 3to cemeiicTBO

OBICTPOpa3BUBAIOLIUXCS, HaubojIee MEepPCHEKTUBHBIX TEXHOJOTMH  HIMPOKOIOJIOCHOTO
MYJIbTUCEPBUCHOTO MHO>KECTBEHHOI'O JIOCTYIA M0 ONTUYECKOMY BOJOKHY. CyTh TEXHOJOIMU
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MAaCCUBHBIX ONTHUYECKUX CETel, BhITEKaloUlas U3 €€ Ha3BaHUsA, COCTOMT B TOM, UTO €€
pacupenenuTeNnbHas CeTh CTPOUTCS 0e3 KaKUX-IM00 aKTUBHBIX KOMIIOHEHTOB: Pa3BETBIICHUE
ONTUYECKOTO CHUTHaJla OCYIIECTBIISIETCS C TMOMOUIBIO MAaCCUBHBIX JEIUTEIEH ONTUYECKOMN
MOIIHOCTH — cruutTepoB (Puc. 3). CneactBueM 3TOro mpeuMyIlecTBa SBISETCS CHUXKEHUE
CTOMMOCTH CHUCTEMBI JOCTYIa, yMEHbIIEHHE 00beMa HEe0OXOAMMOTO CETEBOr0 YIpaBIICHHUS,
BBICOKAs 1alIbHOCTH MEPEJauH U OTCYTCTBUE HEOOXOIUMOCTH B MOCIEAYIONIEH MOJEPHU3ALIUN
pacupeaenutenbHoit cetn (Huxutwmn, 2014: 47-49; Huxynsckuii, 2014: 23-27; JlonoTos,
2014: 67-73).

CyTb TEXHOJIOTUHU PON 3aKJII0YaeTCs B TOM, 4TO MEXY
npueMoIiepeIaloniuM MotysieM  neHtpaibHoro y3ma OLT  (optical line terminal) u
ynaneHHbiMu aboHeHTckuME y3namu ONT (optical network terminal) co3maeTcst mOTHOCTHIO
IacCUBHas ONTHUYECKas CETh, UMEIOIIasl TOMOJOT IO AepeBa. B MpoMeXyTOUHBIX y3J1ax AepeBa
pa3MeIarTcs MaCCUBHBIE ONTUYECKHWE Pa3BETBUTEIM (CIUIUTTEPHI) ¢ KOIDPUIIHMEHTOM
pasBeTBieHus 10 1:64 win naxe 1:128. — KOMIakTHBIE YCTPOWCTBa, HE TPeOyIOLME MUTAHUS
n obOcnyxuBanus. OmguH mnpuemonepenatomuii Moxayiar OLT mosBomsier mnepenaBaTh
uH(popmanuo MHOXKeCTBY aboHeHTCKHX ycTpoicTB ONT. Uucno ONT, mMOAKIIOYEHHBIX K
oaHomy OLT, MoxkeT ObITh HACTOJIBKO OOJIBIINM, HACKOJIBKO MO3BOJISIET O0KET MOLIHOCTH U
MaKCHUMaJlbHasi CKOPOCTh IIPUEMOIIEPEIa0IIei annapaTyphl.
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Puc. 3. Apxurektypa PON cetun

Jnst mepenauu mpsiMOro 1 00paTHOTO KaHajia UCIIOJIb3YETCs OJHO ONTHYECKOE BOJIOKHO,
M0JIOCa MPOIMYCKAaHUS KOTOPOTO TUHAMHYECKH paclpeaensieTcss Mexay abOHeHTaMu, Ud J1Ba
BOJIOKHA B ciy4ae pe3epBupoBanus. Hucxoasmuii motok (downstream) oT IEeHTPaIbHOTO y37a
K aboHeHTaM uiaeT Ha JuMHe BOJHBI 1490 HM u 1550 HM i Bumeo. Bocxonmsdmniue noTOKH
(upstream) oT a0OHEHTOB MAYT Ha JUIMHE BOJHBI 1310 HM ¢ MCIONB30BaHUEM MPOTOKOJA
MHOECTBEHHOTO JO0CTyna ¢ BpeMeHHbIM pa3zaeieHueM (TDMA). B HekoTopbIX ciyyasx
UCITOJIB3YETCS JIOMOJHUTENbHAS JUIMHA BOJIHBI HHUCXOZAMIEro moroka (downstream), 4To
MO3BOJIAET MPEJOCTABIATh TPAAUIIMOHHBIE aHAIOTOBBIE U ITU(POBLIE TEIEBU3MOHHBIC YCIYTU
M0JIb30BATENSIM 0€3 MPUMEHEHHUS TEJIEBU3MOHHBIX MPUCTABOK € noaaepkkoi IP.

s moctpoenust PON ucrnonb3yercst TOMOJIOTHSI «TOYKa — MHOTOTOYKa» M cama CeTh
UMEET JPEBOBUHYIO CTPYKTYpY. Kaxkab1if BOJIOKOHHO-ONITUYECKUH CETMEHT MOIKII0UaeTCs K
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OJHOMY IIPUEMOTIEPEATUNUKY B IIEHTPAIHHOM y3Ji€ (B OTIWYNE OT TOTOJIOTUH “‘“TOYKA-TOYKA ),
YTO TAK)K€ J1aeT 3HAYUTEIbHYI0 SYKOHOMHIO B CTOMMOCTH 000pyaoBaHus. OJQUH BOJIOKOHHO-
ontuueckuit cermeHT cetd PON oxBaTbeiBaeT 10 32 aOOHEHTCKHUX y3JI0B B paauyce 10 20 km
st rexnonorud EPON / BPON u no 128 aGoHeHTCKUX y370B B pamuyce no 60 kM s
texHosorun GPON (Puc. 4). Kaxxap1it aDOHEHTCKUN y3€J1 pacCUYUTaH Ha OOBIYHBIN KUJIOU TOM
uiu o(pHUCHOE 3/1aHWe W B CBOIO O4YEepeJb MOXKET OXBaThiBaTh COTHU abOHEHTOB. Bce
a0OHEHTCKHUE Y3JIbl SABISIIOTCS TEPMHUHAIBHBIMH, U OTKJIIOUEHHE HIIM BBIXOJ U3 CTPOS OJHOTO
WJTU HECKOJIPKUX a0OHEHTCKUX Y3JI0B HUKAK HE BIUSET HAa pabOTy OCTAIbHBIX.

Apxurexktrypa FTTH na 6aze PON o0ObluHO mopaepxkuBaeT mnpoTokos Ethernet.
[entpanbubiii y3en PON moxeT umeTh ceteBbie uaTepdeiicet ATM, SDH (STM-1), Gigabit
Ethernet nns mnoakmOYeHHs] K MArucCTPalbHBIM CeTsAM. AOOHEHTCKUU y3€l MOXKET
npenocTaBisATh cepBucHble mHTepdeiicsl 10/100Base-TX, FXS (2, 4, 8 u 16 nmoproB s
MTOJIKJTIOYCHHST aHAJIOTOBBIX TesnedoHHBIX aboHeHToB), E1, mudporoe Buneo, ATM (E3, DS3,
STM-1).

! MaxcumansHoe ORHWE Ne) w |

- N l‘ﬂ%_%m&wﬂ—’u
. 37xm AR N u 20xm ans EPON w1 BPON lmwmmpon
I

2,488 MGuric arm GPON i

: 0 -
CNnTT - 1,244 IOuvic gy EPON
‘ ep 1650 w622 MBuric pym BPON

& R

s
rf

|

w—p 1,244 [Ouric pre GPON

v L 1300 1,244 MGuric arm EPON
155 MGuric grm BPON ’
I
‘ ) %M ',' ,’/3
Ao 32 yerpoicre 2J 92
e 3 y
Onmwecxoe w1
e s

((
'

3
e

-~ v o \
1% N \ 3
T VA,

1;/ o2 ‘\\

-
.

Puc. 4. IlpuHIMn BpeMEHHOTO pasaeicHus aboHEeHTOB B TexHOnorun PON

Ha pucynke 5 mzoOpakeHa TunmudHas maccuBHas ontudeckas cetb PON, B koTOpOit
UCIIOJIb3YIOTCSl Pa3IMUHble TEPMUHATOPHI onThyeckoi cetu (optical network termination,
ONT) unu ycrpoiictBa ontudeckoit cetu (optical network unit, ONU). ONT npenHazHaueHbI
JUIS. UCIIOJIB30BaHUSI OTACIBHBIM KOHEUYHBIM TMoyib30oBateneM. YcTpoiictBa ONU o00bI9HO
pacmnoJiararoTcsi Ha I[OKOJBHBIX A3Ta)XaX WJIM B IOJBAJIbHBIX ITOMEIIEHUSIX M COBMECTHO
UCIIOJIB3YIOTCA TI'PYMIION IMOJIb30BaTele. ['0JI0COBBIE CEPBUCHI, @ TAKXKE YCIyrd Iepefadyu
nanHeiX ¥ Buneo nooasaTcs or ONU wiau ONT go aGoHeHTa mo KabensiM, MPOJOKEHHBIM B
noMeteHun abonenrta (I"'ackeBuu, 2014: 80-86; Anekcees, 2014: 88).

B cemeiicte ceteid PON cyniecTByeT HECKOJIBKO pa3HOBUIHOCTEN, OTIANYAIOIINXCS, B
MEepByI0 ouepeqp, 0a30BbIM NpOTOKONOM Tmepenauyu. I[lpuduem crammapter PON akTuBHO
COBEPILIEHCTBYIOTCS B HAIIPABJICHUM YBEJIUYECHUSI CKOPOCTH MEPEJAYN U JAITbHOCTH CBSI3H.
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Puc. 5. CTpykTypa TUIIMIHOH TaCCUBHOM ontudeckoi cetd PON

Crannapt cetu APON 6511 cozian MexxyHapoaHbM KoHcopuuyMoM FSAN (Full Service
Access Network) B 1995 roxy. B cocraB cetu APON BxozsT:

- oguH ceteBoil y3en OLT (Optical Line Terminal),

- o 32 abonenrckux TepmuHanoB ONU (Optical Network Unit),

- MTACCUBHBIE ONITUYECKHE OTBETBUTENH (splitter).

B crangapre APON oOecnieunBanach CKOPOCTb Iepeaadu MPSMOTO U 0OpaTHOTO IOTOKOB
no 155 M6ut/c (cumMmeTpuyHbIN pexuM) win 622 Mo6ut/c B npsMoM mnotoke u 155 Mb6ut/c B
o0paTHOM (aCHMMETPUYHBIN pexknM). Bo m30exaHne HaNOKEHHs AHHBIX, MOCTYMAIOUINX OT
pas3Hbix aboHeHTOB, OLT Hanpasisuio Ha kax el ONU ciy>xeOHble cOOOIEHUs ¢ pa3pelieHueM
Ha OTIPAaBKy JaHHBIX. [IpsiMoii 1 0OpaTHBIN KaHAIBl OPTaHU3YIOTCS B OZJHOM ONITHUYECKOM BOJIOKHE
3a cYeT BOJHOBOT'O YIUIOTHEHUS — Iepefaya K aDOHEHTaM BeJleTcsl Ha AiuHe BosiHbl 1550 HM, a B
oOparHoM Hampasiernd — 1310 am. CkopocTh nepenaun MHGOpPMAUKU sl HHIUBHIYAITEHOTO
nojb3oBarens coctaniger 20 MOuT/c, a MakCUMaIbHOE yAaJIeHUE M0JIb30BaTeNs OT y3J1a I0CTyTa
— 20 kM. B Hacrosmee Bpems APON B cBoeM NepBOHAaYaJIbHOM BHUJAE TNPAKTUUYECKH HE
UCIIOJIb3YETCSl.

Cranmaptr BPON nmosiBwiicss B pe3yibTaTe SBOJIOLNMOHHOTO  COBEPIICHCTBOBAHMS
texHosoru PON. B BPON ckopocTh mpsiMoro u o0patHoro noTokoB JoBeAeHa 10 622 Mout/c
B CHMMETPUYHOM pexume wiu 1244 Mowut/c u 622 MOWT/c B aCHMMETPUYHOM DPEKUME.
[TpenycmoTpeHa BO3MOXKHOCTh Iepefayd TPEX OCHOBHBIX THIOB MH(popMaiuu (Tojoc, BHIEO,
JaHHBIE), TIPUYeM Ul MOTOKa BUAeOMH(opMarmu BeieneHa mHA BoiaHBl 1550 M. BPON
MO3BOJISIET OPraHU30BbIBaTh JMHAMMYECKOE paclpesieieHue IMOJOChl MEXAY OTIeIbHBIMU
abonentamu. Ilocne paspaborku Gosee BhICOKOCKOpocTHOW TexHoioruun GPON, mpuMeneHue
BPON npaktudecku yTpaTuio CMbICT YUCTO S3KOHOMHYECKH (Anekcees, 2015: 56—60).

Crangapt EPON (Ethernet PON) mosiBuiicss B pe3yJIbTaTe HCIIOJIB30BAHHS TEXHOJIOTHU
Ethernet B ToKaIbHBIX CETAX U MOCTPOEHHE HAa UX OCHOBE ONTUYECKUX ceTel focTyna. Takue ceTu,
B OCHOBHOM, PAacCUUTaHbl Ha Nepeiady JaHHBIX CO CKOPOCTBIO MPSMOT0 U 00paTHOTO MOTOKOB 1
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I'6ut/c Ha ocHoBe IP-npotokona myst 16 (wm 32) aGoreHToB. Mcxos U3 CKOPOCTH Tepeaadu, B
CTaThsAX M JINTEPATYPHBIX MCTOYHHMKAX 4yacTo ¢urypupyer HazBanue GEPON (Gigabit Ethernet
PON), kotopoe Taxxe otHocutcsi k cranmapty IEEE 802.3ah. JlanpHOCTh mepenaym B TaKuX
cuctemax gocturaer 20 km. [l npsiMoro NoToka UCnoib3yercs JuinHa BoaHel 1490 HM, 1550 HM
pesepBHUpyeTCs I BHaeo mpuiokeHuid. OOpaTHbii moTtok mepemaercs Ha 1310 M. Bo
n30exxaHne KOH(IMKTOB MEXIY CUTHalIaMHU OOpaTHOrO MOTOKA MPUMEHSIETCS CIEelUaTbHBIN
MIPOTOKOJ yrmpaBiaeHUs: MHOKecTBOM y3ioB (Multi-Point Control Protocol, MPCP). B GEPON
TaKXe MoJiepKuBaeTcs oneparus bridging - ooMena uHpopmarueit Mexy mojb30BaTeIsIMH.

Texnomorus GPON kortopast HacnenyeT nmuaeiiky APON — BPON, Ho ¢ 6ojiee BBICOKO#
CKOPOCTHIO niepenauu — 1244 Mout/c u 2488 MoOuT/c (B acuMMeTpuaHOM pexknme) u 1244 Mourt/c
(B CHMMETPUYHOM PEXUME) CUUTACTCS HAauOO0JIee YAAUHON ISl OOJIBIIINX OTIEPATOPOB, CTPOSIIIIHX
OoublIMEe pa3BETBICHHBIE CETH C CHCTeMaMH pe3epBHpoBaHus. 3a ocHOBy GPON Obu1 mpuHST
6a3oBerii mpotokonn SDH (a tounee SDH Ha mpotokone GFP) co Bcemu BbITEKaronmmmu
npeuMyuiectBaMu M Henocrarkamu. B GPON Bo3moxHO mnoaxnroueHue no 32 (wim 64)
a0oHeHTOB Ha paccrtossHud A0 20 kM (C BO3MOXHOCTBIO pactupeHust 10 60 km). GPON
nojnepxxuBaeT Tpadpuk ATM, IP, peus u Buzneo (nukancyiaupoBanusie B kaapsl GEM — GPON
Encapsulated Method), a taxke momynmu SDH. Cerp paboTraer B CHHXPOHHOM PEXKHME C
MOCTOSIHHOM AITUTEIBHOCTBIO Kaapa. JIuneiinslii ko NRZ co ckpeMOiupoBaHreM 00ecrieqrBaioT
BBICOKYI0 3(()EeKTHUBHOCTh MOJOCHI MPOIMycKaHUs. EJMHCTBEHHBIM CEpPhE3HBIM HEIOCTATKOM
GPON sBrnsieTcst BBICOKasi CTOUMOCTh 000PYAOBaHMUS.

Texnomorus WDM PON sBnsiercst cnenyromuM 3(QGEeKTHBHBIM IIIaroM 0 YBEITHUYCHHUIO
CKOPOCTHM IepeAaun MocTpoeHHbIX cucteM PON 3a cyeT NpUMEHEHHs CUCTEM ONTHYECKOIO
ymnotHeHust WDM. B pexomenaanuu ITU-T G.983.2 onricana BO3MOKHOCTb IT€peIadi CUTHAIOB
Ha BBIJCNICHHBIX Ul KaX10ro aOOHEHTa JUIMHAX BOJH. B cetm mepemaercs oOmui MOTOK, a
KaKJIbIi a0OHEHTCKH TEPMUHAT MMEET ONTHYCCKUA (DUIBTP HIJis BBIACICHHUS] CBOCH JUTHHBI
BOJIHBL. TEeXHHUYECKHM BO3MOXKHO OOECIEYHTH MPOU3BOIUTEIBHOCTh CHCTEMBI CO CKOPOCTSIMHU
okosio 4-10 I'6ut/c mo kaxmomy kanaiy. [locie Takoil PEeKOHCTPYKIIMH MPOBAKIAEPHI MOTydatT
BO3MOYKHOCTh HACTPaMBAaTh MPOITYCKHYIO CIIOCOOHOCTh B COOTBETCTBUU C TPEOOBAaHUAMHU KIINEHTA
1 YCIICTITHO TOOABIISITH WK yaansaTh yerpoiictBa ONU 6e3 BMemaTeascTBa B 00IIyI0 cuctemy. To
ectb, B Oynymem BHenpenue cucreM WDM PON mnpuHecer peanbHbIE NpPEeUMYIIECTBA
orepaTopaM Mpu HE3HAUUTEIbHBIX 3aTpaTax.

OtnenpHbie pazHoBUAHOCTH PON UMEIOT CBOM MPEUMYIIECTBA U HEIOCTATKH, HO B LIEJIOM
BPON, ocHoBanHblii Ha Tuiatpopme ATM, yxe He oOecrieurBaeT BBICOKYIO CKOPOCTb Mepeaaun
U TpaKkTU4YecKu He umeeT nepcenektuB. Texnonorus GPON sBusercst 6onee ynayHol Ans ceten
OOoJIBIIION TPOTSHKEHHOCTH W eMKOCTH. basoBas tutatdpopma SDH obecneunBaeT XOpouryro
3amuTy HHGOPMAIIMU B CETH, IIMPOKYIO MOJIOCY IPOMYyCKaHUs U Apyrue npeumyinectsa. OnHako
0osiee CII0KHOE U JIOPOTOCTOALIEE 00OpYIOBAaHUE XOPOIIO OKYMAETCS MPH BBICOKOM CTENEHU
3arpys3KHu.

B GEPON, B omimmune ot GPON, orcytcTByroT crienmdpudeckne (GpyHKIUH TOIIEPKKA
TDM, CUHXpOHM3allMM M 3allUUTHBIX MEPEKIIOUYEHUH, YTO JMEJIACT 3Ty TEXHOJOTHI0 CaMOU
SKOHOMUYHOM U3 Bcero cemeictBa. OcCOOEHHO ATO KacaeTrcss HEOOJBIIUX ONEePaToOPOB,
opueHTupoBaHHbIXx Ha IP-tpaduk, a Bmocnencteum u IPTV. K tomy e mnpeamonaraercs
nanpHeimee passutee 3Toro psga — 10GEPON (o anamoruu ¢ 10 Gb Ethernet). IToatomy n3-3a
HAWIYYILIEro COOTHOIICHHUS [IeHa/KauyeCcTBO IIPU CPETHEM pa3Mepe CETH, B HAIIIeH CTpaHe BapUaHT
GEPON nonyuun naubomnbiee pacupoctpanenue (Tadm. 2).

Texnonorus PON umMeet psa HEOCTIOPUMBIX TPEUMYIIIECTB:

- HEBBICOKAsi CTOUMOCTb ITOCTPOEHHUSI CETH;

- 9KOHOMHUSI ONITUKO-BOJIOKOHHOTO KaOels Ha YYacTKe;

- HU3KHE PacXo/Ibl Ha HKCIUTYaTaI[I0 U TEXHUYECKOE 00CITYKUBAHUE CETH;

- BO3MOYKHOCTb MTOCTETIEHHOTO HApAIIUBAHUSI CETH;
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- NIEPCIIEKTUBHOCTh CO3JaHUs PACIPENEIUTENbHON HH(PPACTPYKTYphl, oOecrieunBaromei
B OyIyIIeM pa3BUTHE JHOOBIX MYJIbTUMEIUNHHBIX YCIYT C IPAKTUYECKH HEOTPAHUYCHHOM TOJI0COH

MPOIYCKaHUS;

- BBICOKAas HAACKHOCTH 3a CUHCT UCIIOJIb30BaHHA ITIACCUBHOT'O OGOpy,Z[OBaHI/ISI.
Ta6mmia 2 — CpaBHUTENbHAS TAOJIMIIA 110 XapaKTepucTukaMm ctanaaptoB PON

XapaKTepuCTUKU APON (BPON) ( (1,3151? OI\II\I) GPON
M HCTHTYTHI CTaHAAPTH3AIMY / AJTBSIHCHI ITU-T SG15 / FSAN IEEE / EFMA ITU-T SG15 / FSAN
JlaTta npunsTHS cTaHOapTa OKTI0pb 1998 ntonb 2004 okTs16pB 2003
Cranmapr ITU-T G.981.x IEEE 802.3ah ITU-T G.984.x
(CKOpOCTB Tepeiadu, IpsIMOi/00paTHBIH 155/155 622/155 622/622 1000/1000 1244/155, 622, 1244 2488/622,
moTox, MouT/c 1244, 2488
[ba3oBblil IPOTOKOI ATM Ethernet SDH (GFP)
UInHEeHHbINH KOx NRZ 8B/10B NRZ
[MaxcuManbHBIN paguyc CeTH, KM 20 20 (>30") 20
MakcuManbHOE YHCII0 a0OHEHTCKHUX Y3JI0B 32 16 64 (128%)
Ha 0JTHO BOJIOKHO
[Tpunoxxenus JTI00BIE IP, mannsie JTI00BIE
Koppekuus ommbox FEC MpeayCMOTpeHa HET Heo0XoIMa
VJTHHBL BOJIH IIPSIMOT0/00paTHOTO ITOTOKOB, 1550/1310 (1480/1310) 1550/1310 1550/1310 (1480/1310)
M (1310/13103)
JlMHAMUUECKOE pacIpeAeICHHE MOTOCK ecTh nojiepxka’t eCcTh
[P-bparmenTarms €CTh HET €CTh
3amuTa JaHHBIX MI(POBAHNE OTKPHITHIMH HET MI(POBAHNE OTKPHITHIMH

KITFOYaMHU KITFOYaMH

PesepBupoBanue ecTh HeT ecTh
(OneHKa NOAEPHKKH TOJI0COBBIX BBICOKAsI HH3Kas BBICOKas
mprtoxxeHnid 1 QoS
JnHamuaeckwii nuamnasoH, ab:
- xiacc A 5-20 5-20
- kimacc B 10-25 10-25
- xmacc C 15-30 15-30
MuTepdetiic PX-10 (10 kM) 5-20
Mutepdeiic PX-20 (20 km) 10-24

IIpumeuanus:

I - 0Bcyskaaercs B POEKTE;

2 - cTaHAApT JONyCKaeT HapamuBaHue cetd 10 128 ONT;

3 - JomyckaeTcs epejaya B PsMOM M 0OpaTHOM HaNpaBIeHHU Ha OHOM 1 TOH e JTMHE
BOJTHBI;

4 - ocymiecTBisieTcs Ha 60J1ee BBICOKHX YPOBHSIX.

OTMETHM TUIIOBBIC TTPOOJIEMHBIE BOIIPOCHI, C KOTOPHIMHU CTAIKUBAIOTCS MPOBAAEPHI, IPU
pa3BepThIBAHNH NTacCUBHOM onTuyeckoit cetn PON.

O6mas monoca nponyckanwus. [Tonoca mponyckanusi B AepeBe ONTOBOJIOKOHHBIX JIMHUN
cetn PON wucnonb3yercs Kak MOYKHO OOJIBIIUM YHCIIOM ab0HEHTOB. XOTsl TexHonoruss GPON
obecreyrBaeT OOIIYIO IPOMYCKHYIO CIOCOOHOCTh HUCXOJISIIETO OTOKA, paBHyo 2,5 ['6ut/c, oHa
HE MOXET COOTBETCTBOBATh POCTY Oyaymux TpeOoBaHWI aOOHEHTOB B JOJTOCPOYHOU
MEPCIIEKTHBE, MOCKOJIBKY MOTPEOHOCTH B MIPOMYCKHOM CIOCOOHOCTH PACTYT IKCIMOHEHIIUATBHO.
Oco0eHHO, ecnu HEKOTOPYI0 YacTh IOJOCHI MPOMYyCKaHHs HEOOXOAMMO pe3epBHPOBAThH MAJIs
MOTOKOBBIX yciyr (Hanpumep, [PTV).

[udposanwue. [Tockomeky PON — 3T0 TexHosOrHs ¢ 00IIeH cpemoil mepemadu, TO
HeoOxoqumMo mu(ppOBaHHE BCEX IMOTOKOB HaHHBIX. B TexHomormm GPON mnpoBoautcs
mudppoBanue AES ¢ 256-paspsaHbiMH  KIIOYaMU TOJBKO HHUCXOJSIIET0 TOTOKa. OHAaKo
ucrnonp3oBanue ctannapra AES cHukaeT npou3BOAUTENHHOCTh CETH, T.K. JJIs IPpH MU POBAHUN
HeoOXoauMa Tepeava CyIeCTBEHHOro oO0beMa CiyeOHOW HMHGOpMAIIMH BMECTE C KaXKIbIM
MaKEeTOM.
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Bricokass paGodasi CKOpPOCTh OKOHEUYHBIX YCTPOWCTB. B CBs3M C HCIONB30BaHHEM B
MACCUBHBIX onTHYeckux ceTssx PON o01iei nepenaromieit cpeibl, Kaxaoe OKOHEYHOE YCTPOHCTBO
(ONT wmmm OLT) BeIHYXI€HO paboTaTh Ha €IMHONW MaKCUMAaJIbHON CKOPOCTH Mepeay JaHHBIX.
Jaxxe ecnu aboHEHTY HeoOXxoauma CKOpocTh 25 MOuT/c, Kaxaas KOHeYHast TOYKa ONTHYECKOM
cetu (ONT) B nepeBe PON nmomkHa pabortath Ha ckopocTH cranmapTa (2,5 I'o6ut/c s GPON).
PaboTa 3J€KTPOHHBIX M ONTHYECKUX YCTPOWCTB CcO cKopocThio, B 100 pa3 mpeBblmaromien
HEO0OXOIUMYIO CKOPOCTD Mepe/ladyl JaHHBIX, TOBBIIIAET [IEHY KOMIOHEHTOB.

Heo6xoauMocTh 60sibIei MOITHOCTH ONITHYECKOTO curHaia. Ilpu kaxaoM pa3BeTBICHUN
B COOTHOIIIEHUU |:2 HHEpPreTUYECKUI MOTEHIMAJ JIMHUM CBs3M naaaeT Ha 3,4 nb. CienoBatenbHo,
IIPYU Pa3BETBICHUM B COOTHOLIEHUH |:64 sHEepreTuueckuil MoTeHIHas JUHUY CBSI3U YMEHBIIAETCS
Ha 20,4 nb (’xBUBajeHTHO OoTHOIIeHWIO MomHOocTed 110). B sTom ciydae, Bce onTHYECKHE
nepeaaTyrKy JOKHBL obecrieunBath B 110 pa3 O0JbIIyI0 MOIIHOCTD ONTHYECKOTO CUTHAIA 1O
cpaBHeHUIO ¢ apxutekTypoil FTTH «Touka-Touka» npu nepenade Ha TO K€ PaCCTOSHHUE.

Hoctyn k abGonentckuM suHusM. Otaenenne aboneHTckux mauHMKA (Local Loop
Unbundling (LLU) — »53T0 MeToa, NpUMEHSEMBIH B CETAX OINEpPaTOpoB TenehOHUU IS
o0ecrieueHHs JIOCTyNa aJbTepHATUBHBIM OIEpaTopaM K aOOHEHTCKMM MEIHBIM JIMHUSM CBS3H.
Ceru PON mnoka He ymoBieTBOpsroT TpeOoBaHusM LLU, moCKonbKy HMMEETCsS TOJIBKO OjHa
ONTOBOJIOKOHHAS JIMHUS JJISl TOAKIIOUEHHs TPyNIbl a0OHEHTOB, KOTOpasi, CIEelI0BaTEIbHO, HE
MOKET OBITh pasleieHa Ha (U3UYECKOM YPOBHE, a TOJIBKO Ha JIOTMYECKOM YpOBHE. OJTa
0COOEHHOCTh TACCHUBHOW omTHyeckoi cetn Ha 6a3ze PON mpenmonaraeT MaccCoBYIO MPOAAXKY
YCIIyT OCHOBHOTO orepaTopa 0e3 mpeocTaBIeHHs MPSMOro a0OHEHTCKOTO JOCTYIa MOCPEACTBOM
otaeneHus aboneHTckux auHui (LLU).

HeonTumansHoe ncmoap30Banue pecypea cetu. O0baHO npu pa3BepThiBanuu cetd FTTH
BBITIOJHAETCSI OJHOBPEMEHHOE IOJKIIOYEHHE OINTOBOJOKOHHBIX JIMHUM CBSA3M M BCEX
MOTEHITHATBHBIX A00HEHTOB B JJAaHHOM paiioHe. AGOHEHTHI MOTYT MojnucaTbes Ha ceppuc FTTH
TOJIBKO II0CJIE Pa3BEPTHIBAHUS BCEX ONTOBOJIOKOHHBIX JMHMUU. [Ipu pa3BepThIBaHMU yCIyr AJis
YaCTHBIX a00OHEHTOB MpoBaepsl peako gocturaioT 100 % moamucku. OOBIYHO ITOT MOKA3aTEINb
o6mm3ok k 30%, 4To O3HA4aeT, yTo YacTh CTPYKTypsl PON mpocramBaer, a ceTb B LEJIOM
HCITIOJIB3YETCS] HE ONITUMAJIBHO.

CnoxHOCTh OOCHTy>KMBaHMS, TOWCKAa W YCTpaHEHHUs HeucnpaBHocTel. [laccuBHbIC
ONTHUYECKUE Pa3BETBUTENIM HE MOTYT IepenaBaTb MHGOPMALMI0O O HEUCIPABHOCTSAX B LEHTP
ynpaBieHusi ceTbio. [103TOMy CIOXKHO OOHApYKUTh HEUCIPABHOCTH ONTOBOJOKOHHOM JIMHUU
MEXIy pa3BETBUTEIIEM M TOYKOW TepMuHanuu ontudeckoi cetu (ONT) abGonenta. 3OT0
3HAUUTENIHO YCJIOKHSET MOUCK M yCTpaHeHue HeucrpaBHocTed B ceTssx PON u mossblmaer
3aTpaThl Ha UX 3KCIUTyaTalnuio. Tak jke Mpu NOBPEXACHUH TOUKH TEPMUHAIUU ONITUYECKON CeTH
(ONT) ona MoxeT mepeiaBaTh B IEPEBO OMTOBOJIOKOHHBIX JTMHHM TOCTOSIHHBIN CBETOBOI CUTHAI,
YTO TNPUBOAMT K HAPYIIEHUIO CBSI3M s BceX aOOHEHTOB 3TOM ceTH, MpUYeM HaWTu
MOBPEXKIEHHOE YCTPOUCTBO OUYE€Hb TPYAHO.

Bwmecre ¢ Tem ykazaHHbIe TPOOJIEMHBIE BOIPOCHI HE SIBJISIOTCS KPUTUYHBIMU U TI0O MHEHHUIO
MHOTHX AaHaJUTHKOB, PHIHOK cucteM PON OyneTr mocTymaTenbHO pPa3BUBATHCS B TEUCHHE
OnMKaMIINX TPEX-UeThIPEX JIET, I1OCJIE YUEr0 HAYHETCSI MACCOBOE BHEAPEHUE CUCTEM B SKUITUIIIHOM
CEKTOpe.

[Ipnmep HCIIOJIb30BaHUS TEXHOJIOTUU PON U1 pa3sBOpaynMBaHUsA
TEJIEKOMMYHUKAIIMOHHOW CETU B KOTTEIKHOM MOCEJIKE IMPUBEJICH HAa PUCYHKE 6.

B pemennn Ethernet FTTH mist koMMyTanuu JIMHUE 1TOApPa3yMeBaeTCsl HCIIOJb30BaHHE
KOMMYTAaTOpPOB C ONTUYECKUMHU MMOPTAMH WIJIM ONTUYECKUMH TPAHCUBEPAMHU.

B ocnoBe nepBbix eBponelickux mnpoekroB cereil Ethernet FTTH nexana apxurextypa,
IIpU KOTOPOH KOMMYTATOPBbI, PACIIOI0KEHHbBIE HA IIOKOJIBHBIX 3Ta)KaX MHOTOKBAPTUPHBIX JOMOB,
ObTM O00BEAWHEHBI B KOJbIIO 1O TexHoioruw Gigabit Ethernet. KomblieBas crpykrypa
obecrneynBaia MPEKPACHYI0 YCTOWYMBOCTh K Pa3IMYHOrO poJia MOBPEKACHUIM Kabens u Oblia
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BECbMa peHTa6em>Hop”1, HO K €€ HEAoCTaTKaM MOXHO OBLIO OTHECTH PasaCiICHUE I1OJIOCHI

MMPOIyCKaHud BHYTPU
Ceresoi y3eA Pa ny PON AGOHEHTCKQS PA3BOAKA

MOHTGXQ (MOAOY @MKOCTH - ¢
A0 16 nopros)

@ Onm4ecKuit LKA BEICOKOM NACTHOCTY - cepii FIST
@ MybTsl cepun FOSC @ TOPMHION :
OnNmM4ecKkan PacnNPeAeAn-
@ TEALHAR MyGTA MOAOT AGOHEHTCKOR OMTVNEcKan  +
eMKOCTH AO 16 NopTOB, poserka, mna HFTP. :
T1na OFDC CO BCTPOSHHBIMA L
cnavTiepamy
OTE - Myd1a DLt coonemcm
(GBOHEHTOB 1 GGOHEHTCKNX. 300
TepMvHanos MST (50 2
< ONTUIECKA CRAUTIEP. OTE - onmyeckuit g {3P

TEPMUHOA.

o

Puc. 6. IIpumep ucnons3oBanus TexHonorud PON 11 pa3zBopaunBaHus TEJIEKOMMYHHUKALMOHHOMN CETH B KOTTEPKHOM
OCeNKe

KakIoro komblia goctyma (1 I'6ut/c), 4TO maBajio B TEPCIEKTUBE CPaBHUTEIHLHO
HEOOJIBIIYI0 TPOMYCKHYIO CIOCOOHOCTh, a TakK)Ke BBI3BIBAJIO TPYAHOCTH MACIITaOUPOBAHUS
APXUTEKTYPHI.
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Puc. 7. Apxurekrypa cetu Ethernet FTTH tuma «3Be3na»
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3aTeM MMpPOKOe pacrpocTpaHeHue nmoiayunia apxutektypa Ethernet Tuna «3Be3na» (Puc.
7). Takast apxuTekTypa npernoiaraeT HaTuyue BbIICICHHBIX ONTOBOJIOKOHHBIX JIMHUHN (OOBIYHO
OJTHOMOJIOBBIX, OJTHOBOJIOKOHHBIX JIMHUH ¢ miepeaadeit gaHHbIx Ethernet mo Texnonorun 100BX
w 1000BX) oT kaxa0ro OKOHEYHOTO YCTPOMCTBA K TOYKE MPHUCYTCTBUs (point of presence,
POP), rame mnpoucxomut uX TOAKIIOYEHHE K KoMmmyTraropy. K mopram kommyTaTopa
MOJIKITIOYAIOTCSl YCTPOMCTBAa KOHEYHBIX IMOJIb3oBareneil. Takoi moaxo ] oOecreuynBaeT BRICOKUAN
YPOBEHb HAJEKHOCTH 3a CYET BO3MOXXHOCTH pE3€pBUPOBAHMSI ONTHUYECKUX KaHAJIOB, H
o0ecrieynBaeT MPEeMCTBEHHOCTD C CYIIECTBYIOLIECH «MeIHOW» HHPPACTPYKTYPOH.

Paccmorpum npenmymiectsa permenuit Ethernet FTTH nepen apxutextypoit Ha 6aze PON.
[IpakTyecky HeEOrpaHWYEHHAsl AMCKpPETHas Iosioca IpomnyckaHus. ONTOBOJOKOHHAS JIMHUSA
MOKET 00€cTeyuTh MPAKTHUECKH HEOTPAHUYEHHYIO IOJIOCY MPOMYCKaHHs, YTO IO3BOJISET
JOCTUYh MaKCHUMAaJbHOW TMOKOCTH B HapallMBaHWU MPEAOCTABISEMBIX CEPBHCOB B OyIyIIeM,
Korja TMOTPeOHOCTh B MPOIYCKHOW CHOCOOHOCTH Bo3pacteT. Apxurektypa Ethernet FTTH
MO3BOJISIET TpOBaiiiepy TapaHTUPOBATh KaXAOMY aOOHEHTYy HEOOXOAMMYIO TPOITYCKHYIO
CIOCOOHOCTH U CO3/1aBaTh B CETU UHIUBUAYaIbHbIE MPOQPIIIN MOJIOCH IPOMYCKAHUS IS KaXA0T0
KJMeHTa. bonbimoit paguyc aericteus. B tunossix konpurypanusx cereit nocryna Ethernet FTTH
MPUMEHSIIOTCS. HEIOPOTHUE OJHOBOJIOKOHHBIE JIMHUU, UCTONb3ytomue TexHonoruo 100BX wim
1000BX, ¢ 3a1aHHBIM MaKCHUMaJbHbIM paguycoM zaeiictBus 10 kM. [lisg paboTel Ha OONBIINX
PACCTOSTHUSAX UMEIOTCSI ONTHYECKUE MOAYJIU, ITO3BOJISIOIINE YBEINYUTh MOIITHOCTh ONTHYECKOTO
CUTHAJla, a TAaKXE ONTOBOJOKOHHBIE Mapbl C ONTUYECKUMH MOIYJSIMH, KOTOpPBIE MOXHO
MOAKIIOYUTE K TopTy Joboro Ethernet- oGopynoBanus. ['mOkoe macmtabupoBanue cetu. B
Cllydae TOSIBJICHUS HOBBIX aOOHEHTOB MOXHO J100aBUTH JONOJHHMTENbHbIE KapThl Ethernet c
BBICOKOH CTETICHBIO MOAYJIBLHOCTH. HampoTuB, mpy MCTOIB30BaHUH apXUTEKTYphl HA 06aze PON
NOJKJIIOYEHUE TEepBOro abOHEHTa K ONTHYECKOMY JepeBy TpeOyeT Hanuuyus Haubosee
noporocrosiiero nmopra OLT, a nmpu no6asiennn aboHEHTOB K ToMY ke aepeBy PON cTonmocTb
MNOJKJIIOUYEHUST KaXJI0ro a0OHEHTa TOJIBKO YBEIMUYMBaeTcsa 3a cueT mnpuodperenus ONT.
TexHonornyeckas He3aBUCUMOCTh ONTHKO-BOJIOKOHHOTO KaHaya. X0Ts TeKylrue KOHPUTypaluuu
Ethernet FTTH wmoryr wucnonb3oBath TexHonoruto Gigabit Ethernet, ona Mmoxer ctath
HEaKTyaJdbHOM B TeueHue nocienyromux 30-40 jger. OnHako OJIHOMOJOBAsI ONTOBOJOKOHHAS
JTUHUS SBISETCS CPEIOi, CIIOCOOHOM MOANEPKUBATH JIIOOYI0 HOBYIO TEXHOJIOTHIO mepenadn. B
OTHENbHBIX  CHOy4yasx JUIsl TMOAKIIOYEHHS KOPHOpPAaTHUBHBIX aOOHEHTOB  HCIOJB3YIOTCS
ontoBosokoHHbIe TexHosoruu, Hanpumep SONET/SDH wunu Fibre Channel. Otu TexHonoruu
MOTYT OBITB JIETKO Pa3BEPHYTHI TI0 TEM K€ ONTOBOJOKOHHBIM JMHMsIM, uTo U Ethernet FTTH, ¢
ucnons3oBanueM Toi ke Ethernet-mmardopmsl arperupoBanus. ['mbkoe maciitTabupoBaHue
CKOpoCTH 00cTmyXHBaHHA aO00HEHTOB. [I0CKONBKY OJHOMOJOBBIE ONTOBOJOKOHHBIE JMHHUU HE
3aBUCAT OT UCHOJIb3YyEMOU TEXHOJIOTMH U CKOPOCTHU MEpPEJady JaHHBIX, MOKHO JIETKO YBEJIUYUTh
CKOpPOCTB Ui OJHOTO a0OHEHTa, He BIMAA Ha paboTy APYrux. JTO O3HAYaeT, 4yTO aOOHEHT,
ucnonb3ytouii TexHonoruto Fast Ethernet, moxer nepeiitu Ha Gigabit Ethernet 3a cuer
NEPEKIIIOUYEHUs] ONTOBOJIOKOHHOM JIMHMM a0OHEHTa Ha JIPYrol MOpT KOMMYTaTopa U 3aMEHbI
tonbko Ethernet-yctpoiictBa aboHeHta. OtaeneHue abOHEHTCKUX JMHHI — 3TO CBOKWCTBO,
npucymee apxurekrypam Ethernet FTTH. Peammzanus npuniuna otaencHus aOOHEHTCKUX
JUHUH SBUJIACh TJIaBHBIM KputepreM BbiOopa TexHonoruu FTTH HekoTopbIMU KOMIaHUSMU B
EBpore, mockoibKy OHM CTPEMWINCh IOCTPOUTH CETH, TJ€ JOCTyHn K HH(]pacTpyKType
ONTOBOJIOKOHHOW  CeTH  JOCTyma  MOTJIM  Obl  MMETh  HECKOJbKO  MPOBalIEpOB.
be3onacHocTh 00ecreunBaeTCs 3a CUET TOrO, YTO BbIIEICHHAS] ONTOBOJIOKOHHAS JIMHUS SBIIIETCS
3alUIICHHON cpefaol Ha Qusndeckom ypoBHe. Kpome Toro, kommyTtatopsl Ethernet,
WCIIONIB3YIOIIMECS y MPOBANUIEPOB, MPU3BaHBI 00ECICUUTh paslieficHue (U3HUUYECKOTO YPOBHS
MOPTOB U JIOTUYECKOTO YPOBHsI a0OHEHTOB U UMEIOT (DYHKIMHU 3alIUTHI, KOTOPbIE B COCTOSIHUU
MPEIOTBPATUTD MOIMBITKU BTOPKEHUH.

K negocratkam Ethernet FTTH MoXXHO OTHECTH Y3KyH0 TMOJOCYy MPOMYCKaHUS U
HEZ0CTAaTOYHbIE BO3MOXKHOCTH MacIITaOWPOBAHUS TEIEKOMMYHHUKALIMOHHOTIO pecypca.
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[Tpu TectupoBannu cetr PON omeparopa 0ObIYHO BOJHYIOT JIBa OCHOBHBIX BOIIPOCA:

1. PeanpHOE 3aTyXaHKe B ONTHYECKOM JINHUM MEKY LIEHTPAIbHBIM Y3JI0M 1 aDOHEHTCKUM
YCTPONCTBOM (JIEHCTBYIOIIMM WJIA TOTOBALIMMCS K IOJKIFOUEHUIO).

2. MecromnonoxxeHue MpoOJIEMHOIO Yy4acTKa, €CIIM pealbHOE 3aTyXaHHe B JIMHUHU
0Ka3aJIOCh BBIIIE 0KUIAEMOTO (PacueTHOTO WIIH OMTOPHOTO).

Jlnist oTBeTa Ha MEepBBIH BONPOC JOCTATOYHO MPOBECTH MPOCThIE U3MEPEHUS C MTOMOIIBIO
onTu4eckoro tecrepa. Bropoil Bompoc Goree ciiokeH M TpeOyeT NPUMEHEHUs] ONTHYECKOIo
peduexromerpa (OTDR), a Takxe onpeneseHHOro onbITa pacuu@poBKH pedIeKTOrpaMM.

Kak mpasuio, sxenarenbHO, YTOOb! BCe HEOOXOAMMbIE U3MEPEHHS MOTIIM IIPOBOIUTHCS Ha
pabotarorieit cetu PON 6e3 oTkiodeHust aDOHEHTOB (KpoMe, BOZMOXKHO, TecTUpyeMoro). Takoe
TECTHUPOBAHUE OCYIIECTBIISIETCS HAa HepaOouell JJIMHE BOJIHBI C IPUMEHEHHUEM JIOTIOJIHUTENbHBIX
YCTPOUCTB  (BOJIHOBBIX ~ MyJsbTUIUIEKCOpoB  DWDM,  ¢uibTpoB), 4YTOOBI  H3IIydeHHE
M3MEPUTENIBHON anmaparypsl He BHOCHJIO TTIOMEX B MOJIE3HbIH curHai. Kak yxe ynoMuHanoce, B
cetr PON 175 npsimoro kaHana (OT IEHTpa K a0OHEHTaM) HCIIONb3yeTcs AuHa BOIHbI 1490 nnn
1550 am (mst Bugeo), mist obparHoro — 1310 am. st tectupoBanus cetm PON oObraHO
UCIOJIB3YIOT JJINHY BOJHBI 1625 HM.

N3nmydenne n3MepuTebHOM anmapartypsl (Tectepa, pedieKToMeTpa) BBOJUTCS B BOJIOKHO
cpa3y nocine OLT ¢ ucnosbzoBaHueM BOJHOBOro MyibTHILIEKcopa (DWDM). 310 uznyuenue
CHOCOOHO BbI3BaTh IOMEXU Ha ONTHYECKOM INPHEMHHUKE aOOHEHTCKOIO YCTpPOMCTBa, MOATOMY
nepes KaxapM a0oHEeHTCKUM ycTporicTBoM ONT HeoO0Xxonumo ycTaHoBHUTH (puibTp. st Toro
YTOOBI MO’KHO OBLIO IPOBOAUTH TECTUPOBAHUE O€3 OTKIFOUEHUS CETH, BOTHOBOM MYJIbTUIIIIEKCOD
U QUIBTPHI JOJHKHBI OBITH CTAI[MOHAPHO BKIIIOYEHBI B ONTUYECKHH TpakT, (Puc. 8).
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Puc. 8. Cxema noaxIt04eHUs BOJTHOBOTO MyJbTUILIEKCOpa U puiisTpoB k PON

Jna usmepenus 3atyxanus B ontudeckod guHuM Mexay OLT u ONT ucnons3yercs
onTuieckuii Tectep Ha 1625 um. [lepenaTumk TecTepa MOAKIIOYAECTCS K CBOOOJHOMY KOHILY
BOJIHOBOTO MyJbTUILIeKcopa Ha OLT. IlpuemMHuk Tectepa moakiItoyaeTcss K CBOOOTHOMY KOHITY
BoJIoKHa niepen pubTpom, (Puc. 9).
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Puc. 9. 3MepeHue 3aTyXaHus ¢ OTKIIIOYEHHEM a0OHEHTCKOTO YCTPOUCTBa

MOo3KHO U3MEpSTH 3aTyXaHHe U 0e3 OTKIIF0OUEHUSI a00OHEHTCKOT0 yCTpoicTBa. [y aToro Ha
ONT Hy»HO UCIIOJIb30BaTh HE (PHIIBTP, & BOJTHOBOW MYJIBTUILIEKCOP, KaK Ha IIEHTPAJIHLHOM Y3II€,
(Puc. 10).
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OLT

Puc. 10. U3mepenue 3aTyxanus 0e3 OTKIIOUCHUST d0OHEHTCKOTO YCTPOUCTBA

3aTyxaHue Ha JJIMHE BOJHBI 1625 HM HeckoibKo BbImie, ueM Ha 1550 u 1490 M (B
cpenneM Ha 10 %). [ToaToMy TecTHpoBaHME 3aTyXaHUs Ha JJIMHE BOJHBI 1625 HM JaeT OLEHKY
CBEpXY /IS 3aTyXaHHsI Ha pabouuX JJMHAX BOJH. ECiii 9Ta OIEHKa YKIIAABIBACTCS B IOy CTUMBIN
oroxet (23 nb), To 3aTyxaHue Ha pabounX AJTMHAX BOJIH 3aBEI0OMO YAOBIETBOPSET TPEOOBAHUAM
no Oromkety. Eciau 3aTyxanue Ha JuiMHE BOJIHBI 1625 HM MpeBbIIaeT AOMYyCTUMOE 3HaUEHUE, TO
JUIs TOYHOTO ONpEeNeNieHUsl 3aTyxaHHs Ha paOouux UIMHAX BOJH HEOOXOIUMO IPOBECTH
nepepacyeT Ha OCHOBE MacIopTa ONTUYECKOTO Kaders.

N3mepenne B PON ¢ noMomipo ONTHYECKOIO TeCTeEpa MO3BOJIAET MOIMYYUTh PEAIBHOE
3HaueHue 3atyxanus Ha yuyactke oT OLT no ONT, HO He aeT oTBeTa Ha BOINPOC, TJ€ HAXOIUTCS
NpoOJEMHBIM y4acTOK, €CIM 3TO 3aTyXaHHE OKa3aJoCh BBIIIE 0KMJAEMOTo (pacueTHOro Wiu
oropHoro). J{ist ToKamu3auy MpooIEMHOTO yJacTKa HCIOIB3yeTcsl O0iee CI0KHOE YCTPOHCTBO
— ontuueckuil peduiekromerp (OTDR).

PedmexromeTp ¢ TecToBBIM MOIysieM Ha 1625 HM MOAKIIOYAETCS K CBOOOTHOMY KOHILY
BOJIHOBOTO MynbTuIuiekcopa Ha OLT, (Puc. 11).
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Puc. 11. Castue pednexrorpamMmmsl aepesa PON

Nznydenne peduiekroMerpa pacrpoctpansercs mo aepeBy PON u 3a cueT oTpakeHHs HA
NPEISITCTBUAX M 00PaTHOTO PACCEHBAaHMS B ONTHYECKOM BOJIOKHE YaCTHYHO MOCTYIaeT 0OpaTHO
Ha BxoJ peduiekromerpa. Takum obpa3zom, cauMaetcs pediexrorpamma aepeBa PON — rpagpuk
3aTyXaHUs B IMHUU B 3aBUCHMOCTH OT pacCTOsTHUS. KaKIbIil MUK MM CKavOK 3aTyXaHUs Ha 9TOM
rpaduKe COOTBETCTBYET ONPEACICHHOMY 3JICMEHTY CETH, JIN0O COOBITHIO B BOJIOKHE.

Meronuka tectupoBanus cetd PON ¢ ucronbp30BaHHEM pedeKTOMETpa 3aKII0YaeTcs B
crenytomeM. [locie KaXaoro M3MEHEHHs TOMOJOTMU CEeTH (MOKIIOYCHUS HOBOTO aOOHEHTA,
3aMEHBI CILTHTTEpa u T.IL.) CHUMAeTCs OTOpHast (aTanoHHas)
pedaekrorpamMmma, COOTBETCTBYIOIIAs HOPMAILHOMY —COCTOSIHUIO CeTH. [lpu  oOHapyKeHHH
npoOyieM B ceTH (HampUMep, €CIM 3aTyXaHWe, U3MEPEHHOE ONTHYECKUM TECTEPOM, OKa3ajocCh
BBIIIIC PACUYETHOT0) CHUMAETCS HOBas peduiekTorpamMma, KOTOpas CPaBHHMBACTCS C OIOPHOM.
HoBele coObiTHS Ha pediaekTorpamMme JIOKAIH3YIOT MECTONOJO0KEHHE MPOOJIEMHOI0 ydyacTka,
(Puc. 12).
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Puc. 12. Ananu3 HOBBIX COOBITHI Ha pedieKTorpaMMe.

C momompio pediekToMeTpa MOKHO BecTH MOHHTOpUHT ceTd PON m oOHapyxuBaTh
JerpaJaiuy BOJOKHA eIlle 10 TOr0, Kak BOZHUKHYT MPOoOIeMBbI. J{J1s1 7TOro HE0OX0AUMO PETyIIpHO
(Hampumep, pa3 B HENENI0) CHUMATh pediekrorpaMMy CETH W CpaBHUBATh €€ C OIOPHOMN
pednextorpammoit. [Ipu mosiBIeHUM MOOBIX OTKIOHEHHWH W TeM Oojiee HOBBIX COOBITHII Ha
peduiekTorpaMMe He0OX0IMMO aHATM3UPOBATHh MX BO3MOYKHBIC TPHYUHBI M IIPU HEOOXOTUMOCTH
MPOBOANTD aJIEKBATHBIE MPO(PHUIAKTUYECKUE MEPOTIPUATHSI.

OcHoBHble penMyIecTBa TexHonoruu PON:

1. DxoHomus BonokoH. [lo 128 aOoHEHTOB Ha OJTHO BOJIOKHO, MPOTSHKEHHOCTH ceTu 10 60
KM.

2. D dexTuBHOE UCIIOIB30BAHKE MOJIOCH IPOMYCKAHMs ONTHYECKOTO BOJIOKHA.

3. CxopocTs 110 2,488 ['6uT/c o HUCXOIATIIEMY TTOTOKY U 1,244 T'6ut/c o BocxoasmieMy.

4. HapexHocts. B mnpomMexyTOUYHBIX Yy371axX JepeBa HaXOAATCS TOJbKO MAacCUBHBIE
ONTHUYECKUE PA3BETBUTEINN, HE TPEOYyIOMIUE 00CITYyKUBAHUS.

5. Macmtabupyemocts. [IpeBoBHIHAS CTPYKTypa CETH AOCTYMa JaeT BO3MO>KHOCTh
MOJIKIIOYATh HOBBIX A00OHEHTOB CAMbIM YKOHOMUYHEIM CIIOCOOOM.

6. BO3MO>XHOCTB pe3epBUPOBAaHUS KaK BCEX, TaK U OTACIbHBIX aOOHEHTOB.

7. T'ubkocts. Ucnonp3zoBanne ATM B kKadecTBE TPAHCIOPTA MO3BOJISIET MPEIOCTABIISATH
abOHEHTaM UMEHHO TOT YPOBEHb CEpPBUCA, KOTOPHIN UM TpedyeTcs.

8. Jlannsie o cetu nepenarotcs B Buje ssueek ATM.

9. BO3MOXHBI CHMMETPUYHBINA M ACUMMETPUYHBIN PEKUMBI paOOTHI.

B npouecce crpourensctBa cereit FTTx PON HE00X01uMO BBITIOIHSTH YE€THIPE OCHOBHBIX
U3MEPEHMUS:

- OJTHOHAIPABJICHHOE U3MEPEHUE TIOTEPh B KAOEIHLHOM CEKIIMH TIEPE]T CBAPKOIA;

- IByHANpaBlIeHHOE N3MEPEHUE ONTUIECKIX BO3BpaTHBIX moTepb (ORL);

- IByHANPaBJICHHOE U3MEPEHNE ONITUYECKUX IMOTEPH MEXKIY ABYMSI OKOHEUHBIMU TOUYKAMH;

- IBYHAINPAaBJICHHOE CHATUE XapaKTEPUCTHUK JIMHUM;

- CHATHE PePIIEKTOrPaMMBbI KOKIOTO YIaCcTKa ONTHYCCKOMN JIMHUH, BKITIOYAs CIUTUTTEPHI.

B mporecce BBoga B skcrutyatanuio cereit FTTx PON HeoO0XoauMoO BBITIONHSATH J1Ba
OCHOBHBIX U3MEPEHHUS:
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- UI3BMEPEHUE ONTUYECKON MOITHOCTH Ha Bbixoae OLT;

- U3MEPEHHUE ONTUYECKOI MOITHOCTH MPSMOTO M 00paTHOTO MOTOKOB BeTBU ceTh PON npu
nob6asiieHnn Kaxxaoro Hosoro ONT.

3akiao4enue.

B xone uccnenoBanms cereit nmaccuBHoro ontudeckoro gocrymna (PON) ¢ apxurexktypoit
FTTH Oba mnpoBeneHa KOMIUIGKCHass paboTa, BKIIOYAIOMIAs TEOPETHYECKHH aHaims,
JKCIIEPUMCHTAIIBHBIE M3MEPEHHMs W MoJenupoBaHue. llenmm uccinenoBaHus 3aKiIIOYalINCh B
U3yuyeHUH ocoOeHHocTel mocTpoeHuss PON, BBISBIEHHUM MNPEHMYIIECTB M OTPaHMYCHHUN
pa3MYHBIX APXUTEKTYp, OLIEHKE KayecTBa Mepellaud JaHHbIX M BbIPAOOTKE pPEKOMEHJALMH 110
ontumuzanuu ceteit FTTH. [l mocTHKEHUS 3TUX 1IeJIel ObUTH MCIOJIb30BaHbl aHAIMTHYCCKHM,
CPAaBHMUTEIBHBIA U SKCIIEPUMEHTAIBHBIM METO/IBI, @ TAK)KE MOJEIMPOBAHUE U aHAJIN3 apXUBHBIX
matepuanos (CkistpoB u ap., 2013: 110-116; Huxynbsckuii, 2013: 49-50).

[IpoBeneHHBIM aHAIM3 JIMTEPATYPbl M TEXHUYECKUX cTaHgapToB PON mo3Bosmi
CUCTEMATU3UPOBATh CYIIECTBYIOUIME MOAXOJbl K IOCTPOEHUIO ONTHYECKUX CETEH, BBIIBUTH
KJIFOYEBbIE MapaMeTpbl U TpeOOBaHUS K OOOpYNOBaHMIO, a TAKXKE ONPEACIUTh AKTyaJlbHbIE
HaIpPaBJICHUS! Pa3BUTHUSA TEXHOJIOTMH IIMPOKOIIOJIOCHOTO AOCTyNa. B yacTHOCTH, pacCMOTPEHBI
apxutektypsl GPON, EPON 1 WDM PON, ux BO3MOXHOCTH T10 YHUCITYy aOOHEHTOB, JAJIbBHOCTH
nepeaayu u npomyckHoi cnocodHoctH (Ionpamreitn, 2013: 67-69; Komammuckuii u ap., 2013).

OKCIIEpUMEHTAJIbHAs 4acTb MCCIEAOBAaHUSA, BKIIOYABINAs W3MEPCHHE I1apaMETPOB
ontuueckux JuHui ¢ nomoupo OTDR u TectepoB, mo3BoaMIa OLEHUTH PEaIbHOE COCTOSHUE
ceTel M BBISIBUTH NPOOJIEMHbIE YUACTKH, BIMSIONINE HA KAUeCTBO Iepeaun JaHHbIX. Pe3ynbTaTsl
NOKa3aJid, YTO MpH COOJIOACHUH CTAaHAAPTOB YCTAaHOBKH M 3kciuryatanuu PON pocturaercs
BBICOKAsl HAJEKHOCTh M CTAaOMIBHOCTH pabOTHI CETH, a NMPUMEHEHUE COBPEMEHHBIX METOOB
TECTUPOBAHUS 00ECIIEUNBAET CBOEBPEMEHHOE BBISBJICHHE U YCTPAaHEHHE HEUCIIPABHOCTEH.

B pesynbrare npoBENCHHOIO HCCIECNOBAHMs IOATBEPKACHA THMIIOTE3a O TOM, YTO
npaBwibHas opranuzanus cetd PON ¢ yuyeToM TEXHMUYECKHMX CTAaHAAPTOB M HMCIOJIb30BaHUS
COBPEMEHHBIX METOJIOB KOHTPOJIA KadecTBa oOecneunBaeT H((PEKTHBHOE U  HAAESKHOE
MIPEJOCTaBJICHUE HPOKOIOIOCHOTO JoCTyna aboHeHTaM. [loimydeHHbIe pe3yIbTaThl O3BOJISIOT
0000mmTh Tekymue 3HaHus o ceTsix PON u caemath BBIBOJ O II€JI€COOOPAa3HOCTH BHEIPEHUS
FTTH B ropoacKux ¥ IpUTOPOAHBIX YCIOBHSIX, TJ€ TpEOyeTCs BHICOKAs MPOITY CKHAsI CTIOCOOHOCTD
Y HaJISKHOCTD nepenaun nanubix (Huxynbckuit, 2013: 49-50).

[IpakTuyeckoe 3HaueHHWe pPabOTHl 3aKJIIOYAeTCs B  BO3MOXKHOCTHM  IPUMEHEHHUs
NPEUIOKEHHBIX PEKOMEHJIALUUN MpU MPOEKTHUPOBAaHMM U MojaepHuzauuu cereit PON. B
YaCTHOCTH, PE3yJbTaThl UCCIIEIOBAHUS MOTYT OBITh MCIOJB30BAaHBI JJIs1 BEIOOpA ONTHUMAIbHOM
apXUTEKTYphl CETH, IUIAHUPOBAHUS pPa3BETBICHUI, pacueTra Harpy3ku Ha oOOpyAOBaHHUE U
ONpeNieIeHus] METOJOB MOHUTOPHHIa KadecTBa JIMHUM. OJTO 00ecredrBaeT IOBBILICHUE
3P PEKTUBHOCTH HKCILTyaTallul CETH U COKpAIlleHUEe BPEMEHN Ha 00CITy)KHBaHUE.

IlepcniekTuBBI AanbHENIIEH pabOThl CBA3aHbl ¢ MHTETrpanueit TexHonoruit PON ¢ HoBbIMU
cTaHzaptamu nepenayu AaHHbix, BKiIodas 10G-PON u NG-PON2, a takxe ¢ mpuMEHEHUEM
MHTEJUIEKTyallbHBIX METOJO0B MOHMTOPUHIA M aHajdM3a CeTH Ha OCHOBE OOJBIIMX JAHHBIX U
ITOPUTMOB MCKYCCTBEHHOI'O MHTEJUIEKTA. Takke Ba)KHBIM HalpaBJICHUEM SIBIISIETCS U3yUYECHUE
sKoHOMHYecKor 3 dexkTuBHOCTH BHeApeHUst PON B pa3MyHbIX pErHOHAX C yYETOM IUIOTHOCTH
HaceJIeHUs, TpeOOBaHUM K KaueCTBY YCIYT U CTOMMOCTH 000pY10BaHUSI.

Taxkum 06pazom, MpoBeIEHHOE UCCIIe0BAaHUE TO3BOISET ceNnaTh BbIBOA, yTo ceTd PON
FTTH sBisitoTcst MEpCEKTUBHBIM PEIICHUEM JUTsl 00ECTIEYeHUsT ITHPOKOIIOIOCHOTO JIOCTyTa |
cTaOWIBbHONM mNepenaud JNaHHbIX. Peanuzanus nenedl M METOJOB HCCIIEAOBAaHUS IOATBEpIUIIA
HUCTUHHOCTh BBIIBUHYTOTO T€3UCa, a MOJYYEHHbIE PE3YJbTaThl CIIOCOOCTBYIOT PaCHIMPEHUIO
HAY4YHOI'O 3HaHHSA B O0JACTH TENEKOMMYHHKAIMd M CO3/Jal0T OCHOBY JJIsl MPAKTHUYECKOIO
MPUMEHCHUS U JATbHEHIIINX MCCIICAOBAHUN B ATOU cdepe.
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