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KOCIITIK KOJUIEKIETT OKY KECTECIH UHTEJUIEKTYAJIIbI
ABTOMATTAH/IBIPY: OR-TOOLS/ILP JKOHE LLM ACCACTEHTIHIH TMEPAITI
MOJIEJII

Anjatna. byn Makanaza KoCINTIK KOJUIEJDK JKaFJalblHIa OKY KECTECIH HHTEJICKTYasJlbl
aBTOMATTaHABIPYFa apHaJIFaH TMOPUITI MOJEIb YCHIHBIIAABI. 3ePTTeYAiIH ©3EKTLIIr OKy KecTeciH
TOCTYPIIi KOJIMEH KYPY YACPICiHIH KO yaKbIT MIeH KYII )KyMcay/abl Tajlal eTyiMeH, KaKThIFbICTapFa
KMl 9KEITyIMEH YOHE OKBITYILIbLIAP KYKTEMECIH, ayAUTOPHUSIIBIK KOP/Ibl, TONTAPbIH OKY YaKbITbIH,
aybICHIM €pEKIIEeTIKTEePiH JKoHEe KOChIMIIIA YHBIMIACTHIPYIIBUIBIK TaJdanTapasl Oip Me3riiae THIMII
yinectipyaiH Kypaenitirimed Ttycinmipitemi. 3eprreymiH Makcatei — OR-Tools Herisinzeri
IICKTEYJIepi KaHAaFaTTaHABIPY MOJETIIH TaOWFW TIIMEH XyMbIc icteitiH LLM accucrentrimen
O1pIKTIpy apKbLIbl OKY KECTECIH KYpy camachlH apTThIPY, KOCHapiay MKEeMAUIITH KYIIEUTY jKoHe
e3repicrepre OeifiMuery MYMKIHIITIH KeHEHTy. 3epTTey OapbIChIHAA XYWENIK Tajjaay, MIeKTeyIi
OHTallNIaH/BIPy, CLEHApUIIIK MOJIENbJCY, CallbICThIpMalibl Oaranay >koHe KoJyigaHOalybl jxkobanay
omicTepi KoJmaHbULABIL. HoTwkenep THOpPHATI TOCUIAIH OKY KECTECiH KYpy YaKbITBIH endyip
KbICKapTaThIHBIH, MYFaJlIMAEP/IH YaKbITTBIK KalayJlapblH AJIIPEK €CKepeTiHiH, CTyIeHTTepIiH 0oc
Tepe3eNepiH a3alTaThIHbIH, ayIUTOPUSIIBIK PecypcTapibl TUIMAIPEK Oeayre MYMKIHIIK OepeTiHiH
KOHE Kocmapiay OapbICBIHIAFbl TY3€TYJepAl JKeIeNl eHri3yre >kKarjaail >kacalThIHBIH KepCeTTi.
3epTTeyiH FBUIBIMU JKaHAJIbIFbl TaOWFU TUIErl CypaHbICTapbl (QopManblbl IIEKTEyJepre
typaenaiperii LLM ka6ateia OR-T0OIS/ILP sinpoceiMen Oipikripyinae. [IpakTHKaIbIK MaHBI3bI
YCBIHBUIFAaH IIEIIIMHIH KOJUIEDK OKIMIILIITIHE >KOCHapiiay camachlH apTThIPyFa, pecypcTap/bl
YThIM/IBI OackapyFa J>KOHE OKYy YJAEpICIH TYpakThl YHBIMIAcThIpyFa MYMKIHAIK OepyiMeH
CHITaTTaJIAbI.

KiaT ce3nep: oKy kecreci, MHTeIUIEK Ty bl aBToMarTansipy, OR-Tools, ILP, CP-SAT, LLM
ACCUCTEHTI, KACINTIK KOJUIEIK.
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Medicoynapoonwiii kazaxcko-mypeyxuii yHugepcumem umenu Xoodcu Axmeoa Hcasu, Typxkecmar,
Kazaxcman
1E-mail: gulnur.kazbekova@ayu.edu.kz*
2 E-mail: ongaradilet382@gmail.com

HUHTEJUIEKTYAJIBHASL ABTOMATU3ALIUSA YYEBHOI'O PACIIMCAHMS B
IMPO®ECCHUOHAJIBHOM KOJUIEIZKE: THBPUIHASA MOJEJIb OR-TOOLS/ILP U
LLM-ACCUCTEHTA

AnHoTanusi. B cratee npemaraercs rudpuaHas MOACIb HHTEIUIEKTYaIbHON aBTOMAaTU3AINHI
pacmiucaHus 3aHATHA B YCJIOBUAX MPOGECCHOHATBHOTO KOJUIeI KA. AKTYalbHOCTh HCCIIEAOBAHUS
0o0yCIIOBJIEHAa T€M, YTO TPAJAMIMOHHOE PYYHOE COCTAaBJICHHE PACIUCaHUsl TpeOyeT 3HAUUTEIbHBIX
BPEMEHHBIX M OpPraHU3allMOHHBIX 3aTpaT, YacTO MPHUBOIUT K KOHQIMKTAM H 3aTPyIHSET
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OJTHOBPEMEHHBII Y4YeT IMPEroJaBaTeNIbCKOM Harpy3kH, ayauTOpHOrO (oHma, BpeMEHU OOydeHUs
Tpynm, 0COOCHHOCTEH CMEHHOCTH U JIOTIOJHUTENBHBIX aIMUHUCTPATUBHBIX orpaHuveHuid. llemn
WCCIICIOBAHMSI — TOBBICUTh KaueCTBO (POPMUPOBAHUSI pACIUCAHMsI 32 CUET WHTETPAIlUU MOJIEIH
ynoBieTBopeHus: orpanudeHuid Ha ocHoBe OR-Tools m LLM-accucrenrta, paboTaromero c
€CTECTBEHHBIM SI3bIKOM, a TaK)Xe 00ECHeuuTh OOJBIIYI0 TMOKOCTh CHCTEMBI M €€ aJanTalHio K
M3MEHEHUsM. B paboTe HCIoIb30BaHbl METOIBI CHCTEMHOTO aHAIH3a, OTPAaHNYEHHOW ONITUMU3AIIHH,
CIICHApHOTO MOJCIHPOBAHUS, CpPAaBHUTCIBHOW OLEHKA U TMPHUKIATHOTO POCKTHPOBAHUSI.
[TomydeHHbIe pe3yNbTaThl MOKA3alld, YTO THOPUAHBIA TOIXOJ CYIIECTBEHHO COKpAIIaeT BpeMs
COCTABIICHHS PpACIMCaHUs, TOYHEE YYHUTHIBACT BPEMEHHBIC TIPEIANOYTECHUS TpErojaBaTeiey,
YMEHBINIAET KOJIMYECTBO «OKOH» y CTYIEHTOB, CHOCOOCTBYeT OoJjiee palMOHAILHOMY
pacrpeleNieHuI0 ayIMTOPUl W YIpoIaeT BHECEHUE OIEPATUBHBIX KOPPEKTUPOBOK. HayuHas
HOBU3HA WCCIIEOBaHUs 3aKitoyaeTcst B o0beaunennn LLM-cios, mpeoOpa3yromero 3amnpocsl Ha
CCTECTBCHHOM sI3bIKE€ B (pOpMasbHBIC OTpPaHHUYEHHUsS, C BBIYMCIAMTEIBHBIM sapom OR-Tools/ILP.
[IpakTudeckass 3HAYUMOCTH COCTOMT B TOM, UTO MPEAJIOKEHHOE PpEIICHHE I[O3BOJISICT
aJIMUHUCTpAIIMM KOJUIE/DKA TIOBBICHTh Ka4yeCTBO IUTAHUPOBAHHS, I(PPEKTHBHEE WCIIOIb30BaTh
pecypchl M 00eCTIeunBaTh YCTOMYMBYIO OpraHU3aIldio0 YaeOHOTo Mmporecca.

KaroueBbie ciioBa: yueOHOE pacrucanne, MHTSIUIEKTyalbHast aproMaTu3anus, OR-Tools, ILP,
CP-SAT, LLM-accucrent, npodeccuoHaNbHBINA KOJIISIK.
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INTELLIGENT AUTOMATION OF A VOCATIONAL COLLEGE TIMETABLE: A
HYBRID MODEL OF OR-TOOLS/ILP AND AN LLM ASSISTANT

Abstract. This article presents a hybrid model for the intelligent automation of academic
scheduling in a vocational college environment. The relevance of the study is explained by the fact
that traditional manual timetable creation requires considerable time and organizational effort, often
leads to conflicts, and makes it difficult to simultaneously balance teacher workload, classroom
resources, group study time, shift-specific constraints, and additional administrative requirements.
The purpose of the study is to improve timetable generation quality by integrating an OR-Tools-based
constraint satisfaction model with an LLM assistant capable of working with natural language, while
also increasing system flexibility and responsiveness to changes. The research employs system
analysis, constrained optimization, scenario modeling, comparative evaluation, and applied design
methods. The results demonstrate that the hybrid approach significantly reduces timetable generation
time, more accurately reflects teachers’ time preferences, decreases the number of student idle gaps,
supports more efficient allocation of classroom resources, and simplifies rapid schedule adjustments.
The scientific novelty lies in combining an LLM layer that transforms natural language requests into
formal constraints with the OR-Tools/ILP computational core. The practical significance of the
proposed solution is that it enables college administrators to improve planning quality, use resources
more efficiently, and ensure a more stable and adaptable organization of the educational process.

Keywords: timetable, intelligent automation, OR-Tools, ILP, CP-SAT, LLM assistant,
vocational college

Kipicne

Kazipri KocinTiK KOJJIEMKAEpAe OKY KeCTeCiH KOJIMEH Kypy KeN YakbIT anajbl, agaMu
KaTeJIKTepre Toye Il *oHe OKBITYIIbI, TOII, ayAUTOPUSI CUSIKThI ©3apa OalIaHbICTHI LIEKTeyIepl Oip
Me3eTTe eckepyll KublHnaTaael. OcbklFaH OalIaHBICTBI OKY YHEpiciH HudpraHabpyna KecTe
aBTOMATTaHABIPY XKYHeIepi epeKIne MaHbI3Fa e OOJIBII OTHIP.
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Cabak KecTeCiH aBTOMATTAHABIPY/bIH ©3EKTUIIT JoJI OChl KUBIHIBIKTAP/IbI KOIOMEH TIKEJIeH
OaiflaHBICTBI. ABTOMATTAHIBIPHUIFAH AKNAPATTHIK JKYHEHI €HTi3y apKbUIbl KOJUICIKAE OKY
MPOIIECIHIH THIMAUTITIH apTThIpyFa Oomanbl. MyHaal xyiie KecTe KypyFa KETETiH YaKbITThI eoyip
KBICKAPTHIT, KATENIKTep CaHBIH a3alTaJbl JKOHE MKAIMbI MEKEME >KYMBICHIH OHTAMIaHIABIPAIbL.
CoHBIMEH KaTap, aBTOMATTAHIBIPY HOTIIKECIHIIE OKBITYNIBUIAD MEH CTYICHTTEPIiH YaKbITHIH
YHEMJIEY, pecypcTapabl AYPhIC 0011y, OKY KOCTIapIapblH THIMII )KOcTapiaay MyMKiH 0oiaabl. Makcat
— OKY KEeCTECIH KYPY/Ibl XKbUIaM, HKEMJI1 opi KaTeJKCi3 €Ty, COHBIMEH Oipre 0apJiblK TapanTapIbiH
(oKiMUITIIK,  MyFaliMaep, CTYISHTTEp) KaXETTUIKTepI MEH  KajaynapblH  OapbIHIIA
KaHaFaTTaHBIPATHIH IIemiM Tady. bysr komtemkae OuT1iM canacklH apTThIPYFa JKOHE OKY IPOIIECiH
OHTAJIBI YUBIMIACTBIPYFa CETITH TUT13e1l.

MakananbiH Makcatel — OR-Tools/ILP HeriziHzmeri oHTaWIaHABIPY TOCUTIH TaOUFH TiIMEH
xKyMmbIc ictedTiH LLM accucreHTiMEeH OipikTipim, KecTe Kypy camachblH, HUKEMAUITIH XoHE
TYCIHIIPUICTIHAITIH apTTRIPy. 3€pPTTEy HBICAHBI PETIHIEC KOCINTIK KOJUICIDKACTI cabakK KeCcTeCiH
JKOCIapiiay MmpoIeci aabIHIbI.

3eprTey dicTepi MeH MaTepuaIIap

¥YceiHbuTFaH KyHeHiH ecentey sapockl Google OR-Tools kitanxanaceinbiH CP-SAT
HmIennynricine Heri3gennai. Mojenpae TIOH, TOM, ayAWTOPHUsS, YaKbIT CIOTHI JKOHE OKBITYIIIBI
apacblHJarbl TaraiibIHIAynap OWHAPIBIK alHBIMAIBLIAP MEH ULIEKTEYJIep apKbUIbl CHITATTaJJIbI.
KarTel mexTeynep KaKTBIFBICTapAbl OoJmblpMayFa OarbITTajlca, XYMCAK IIEKTEYJIep MyFalliM
Kalaybl, CTYJCHTTIK Tepe3eliep JKOHE JKYKTEME TEHIepiMi CHSKTBI CalalblK KepCEeTKIITep.i
xakcapTyra Kbizmet erei (Babaei et al., 2015, Bettinelli et al., 2015).

LLM accucteHTi mnalanaHymIbIHBIH TaOWMFU TULAETI CYPaHBICBIH  KYPBUIBIMIAIIFaH
napameTpIiepre aiHaJAbIPBIN, HOTHKEHI TYCIHAIpiN Oepy, MIeKTeylepli HaKThUIay JKOHE BIKTUMAI
TY3€TyJepai YChIHY MIiHJETiH aTKapajbl. 3epTTeyne XKYHeliK Tajjaay, HIeKTeYli OHTaiIaHIbIpY,
CLICHAPHILTIK MOJICITB/ICY JKOHE CalbICThIpMaibl Oaranay omicrepi konnanbuiibl (Cyper 1) (Ceschia
etal., 2023).

(S
LLM OR-Tools

aCCUCTEHTI OHTaulnaHgbipy Depekkop

Cyper 1. OR-Tools Heri3inzeri oHTaitnanappy sapocsl MeH LLM accucrenti GipikTipinren
TUOPUATI KYyHe apXUTEKTypPaChIHbIH JIHarpaMMachl

byn xyiiene BeO-unTepdeiic, oHTaillmaHaplpy Kbi3meTi xkoHe LLM MukpocepBuchl e3apa
opekerreceni (Chen et al., 2021).

I'mbpuaTi apXUTEKTypa YII Heri3ri kabarraH Typazbl: BeO-unrepdeiic, OR-Tools nerizinmeri
oHTailnanablpy cepBuci xoHe LLM mukpocepsucel. BeG-unrepdelic aepextepai €Hrizy MeH
HOTWDKEHI KapayFa »kayamn Oepesi, al Heri3ri ecenTey OHTAaWIaHABIPY CEPBUCIHIIEC OPBIHIATA]IbI
(Davison et al., 2025, de Werra, 1985).

Be6-unrepoetic: [lalinananymbuiap (oaicKep, OKbITYIIBI HEMECE OKIMII) JKyHEeMeH Tikemnei
ochl MHTepdeic apKplIbl )KYMBIC icTeiiai. BeO-unrepdeiic 3amanayn BeG-TeXHOJIOTHsIAp HET131HAE
a3ipsenyi MyMmkiH — Mbicaliel, ASP.NET Core nemece Python Flask dpeiimBopki. UnTepdeiic kecteHi
KOPHEKI TypJie KopceTeli, MATIMETTepl eHri3yre (oHAep, TONTap, MyFalliMep Typajibl IepeKTepal,
MIEKTEYJIEeP/l €HT13y) JKOHE Ty3eTyre MyMKiHAiKk Oepexi. CoHmaii-ak, maigananyIibsl TAOUFU TUIIE
CYpaHBICTApbIH €HTI3eTIH JHAJOITIK Tepe3e HeMece uaT-KbI3METi Je Ochl HHTepdeiicke
WHTerpanusuianaapl. Meicanbl, Be0-0eTTe «LLM accucteHTiHe cypak KOWBIHBI3» JET€H OpiCKe
o/licKep ©3iHiH OTIHIIIIH Ka3a/bl.

OR-Tools oHTaitnanapipy cepBuci: bysr KOMITOHEHT — OYKiJ )KYHEHIH «MHBI», HETI3T1 MemIiM
Tabymbsl Moynb. On BeO-unTepdeiicten (Hemece LLM apKblIbl ©HIENTEeH CypaHbICTapJaH) alifaH
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akmapart Heri3inne ILP/CP-SAT monenin kypans! sxone memeni. OR-Tools cepsuci Tuntik RESTful
API nemece FastAPI apkbuibl icke acybl MYMKiH: MbIcalibl, BeO-Kocbimmaaan HT TP cypaysl apkbuibl
«OKaHapTBUIFaH constraints XWHAFbeD» Oepineni, CEpBUC COJ OOWBIHINA €CenTeN, Kepi «KecTe
menrimMiay Kairapaasl. OHTaiinanapipy cepBuci xxorapsl oHiMIi C++/Python tininae sxazpuibin, OR-
Tools kiTamxaHaChIHBIH MYMKIHIKTEpiH TMakganaHaabl. byl MUKpOCepBUC KaXeTTUTITIHE Kapai
JepeKTePKOPBIMEH (MbICAIBI, cabaKTap Typasibl JepekTep cakTalTeiH PostgreSQL) OaiinmaHbIChII,
HOTWIKEHI TYPAKThI CaKTaIl Ta KOsbl. EH MaHBI3IBICHI — cEpBUC OIpHEIIe MUHYT 1TTHE KOHPIHKTCI3
’KOHE camachl J)KOFapbl KeCcTe KYpBIN Oepyl KaKeT, COHABIKTAH OHBIH aIrOPUTMIIK THIMALUIITT MEH
ceHIMILTIT1 6acThl Ha3apa.

LLM mukpocepBHCHI: YJIKEH TULIK MOJENb Heri3inaeri oy 0eik xyiene KOCaaKbl KbI3MET
aTKapazpl, OipaK MalganaHyIlIbIFa KOPIHETIH epeKIIeNIKTepIiH koOiH KamTamachki3 etedi. LLM
mukpocepsuci OpenAl GPT-4 nemece coran ykcac mojenb API-iH makpeipy apKbUIbl AKYMBIC iCTEY1
MYMKiH HEMece JiepOec OpHaThIIFaH JIoKaa Mojieib (Mbicanbl, LLaMA 2) 6omna anaasl. Onbl FastAPI
TOPI3/Ii JKEH1T CEpBHC peTiHE opicTeTyre Oonaabl. BeG-uHTepdelicTeH KenreH TaOuFH Til CYPaHBICHI
anabiMeH ocbl LLM cepBucine xioepiieni. Mbicaibl, 9iCKep/IiH «MaTeMaTHKa Ca0aFbIH KbUDKBITY)
Typajbl cyparbl LLM TapanbiHaH KypbUIBIMIAIFaH epeKere aiHaIBIPbLIbII, apbl Kapaii OR-Tools
cepBucine xonnanansl. Con cusktel, OR-Tools ecenrten mbIFapraH AailbiH KecTe (HEMece OHBIH
e3repici) LLM-ra Tanaay yurin 0epinyi mymkin — Oyt xxarmaiaa LLM kecte nepekrepin (JSON He
KecTenik (opmarra) KaObUIAAm, >KOFapblda aMThUIFAHAAW KOPBITHIHABI CO3 HEMECe YCBIHBICTAp
Ti3iMiH reHepammsaiael. LLM  mukpocepsuci coiptkbl API-ni maiinamanca, >xemi apKbUIBI
CypaHbICTap XKiOepiieni, ad erep >KepriuliKTi MOJENIb KOJIJaHbUICA, TiKelel cepmepiae inference
OpBIHAATIA/IBI.

Ochl yII KOMIIOHEHT e3apa IIbIH YyakbITTa (pean-Tailm) opekerTtece amanasl. MaceneH,
naiinananymsl  BeO-uHTep(EHC apKpUIbl <OKaHa KecTe Kypy» II9pMEHIH OepreHae, OHBIH
napametpiiepi OR-Tools cepBucine xi0epinei; memriMm TadbIIFaH COH, KecTe BeO-0eTTe KopceTie .
Erep maiinananymisl Taburu Tinge Ty3eTy cypaca, on cypak LLM-ra eteni; LLM onsbl Tangan, OR-
Tools-ka naiibikThI ©3repic enrizeni; OR-Tools Kaiita ecenrert, skaHa KecTe MIbIFAIbI, COHbIHAa LLM
e3repicTl TyciHAipin 6epel. MyHBIH 0opi CEKyHTTap HEMECEe MUHYTTAp 1II1HJIE KY3€re acabl.

LLM MukpocepBHChl TaOUFU TIJJET1 CYpaHbICTApIbl KYPBUIBIMJAI, HOTHXEHI TYCIHAIpesl
KOHE KOCBhIMIIA TY3€Tylep YChIHAaAbl. MyHAal MOIyNIbIIK KYpbUIBIM JKYHEHI KeHeWurtyre,
cyiieMeneyre sxoHe 6acka OKy opbIiHIapbiHa Oeitimaeyre komaiiiel (Holm et al., 2022).

Tanmxay MeH HITHKEIEP

byn 3eprreyniH MakcaTbl - KOCINTIK KOJUIEJDKIEr1 OKY KECTEeCIH KYPYIbIH YII TICLIIH
CaJIBICTBIPY: KOJIMEH >KOCTapiiay, IBPUCTHKAIBIK aBToMaTrTaHablpy koHe OR-Tools/ILP men LLM
ACCHCTEHTIHE HET13/IereH THOpUTI Mo/ieNb. 3epTTey OaphIChIH/Aa MbIHA KOPCETKIIITEP TaJlJaH/Ibl:
kecte Kypy YakpITel (Cyper 2), KakTBIFBICTap CaHbl, MYFaJiMIEpIiH YaKbITTBIK KaJlayblH
KaHaraTTaHaelpy neHreii (Cyper 3), cTyneHTTIK TepesenepniH oprama caHbl (Cyper 4) xoHe
ayauropusiiapabl naiaanany naiessl (Kecre 1), (Kingston, 2013, Kristiansen & Stidsen, 2013.

Kecte 1. Cabak kecTeCiHiH cariachl

Oxic KaxkTerbicTap cansl JKocmapnay yakpITsl Kecre camacsl
(KaHaraTTaHy)
Konmen (moctypri) 2 (6acTanksl ~10 carar (OipHeme ~70% (opramua)
TaOBLIFaH) KYH)
counraaa 0
OBpPUCTUKAJIBIK 0 (TonbIK cakTangpl) | ~1 carar (aBTOMaTThl) ~80% (KaKchl)
['u6puari OR- 0 (TONBIK caKTaIbl) ~5 MUHYT (TOJBIK ~95% (ete
Tools/LLM aBTOMAT) YKOFapBI)

Op TYPJIi TOCUIAEPIIH CaTbICTRIPMAITBI KopceTKimTepi. KomMmen omicTe kecte Kypy OapbhIChIHIa
OipHele KaKThIFbIC (KHBUIBICTAp) TYBIH/AI, OJIApAbI IIEHIyre Typa KelreHi (1mapTrapasl 00CaHCHITY
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HE KalTa Kypy apKbUIbl) OallKaiaabl, dBPUCTHKAIBIK OJIC KaTaH IICKTEyJep/i CaKTaFaHMEH, Kel
KYMCaK TajanTapibl ecKepe aiMaibl; THOPUATI MOJeNb OapiblK KaKTHIFBICTBI OOJABIpMAa,
KaJiayJap/eiH 0achbiM O6JIiTiH KaHaFaTTaHIbIPIbI.

JXorapeiarbl calbICTBIpYJaH KOPIHT€HJEH, THOPUATI MOJENb HOTIDKENepl alKbIH Y3IIK.
bBipiamriaen, o1 oKy kecrecinzue 0ipae-0ip KaKThIFBICKA KO0J1 OepreH kKOK (0apiblK KaTThI MIEKTEYIep
100% caxTanapl), SIFHU TOJIBIK KAKTBIFBICCHI3 KecTe MmbIFapabl. KonmeH »xacayna ToxipuOeni
oiCKepIIep Jie aJFallKbl HyCKaJIap/a KaTelliK )Ki0epyi bIKTUMaJ, MbICAJIBI O1p MyFaimMre O1p yakbITTa
eKi cabaK KOHBUIbIN KeTyi — OHBI Ty3eryre yakbIT keremi. An OR-Tools Oyn maprrapast
MaTEeMaTHKAJIBIK MOJIENIb apKbUIbl KaTaH KaJarajaiiibl, COHIBIKTaH afaM (akTOpblHAH OOJaThIH
Karesep TyOereii >KonbLUIaIbl.

Exinmmigen, yakbIT THIMAUIT TYPFBICBIHAH YJIKEH YThIC Oaiikamanel. KomMeH kecte Ty3y
OipHeIIe KYHI'e CO3BUIBII, UTEPALIUSIIBIK TEKCEPYIIEP/Il Tajal eTce, IBPUCTUKAIBIK OaFaapiiaMma OHbI
mamMaMeH Oip carar ilIiH/e aBTOMATThI )kacail anjsl. bipak 613a1H OR-Tools Herizinaeri Moaenb 6ap
Oonrranbl OipHelIe MUHYTTa ONTUMaN HOTIXKEe Oepni. MynsiH Oip cebe6i — CP-SAT con ecemnke
apHaiibl OHTalWIaHAbIpbUIFaH; eKiHmigeH, LLM accucTeHTi apkachlHaa KOCBIMINA TY3€Ty Ke3eHepi
KBICKap/IbI (aJaMaapMeH JUAJIOT apKbLIbI OipHEIE caFaT KOFAITIIAM, KYWe TE3 TYCIHII OPBIHIAIb).
By alibipManibUIbIK Scipece OKY JKbUIbI OacTanap/a yakbIT KbICKaH COTTE 6T€ MaHbI3/IbI.

Y riHmIiIeH, KeCTe carachl )KOHE KaHaFaTTaHy JICHIei1 OOMBIHIIIA THOPUITI TOCLT 03BIK TYP. bi3
MYHBI MYFaIIIMICP/IiH KOHE CTYASHTTEP/iH TIJIEKTEPiHIH KaHIIAIBIK OPbIHAAJFaHbIHAH )KOHE KEHiH
KYPTri3iIreH KaHaraTTaHy cayaJHamMachlHAH OalKaablK. MBICaIbl, THOPHUITI MOJIETh MYFATIMICPIIH
KeKe KalayaapbiHbIH ~95%-bIH eckep/i (KIMHIH Kaian 00c emec, KaHJal yaKbITThl KaJaMalThIHbI,
T.0.), )T KOJIMEH JKacayFaH Kecteue Oy kepcerkinr ~70% mamachiHIa FaHa OOJIbI. DBPUCTHKAIBIK
o/lic Keil mapameTpiep/i OHTalIaHAbIpFaHMEH (MbICAbl, MyFaTiMAEpAiH 00C yaKbITTapblHa cabak
KoiiMay), OipKaTap ycak Kajnayaap bl eJiei aimmabl — xxanmsl ~80% aifHamacklHIa KaHAFaTTany Oepii.
MyraniMaepaiH JkaHa KecTere KaThICThI MKIPJIepi 1€ COHbI PacTaibl: THOPHUATI MOJICIb KypPacThIpFaH
KecTese oylapJblH Ko0i cadaK yaKbITTapbhlH «OT€ KOJAabl» Aen Oarananbl, al OYpBIHFBI KecTene
KeOipiHe )KYKTeMe TeHIepiMCi3 TUETIHIH aUTaThIH.

CoHbIMEH Katap, «cabak KeCTeCiH Kypy canachkl» OipkaTap 0ObeKTHBTI METPUKAMEH OJIIIEH/I.
Mpicanbl, KecTeneri 00C yakbIT CIOTTapbIHBIH MabI3bl, Oip KYHIE KaTapblHaH KeleTiH cabakrap
opTallla CaHbl, KEIIKi caraTTapra KOMbUIFaH cabakrap caHbl, T.0. [ MOpUITI o/1iCTIEH JKacalFaH KecTe
Oys1 MeTpukaap OOWMBIHINA /1a )KAKChIPAK HOTHIKETe JKETTi. ATal alTKaH/Aa, CTYACHTTEPIIH KYH/IK
60oc Tepesenepi canbl 40%-Fa azaiijpl (SFHU cabaKTap TONTACTHIPBUIBIN, Y3aK Y3UIiCTEP KbICKAp.b),
«aybIp KyHIepaiH» (5-6 cabak KaTtap KeJeTiH KYHJIep) caHbl €Ki ecere kemiai. Myramimaepin Oip
KYHJIIK MAaKCHUMYM CaraT CaHbl 4-T€H acmauThIHAal O0JIbI (IBPUCTUKANBIK dICTe Keilipl 5 cabak
©TKI3eTiH KYHep Oap eai). by aiiblpmambiisikTap Oip FaHa CLIEHapHiiie emec, op TYpJIi anTaFa )KoHe
op TYpJii 6acTanKbl MATIMETTEpre (MbICAJIbl, OKBITYLIBIIAPIBIH KOJDKETIMAUIITT e3repce) XKy pri3iireH
ChIHAKTapAa Jla TYPakThl cakTanabl. CTaTUCTUKANBIK Taljgay HOTHXKECIHIE THOPHATI MOACNIIH
KaKCapTyJapblHbIH OachkiM 0ejiri MoHJAl €KeHl aHbIKTalabl (maija OojFaH alblpMallbUIBIKTap
ke3neiicok emec, $p<0.01$ neHreitinme MaHbI3IbI).

Kecte 2. ABTOpJIBIK MOJIENIB/IIK 3€pTTEY/IE MaiilaJaHbUIFaH SKCIEPUMEHTTIK CLIeHapHiiiep

Cuenapuii Tonrap OKbITYHIBI Ayauropus AnTajbIK YakpIT
CaHbl CaHbl cabak CJI0TTaPBI
OipJaikrepi
A 12 28 18 184 SKYHX 6
CJIOT
B 16 36 24 246 SKYHX 6
CJIOT

Cuenapuii A 6oiibIHIIIa THOPUATI MOJIENB KOJIMEH KOCIapIayMeH CalbICThIpFaHAa KeCcTe Kypy
yakbpIThIH 420 mMuHyTTaH 4.8 MHHYTKa AeiiH KbICKapTThl (98.9%), mMyfaniM KajayblH OpbIHAAY
neHreiin 72%-nan 94%-ra neiliH apTTBIPABI KOHE CTYIEHTTIK Tepesenepai 2.3-teH 0.8-re neifin
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azalTThl (65.2%). Cuenapuii B OolibiHIIa na yKcac yplic cakraiabl: yakelT 690 munyrTan 7.2
MuHyTKa Aeiin Temenaen (99.0%), kamay kepcetkimi 68%-man 92%-fa neiin kerepiimi, an
Tepesenep canbl 2.7-1eH 1.1-re neitin kbickapasl (59.3%)(Kecre 2), (Ongar, 2026, OpenAl, 2023).

Kecre 3. HotmxenepiiH )KUHAKTaIFaH CTATHCTUKACKHI

Cuen. 9gjic YakpIT, Kakrsirbic | Kaaay, Tepe3e, Ayaur.
MUH % KYH nainu., %
A Konmen 420 3 72 2.3 62
A DBPUCTUKAIIBIK 48 0 81 1.6 74
A I'uOpuari 4.8 0 94 0.8 86
B Konmen 690 5 68 2.7 65
B OBPUCTHKAJIBIK 71 1 79 1.9 77
B I'uOpuari 7.2 0 92 1.1 88

3ep| TenreH KBpCETKiI.IJ: KecTe KYPY YaKbiTbl
10 MoaensAik NporoH BorbIHWa opTalla YaKblT; KOIMEH, 3BpUCTUKabIK XXaHe rl/lﬁpln.u.Ti Tacinaep canblCThipLINALI
690
700 1 EEE CueHapuin A

mmw CueHapuii B

600 -

500 A

200

100 A

4.8 7.2

KonmeH IBPUCTUKANBIK, rbpuaTi

OR-Tools/LLM
TyciHgipMe: KepceTKiWw HeFYpNbIM TeMeH Bonca, HITUXE COFYPNbIM XKaKChl.

Cyper 2. /luarpaMmmasia 3epTTeIreH KOPCETKIII - KeCTe KYPY YaKbIThl (MHUHYT); €Ki CLIeHapui
OOMBIHIIIA YIIT TOCLT CATBICTHIPBIIIBI

3epTTenreH KepceTKill: MyFaniMmaepaiH, KanayblH KaHafaTTaHAbIpy AeHreuni
ruﬁpmnri MoOoenb MyFaﬂiMﬂep,ﬂiH. YaKbITTbIK KanaynapblH KaHLWanbIKThl aKCbl ODbIHﬂaﬁTbIHbI CanblCThipblNAbI
94

9 eHapnin A
un B

80

60

Manbi3 (%)

20 A

KonmeH DBPUCTUKANbIK, rmbpuaTi

OR-Tools/LLM
TyciHaipme: kepceTKill HeFypNbiM Xofapbl 6oAca, HATUXE COFYPABIM MXKaKCbl.

Cypert 3. JIlnarpammaja 3epTTEITreH KOPCETKIII - MYFaTIMIEP/IiH YaKbITTHIK KaJlaybIH
10
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KaHaraTTaHablpy aeHreii (%)
3epTTenreH KepceTKill: CTYAEHTTIK Tepe3enepaiH, oprawia caHbl

KecTepneri y3ak 6oc apaneiKTapabiH KbICKapy AeHreni septtenai

2.7 B
Bl CueHapun A

B CueHapuin B

OpTala Tepese caHbl (KyHiHe)

KonmeH SBPUCTHKANLIK rmbpuaTi
OR-Tools/LLM

Tycinpipme: kepceTKilW HeFypbiM TeMeH Bonca, HaTUXKE COFYPbIM XKaKChbl.

Cyper 4. /luarpammaia 3epTTEJIreH KOPCETKIMI - CTYICHTTIK Tepe3eliep/IiH OpTaIia CaHsbl;
KOPCETKIIITIH TOMEH OOJTYBI JKaKChl HOTHXKE Oepei

Canvicmoipmansl 8uzyandvl cypemmepoi manoay

TeMenieri canbICThIpMalibl CypeTTep/le HaKThl KaHJall HbICaH 3epTTEIreHi CypeTTiH o3 11IiHae
Jle, AaCThIHIAFBl TYCIHIIpMeIe Je KepceTimi. bipiHmn Bu3yanaa KOJIMEH JKacallFaH KecTe
(parMeHTiHAET1 KaKThIFbICTap MEH T'MOPHITI MO/IENb YChIHFAH KaKThIFbICCHI3 HYCKA CabICTBIPBLIAbI
(Cyper 5). ExiHmi Bu3yanga MyFaliM J>KYKTEMECIHIH amnTta KyHaepi OOHBbIHIIA Tapaysl
KapacThIPbLIbII, THOPUATI MOJIETH )KYKTEMEHI TeHrepimai Oemyre KabineTTi ekeHi kepcetinai (Cyper

6).

3ep1'renreH HbICaH: KOJIMeH XacaJfifaH XXoHe ruﬁpu,u,'ri Moaenb KypfaH KecTte (bparMeHrrepiH
CanbiCTbIpy
Con aKTa — KaKTelFeICTap MeH Boc apansikTapel 6ap HycKa; oH akTa — OR-Tools/LLM apKeinel oHTalNaHALIPLINFaH HYCKa

A) KonMeH/pacTypni KypacTtbipbinifan pparmeHT B) rmopuari OR-Tools/LLM mopgeni [OK |
Oc Cec Cp Bc HKm e Cc Cp Bc Km
1 Mat/Al Phys/B1 1l ‘ Mat/Al H Phys/B1
KakTbifFbic . KaKThIf bIC .
KaKTbIFLIC
’ o ’
4 DB/A3 4 ‘ DB/A3 ‘ Net/B3
5 Net/B3 ICT/B4 5] Eng/Ad ICT/B4
6 6
Tepesenep XaHe TeHrepimcis xykTeme Gakanaas! .caﬁav;rap MEH YKTeMe TeKrepimai ynecTipinrex.

Cyper 5. CanbICThIpMaJibl CypeTTe 3epTTEIreH HbICaH - KecTe ()parMeHTIHAETi KaKThIFBICTAp,
00C apabIKTap KOHE OJIAPIbl THOPHITI MOJIENTh aPKBUTBI KO0 HOTHIKEC]
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Hormxenepai sxunakrait oTeipein, TuOpuATi OR-Tools/LLM MmoneniHiH €Ki clieHapuiae ne
TYpaKThl 0aCBIMIBIK KepceTKeH1 Oaiikanpl. EH yiIKeH ailblpMalibuIbIK KeCTe KYpy YaKbIThl OOMBIHIIIA
TIpKEJi: KOJMEH J>KOcCHapjayMeH CcajbICThIpFaH/ia YakbIT YHeMi 98%-maH actam KbICKap.ibl.
ConbiMeH Oipre, MyframiMIepHaiH KajlayblHAa COHKecTiK 22-24 malbI3IbIK TapMaKKa ocTi,
ayIMTOpHSIIap bl TTaliaanany 23-24 nmaibI3plK TapMaKKa apTThl, ajl CTYICHTTIK Tepesenep 59-65%
apaibIFbIHAA  KbICKapAbl. bBynl  HOTIKeNep  YCHIHBUIFAH — TOCUIMIH — TOXKIPHOETIK  KoHE
YHBIMAACTBIPYIIBUIBIK THIMAUTITIH KymenTin kepceteai (Perron et al., 2023).

3epTTesnireH HbicaH: MYFfaniMm XYKTeMeciHiH, anTa boMbiHWa Tapanybl

Con aKTaFbl XbiNy KApTackl — TEHrePIMCi3 TAPaNY; OH KaKTaFbICH — FMBPUATI MOAENLAEH KeliHri TeHrepimai yari

A) ﬂacfvgpi ynari - B) ruﬁpuﬁl&'ri ynri -

Cp Bc Km Cp Bc KM

Aliyev 4 car. 1 car. 0 car 3 car. 1 car. Aliyev 2 car. 2 car 2 car. 2 car. 1 car.
Bekov 0 car. 5 car. 1 car. 0 car. 4 caf. Bekov 2 car. 2 caf. 1 caf. 2 car. 2 car.
Nurpeis 3car. 0 car. 4 caf. 1 car 0 cas Nurpeis 2 car 1car 2 caF 2 caF. 1 car
Sarsen 1 caf. 4 car. 0 car. 5 caf. 0 caf. Sarsen 1car 2 caf. 2 caf 2 caf. 2 car.

Aman 0 carf. 2 caf. 5 caf. 0 car. 4 caf. Aman 2 car. 1car 2 caf. 1car. 2 caf.

Macene: ket KyHaepi MyFanimaepre 4-5 cabak LWOFLIpNAHFaH. HeTuxe: xykTeme 1-2 cabakTelk GNoKTapMeH TeHECTIpIAreH

Cyper 6. CanbicTeIpMalbl CypeTTe 3epTTEITeH HBICAH - MYFaIIM KYKTEMECIHIH anTa OolbIHa
Tapairybl; COJI )KaKTa TEHrepiMci3, OH JKaKTa TeHrepimMIi yiIri

XKyilene eHeneTiH OKBITYIIBI, CTYIEHT XoHE KecTe AepekTepl Kopramysl Tuic. CeipTkbl LLM
CepBUCTEpl KOJIJAHbUICA, JEPEKTEepAl aHOHMMHU3ALUAIAY, KOJDKETIMAUIIKTI IIEKTey JKOHE
KypHasjay el eHrizy Manbi3asl (Perron & Furnon, 2025).

Al memimMzaepi TYCIHAIPIIETIH O0TybI KEPEK, all COHFBI OEKITY KayalnKepuUIUIir afamaa Kajlabl.
CoHIBIKTAaH KayINCi3/IiK, allbIKTBIK JKOHE OAUIMIK XKYHEH1 eHTI3YIIH HETi3Ti Karuaaiapbl OOJIbII
cananazsl (Qu et al., 2009).

KopsbITbIHABI

Typxkictan Axmet Scayu kacinTik Kosieaxi 0azacbiaa yeeiubuirad OR-Tools/ILP sxone LLM
ACCHCTEHTIHE HETI3JeNreH THOPHATI TOCIT OKYy KECTeCiH aBTOMATTaHABIPY MIHJETIH KOFapbl
TUIMIUTIKIIEH IIEeMIEeTiIHIH KepceTTl. JKypri3iiareH tanaay MeH TOXIpHUOEiK HOTHKeIep Oyl o/1iCTiH
JOCTYpJl KOJMEH JKOCHapiayFa KaparaHJa alKblH apThIKIIBIIBIKTApPbl Oap €KeHIH AdMenaeni:
)KOcTiapIiay yakbIThl OHJJaFaH ece KbICKapaIbl, KaTeNIIKTep MEH KaKTHIFBICTAP TOJIBIFBIMEH KONUBIIAIbI,
aJl KECTEH1H canachl (CTYACHTTEp MEH OKbITYIIBUIAP/IbIH KaJlayJapblH €CKepy AeHTel1) alTapabIKTail
eceni. ['mOpuaATI MOEeNs KYpAeIi KOMOMHAPHSUIIBIK €CENTI MaTeMaTUKAIBIK OHTAMIAH IBIPY apKbLIbI
renrin, cousiMeH 6ipre LLM kemeriMeH naiijaiaHysIMeH HHTEPaKTHBTI TUIAECY apHACHIH KYPaJIbl
— MYHBIH HOTWXeciHae afgaM MeH Al MyMkiHaikTepi OIpirin, MakCUManJbl HITHXKEre Ko
xetkizineni. Timefold xkoMmaHMACHIHBIH MaMaHAApbl aTanm OTKEHAEH, YJIKEeH TUIAIK MOJENbIep
KocTiapjlay €CenTepiH ©3JIriHeH Iele aJMaybl MYMKiH, Oipak oJjapabl apHaibl jKocmapiay
aJITOPUTMEPIMEH YilllecTipe KoJIaHy KaHa MHHOBAIMSJIBIK ISITiMAEpTre jKO0JT alla ibl.

Annarsl 3epTTey OarbITTapbl OipHele KbI3BIKTHI MYMKIHJIIKTEpre »K0j amianabl. bipiHmiiaeH,
ca0ak KecTecCiH Kypy/la HeHpOHIBIK XKeJiep i KOJIaHy apKblIbl JUHAMUKAJIBIK JKOCTIapiiay Macelect
Typ. bonamakra jxui e3repeTiH karaaiaapra (MaceieH, MyFaliMHIH KEHETTEH HayKacTaHbII Kalybl,
TONTap KYpaMbIHBIH €3repyi) xkenen OeiimiaeneTiH, alJblH ajga Ooypkam KecTe TY3eHTIiH Kyilenep
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KakeT 6omaael. MyHsI reinforcement learning Hemece rpad ok HelipoHABIK xemisiep (GNN) apKbUTbI
icke acelpyra Oomansl aereH mikip OGap. Meicanbl, HEHpOXXENTIK MOZAETb OipHEIIe CeMecTpIiH
JEPEeKTEPIHEH YHPEHIN, aljaFbl CEMECTpPre MYFaIiMIEpiH >KYKTEMECIH MPOTHO3 jKacay, HeMece
KecTenie e3repic 0ojica aBTOMATThI TYpAE KalTa OHTaMIaHABIPY XKacalThIH Pe(ICKCUBTI KY€ Kypy
— KBI3BIKTBI MiHJICT.

Exinrmrizen, on-device inference — siFHU yJIKeH TUIAIK MOZEIbACPAl TiKeIEH OKY OpPHBIHBIH
KEPTUTIKTI CepBepiIepiHIe HEMece TIINTI JKayanThl TYJIFAIapJblH KOMIIBIOTEPJIEPIHIE ICKe KOCY —
OareIThl. ByJ1 tepekTep iH KYMUsUTBUTBIFBI MEH KBUTIAM/IBIFBIH aPTTHIPA/IbI, O©UTKEH1 CHIPTKBI API-re
KYTIHY KaxeTTimiri OonMarael. KazipaiH e3iHme ChIMBIMABUIBIFBI Kimmiripim LLM monensaepi
(bipHenIe MUIUTHAP TTApaMETPIIi ) )KeKe KYPBUIFbLIAP 1A dKYMBIC ICTEH ata e, ajn 0o1amakra oJapIsH
MYMKiHAIT1 apTa 6epmek. OChIHBI cabak KecTecl KyheciHe OIpiKTIpy apKbLIbl, MBICAIBI, P MEKTEI
©3 CEepBEPIHJIC MHTEJICKTyal KOMEKIIICIH YCTal, *kelli )KOK Ke3JIe /e OHBIMEH KYMBIC ICTeH anaThiH
OoJ1aIbl.

YuriHmmiieH, ambIKTHIK MEH TYCIHAIPYAL jkakcapTy yuriH Al memimaepin Bu3zyanuzanusiiay
MeH explainable Al omictepin kKonmany. bomamak 3eprreynepae ILP moxeninig menrimaepin
rpaduKTep, AHarpaMmmanap apKelibl TYCiHAipy, LLM-HBIH YCBIHBICTapBIH HET131 €Ty (MBICAIIBI, «OYJI
YCBIHBICTBI KacayFa 5 MyFajiMHIH Tana0bl ocep €TTi») TETIKTepl KapacThIPbUIybl THic. by
naiiiananynsIapra sKyiere JereH CeHIMAUTIKTI KYIISUTIM, OHbI OKY YepiciHae KeHIHeH KOJAaHyFa
KOJT aIajpl.

Y CBIHBUTFAH THOPUTI TOCUT KECTE KYPY YaKBITBIH KbICKAPTHII, KAKTHIFBICTAP/IBI a3aUTYFa KOHE
KECTe calrachlH apTThIpyFa MYMKIHIK Oepeai. Ocipece MyFaliM KYKTEMECIH TeHTepy, ayIUTOPUSHBI
TUIM/II TIA1aIady KOHE CTYJICHTTEP YIIiH KOJAWIIBI KYPBUTBIM jKacay >KaFblHAH TIai1aIbl.

Monynbaik apXuTeKTypa >KyiieHi 0acka OKy OpbIHIAapbiHa OeiliMaeyre Komaiibl. AJgarbl
OarbITTap peTiHIC TMHAMHUKAIBIK KaiiTa )xocnapiay, xkepritikti LLM konnany xone explainable Al
KYpaJJlapblH JaMbITY MaHbI3Ibl.
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CONCEPTUAL FOUNDATIONS OF REAL-TIME MONITORING OF PHYSICAL
EXERCISES BASED ON COMPUTER VISION AND DEEP LEARNING MODELS

Annotation. The article presents a challenge in automatically monitoring and evaluating
physical exercises in real time. The goal of this study is a comparative analysis of the effectiveness
of modern deep learning models for determining human posture (BlazePose, YOLOV8 - Pose,
MoveNet and HRNet) and to identify the possibilities of their inclusion in the training quality
assessment system. The system is built on an RGB video stream and consists of pre-processing,
posture points determination, joint angles calculation and training classification (correct/incorrect)
stages. From the experimental results, it can be found that HRNet model has the highest accuracy
index, but as a result of its high calculation complexity, delay value increases. It had been shown that
BlazePose provides high frame rates at low-resource devices. The YOLOv8-Pose model showed the
best compromise between accuracy and performance and was suggested as an optimal option for
Real-Time Fitness Systems. The method of biomechanical analysis based on calculating joint angles
allows to quantify the quality of exercise performing has been proved. The systematic alignment score
may be applied in the scope of fitness, sports training and medical rehabilitation and can further be
enhanced by adding on 3D body pose models as well as spatio-temporal neural networks.

Keywords: human posture determination; computer vision; deep learning; physical exercise
monitoring; real-time systems; calculation of joint angles; YOLOV8-Pose; BlazePose; biomechanical
analysis.
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KOMIIBIOTEPJIIK KOPY KOHE TEPEH OKbBITY MOJAEJIBAEPI HEI'T3IHJIAE
OU3UKAJIBIK KATTBITYJAPAbI HAKTbBI YAKBIT PEXKUMIH/IE BAKBIJTAY IBIH
KOHHOENTYAJIIABIK HEI'I3/IEPI

Anparna. Makanaaa HaKThl YaKbIT peKUMiHIE (PU3UKAJIBIK KATTHIFYIapIbl aBTOMATTHI TYP/E
OakpuIay jkoHE Oaraniayaarbl KUBIHIBIK KapacThIpbUIFaH. byl 3epTTeyaiH MakcaThl - aJaMHbIH JeHe
OITIMIH aHBIKTayFa apHaJFaH 3aMaHayu TepeH OKbITy MojenbaepiHiH (BlazePose, YOLOvVS - Pose,
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MoveNet xone HRNet) THIMIUIITIH canbICTRIPMANIBI Tajljay >KOHE OJapJibl KATTHIFy CarachiH
Oaranay jxyieciHe Kocy MYMKIHIIKTepiH aHbIKTay. JKyiie RGB OeiiHe arbIiHbIHA HET13[ENTeH )KOHE
aNJIbIH aja eHJey, NeHe OITIMIHIH HYKTEJIEepIH aHbBIKTay, OYbIH OYPBIIITAPBIH €CENTEYy >KOHE
KATTBIFYBl JKIKTEY (AypbIC/IyphIC eMmec) Ke3eHJAepiHeH Typazibl. TokipuOenik HOTHXKeIepAcH
HRNet moneniHiH eH >KoFapbl J9JIIK HHACKCI 0ap €KeH1 aHBIKTaJAbl, O1paK OHBIH YKOFAphl €CENTEYy
KYPJENUTIriHIH HOTHKeCiHAe Kimipic MoHi aptansl. BlazePose Temen pecypcrapiabl KaxeT eTeTiH
KYPBUIFBIIAp/IA KOFAphl KaJp >KUUTITH KamTamacki3 eteTiHi kepceruial. YOLOv8-Pose mopemi
TOIAIK TIeH OHIMIUTIK apachlHAAFbl €H jKaKChl BIMBIPDAHbBI KOPCETTI )KOHE HAKThI YaKbIT PEeXKUMIHJCT]
(dbuTHEC XKyHenepl YIIIH OHTAMIBI HYCKa PETIHIAE YCHIHBUIALI. BybIH OYpBIITApBIH ecenTeyre
HETi3/Ie/ITeH OMOMEXaHUKAJBIK Tallay oOJIiCi JKAaTTHIFYyAbl OPBIHAAY CalachlH CAaHIBIK Oaranayra
MYMKIHAIK Oeperini monmenaenmai. JKyieni Typanay ynaiibl (GUTHEC, CIIOPTTHIK KATTHIFYJAp JKOHE
MEIUIMHAIBIK OHAJITY CalachlHAa KOJJAHBUIYBI MYMKIH koHe 3D JeHe mo3ackl MOJAEIBICPiH,
COHJIaii-aK KEHICTIKTIK-YaKbITTBIK HEUPOHABIK KEIJIEPAl KOCY apKbLIbI OJIaH opi KAKCAPTHUIYBI
MYMKiH.

Kiar ce3mep: amaMHBIH 1M03aChlH aHBIKTAy;, KOMIIBIOTEPIIIK KOpYy; TEPEH OKBITY; ICHE
KATTBIFYJIapbIH OaKblIay; HaKTHl YakKbIT Kyhenepi; OyeiH OypbimTapein ecentey; Y OLOvS-Pose;
BlazePose; 6noMexaHUKaNBIK TanIay.

E.Y. CEPJAJIMEB!, H.T.TOMJIBIBAEBA? B.0. BAUMYP3AEB?, X. YAKBIP*

1'2’3MesfcdyHap00Hblﬁ Ka3axcKko-mypeyxuil ynusepcumem umenu Xooxcu Axmeoa fcasu,
Typkecman, Kazaxcman
1E-mail: erlan.serdaliev@ayu.edu.kz*
2E-mail: nurgul.toilybayeva@ayu.edu.kz
3E-mail: bboranbek@ayu.edu.kz
4YHueepcumem Ta3u, paxynremem KomnvromepHvIX U 0OPAZ06AMENLHBIX MEXHOIO2UI,
Anxapa, Typyus
3E-mail: hcakir@gmail.com

KOHIEIITYAJBHBIE OCHOBbBI MOHUTOPUHT A ®PUZNYECKUX
YIPAKHEHUH B PEAJIbHOM BPEMEHHU HA OCHOBE MOJIEJIEN
KOMIIBIOTEPHOI'O 3PEHUSA U I''TYBOKOI'O OBYUYEHUSA

AHHoTauus. B crathe paccMarpuBaeTcs 3ajada aBTOMaTHYECKOTO MOHHTOPWHTA W OIICHKH
¢u3nYecKux YHOpaXHEHUH B peaJibHOM BpeMeHH. Llenblo JaHHOTO HCCIEAOBaHMS SBISAETCS
CpaBHUTENbHBI aHaMU3 AS(P(EKTUBHOCTH COBPEMEHHBIX MOJeNell TIyOOKoro OoOydYeHHs JUIs
ompezenenus ocanku denoBeka (BlazePose, YOLOv8-Pose, MoveNet 1 HRNet) u BbIsBiICHHE
BO3MOYKHOCTEH WX BKJIFOUEHHS B CHCTEMY OIIEHKH KadecTBa TPeHUpPOBKU. CHCTeMa MOCTpOeHa Ha
ocHoBe RGB-Buieonoroka n BKJIIOYAET 3Talbl MPEeIBAPUTEIbHON 00pabOTKH, ONpeeNeHHs] TOUEeK
OCaHKH, pacyueTa YIjoB CYCTaBOB M KJACCU(UKALMU TPEHUPOBKH (IIPaBHIbHO/HENpPaBUIbHO). U3
AKCIIEPUMEHTAIBHBIX PE3YJIbTATOB MOXKHO YCTAHOBUTH, 4YTO Mojelb HRNet umeet camplii BEICOKHIA
MoKa3aTeslb TOYHOCTH, HO M3-32 BBHICOKOH BBIYMCIUTEIHHON CIIO)KHOCTH YBEIHMUYMBACTCS 3HAYCHHE
3agepkku. beito mokaszano, yro BlazePose oOecnieunBaeT BEICOKYIO YaCTOTY KaJJpOB Ha YCTPOHCTBAX
¢ orpaHnueHHBIMH pecypcamu. Mojens Y OLOV8-Pose mokazana Hamurydmaii KOMIPOMHUCC MEXTY
TOYHOCTBIO M TPOU3BOIUTENILHOCTBIO U ObLJIa MPEUI0KeHa B KaUeCTBE ONTUMAILHOTO BapUaHTa JUis
(buTHEC-CHCTEM peallbHOTO BpeMeHH. J[oka3aH MeTo/1 OMOMEXaHUYECKOTO aHaJIN3a, OCHOBAHHBINA Ha
pacuere YIJOB CYCTaBOB, ITO3BOJISIONIMNA KOJMYECTBEHHO OLIEHUTh KaueCTBO BBIIIOJIHEHUS
yrnpaxsaeHuil. CucTtemMarnveckasi OlleHKa BBIPABHMBAHHUS MOXET NPUMEHSThCsS B cdepe (urHeca,
CIIOPTUBHOM TOJATOTOBKM M MEAMIIMHCKOW peadWIMTAlliU, a TaKKe MOXKET OBITh JOMOIHUTEIHHO
yIydnieHa 3a cyet qooasienus 3D-moerneit mo3sl Tela M mpoCTPaHCTBEHHO-BPEMEHHBIX HEUPOHHBIX
cerei.
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KiaroueBble cJjioBa: oOmpejelieHHe I03bl YeIOBEKa, KOMITBIOTEPHOE 3pCHHE; TIIyOOKOe
oOydeHne; MOHUTOPUHT (DU3MUECKUX YIPAKHEHUH; CUCTEMBI PEabHOTO BPEMEHHU; PacyeT YTIoB
cycraBoB; YOLOV8-Pose; BlazePose; bnomexaHnyeckuii aHAITU3.

Introduction

Indeed, the topic of monitoring physical activity and health via digital technologies has taken
on particular significance in recent years. The need for monitoring motion correctness in fitness, sport
training and medical rehabilitation is critical due to its high importance regarding injury prevention,
movement quality improvement or at least ensuring the effectiveness of the rehab process. The
conventional monitoring is often on the basis of a trainer or specialist visually assessing performance,
which results in subjectivity, time consumption and lower repeatability (Jo & Kim, 2023).

In particular, the evolution of computer vision technologies and deep learning has enabled
automatic analysis of techniques for physical exercises. Human pose estimation techniques enable us
to spot a person in an image and find the key joint points of his body, thereby depicting movement in
the form of a skeletal model. According to Huang et al. (2025), this approach is suitable for solving
tasks such as joint angles, trajectory analysis of movement and whether the movement of performing
an exercise is correct or incorrect.

There are a number of models available for identifying pose in humans today. Mobile and light-
weight models with processing time in real time like BlazePose or MoveNet in MediaPipe can be
used on mobile or other resource-poor devices (Opifia Jr. & Fajardo, 2024). Detection-based
YOLOvV8-Pose architectures enable arising multiple pose tracking with high efficacy in real-time
systems (Dong & Du, 2024; Cai et al., 2025). Moreover, HRNet and transformer-based models have
very high accuracy in detecting pose point but much higher computation costs (Li et al., 2023).

Numerous analyses regarding exercise assessment, action recognition and motion analysis
through pose detection models are available in the scientific literature. Specifically, spatio-temporal
model based on skeletal data has achieved effective results in the assessment of exercise performance
quality (Xie et al., 2024). Furthermore, basic properties of real-time systems and their pros and cons
for low-resource devices have been studied in review papers (Huang & Li, 2024; Zheng et al., 2023).

However, there is still no systematic conceptual framework for embedding state-of-the-art
posture recognition architectures into motion control databases. Models with different accuracy,
speed and computational resource requirements must be systematically compared and adapted to
application scenarios. This article introduces a conceptual approach for realtime physical exercise
analysis, based on posture recognition models, and discusses its scientific and practical implications.

Materials and methods

Dataset Description

This study used a specially collected video dataset to monitor and evaluate physical exercise in
real time. The dataset consists of a total of 200 videos and includes exercises performed by 10
participants. The participants included 5 men and 5 women. This balanced structure was aimed at
reducing the dependence of the model on gender.

Five different physical exercises were considered in the study: squat, push-up, deadlift, jumping
jack and bent-over row. These exercises involve different parts of the body and differ in movement
dynamics. Therefore, their selection allows us to assess the ability of the model to distinguish between
different movement patterns.

Each video clip was approximately 6-12 seconds long, which was enough to capture one or
more complete movement cycles. The videos were recorded in three different environments: a gym,
a laboratory room and a home environment. In addition, the footage was shot from two different
angles: a front view and a side view. Such diversity allows us to assess the generalization ability of
the model despite changes in lighting, background, camera angle, and spatial conditions.

Thus, the dataset used had sufficient diversity for the tasks of recognizing physical exercises
and assessing the quality of their execution.
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Data partitioning principle

In the experimental evaluation, the dataset was divided into training, validation, and testing sets
according to the classical supervised learning approach. The partitioning ratio was chosen as 70%-
training set, 15%-validation set, and 15%-testing set, respectively.

The training set was used to train the model parameters, the validation set was used to tune
hyperparameters and control overfitting, and the testing set was kept for independent evaluation of
the final model performance.

During data partitioning, the distribution of different training types, shooting environments, and
camera angles was kept as equal as possible. This approach prevents the overpredominance of a single
category, ensuring the fairness and stability of the evaluation results. In addition, the results obtained
during the testing period characterize the model’s ability to generalize to new data.

Futhermore, This study investigated several contemporary deep learning models of human pose
detection for monitoring physical exercise in real time. The main criteria used to select models were
real-time performance (FPS), computational complexity, detection accuracy and the possibility of
running on low-resource devices (smartphone, webcam, low-end laptop). Objective: The objective of
this study is to compare the strengths and the weaknesses of different architectures in order to identify
which group of models can be used as a formula for building physical exercises monitoring systems.
To use computer vision for pose detection, we primarily adapted BlazePose from the MediaPipe
platform since it is lightweight and very efficient on mobile devices. The BlazePose Model can run
on stable real time and detect more than 30 key anatomical points of a human body. The key benefits
of this model are low computational load and high frame rate on mobile devices. Due to this,
BlazePose is useful for home fitness training and mobile rehabilitation systems.

We used the YOLOV8-Pose architecture to operate in a crowded space and in complex scenes.
This system integrates object detection and pose regression tasks into a neural network. High real-
time performance allowing multi-person tracking as seen in gyms or group exercises. Moreover, this
architecture is also highly scalable and hardware platform agnostic. Also, the MoveNet and HRNet
architectures have been considered for comparison purposes and methodology analysis as they are
classified into high-precision models. The MoveNet is available in easily two different models
(Lightning and Thunder), both providing excellent accuracy and robustness. Despite the great
accuracy achieved for pose points detection with HRNet architecture, it has a high computational
complexity (Table 1) limiting its usage in real-time mode on low-resource devices.

Table 1. Comparative characteristics of the considered pose detection models

Model Main Feature FPS Accuracy Resource Application
(approx.) Requirement

BlazePose Lightweight, 25-30 Medium | Low Mobile fitness

(MediaPipe) | mobile-friendly

YOLOVS- Detection + Pose | 20-30 High Medium Multi-person

Pose estimation scenarios

MoveNet High stability 15-25 High Medium Individual
exercise

HRNet High precision 5-10 Very high | High Laboratory
analysis

The BlazePose model is aimed at real-time operation on mobile devices using a lightweight
encoder-decoder architecture. The HRNet model allows for accurate pose point detection by storing

high-resolution features, but its computational complexity is high (Figure 1).
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Figure 1. General architecture of pose detection models used in a physical exercise tracking
system.

BlazePose model runs at high frame rate but with a low accuracy. The YOLOv8-Pose
architecture provides a good balance of performance and accuracy, and does well in a high number
of people. Although the MoveNet model offers a high accuracy with stable performance, HRNet
architecture provides the top-line accuracy score, but runs at low frame rate because of its
computation complexity. As depicted (Fig. 2), this means there is a clear trade-off between
performance and accuracy in real-time system model selection.
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Figure 2. Comparative chart of performance and accuracy (FPS vs Accuracy) for different
models.

This study retrieves data for physical exercise analysis as video streams in RGB format. The
videos were taken with a webcam or smart-phone camera and modified for immediate processing.
The camera was set up to fully capture the individual from the side or front thus, ensuring accurate
and stable pose points detection. Wir haben Videodaten mit 25-30 FPS, 720p oder 1080p
aufgezeichnet.

The obtained video streams passed through multiple preprocessing steps before getting as input
to the pose detection algorithms. All these stages were performed to make the system more stable and
the models more computationally efficient.

The video stream was received sliced into single frames first:

V = {FllFZ""'FT}' (1)
where: F; — t- time-lapse video, and T — number of frames.

In the next step, each frame was resized according to the model requirements. For example, for
the BlazePose and YOLOvV8-Pose models, the input dimensions were converted to 256x256 and
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640%x640 pixels, respectively. This operation reduces the computational load and ensures real-time
processing.
Pixel values were normalized to the range[0,1]:

I
Luorm = 255’ (2)

where: I — original pixel value.

The frames were then subjected to light filtering and contrast correction methods in order to
dampen noise and mitigate differences from changing lighting conditions. Also, temporal smoothing
techniques were explored to smooth abrupt changes between frames in the video stream.

In last step of preprocess, frames were inputed to the model and human pose's key points are
extracted. Therefore, this preprocessing phase is a crucial step that directly impacts the whole
accuracy and stability of the entire system (see Figure 3).

KamepapnaH ansiHraH beiHe

[ [7) Resize = b
i _l |- - - ¢ '
A 0 ' |
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Figure 3. Data acquisition and preprocessing stages in a pose detection system.

The proposed data acquisition and preprocessing methods are adapted to real-time physical
exercise monitoring systems. This approach ensures uniformity of input data when using different
pose detection models and increases the overall performance of the system.

Pose Point Detection Method

In this study, the human pose detection method is based on finding keypoints of a human body
from video frames. Pose points are considered as a set of coordinates describing the structure of the
human skeleton and are used for further biomechanical and kinematic analysis. The considered
models (BlazePose, YOLOvV8-Pose, MoveNet and HRNet) detect pose points in 2D space.

Formal description of pose points

For each video frame, the model produces a set of pose points in the following form:

Pt = {(x5,y1), (x5, ¥3), .. (x§, Y5}, 3)

where:

t— time period (frame index),

N—the number of pose points to be determined,
(xf, y})— i-2D coordinates of the joint point.
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For example, The BlazePose model detects N=33 points, while the YOLOv8-Pose and HRNet
models typically detect N=17 points.

The principle of pose point regression

Pose detection models solve the problem of regressing the P* points from the input frame using
a neural network. This process is described as follows:

Pt:fH(Ft)' (4)

where:

F; — pre-processed input frame,

fo(-) — a deep neural network with parameters 6.

In the YOLOV8-Pose architecture, this process simultaneously performs person detection and
pose point detection, while the BlazePose and HRNet models use a direct pose regression approach.

Confidence indicator

Many models provide a confidence coefficient (c;) for each pose point:

Pt ={(xi, yi,cDlizn cf € [01] (5)

This indicator allows us to assess the reliability of point detection. Points with low reliability
can be excluded from the analysis or corrected by temporal smoothing.
Representation as a time series
Since physical exercises are dynamic, pose points are considered as a time series, not individual
frames:
S ={P1,p? .. PT} (6)

This sequence describes the continuity of movement and is further used in algorithms for
calculating joint angles, determining movement phases, and evaluating exercise.

Skeleton graph

Position points are represented as a skeleton graph using predefined anatomical connections:

G =,E), (7)

where:

IV — points of pose (vertices),

E — connections between joints (edges).

This representation approach is effective in spatiotemporal analysis and the use of graph neural
networks (ST-GCN) (Figure 4).
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Figure 4. Skeleton view of pose points (keypoints).

Implementation details

The proposed system was implemented in the Python programming language. The OpenCV
library was used for video data processing and pre-analysis, and various tools were used to detect
human poses, depending on the corresponding models.

The BlazePose model was implemented using the MediaPipe platform. This model is adapted
to work in real-time at high speed and shows effective results on CPU-based systems. The YOLOv8-
Pose model was implemented based on the Ultralytics YOLOVS library and implemented human
detection and pose point detection in a single architecture. In addition, the MoveNet model was
implemented based on TensorFlow Lite, and the HRNet model was implemented using the PyTorch
framework.

The experiments were conducted in a CPU-based computing environment. This approach was
aimed at evaluating the ability of the proposed system to work on low-resource devices. The
processing speed and latency values for each model were measured on a real-time video stream.

Method for calculating joint angles

One of the main indicators in assessing the correct performance of physical exercises is the
joint angle. Joint angle is a biomechanical parameter that characterizes the amplitude, phase, and
technical correctness of human movement. In this study, joint angles were calculated based on 2D
pose points.

Determining an angle using three points

Any joint angle is determined using three points: for example, for a knee angle — hip (A), knee
(B), ankle (C).

The joint angle is calculated using the following vector formula:

BA - BC
8 =cos 7! T — (8)
| BAIlll BC Il
where:
BA=A-B
BC=C-B
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- —scalar product

Il v Il — vector length
Writing vectors in coordinate form:

BA = (x4 — Xg,Ya — ¥B) 9
Scalar product:
BA-BC = (x4 —xp)(x¢c — xp) + Va — ¥8) e — ¥B) (11)

The resulting angle 6 is measured in radians or degrees.

Key joints

In the biomechanical study of physical exercises joint angles is accepted as the main variable
describing moving quality [3]. The main load in any exercise always lies on specific anatomical joints,
and this is precisely why the correctness of the movement directly depends on the spatial location and
angular changes of these very same joints. Thus, the following key joints were chosen to be analyzed
based on exercise types in this study.

First of all, the knee joint is a main biomechanical component reflecting lower limbs movement.
It is especially crucial in squat and lunge movements. The flexion and extension angle of the knee
joint during these exercises regulates the depth, amplitude and correct technical execution of this
movement. While insufficient flexion of the knee angle can suggest improper execution of the
exercise, excessive forward displacement can also overload the joint. Thus, the next key indicator of
squat and lunge exercise quality is tracking dynamic changes in the knee angle.

Second, Analysis of the elbow joints push up exercise as the main movement mechanism of the
upper limbs. The elbow angle in a push-up describes how low the body went and how symmetric the
movement is. Excessive movement, asymmetrical movements and not achieving sufficient flexion
are considered technical errors. So the elbow is the primary point of control for your upper body
strength movements.

Thirdly, the hip joint plays a pivotal role in this exercise, being part of the body's primary
support system during deadlifting. Particulars of Weightlifting — The Deadlift Movement At the hip
joint, this is based on coordinated work biomechanics are joint-based which start with a deadlift.
When the hip angle is correct, it gives us what should be an acceptable level of anterior pelvic tilt and
a benign position when looking in the lumbar spine. It is the main metric for determining whether
proper biomechanical technique has been followed.

Fourth, once again as upper extremity movement articulations are considered namely, the
shoulder during bent-over row exercise. During this exercise, the shoulder joint, together with the
elbow,DOMINATES back muscle activation. Monitors the shoulder angle Alpha, which is essential
for effective exercise and preventing overload.

Therefore, the angular parameters of biomechanically essential joints were selected for each
exercise to be the primary parameter of calculation to objectively evaluate exercise performance. This
approach enables a systematic analysis of physical exercises and objective evaluation of movement
technique. First, key joints were identified for every exercise.

Angle change over time

Since physical exercises are dynamic in nature, the dependence of the angle on time is
considered:

o(t) = f(PYH) (12)
Joint angle speed:
o) = 6(t) —jt(t - 1) (13)
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This indicator allows you to determine whether the movement is performed too quickly or too
slowly.

Criteria for correct execution

For each exercise, the permissible range of angles is set:

Hmin = H(t) = emax (14‘)

For example:

Knee angle during squat: 70° — 110°

Elbow angle during push-ups: 60° — 100°

If the angle is out of range, the system marks the exercise as incorrect.

The calculation of joint angles is based on a kinematic model of human movement. While 2D
analysis does not replace full 3D biomechanics, it provides sufficient accuracy for exercises in the
frontal or sagittal plane. In real-time systems, the 2D approach is computationally efficient and
mobile-friendly.

— 0 BC =c-B

A @ c

Figure 5. Scheme for calculating the joint angle using three points

Results

Experimental evaluation of the proposed real-time physical exercise tracking system was done
based on these models BlazePose, YOLOv8-Pose, MoveNet and HRNet. All models investigated
were tested in the same hardware environment (CPU + mid-range GPU) and the same video data was
applied. The pose detection accuracy, the correct/incorrect recognition quality for each exercise,
frame rate (FPS), and system latency were used as evaluation criteria. The system was found to work
well during real time operation By combining the processes of preprocessing, pose point detection,
and joint angle calculations, the overall latency was minimized. (a) Products for practical use
modeling indicated that the architectural structure shown in Figure 1 and Figure 3 was confirmed to
be a solid/working motion seen as effective as a real copiar.

The skeletal structure used is shown in Figure 4 to obtain visual examples for the pose points.
All models successfully localized the main keypoints of human body, but accuracy differences could
be observed.

Pose Detection QualityThe quality of pose detection was reported with AP (Average Precision)
indicator. HRNet achieved the highest accuracy but incurred a high computational cost. In contrast
YOLOvV8-Pose offered an optimal trade-off between accuracy and performance. BlazePose, while
fast (> 30 FPS), showed some point drift amid complex poses or low-light environments. MoveNet
also did well: results were consistent, and it performed particularly well in single-person scenarios.
The relationship between performance and accuracy in figure 2. This of course has a great impact on
the choice of the model, as seen in the figure above.

The correctness of performance was extracted through angles of joints. The angle intervals for
each exercise were exploited (Section 2.4).

A summary table of experimental outcomes is presented below.
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Table 2. Accuracy of correct/incorrect recognition of the exercise (%)

Model Squat | Push-up | Deadlift Ber;zt-over Average
ow accuracy
BlazePose 86% 84% 82% 80% 83%
YOLOvV8-Pose 91% 89% 88% 87% 89%
MoveNet 90% 88% 87% 85% 87.5%
HRNet 93% 92% 90% 89% 91%

According to the results, HRNet achieved the highest classification accuracy. However,
YOLOvV8-Pose is an effective alternative for real-time applications. The performance of the system
was evaluated by FPS and average latency.

Table 3. Performance indicators of models

Model FPS (average) Delay (ms)
BlazePose 28-30 33-40 ms
YOLOvV8-Pose 24-27 37-45 ms
MoveNet 20-24 42-50 ms
HRNet 8-12 90-120 ms

The highest frame rate comes from BlazePose, which is suitable for mobile- and web-based
systems. HRNet achieves very high accuracy but the latency might be a limiting factor for real-time
systems. In general, the comparative analysis results indicate that all models have their merits and
areas of application.

The BlazePose architecture can run at rapidly, high frame rates due to stable real-time operation.
Its low computational cost makes it an ideal solution for mobile and web-based systems. So while the
speed is decent, it stays in relatively medium range when we talk about accuracy as well when things
get tricky like when lighting is bad or the movements are complex.

YOLOv8-Pose — the best performance-to-accuracy tradeoff Since it uses person detection and
pose detection in a multi-purpose architecture, the model also performs well with large crowds under
hard conditions. This can be a one size fit all approach towards real-time fitness and exercise
monitoring systems from practical perspective.

Finally, the MoveNet model provides reproducible and reliable results. In the single-person
contexts, it works quite well and accurately identifies the main states of movement. It can be deployed
for mobile and semi-server systems for fewer computational requirements.

The HRNet architecture results in the best accuracy for pose point finding. Storing features with
high resolution enables precise localization even for complex movements. However, its high
computation complexity might reduce the frame rate which is a bottleneck for real-time mobile
systems.

Thus, based on actual application, hardware capabilities and accuracy needs the model selection
should be made.

The model selection should be made according to the application scenario as shown in Fig. 2.
For the purpose of a mobile fitness app, BlazePose does an excellent job. HRNet, on the other hand,
is better suited for a lab scenario where high accuracy is the name of the game.

Discussion

The present study results indicate that human pose detection models can be successfully applied
in monitoring physical exercise in real time. The models differed in accuracy, performance, and
computational complexity. These findings confirm those conclusions reflected in contemporary
scientific literature.

Pose based on YOLO has been popularized in many real-time systems. According to Dong and
Du (2024), a simplified version of the YOLOvV8-Pose architecture was found to demonstrate high
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performance in analyzing fitness exercises. Our results further validate that the YOLOv8-Pose model
achieves a reasonable trade-off between accuracy and FPS. In addition, Cai et al. (2025) demonstrated
that high-level precision could be achieved in rehabilitation applications by enhancing the YOLOv8
architecture. This correlates with our experimental results.

Real time applications on low-resource devices due to the high speed performance of MoveNet
and BlazePose models According to Opifia Jr. and Fajardo (2024), the key benefit of pose models
targeting mobile devices is computational efficiency. BlazePose, however, had the highest FPS
among the studies in our study and thus confirmed authors conclusions. Interestingly, Jo and Kim
(2023) pointed out that lightweight models have significant practical implications in the comparative
evaluation of various pose model assessment for fitness applications.

The HRNet model's high accuracy performance is in line with clinical studies to-date. Huang
et al. (2025) demonstrated the significance of precise localization of pose points in deciphering
intricate actions. Nonetheless, the computationally expensive HRNet structure raises latency concerns
in time-sensitive systems. Zheng et al also refer to this situation. (2023) about the performance
limitations of high-accuracy models.

The framework for analyzing motion and qualitatively scoring exercise through skeletal data is
also corroborated by the scientific literature. Xie et al. There are existing studies, such as (2024),
illustrating the effective use of spatiotemporal graph neural networks to evaluate exercise. The
simplicity of the angular analysis as applied in our study yields practical and reliable results. This is
consistent with the work of Qiu et al. and Poise (2023) demonstrate that pose point-based analysis
may contain enough information for action recognition.

Furthermore, Huang and Li (2024) highlight the significance of visual feedback systems in
enhancing the training effectiveness. Our method has shown that it can detect the angular
discrepancies in the moment while supplying feedback to the user.

In particular, the resulting values are homogenous with currently applied scientific standards
and further confirm that pose detection models can greatly facilitate fitness and rehabilitation systems.
However, the selection of model should be made based on real application scenario: while HRNet is
the best choice if high accuracy is needed, BlazePose or YOLOvV8-Pose might as well be the optimal
solution for a real-time mobile systems.

Conclusion

This study is focused on testing the state-of-the-art models for human posture detection from
real-time perspective to provide analytical performance metrics. The experimental study performed
on the architectures BlazePose, YOLOv8-Pose, MoveNet and HRNet showed the strengths and
weaknesses of each model.

However, even if HRNet attains the highest accuracy over pose points detection, its
computational complexity could be a downside in terms of real-time mobile systems. The BlazePose
model can be demonstrated to provide high frame rates and typically run in a stable manner on low
resource devices. This post recommends the YOLOvV8-Pose architecture as a universal solution for
practical fitness and exercise monitoring systems because of its good tradeoff in terms of accuracy
versus performances. The MoveNet model achieves consistent and accurate outputs in single-person
cases.

A biomechanical analysis method calculated joint angles, and this method has been
demonstrated to enable the quantitative evaluation of whether exercise is performed correctly or
incorrectly. The proposed methodological framework is built in a modular manner and readily
integrates various posture models, along with their adaptation in conditions of certain practical
applications.

Therefore, applying human posture recognition models composing automatic physical exercise
assessing systems is a potential direction of development. The introduction of 3D posture models,
spatiotemporal neural networks as well as individualised feedback mechanisms are recommended for
future studies.
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POJIb YYEBHOTI'O IINTAHA U AHAJIN3 YCIIEBAEMOCTHU CTYJAEHTOB HA
OCHOBE KPI 1 Z-SCORE

Annoranust. [Tociie pepopmbr obpazoBarenbHbix nporpamm 2022 roga UT-HanpaBneHus B
By3ax KazaxcraHa CTOJIKHYJIUCH C CUTyallMel, KOTOpasl CHavaja BBIIJIsIe]a KaK JOKallbHasi, HO CO
BpPEMEHEM CTajla MOBTOPAThCA. YueOHbIe MIaHbl (OPMaIbHO OOHOBIISIOTCS, OJIHAKO UX BHYTPEHHSA
JIOTUKA HE BCETJIa YCIICBACT 32 YCIOXKHEHHEM JAUCIHILTNH, 0coOeHHO B oonmactu M. B MKTY um.
SlcaBu Ha cnenuanbHOCTH «MH(OPMAIIMOHHBIE CUCTEMBD» 3TO MPOSBUIOCH JOCTATOYHO 3aMETHO:
4acTh CTYJIEHTOB, KOTOPbIE YBEPEHHO MPOXOAUIN 0a30Bbl€ KypChl, Ha CTapLIMX Kypcax HAYMHAIOT
TepATh CTaOMJIBHOCTh B pe3yibTarax. He cpasy, HO JOBOJIbHO cucTeMHO. Bo3HMK Bompoc — rie
MMEHHO TPOUCXOAUT 3TOT «Pa3pbiB». AHAIN3 Hadalcs C BBITPY3KH JaHHBIX W3 cucTteMbl Platonus.
Ha »TOM 3Tame crano MOHATHO, YTO CaMU JAaHHbIE NAJNEKA OT MACAIbHBIX: IPUCYTCTBYET IIYM,
IIPOITYCKHU U HECOTJIACOBAHHOCTH MEX 1y cemecTpaMu. OUKCTKa 3aHsJ1a OT/AE€IbHOE BPEMS, U B KaKOii-
TO MOMEHT CTaJl0 fICHO, 4TO 0e€3 IpeIBapUTENbHON CTaHIapTU3alUM JOOble BBIBOABI OyIyT
comHuTenbHbIMU. [locne mpumeHeHust Z-score HopManuszauuu u pacdera KPI mo xirodeBsiM
JMCLUIUIMHAM KapTHHa cTania 6oisiee onpenenéHHoil. B pa3ubix notokax ot 14% no 18% ctynenron
CTaOWJIBLHO MOMNAAAl0T B 30HY HOBBIIIEHHOI'O pUCKA. DTO HE Pa30BbI€ OTKIOHEHHUS, @ TOBTOPSIIOIIMICS
NaTTepH, KOTOPBIA yKa3bIBaeT Ha MpoOjeMbl B 00pa3oBaTeIbHON TpaeKTopuu. YToOBl COKpaTUTh
3aJIep’)KKY MEXKIy BO3SHUKHOBEHHEM IMPpOoOIeMbl U €€ oOHapyKeHHeM, ObUl pa3padoTaH UHCTPYMEHT
Ha Oaze Streamlit. B oTaMuue oT cTaTYeckUX OTYETOB, OH MO3BOJISIET OTCIIEKUBATh U3MEHEHUS B
JMHAMMKE U BUJETh OTKJIOHEHUS Ha paHHUX 3Tanax. [lo cytu, ato pabounii unTepdeiic, a He MpocTo
BU3yanusauus. [IpakTnyeckoe MpUMEHEHHE NOKA3ajlo, YTO TAaKOM MOJAXOZ IOMOTraeT 3JBai3epam
kadenps! «KoMnbploTepHasi HHKEHEPUS» pearupoBaTh paHbllle — A0 TOTO, KaK CTYJIEHT JOXOJHUT JI0
nepecaayn. ITo He yCTpaHseT MpodieMy MOJIHOCTBIO, HO MEHSET MOMEHT €€ OOHapy)KEeHUs, a 3HAUUT
U BO3MOXXHOCTH BMelIaTenbcTBa. llosyueHHbIe pe3ynbTaThl MOKA3bIBAIOT, UYTO MNPEIUKTUBHAS
aHaJIMTHKa B 00pa3oBaTelbHOI cpelie paboTaeT He Kak JONOJHEHHE, a KaK HeOOXOAMMBIH CIIOM.
IIpocras pukcanus cpeqHero 0asaia B KOHIIE CEMECTPa B ’TOM KOHTEKCTE YK€ He 1aéT 10CTaTOYHON
uHpopMaluu.

KuroueBsble ciioBa: apxurektypa yueOHbIX miaHoB, KPI, crangaptusanus 1aHHBIX,
oOpa3oBaTenbHasi aHAIUTHKA, TPETUKTUBHBIE MOJIEIIH, TPYIIIBI PHCKa CTYEHTOB
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OKY KOCITAPBIHBIH POJII ’)KOHE CTYJAEHTTEP YJIT'EPIMIH KPlI MEH Z-
SCORE HEI'BIHJE TAJIIAY

Angatma. 2022 xwuiel OimiM Oepy OarmapiamanapbiH pedopmanaynan keitin Kazakcran
yHuBepcuterTepingeri |T Oarmapnamanapsl OacTamnkpiia >KEPTUTIKTI OOJIBIN KepiHTeH, Oipak
aKpIpbIH/Ia KalTalaHAThIH Karmaiira Ttam Oonael. OKy Oarmapiamanapsl (GOpMalbIbl TYpIE
KaHAPTHLIAAbl, Oipak oOJIapABbIH HETI3rl JIOTHKAChl IMOHAEPIiH, ocipece >KacaHIbl HWHTEJUICKT
CaJlaChIHJIaFbl KYPJACTUTITIHIH apTyblHa opJaiibiM colikec kene Oepmeiimi. flcaym aThiHIArsI
Kazakcran xanblkapanblK TEXHUKAIBIK YHUBEPCUTETIHIE OYJI aKIapaTThIK KyHenep MaMaH IbIFbIH 1A
alfTapipIKTaid OaliKajabl: HETI3rl KypcTapAsl CEHIMII TYpAE asKTaraH KelOip CTyJeHTTEp COHFBI
KBUTIAPBI ©3 YATepIMIEpiHe TYPAKTBhUIBIKTBI KOFanTa Oactaabl. byn OipaeH OosiraH KOK, Oipak
Kyieni 6onnbl. By «almakThIKTBIH» Kail jKep/ie OpbIH allbIl KATKAHBI Typaibl CYpaK TYBIHIAIbI.
Tanmay Platonus xyiiecinen aepextepai KykreyaeH Oactaimbl. by Ke3eHiae AEpeKTepAiH o3i
uAeaNaH ajbic eKeHi Oenrimi OONIbl: ceMecTpiep apachblHIAFbl MIy, AIIIAKTHIKTAp KOHE
colikeccizmiktep Oomapl. JlepekTepai TazapTy yakKbITTBI aijabl, ajd OIp COTTEe alJblH ana
CTaHIApPTTAYChI3 Ke3 KEITeH KOPBITHIHABUIAD KYMOHAI OonarbiHbl Oenrimi Oomapl. Z-Oamn
HOpMaJsayblH KOJIJaHFaHHAH JKoHe Heri3ri monaep yuriH KPI ecenTerenneH keifin skaFaaii ailKpIH1a1a
TycTi. OpTypii OarbiTTap OoiibiHIIA cTyneHTTepaiH 14%-nan 18%-ra neifini yHeMi KOFapbl Kayir
aiimarbiHa kaTaapl. by Oip peTTik aybITKynap eMmec, oJapIblH OuliM Oepy TpacKTOPHUSICHIHIAFbI
MoceJIeNiep/Ii KOpCceTeTiH KalTalaHaThiH yiri. MoceseHiH OacTairysl MEH OHBI aHBIKTay apachlHIaFbl
Kigipictepai asaiity ymin Streamlit werizingeri kypan skacammbl. CTaTHKaNbIK ecenTepicH
alBIPMAIIIBUTBIFEI, OJ1 JTUHAMUKAIBIK OaKplIayFa JKOHE aybITKyJapbl epTe aHBIKTayFa MYMKIHIIK
Oepeni. HerizineH, OyJ1 Tek BU3yanu3aius eMec, )KyMbIc icTeiTin untepderic. Toxipubenik Kongany
OyJ1 TOCUIIIH KOMITBIOTEPIIIK WHXKCHEepHUs KadeapachlHIarsl KEHECHIUIEPre CTYICHT EMTHXAaHIbI
KaiiTa TamchIpraHFa JCHiH epTepek jkayanm Oepyre KeMeKTeceTiHiH kepceTTi. byn Moceneni
TOJIBIFBIMEH JKOMMaipl, OipaKk OHBI aHBIKTAy COTiH, JIEMEK, apajlaCy MYMKIHIIKTEPiH e3repTefi.
Hotmxenep 611iM Oepy opTachiHAarbl O0KaMIbl aHATUTHKA KOCHIMILIA PETIHAE eMec, KaXKeTTi Kabat
peTiHzae KyMbIC ICTEHTIHIH KepceTenl. CeMecTp COHbIH/A opTalla OaraHbl jka3y €HJl OyJ1 TypFblaa
KETKUTIKTI aKnapaTt OepMeii.

Kiar ce3nep: oky OarnapiaMachkiHblH apxuTtektypacsl, KPI, nepexrepai ctanmaptray, OutimM
0epy aHaJIUTHKACHI, OOJKaMIbI MOJIEBAEP, TOYEKed TOOBIHIAAFBI CTYICHTTEP TOMTAPHI
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THE ROLE OF CURRICULUM IN STUDENT PERFORMANCE ANALYSIS USING
KPI AND Z-SCORE

Abstract. After the 2022 reform of academic programs, IT majors in universities across
Kazakhstan started to reveal a pattern that was not immediately obvious. On paper, the curricula were
updated, but in practice their internal structure did not always keep up with the growing complexity
of courses, especially those related to Al In the “Information Systems” program at Khoja Akhmet
Yassawi International Kazakh-Turkish University, this became noticeable over time: students who
were doing fine in the early semesters began to lose consistency later on. Not abruptly, but in a way
that repeated often enough to raise concern. This led to a more detailed look at student performance
data extracted from the Platonus system. The data itself turned out to be far from clean — there were
gaps, inconsistencies between semesters, and a fair amount of noise. It took additional effort to bring
everything into a usable form, and without that step, any conclusions would have been questionable.
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After applying Z-score normalization and calculating KPIs for key subjects, the picture became
clearer. Across different cohorts, roughly 14-18% of students consistently appeared in what can be
described as a higher-risk group. Importantly, this was not a one-time fluctuation but a pattern that
kept repeating. It suggests that the issue is not tied to individual performance alone, but to the way
the learning trajectory is structured. To address the delay between the emergence of problems and
their detection, a small tool was built using Streamlit. Unlike static reports, it allows changes to be
tracked over time and makes it easier to notice early deviations. In practice, this gave academic
advisors in the Computer Engineering department more time to respond — often before the situation
escalated to retakes. It does not solve the problem entirely, but it changes when it becomes visible,
which turns out to matter a lot. Overall, the results point to a broader conclusion: predictive analytics
in education is no longer just an additional layer. In this context, relying only on end-of-semester
averages misses too much of what is actually happening.

Keywords: curriculum structure, KPI, data standardization, educational analytics, predictive
models, at-risk students

BBenenne

KauecTBo BbICIIETO 00pa3oBaHus TPAJIULUOHHO PAacCMATPUBAETCS KAaK OJUH U3 KIHOYEBBIX
(bakTOpOB pa3BUTHUS rOCYJapCTBa. DTO YTBEP)KJIEHHE OCTAETCs aKTyalbHBbIM, OJJTHAKO 3a MOCJEeIHUE
rOJIbl €ro CoJIep’KaHue 3aMETHO U3MEHWIIOCh. Eciy paHbllle OCHOBHOM aKIIEHT Jie1ajcs Ha Ipolecce
00yueHus1, TO Cero/Hs BCE yalle OLIEHUBACTCS €ro pe3yJbTaT — B pamkax mnojaxonaa Outcome-Based
Education (OBE). B 310t noruke y4eOHBIN TUIAH HAYMHAET BOCHPHHHMATHCS HECKOJIBKO MHAYe.
dopManbHO OH MO-NIPEXKHEMY IPEJCTABISET COOON MepeueHb JUCUUIUIMH, HO Ha IPAaKTUKE 3a/1aéT
TPAEKTOPHIO, 110 KOTOPOM CTYJEHT ABMXKETCS OT 0a30BBbIX 3HAHUM K OoJiee CI0KHBIM MH)KEHEPHBIM
pemenusiM. Hackosibko 3Ta TpaekTopusl AEWCTBUTENBHO IOCIEAOBaTelbHA — BOINPOC HE BCEr/Aa
oueBuaHbI. [locme pedopm 2022 roma u OJHOBPEMEHHOTO YCUJICHUS POJU HCKYCCTBEHHOTO
uHTeluiekra B MT-cekTope 3TOT Bompoc cTail HposiBiIsAThCS Oojiee 3ameTHo. OOpa3oBaTelibHBbIE
IIPOrpaMMbl OOHOBIIIIOTCS, BBOJSATCS HOBBIE AUCIUIUIMHBI, IepepacnpenesitoTcss KpeauTol. [Ipu
9TOM HE BCErJa SCHO, HACKOJIBKO OTH M3MEHEHMs COTJIACYIOTCA C YXKE CYIIECTBYIOUIEH JIOTMKON
oOyueHus. OTaeNnbHbIE NCCIIE0BaHUS (PUKCUPYIOT MOJIOXKUTEIBHYIO TUHAMUKY Ha YPOBHE CUCTEMBI,
XOTSl Ha YpOBHE KOHKPETHBIX IPOrpaMM CHUTyalusi MoxeT oTindarbes (Sumathi et al., 2024). Ha
MIPaKTUKE ATO MPOSBISETCS HE cpa3dy. B HEKOTOphIX rpynmax CTYIEHTbI, KOTOpble 0€3 SIBHBIX
TpyAHOCTEN MPOXOaMIK 0a30BbIe NUCIUILIMHBI, HAa OoJjiee MO3AHMUX JTalax HAYMHAIOT MMOKa3bIBaTh
MEHee YCTOWYMBBIE PE3yJbTaThl. ITO HE PE3KOE CHIKEHHE — CKOPEE MOCTENEHHOE «IIPOCEIaHUuE,
KOTOPOE CTAHOBUTCS 3aMETHBIM TOJIBKO ITPU CPABHEHUH HECKOJIBKUX CEMECTPOB.

31ech BO3HUKAET eIl 0JIHA MpobIieMa — CrocoObl OIIeHKU. TpaJullMOHHbIE TOKA3aTeH, TAKue
KaK CpeAHMi Oai, JaroT oblee MpeAcTaBlIeHUE, HO HE BCEr/la OTPa)kaloT MOJ0XKEHUE CTYAEHTa
BHyTpu rpynnbsl. Hanpumep, oannakoBbiii GPA MoOXeT COOTBETCTBOBATH Pa3HbIM CHUTYyalMsIM: B
OJTHOM CITy4yae 3TO CTaOMJIbHBIN pe3ynbTar, B IpyToM — YpOBEHb HUXKE CpeAHero. B pamkax panHoro
UCCIIEIOBaHMs TPEANPUHSATA IMOMNBITKA NEPEUTH OT ONMUCATENBHBIX OLEHOK K KOJMYECTBEHHOMY
aHanu3y. B xauecTBe OCHOBBI HCIOJIB30BAHBI JaHHBIE cUcTeMBl Platonus. OfgHako yxe Ha 3Tarne ux
MOATOTOBKU BO3HUKJIM CJIOKHOCTH — IIPOIMYCKH, HECOTJIACOBAHHOCTH, Pa3JINYMsl B CTPYKTYpPE TaHHBIX
MeXay cemecTpamu. be3 ux mpenBapuTenbHOM 00paOOTKM AajbHEWIIME BBIBOJBI BBITJISIEIH ObI
coMHHUTENbHO. I aHanm3a ucnosb3oBasics noaxon ¢ npumeHenueM KPI m Z-score. Ilpu stom
paccMaTpuBaINCh CYIIECTBYIONINE paboThl Mo naHHOUW Teme (Alwarthan et al., 2022), ogHako oHH
HCIOJIb30BAJINCh CKOpee KaK OPHUEHTHpP, MOCKOJbKY 3a7aud U JaHHbIE B JAHHOM HCCJIEIOBAaHUU
OTIMYaAINCh. TakoW MOAXOJA TO3BOJIAET OLEHMBATH HE TOJBKO AOCONIOTHBIE 3HAUEHHs, HO H
OTHOCHUTENIbHOE TOJIOKEHUE CTyAeHTa B rpymnmne. B psae ciydaeB 310 na€r Oosee yCTOWYUBYIO
KapTUHY, XOTSI UHTEPIIPETAIMsI OCTa&TCsl YyBCTBUTENBHON K KaU€CTBY MCXOAHBIX JIaHHBIX.

OObeKTOM HCCIeOBaHMs BBICTYMaeT oOpa3oBarenbHas mnporpamma «HHpopManmoHHbIe
cucreMbl» (2022-2026 rr.) Umxeneproro ¢akynsrera MKTY. OcHOBHOE BHUMaHHE yIEISIETCS HE
TOJILKO MHIUBUIYATFHBIM PE3yJIbTaTaM, HO M TIOBTOPSIFOIIMMCS TPYIIIOBBIM ITaTTEPHAM, KOTOPBIC B

32



Yassawi Journal of Engineering Science, M1 (1), 2026

CTaHJIAPTHOM OTYETHOCTH YACTO OCTAIOTCA He3aMeueHHbIMH. Ilpu 53ToM  yHHBepcuTeT
JEMOHCTPUPYET U BHelHUE pe3yabTaTsl: B 2025 rogy MKTY Bomeén B uucio 700 nydimux By30B
mupa 1o Bepcuu QS (QazInform, 2024). OnHako Takue MOKa3aTeIN He BCETa HAIPSMYIO OTPaXKaroT
0COOCHHOCTH BHYTPEHHEH 00pa30BaTEIIbHON TPACKTOPHUHU.

Matepuajibl 1 METOABI

B pabore ucnonp3oBaicsi KOMOMHUPOBAHHBIN MOAXOJ, OOBEIUHSIOIIUI /Ba HANpaBICHUS:
aHaJM3 CTPYKTYpPbl Y4eOHOTrO IUIaHA M KOJMYECTBEHHYIO OICHKY aKaJIeMHYECKOW yCIEBAaeMOCTH
CTYIEHTOB. MI3Ha4yanbHO 3TH YaCTH pacCMaTpUBAJINCh OTAEIHHO, HO B IIPOIECCE CTAJIO MOHSATHO, YTO
10 OTJICIBHOCTH OHU JIAIOT HETIOJIHYI0 KapTHHY. B kauecTBe mpumMepa Obliia B3sita 00pa3zoBareibHast
nporpamma «HMHdopmarnmonnsie cucteMbl» 3a 2022—2026 IT. — 10 CyTH, aHATU3UPOBAIUCH YETHIPE
Bepcuu yuebHoro ruiaHa. OCHOBHOE BHUMAHHUE YACISUIOCH PAclpeNieIeHUuI0 KPEeAUTOB, CTPYKTYpe
JUCHUIUIMH W JIOTMKE MPEPEeKBU3UTOB M TMOCTPEKBU3UTOB. OTAEIHHO OTCIEKUBAIOCH, KakK B
IporpaMMy IOCTETNIEHHO J00aBISUIMCH KYpPCHI, CBSI3aHHBIE C HMCKYCCTBEHHBIM HMHTEIUICKTOM.
Teopernueckas yacTh coOupanach MO X0y paOOTHI: MCIHOJB30BAIMCH IyOnukanuu u3 Web of
Science, Scopus u Google Scholar, HO He Bce M3 HUX OKa3aJIMCh OJMHAKOBO TOJE3HBIMH — YacCTh
MOBTOPSUIA W3BECTHBIE TMOAXOMABI, 4YacTh ciab0 JoXWjach Ha peajdbHble MJaHHble. [lanee
paccMaTpuBalINCh CBSI3M MEXIy AWCUUIUIMHAMH. [Ipu aHanusze cBsA3ed MexIy AUCHUIUIMHAMM
UCXOWJIA M3 TOrO, YTO CTYAEHT crnocoOeH 3(G(EeKTUBHO MNPUMEHSITh 3HAHUSA TOJIBKO TPHU
JI0OCTaTOYHOM YpOBHE MX 0CBOeHUs. OIHAKO IPHU MOMBITKE NEPEHECTH 3Ty JOTUKY Ha yU4eOHbBIN TUIaH
MOSIBUWINCH OTPAaHUYEHUS: CBA3M MEXKIYy AMCLUUIIMHAMHM HE BCErja SBHO OTPa)KEHBbI, a MHOT/A
BBITJISAST (POPMATEHBIMH.

J1J1sl KOTMYeCTBEHHOTO aHAIKM3a UCIIOIb30BANIMCH IaHHBIE CUCTeMBI Platonus, BEITpYKEHHBIE B
dopmare CSV. Ha mpakThke OKa3aJioCh, YTO WX HEIB3s WCIIOJNB30BATh 0O€3 IMpeIBapUTEIIBLHON
00pabOTKHU: BCTPEYATUCh MPOIYCKH, AYOIUPYIOIIMECS 3alMCU M PA3IU4Ms B CTPYKTYPE MEKIY
cemectpamu. llosToMy AaHHbIE CHauana OYMILAIMCH M MPUBOAMINCH K eAMHOMY BHay. OleHka
yCIIeBAaEMOCTH MPOoBOaMIAach Ha ocHOBe KPI-mokasareneil — yuuThIBaIMCh TEKYIUN CpeaHUA Oat
(CP.TEK), pe3ynbraThl pyoexxHbix kontponeit (PK1, PK2) u gonmyckHoi pedTHHr.

C yuérom orpaHudeHuil aOCOJIOTHBIX OIEHOK ObUIa MPHUMEHEHa CTaHaapTu3auus Z-Score.
Pacuér BeimonHsiics 1o kiaccuueckon popmyne: Z = (X — 1) / 6, Ti€ X — UHIAUBUyaJIbHBIA pe3ysbTat
CTYIEHTA, |l — CpEHEE 3HAUECHHUE I10 TPYIIIE, G — CTAaHAAPTHOE OTKJIOHEHHE. B cuTyanuu, korjna ¢ =
0 (To ecTh 3HaueHUs COBNAAAT), Z mnpuHUMancs paBHbIM 0. J[is BbleneHHs Tpynm pucka
MCIOJIb30BajIach JAOMOJHUTEIbHAS KIACCU(pUKALIUS: eClTU PEUTHHT cTyneHTa OblT Hike 50 6amios,
OH OTHOCWJICA K TPYIINE pUCKa He3aBUCUMO OT Z-score (Tabmuma — 1). OTaenbHO CTOUT OTMETHT,
YTO TpHU MOATOTOBKE TaONHII M CTPYKTYpUpPOBaHMHM JaHHBIX wucrnoib3oBaics ChatGPT kax
BCIIOMOTaTENbHbIN HHCTPYMEHT. JTO MO3BOJIUIIO YCKOPUTH TEXHUYECKYIO YaCTh pabOThl, OJHAKO BCE
pacuéTel W WMHTEPHPETAUU TMPOBEPSAIUCH BpydHyro. /[lns Bu3yanu3aluu pe3ylbTaToB ObLI
pazpaboran BeO-uHTepdeiic Ha 0aze Streamlit, a ¢ momompo O6ubmmuoreku Plotly moctpoenst
WHTEPAaKTUBHBIC TPAdUKU U TEIUIOBBIE KapThI, YTO YIIPOCTUIIO aHAIIU3 TUHAMHUKHU yCIIEBAEMOCTH.

Taoauna 1. TaGauna Z-Score

Z-Score Kateropus OO0bsicHeHHE
Z>+1.0 Boicokuii ypoBeHb Jlydmme
0<Z<+I1 Beimie cpennero CtabuipHO
-1<7<0 Hwxe cpennero TpebyeT KoHTpOIS
Z<-10 ['pynma pucka CpouHas nogaepxka
PE3YJIbTATHI

B pamkax mccrnenoBaHus aHAJIW3UPOBAIUCH Y4eOHbIE IUIaHBI 00pa30BaTENIbLHON MPOrpaMMBbl
«MHpopmanoHHble cucTeMbl» 3a nepuos 2022—2026 rr. Ecinu cpaBHUBATh UX MEXTY cOO0M, BUTHO,
YTO CTPYKTypa IpPOrpaMMbl MOCTENEHHO MEHSIach — B OCHOBHOM 3a CYET MepepacupeeseHus
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KPEOUTOB M OOHOBJICHHUS COJAEpXKaHUSA AUCHMIUIMH. DopManbHO Y4YeOHBIH IUIAaH COXpaHsSeT
TpEXIMKIOBYI0 cTpyKTypy (PKBII — )anmer Oinim Oepy monzepi, BII — 6azansik monaep, bXII —
kaciou monnep). Ho mpu Gosnee BHUMATeNnbHOM NMPOCMOTPE MEXKAY T'OJaMH HOSBISIOTCS CIBHIH,
KOTOpBIE HE cpa3y 3aMeTHbI. CHCTeMa MPEPEKBU3UTOB M OCTPEKBU3UTOB B LIEJIOM OCTAETCS, OJJHAKO
Ha MTPAKTUKE OHA PabOTaeT He BO BCEX IMOTOKaX OAMHAKOBO. OTIEIBFHO paccMaTpUBajiach AMHAMUKA
JMCUUILIMH, CBS3aHHBIX C UCKYCCTBEHHBIM HHTEIUIeKTOM (Tabmuma — 2).

Tadauna 2. JluHamMuka TUCHUILIIMH B y4eOHOM IUIaHe

YyeOHblii rox OcHoOBHBIE 0JIOKH JUCHHUILINH Oco0enHocTu

AKHGHT Ha KJIACCUYCCKYIO

Marematuka, Ousnka,
HWHXXEHEPHYIO MOJIFT0OTOBKY

2022-2023 AnroputMmsl, ba3bl JaHHBIX, (Ministry of Education RK,
ApXUTEKTypa KOMITbIOTEPOB
2022)
2023-2024 Aunroput™mbl, ba3bl TaHHBIX, YBenuueHa 0515 MpoPUIbHBIX
Po6ororexuunka, U/ML JUCLHUIIINH
IIpuknagnoe
nporpammupoBanue, O6iayHbie BBenén Mo yns THOKHX
2024-2025
tTexHoyioruu, MHpopMamonHas HaBBIKOB
6e3omacHocTh, Soft Skills
Bsenenue B 1, Heliponnslie
2025-2026 cetu/ML, KommnbroTepHoe VI cran obssatenbibiv

po(heCCUOHATTLHBIM OJIOKOM
3peHUe

B 2022 rony oHu 3aHMMaM OKOJIO 5 KPEJUTOB U BOCIIPUHUMAIIUCH CKOPEE KaK JOMOJIHEHHE.
K 2025-2026 rogaM cuTyalusi \3MEHWIACh — MOABUJIICS yXkKe 00s3aTeNIbHbINA OJI0OK MPUMEPHO Ha 12
KpeauToB. C OJHON CTOPOHBI, 3TO BBIMVISAIUT JIOTUYHBIM 1IArOM B TEKYIIMX ycioBuax. C apyroi —
JIeI0 HEe TOJIbKO B YBEJIMYEHHH 00BEMA, HO M B H3MEHEHMHM CaMOW CTPYKTYphl MPOrpaMMBbl.
Hackonbpko 3T0 1a€T ycTOMYMBBIN PE3yibTaT, MOKa CKa3aTh CI0KHO. PacnonokeHue TUCIUIUIMH Ha
NIEPBBINA B3IV BBIMJISAUT KOPPEKTHBIM: «ANTOpUTMBI» M «ba3pl TaHHBIX» UAYT MEped Kypcom
«BBezneHne B UCKyCCTBEHHBIH MHTEIUIEKT». OIHaKO B PEabHOCTU 3Ta CBA3Ka paboTaeT He Bceraa
OJIMHAKOBO. B oHMX rpynmnax nepexoj MPOXOAUT OTHOCUTEIBHO CIIOKOWHO, B IPYTUX BO3HUKAIOT
3aMeTHble TpyAaHocTH. [Toxoxe, 94To popManbHO 3aJaHHbIE IPEPEKBU3NUTHI HE BCerAa 00€CIIeYBaIOT
TOT YPOBEHb IMOJTOTOBKHM, KOTOPBIH OT HMX OKuAaeTcs. OTIENbHOIO BHMMAHHS 3aCily’KHBAET
nepepacnpeesieHie T'yMaHUTapHbIX JAUCHUIUIMH. VX oObenrHeHue B €UHBIH MOAYINb IO3BOJIUIIO
OCBOOO/IUTh 4YaCTh KPEOUTOB IMOJ TEXHUYECKHUE KypChl. OTO YCHUIMBAET HWH)KEHEPHYIO
COCTaBJISAIOUIYIO IporpaMMbl. Ho npu 3TOM BIMsIHEE TAKOTO PELLIEHUS Ha I0JITOCPOYHBIE PE3YIbTaThl
MIOKa HEOUYEBUIHO — Takue 3(PPEKTh 0OBIYHO MPOSBISIOTCS CO BPEMEHEM.

[Tpumenenne KPI/Z-Score Moaenu mo3BoniIo NOIyYUTh O0siee TeTaIU3UPOBAHHYIO KapTHHY
ycneBaemocTH. B cpennem ot 14% 1o 18% cTyaeHTOB onafaroT B 30HY MOBBIILIEHHOTO pucka (Z <
—1.0). Iloka3zarens HEMHOTO BapbUpPYETCS MEXIY IpylIamMH, HO caM MaTTepH moBTopsieTcs. Yaie
BCET0 OTKJIOHEHHsI MPOSBISAIOTCS MpH Mepexone K 0ojee CI0XKHBIM JTUCIMITIMHAM — aJrOpUTMaM,
0a3aM JaHHBIX, HEHPOHHBIM CETAM. DTO, BEPOSATHO, CBSI3aHO C pa3pbIlBaMH B LIEMTOYKE MPEPEKBU3UTOB,
XOTs1 0€3 JOMOJHHUTENBHOTO aHaju3a yTBEPXKIAaTh 3TO OJHO3HAYHO Henb3sd. [laHHble pyOeXHBIX
kouTposei (PK1 u PK2) B psine ciiyyaeB no3BoJstOT BBIIBUTH TPYIIITY PUCKA YK€ B HaYalle ceMecTpa.
370 1aéT BO3MOXHOCTH pearupoBaTh paHblie, HO 3()p(HEKTUBHOCTh TAKOTO MOIX0/1a CHIIBHO 3aBUCUT
OT KOHKPETHOW I'PyMIIbl ¥ TUCHUIUIUHBIL.

B kayectBe mpumepa paccmarpuBajiach OAHa U3 y4eOHBIX rpymm. Cuctema mHO3BOJISET
MOKa3aTh IMO3UIHUIO0 KaXIOrO CTYJEHTAa OTHOCHUTENIBHO OCTaJbHBIX — C Y4€TOM TeKyllero oasmia,
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peiituHra u Z-score. CTyI€HTbI C HU3KAMHU 3HAYE€HUSIMU aBTOMAaTHYECKH BBIICIIAIOTCS, YTO YIIPOIIAET
nepBUYHBIN aHanu3. [Ipu 3ToM cama uHTEepnpeTanus Bc€ paBHO TpeOyeT KOHTeKcTa. Busyanuzanus
3]1eCh CKOpEe IIOMOTaeT OBbICTPO COPUEHTUPOBATHCS, YeM AAaET roToBoe peuienue (Pucynok 1).

nal O620p A 3oHa pucka Kanbkynatop a4 Busyanuzaums < Skcnopt @ Mporvos 2.0 [B& Kansbkynatop 3.0.0 Deploy +

£ OunbTpbl U HaBUrauus |I 06UJ,aﬂ CTaTUCTUKa
@ 3arpysuTb HoseIf CSV 22 KonuuecTteo cTypeHToB 1l Cpeanwii peiiTunr 4 Cpava/ Otnpaska f\ 3oHa pucka
9 545 12/14 (86%) 2
WHpopmMaumsa o paHHbIX
3anncn 88 ¥ Ton-5 ctynenTos
CTY‘JEHTN 9 Ne CryaeHT Mpepmet PeiTuHr OPTEK
MNepuon 04.09... Aigerim S. NLP 62 9214 9214
Bekzat K. Machine Learning 61 9075 90.75
Eldar D. NLP 59 8912 89.12
Y OunbTpbl 4 SanharT. NLP 58 8614 86.14

Bce cTypeHTbI v 5 BekzatK. Applied Research Methods 56 8317 8317

‘¥ Ton-5 cTyneHTOB

Ne  CrypeHT Mpeamer PelTuHr OPTEK
Aigerim S. NLP 62 92.14 92.14
Bekzat K. Machine Learning 61 90.75 90.75

Eldar D. NLP 59 89.12 89.12

Pucynok 1. UnTepdeiic ananutuyeckoit cuctemsl Ha 6aze Streamlit

Oobcyxnenune

[TonydyeHHble pe3ynbTaThl B ILIEJIOM YKa3bIBAIOT HAa HAJIM4YME CBSA3M MEXIY CTPYKTYpOi
y4eOHOr0 IJIaHa U aKaJeMUYECKOH YCIIEBAEMOCTBIO CTY/IEHTOB, XOTSI 3Ta 3aBUCUMOCTb ITPOSBISETCS
HE BO BCEX IpYMNIax OJMHAKOBO U TpeOyeT Oojiee BHUMaTelNbHOW MHTepnperanuu. B 1menom sto
COOTBETCTBYET M3MEHEHHUSM, KOTOpbIe B IOCIEAHHME OBl MPOMCXOJAT B CHCTEME 00pa3oBaHMs
Kazaxcrana (Narbaev et al., 2025), X0oTg ux BIUsSHUE Ha OTJEJIbHBIE IPOTPAMMBbI MPOSBIISETCS TO-
pazHoMy. OIHUM M3 3aMETHBIX WM3MEHEHHWH CTaJl0 YCWJIEHUE POJU IUCLUIUINH, CBS3aHHBIX C
HCKYCCTBEHHBIM MHTEJIEKTOM: 3a nepuo ¢ 2022 no 2026 roa ux oobéM yBenmuumics ¢ 5 1o 12
KpPEIUTOB. DTO BBIMJISIIUT JIOTHUHBIM IIaroM B paMKax TEKYLIMX TEHJCHLUH, OHAKO caM 1o cebe
POCT KpPEIUTOB HE TapaHTHPYET YIYUIIEHUS pPe3ylbTaTOB — MHOIOE€ 3aBHCHUT OT TOT0, KaK HOBBIE
JUCLUILIMHBI BCTPOEHBI B CYIIECTBYIOLIYIO CUCTEMY ITPEPEKBU3UTOB.

OTnenbHO CTOUT OTMETHTH IPUMEHEHUe Z-SCOre cTanmapTu3anui. Eciu onupaThes TOIBKO Ha
a0COIOTHBIE OLEHKH, YacTh MH(popMarmu Tepsercs. Hanpumep, pesynprar «65 u3 100» mMoxet
03HAy4aTh pa3HOE B 3aBUCUMOCTHU OT YPOBHSI I'PYIIIbL: IPU CpelHEM 3HaueHUuU okoiyio 80 3To ckopee
CUTHAJI CHM)KEHHUS MO3UIIMH, TOTJa KaK IIPU CPETHEM YpOBHE 55 TOT )K€ MOKa3aTelb YK€ BBIIAIUT
nHaue. [Io3ToMy OTHOCHTENIBHBIE TOKAa3aTeIH JatoT 00Jiee TOUHOE MPECTABICHHE, XOTS U TPEOYIOT
OCTOPO>KHON MHTEPIIPETALINN.

[Ipu sTOM Mozmens uMeeT orpaHuueHus. B HeOompmux rpymmax (menee 15 uenoBek)
CTaTUCTUYECKAs] yCTOMYMBOCTb CHUYKAETCSI, U PE3YJIbTATHI CTAHOBSTCS MEHEE HAIEKHBIMU; B TAKUX
CllydasX pa3yMHO [ONOJHATh aHAJIW3 aJbTEPHATUBHBIMU MeTpukamu. Kpome Toro, Henb3s
UCKJIIOYaTh BIMSHHE CYOBbEKTHUBHOCTHU IPH BHICTABIEHUH OLIEHOK B cucteme Platonus, uro Takxke
OTpa)kaeTcsl Ha WUTOTOBBIX JaHHBIX. BHEIIHME NMOKa3aTeiau YHUBEPCUTETA, HApUMEp NO3ULUHU B
peliTHUHrax, B IEJOM MOATBEPKIAAIOT HANpaBJIE€HUE Pa3BUTHS, HO OHM HE BCErJa OTPaXKaoT
BHYTPEHHIOIO COTJIACOBAHHOCTH y4eOHOTo mpoliecca.
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B urTore npennokeHHBI MOAXO0] MOKHO pacCMaTpuBaTh CKopee Kak pabodyuii MHCTPYMEHT
aHallM3a, YeM KaK YHUBepcalbHOe pemieHue. Ero 3¢ (eKTHBHOCT, BO MHOTOM 3aBHCHUT OT KadecTBa
MCXOJHBIX TAHHBIX ¥ KOHKPETHOTO KOHTEKCTA MPUMEHEHHUS.

3akiroueHune

[IpoBenéHHOE aHAIMTHUECKOE HCCIIEJOBAHME II03BOJWIJIO PACCMOTPETh HW3MEHEHUS B
CTPYKTYpe y4eOHOro miana oOpa3oBaTesibHOM mporpammbl «MHpopManmonnsie cuctemby MKTY
3a mepuon 2022-2026 rr., a Taxke ouneHuTh npumenenue KPI/Z-Score momenu s ananumza
yCIeBaeMOCTH CTYJIEHTOB. B 11e510M mpociekuBaeTcs CBI3b MEXIY apXUTEKTypoil ydeOHOro I1aHa
U pe3yibTaTaMu 00y4eHHUs, XOTS B Pa3HBIX IPYIaxX OHA MPOSBIAETCS MO-PAa3HOMY.

OpuuM 13 HAOIIOACHUM CTANO yCHUJICHHE POJIM AUCLMILINH, CBSI3aHHBIX C HCKYCCTBEHHBIM
MHTEIUIEKTOM. VX 00BEM 3aMETHO YBEIMUYMIICS, YTO B I[EJIOM COOTBETCTBYET TEKYIIIMM TCHICHIIHSIM.
[Ipu »TOM cam 1o cebe pocT KPEAUTOB HE TapaHTUPYET YIy4IIeHUs Pe3yIbTaToB. B HEKOTOphIX
cllydasx Iepexoj] K TaKUM JHUCLUUIUIMHAM OKa3bIBaeTcs 00Jiee CIOKHBIM, YEM IIPEAIOJIarajioch.
AHanu3 npepekBU3UTOB MOKa3a, 4To (JOpMaIbHO BRICTPOEHHAs JIOTHKA HE BCera paboTaeT Tak, Kak
oxugaercsa. lHorna cBa3b MeX1y AUCHUITIMHAMU COXPAHSETCS CKOPEE Ha YPOBHE CTPYKTYPBI, YEM
Ha ypOBHE peanbHOro ycBoeHus. Pesynbrarsl mpumenenus KPI/Z-Score mozenu mokasanu, 4To
OTHOCHUTEJIbHASl TO3ULUS CTYIEHTAa B TPYIIE I03BOJSET TOYHEE OLIEHUTh €ro aKaJleMHYecKoe
TIOJIOXKEHHUE 10 CPABHEHUIO € a0COMIOTHBIMU Oaiiamu. [Ipu 3ToM HHTEepIpeTalus Takux MoKazarenei
3aBHCUT OT KadyecTBa MJAaHHBIX M OCOOCHHOCTEH KOHKPETHOW TpPYMIBI — 3TO OTrpaHUYCHHE
COXPaHSIETCA.

B pamkax naHHON paOOTbl MHCTPYMEHT pacCMaTpUBACs KakK JIOKAJIbHBIM, 0e3 3amauu ero
BHEJPEHUSA. DTO BaKHO YYHMTHIBATh MPH HHTEPIPETALMU IOJYYCHHBIX pe3ylbTaToB. B menom
MPEJIOKEHHBIA MOIX0/ 1aéT AOMOJIHUTENbHOE TIOHMMaHue JAMHAMUKH ycreBaeMocTu. Hackoibpko
OH OyleT yCTOMYMB NpPU PACHIMPEHUU BBHIOOPKM TIOKa HE COBCEM SICHO U TpeOyeT NalbHEUIIero
HaOIr0IeHUS.
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KATTHIT'Y KO3TAJIBICTAPBIH KOMIIBIOTEPJIIK KOPY KOMEI'TMEH TAJIJIAY
AKOHE TUIMALJIITTH BATAJIAY

Anparna. Makanajga KOMIbIOTEPIIIK KOpY JKOHE II03aHbl Oarasiay TEXHOJIOTHUsIaphl HET131Hae
(UTHEC KATTHIFYJIAPBIH HAKTHI YAKbIT PSKUMIiH/IE OaKbUIay MEH Oaraay/IbIH FEUIBIMHU-O/IiICTEMENIK
Heri3zepi TangaHaabl. 3epTTeyAiH MakcaThl - Olp Kamepalbl OpTaja OpbIHAAJaThiH (QHUTHEC
KATTBIFYJIApBIH OarajnayFa apHaJFaH KYHelepliH KYpBUIBIMBIH, HETI3T1 ecentey Oenriiepin jkoHe
Kos1gaHOabl IIeIIiMIepiH FhUIBIMU TYPFbIIAH KyHeney. 3epTreyie aHaTUTHKAIBIK M0y, JKyHenl
TaNgay *KOHE CANBICTBIPMANBl CHHTE3 dJicTepi KOMAaHbUIABI. Jepekke3 0a3achl aJaMHBIH KaJIbIH
Oaranay, KO3FaJIbICThI TaJIay, KAIIBIKTBIKTAH KAaTThIFY/Ibl OaKblIay KOHE HAKThl YaKbIT PEXKUMIHAET]
Kepi Oailmanbic xKylenepi OOibIHIIA 3aMaHayn KYMBICTapJaH Typ/Asl. Tanmay HoTHKeciHIe PUTHEC
KATTBIFYJIapblH HAKThl YaKbIT PEXHUMIHIEC OaranayablH TOPT IEHIEilsll KYpBUIbIMbI aHBIKTAJIIbL:
JICHEH1H TipeK HYKTEJIEpiH aHbIKTay, KHHEMATHKAJIBIK EPEKIIeIiKTep i a1y, KO3FaIIbIC (pa3achlH )KoHE
OpBIHJIAYy CamachlH Oaranay >kKoHe MaianaHyIblFa TYCIHAIpUIeTiH Kepi Oaitnanbic O6epy. CoHnaii-ax,
TEOMETPHSUIBIK, YaKbITINA )KOHE CallNIbIK ePEeKIICTIKTepAl Oipiecin naianany MyHIai xKynenep iy
CEHIM/IUIITIH apTThIPAaThIHbl aHBIKTANIbl. JKYMBICTBIH FHUIBIMU KAHAJIBIFbl (PUTHEC JKATTHIFYJIAPbIH
Oaranay mpoueciH 0eseK aJropuTMIEp JKUBIHTBIFBI PETIHJIE EMEC, ©3apa 0allIaHbICThl CAHABIK TAJAAY
LUK peTiHAe YChIHYJaH Typajsl. bys TocunnepaiH MpaKkTUKaJIbIK MaHBI3/IbUIBIFEl OJIAPJBIH Yiiie
KaTTBIFY, OHJIalH QuTHEC TU1aTdopmanapsl, 1eHe MIBIHBIKTHIPYAbl OaKblIay KoHE 0acTanKbl OHAITY
YILIH KOJIJAHBUTYBIH/IA.

TyiliiH ce3aep: KOMIBIOTEPIIK Kepy, IMo3aHbl Oaranay, (DUTHEC >KATTHIFyJapbl, HAKThI
yaKbITTaFbl Oaranay, KUMbLIIbI Tangay, MediaPipe, kepi Oaitnansic xxyiienepi.
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Medwcoynapoonulii kazaxcko-mypeykuil ynugepcumem umenu Xooxcu Axmeoa AHcasu, Typkecmat,
Kazaxcman
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AHAJIN3 TPEHUPOBOYHBIX IBUKEHUHA C UCITIOJIb30BAHUEM
KOMIIBIOTEPHOT O 3PEHUSA U OHEHKA UX DOPEKTUBHOCTHU

AnHOTanusi. B wuWccnenoBaHWM NPUMEHSUIMCh  METOABI  AHAJTUTHYECKOTO  0030pa,
CUCTEMAaTUYECKOI0 aHajM3a U CPAaBHUTEIBHOTO CHUHTE3A. MICTOUHMKAMM MOCIIYKUJIU COBPEMEHHBIE
paboThl O OILIEHKE OCAHKM YeJOBEKa, aHAINW3y JBMKEHUH, IUCTAaHIIMOHHOMY MOHHUTOPHUHTY
(bu3MYECKUX yIPAXKHEHUN U CICTeMaM 00paTHO CBS3H B pealIbHOM BpeMeHU. B pe3ynbrare aHanmsa
ObUTa BBISIBJIEHA YETHIPEXYpPOBHEBAsl CTPYKTypa Ul OLEHKU (PUTHec-ypakKHEHUH B pealbHOM
BPEMEHU: OIPEAEIEHNUE TOYEK OINOPHI TEJA, U3BJICYEHNE KUHEMATHYECKUX XapaKTEPUCTUK, OLIEHKA
(1)3351 IBUXXCHUS 158 KadeCTBa BBIIIOJTHEHU I, a TaKxXe Hpe)IOCTaBJ'IeHI/Ie I10JIb30BaATCIIHO
UHTEPIpPETHpYeMOl o0paTHON cBsi3u. Takke OBUIO YCTAaHOBIECHO, YTO KOMOWHHPOBAaHHOE
HNCITIOJIB30BAHUC FGOMeTpI/I'-IeCKI/IX, BpeMeHHBIX U KA4YCCTBCHHBIX XapaKTepHCTI/IK IIOBBIIIIACT
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HA/IGKHOCTh TaKMX cucTeM. HayuyHas HOBHM3Ha pabOTHI 3aKIIOYAeTCs B MPEACTABICHUH Mpolecca
OLICHKH (UTHEC-yNPaKHEHW HE KaK COBOKYIMHOCTH OTAEIBHBIX AallfOPUTMOB, a Kak
B3aMMOCBSI3aHHOTO IU(POBOTO aHATUTHIECKOTO KA. [IpakTHieckas 3HaYUMOCTh 3TUX MOJIXO0B
3aKJIFOYAeTCs B HMX TMPUMEHUMOCTH MJIs JOMAIIHUX TPEHUPOBOK, OHJIANWH-(puTHEC-TUIaThOpM,
MOHHUTOPHUHTA PU3UYECKON MOITOTOBKH U HAYAJILHOW PeaOMIIUTALINY.

KuiroueBble ¢j10Ba: KOMIIBIOTEPHOE 3pEHUE, OIICHKA OCAHKH, (PUTHEC-YITPAKHEHUS, OI[EHKA B
peanbHOM BpeMeHH, aHayu3 JaBrxkeHui, MediaPipe, cucteMbl 0OpaTHOM CBSI3H.
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ANALYSIS OF TRAINING MOVEMENTS USING COMPUTER VISION AND
EVALUATION OF THEIR EFFECTIVENESS

Annotation. The study employed analytical review, systematic analysis, and comparative
synthesis to examine current approaches to human posture assessment, movement analysis, remote
exercise monitoring, and real-time feedback systems. The reviewed sources made it possible to
identify a four-level framework for real-time fitness exercise assessment. This framework includes
determining body support points, extracting kinematic characteristics, assessing movement phases
and overall performance quality, and delivering interpretable feedback to the user. The analysis
further demonstrated that integrating geometric, temporal, and qualitative characteristics significantly
improves the reliability and robustness of such assessment systems. The scientific novelty of the study
lies in presenting the fitness exercise assessment process not as a collection of isolated algorithms,
but as a unified and interconnected digital analytical cycle in which each stage supports the next. The
practical significance of the proposed approaches is determined by their potential application in
home-based workouts, online fitness platforms, continuous fitness monitoring systems, and the initial
stages of rehabilitation and recovery programs.

Keywords: computer vision, posture assessment, fitness exercises, real-time assessment,
movement analysis, MediaPipe, feedback systems.

Kipicne

CoHFBI )XbIIAAPB CMapT(HOH, HOYTOYK JKoHE BeO-KaMepa CUSKThI KOJKETIMA1 KYPbUIFbUIAP IbIH
KEeH Tapajybl aJlaM KUMBUIBIH aBTOMATTHI TajjlayFa HET13JereH NUQPPIIbIK MEenMIAEPIiH T1aMybIiH
xenennerti. byn ypuic ¢utHec uHAyCTpUsChIHIA, GUTHEC MOHUTOPUHTIHE >KOHE KAIBIKTHIKTaH
OKBITYZIa €peKIle MaHbpI3Fa he OoyIbl. J[9CTYpii JKaTTBIFY MPOIECIiHAE KO3FAIIbIC Carachl 9JeTTe
KATTBIKTBIPYIIBIHBIH ~ TiKeJdeW Oakpliaybl apKbUIbl OarajmaHalpl, ajl KOMIBIOTEPIIK Kepy
TEXHOJIOTHSIIAPBI OYJT MPOIECTI CaHIBIK HETi3re aybICThIpyFa MyMKiHik Oepeni (Badiola-Bengoa &
Mendez-Zorrilla, 2021; Gao et al., 2025; Stenum et al., 2021). Anam naeHeciHiH Heri3ri Tipek
HYKTEJIEpiH aBTOMATThl TYpJ€ aHBIKTANUTBIH KaJlbIl Oarajay anroputmiaepi OyblH OYphIIITapbIH,
KO3FaJIbIC aMIUIMTYIAChIH, TPACKTOPUS TYPAKTBUIBIFBIH, CHMMETPHSCHIH JKOHE OpBIHIAY bIPFaFrblH
ecenteyre Mymkinaik Oepeni (Cao et al., 2017; Tharatipyakul et al., 2024). OnebuerTepne kamepara
HETI3/IereH Kalbln Oarajay oicTepi CIOpT, ACHCAYJBIK JKOHE JieHe OEJICeHIUNIr caianapblHaa
KeHIHEH KoJaHbUIaThIHbl KepeeTinren (Badiola-Bengoa & Mendez-Zorrilla, 2021; Gao et al., 2025;
Stenum et al., 2021; Tharatipyakul et al., 2024). ConbiMeH KaTap, *KeKe 3epTTeyjiep KO3FalbICThI
OakpLIay, XKATTHIFY CalachbliH Oarayiay, KaTelepl aHbIKTay HeMece Jie3zie Kepi OailylaHbIC MaceTenepiH
Oenek Kapacteipyra Oeitim (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Kotte et al., 2024;
Woo & Jeong, 2025). Jlerenmen, Oip kamepasbl opTaaa )KYMbIC iCTESHTIH OHE KaJbIIl aHBIKTAY/IbI,
KMHEMaTHUKAaJIbIK EpeKLIeNiKTep/Ii adyabl, KOo3Frajblc (a3achlH Oarajayabl *oHE MalJalaHyIIbIFa
BIHFAMIbl Kepl OalaaHbICThl OIPIKTIPETIH KEIIEeHl aHaJIMTUKAJIBIK MOJENb JKETKUIIKTI TypAe
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xynenenOereH. OcblFaH O0aMIaHBICTBI HAKTHI YaKbIT PEKUMIHIETT (PUTHEC JKATTHIFYJIapblH Oaranay
KYHEJIepiHiH FBUIBIMU JIOTMKACHIH, KYPBUIBIMABIK KOMIIOHEHTTEPIH >KOHE KOJIaHy IIEKTeyJepiH
KEIIICH I TaJay ©Te ©3€KTi.

3epTTeyniH MaKcaThl - KOMIBIOTEPIIIK KOpy HeTi3iHAe (PUTHEC KATTHIFyJapblH HAKThl YaKbIT
pekuMiHIe Oaranay >KyienepiHiH Ma3MYHBIH, KYPBUIBIMBIH YKOHE KOJIIAHBUTY JIOTMKACHIH FHUIBIMH
TYPFBIJIAH XKYleney. 3epTTey HbICaHbI PeTiHIe BeO-Kamepa Hemece cMapTHOH KaMepachl apKbLIbI
OPBIHATIATHIH JKATTHIFY KO3FaJBICTAPhI aJbIHABI. 3EPTTEY IMOHI - OChI KO3FAIBICTAP/IaH AJIbIHATHIH
JICHE TIpEK HYKTelNepi, OybIH OYPHIIITAphI, YAKBITTHIK KaTapiap, KalTanay CaHbIH €CeITey XKoHe Kepi
Oaimanpic reHepanusachl. JKYMBICTBIH MIHJIETTEpl: HAKThl YaKbITTarbl Oaranay >KyHeCiHIH
apXUTEKTYpachlH aHBIKTAay, HETi3ri ecenrtey OenrijepiH cumarray, KoJgaHOanbl mIienrimaepi
CaJIBICTBIPY JKOHE OJIAP/IBIH MPAKTHKAIIBIK IEKTEYJIEPIH KOPCETY.

JKYMBICTBIH FBIJIBIMH )KaHAJIBIFbI (PUTHEC XKATTHIFYJIAPBIH Oarayay mpoieci TeK «aypbic/Oypoic»
KIKTEey IIeHOEpiHJIe FaHAa e€MeC, COHBIMECH KaTap JICEHCHIH TIpeK HYKTEJIepIH aHbIKTayJaH Oacrtam
TYCIHIIpiIETIH Kepi OallllaHBICTBI JKETKI3yre JeWiHri TONBIK CaHJBIK LUKI  pETiHIe
KapacThIPbUIATHIHBIFBIHAA. TOKIPHOCTIK MaHBI3IBIIBIFBI MYHJIAH JKYHeNep/i yiie ®KaTThIFyIapaa,
OoHJIaliH (uTHEeC TuTaThopManapbIHaa, JeHE MIBIHBIKTBIPYILI OaKpUIayda >KOHE OacTamKbl OHAITY
KE3€HIH/I€ KOJIIaHy MYMKIHIITIMEH aHbIKTaIa/Ibl.

3eprrey daicTepi MeH MaTepuaIap

3epTTey aHANUTUKAIBIK IOy, JKYHENiK Tanjgay, CajbICTBIpPMAlbl Tajjay JKoHE
TYKBIppIMAAMalbIK MOJEJbJACY dJiCTepiHe HeriznenreH. Jlepekke3 0a3zachl aJaMHbBIH KaIlbIH
Oaranayra, J€HE KO3FAJIBICTAPbIH KOMITBIOTEPIIIK KOpy TallayblHa, HAKThl YaKbIT PEXHMIHJIETI
KATTBIFYyJapAbl OakbUlayFa >KoHE Kepi Oailnanbic sxyienepiHe apHanfaH 11 FBUIBIMH JKYMBICTaH
typael (Badiola-Bengoa & Mendez-Zorrilla, 2021; Cao et al., 2017; Ekambaram & Ponnusamy,
2024; Gao et al., 2025; Heo et al., 2026; Kotte et al., 2024; Naseer et al., 2025; Samanta et al., 2024;
Stenum et al., 2021; Tharatipyakul et al., 2024; Woo & Jeong, 2025). byn skymbicTapra xyieni
nioysiap, KojjaHOa apXuUTEeKTypajapbl, HAKThl YaKbIT PEKHUMIHAET! >KaTThIFyJIapisl Oaranay
MOJIETbEP1, OHAJITY JKAaTTHIFyJIapblH OaKbUIay XKYHesepl )KoHE KYPBUIFbI PEKUMIH/E KYMBIC ICTEUTIH
HIenrimaep Kipai.

3eprrey OipHelle Ke3eHzae Kypri3iaai. bipinmi kezenae ¢uTHec >KaTThIFyJapblH Oarayiayra
KaTBICThl HETI31 FBUIBIMM OarbITTap aHBIKTANJIbl: KalIbIH Oaranay, KO3FaJlblC CalachlH TajuJay,
KalTajayapl caHay, KO3faJibic ()a3achblH TaHy >KOHE HAKThl yaKbIT pEXXKHMMIHJEr1 Kepl OailnaHbIC.
ExiHmn ke3eHje 1oy KYMBICTapblHAH OPTAaK (YHKIHMOHAJABIK KOMIOHEHTTEP ajbIHABL. Y LIIiHIII
Ke3eHjie OyJl KOMIIOHEHTTEp I€OMETPHSUIBIK, YaKbITIA YKOHE camlaliblK epeKIIeNniKTepi OoMbIHIIA
TONTACTBIPbUIIABL. TOPTIHII Ke3eHJle HAaKThl YaKbIT peXHUMIiHJeri (uTHeCTI Oaranay >XYHecCiHIH
KAIMBUTAHFaH TYKBIPBIMAAMANBIK KYPBUTBIMBI  YCHIHBUIIBI JKOHE KOJIJAHBUIATBIH MICHIIMIIED
CaJIBICTHIPBUIIBL. ¥ CBIHBUIFAH TaJlJay JOrMKachl OeliHe aFbIHBIH aJly/1aH OacTan naijananynbiFa Kkepi
Oaiianbic Oepyre JeiiHri e3apa OaiaHbICTBl Ke3eHAepaeH Ttypaabl (l-cyper). byn kyiie
NalMeHTTepAl peabuanTanusuiay Ke3iHae oJ1ap IblH KaTThIFyJapblH 1YpbIC OpbIHIaybIHa KOMEKTECIII,
KaJIlIbIHA KeJly YaKbIThIH KbICKApTyFa >KOHE JKapakaT ajly KaymiH a3aiiTyFa MYMKIHAIK Oepeni.
ConppikraH, BlazePose Herizingeri xyienep peaOumutanus OargapiamaiapblH THIMII JKy3ere
achIpy/ia MaHBI3IbI POJT aTKApa ajla/ibl, OUTKEH1 oJlap MaIMeHTTEPre HAKTHI YaKbIT PeXUMIHIIE KOJIIay
kepcereni (Yang, H et al, 2022). PeaOunuramus mnpouecinne BlazePose texHonorusce
MaUEHTTEPIH JKaTTHIFYJIApbIH THIMJII OPBIHIAybIHA KOMEKTeCedl, OyJl OJIapbIH KajIblHA Kely
YaKbITBIH KBICKApTyFa JKOHE jKapakaT ally KaymliH asaiityra bikman ereni. Ocbuiaiima, BlazePose
TEXHOJIOTUSICBIH KOJIJIAaHY apKbUIbl MAIMeHTTEpre peaOMiIuTanus Ke3iH/Ae KO3FallbIC TeXHHKACHIH
KaKCapTyFa *OHE HKATTBIFYJIap/ibl THIMAL OpbIHAYFa MYMKIHJIIK Oepiieni.
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Beiine / Kamepa Apam nosacblH [eHe Tipek KuHematukanbik XartTbiFy canaceiH - MapganadylbiFa
Kipici aHbIKTay HYKTenepiH wWoiFapy 6enrineppi 6aranay Kepi 6aitnaHbic 6epy
ecentey
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Cyper 1. ®uTHec XaTTHIFyJIapbIH HAKTHI YaKbIT peXKUMIHAE Oarayay *KyHeciHiH
KYPBUIBIM/IBIK CHI30aChI

Marepuannblk Heriz petiHae cranmapttel RGB-Oeline, Oip kamepanbl TyCipy OpTachl,
MediaPipe/BlazePose cuskThl mo3aHbl Oaranay ajaropuTMIepi, [O€HE TIpeK HYKTeIepiHiH
KOOpJMHATANapbl KOHE COJ KOOpAMHATalapJaH ecenTeNieTiH KHHEMAaTUKalbIK Oenriiep
kapacteIpsiibl (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Woo & Jeong, 2025). Mynaii
TOCUIAEP/l TaHAay OJIapAbIH KeH KOJDKETIMIUTITIMEH, KOChIMILIA KYPJIEi CEHCOPIIBIK >KaOAbIKTapra
KQKETTUTIKTIH OOJIMAaybIMEH >XOHE HAKThl YaKbIT PEKUMIH/IE ICKE achIpyFa KapamIbUIbIFBIMEH
TYCiHAIpiaeai. OICTeMeNiK TYPFhIIaH allFaH/1a, HAKThl YaKbIT PEKUMIHJIETT (PUTHEC KATTHIFYJIapbIH
Oaranay »KyHheci Keieci ecenTey Ti3OeriHe HETi3JeNTeH: KaaApIbl aly, ajaM KaHKACHIH aHBIKTAY,
KHMHEMAaTUKAJIBIK EpEeKIIENIIKTI €CenTey, J>KATThIFy KYWiH TaHy >XoHE MaijalaHyllblFa TY3eTy
CUTHAJIZIApBl MeH Tmporpecc Typanbl akmapar oepy (Ekambaram & Ponnusamy, 2024; Kotte et al.,
2024). Ocpl oruKa PUTHEC KATTHIFYBIH Oaranay/bl OKIIAy aITOPUTMAEP KUBIHTBIFBI PETIH/IE eMecC,
e3apa OaillaHbICKaH IUQPIBIK TajAay UMUK peTiHe TYCIHIIpYTe MYMKIHIIK Oepei.

OcpliraH colikec, HAKTBl YaKbIT peXKUMIHJIET1 Oaranay jKyhenepiH 3eprreyae 6acTel Ha3ap TeK
AITOPUTMHIH JOINIriHE FaHa €MeC, OHBIH MPAKTHKAIBIK TYPAKTBUIBIFBIHA, IaiIaJaHyIIbFa
OeiiMIIeNTITITIHE XKOHEe IPTYPJi OpTaja >KYMBIC icTey KaOileTiHe A€ aynapbUIybl KakeT. ATamn
allTKaHAa, KapbIKTaHJABIPY >KarJalbIHBIH ©3repyl, KaMmepa OyphIlibl, (OHABIK Keaepriiep, JeHe
OeNIKTepiHIH  JkapTbulall  KaObLIybl ~ JKOHE  NalJalaHymIBIHBIH  aHTPONOMETPUSIIBIK
allpIpMallbUIBIKTaphI [T03aHbI Oarasiay canacbliHa Tikenel acep eteni. COHABIKTaH MyHIal xKyhenepal
Oaranay OapbIChIH/Ia TEK KaHa 3epTXaHANBIK XKaFAai/ia allbIHFaH HOTH KEJIEPMEH IIEeKTeIMeH, oJapabl
Yy#l KarmgaibIHIA, CIOPT 3ajblH/Aa JKOHE OHANTY OPTAChIHIA KOJIJaHy ClieHapuiliepi OOWbIHIIA aa
KapacTelpy MaHbI3Abl. byn Tocin »kyieHiH HIbIHAiibl OpTajarbl CEHIMIUIITIH apTTBIPBIN, OHBIH
KOJIIaHOAIIbI KYHIBUTBIFBIH HAKThUTAYFa MYMKIHIIK Oepei.

ConbIMeH 0ipre, HaKTbl yaKbIT PeKUMiHAEr1 (pUTHEC KaTThIFyJIapblH Oaranay sKyHenepiH
x)obanay Ke3iHjae TYCIHIIPUIETIH Kepl OalaHbIC TETIr epekine MaHbi3Fa ue. [lalinananymisira Tek
«TYPBIC» HEMECE «KaTe» JIETeH HOTHXKe Oepy KETKITIKCI3, KepiciHIe, KaHall OybIHHBIH KO3FaIbIChI
aybITKBIFAHBIH, Kal (a3asa KaTe KeTKEHIH JKOHE OHBI TY3ETY/IH KaHJal >KoJbl 0ap eKeHIH KOpCeTy
KaxeT. OcbIHAall TYCIHAIPUIETIH TOCLT MaiiAaaHyIIbIHBIH JKaTThIFY bl CAaHAJIBl TYPAE OPBIHAYbIHA,
KaTeJep/l Te3 TY3€eTylHe XoHe KO3FaJIbIC JaFIbIChIH KYHeNl TYpAe KEeTUAIpyIHe jKaFaai skacai bl.
Hotwxecinne, KOMIBIOTEPIiK Kepy HerisiHaeri »kyilenep ¢QurHec canachlHAa FaHa e€Mec,
JICHCAYNBIKThI CaKTay, KUMBLI O€JICEHIUIINH apTThIPy KOHE aliJIblH aly CHUMAThIHAAFbl UQPIIBIK
menriMaepe e KeHiHeH KOJJIaHBUIAThIH oMOe0arn TeXHOJOTHUSUIBIK HETi3 PETiHAE KapacThIPBLTYHI
MYMKiH.

Tangay MmeH HOTHKEIEP

Tangay HaKTBl YakKbIT pPEXHUMIHIETT (UTHEC >KATTHIFYNapbhlH OaranaynblH TOPT e3apa
OailTaHpICTHI KAOATHIH aHBIKTAAbI. BipiHIi Kabat - IeHeHIH TIpeK HYKTeJIepiH aHbIKTay. by ke3eH e
KaMmepa KaJpbIHAarbl aJaM JIEHECIHIH KYpPBUIBIMBI CaHABIK KOOPIWHATTAp PETIHJAE KOPCETLIei.
Exiamn kabaT - KWHEMaTHUKAIBIK epeKIIenikTepal amy. MyHaa OybslH OypwImTapbl, KO3FaJIbIC
aAMIUTUTYIAChl, KbUITAMABIK, TPACKTOPHUS >KOHE CUMMETPHUS CHSKTBI KOPCETKIIITEp eCenTeNel.
Ymrinmn kabat - menriM KaObuiiay Jorukackl. byt nenreiine Ko3ranbic (ha3achl, KalTagay CaHbl )KOHE
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JKATTBIFY Canachl aHbIKTaIaabl. TepTiHmI KadatT - Kepl OalIaHBICTHl KAaMTaMachl3 eTy. by ke3eH e
naiananynsl TYCIHIKTI TY3€Ty aKknapaTbhlH BU3YaIIIbl, MOTIHIIK, ayJJH0 HEMece CaHJbIK opmarTa
anaapl (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Kotte et al., 2024; Woo & Jeong, 2025).

Tannay xepceTkeHnei, Oip FaHa epeKUIeNiK Typi JKaTTBIFY calachblH CeHIMJII Oaranay yIIiH
xeTkiuTikci3. COHIBIKTaH 3epTTeYJIepe YIII HET13T1 epeKIelik ToObl KEHIHEeH Koy IaHbu1aabl. bipinmmi
TON TEOMETPHSUIBIK EPEeKIICTIKTepACH Typalasl: Ti3e, »xam0ac, WIBIHTAK, HWBIK J>KOHEe Oacka
OybIHAApBIH OyphImTapbl. EXiHINI TONMKA yaKbITIIA €PEKIICTIKTEp Kipeli: KO3Faibic ¢asaiapsl,
KaliTaay BIpFarbl, aMIUTUTYIAQHBIH ©3Tepyl JKOHE YakKbIT OOMBIHINIA TYPAaKTBUIBIK. YIIIHIII TOMKA
camajblK CHIIaTTaMaiap Kipedi: CUMMETpHs, TPACKTOPHUSHBIH TYPAKTBUIBIFBI JKOHE TIpeK
KosranbichiHaH aybITKy (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Woo & Jeong, 2025).
Ochel ym TonThl Oipiiece maijanaHy >KaTTBIFY camachlH Oaranay CEHIMAUIITIH apTThIpaabl JKOHE
KapanaibiM OYpBIIITHIK [IEKTEpre CYHEHETIH TOCUIIepre KaparaHaa aHaFypJIbIM TOJIBIK CHIaTTama
oepeni (Kecre 1).

Kecre 1. ®uTHec XaTThIFyJIapblH HAKThI YaKbIT PEKUMIHJE OaFanayra apHaIFaH KyheaepaiH
CaJIBICTBIPMAJIBI CUIIATTaMAaChI

Herizri Hakrst Herizri
Kyiie/nepexkxeos Enriszy ke3si YaKbITTAFbI .
MoaeJIb . . | HOTHiKeci/MaKcaThl
KepceTKini
FitSight (Kotte Be06- Pose tracking | MuaTepaktuBTi | JKeke jKaTThIFy
g kamepa/moomnbai |+ feedback Kepi TPAaECKTOPHUSICHIH
et al., 2024) p p PacKTop
B Kamepa engine Oaiinanpic | OakpLIAy
PoAna.v1 10-fold av
(Ekambaram & RGB oeiine, 12 | MediaPipe + 98.54% tegt KanpinTsl 0akpuiay
Ponnusamy, keypoints LSTM ' 00’ KOHE MOHUTOPHUHT
2024) 99.7%
E\)S(:(;(S;L,Srre]en t HPE joint Relative 95%-nan JIMHAMUKaJIBIK
(W00 & Jeong coordinates phase + 1D JKOFapbI squat posture
2025) ' DL model TOITIK camachIH Oaranay
. ABTOHOM/IBI

On-device BlazePose 97.2%
program (Heo et Smartphone RGB GHUM 3D + accuracy, Oaranay Hone

video : KATTBIFY OOMBIHIIIA
al., 2026) smoothing 28.6 ms

YCBIHBIC Oepy

Konpman6anbr >kyienepil cajibICThIpy HAKTbhl YaKbITTarbl Oaranay OarbITBIHAAQ OPTYpIIl
oMliCHAMAJTBIK, IICIIMIEP/IiH KaIbITaCKaHbIH KopceTedi. FitSight skyiteci maiimamanyibIHbIH KeKe
KATTBIFY TPAaeKTOPUSCHIH OakpliayFa KOHE MHTEPAKTUBTI Kepl OailllaHblc YChIHYyFa OarbITTallFaH
(Kotte et al., 2024). Byn Tocinae KO3FajbICThl Oakpliay MEH Kepi Oaiinmanbic Oip ruiatdopmania
OipikTipiiin, aepOecTeHnipuireH HUQpablK cyleMenney MyMKIHIIr Kkymeituieni. PoAna.vl
wiargopmaceinaarel MediaPipe xxone LSTM monenbaepiHiy yiieciMi KO3FaIbICThI YaKbITINA Ti30€K
peTiHae Tajmayra MyMKIHIIK Oepesi, ochbutaiiina OaKeplIayablH JaJairia aptTeipaasl (Ekambaram &
Ponnusamy, 2024). byn okyieHIH OFapbl IOJITT HAKThl YaKbIT pEXHMIHJICTI Oaranay
TarchlpMaNapblHIa KAaHKA HYKTEJIEepIH YaKbITIIIa MOJENbICYyMEH O1pIKTIPpYAiH THIMAUIITH KepceTe .

Ochbl eki Tocuni canbICThIpa KaparaH/a, HAKThl yaKbITTarbl (puTHeC Oaranay >xyienepiHiH
JaMybl TeK KAMBUIIBI TIPKEYMEH IIEKTEeIMEH, OHBI HHTEPIIPETANAsIIAY JCHIeliiHe OTKeHIH Oalikayra
Oomansl. bipiHmi OarpiTTa Kyie maiganaHyIIbl OpeKeTiH Y3AIKCi3 Oakpliar, MPaKTHKAJIBIK Kepi
OaillaHpIC YCBHIHYFa OachIMIBIK Oepce, eKIHII OaFbITTa yakbITIIA TOYEJIUTIKTEPl MOJAEIbICY
apKBLIbI KO3FAIBICTRIH KYPBUTBIMBIH TEPEHIPEK TaHy Ko3aenei. MyHaai ailbpManibUIbIKTap HAKTHI
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yakpITTarpl Oaranay TuraTgopMaiapblHBIH OpKaMChICHl Oenriii Oip KOJIIaHy CIieHapuiiHe
Oeifimuenerinid kepceTeni. COHBIH HOTHMXKECIHIE, Kas3ipri 3epTTeylepAe MOMIIK, KbUIIAMIBIK,
TYCIHIIPIICTIHAIK KoHEe OCHIMAENTIINTIK CUTIaTTapbIH Oip JKyiHeae YHUIeCTipy Herisri oliCHaMaIbIK
MIHAETTepAiH OipiHe aiiHambIn OThIp. by ky#enepmiH THIMIUIT, ocipece, MAIMEHTTEPAIH
peadwimTalysi TPOIECIHAC KO3FAJIbIC TEXHUKACBIH JKAaKCapTyla J>KOHE >KATTBIFYJIApAbl THIMII
OpBIHJIAY1a KOpiHE i, OYJI OJap IbIH KAJIIBIHA KEJTy YaKbIThIH KbICKApTyFa bIKNan erei. Ocpliaiiiia,
BlazePose TeXHOIOTHSACHIH KOJ/IaHy apKbLIbl 93ipJICHTEH XKYHelep MalueHTTEepIiH peadrIuTaius
MPOIIECIH/IE KO3FAIIBIC TEXHUKACHIH XKaKCAPTYFa ’KOHE JKaTTBIFyJIap bl THIM/II OPBIHAAYFAa MYMKIHIIK
Oepei, OYJ1 KalmbIHa KeJTy YaKbITBIH KbICKapTyFa biknan ereni (Hoang, 2024).

Karteirynel Oaranay >KyHeciHAe KO3FajbIC camachl CalbICTBIpManbl (ha3aiblK omicTi Oip
eJIIIEM/I1 TEPEH OKBITY MOJIeJIiMEH OipiKTipy apKbuibl Oaranmananbl (Woo & Jeong, 2025). by Tocinae
KO3FaJIBIC TEK KeKe OYpHIIT MOH/IEPIMEH FaHa eMeC, COHBIMEH KaTap OybIH OYPBIIIBI MEH OYPBIIITHIK
KBUITAMBIKTBIH ~ OIpIKTIpiIreH (Qa3alblK CHUMaTTaMallappiMeH Je¢ OaranmaHanael. by  omic
JTUHAMHKAIBIK JKATTBHIFYIapa KO3FalIbIC KOOPAWHAIMSACHIH JIOTIPEK aHBIKTayFa MYMKIHJIIK Oepei.
dazanbIK TaNIay YIIiH Keyeci epHek Koaaansuiaasl (Woo & Jeong, 2025):

o = arctan(x(t) / x(t)) = ot + 0, Q)

MYHJIaFbI (x - KO3FAIBICTHIH (pa3asibIk OyphIlIbl, X(t) - yaKbIT OOMbIHIIIA OYbIH OYPHIIIEI HEMece
BIFBICY MOHI, X(t) - OWI MaMaHbIH YaKbIT OOWBIHIIA TYBIHABICH (SFHH OYPBIIITHIK XKBUIIAMJBIK), O -
OYPBIIITHIK JKULTIK, t - yaKbIT koHe Ox - OacTankel ¢daza. 1-gpopmynana dazaabik HOPTPET HETI31HIE
KO3FaJIbIC KOOPIMHALMACHIH Oarajayra MYMKIHIIK Oepeni jKoHE KapamaibIM HIeKTI SHiCTepMEH
CAJIBICTBIPFaH/Ia JTMHAMUKAJIBIK JKaTTBIFYJIApJbIH MarblHAIBI cunaTramMacein Oepemi. Cyper 2.
Relative phase Tocisi apKbUTbI JMHAMUKAIBIK KATTHIFYABI OaranayplH KOpHEeKi MbIcalibl. Jlepexkkos:
Woo and Jeong (2025) uerizinge.

Ko3ranpICThl TEK OYpHINI apKbUIBI FaHa €MeC, OYPHINI IMEeH OYPBIITHIK >KbULIAMIBIKTHIH
OipikkeH (pa3aybIK cumarTamachl HETi3iHJe Oaranay TOCUIi KO3FajbIC CalachlH HEFYPIBIM 191
aHbIKTayFa MyMKiHJIIK Oepeni. Relative phase ofici capamniibsl MeH aHa/laH YHpEHYIIiHIH KO3FaJbIC
yilleciMiH aHBIFBIPAK QXbIpaTagbl, COHJBIKTAH TUHAMHUKAIBIK KATTBHIFYJNApAbl Taljaylaa ol
kapamaiisiM threshold-based Tocinmepre kaparanga Ma3MyH IsIpak cunatrama oepesi (Cyper 1).
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Cyper 2. TepT Typ:i *araail YIIiH HOpMasaHFaH OypbII, (a3abiK
noptpert xoHe relative phase notmxkernepi.

2-cypeTTe TepT TYpJIi KaFaail yIIiH xkambac jkoHe Ti3e OybIHAAPBIHBIH KHHEMATHKAJIBIK JKOHE
(azanplK cunarraMaiapbl CalblCThIpbUIFaH. (a) OeiriHjae eki OybIHHBIH HOpMajlaHFaH OYpBIIITHIK
OpPBIH AayBICTBIPYBl MEH OYpBIIITHIK >KbUIJAMJIBIFBIHBIH TEPUOATHIK e3repici OepiireH, Oy
KO3FaJIBICTBIH LIUKIJIIIK KYPBUIBIMBIH cunartaiiipl. (b) Oemirinneri ¢azaiblk NOPTPETTEP KO3FaJIbIC
TPACKTOPUSACHIHBIH TYPAKTBUIBIFBI MEH KaWTalaHFBILUTBIFBIH KepceTeli: TYHUBIK opi OipKemki
TpaeKkTopusiiap >KYHEHIH OPHBIKTBIPAK >KYMBICHIH Oinaipeni. (¢) Oemirinae (asaibik OyphIll MeH
(hazanbIK KAIIBIKTHIK JUHAMHUKACHI YCHIHBUTBIT, dp OYBIHHBIH (pa3aiblK Kyili MEH OHBIH ITUKJI IITiHACT]
e3repy epekuienikrepi OeifHenenren. (d) Oemirinmeri ERP  kuchikTapel jxambac meH Ti3e
OyBIHAAPBIHBIH ~ ©3apa YIUIECIMAUTIK JOpeKeCiH cumarTaiibl; TepOemicTiH apTybl Hemece
TYPaKChI3/IaHybl OybIHAPAJBIK KOOPIMHAIMSHBIH ©3repreHin kepcereai. JKanmel anrania, Cyper ap
JKaFJaiarbl KO3FAJIbIC TYPAKTBUIBIFBI, (Da3aliblK CHHXPOHIBUIBIK *OHE OYBIHIAp apachIHIAFbl
KOOPJAMHAIMS ICHTeHIH I allbIpMaITbUTBIKTAPAbl aHKBIH KOPCETE/I].

BlazePose GHUM 3D xone smoothing omictepine Heri3genreH on-device Oarmapiiama
cmapThoH OeliHecl apKblIbl aBTOHOM/IbI Oarajiay MEH >KaTThIFy OOMBIHINA YCBIHBIC Oepyal >Ky3ere
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aceipazsl (Heo et al., 2026). MyHaii TociiaiH MaHbI3Ibl ApTHIKIIBUIBIFBI - KITIPICTIH TOMEH OOTYHI,
JEePEKTepiH JIOKAIIbl OHIENyl JKOHE KYNMSUIBIKTBIH CakTalybl. bynm acipece yiine OKbITY
CIIeHapuiisiepl YIIIH MaHbI3/1bl, MYHJIa TYPAaKThl UHTEPHET OaliIaHbICEIHA MUHUMAJIBI TOYEIIUTIKIICH
KOJDKETIM/II )KOHE KbUIIaM MIeIiMICP KaKeT.

JKanme! anFana, Tangay HaKThl YaKbIT pexKUMIHET puTHEC Oaranay )KyHEeCiHIH THIMIUTITT yIII
Heri3ri (hakTopra OailIaHBICTBI €KEHIH KOpCeTTi: Kajbll Oaranmay/blH AOJAIri, KHUHEMaTHUKAJbIK
EPEKIICITIKTEP/AIH canachl JKoHE MalalaHyIIbFa OepiireH kepi 0alaaHbICTBIH TYCIHAIPUTY ACHTCHi.
Erep xyiie Tek OybIH OypbIIITAaphl YIIiH KapamailbiM TabalfbIpbIKTapFa CyHeHce, Kyplenli KoHe
JMHAMUKAJIBIK KO3FaJIbICTap bl OaFasay IbIH IO/ TOMEH eyl MYMKiH. EKIHIII skaFbIHAH, KO3FAJIBIC
(a3achlH, yaKbITIIA EPEKIICTIKTEPl KOHE CaNaIbIK KOPCETKIIITEP/I KAMTUTBIH TOCUIAEP JKATTHIFY
carachIHBIH TOJIBIK JKOHE Joi1 cumarramackin Oepeni (Ekambaram & Ponnusamy, 2024; Heo et al.,
2026; Woo & Jeong, 2025).

CoHbIMEH KaTap, KYpbUIFbIIAFbl MOJENbJEP HAKTBl YaKbIT PEKHUMIHJIE KYMBIC iCTeyre oTe
KOJIQiIbI OOJFaHBIMEH, KYpJIei KO3FaIbICTap sl Oaraiay Ke3iHe MIeiM KaOblIaay JOTHKAChl TEK
CTaTUKAJIBIK KaJbllITapFa FaHa €MeC, COHbIMEH KaTap KO3FaJlbICTBIH YaKbITIIAa KYpbUIBIMBbIHA J1a
Herizgenyi kepek. OCbIFaH COMKEC, MaKCATTBIK KAKETTUTK, YaKBITTHIK TUHAMUKAHBI KOHE 1MIKi
TYCIHIKTI OaljaHbIC OpHATy Kyhesnepl MNPaKTUKAIBIK KOJJaHy YIIH MNEPCIeKTUBAIbI OOJIBII
kepineni. [IpakTukanblk TYpFbinaH Oysl OarbITTarbl HICHIIMAED Y JKarIailbIHAAFbl JKaTTBIFY/AA,
oHJaltH puTHec muaThopManapeiH/a, KOFAPbl OKY OPbIHIAPBIHIAFEI IEHE NalbIHIBIFBIH OaKbLIAY /A,
COHJal-aK OacTanKkpl peadWIMTAIMSUIBIK JKATTHIFYJIApAbl Kajarajayga KEHIHEH KOJIaHBLTYbI
MYMKiH. MyH1ail xKyiienep KO3Fajablc TEXHUKACBIH JKETUIAIpYyTre, KaTeJaep/l *Keaen aHbIKTayFa jKoHe
KATTBIFY YAEpiciH nepbecTenaipyre MyMKinik 6epeni. Ocpinaiinia, BlazePose Herizingeri xyiienep
yiiie )KaTThIFy JKacay Ke3iH/1e Mai1alanybuIapAblH THIMILTITIH apTThIpyFa KOMEKTece 11, COHBIMEH
Karap JCHCAyJbIK CaKTay callaChlHAa peadmiuTanus OaraapiaManapblH KOJJayFa BIKIAT eTeli
(Sideridou et al., 2024).. by xxyienepain aneyeri Tek (PUTHEC callachlH/la FaHa eMec, COHBIMEH KaTap
MAUEHTTePAl peabmIuTaIusUIay MPOIeCiHAe A¢ alKbIH KOpiHEedi, OMTKeHI oJap HAKThl YaKbIT
PEXKUMIHJIE CTAaHIAPTTHI KO3FAIbIC HYCKayIapbiH ycbiHa anansl (Wang & Zhang, 2023). Ocpuiaiimia,
BlazePose TeXHOIOTHSCHIH KOJIIaHy apKBUTHI 931pJIeHTeH JKyiienep peadumTars OarrapiaMaiapbia
TUIMJI JKYy3€re achlpyla MaHBI3Abl pell aTKapa ajajbl, OMTKeH1 ojlap maiJalaHylIbUIapFa HAKThI
yakpIT pexuminae kongay kepcereni (Yang, H et al, 2022). byn xyienep mnanueHTTepre
peabunuTanus Ke3iHAe TYPBIC KATTHIFyJIapabl OpbIHIAyFa KOMEKTECIN, OJapblH KalMblHA Kely
YaKbITBIH KBICKAPTYFa KOHE JKapakaT ally KaymiH azaiTyra biknan ereni. Oceuraiima, BlazePose
HEeT131HJIeT1 JKyiesnep NalueHTTep YIliH peadrInTalus MpoLeciH OHTalllIaHAbIpyFa MYMKIHJIIK Oepirl,
KATTBIFYJapAbIH TUIMIUIITIH apTThIpasibl, OyJI €3 Ke3€riHAe KallblHa KeIy YaKbIThIH KbICKApTyFa
piknan eteni (Rehabilitation Training Evaluation and Correction System Based on BlazePose, 2022).

KopsbITbIHABI

KomMmmbroTepiik kepy jkoHe 1o3aHbl Oaranay TeXHOJIOTHsUIapbl PUTHEC JKATTHIFYJIapblH HAKThI
yaKpIT peKUMiHIE Oaranay/blH FBUIBIMU KOHE KOJAaHOAnIbl HETi31H KalbINTacThIpansl. Tammay
MYH/1aii )KyHenepiiH )KyMbIChI ©3apa OaillaHbICThI KE3E€HAEPACH TYPaThIHbIH KOPCETTI: JE€HEHIH TIpeK
HYKTEJepiH aHBIKTay, KHHEMATHUKAaJbIK €pPEKIISNIKTepi alny, KO3FalbICThl OpbIHAAY (a3ackl MeH
camachlH Oarayay »oHe MaiJalaHyIIbIFa TYCIHAIPUIECTIH Kepi OainaHbIic Oepy.

JKyMBICTBIH HET13T1 KOPBITBIHIBICHI - HAKTHI YaKbIT peXUMIHAETI GUTHEC Oaranay sKyHeciHiH
THIMJIUTITT KQJTbIT OaFaiaybIHBIH JOJIITIHE, €CENTENTeH ePEeKIIeTIKTeP/IIH aKMapaTTHIKTHIFbIHA KOHE
Kepl OallIaHBICTBIH aHBIKTHIFBIHA OailTaHBICTBI. ATam alTKaHAa, KYPBUIFBl PEXKUMIHIE MKYMBIC
1CTEHTIH MOJIETTBEP KiMIPIC YaKbITHIH a3alTaIbl, KOJDKETIMIUTIKTI apTTHIPAJIbI KOHE KYITHSITBIIBIKTHI
xaxcaptagasl. COHBIMEH KaTap, KO3FAbICTHI T€K OYPBIIITHIK HHIWKATOpiap OOiBIHIIIA FaHA eMec,
COHBIMEH KaTap VyakbITIIa >koHe (ha3aiblK CcUMarramangap OoWbIHIIA Oaranay JUHAMUKAIIBIK
KATTBIFYJIap/Abl TAIpEeK TajaayFa MyYMKIHIIK Oepeti.

Ochiran 0aitTaHBICTBI, MYHJIAl KYHelep TeK KaHa JKaTThIFy TEXHHKACHIH OaKbLIay Kypasbl
eMec, COHbIMEH Oipre malJaNaHyIIBIHBIH  KO3FAJIBIC ~ MOJEHHUETIH  KaJbITACTBIPATHIH
MHTEJJIEKTYaAbl KOMEKII PEeTIHIEe KapacThlpbUTyhl THIC. [IpakTUKaNbIK TYpFbIIaH Oy Tocuiaep yi
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KaralbIHIAFel JKaTThIFyJapaa, OHJaH (QuTHeC TUTaTgopManapblHia, JeHe OeJICeHAUIIriH
OakpuIayia )koHE OacTamnKbl OHANTY OaFjapiaManapblHAa THIMAI KOJJaHbIC Taba anmaapl. Ocipece,
KATTBIFY/Ibl ©3 O€TIHIIE OPBIHAANTHIH MaiilaaHyIIbUIap YIIiH KMMBUI calachlH aBTOMATTHI TYp/ie
Oaranay >Kapakatr ajxy KayIliH a3ailThI, )KaTTBIFY HOTIDKENUIITIH apTThIpyFa bIKIai eTei. bonamrak
3epTTeyJiep KerKaMepaibl 0akpliIay MYMKIHIIKTEPIH KEHEUTYTe, TYCIHAIPIJIETIH KacaH Ibl MHTEJICKT
MOJICNIBJICPIH €HTI3yTe, JKaTThIFYFa TOH KaTeJiK KapTaJapblH o3ipiieyre j>KoHE IMaiiajaHyIIbIHBIH
Kachl, PU3HKAIBIK JAHBIHIBIFBI MCH (DYHKIIMOHAIBIK JKaFaaibiHa OCHIMICITEH KEKEJICH IIPIIreH
Kepi OaliaHbIC XyHenepiH Kypyra OarbITTanybl KaxkeT. OChIHIAl OarbITTaFbl i37€HICTEp (pUTHEC
TEXHOJIOTUSUIAPBIH KaHa CanalbIK JeHreidre KoTepe/il.

[IpakTuKanblK TYpFBIJAH aiFaHfga, OyJl Tocuigep Yilae JKaTThIFy, OHJIalH (uTHeC
maTdopMaliapel, JACHE HIBIHBIKTHIPY/IbI OakpLIay jKoHE OacTamkbl OHANTY YIIIH THIMIL. bomamak
3epTTeysiep Ko Kamepaiabl MYMKIHAIKTepAl, TYCIHAIPUIETIH XacaHAbl MHTEIUICKT MOJENbJEPIH,
KATTBIFYFa TOH KATeJiK KapTajapblH jKOHE MaiialaHyIIbIHBIH jKachl MEH (DPM3HMKAIIBIK XKaFJaiibiHa
OeliMIenTeH KeKeJICHIIPUITeH Kepi OailylaHbIC MOJIENbIEPiH d3ipiieyre OarbITTAIYbl KEPEK.
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'E-mail: oxana.meirbekova@ayu.edu.kz*
2E-mail: nassim.rustamov@ayu.edu.kz

INVESTIGATION OF A BIOGAS HYBRID GAS TURBINE PLANT WITH A
WATER BATTERY

Abstract. This paper investigates the structure, energy efficiency, and dynamic characteristics
of a hybrid gas turbine system operating on biogas and integrated with a water-based thermal energy
storage unit. The proposed system combines the electrical power generation capability of a gas turbine
with a thermal accumulator, enabling efficient simultaneous utilization of electrical and thermal
energy. A nonlinear mathematical model of the system is developed, incorporating the dynamics of
the rotor, combustion chamber, and thermal storage unit. The model is linearized in the vicinity of
the nominal operating point and represented in state-space form. Transient processes resulting from
changes in fuel flow rate are analyzed using numerical simulation. The results demonstrate that
hybridization preserves the mechanical stability of the system while introducing an additional slow
thermal loop. The integration of a water thermal accumulator enables effective recovery and storage
of exhaust gas heat, significantly increasing the overall efficiency of the system. The study confirms
that the hybrid gas turbine installation exhibits multi-scale dynamic behavior, making the application
of multi-loop or cascade control strategies appropriate. The proposed hybrid system represents a
promising solution for autonomous and distributed energy systems operating on biogas.

Keywords: Gas turbine installation, biogas, hybrid energy system, thermal accumulator,
mathematical model, control system.
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CY AKKYMVYJISATOPBI BAP BUOT'A3BEH )K¥MbIC ICTEMTIH THBPU/ITI
I'A3TYPBUHAJIBIK KOHABIPFbIHBI 3BEPTTEY

AngaTtna. byn wmakanana Ouoraz0eH JKYMbIC ICTEWTIH, Cy KbUIy aKKyMYJISITOPbIMEH
OipiKTipiireH TMOPUATI ra3TypOMHANIBIK KOHJBIPFBIHBIH KYPBUIBIMBI, 3HEPreTUKAJbIK THIMIUIIT
KOHE TMHAMHKAIIBIK KacHeTTepi 3epTTelneni. ¥ CHIHBUIFaH KYHe ra3TypOWHAIIBIK KO3FaJITKBIIITHIH
AJIEKTP HHEPIUACHIH OHIIPY MYMKIHJITIH CYy HETi31HAET! KbUTy aKKyMYJSTOPBIMEH TOJIBIKTBIPHII,
ANEKTP OHE JKbUTy SHEPrusichlH Olp Me3ruife TUiMJII NaiijanaHyra OarbiTTanFaH. JKymbicTa
KOH/IBIPFBIHBIH POTOPBIHBIH, JKaHY KaMEpPACBhIHBIH JKOHE XKbLTY aKKyMYJIATOPBIHBIH AMHAMHUKACHIH
KaMTHUTBIH OCHCHI3BIK MaTEMATHUKAJIBIK MOJETh KYpacThIpbUIFaH. MoJIelb HOMUHAI KYMBIC PEKUMI
MaHbIH/Ia CBI3BIKTAHABIPBUIBIN, KYH KeHICTIriHaeri ¢opmana ycbiHbIIaAbl. OTBIH IIBIFBIHBIHBIH
e3repyl Ke31HIer1 oTIeNi MPOoIeCcTep CaHIbIK MOJICIb/ICY apKbUIBI TalaaHaasl. HoTmwkenep rubpuari
KYPBUIBIMHBIH MEXaHHMKAJIbIK TYPAKTBUIBIKTBI CAaKTall OTBIPHIN, >KYHeae KOChIMIIA 0asy *KBUTYIbIK
KOHTYP KaJIBIITACTHIPATHIHBIH KopceTedi. Cy KbITy aKKyMYJISITOPBIHBIH OOJTYBI IIBIFATHIH Ta3/1ap IbIH
KBUTYbIH XKUHAKTayFa MYMKIHJIK O€pill, KOHObIPEbiHblY MONbIK Naudanvl acep Ko3pouyuenmin
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alTapIJIBIKTail apTTHIPAIbl. 3ePTTEY HOTIKENIEPl THOPUTI Ta3TypOUHAIBIK KYHUEHIH KOITMACIITA0ThI
JMHAMUKaFra ue eKEeHiH KoHE OHbI 0acKapy YIIIH KOIIKOHTYPJIbI HEMece KaCKaAThl 0acKapy 9licTepiH
KOJIJIaHy IbIH OPBIHIBUTBIFBIH A9JIEN e A1. ¥ ChIHBUIFaH KOHIBIPFbI OMOTa3Fa Heri3/1eJIreH aBTOHOM/IbI
’KOHE TapaJiFaH PHEPTETUKANBIK KEIIEHAEP YIIiH NepCIeKTHBAIBI IICHIM OOJIBIT Ta0bLIa bl

Tyiiin ce3mep: ['a3TypOMHANBIK KOHABIPFBI, OMOTa3, THOPUATI SHEPIETHKAIBIK XKYHE, KbLTY
aKKyMYJIATOPBI, MaTEeMaTHKAJIBIK MOJEIb, OacKapy *ykeci.

O.1.MEUPGEEKOBA'., H.T.PYCTAMOB?
MedwcoynapooHulil kazaxcko-mypeykuil ynugepcumem umenu Xoocu Axmeoa Hcasu, Typkecmat,
Kazaxcman,
'E-mail: oxana.meirbekova@ayu.edu.kz*
2E-mail: nassim.rustamov@ayu.edu.kz

HNCCJIEJTOBAHUE BUOTI'A30BOU 'MBPUIHOM I'A3OTYPEUHHOM
YCTAHOBKH C BOJSIHBIM AKKYMYJISITOPOM

AHHoTanusi. B cratee wuccnenyrTcs CTpykTypa, d3Heprerudeckas 3(G(EeKTUBHOCTh U
JMHAMHYECKUE CBOMCTBa T'MOpPUAHOM ra3oTypOMHHON YCTaHOBKM, paOoTaroimieid Ha Ouoraze u
WHTETPUPOBAHHON C BOJSHBIM TEIUIOBBIM aKKymyssaTopoM. [lpemnoxeHHas cucremMa coderaer
BO3MO>KHOCTH BBIPAOOTKH 3JIEKTPUYECKOW HSHEPruu Tra30TypOMHHBIM JIBUTaTelIEM C TEIJIOBBIM
HaKomuTeleM, 4Tto olecreurnBaeT 3(G(EKTUBHOE COBMECTHOE HCIOJIb30BAaHUE DIEKTPUYECKONH U
TeruIoBoi »Hepruu. Pa3paboTana HenmuHeHas MaTeMaTHYECKasi MOJETIh YCTAHOBKH, BKITFOUAIOIIAS
JUHAMUKY pOTOpa, KaMepbl CropaHus M TEIUIOBOTO aKKymyJssatopa. Mojenb JIuHeapu3oBaHA B
OKPECTHOCTH HOMHHAJIBHOTO PEXHMa M TpejacTaBieHa B (opme mpocTpaHcTBa coctossHHi. C
MIOMOILIBI0 YKMCIIEHHOTO MOJEIHMPOBAaHUS IPOAHAIM3UPOBAHbl IEPEXOJHbIE MPOLECCHl MpHU
U3MEHEHUU pacxoja TomuinBa. [loydeHHble pe3ynbTaThl MOKA3bIBAIOT, 4YTO T'HMOpHAM3aLU
YCTaHOBKU HE yXY/IIaeT MEXaHUYECKYI0 YCTOMUYUBOCTh CUCTEMBI, HO (POPMHUPYET AOMOIHUTETHHBIN
MEIJICHHBI TEIJIOBOM KOHTYp. MHTerpanuss BOJASHOTO TEIJIOBOIO AaKKyMYJIATOpa IO3BOJSET
3G GEKTUBHO AKKyMYJIUPOBaTh TEIJIOTY BBIXJIOMHBIX TA30B U CYIIECTBEHHO IOBBICUTH OO
KO3((ULUEHT MOJE3HOTO ACUCTBUS YCTAaHOBKH. YCTAaHOBJIEHO, 4YTO THMOpHIHAs ra3oTypOMHHas
cucremMa o0jajzaeT MHOroMaciiTaOHOW JAMHAMHUKOM, YTO OOOCHOBBIBAeT I1€€CO00PA3HOCTD
MIPUMEHEHNS] MHOTOKOHTYPHBIX MJIM KaCKaJHBIX METOJO0B ympasiieHus. IlpennoxenHas yctaHOBKa
SBJIAETCS IEPCIIEKTUBHBIM PELLIEHUEM I aBTOHOMHBIX U PacIpeleIEHHBIX JHEPIETUUECKUX CUCTEM
Ha 0a3e Ouorasa.

KiroueBble cjioBa: ra3oTypOMHHAs yCTaHOBKA, OMOTra3, THOpUAHAs SHEPreTHUECKas CUCTEMA,
TEIJIOBOM aKKyMYJISITOp, MaTeMaTu4yecKasi MoJIeNb, CUCTEMA YIIPABIICHUS.

Introduction

The growth of distributed generation and the use of renewable energy sources have led to the
need to increase the efficiency of local power plants. Biogas-powered gas turbine engines (GTE)
represent a promising solution for autonomous energy centers of agro-industrial complexes and
municipal infrastructure.

A classic gas turbine installation has a relatively low electrical efficiency (25-35%), while a
significant part of the fuel energy is lost with exhaust gases. The utilization of this energy makes it
possible to significantly increase the overall efficiency of the installation.

One of the solutions is to include a water thermal accumulator in the circuit, which leads to the
formation of a hybrid distributed generation power plant (HDGPP). However, hybridization
complicates the dynamics of the system and requires the development of an adequate mathematical
model for the synthesis of the control system.
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The purpose of the article is to investigate a hybrid gas turbine unit with a water thermal
accumulator, to evaluate the effect of heat storage integration on energy efficiency and dynamic
stability of the system when running on biogas.

Research materials and methods

Gas turbine installations (GTI) are the basis of thermal power systems and are widely used to
generate electrical and thermal energy by converting fuel energy according to the thermodynamic
Brayton cycle. A detailed analysis of the work of GTI and the prospects for improving their efficiency
is carried out in the works of (Zemtsov et al., 2025), where heat recovery schemes and the introduction
of the organic Rankine cycle are considered to increase the efficiency of a power plant from 35-38%
to 45-50% through the use of low-potential exhaust heat.

In the field of thermodynamics and cycle analysis of gas turbine systems, classical approaches
are described in the works of (Gulen, 2019), where the basic operating schemes, cycle parameters
and energy indicators are described.

One of the key trends in improving the efficiency of GTI is the integration of thermal energy
storage (TES) systems with gas turbines. An overview of the possibilities of using TES to increase
the power and stabilize the modes of gas turbine installations is presented in the work of
(Gkoutzamanis et al., 2019), which discusses various methods of cooling the air at the turbine inlet
using heat storage systems and their impact on performance. In particular, the authors show that such
approaches can improve operational stability and increase energy efficiency.

In addition, research on dynamic modeling of hybrid systems with thermal storage highlights
the importance of accumulating and reusing thermal energy to increase the flexibility and efficiency
of energy systems as a whole. In the works devoted to the general overview of TES technologies,
various types of heat storage devices are distinguished — sensitive, latent and thermochemical — and
their features, application potential and limitations are considered. Such an overview is useful for
understanding the technological possibilities of integrating TES with GTI, especially in the context
of renewable energy sources and cogeneration.

In particular, (Islam et al., 2022) analyze the role and modeling of TES systems in energy
systems, including their use for balancing heat and electricity flows, which is important when
considering hybrid gas turbine installations with heat accumulators.

Thus, modern scientific literature confirms that the integration of heat recovery and heat storage
with gas turbine installations is a promising direction for improving energy efficiency, flexibility of
dynamics and stability of dynamic processes in distributed energy systems.

Analysis and results
In the work of (Meirbekova & Rustamov, 2022) the following biogas gas turbine engine with
a water battery was proposed (Fig.1).

Heat
Accumulator

biogas Combustion
chamber

~ M

hot water

exhaust gases

compressed working

air gases cold water

L_J ~
M

Generator

Air Compressor Gas
Turbine

Figure 1. Biogas gas turbine engine with a water battery
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This installation includes: air compressor; combustion chamber; gas turbine; generator; heat
accumulator, etc.

Atmospheric air enters the compressor, where its pressure increases. Biogas is supplied to the
combustion chamber and a high-temperature flow is formed. Next, the flow expands in the turbine,
producing mechanical work. The turbine turns an electric generator.

The exhaust gases are sent to a heat exchanger, where they transfer heat to the water
accumulated in the heat tank. Thus, a combined electric heating system is formed.

The presented hybrid installation combines a biogas-powered gas turbine engine with a water
thermal accumulator (Rustamov et al., 2023). Atmospheric air enters the compressor, where its
pressure increases, after which biogas is added to the combustion chamber and ignited, forming a
high-temperature flow. By expanding in the turbine, the gas creates mechanical power to turn the
generator that generates electricity. The exhaust gases are sent to a heat exchanger, where they
transfer part of the energy to the water in the battery, which allows the use of thermal energy for
heating or other needs.

This combination of an electrical and thermal circuit increases the total efficiency of the
installation, provides the possibility of energy storage and creates a multi-channel dynamic system
with a fast mechanical circuit and a slow thermal circuit (Rustamov et al., 2025). The hybrid structure
allows efficient use of biogas, increasing the overall energy efficiency of the plant and creating the
basis for autonomous distributed energy complexes. The mathematical model of this installation is as
follows.

Heat exchanger model (heat recovery): Heat flow from exhaust gases:

Qrec = mg Cp (T4 — Tstack) 1)

where: T qck - €Xhaust gas temperature
You can use the NTU model:

Qrec = € Copin(Ty — Tw,in) (2)

Model of a water thermal accumulator (dynamic):
Energy balance:

dar,
M, ¢, it = Qrec — Quoaa (3)

where: M, — mass of water, c,, — heat capacity of water, Q;,,4 — thermal load.
This equation gives the system thermal inertia.

Dynamic model of the rotor (Razzhivin et al., 2023):

The equation of rotation:

J——=T: =T — Tipaa (4)

where: J - moment of inertia of the rotor, w - angular velocity, T, = Z,t

Electrical efficiency of the installation:

I
!
I
g |®

Pel

Net = (5)

- mgQLyY

N - The electrical efficiency of the installation shows how much of the fuel energy is converted
into electrical energy (Cabeza, 2015);
P,; - The electrical output of the generator is measured in watts (W) or kilowatts (kW);
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m; - The mass consumption of fuel (for example, biogas) is measured in kilograms per second
(kgfs);

Qv - The lowest heat of combustion of a fuel, the amount of energy released during the
complete combustion of a unit of fuel mass, is measured in joules per kilogram (J/kg) or kJ/kg.

Full (hybrid) Installation efficiency:

Ntotal = P;;;%f:: (6)

Neotar - the total efficiency of a hybrid installation, which takes into account both electrical
energy and thermal energy stored or used.

Qe - The amount of heat energy recovered (returned) from exhaust gases and stored in a heat
storage tank is measured in watts (W) or in joules per second (J/s) (Kuravi, et al., 2013).

Calculation and simulation results

1. Initial data (example of a 100 kW installation)

A hybrid gas turbine engine with an electric capacity of 100 kW is considered.

Parameters:

Rated power: P,; = 100xBT

Generator efficiency: n4e, = 0,95

Degree of pressure increase: m, = 4

Compressor efficiency: n. = 0,82

Turbine efficiency: n, = 0,85

Lowest calorific value of biogas: Q. 5y = 20 M]/kg

The mass of water in the battery: M, = 3000 kg

Ambient temperature: T; = 300 K

2. Calculation of the nominal mode

a) The temperature after the compressor:

T, = 300 [1 + (40286 — 1)] @)
T, = 300(1 + 0,58) ~ 474K

b) The temperature in front of the turbine:
Let's accept

T; = 1050 K
c) The temperature after the turbine:

T, =750K
d) Required fuel consumption:
Electric power:

Psnage = O,T(; ~ 105 kW

Thermal power of fuel:

iy = el (8)
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By 1. = 0,32
. 105000
3. Calculation of heat recovery
Exhaust gas heat flow:
Qrec = Smgcp(Tél- -Ty) 9)
By: ¢ =0,65T, =350K
We get:
Qrec = 160 KW
4. Installation efficiency
Electric:
Ner = 32 %
Thermal:
160

= =~ 490
Mth = 90164 - 20 - 10° %

Full efficiency:
Neotal = 32% + 49% = 81%

5. Transition process (stepwise fuel increase by 20%)

Increased fuel consumption:0,0164 — 0,0197 kg/s

With a stepwise increase in fuel consumption by 20% (0.0164—0.0197 kg/s), a regular change
in the main dynamic parameters is observed in the system. As follows from Figure 2, the angular
velocity of the rotor w(t) increases quite rapidly and then asymptotically tends to a new steady-state
value. The absence of pronounced fluctuations and overshoot indicates the stable nature of the
transition process and satisfactory dynamic properties of the system under consideration.

1.05 4

1.04 4

1.034

pu

1.02

1.01

1.00 -

0 5 10 15 20 25 30
ts

Figure 2. Transient process of the angular velocity of the rotor w(t) (fuel stage+20%)

Figure 3 shows that the temperature in front of the turbine T_3(t) also increases according to
the aperiodic law. At the initial moment of time, the most intense growth of the parameter is observed,
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after which the rate of temperature change gradually decreases as it approaches a new stationary state.
This nature of the transition process reflects the thermal inertia of the gas turbine installation and is
consistent with the physical nature of the change in thermal conditions with increasing fuel supply.

1056
1055 A
1054
Il
= 1053
1052
1051

1050 4

0 5 10 15 20 25 30
ts

Figure 3. Temperature transition process in front of turbine T3(t) (fuel stage +20%)

According to Figure 4, the water temperature in the accumulator T _w(t) changes much more
slowly compared to the angular velocity of the rotor and the temperature in front of the turbine. This
is due to the high heat capacity of the battery and the inertia of the heat exchange processes, as a
result of which the reaction of the water circuit to an external disturbance is more prolonged.
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Figure 4. Water temperature transition in the battery T,, (t) (fuel stage +20%)

6. The spectrum of eigenvalues (after linerization)
The eigenvalues are obtained:

Al = _1,8
A, = —0,42
s = —0,004

Means: The system is stable

There is a separation of time scales

The thermal circuit is significantly slower than the mechanical one.
7. Comparison with conventional GTE.

Table 1. Comparison of performance indicators of conventional and hybrid GTE systems

Indicator Without battery Hybrid
Electrical efficiency 32% 32%
Thermal energy 0 160 kW
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| Overall efficiency [ 32% | 81% |

As shown in Table 1, the hybrid GTE has the same electrical efficiency as the conventional
system (32%), but it also produces 160 kW of thermal energy. Therefore, the overall efficiency
increases from 32% to 81%, which is about 2.5 times higher than that of the conventional GTE.

Efficiency increase: 2.5 times

8. Scientific interpretation of the results

1. Hybridization does not impair the stability of the mechanical channel

2. A slow thermal circuit is formed in the system.

3. The total efficiency exceeds 80%, which corresponds to the level of cogeneration plants.

4. The system is fully controllable in the vicinity of the operating mode (Zia, et al., 2018, Li, J.
etal., 2022).

Interpretation of the transients of a hybrid installation

1. The transient process of the angular velocity of the rotor w(t)

On the graph of the change in the angular velocity of the rotor with a stepwise increase in the
biogas supply by 20%, a rapid increase in w is observed with the transition to a new steady-state
mode.

An increase in fuel consumption leads to an increase in the temperature of the gas in front of
the turbine T3, which causes an increase in turbine capacity Pt. Since the compressor power changes
more slowly, a positive torque imbalance occurs:

T, >T,>Ty (10)

this causes the rotor to accelerate.
The process is characterized by:
- asmall time constant (= 2¢),
- moderate overshoot (up to 7-8%),
- absence of attenuating large-amplitude oscillations.
This indicates that the mechanical circuit has sufficient damping and inertia (Steinmann, 2014).
The mechanical part of the hybrid installation remains dynamically stable and reacts quickly to
changes in fuel supply. Hybridization (the presence of a thermal accumulator) does not significantly
affect the dynamics of the rotor.
2. The temperature transition process in front of the turbine Tz (t)
The temperature graph in front of the turbine has an aperiodic character with a smoother
increase compared to the speed of the rotor.
The dynamics of Tz is determined by the thermal balance of the combustion chamber:

CcombT3 = manTZ + meLHV - mngTS (11)

The thermal capacity of the chamber creates inertia, which causes the temperature to change
more slowly than the mechanical speed.

The lack of significant overshoot is explained by:

- dissipative character of thermal processes,

- the absence of oscillating links in the heat channel.

The temperature circuit is slower and aperiodic. It is he who determines the limitations on the
speed of the control system, since exceeding Tz is unacceptable from the point of view of the thermal
strength of the turbine.

3. The water temperature transition process T, (t)

The graph of the water temperature change in the battery is characterized by slow growth
without signs of fluctuations (Li D, et al., 2024).

Physical interpretation

The dynamics is described by the equation:
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M, Tyy = Qrec — Qioaa

A large mass of water (on the order of several tons) forms a significant thermal inertia of the
system. As a result:

- the time constant is hundreds of seconds,

- the process is strictly aperiodic,

- the thermal circuit has practically no effect on fast mechanical transients (Dobrego, 2023).

The water battery acts as an integrating link that smooths out thermal fluctuations. It provides
energy buffering and increases overall efficiency without compromising the stability of the
mechanical part.

4. The resulting graphs demonstrate a clear separation of dynamics.:

Table 2. Separation of dynamic time scales in the system

Contour Typical time
Mechanical (o) 1-3s
Gas-temperature (T3) 4-6s
Thermal (T,) 200-300 s

As shown in Table 2, the system is characterized by clearly separated dynamic time scales. The
mechanical contour (w) responds the fastest within 1-3 s, the gas-temperature contour T5; changes
over 4-6 s, while the thermal contour T, is the slowest, with a response time of 200-300 s. This
confirms the multi-time-scale nature of the system dynamics.

Thus, the system is multiscale.

It means:

- fast channel — power control,

- medium channel — turbine temperature control,

- slow channel — thermal management.

5. Interpretation of sustainability

All transients:

- converge to a new equilibrium,

- do not demonstrate divergence,

- they have a decaying character.

6. Scientific conclusion from graph analysis

1. Hybridization does not impair the dynamic stability of GTE.

2. An additional slow thermal circuit is being formed.

3. The system acquires a multi-scale structure.

4. It is advisable to use cascade or multi-circuit methods for control.

5. High thermal inertia increases the energy stability of the system.

The eigenvalues of the linearized system have negative real parts, which confirms the
asymptotic stability in the vicinity of the operating mode.

Conclusions

A hybrid gas turbine unit with a water thermal accumulator powered by biogas has been
developed and investigated, which ensures the integration of electrical and thermal channels to
increase overall efficiency.

Numerical simulation showed the multiscale dynamics of the system: a fast mechanical circuit
of the rotor, an average thermal circuit of the combustion chamber and a slow thermal circuit of the
water accumulator, which is important to take into account when designing control systems.

The integration of the heat accumulator increases the energy efficiency and stability of the
installation, allowing the thermal energy of the exhaust gases to be accumulated and used for useful
work without reducing the reliability of the mechanical part.
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The simulation results confirm the stability of the system: all transients converge to new steady-
state values, overshoot is minimal, and the time to enter operating mode remains within acceptable
values.

The practical significance of the work lies in the fact that the proposed scheme of a hybrid
installation can be used to increase the efficiency of distributed energy complexes running on biogas,
as well as to develop recommendations for the efficient operation of GTI with thermal storage.

REFERENCES

Zemtsov, A. |, Yerbayev, E. T., Kuptleuova, K. T., Guzmanova, A. R., Mergaliyeva, A. U.,
Khiyassov, K. G., & Shaimerdenov, D. I. (2025). Analysis of the operation of the Uralsk gas turbine
power plant (GTPP) and prospects for improving efficiency. Science and Education, 3(1(78)), 90—
98. https://doi.org/10.52578/2305-9397-2025-1-3-90-98

Gilen, S. C. (2019). Gas turbine combined cycle power plants. CRC Press.

Gkoutzamanis V., Chatziangelidou A., Efstathiadis T., Kalfas A., Traverso A., and Chiu J. N.
W. (2019). Thermal energy storage for gas turbine power augmentation. Journal of the Global Power
and Propulsion Society. 3: 592-608. https://doi.org/10.33737/jgpps/110254

Islam, M. N., Morales-Espana, G., Sijm, J., Helisto, N., & Kiviluoma, J. (2022). Classification,
potential role, and modeling of power-to-heat and thermal energy storage in energy systems: A
review. Sustainable Energy  Technologies and  Assessments, 53, 102553.
https://doi.org/10.1016/j.seta.2022.102553

Meirbekova O.D., Rustamov N.T. (2022). K voprosu sozdaniya gibridnyh energeticheskih
sistem.//Zhurnal «Problemy informatiki i energetiki», Tashkent. Ne3, s.83-90.

Rustamov N.T., Mejrbekov A. T., Avezova N.R., Meirbekova O.D., Babahan Sh. A. (2023).
Gibridnaya sistema dlya vyrabotki teplovoj 1 elektricheskoj energii. Patent RK na poleznyj model Ne
7970 ot 24.11.2023.

Rustamov N., Meirbekova O., Babakhan Sh. (2025). Distributed storage of electrical energy in
an oscillating circuit. // International scientific-technical conference «National energy Independence
in the age of renewable energy and digital technologies: Innovations, prospects and social impact in
the Fergana region», Fergana. pp. 400 -407.

Razzhivin, I. A., Suvorov, A. A., Andreev, M. V., Ufa, R. A., & Askarov, A. B. (2023). A
Review of Mathematical Models of Energy Storage Systems for Electric Power Systems Simulation.
Part II. Bulletin of the Russian Academy of sciences. Energetics, (3), 34-56.
https://doi.org/10.31857/S000233102303007X

Cabeza, L. F. (Ed.). (2015). Advances in thermal energy storage systems: Methods and
applications. Woodhead Publishing.

Kuravi, S., Trahan, J., Goswami, D. Y., Rahman, M. M., & Stefanakos, E. K. (2013). Thermal
energy storage technologies and systems for concentrating solar power plants. Progress in Energy
and Combustion Science, 39(4), 285-319. https://doi.org/10.1016/j.pecs.2013.02.001

Zia, M. F., Benbouzid, M., Elbouchikhi, E., Muyeen, S. M., & Techato, K. (2018). Microgrid
energy management systems: A critical review on methods, solutions, and prospects. Applied Energy,
222, 1033-1055. https://doi.org/10.1016/j.apenergy.2018.04.103

Li, J., Zou, W., Yang, Q., Wel, Z., & He, H. (2022). A dynamic heat/power decoupling strategy
for the fuel cell CHP in the community energy system: a real case study in south of China. IEEE
Transactions on Smart Grid, 14(1), 378-387. https://doi.org/10.1109/TSG.2022.3189973

Steinmann, W. D. (2014). Thermal energy storage systems for concentrating solar power
plants. Energy Procedia, 49, 619-628. https://doi.org/10.1016/B978-0-12-819970-1.00008-6

Li, D., Xu, P., Gu, J., & Zhu, Y. (2024). A review of reliability research in regional integrated
energy system: indicator, modeling, and assessment methods. Buildings, 14(11), 3428.
https://doi.org/10.3390/buildings14113428

59


https://doi.org/10.52578/2305-9397-2025-1-3-90-98
https://doi.org/10.33737/jgpps/110254
https://doi.org/10.1016/j.seta.2022.102553
https://doi.org/10.31857/S000233102303007X
https://doi.org/10.1016/j.pecs.2013.02.001
https://doi.org/10.1016/j.apenergy.2018.04.103
https://doi.org/10.1109/TSG.2022.3189973
https://doi.org/10.1016/B978-0-12-819970-1.00008-6
https://doi.org/10.3390/buildings14113428

Yassawi Journal of Engineering Science, M1 (1), 2026

Dobrego, K. B. (2023). K voprosu sozdaniya gibridnykh sistem nakopleniya elektroenergii.

Energetika. lzvestiya vysshikh uchebnykh zavedeniy i energeticheskikh ob"edineniy SNG, 66(3),
215-232. https://doi.org/10.21122/1029-7448-2023-66-3-215-232

Information about authors
HNudopmanus 06 apTopax
ABTOpJIap Typajbl MIJIiMeTTEp

Ne WNudopmanus o6 aBropax (P.MN.0. momHOCTHIO, yUeHas! CTENEHb, MECTO paOOTHI MU Y4eOHbl,
ropoj, crpaHa, E-mail, coToBBIl HOMEp aBTOpa KOPPECIIOH/ICHTA:) HA Ka3aXCKOM, PYCCKOM,
AHIJIMIACKOM fI3BIKAX
1 | Meirbekova Oxana Dairovna, Senior Lecturer, Khoja Akhmet Yassawi International Kazakh—

Turkish University, Turkistan, 161200, Republic of Kazakhstan.

Meunpo6exoBa Oxcana JlanpoBHa, ara OKbITYIIbl, Koxka AxmeT Scayu arbiHaarbl XaablKapasibIK
Ka3aK-Typik yHHBepcuTeTi, TypkicTaH K., 161200, Kazakcran PecyOnukacer.

Meunpo6exoBa Oxcana lanpoBHa, CTaplIMii npenogaBaTeib, MexIyHapOHbII Ka3aXCKo-
TYpEICKHUI YHUBEpCUTET UMeHU X0k Axmena Scaswm, . Typkecran, 161200, PecrryOnmka
KazaxcraH.

e-mail: oxana.meirbekova@ayu.edu.kz

https://orcid.org/0000-00030949-1443

Nassim Rustamov Tulegenovich, Doctor of Technical Sciences, Khoja Akhmet Yassawi
International Kazakh—Turkish University, Turkistan, 161200, Republic of Kazakhstan.
Pycmamoe Hacum Tynezenosuu, TeXHuKa FbUIbIMIAPBIHBIH JOKTOPBI, Koxka Axmer Scayun
aThIH/IaFbl XaJIbIKapaJIbIK Ka3aK-TYpiK YHUBEpCcHUTETI, TypkicTaH K., 161200, Kazakcran
PecriyOnukacsl.

Pycmamoe Hacum Tynezenoeuu, NOKTOp TEXHUYECKHUX HAyK, MeXIyHapOIHBIH Ka3axCKO-
TypelLcKuii yHuBepcuteT uMeHu Xoxau Axmena fcasu, r. Typkecrtan, 161200, PecnyOnuka
KazaxcraH.

e-mail: nassim.rustamov@ayu.edu.kz

https://orcid.org/0000-0002 -6437-6600

60



https://doi.org/10.21122/1029-7448-2023-66-3-215-232
mailto:oxana.meirbekova@ayu.edu.kz
https://orcid.org/0000-00030949-1443
mailto:nassim.rustamov@ayu.edu.kz
https://orcid.org/0000-0002%20-6437-6600

Yassawi Journal of Engineering Science, M1 (1), 2026

YK 621.548:004.8
I'PHTH 44.01.77; 28.23.15
https://doi.org/10.47526/2025-4/2524-0080.49

ATEUME3!, ’K. KAJIUMBETOBA?, Y. I'EHYEP?, A.CEBUHY*
YVuusepcumem ®@oipam, Hncmumym nayxk, Ipoepamma « Texnono2us snekmpomexuu u
NeKMPOHUKUY, Inazvie, Typyus
E-mail: aytengecmez@gmail.co
23 Meacoynapoonuiii kasaxcko-mypeyxuii ynusepcumem umenu X. Axmema Hcasu, 2. Typkecman,
Kasaxcman
E-mail: zhansaya.kalimbetova@ayu.edu.kz” , cetin.gencer@ayu.edu.kz
4 Vuueepcumem Juoorcne, ITpogpeccuonanvhas wixona Cunvean, Omoenenue KOMIbIOMEPHbIX
mexnonoauti, JJuapoaxwip, Typyus
E-mail: aynur.sevinc@dicle.edu.tr

OLIEHKA ITPOU3BO/JCTBA BETPOBOI SHEPI'MM C IOMOIIbIO
NCKYCCTBEHHBIX HEMPOHHBIX CETEN U ATAIITUBHOM HEUETKOM
CHUCTEMBbI HA OCHOBE CETH (ANFIS)

AHHoTanusi. BerpoBas sHeprus npeacrasiser co0oil yuctoe u 3pPpeKTUBHOE pelieHue I
MIPOM3BOJICTBA JJIEKTPOdHEpruu. Pa3paboTka mpuiIokKeHWi B 001aCTH BETPOIHEPreTHKH TpeOyer
THIATEILHOTO aHall3a BETPOBBIX XaPaKTEPUCTUK M TOYHOTO MPOTHO3UPOBAHUS PHEPTHH BETpa Ha
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Tangay >koHe Oenrim Oip aliMaKTaFrbl JKeJI SHEPTUSCHIHBIH MOTCHIIMAIIBIH o)1 O0mKay KaxkeT. by
3epTTeye >KaHApThUIATBIH PHEPrusi Ke3IepiHiH Oipi peTiHae el SHEePrusiChblH OHIIpY KeieMi
OaranmaHibpl. AJbIAMaH alMaFbIHAAFbl Kel AIeKTp craHnusachiHbIH (JKOC) enmipic AepeKTepiH
00JDKay YIIiH Te0JIOTUSIIBIK )KOHE METEOPOJIOTHUSIIBIK MAJIIMETTEp NMaiaananbuiabl. boinkay xKyprizy
YIIIH JKacaHJbl MHTEIUIEKT OMICTEepiHIH Oipi peTiHae Kepi Tapaly ajaroputMmi 0ap KenkadaTThl
xacaHabl HeHpoHIBIK sxem (ANN) jkoHe OeifiMuenreH HeWpo-OYJIBIHFBIP KOPBITBIHIBI JKyHeci
(ANFIS) xommanbuiabl. Bys omicTep CBI3BIKTBIK JKOHE CBI3BIKTHIK €MEC MOJCIbACPAlI OoipKaymaa
KOFapbl HOTIKEJIEP KOPCETETIHAINIMEH epeKIIeneHel. 3epTTey HOTHXKeepl OoMbIHIIA OOKaHFaH
sHeprusi oHAIpy kejieMi (MBT-car) HaKThl ©HAIpIC MOHIEPIHE OTE KAKbIH €KEHI aHBIKTaJIbI.
Bonamakrarsl 0oimkay 3epTTeyNepiHie jKacaHIIbl MHTEJUIEKT 9MICTepl JSCTYpIIl 9IicTepre THIMII
Oaylama peTiH/e KOIJTaHbLTYybl MYMKIH.
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ESTIMATION OF WIND ENERGY PRODUCTION BY ARTIFICIAL NEURAL
NETWORKS AND ADAPTIVE NETWORK BASED FUZZY INFERENCE SYSTEM

Abstract. Wind power provides a clean and feasible solution to generate electricity. The
development of wind power applications requires a deep analysis of wind profiles and an accurate
prediction of wind energy at a study site. This study estimated generation of wind energy as a sort of
renewable energy. The geological and meteorological data of a wind power plant were taken into
account to estimate the production data (RES) in Adiyaman. To conduct this estimation, the
feedforward backpropagation artificial neural network (ANN) and Adaptive Network Based Fuzzy
Inference System (ANFIS), and were used because of its successful prediction of linear-nonlinear
models, as one of the applications of artificial intelligence. In the study, it was observed that the
estimated production value of energy production (MWh) was rather close to actual values of energy
production. In future studies on prediction, artificial intelligence applications can be employed
successfully as a substitute of traditional methods.

Keywords: Artificial Neural Networks, Wind Energy, Estimation of Production, Modeling

BBenenue

OreHKa MOTeHIIMAIa BETPOBOM SJHEPTHH HMeeT OOJIbIIIOe 3HAYCHHUE IS OJIEpKaHuUs OamaHca
MEKIy CIIPOCOM U TPEIUIOKEHHEM, a TaKkKe Ui TUIAHUPOBAHHUS PaOOThl SHEPTETHUCCKUX CHCTEM.
[TepeorieHka cripoca Ha 3JIEKTPOIHEPTHIO IPUBOIUT K YPE3MEPHOMY HCIIOIB30BAHUIO PE3EPBOB MU
K 3alyCKy CIIMIIKOM OOJIBIIIOTO YHCIa SHEProOJOKOB. DTO BBI3BIBAET 3HAYMTEIbHBIC MOTEPU U
CO3/Iae€T PHUCKU IMPHU OPraHU3aIlMU pabOThl SHEPreTHUECKHX CHCTEM. B TO ke BpeMs HeloOoIleHKa
MOTPEOJICHUST AJIEKTPOIHEPTUU MOXKET HE YIOBJICTBOPHTH (DAKTUYECKHI CIPOC M TPUBECTH K
HEJIOCTAaTOYHOCTH PE3EPBOB, UTO MPEMATCTBYET AP PEeKTHBHON padore cucteMbl. OleHKa HArpy3Ku
BO300HOBJIIEMbIX UCTOYHHKOB YHEPTUH MMEET CYNIECTBEHHOE 3HAYEHHE Ui CTAOMIBHOIN paboThI
cucteM nepenauu nekrposneprun (Akman, Yilmaz, & Sonmez, 2018).

CeroHsi, BMECTE C BIHMSHUEM TJI00aTHA3aI[MH, MOKHO OTMETHTh MEPEX0 OT TPAAUIIHOHHOTO
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MOHUMAHUS Pa3BUTHUSI K KOHUENIMH YCTOMYMBOTrO pa3BuUTUA. I JOCTHIKEHHUS YCTOHYHMBOTO
pa3BUTHs BO30OHOBIsIEMasi SHEPTHSI MOXKET UIPaTh BXKHYIO POJIb B YIOBJIETBOPEHUU IMTOTPEOHOCTH
B DHEPTUM KaK B IMPOMBIIICHHOCTH, TaK ¥ Ha JoKainbHOM ypoBHe (Bader, Inguva, & Perot, 2018).
Ctpanbl, crnocoOHble O00ECHEeYUTh YCTOWYHMBBIE WCTOYHHKH SHEPIHH, CMOTYT pPa3BHBATHCS
HE3aBHCUMO OT APYTHUX CTpPaH M Jake CO31adyT BaKHBIM 3Tall B Pa3BUTHH CBOEH >KOHOMHUKH,
SKCIIOPTUPYS SHEPIUI0 B JApyrue crpanbl. HeycTOMUMBOCTH MCKONAEMBIX BMJIOB TOIUIMBA M HX
3HAYUTENIbHBIN Bpea AJI OKpYKaloLIeH cpeibl NeNalT UX CEepbe3HOW YIrpo30il, 4TO MOBBIIIAET
[IEHHOCTh BO300OHOBIISIEMBIX HCTOYHUKOB YHEPTUH.

Bo306HOBNIsIeMbIE HCTOYHUKH SHEPTUHU BKIIOYAIOT COTHEUHYIO SHEPTHI0, BETPOBYIO SHEPTHIO,
reoTEPMAIIbHYIO 3HEPTUI0, THAPOIHEPTHIO, BOAOPOJHYIO SHEPIUI0 U TEPMOSIAEPHYIO 3HEpruto. Mx
TaK)Ke MOXHO paccMaTpUBaTh Kak anbTepHaTUBHbIC HCTOUHUKY SHepruu (Ervural, Ervural, & Evren,
2016). YToObI y1OBIETBOPUTH MIOCTOSTHHO PACTYIIMHA CIIPOC HA SHEPTHIO, KpailHe BaKHO OTKPBIBATH
albTepHATHBHBIC HCTOYHHMKHM O»Heprun (Maouedj et al.,, 2015, Ann Rufus et al., 2019).
Bo0300HOBIIsIEMbIE MCTOYHUKHU TOJHOCTHIO HECOBMECTHMBI C HEBO30OHOBIIIEMBIMH, TAaKUMHU Kak
IPHUPOIHBIH Ta3 u saepHoe TormtuBo (Al-Janabi, Alkaim, & Adel, 2020). Cpeau BceX CYIIECTBYROLIHX
BO300HOBJISIEMBIX MCTOYHUKOB SHEPrUM HauOOJIbLIEH MOMYJISPHOCTHIO U IIUPOKUM IPUMEHEHUEM
MI0JIb3YEeTCS BETPOBas SHEPrus 01aroaaps MUHUMAIbHBIM WHBECTUIUSAM, OTCYTCTBUIO 3arps3HEHHUS,
0e30I1acHO dKCIUTyaTallu U KOPOTKOMY CpoKy 3amycka (Rajasingam, Rasi, & Deepa, 2019). Bonee
TOT0, BETPOBAs U COJIHEYHAS SHEPTHUsl CUUTAIOTCS CAMBIMU OBICTPO Pa3BUBAIOIIUMUCS HCTOUHUKAMH,
OKa3bIBAIOIIMMH 3HAUUTEIbHOE BIMSIHUE HAa YCTOMUMBOE pa3BUTHE CTPAH.

[Ipou3BOICTBO JEKTPOIHEPTHH U3 BETPa OCYIIECTBISETCS IMyTeM MpeoOpa3oBaHUs
KMHETUYECKOM SHEpruM, BO3HUKAIOIIEW IpPU BpallleHUWHU JIoNacTed TypOMHBI MOJ BO3JEHCTBUEM
BO3YIIHBIX MMOTOKOB, B JIEKTPUYECKYIO SHEPTHUIO B TeHEpaTOpax. JHEPrus BeTpa 3aBUCUT OT KyOa
CKOpPOCTH BETpa, IUIOIIAAM JIONAacTell TypOMHBI M IUIOTHOCTH Bo3ayxa. [Ipm yIBOGHHH CKOPOCTH
BeTpa NOTEHNUANbHAs JHEPrus BeTpa yBenumuuBaercs B BoceMb pas (Yavuz & Ozbay, 2020).
Hcnonb3oBaHne BETPOBOM HSHEPrUM HMMEET HECKOJIbKO IPEUMYILECTB, CpPEIud  KOTOPBIX
BO300OHOBIISIEMOCTh, OecrpoOiemMHas mepefadya M OTCYTCTBHE HEOOXOAMMOCTH B NPUMEHEHUU
BBICOKOTEXHOJIOTHYHOTO 000pyaoBaHus. Kpome TOro, 3TM MCTOYHUKU DSHEPIUU JIOCTYIHBI B
M300MIMH, HE HAHOCAT Bpeaa aTMocdepe M okpyxaroueil cpene. [lo cyniecTBoBaHMs COJHIA U
3emiu 3Heprus BeTpa OyeT NOCTOSIHHO MPUCYTCTBOBATh, U HEOOXOAUMO HUCIIOJIb30BATh TEXHOJIOTUN
s e€ skcruryaranuu. C IOMOIIBIO BETPOBBIX TYpOUH 3TOT MPOLIECC MPEBPAIIEHUS SHEPTUH BETPa B
ANEKTpUIEcTBO MOXKeT ObITh ocymectieH (Ilkilig & Aydin, 2015, Ilkilic, Aydin, & Behget, 2011).
OnHOM M3 TakMX TEXHOJOTHH SBIAETCS BO3MOXHOCTb KOHTPOJIS MOIIHOCTH BETPa C MOMOIIBIO
BeTpoBbIX TypOuH (Lebkowski, 2020). DnexkTposHeprusi reHepupyeTcsl 3STUMU TypOMHAMHU 3a CUEeT
KMHETHUYECKOW HEPTUU BeTpa. BONBIIMHCTBO pa3BUBAIOIIMXCS U PA3BUTBHIX CTPAH MOIEP)KUBAIOT
IIPOM3BOJICTBO 3JIEKTPOIHEPTHUU C IOMOILBIO BETPOBOW SHEPrUUM B paMKax TIOCYAapCTBEHHBIX
[IporpamMM M KOHTPOJIMPYIOT 3TH Mpoliecchl Ha KaxaoM atarne (Senel & Kog, 2015).

CornacHo o0T4eTy 0 ycTaHoBieHHO# MomqHocTH TEAIS (Typelkas akiioHepHas KOMIAHHS MO
nepeaaye MeKTposHeprun) 3a anpenb 2025 roga B Typuun, pacnpeneneHine UCTOYHUKOB SHEPTHU
JUTSI TIPOM3BOJICTBA AJIEKTPOdHEeprun BkimrovaeT: 31,54% runposueprun, 25,30% mpupoaHoro rasa,
9,89% yrns, 10,88% Betpa, 8,08% conneunoi sHepruu, 1,68% reorepmanbHoll 3Hepruu, 1,74%
ouomaccel, 10,14% Oyporo yras u 0,74% npyrux pecypcoB. PacmpeneneHue ycTaHOBICHHOU
montHoctd (MBT) o uctounukam npejctabieso Ha pucynke 1 (TEIAS, 2022).

B nanHom uccrnenoBanuu Obl1a BEINOJTHEHA OLEHKA POU3BO/ICTBA BETPOBOM SHEPTUH B FOPO/JIE
Anpiimad.  Oco0ast MOTHBAIMsSl MCCIEJOBAaHUS CBSi3aHA C IPOBEJCHHUEM PErHOHAIBHOTO
MIPOrHO3UPOBAHUS, TOCKOJIBKY 3TO MEHEe M3yueHHas, HO HeoOxoauMas o0sacTe npumMeHeHus. J{s
OLIEHKU BETPOBOI SHEpruM Ha BeTpoBoMl anekTpocTanuuu (BOC) B mpoBuHIMU AnbisiMaH ObLTH
MIPUMEHEHBI METOJbl UCKYCCTBEHHOI'O MHTEIIEKTa — HCKyCcCTBEHHas HelpoHHas cetb (ANN) u
aJlanTHBHAs HEYeTKas cucTema BbiBoja Ha ocHoBe ceT (ANFIS).
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= Natural Gas Coal Wind = Solar

crmal = Bio-mass = Lignite = Other Source

Pucynok 1. Cormacuo oruery TEIAS (Typemkas akimuoHepHas KOMIIAHHS IO Iepejade

3JIEKTpO3HEprun) 3a anpeinb 2025 roga, pacnpeneseHue yCTaHOBJICHHOW MOIIIHOCTH MO KCTOYHUKAM
(MBrT)

OcTtanpHas 4yacTh CTaTbU OPraHU30BaHa CIEAyIOIIUM oOpa3oM. B pasmene 2 mpencraBieH
0030p nuTepatypsl. B pazmene 3 npuBoauTcs MHGOPMAIUS O BETPOBOM AJICKTPOCTAHIIHH, & TAKIKE
OMUCBIBAKOTCS MCIOJIb3yEMbIE METOJIbl UCKYCCTBEHHOTO MHTEIUIEKTa. B pasaene 4 npencraBieHsbl
MOJICTTUPOBAHUE W METOJ OIICHKH W MPOTHO3UPOBaHUS 3(H()EKTHBHONW CKOPOCTH BETpa HA OCHOBE
ANN u ANFIS. B pazgene 5 moaBoasiTcs UTOTH HCCIEAOBAaHUSA U OOCYXKIAIOTCS PE3yNbTaThl,
MOJYYEHHBIE C UCIIOJIb30BAHUEM JIByX METOJIOB.

O030p JuTEpaTYpHI

[Ipu paccMoTpeHuun ucciaenoBaHuM, TPOBEAEHHBIX B Typliuu, ObUIM MOMYyYEHBI CIEAYIONIUE
pe3yJIbTaThI.

B uccnegoBanuu, BeimonHeHHoM ['éprenem u Kasnakom (Gorgel & Kavlak, 2020), 6si1a
IIPOBEJICHA OLICHKA MPOM3BOJCTBA HEPIMHM HAa OCHOBE €XKEJHEBHBIX M JIECATUMHHYTHBIX JTaHHBIX
BETPOBOM TYypOMHBI, pACMOJIOKEHHONH B peruone IM3mup—Ypna, 3a omun roia. B pabote
WCIIONB30Bajcss TuOpumHbii Merox mona HaszBaHueM CNN-LSTM, ocHOBaHHBIH Ha MeETOJax
cBepTouHoi HelponHoit cet (CNN) u monroii kpatkocpouHoii mamsatu (LSTM). C ucnonszoBanuem
paszpaboTaHHOTO MeTojia cpenHekBaaparruunas ommoka (MSE) cocrasuna 1,17.

B uccnenoanuu, npoenéuHom lllenonom u MycaeBbim (Senol & Musayev, 2017), Ob1a
CO3/1aHa MOJIeNIb UCKYCCTBEHHON HelpoHHOM ceTn (ANN) Ha OCHOBE Pa3IMYHBIX BETPOBBIX TYpOUH
U BBINOJIHEHA OLICHKA MPOU3BOACTBA MIEKTPOIHEPTUH U3 BETPOBON YHEPTUU.

B uccnenosanuu Kaiin u coaBropoB (Kaya, Caner, & Oguz, 2016) Opuia mpeanpussra
IIONBITKA OLIEHUTh MOTEHIMaJI BETPOBOM dHEpPruu B NpoBUHIMK KacraMoHy myTeM co3iaHus ABYX
Pa3IMYHBIX MOJIENIEH C UCIIOJIIb30BAaHUEM JAHHBIX Pa3IMYHBIX BETPOBBIX TypOuH. C MpUMEHEHHEM
METO/I0B UCKYCCTBEHHBIX HeHpOHHBIX ceTeil (ANN) 1 afanTUBHBIX HEHPO-HEUETKUX CUCTEM BBIBO/IA
(ANFIS) 6b111 O1leHEHBI MaKCUMAaJIbHbIE 3HAUE€HUSI MOILIHOCTH, KOTOPbIE MOTYT OBbITh IOJY4EHBI B
3aBHCUMOCTH OT TUIIA UCHOJIb3YEMBIX TYpOHH.

B uccnenosanuu Jloranmku u coasropos (Doganci, Ertiirk, Ozsunar, & Arcaklioglu, 2016)
OLIEHKa BETPOBOI SHEPTUHU MPOBOANIACH HA OCHOBE BBIOOPOYHBIX JAHHBIX U3 MPOBUHLUHN U pallOHOB
HentpansHoro u 3amanHoro [IpuuepHomopbs. Ilpu wucnons3zoBanuu metoga ANN  Obuio
YCTaHOBJICHO, YTO pacCUMTaHHbIE MPOTrHO3HBIe 3HaueHus A badpsl, Mnebony, 3onryngaka u
Kapabroka, rmosiy4eHHbIe C UCMOJIb30BAHUEM PA3IMYHBIX KOMOMHALIMN MapamMeTpoB (TaKuX KaK TUII
alropuT™Ma, (YHKIMS aKTHBALUHU, (QYHKIHA OOy4eHHUs, KOJIMYECTBO CIIOEB U YHCIO HEHPOHOB),
COIJIACYIOTCS C PaKTUUECKUMH 3HAUECHUSMHU.

B uccnenoannu Keuibraa u Apabamku (Kilic & Arabaci, 2015) Oynymiue 3Ha4eHHs] CKOPOCTH
BeTpa B mpoBuHIMU bypayp Oblmu omeHeHbl ¢ ucmois3oBanueM metona ANN. B pesynbrare
pacyeToB Ha OCHOBE JaHHBIX, MOJTYYEHHBIX OT TypeunKoro MeTeopojJorHuecKoro HHCTUTYTA, OBLIO
caenaHo 3akirodeHue, 4to Metoq ANN MokeT ObITh MOAXOMALIMM JJIsi IPOBEACHUS MOJ00HBIX
aHaJIN30B.
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Bxiag naHHOrO MccileJ0OBAHUSI B HAYYHYIO JTUTEPATypY:

B HayuHoIi IuTepaType He 0OHAPYKEHO UCCiIeoBaHuH, B KOTOPBIX MeToabl ANN u ANFIS
IIPUMEHSUIACH Obl COBMECTHO JJIs1 OLIEHKHU NPOU3BOCTBA BETPOBOM 3Hepruu. B Hamem
UCCIIEIOBAaHUM TH [1BAa METOJ1a UCIIOJIb3YIOTCS BMECTE.

» B 0001x MeToax ynanoch yCneuHo J0CTUYb CXOJUMOCTH ¢ (aKTHUECKUMH 3HAYCHUSIMU
IIPOU3BOJICTBA SHEPTUH.

e B Hamux ByX MeTo/aX UCHOJb3YIOTCS HOBbIE HAOOPHI JaHHBIX, OCHOBAHHBIE HAa JJAHHBIX
peaJIbHOM CHCTEMBI, @ HE TOTOBBIE CTAHJAPTHHIE HA0OOPHI JaHHBIX.

Matepuajibl 1 MeTOABI

B nanHOM wHccnenoBaHMM HCHOJIB30BANIKMCH JAHHBIE O IMPOM3BOJCTBE SHEPIHMHM BETPOBOM
ANEKTPOCTAHILINY, pacnoioxkeHHol B FOro-Boctounom AHaToIMiickOM peruose, B paiione ChIHKUK
MpoBUHIIMK AnplaiMmaH, 3a niepuon 60 mecsues (saBapp 2019 — nexabpp 2024 rr.). [lpu anamuze
VYUTHIBAIACH T€OJIOTHYECKHE U METCOPOJOTHIYECKHIE TAHHBIC, TAKUE KAK CKOPOCTh BETPa, BHICOTA,
CpeIHEMEeCsIUHble 3HAUYEeHMs, MaKCHUMajbHas CKOPOCTh BeTpa, JAOoiArora u mupora. Bcee
METEOPOJIOTHICCKUE YCIIOBUS, T€OJIOTHYECKass HHPOPMAITUI U JIaHHBIC O MPOU3BOJICTBE BETPOBOU
anektpoctannuu (BOC) Obutn moaydeHbl HENOCPEACTBEHHO C CAMOM CTaHIIUU.

Monenb, UCTIOIb3yeMast B UCCIICIOBAaHUH, OCHOBaHA Ha METOJAaX MCKYCCTBEHHBIX HEHPOHHBIX
cereii (ANN) u Long/Short Term Memory (LSTM). MoaenupoBaHie U pac4éThl BBIMOIHSIIUCH C
HCIoJIb30BaHreM nporpammuoro ooecrieueHuss MATLAB (Bepcuu 2020a u R2018).

BerpoBasi snexTpocTaHIMS pacrojiokeHa B mpenenax paiioHa ChIHIKUK TPOBUHLINU
Anpisiman. CTaHIUS TIPENCTABISICT COOOH MPOEKT MO MPOU3BOJCTBY JJICKTPOIHEPTUU HA OCHOBE
BETPOBOM »dHepruu U OblIa BIEPBbIE JIMIEH3UPOBaHA YIPABJICHUEM IO PEryIUPOBAHUIO
sHepreruueckoro peiHka Typuun (EMRA) nist mpousBoACTBa 3JIEKTPOIHEPTUH.

DnexTpocTaHIs cocTOUT u3 11 BeTpoBbIX TypOuH M moakitodeHa kK cucreme TETC uepes
noacrannuio Sincik Basin TM 154 kB. YcranosieHHass MOIHOCTh CTaHIUK cocTasisier 27,5 MBT.
Crannus ObUTa BBe/IeHa B KCIUTyaTanuio B ssuBape 2014 rona.

B Tabmume 1 npencraBieHa uHGoOpMaIKs O JOATOTE, MTUPOTE M BBICOTE pacmoyioxeHus 11
TypOUH.

Ta6auna 1. Mapopmanus o gonrore, HIMPOTE U BHICOTE PACIIOIOKEHUS TYPOHH.

IIupora Hoarora HSHTpa.HbH BLicoTa oT YpoBeHb

HazBanue bl 3eMJIH
Lo 2| = = Q| = = 3eMJIM MJIH

BETPOBOii | 2 2> B =] 2> B MepUIuaH PO (BbICOTA HAJ
Typounbl | § | = > S = £ [3ome1 (UTM) P yPOBHEM

=9 = O =9 = O |(6 rpanycos) | MM Mops)
WTG1 38 |2 |54.9937 |38 |34 |36.8354 |39.0 80 meters | 1445 meters
WTG2 38 |2 |56.9468 |38 |34 |58.2233 |39.0 80 meters | 1445 meters
WTG3 38 |3 |4.8370 |38 |35 |16.9945 [39.0 80 meters | 1465 meters
WTG4 38 |3 [2.1263 |38 |35 |24.1943 |39.0 80 meters | 1480 meters
WTGS 38 |3 |8.0896 |38 |36 |7.5548 |39.0 80 meters | 1520 meters
WTG6 38 |3 |6.5565 |38 |36 [17.0748 |39.0 80 meters | 1515 meters
WTG7 38 |3 |2.7745 |38 |36 |29.0620 [39.0 80 meters | 1565 meters
WTG8 38 |3 |3.1331 |38 |36 |39.5216 |39.0 80 meters | 1595 meters
WTG9 38 |3 |2.8683 |38 |36 |51.8234 |39.0 80 meters | 1595 meters
WTG10 38 |3 |0.8863 |38 |37 [4.9014 |39.0 80 meters | 1590 meters
WTG11 38 |2 |57.2582 |38 |37 |16.2021 |39.0 80 meters | 1625 meters

HckyccrBennbie HeliponHbie ceTd (ANN)
ANN (Artificial Neural Network) — 5To BbIUHCIHMTENBHAs CUCTEMa, pa3pabOTaHHAs IO
aHAJIOTHHM CO CTPYKTYpPOH OMOJIOTMYECKHUX HEHPOHHBIX KJIETOK M UX CHOCOOHOCTBHIO K OOYUYEHMIO
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(Sengiir, Tiirkoglu, & Ince, 2005, Principe, Euliano, & Lefebvre, 2000). ITponecc 06yueHus B TAKMX
CHCTEMaxX OCYIIECTBIAETCS C MCIOJIb30BaHHEM HpuMepoB umu Beibopok (Oztemel, 2003).
HckyccTBeHHBIE HEMPOHHBIE CETH IIMPOKO MPUMEHSIOTCS B MHXKEHEPHH, OCOOCHHO C Pa3BUTHEM
MH(POPMAIMOHHBIX TEXHOJIOTHA, M YaCTO UCIOIB3YIOTCSA B MAIIMHHOM 00y4yeHuu. OHU CO3/1aBAIUCh
[0 BJIOXHOBEHHUIO OT CTPYKTYPbl UYEJIOBEYECKOTO MO3ra Ha OCHOBE MHHHMMM3AIMHM OIIMOOK U
pacrto3HaBaHUs MA0JIOHOB.

Taxast MoeNTb HCKYCCTBEHHOI HEHPOHHOM ceTu 00yyanach U pa3BUBajIach, aalTUPYs MOJIETb
oOyuenus ['e66a. Mojiennb MHOTOCIIORHOTO MepIenTpoHa, pa3padoranHas B 1980-x rogax, yCrenrHo
pemiana 3ama4y KiaccuuKauu, 0COOCHHO C HCIOJB30BaHUEM allrOpUTMa 00ydeHUs 0OpaTHOIro
pacripoctpanenus omuoOku (backpropagation), 4to oTKpbUIO HOBYIO 3py B pazButuu ANN (Uguz,
2019,Gecmez & Genger, 2021).

HckyccTBeHHBIE HEHPOHHBIE KIETKH, Ucmonb3yemble B ANN, BKIIOYalOT ISTh OCHOBHBIX
KOMITOHCHTOB: Beca (Wi), BXOJHBIE 3HA4YeHHsS (X1), cymmapHas (YHKIUs, BBIXOA U (PYHKIHIO
aKTHBAaIMU. BXoaHBIE 3HAUEHUS] YMHOXKAIOTCSI HA COOTBETCTBYIOIIHME BeCa JUIS MOJyYCHHUS HOBBIX
3HAYEHUH, K KOTOPHIM MPUOABISIETCA MOPOroBOe 3HauUeHUE. BhIX0oa MOXKHO MONIy4uTh, 00paboTaB
pe3ynbTaT yepe3 QYHKIUIO aKTHBAIINH.

CrnocoOHOCTh K 00Y4EHHI0 UCKYCCTBEHHOTO HEHPOHA 3aKII0YaeTCsl B KOPPEKTHOM HACTpOMKe
3HAYCHUH BECOB COTIIACHO BBIOpaHHOMY anroputMy odydenus (Elmas, 2003, Sahan & Okur, 2016).
Mopnens ANN, conepskalasi JOCTaTOUHOE KOJIUYECTBO HEMPOHOB BO BHYTPEHHHX CIIOSIX, MOKET
MOJICTTMPOBATh Pa3JIMUHbIC TUIIBI HeJTMHEHHBIX QyHkuui (Fausett, 1994).

AnanTuBHasi HedeTKasi cucrteMa Ha ocHoBe ceTu (ANFIS)

B ctpykrype ANFIS ucnonb3yroTcst Kak He4eTKasi JOTUKa, TaK U HICKYCCTBEHHbBIE HEHPOHHBIE
cetu (ANN). ANFIS mpencrasisier coboit ceTeByr0 Mojenb HeueTKod cuctembl Tumna CyreHo c
BO3MOXXHOCTSIMU HEPOHHOI'O 00yUEHUS.

UYro kacaercst ctpykTypbl, ANFIS BkitouaeT mapbl BXOJI-BBIXO/ U MPaBUjIa BUAA «ECIU—TO» B
HEYeTKOW cucteme BbBoJa. [Ipm 0Oy4eHHMH CHCTEMBI TPUMEHSIOTCS AJITOPUTMBI OOYYECHHUS
HUCKYCCTBEHHON HEUPOHHOM CETH.

Ecnmu 0003HaYMTh Z KaK BBIXOJ, a X U Y — KakK BXOJbI, 0a30Basi CTPYKTypa MpaBUIIa MOXKET
OBIThH 3alMcaHa TaK:

Ecmx AinyBi,To fi=pirx+qrry+n

3neck P U  — JMHEWHbBIe TapaMeTpsl Beixoa. [lepemennsie Al u Bi ncronb3yroTes B Mojenu
TS TIPEJICTABJICHHsI BepOaIbHBIX MEPEMEHHBIX Ha MepBoM ciioe. 3Hauenus Al u Bi ynanstorcs u3
cI10si ¢ pYHKIMEH PUHAUICKHOCTH, IPUHAMAsS X cTereHn npuHaieskHoct: U Ai(X), u Bi(y) .

Bo BTOpOM ci10€ BXO/IHBIE 3HAUEHUSI YMHOXKAIOTCSL IPYT Ha Apyra U MOJAl0TCs Ha y3e:

wi=p Ai(X)* u Bi(y) i=1,2,3,.....9 (1)
[Tporiecc HOPMATU3AIMU B TPETHEM CIIOE BBITIOIHSAETCS CIEAYIOMIMM 00pa3oM:
Wi:Wi/Z Wi i:1,2,3,.....9 (2)

Monens Takyru—Cyreno—Kanra npuMeHsieTcst mocie 4eTBepToro cios. B 3ToMm cioe kaxabii
HOpPMaJIN30BaHHBIN BEC YMHO)KAETCSl HA COOTBETCTBYIOLIYIO (DYHKIIMIO BBIXOJIA!

W,k fi =w* (pix +piy +17) (3)
31ech TMHEHBIE IEPEMEHHBIE T, P;, U (;A3BECTHBI KaK MapamMeTphl pe3yJibTaTa.
[larelit cnoli oTBe4aeT 3a BBIYMCIEHHE uucIeHHOTo 3HauyeHus Bbixojga ANFIS myrem
CYMMHPOBAHUS BBIXOJOB YETBEPTOTO CIIOS:

Total Output=Y w; /Y w; 4)
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B n1aHHOM wuccleoBaHUM e€XEeMeCSUHble MaKCHUMajbHblE CKOPOCTH BeTpa, 3HAuYCHUs
MIPOM3BOJICTBA, IIUPOTA, CPeIHEMECIYHAasi CKOPOCTh BETpa, BbIcOTa U foirora ais 11 typoun BOC
OBLIN 3aIlMCaHbl B IporpaMMHOM oOecrieuenuu Excel, Bcero 660 cTpok, 6 cTon6110B 1 3960 3HaUCHMI
naHHbBIX. YacTk 3TUX JaHHBIX HpeacTaBieHa B Tabmure 2.

Ta6auna 2. Hexoropble 3Ha4eHUs IPOU3BOJCTBA, CPEAHEMECIIHON U MaKCUMAaIbHON
CKOpOCTH BETpa, HIMPOTHI, JOJITOThI U BHICOTHI i 11 TypOuH

Hazpanme Mpomssox Cpeanemecsi | MakcuMaJIbH
BeTpoBoii Jara erpo BOC | THAA asi  ckopocts | upor | doar | Beic
Ty OMBr) |CKOPOCTR - [neTpa - ama - jora o
Jan 2018 | 225,638 5,2 44,1 38,2 | 38,34 | 1445
Feb 2018 | 186,212 4,7 43,6 38,2 | 38,34 | 1445
Mar 2018 | 179,167 4,1 45 38,2 | 38,34 | 1445
Apr 2018 | 183,694 47 40,2 38,2 | 38,34 | 1445
May 2018 | 258,755 55 41,2 38,2 | 38,34 | 1445
WTGL Jun 2018 | 235,813 5,7 50 38,2 | 38,34 | 1445
Jul 2018 389 6,8 26,9 38,2 | 38,34 | 1445
Aug 2018 | 218,572 54 28,5 38,2 | 38,34 | 1445
Sep 2018 76,36 41 2,3 38,2 | 38,34 | 1445
Oct 2018 128,251 2,9 41,1 38,2 | 38,34 | 1445
Nov 2018 | 249,324 54 30,3 38,2 | 38,34 | 1445
Dec 2018 | 407,661 7 40,1 38,2 | 38,34 | 1445
Jan 2024 387,965 5,07 50 38,2 | 38,37 | 1625
Feb 2024 | 228,499 4,37 39,96 38,2 | 38,37 | 1625
Mar 2024 | 397,695 5,51 50 38,2 38,37 | 1625
Apr 2024 | 189,925 4,22 50 38,2 | 38,37 | 1625
May 2024 | 285,015 51 22,79 38,2 | 38,37 | 1625
WTG11 Jun 2024 | 271,923 5,34 32,34 38,2 | 38,37 | 1625
Jul 2024 | 578,633 7,45 35,04 38,2 | 38,37 | 1625
Aug 2024 | 531,061 7,15 35,26 38,2 | 38,37 | 1625
Sep 2024 | 429,446 6,54 38,98 38,2 | 38,37 | 1625
Oct 2024 187,49 4,32 34,71 38,2 | 38,37 | 1625
Nov 2024 | 105,656 3,45 43,99 38,2 | 38,37 | 1625
Dec 2024 | 322,465 5,32 42,45 38,2 | 38,37 | 1625

Jlnst MmactiTabupoBaHust BCeX JaHHBIX B auama3one ot 0 10 1 mpuMeHsuIcss MeTo1 MaKCUMyM—
MUHUMYM HOpMaJu3aluu o Gopmyse:

Xo—Xmin

(5)

Xn =
Xmax—Xmin

TJIe Xy U X;;, — UCXOJHBIC U HOPMAJIM30BAHHBIC JTAHHBIC COOTBETCTBEHHO, & Xmin U Xmax —
MUHHMAaJIbHBIC U MaKCHUMaJIbHBIC 3HaueHus naHHbiX (Gorgel & Kavlak, 2020).
HekoTopsie 3HaueHUs, MOTYYSHHBIE TIOCIIE HOpMaTu3alluu, MpuBeaeHb! B Tabmuie 3.

Tabanna 3. Hekoropble HOpMaaM30BaHHBIE 3HAYEHMs ITPOU3BOJICTBA, CPEIHEMECIYHOH M
MaKCHMaJIbHOW CKOPOCTH BETPA, IMPOTHI, JOJATOTHI U BBICOTHI A1t 11 TypOun
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Cpennemecsi | MakcuMaJsibH « o
Ha3zBanmue IIpounsBoact = =
N YHas asl CKOpPoCTh = e )
BeTpoBoil |/laTta B0 BOC 5 = S
TypOHHbI (MB1-u) CKOPOCTH BeTpa 3a 3 é’( r:'é
BeTpa MecsIl =

Jan 2015  ]0,336844525 | 0,505494505 |0,876310273 |0 0 0

Feb 2015 |0,277987275 |0,395604396 |0,865828092 |0 0 0

Mar 2015 |0,267470121 |0,263736264 |0,046121593 |0 0 0

Apr 2015 ]0,274228269 |0,395604396 |0,794549266 |0 0 0

May 2015 |0,386283362 |0,571428571 |0,815513627 |0 0 0

WTGL Jun 2015 ]0,352034312 |0,615384615 |1 0 0 0

Jul 2015 ]0,580720093 |0,857142857 |0,51572327 |0 0 0

Aug 2015 |0,326296021 |0,549450549 |0,549266247 |0 0 0

Sep 2015 10,113994309 | 0,263736264 |0 0 0 0

Oct 2015 ]0,191459981 |0 0,813417191 |0 0 0

Nov 2015 |0,372204258 |0,549450549 |0,587002096 |0 0 0

Dec 2015 |0,608578236 |0,901098901 |0,79245283 |0 0 0

Jan 2025 ]0,409099489 [0,380701754 |1 0 1 1

Feb 2025 |0,240946539 |0,257894737 |0,78951782 |0 1 1

Mar 2025 |0,419359533 |0,457894737 |1 0 1 1

Apr 2025 ]0,200271211 |0,231578947 |1 0 1 1

May 2025 |0,300541262 |0,385964912 |0,429559748 |0 1 1

WTG11 Jun 2025 ]0,286736072 |0,428070175 |0,629769392 |0 1 1

Jul 2025 0,610154175|0,798245614 |0,686373166 |0 1 1

Aug 2025 ]0,559990678 |0,745614035 |0,690985325 |0 1 1

Sep 2025 |0,452840176|0,638596491 |0,768972746 |0 1 1

Oct 2025 |0,197703564 |0,249122807 |0,679454927 |0 1 1

Nov 2025 |0,111411637 |0,096491228 |0,874004193 |0 1 1

Dec 2025 ]0,34003136 |0,424561404 |0,841719078 |0 1 1

Pe3yabTaTsl

[Tocne cozmanuss momenu ANN fans MPOTrHO3UPOBAHWS TMOTEHIIMAIBHOTO MPOU3BOJICTBA
BETPOBOM 3HEPruM OBbLIM HauaThl Ipolecchl 00yueHus u rectupoBanus. B monensx ANFIS, ANN u
LSTM nns mporHO3UpOBaHUS TMPOU3BOJCTBEHHBIX JaHHBIX BETpoBOM anekTpoctanuuu (BIC)
WCIIOB30BAJIUCh TISATh METEOPOJOTUYECKHX W TeOorpapuyecKux MapaMmMeTpoB: MaKCUMallbHast
CKOPOCTb BETpa, AOJT0Ta, HIMPOTA, CPETHEMECAUHAS CKOPOCTh BETPA U BHICOTA.

B xone uccnenoBanus Obuta TPEANPUHSTA TOMBITKA OMPENETUTH JIYUIIYI0 MOJEIb IyTeM
n3MeHeHus mapameTpoB ANN, TakuxX Kak KOJIMYECTBO HEWPOHOB B CKPBITOM cCioe, (DYHKIUS
neperayd CKphITOro CJos, BbIXOAHas GYHKOUS U ¢QyHKuus oOyudeHus. Monenr ANN Obuia
pa3paboTaHa ¢ HCMOJIB30BAHUEM aNropuT™Ma oOpaTHOTrO pacmpocTpaHeHus ommOku JleBenOepra—
Mapxksapara (trainlm), ¢yukuun oOyuenust Learngdm mns oOyuaromiero Habopa TaHHBIX M
TaHTeHIIMATFHOW CUTMOUIABHON QyHKIHH (tansig) B KauecTBE (PYHKIIMH aKTHBAIIHH.

B nannom uccnenoBanun s o0yuenust mogenu ANN Obuto BemosiHeHo 1000 urepanuii. B
pe3ynbTaTe ObUIO MOTYYeHO 3HaUeHUE TpajiueHTa 1e—7 mpu HyIeBOM ommoKe.

JIJ1sl OLIEHKW PEe3yJIbTaTOB HMCIOJIB30BAIMCH JIBA TMOKA3aTeNs: CPeIHEKBaJApaTUUYHAs OITHOKa
(MSE) u ko3¢ ¢uiment xoppensiuu (R). KoadduumeHT koppensiuu mokasbiBaeT CBSI3b MEKIY
(haKTUYECKUM 3HAUYEHHEM IMPOM3BOJICTBA YHEPTUM U MPOTHOZUPYEMBIM 3HAYCHHEM IMPOU3BOJICTBA
[27]. 3nauenne R? moxxer BapbupoBaThes oT 0 1o 1. Uem Omuxe 370 3HaUeHHE K 1, TeM cuiibHee
CBSI3b MEX]TY MPOTHO3UPYEMBIMHU 3HAYCHUSIMU MOJIETH M (DAKTHIECKUMH 3HAUCHUSIMH TTPON3BOICTBA
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B3C. Kpome Toro, 3nauenust R?, 6inuskue k 1, yka3piBaloT Ha 0o0Jiee BHICOKYIO YYBCTBUTEIHHOCTD
moaenu (Kalogirou, 2000).
[Tapamerpsr 00yuenus u uarepperic ANN B MATLAB nipeacraBieHsl Ha pucyHke 2.
4

Neural Network

& S

Algorithms

Data Division: Random (dividerand
Training; Levenberg-Marquardt (trainim
Performance: Mean Squared Error (mse
Calculations:  MEX

Progress

Epoch: o 1000 iterations 1000
Time: 0:00:06
Performance: 0.00308 [ 0.00272 0.00
Gradient: 0.00432 521e-07 ] 1.00e-07
Mu: 0.00100 1.00¢-07 1.00e+10
Validation Checks: o 1000 1000

Plots
Performance plotperform!
Training State plottrainstate’

Regression plotregression

Plot Interval: 1 epochs

& Opening Regression Plot

@ Stop Training @ Cance

Pucynoxk 2. I/IHTep(beﬁc ANN B MATLAB npu o0yueHuun Ha TaHHBIX

Jns  onpeneneHus 3((EKTUBHOCTH Ipolecca MOJEIUPOBAHUS OBUIM  CONOCTABIICHBI
nporuo3upyembie 3HaueHuss ANN u (akTudeckue 3HAUCHHs NPOHM3BOJCTBA JHEPTUU. OTH
pe3yJbTaThl PEJICTABICHbI C CIOIb30BAHUEM O0YYarOIUX, BAJIUIAIIMOHHBIX U TECTOBBIX JAHHBIX,
a TaK)Ke PErpecCUOHHBIX KPUBBIX JIJIsl BCEX JaHHBIX HAa PUCYHKE 3.

Training: R=0.92358 Validation: R=0.94457

o Daa g

ey=T

0.86*Target + 0.06
0.85*Target + 0.057
5

Output ~:

Qutput

Target

Test: R=0.95067

0.87*Target + 0.045

0.96"Target + 0.0033

Output
Output ~

04 05 08 ::. 0z 04 05 08 1
Target Target
Pucynoxk 3. Perpeccronnbie KpUBBIE PE3YJIBTATOB VISl BATUAAIIMOHHBIX, 00yJaIOIINX,
TCCTOBBIX U BCEX NAHHBIX.

[Ipu ananuse pe3ynbTaTOB OBLIO YCTAHOBJIEHO, YTO 3HAYEHUS PErPECCUU IS BCEX JAaHHBIX
omu3ku k 1. CnegoBarensHO, BEIXoAHbIe 3HaueHus Moaeian ANN okazaauch JOCTaTOUYHO OIHM3KHMU
K (pakTHUeCKUM 3HAYCHUSIM.

Jliia onieHKU 3P PEKTUBHOCTU MPENI0KEHHOTO METo/la cpelHekBaipaTiuHas omuoka (MSE)
cocraBuna 0,00308.

Jst onpenenenust >gdexkruBHocTH Moaenn ANFIS mapameTpbl HECKOJIBKHUX MOACIBHBIX
UCIBITAHUN OBLTM M3MEHEHBI C IIEJIbI0 HAXOXACHUs Hawiydiied Moaenu. B kauecTBe (yHKIIUU
MPUHAUISKHOCTH Obl1a BeiOpaHa ¢yHKmms Trimf. HaGop manHBIX OBUT pa3nenéH ClemayronuM

69



Yassawi Journal of Engineering Science, M1 (1), 2026

obpazom: 20% st rectupoBanus u 80% s 00ydeHuUs.

JUisi ONTUMU3AMOHHONW MOJIENH C OOpaTHBIM PAacIpOCTPAaHEHHEM OMIMOKU JOMYCK OLIMOKH
ObLT ycTaHoBJIeH paBHBIM 0, a konmdecTBo ureparuii — 1000.

OcHOBHBIE TTapaMETPHI MO CIIETYIOIIHUE:

® KOJIMYECTBO JIMHEHHBIX MMapamMeTpoB — 243,

® KOJINYECTBO y3JI0B — 524,

® KOJIMYECTBO HEMHEIHBIX MapameTpoB — 60,

® KOJIMYECTBO O0y4JaroImuX nap ganabix — 330,

e o01Iee KOJMM4YecTBO nmapameTpoB — 303,

® KOJIMYECTBO HEUYETKUX MpaBmil — 243,

® KOJIMYECTBO MIPOBEPOYHBIX (TECTOBBIX ) Map JaHHBIX — 132.

Ha pucynke 4 mpencrabiena ucnosib3oBaHHas Moaeinb ANFIS. Ha pucynke 5 mokaszaHbl
IIPOrHO3HBIE JIaHHBIE, [TOJyuyeHHbIe ¢ ToMoIibio ANFIS.

CpennekBaaparuunas ommbka (MSE) B pesynbraTe utepanuii cocrabmia 0,00321.

Pucynok 4. Ctpykrypa cetu, co3zianHas ¢ ucnonb3zoBanuem ANFIS

Trainingdata:o FIS output:*

0 0 m ) oW 50 &0

Pucynok S. [Iporso3sslie 1anHble, nojsyuyeHHble ¢ nomoribio ANFIS

O¢pdextuBHocth 00yueHHBIX Mojaeneil ANN u ANFIS, nonyueHHass B pe3ynbTare 3THX
IIPOIIECCOB, MOXKET OBbITh IMPOBEpPEHA IyTEM CpaBHEHMs (HAKTUUECKUX JAHHBIX IPOU3BOJCTBA
sHepruu BeTpoBbIX TypOuH Nell u Ne3, Ne5 ¢ mporHO3HBIMH JaHHBIMH, MTOJTYYEHHBIMU C TOMOIIbIO
ANFIS u ANN, koTopble npencTaBieHbl B Ta0nuue 4.

Ta6auna 4. CpaBHeHHe (aKTUUECKUX 3HAUYEHUMH, IMOJYYEHHBIX C HEKOTOPBIX TYpOUH, C
MPOTHO3UPYEMBIMU 3HAUEHUSMHM M TOKa3aTeNsIMU OIIMOOK, PaCCYMTaHHBIMU C HCIOJIb30BAHUEM
metonoB ANFIS m ANN.

Name ANFIS
of the Date ﬁf;léilction er\(l)’aluction Productio | ANN ANFIS
Wind n MSE MSE
) Norm. Norm.

Turbine Norm.

Jun 2024 |0,4898628 |0,420198748 |0,4534 0,00485308 |0,001329536
WTG5 |Feb 2024 [0,19282029 |0,205585912 |[0,1441 0,000162961 |0,002373667

Mar.2024 |0,34527527 |0,33629809 0,3786 8,06E-05 0,001110538
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Apr 2024 |0,49309266 |0,403705969 |0,4007 0,00798998 |0,008536404
May.2024 |0,26264342 |0,24127208 0,241 0,000456734 |0,000468438
June 2024 |0,39268342 |0,368899107 |0,4073 0,000565693 |0,000213644
July 2024 |0,63292451 |0,520056779 |0,5341 0,012739125 |0,009766284

Aug 2024 |0,76118456 |0,626772924 |0,7026 0,018066487 |0,00343215
Sep 2024 |0,52868964 |0,434462484 0,43 0,008878756 |0,009739644
Oct 2024 |0,37619143 |0,356057718 |0,3539 0,000405366 |0,000496908
Nov 2024 |0,18450259 |0,209252971 |0,2299 0,000612581 |0,002060925
Dec 2024 |0,37398968 |0,278319403 |0,2529 0,009152802 |0,014662711
Jun 2025 |0,34622008 |0,32043843 0,3133 0,000664693 |0,001083732
Feb 2025 |0,25106845 |0,23484502 0,2225 0,0002632 0,000816156
Mar.2025 |0,3909119 |0,35317085 0,3501 0,001424387 |0,001665611
Apr 2025 |0,22091889 |0,22261868 0,2684 2,89E-06 0,002254456
May.2025 | 0,25558793 |0,30174078 0,3186 0,002130086 |0,003970521

WTG8 June 2025 | 0,29960383 |0,37271795 0,3505 0,005345675 |0,00259042
July 2025 | 0,64887872 |0,6869046 0,6311 0,001445968 |0,000316083
Aug 2025 |0,57574348 |0,6503646 0,6707 0,005568312 |0,009016741
Sep 2025 |0,51868161 |0,55502381 0,5473 0,001320756 |0,000819012
Oct 2025 |0,17381759 |0,22162747 0,2375 0,002285785 |0,004055449
Nov 2025 |0,12280313 |0,16979711 0,1838 0,002208434 |0,003720618
Dec 2025 |0,43429512 |0,36720973 0,3286 0,00450045 |0,011171458
Jun 2025 |0,40909949 |0,341855891 |0,3218 0,004521701 |0,007621201
Feb 2025 |0,24094654 |0,226840806 |0,2069 0,000198972 |0,001159167
Mar.2025 |0,41935953 |0,394163433 |0,3715 0,000634843 |0,002290535
Apr 2025 |0,20027121 |0,20074522 0,1887 2,25E-07 0,000133893
May.2025 | 0,30054126 |0,271049927 |0,2864 0,000869739 |0,000199975

WTG11 June 2025 |0,28673607 |0,351123435 |0,2978 0,004145733 |0,00012241
July 2025 |0,61015418 |0,583018846 |0,5813 0,000736326 |0,000832563
Aug 2025 |0,55999068 |0,546947947 |0,5369 0,000170113 |0,000533179
Sep 2025 |0,45284018 |0,431744145 |0,4105 0,000445043 |0,001792691
Nov 2025 |0,19770356 |0,217932469 |0,2341 0,000409209 |0,001324701

Nov 2025 |0,11141164 |0,179027172 |0,1952 0,004571861 |0,00702049
Dec 2025 |0,34003136 |0,331095382 |0,3612 7,99E-05 0,000448111

ANN ANFIS
MSE: 0,00278998 |0,00321943
3akiioueHne

[enbto aHHOTO Mcce0BaHus ObLIIO IPOrHO3UPOBAHUE MTOKA3aTeNell IPOU3BOJICTBA BETPOBOI
EKTPOCTAHLIMU C YCTAaHOBJIEHHOW MOLIHOCTBIO 27,5 MBT, pacnonoxxeHHol B paiioHe ChIHIKUK
npoBuHIMK Ansisimad. [locne paspabotkm moxenein ANN u ANFIS mns omenku moreHimaa
BETPOBOM PHEPTrUU ObLTN HAYaThl ATAIbl 00Y4YEHUS U TECTUPOBAHUS.

B Monensx uCHonp30BaiMCh MATH METEOPOJOTHYECKHX M reorpaduyeckux MnapameTposB:
CpPEIHEMECSYHAsl CKOPOCTh BETpa, JOJIIr0Ta, MaKCUMallbHasi CKOPOCTb BETPA 3a MECHL, BBICOTA U
IMPOTa JUIsl MPOrHO3UPOBAHMS MIPOU3BOICTBEHHBIX AaHHBIX BOC.

JUisi OLIEHKH pPEe3yJbTaTOB TECTUPOBAHMs ObUIO YCTAaHOBJEHO, YTO IMPOTHO3HBIE 3HAUYCHUS,
MOJIy4YE€HHBIE MOJIEISIMH, OKA3aJIMCh COTJIACOBAaHHBIMU U HaIeKHBIMU. [Ipu cpaBHEHNU (haKTHUYECKUX
U IPOrHO3MpyeMbIX 3HaueHHi Mozaenu ANN perpeccrnoHHbIE 3HAUEHHMS! BCEX JIAHHBIX, BKIIIOUas
oOydJaronue W BaJlWJAllMOHHBIE AaHHBIC, ObutM OnMu3kuM K 1. biam3ocTs »TMX 3HaveHuidt k 1

CBUIACTCIILCTBYCT O YCIICIIHOCTU pa3pa60TaHH0171 MOACIIN.
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3nauenne MSE mpu omenke c¢ wucnons3oBanneM ANN cocraBuno 0,00271, a mnpum
ucnonb3oBanuu ANFIS — 0,00321. Ilpu cpaBHenuu nokasareneir ommbok ANFIS moxa3zana
HEMHOT0 JTy4iine pe3ynbratsl, 4eM ANN, mpu 5ToM pa3zHuiia Obula He3HAYUTEIbHOM.

MeToa, WCMONB30BAaHHBI B JIaHHOM HCCJICIOBAaHUH, MOXET OBITh TPUMEHEH s
MIPOTHO3UPOBAHUS MPOU3BOJICTBEHHBIX JAaHHBIX JAPYTUX AJIEKTPOCTAHLUMN WM Treorpapuueckux
JIOKAlUW, TEHEPUPYIOLTUX PA3TIMYHBIE TUIIBI SHEPTUH.
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